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1. Introduction 
 

Computational Fluid Dynamics (CFD) is a widely used 

tool to analyze and improve the aerodynamical performance of 

designs in industries such as aerospace, automotive and 

energy. In aerospace engineering point of view, wings, rotors 

and bodies need to be designed as efficiently as possible. 

However, it is a challenging task to produce an optimized 

solution when it comes to helicopter rotor blades since the 

helicopter rotor blades are operating in unsteady and vortical 

regimes (Vu & Lee, 2015)  and multidisciplinary influences 

such as aerodynamics, flight mechanics, dynamics etc. 

(Conlisk, 1997; Newman, 2007; You & Jung, 2017). Many 

researchers (Celi, 1999; Ganguli, 2004) studied on rotor blade 

aerodynamic shape optimization to improve the efficiency of 

the blades. 

Sun and Lee (H. Sun & Lee, 2005) conducted an 

optimization study on Caradonna-Tung helicopter rotor blade. 

They investigated the shape of a rotor blade using 3D CFD and 

numerical optimization methodology such as response surface 

method. Airfoil design and blade tip shape have been studied 

under subsonic and transonic flow regimes in hovering 

condition. 

McVeigh and McHugh (McVeigh & McHugh, 1984) 

conducted a study to investigate the effects of different tip 

shapes, chord lengths, blade numbers and different airfoils on 

rotor blade performances. They conducted several wind tunnel 

tests. The efficiency of hover condition influenced by the 

airfoil section, taper of tip location and number of blades. 

Costes et al. (Costes et al., 2012) studied on CFD 

techniques developed at ONERA for helicopter blades. They 

stated that helicopter rotor blade simulations are complex due 

to multidisciplinary conditions around the helicopter such that 

aerodynamics, aeroelastics and flight dynamics strongly 

interact with each other. They gave an overview of CFD 

methodologies to solve highly unsteady flows with 

shockwaves, separated flows and vortices. 

Wang and Zhao (Wang & Zhao, 2020) studied on a new 

rotor blade shape. The parameters were twist distribution, 

chord length variation and sweep. They used CFD techniques 

and an optimization methodology. As a result of that study, a 

better lift to drag ratio, an increased coefficient of thrust at the 

same coefficient of torque and increased Figure of Merit have 

been achieved with the new airfoil design. 

Haider et al. (Haider et al., 2017) used response surface 

methodology to optimize an unmanned agricultural helicopter 

rotor blade hover efficiency. The rotor has been improved by 

several percentages in both thrust and torque. 
Machine Learning methods have been effectively used in 

aerospace industries to find solutions to some problems by 

Article Info 
 

   Abstract 

Received: 03 January 2025 

Revised: 27 March 2025 

Accepted: 14 May 2025 

Published Online: 22 June 2025 

 The solution of Reynolds-Averaged Navier-Stokes (RANS) equations is crucial for accurately 
predicting the aerodynamic loads on helicopter rotor blades. In particular, the computational 
process required for blade shape optimization, involving numerous RANS solutions, is highly 
time-consuming. To reduce this computational cost, a recently adopted approach is the use of 
metamodels, such as machine learning methods. A well-established metamodel is expected to 
successfully replicate CFD solutions. In this study, different machine learning techniques were 
employed as metamodels and evaluated based on a series of CFD solutions. The machine 
learning models aimed to capture the functional relationship between the generated thrust and 
torque and the twist distribution along the rotor blade. The smooth twist variation was modelled 
using a 3-knot cubic spline, with five parameters serving as inputs for the spline definition. The 
optimal twist distribution was determined concerning a reference helicopter rotor blade, the 
Caradonna-Tung rotor blade. The optimization scenarios were defined to maximize thrust force 
while maintaining the baseline torque value. The optimal cases were identified using the 
Quadratic Response Surface Method, Support Vector Regression, and Artificial Neural 
Network Regression. As a result of this study, a significant increase in the thrust force generated 
by the helicopter rotor blade was observed. 

Keywords:  
Machine Learning  

Optimization  

Aerodynamics 
CFD 

 

 

Corresponding Author: Mustafa Kaya 

RESEARCH ARTICLE 

https://doi.org/10.30518/jav.1612888 

 

https://dergipark.org.tr/en/pub/jav
https://orcid.org/0000-0003-2134-7778
https://orcid.org/0000-0002-2542-0795


JAV e-ISSN:2587-1676                                                                                                                                                    9 (2): 241-248 (2025) 

242 

 

learning from an appropriate dataset (Bishop, 2006). Well 
trained machine learning methods with sufficient dataset may 
be accurate for predicting solutions (Li et al., 2022). Once a set 
of CFD based flow solutions have been obtained in terms of 
the given values of a number of design variables, a machine 
learning model may be trained to obtain the flow solutions for 
the other values of design variables (Kaya, 2019). 

Glaz et al. (Glaz et al., 2008) studied on surrogate based 

optimization method to reduce the helicopter rotor vibration. 

They compared the accuracies of kriging, radial basis 

functions and polynomial regression methods. The results are 

compared to a baseline blade and it is seen that surrogate based 

optimization can effectively be done in helicopter rotor blade 

studies. Giunta et al.(Giunta et al., 1995) presented a design 

methodology for High Speed Civil Transport aircraft wings. 

They focused on applying Response Surface Methodology to 

design steps. The objective function of the optimization is to 

minimize the gross take-off weight of an aircraft in the 

boundaries of the design space.  

 

In the last decade, machine learning techniques have been 

integrated into optimization procedures to make the search for 

optimized aerodynamic shapes easier and more cost-effective 

by generating metadata from experimental or numerical results 

(Renzoni et al., 2000). Sun et al.(G. Sun et al., 2015) studied 

to find the optimized shape of an airfoil or a wing by using 

Artificial Neural Networks in an inverse design methodology. 

They stated that their design procedure which contains a 

properly trained neural network and a database of airfoils or 

wings improved the design efficiency. Andres Perez et 

al.(Andrés-Pérez et al., 2019) presented a 36 geometric design 

variable optimization study on a common model wing DPW-

W1 by using Support Vector Machines as metamodel. They 

stated that a single point-constrained optimization procedure 

shows promising results on a three-dimensional wing in both 

viscous and inviscid flows. Li and Zhang (Li & Zhang, 2021) 

studied on to present a data-based approach for geometric 

optimization of a wing in transonic conditions. Their database 

consists of more than 135000 data samples. The features of 

database have different wing shapes and flight conditions. 

Deep Neural Networks have been used to determine the 

optimum values of aerodynamic coefficients of a wing with a 

very small error.  Zhang et al.(Zhang et al., 2021) presented an 

effective shape optimization method based on deep neural 

networks. The database is constructed with CFD computations 

which solved both fine and coarse grids. They stated that the 

method had been proposed is an efficient and effective method 

for both airfoils and wing design frameworks. An extensive 

literature review (Li et al., 2022) can be seen to examine the 

subject in more detail.  

The aim of this study is to compare different metamodel 

performances to find the optimized geometric shape of a 

helicopter rotor blade that maximizes the thrust force produced 

by the rotor blade while not producing more torque than the 

basic geometry. This approach will create an innovative and 

comprehensive framework to address one of the most complex 

and critical challenges in helicopter rotor design which is blade 

optimization. By combining advanced and novel 

methodologies such as Computational Fluid Dynamics and 

machine learning methods, the proposed framework seeks to 

boost design efficiency, enhance aerodynamic performance, 

and play a key role in shaping the next generation of rotorcraft 

technologies. Geometric shape optimization consists of only a 

smooth twist distribution which is defined by a three knot 

cubic spline along the span. Quadratic Response Surface 

Method, Support Vector Regression and Artificial Neural 

Network modelling have been used as metamodels. The data 

for training these metamodels have been generated from three 

dimensional CFD solutions of different cases which are 

recommended by a design of experiment method. The results 

of the optimization procedure compared to each other and a 

new blade shape recommended. 

 

2. Materials and Methods 
 

The method used in helicopter rotor blade optimization is 

given as a process flow chart in Figure 1. In this study, the 

process starts with the validation of the numerical method and 

continues with the generation of the data set. In the flow 

diagram, training of machine learning algorithms and 

performing optimization studies are the other sequential steps 

in the process. 

 
Figure 1. Process flow chart of this paper 

 

The Caradonna–Tung helicopter rotor blade (Caradonna & 

Tung, 1981) has been selected as the base rotor blade for the 

optimization study. A three-dimensional Reynolds Average 

Navier Stokes solver is used to calculate the flow around the 

rotor blades. The shape of the rotor blade is defined by 

changing the twist distribution along the blade. The twist 

angles are changed along the blade using a cubic spline 

method, which changes the twist angles corresponding to the 

root, middle and tip positions of the rotor blade. The Box-

Behnken design of experiment method (Box & Behnken, 

1960) is applied to efficiently manage the selection of 

numerical analyses to be performed, and thus a number of 

samples are generated.  

 

2.1. Caradonna-Tung Helicopter Rotor Blade 
The Caradonna-Tung helicopter rotor consists of two 

untwisted and untapered blades. NACA0012 airfoil is used 

from root to tip. The rotor has a radius of 1.143 m, with a 

constant chord length of 0.1905 m along the span. The blade's 

taper stacking point, or taper axis, is located at 25% of the 

chord length from the leading edge. For the numerical analysis 

in this study, the blades are connected to the hub through a 

circular section. The airfoil begins transitioning at 10% of the 

blade span radially from the rotor's center of rotation. The 

sectional twist center is defined at 25% of the chord length 

from the leading edge for the twist distribution.   A schematic 

representation of the rotor blade is given in Figure 2. 

 

 
Figure 2. Front view of Caradonna-Tung rotor blade 
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2.2. Flow Domain 
The flowfields has been computed with FINE/Turbo CFD 

software which is a 3-dimensional, compressible, structured, 
multi-block finite volume solver. It is a specially developed 
software to compute both internal and external flows for 
turbomachinery with a capability of preconditioning for low 
Mach number flows.  

O4H grid strategy has been used to generate mesh around 
the blades with IGG/AutoGrid5. A schematic representation of 
the 5-block mesh is provided in Figure 3 with following 
components:  

1) an O block around the blade  

2) a H block upstream the leading edge of the blade  

3) a H block downstream the trailing edge  

4) a H block up to the blade section  

5) a H block down to the blade section 

 
Figure 3. O4H Grid Strategy for mesh generation 
 

Solid boundaries have been modelled as no-slip walls 
which enforces the fluid velocity to have the same velocity 
with the rotating surfaces. On the farfield boundaries the flow 
variables are determined by Riemann invariants. The angular 
velocity is set to 1750 RPM. It should be noted that all 
computations have been done at hover condition which means 
that there is no freestream velocity. Since the Caradonna-Tung 
helicopter rotor blade is symmetric, only one portion of the 
domain has been generated. Farfield and periodic boundary 
conditions can be seen in Figure 4. 

 
Figure 4. Boundary conditions for flow domain 

 

2.3. Twist Distribution with Cubic Splines 
A cubic spline is one of type of splines which is built with 

piecewise third order polynomials which passes through a set 
of knots. First and second derivatives are continuous at each 
knot which provides smoothness of the data. Additionally, 
constructing a cubic spline requires knowledge of the first 
derivatives at the endpoints. 

In this study, 3 knots (𝑟𝑟𝑜𝑜𝑡 , 𝑟𝑚𝑖𝑑  and 𝑟𝑡𝑖𝑝) have been used 

to construct the cubic spline with 3 corresponding twist angle 

values (𝜃𝑟𝑜𝑜𝑡 , 𝜃𝑚𝑖𝑑 and 𝜃𝑡𝑖𝑝). The first derivative at the first 

knot, that is, 
𝑑𝜃

𝑑𝑟
|
𝑟𝑜𝑜𝑡

 and the first derivative at the third knot, 

that is, 
𝑑𝜃

𝑑𝑟
|
𝑡𝑖𝑝

 are included. 

A mathematically expressed summary of the cubic spline 
used to define the spanwise twist distribution, 𝜃 = 𝜃(𝑟)  is 
given in Equation 1: 

𝑖𝑓 𝑟𝑟𝑜𝑜𝑡 ≤ 𝑟 ≤ 𝑟𝑚𝑖𝑑 

𝜃1(𝑟) = 𝑎1(𝑟 − 𝑟𝑟𝑜𝑜𝑡)
3 + 𝑏1(𝑟 − 𝑟𝑟𝑜𝑜𝑡)

2 + 𝑐1(𝑟 − 𝑟𝑟𝑜𝑜𝑡) + 𝑑1 
(1) 

𝑖𝑓 𝑟𝑚𝑖𝑑 ≤ 𝑟 ≤ 𝑟𝑡𝑖𝑝 

𝜃2(𝑟) = 𝑎2(𝑟 − 𝑟𝑟𝑜𝑜𝑡)
3 + 𝑏2(𝑟 − 𝑟𝑟𝑜𝑜𝑡)

2 + 𝑐2(𝑟 − 𝑟𝑟𝑜𝑜𝑡) + 𝑑2 

where the unknown coefficients, 𝑎1, 𝑏1, 𝑐1, 𝑑1, 𝑎2, 𝑏2, 𝑐2 and 𝑑2 
are determined according to the following conditions: 

Equation 1 leads to a linear system for 8 unknowns, which 
is easily solved. 

𝜃1(𝑟𝑟𝑜𝑜𝑡)    =     𝜃𝑟𝑜𝑜𝑡

𝜃1(𝑟𝑚𝑖𝑑)    =     𝜃𝑚𝑖𝑑

𝜃2(𝑟𝑚𝑖𝑑)    =     𝜃𝑚𝑖𝑑

𝜃2(𝑟𝑡𝑖𝑝)    =     𝜃𝑡𝑖𝑝

        
𝑑𝜃1

𝑑𝑟
|
𝑚𝑖𝑑

   =     
𝑑𝜃2

𝑑𝑟
|
𝑚𝑖𝑑

        
𝑑2𝜃1

𝑑𝑟2 |
𝑚𝑖𝑑

   =     
𝑑2𝜃2

𝑑𝑟2 |
𝑚𝑖𝑑

      
𝑑𝜃1

𝑑𝑟
|
𝑟𝑜𝑜𝑡

   =     
𝑑𝜃
𝑑𝑟

|
𝑟𝑜𝑜𝑡

      
𝑑𝜃2

𝑑𝑟
|
𝑡𝑖𝑝

    =     
𝑑𝜃
𝑑𝑟

|
𝑡𝑖𝑝

 

(2) 

 

2.4. Design of Experiment 
Design of Experiment (DOE) refers to the methodologies 

employed to effectively organize and select the experiments to 

be conducted (Cavazzuti, 2013). These methods facilitate the 

systematic planning, design, and analysis of experiments 

(Antony, 2014). In this study, the dataset is generated utilizing 

the Box-Behnken Design of Experiment methodology.  
 

The cubic spline for smooth twist variation along the span is 

defined by five parameters which are 

(𝜽𝒓𝒐𝒐𝒕, 𝜽𝒎𝒊𝒅, 𝜽𝒕𝒊𝒑,
𝒅𝜽

𝒅𝒓
|
𝒓𝒐𝒐𝒕

 𝐚𝐧𝐝 
𝒅𝜽

𝒅𝒓
|
𝒕𝒊𝒑

). For a 5-element input 

vector, the Box-Behnken method recommends 41 input-output 

pairs. 

Table 1 provides the minimum, maximum, and intermediate 

values for this DOE.  

Table 1. Input values for Box-Behnken DoE 

Variable Parameter Min Int  Max  

�⃗⃗� 𝟏  𝜃𝑟𝑜𝑜𝑡 -5.0 5.0 15.0 

�⃗⃗� 𝟐 𝜃𝑚𝑖𝑑 -5.0 5.0 15.0 

�⃗⃗� 𝟑 𝜃𝑡𝑖𝑝 -5.0 5.0 15.0 

�⃗⃗� 𝟒 
𝑑𝜃

𝑑𝑟
|
𝑟𝑜𝑜𝑡

 -15.0 0.0 15.0 

�⃗⃗� 𝟓 
𝑑𝜃

𝑑𝑟
|
𝑡𝑖𝑝

 -15.0 0.0 15.0 

 
The rotor blade geometry is defined by 26 cross-sections, 

spanning from the root to the tip. Figure 5 depicts the twist 
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angles along the blade span, as derived from the Design of 
Experiment (DoE). Notably, the convex hull of the DoE serves 
as the feasible domain for determining the optimal twist 
distribution. 

 

 
Figure 5. Feasible domain for optimum twist distribution 

along blade  

 

2.5. Machine Learning Methods 
In this study, machine learning techniques were employed 

to develop metamodels tailored to the dataset and to represent 

the dataset as a functional relationship. The methods utilized 

include Quadratic Response Surface Method (QRSM), 

Support Vector Regression (SVR), and Artificial Neural 

Networks (ANN) regression. The regression models were 

implemented in Python using the Scikit-Learn library. 

 

2.5.1. Quadratic Response Surface Method (QRSM) 
Response Surface Methodology (RSM) is a statistical and 

mathematical approach commonly applied to model and 
analyze problems where a response variable is affected by 
multiple factors, aiming to optimize the response(H. Sun & 
Lee, 2005). Experimental data are utilized to build an 
approximate model of the response. Among the various 
models in RSM, the second-order polynomial equation which 
is also known as quadratic, as shown in Equation 3, is the most 
frequently used. 

𝑦 = β0 + ∑ β𝑖𝑥𝑖

𝑘

𝑖=1

+ ∑ β𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+ ∑β𝑖𝑗𝑥𝑖𝑥𝑗

𝑖<𝑗

 (3) 

where 

 𝑦: Predicted response 

β0: Intercept term 

β𝑖 , β𝑖𝑖 , β𝑖𝑗: Coefficients of linear, quadratic, and interaction 

terms, respectively 

𝑥𝑖 , 𝑥𝑗: Input variables 

2.5.2. Support Vector Regression (SVR) 
Support Vector Regression (SVR) is a robust machine 

learning method based on the principles of Support Vector 

Machines (SVM). Although SVM is primarily intended for 

classification tasks, SVR adapts these principles for 

regression, allowing the prediction of continuous target 

variables. The fundamental concept of SVR is to identify a 

function that maps input features to the target variable, while 

simultaneously minimizing prediction error and controlling 

model complexity (Li et al., 2022). 

The general form of SVR to approximate the 𝒚 = 𝒚(�⃗⃗� )  is 

expressed as follows: 

𝑦∗(𝑥 ) = 〈�⃗⃗� , ∅⃗⃗ (𝑥 )〉 + 𝑏 (4) 
where 〈∙  , ∙〉 denotes the dot product, 𝑥  is the vector of input 

variables, 𝑦∗ is an approximation function to the target 

function 𝑦, �⃗⃗�  is the weight vector, ∅⃗⃗  is a vector valued function 

of 𝑥  and b is a constant. In the literature, ∅⃗⃗  and b are 

respectively called as the (non-linear) feature mapping 

function and the bias.  

There are two aims while building the SVR model. The 

first aim is to determine the approximation function, 𝑦∗(𝑥 ) 

which has at most ε deviation from the actual target, 𝑦(𝑥 ). The 

second aim is to make 𝑦∗(𝑥 ) as flat as possible. 

 Therefore, the following optimization problem is 

solved: 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒
�⃗⃗� , 𝜉𝑖

+, 𝜉𝑖
−     

1

2
||�⃗⃗� ||

2
+ 𝐶 ∑(𝜉𝑖

+ + 𝜉𝑖
−) 

𝑚

𝑖=1

 

(5) Subject to 

〈�⃗⃗� , ∅⃗⃗ (𝑥 𝑖)〉 + 𝑏 − 𝑦𝑖 ≤  ε + 𝜉𝑖
+ 

𝑦𝑖 − 〈�⃗⃗� , ∅⃗⃗ (𝑥 𝑖)〉 − 𝑏 ≤  ε + 𝜉𝑖
− 

𝜉𝑖
+, 𝜉𝑖

− ≥ 0 𝑖 = 1,2, , , , 𝑚 

 

where 𝑥 𝑖  and  𝑦𝑖  denote the 𝑖𝑡ℎ input-output pair in the training 

data set. 𝑚, is the number of data pairs in the entire set or in a 

subset of the entire set, depending on the training algorithm. ε, 

is called the loss function and is a model parameter that must 

be supplied before solving the minimization problem in 

Equation 5. The penalty parameter, C > 0, is also a model 

parameter and must be supplied a priori as well. It determines 

the trade-off between the flatness of 𝑦∗(𝑥 ) and the amount up 

to which deviations larger than ε are tolerated. Finally, 𝜉𝑖
+, 𝜉𝑖

− 

are called as the slack variables which provide a feasible 

solution to Equation 4 in the feasible domain by copying with 

the ε constraint. 

 

2.5.3. Artificial Neural Network 
Artificial Neural Networks (ANNs) are the cornerstone of 

deep learning, renowned for their scalability and robustness, 
making them ideal for tackling large-scale and complex 
machine learning problems. 

The architecture of an ANN consists of three main 
components: an input layer, one or more hidden layers, and an 
output layer. The input layer represents the input parameters, 
while the output layer corresponds to the target quantities to be 
predicted. Each layer is composed of multiple neurons, and 
within each neuron, the following operation takes place: 

 
In an artificial neural network, the operation within a single 

neuron is defined in Equation 6: 

𝑧 = ∑�⃗⃗� 𝑖𝑥 𝑖

𝑛

𝑖=1

+ 𝑏 (6) 

where: 

𝑥  is the input vector, 

�⃗⃗�  is the vector of weights to be learned, 

𝑏 is the bias term, 
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𝑧 is the output of the neuron, which serves as input for the 
next layer. 

The result 𝑧 is then passed through an activation function, 
such as ReLU, sigmoid, or tanh, to introduce non-linearity, 
enabling the network to learn complex relationships in the 
data. 

Commonly used activation functions include the sigmoid, 

hyperbolic tangent, and ReLU functions. 

The sigmoid activation function is expressed in Equation 7: 

σ(𝑧) =
1

1 + 𝑒−𝑧
, (7) 

where: 

𝑧 is the input to the function, typically a weighted sum of 

neuron inputs plus a bias term. 

The sigmoid activation function is monotonic and 
differentiable, with outputs in the range [0,1]. However, its 
derivative is non-monotonic. 

Another commonly used activation function is the 
hyperbolic tangent function, given in Equation 8: 

tanh(𝑧) =
𝑒𝑧 − 𝑒−𝑧

𝑒𝑧 + 𝑒−𝑧
. (8) 

The hyperbolic tangent function outputs values in the range 
[−1,1], providing a broader range of nonlinearity compared to 

the sigmoid function. 

The ReLU (Rectified Linear Unit) activation function is 

defined as follows: 

𝑓(𝑥) = {
𝑥, 𝑥 > 0
0, 𝑥 ≤  0

 (9) 

where: 
𝑥 is the input to the function, typically the weighted sum of 

neuron inputs plus a bias term. ReLU introduces non-linearity 
into the model while maintaining computational efficiency, as 
it simply outputs the input directly if it is positive and outputs 
zero otherwise. This simplicity makes it computationally faster 
compared to other activation functions. 

 
Figure 6. A Schematic representation of Artificial Neural 

Networks(Li et al., 2022) 

 

2.6. Evaluation Metrics 
The performance of regression models can be evaluated 

using various metrics, such as Mean Absolute Error (MAE), 
Root Mean Square Error (RMSE), and the Coefficient of 
Determination (𝑅2). 

2.6.1. Mean Absolute Error (MAE) 
MAE measures the average absolute difference between 

observed and predicted values for continuous variables. 

MAE =
1

𝑛
∑|𝑦𝑖 − 𝑦�̂�|

𝑛

𝑖=1

 (10) 

where: 

𝑛: Number of observations, 

𝑦𝑖: Observed values, 

𝑦�̂�: Predicted values. 

Equation 10 provides a straightforward interpretation of the 
average magnitude of errors in the predictions, without 
considering their direction (positive or negative). A smaller 
MAE indicates better predictive accuracy. 

2.6.2. Root Mean Square Error (RMSE) 
RMSE measures the square root of the average squared 

differences between observed and predicted values. 

RMSE = √
1

𝑛
∑(𝑦𝑖 − 𝑦�̂�)

2

𝑛

𝑖=1

 (11) 

where: 

𝑛: Number of observations, 

𝑦𝑖: Observed values, 

𝑦�̂�: Predicted values. 

Equation 11 gives higher weight to large errors due to the 
squaring operation, making it sensitive to outliers. A smaller 
RMSE indicates a better fit of the regression model. 

2.6.3. Coefficient of Determination (𝑹𝟐) 
The 𝑅2 value is a statistical measure that indicates how well 

the regression model explains the variability in the dataset. It 
is computed using Equation 12: 

𝑅2 = 1 −
∑(𝑦𝑖 − 𝑦�̂�)

2

∑(𝑦𝑖 − �̅�)2
 (12) 

where: 

𝑦𝑖: Observed values, 

𝑦�̂�: Predicted values. 

�̅�: Mean of the observed values. 

The 𝑅2 value ranges between 0 and 1, where 1 indicates that 
the model explains all the variability in the data, and 0 
indicates no explanatory power. A higher 𝑅2 value signifies a 
better fit of the model to the data. 

2.7. Optimization 
In this study, the design vector, 𝑥 , is represented by the 

cubic spline parameters, while the objective functions are 

defined as the required torque, 𝑦1(𝑥 ), and the produced thrust, 

𝑦2(𝑥 ), have been given in Equation 13. 

 

𝑥 =

[
 
 
 
 
𝑥(1)

𝑥(2)

𝑥(3)

𝑥(4)

𝑥(5)]
 
 
 
 

=  

[
 
 
 
 
 

𝜃𝑟𝑜𝑜𝑡

𝜃𝑚𝑖𝑑

𝜃𝑡𝑖𝑝

𝑑𝜃 𝑑𝑟⁄ |𝑟𝑜𝑜𝑡

𝑑𝜃 𝑑𝑟⁄ |𝑡𝑖𝑝 ]
 
 
 
 
 

 

𝑦1
∗(𝑥 ) = 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜𝑟𝑞𝑢𝑒 

𝑦2
∗(𝑥 ) = 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑡ℎ𝑟𝑢𝑠𝑡 

(13) 
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Once a metamodel is developed, an analytical fitting 

function is established to map the input to the output. The 

extremum of this analytical function can be readily determined 

by setting its first derivative to zero, as there are no constraints 

on the twist parameters. 

𝑑𝑦∗(𝑥 )

𝑑𝑥
= 0 (14) 

 

The optimization problem is given Equation 15, where 𝑎 

represents the maximum allowable torque specified by the 

user. 𝑙𝑏⃗⃗  ⃗ and 𝑢𝑏⃗⃗⃗⃗  correspond to the lower and upper bounds of 

the cubic spline parameters. As the system of equations in 

Equation 14 is non-linear, it requires a numerical solution. In 

this study, the solution is obtained iteratively using Newton's 

method. 
 

𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑦2(𝑥 ), 𝑥 ∈ 𝑅𝑛  
Subject to (15) 

𝑦1(𝑥 ) ≤ 𝑎  

𝑙𝑏⃗⃗  ⃗  ≤  𝑥  ≤  𝑢𝑏⃗⃗⃗⃗    

 

3. Results and Discussion 
 

3.1. Validation Study  
  The CFD software FINE/Turbo has been benchmarked 

against the results of the Caradonna-Tung experiment. The 

flow domain was constructed using approximately 7 million 

elements, with the first layer thickness near the solid 

boundaries set to 3 × 10−6𝑚  , ensuring a 𝑦+ value close to 1. 

 Spalart-Allmaras turbulence model has been implied and 

the Reynolds number is about 4 × 106.  

 Table 2 provides the experimental torque and thrust values, 

alongside a comparison with the CFD results. The CFD 

computations were conducted to evaluate the performance of 

the Caradonna-Tung Rotor Blade under the same operating 

conditions. The results demonstrate a strong correlation 

between the experimental data and the numerical predictions. 

Table 2. Experiment compared to CFD  

 Torque Thrust 

Experiment 135 Nm 1150 N 

CFD 136 Nm 1149 N 

Error (%) 0.7 0.1 

3.2. Generation of Dataset  
 According to the Box-Behnken design of experiment 

methodology, appropriate geometric configurations were 

generated, and three-dimensional CFD simulations were 

conducted to determine the thrust force and the required torque 

values. 

Table 3. Ten Different samples of the Dataset 

�⃗⃗� 𝟏 �⃗⃗� 𝟐 �⃗⃗� 𝟑 �⃗⃗� 𝟒 �⃗⃗� 𝟓 
Produced 

Thrust (N) 

Required 

Torque (Nm) 

0 5 -5 -5 0 2233 321 

0 5 5 -5 15 1371 211 

0 5 -5 5 15 1323 152 

0 15 5 -5 0 1241 198 

15 5 5 -5 0 1227 186 

0 15 -5 5 0 1205 144 

15 5 -5 5 0 1204 138 

0 -5 -5 5 0 1204 134 

-15 5 5 -5 0 1189 179 

-15 5 -5 5 0 1188 135 

0 -5 5 -5 0 1160 172 

Steady-state flow solutions were obtained using local time 

stepping in each cell. Table 3 presents ten different samples 

from the dataset, which actually contains 41 cases. 

 

3.3. Evaluation Metrics 
In this study, the results of different machine learning 

techniques were analyzed based on evaluation metrics defined 
in Section 2.6. All three methods were assessed in terms of 
MAE, RMSE, and 𝑹𝟐, and the results are presented in Tables 
4 and 5 below.  

In QRSM and SVR methods, a separate training process is 
performed for each output variable. This is because these 
methods produce scalar values as output rather than vectors. 
However, in ANN, outputs can be treated as a vector, allowing 
a single training process to generate a metamodel for datasets 
with multiple outputs. While Table 4 presents the evaluation 
results of the machine learning methods for the Produced 
Thrust output, 𝑦1(𝑥 ), Table 5 provides the evaluation results 
for the Required Torque output, 𝑦2(𝑥 ). It should be noted that, 
since ANN undergoes a single training process, the evaluation 
metrics remain the same for both output variables. 

Table 4. Evaluation Metrics for Produced Thrust Output 

 MAE RMSE 𝑅2 

QRSM 1.07E-12 1.52E-12 1 

SVR 1.86667472 2.387305 0.999974 

ANN 0.267760486 0.346905 0.999973 

According to the evaluation metrics, QRSM appears to have 
demonstrated the best performance, delivering near-perfect 
results. In particular, the MAE and RMSE values being close 
to zero highlight the model's exceptionally low prediction 
errors. It should be noted that such highly scored training data 
results raise a suspicion of overfitting. 

Table 5. Evaluation Metrics for Required Torque Output 

 MAE RMSE 𝑹𝟐 

QRSM 6.11E-14 9.37E-14 1 

SVR 0.719088968 0.888885 0.99972 

ANN 0.267760486 0.346905 0.999973 

 
ANN, while showing slightly higher errors compared to 

QRSM, achieved significantly better accuracy than SVR. The 
RMSE and MAE values of ANN are considerably lower than 
those of SVR. 

SVR exhibited the highest error values among the three 
models but still demonstrated strong compatibility with the 
data, as indicated by its relatively high R-squared value. 

3.4. Optimization Results  
 The optimization study was conducted using metamodels 

developed with QRSM, SVR, and ANN Regression. The 

optimized results were identified within the feasibility region 

defined by Equation 15, where 𝑎 represents the baseline 

torque, set to 135 Nm. The lower and upper bounds in 

Equation 15 correspond to the minimum and maximum values 

derived from the design of experiment.  

 As a result of the optimization studies, the optimal rotor 

blade configurations were determined for each model. These 

configurations were optimized to achieve the maximum 

possible thrust force without exceeding the torque value of the 

baseline geometry. Table 6 presents the blade shapes in terms 

of the design variables. 
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Table 6. Optimum cases for corresponding methods 

Model 

Name 

𝒅𝜽

𝒅𝒓
|
𝒓𝒐𝒐𝒕

 𝜽𝒓𝒐𝒐𝒕 𝜽𝒎𝒊𝒅 𝜽𝒕𝒊𝒑 
𝒅𝜽

𝒅𝒓
|
𝒕𝒊𝒑

 

QRSM -5.318 -5 -5 6.551 15 

SVR 5.136 -3.286 -3.651 2.764 -2.884 

ANN 5.78 -5 -3.38 1.84 -0.132 

 Figure 7 shows the spanwise twist distributions of the 

blades which are recommended by models. 

 
Figure 7. Spanwise twist distributions of optimum cases 

 

 The predictions from the optimization study were validated 

against CFD simulations. Table 7 provides a comparison 

between the model predictions and the CFD results for the 

optimal twist distributions.  It was observed that there are some 

deviations in the predictions of the QRSM and SVR models. 

However, the thrust predicted by the Artificial Neural Network 

model closely matches the CFD results. 

 It should be noted that QRSM failed to maintain a good 

level of accuracy in the CFD validation phase although it 

demonstrated an outstanding performance for the cases in the 

Design of Experiment. This raises concerns about overfitting 

in the training process of the QSRM. 

Table 7. Comparison of CFD solutions to the model 

predictions 

Model 

Name 

Model 

Thrust 

(N) 

Model 

Torque 

(Nm) 

CFD 

Thrust 

(N) 

CFD 

Torque 

(Nm) 

Thrust 

Error 

(%) 

QRSM 1230.7 135.0 1208 133.3 1.88 

SVR 1258.4 135.0 1230 136.8 2.31 

ANN 1235.6 135.0 1235 136.0 0.05 

 

 Table 8 gives the maximum thrust values of the mode with 

the optimized variables. When the table is examined, it is seen 

that the thrust is increased by approximately %7.4 with the 

artificial neural network regression model.  

Table 8. Increase in thrust values with respect to the baseline 

geometry 

Model 

Name 

CFD Thrust 

(N) 

Baseline Thrust 

(N) 

Thrust 

Increase (%) 

QRSM 1208 1150 5.04 

SVR 1230 1150 6.96 

ANN 1235 1150 7.39 

 

 

 

 

4. Conclusion 
 

In this study, the cubic spline-based twist distribution of 

the Caradonna-Tung helicopter blade was optimized by 

adjusting the twist angles at the root, midspan, and tip 

locations. Additionally, the rate of change of the twist angles 

at the root and tip was taken into account.  

The Box-Behnken Design of Experiment method was 

employed to define the cases applied for training machine 

learning algorithms. The optimization was performed using 

metamodels developed with three different machine learning 

algorithms: the Quadratic Response Surface Method, Support 

Vector Regression, and Artificial Neural Network method. 
All three models were evaluated based on three different 

performance metrics. While QRSM demonstrated outstanding 

performance during training, it failed to maintain the same 

level of accuracy in the CFD validation phase, raising concerns 

about overfitting in the training process. On the other hand, 

ANN regression proved to be the most successful model in this 

study, with its low error values during evaluation, the 

optimized results obtained through the optimization process, 

and a mere 0.05% discrepancy in the CFD validation phase. 

Furthermore, the ANN identified an optimal case that allowed 

a significantly higher thrust increase compared to the other 

models. In this regard, this study demonstrates that the ANN 

model is far more effective than other methods in regression 

and optimization tasks. 

The maximum thrust force achievable without exceeding 

the experimental torque value was obtained. The results 

indicate that optimizing the twist distribution can lead to a 

significant improvement in thrust.  

As a result of this machine learning and optimization study, 

the thrust generated by the baseline geometry was increased by 

nearly 7.5% without altering the torque value. 

Future studies will focus on evaluating the performance of 

the metamodels in predicting points, outside the feasible 

optimization region. Additionally, incorporating other rotor 

blade parameters beyond twist into the process could be 

explored to achieve even higher-performance geometries. 
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1. Introduction 

The term orientation refers to the position of any object 

relative to a reference point. Real-time orientation tracking is 

used in many areas of our lives. Especially since aerial 

vehicles are now utilized in numerous aspects of our lives 

(Konar et al. ,2024), this term is frequently used in the field 

of aviation, particularly in relation to autonomous vehicles. 

The most well-known examples are autonomous vehicles 

(Kim & Golnaraghi, 2004). Autonomous vehicles do not 

require a user inside and can be guided by artificial 

intelligence or remotely. The orientation of an autonomous 

vehicle is often referred to as “attitude” (Munguia & Grau, 

2011). The attitude information of an autonomous vehicle is 

calculated using an algorithm called Attitude and Heading 

Reference Systems (AHRS) using data from accelerometer, 

gyroscope and magnetometer sensors (Diaz, Müller, Jiménez, 

& Zampella, 2015). Sensors containing these three 

(accelerometer, gyroscope and magnetometer) or two 

(accelerometer, gyroscope) measuring instruments are called 

Inertial Measurement Unit (IMU). IMU sensors are mostly 

used with the Kalman Filter (KF) for AHRS. The Kalman 

Filter is a recursive filter consisting of a set of mathematical 

equations that allows the position of vehicles to be calculated 

efficiently (Welch, 2020). For Kalman filter-based AHRS 

systems, models with different mathematical interpretations 

such as Euler angles and quaternions have been developed 

(Shuster, 1993). In this study, the calculation speed and 

measurement values of different mathematical models were 

compared. 

The data obtained from IMU sensors are measurements 

that can be used to calculate the movement or position of the 

object at certain time intervals. Their low cost and versatility 

make them a good choice for many applications (Saraf, 

Moon, & Madotto, 2023). IMUs are often used in 

combination with a microcontroller (Ferdinando, Khoswanto, 

& Purwanto, 2012; Nagui, Attallah, Zaghloul, & Morsi, 2020; 

Vigrahala, Ramesh, Devanaboyina, & Reddy, 2021). 

Microcontrollers have been used in many applications other 

than IMUs because of their compact size and low power 

requirements (Samiullah, Irfan, & Rafique). 

Microcontroller selection has been an important issue for 

system designers and a subject that needs to be decided 

carefully (Parai, Das, Das, & Engineering, 2013). In making 

this choice, designers consider, among other things, how long 

it takes the microcontroller to perform the planned action 

(Gelsinger, 2001). In real-time position tracking, fast 

calculations are required. Any slow calculation may cause 

situations such as accidents and loss of control. The 

possibility of loss of control and accidents cannot be ignored 

for vehicles used in critical areas such as unmanned aerial 

vehicles (UAVs). The areas of use of UAVs include border 
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security, search and rescue, wildlife research, firefighting, 

precision agriculture, surveying and mapping (Couturier & 

Akhloufi, 2021). It also covers critical areas such as the 

military. In addition, the complexity, cost and required 

qualifications of projects are increasing day by day (Menghal 

& Laxmi, 2010). This trend also affects UAV projects.  

In this study, among the characteristics of 

microcontrollers in projects, the computation speed is 

emphasized.  Limited computing capabilities of 

microcontrollers (Immonen & Hämäläinen, 2022) are a 

known problem. Although it is known that the selection of 

more advanced microcontrollers in the selection of 

microcontrollers in projects can be a solution to this problem, 

it is predicted that models with simple mathematical models 

will work more performance independent of the 

microcontroller and will be a solution.  When this solution is 

evaluated for the drones given in Table 1, it is seen that only 

changing the model used will have a positive effect on the 

product. 

 

Table 1. Drone Types and Qualifications (Emimi, Khaleel, & Alkrash, 2023) 

Drones Type US$ price Drawbacks Advantages Applications 

Rotary Wing 

(helicopter) 
$20-150k High price Hovering, large payload Supply drops, inspection 

Rotary Wing 

(multicopter) 
$3-50k 

Short flight time, small 

payload 

Hovering availability, low 

price 

Photography, filmography, 

inspection 

Fixed Wing $20-150k 
Launching, landing 

High price 

Large area coverage, long 

endurance, high speed 

Structural inspection, area 

survey 

There are several known ways to calculate orientation in 

UAVs. In this study, two different models on the Kalman filter 

are discussed, namely Euler angles and quaternion-based 

models.  

Euler angles (Kang & Park, 2011) and quaternion-based 

models (Wang, Zhang, & Sun, 2015) are available in the 

literature.  Euler angles and quaternion-based models have 

respective advantages and disadvantages. Euler angles have a 

clear physical interpretation and do not contain unnecessary 

parameters (Hasan et al., 2018). However, Euler angles have a 

singularity problem in some angles (Fan, Zhu, & Ren, 2016). 

Quaternions, on the other hand, do not have a singularity 

problem but do not have a clear physical interpretation (Hasan 

et al., 2018). 

In this study, the performance of Euler angles and 

quaternion-based AHRS models, which are frequently used in 

autonomous control applications, is compared. The 

performance comparisons of the models are tested on the 

ATmega2560 embedded system. The advantages and 

disadvantages of these two models are also mentioned in the 

study. A comparison of the two models in terms of computation 

speed is also made. 

2. Materials and Methods 

2.1. Hardware Used 
In this study, Arduino Mega 2560 (ATmega2560) was used 

as microcontroller and MPU-9255 10 DOF (Degrees of 

Freedom) sensor was used. The sensor specifications are given 

in Table 2 and the microcontroller specifications are given in 

Table 3. 

 

 

 

 

 

 

 

 

 

 

 

Table 2. MPU-9255 Sensor Specifications 

Driver IC 

The MPU-9255 is a sensor 

that includes a 3-axis 

accelerometer, a 3-axis 

gyroscope, and a 3-axis 

digital compass. 

BMP280, a digital barometric 

pressure sensor 

 

 

Incorporates a 16-bit ADC. 

The gyroscope has 

selectable full-scale ranges 

of ±250, ±500, ±1000, and 

±2000°/sec. The 

accelerometer offers full-

scale ranges of ±2g, ±4g, 

±8g, and ±16g. The 

compass provides a full-

scale range of ±4800 µT 

Includes an integrated temperature 

sensor for compensation of 

temperature measurements. The 

pressure measurement range spans 

from 300 to 1100 hPa, which 

corresponds to altitudes from 

+9000m to -500m relative to sea 

level. The accuracy is ±0.12 hPa 

(±1m) within the range of 700 hPa to 

900 hPa and temperatures from 

25°C to 40°C 

 

Table 3. Arduino Mega 2560 (ATmega2560) Specifications 

Feature Description 

Core 8-bit AVR 

Performance 16 MHz 

Flash Memory 256 KB 

RAM 8 KB 

Digital I/O Pins 54 

ADC Channels 16-channel 

PWM Output Pins 15 

Serial Communication Ports 4 (UART) 

I2C  1 (TWI) 

SPI  1 

Operating Voltage 5V 

 

Sensor used in this study is MPU-9255 10 Degrees of 

Freedom (DOF) sensor is given in figure 1. 
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Figure 1. MPU-9255 10 DOF Sensor 

It is a frequently used sensor for Inertial Navigation 

Systems (INS) as a 10 DOF sensor composed of a 3-axis 

accelerometer, 3-axis gyroscope, 3-axis magnetometer, and 

one pressure sensor. 

The sensor and microcontroller wiring were done as 

illustrated in Figure 2 and the microcontroller and sensor were 

powered via USB. 

 

 
Figure 2. Sensor and Microcontroller Connections 

 

Figure 3. Block Diagram of Experimental System

3. Magnetometer Calibration, Calculation of Euler 
Angles and Calculation of Quaternions 

This section outlines the procedures for magnetometer 

calibration, as well as the mathematical approaches used to 

calculate orientation in terms of Euler angles and quaternions. 

These steps are essential for ensuring accurate and reliable 

Attitude and Heading Reference System (AHRS) 

performance. 

3.1. Magnetometer Calibration and Gyroscope 
Measurement Model 
A three-axis gyroscope will measure the angular rate about 

the x, y and z axes of the sensor frame, labeled p, q and r 

respectively and given in equation 1. The gyroscope values are 

divided by the scale factor specified in the datasheet before 

use. The gyroscope measurement model used in this paper is 

given in equation 2 (Lam, Stamatakos, Woodruff, & Ashton, 

2003). 

𝜔 = [
𝑝
𝑞
𝑟
] (1) 

𝜔𝑢𝑠𝑒𝑑 =
𝜔

𝑠𝑐𝑎𝑙𝑒𝑓𝑎𝑐𝑡𝑜𝑟
+ 𝑏 + 𝑛 (2) 

Where b is the gyroscope bias and n is the white noise that 

distorts the gyroscope rate measurement.  

The magnetometer scale factor is determined according to 

the sensor data sheet and the offset values are calculated as 

indicated below. The sensitivity adjustment data for each axis 

is saved in the sensor ROM during production and is indicated 

by adding ASA (Asahi Sensitivity Adjustment) to the 

beginning of the relevant axis 

ASAX: Value to be used in magnetometer X axis 

sensitivity adjustment. 
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ASAY: Value to be used in magnetometer Y axis sensitivity 

setting. 

ASAZ: Value to be used in magnetometer Z axis sensitivity 

setting. The equation used to calculate the magnetometer scale 

factor is given in equation 3. 

 𝑆𝑐𝑎𝑙𝑒 𝐹𝑎𝑐𝑡𝑜𝑟𝑖 =
(𝐴𝑆𝐴𝑖 − 128) × 0.5

128
+ 1 (3) 

 In Equation 1, 𝑖 represented the x, y or z axis. The 

calculated scale factors are shown in the study as Xsf, Ysf or Zsf 

for the three axes. 

The magnetometer offset values were found using 

Equations 4, 5 and 6 for the three axes (Poulose, Kim, & Han, 

2019). 

𝑋𝑜𝑓𝑓 = (
𝑀𝑥𝑚𝑎𝑥−𝑀𝑥min

2
) − 𝑀𝑥𝑚𝑎𝑥𝑋𝑠𝑓 (4) 

𝑌𝑜𝑓𝑓 = (
𝑀𝑦𝑚𝑎𝑥 − 𝑀𝑦min

2
) − 𝑀𝑦𝑚𝑎𝑥𝑌𝑠𝑓 (5) 

𝑍𝑜𝑓𝑓 = (
𝑀𝑧𝑚𝑎𝑥 − 𝑀𝑧min

2
) − 𝑀𝑧𝑚𝑎𝑥𝑍𝑠𝑓 (6) 

In Equations 2, 3 and 4, the offsets in the three axes are 

denoted by Xoff, Yoff and Zoff. Mx, My and Mz represent the 

raw magnetometer readings for the three axes. The calibrated 

values of the magnetometer readings for the X, Y and Z axes 

are calculated in equations 7, 8 and 9 (Poulose et 

al.,2019).

𝑀𝑋 = 𝑋𝑠𝑓 × 𝑀𝑥 + 𝑋𝑜𝑓𝑓 (7) 

𝑀𝑌 = 𝑌𝑠𝑓 × 𝑀𝑦 + 𝑌𝑜𝑓𝑓 (8) 

𝑀𝑍 = 𝑍𝑠𝑓 × 𝑀𝑧 + 𝑍𝑜𝑓𝑓 (9) 

 Here MX, MY, MZ are used as calibrated magnetometer 

data in this study. 

3.2. Calculation of Euler Angles 
Euler angles were calculated with accelerometer and 

magnetometer data in equations 10, 11 and 12 (Hanafi, 

Abozied, Elhalwagy, & Elfarouk, 2019; Tomaszewski, 

Rapiński, Pelc-Mieczkowska, & Geoinformatics, 2017). 

𝑅𝑜𝑙𝑙(∅) = arctan (
𝐴𝑦

𝐴𝑧
) (10) 

𝑃𝑖𝑡𝑐ℎ(𝜃) = arctan(
−𝐴𝑥

√𝐴𝑦2 + 𝐴𝑧2
) (11) 

𝑌𝑎𝑤(𝜑) = arctan (
cos(∅)𝑀𝑌 − sin(∅)𝑀𝑍

cos(𝜃)𝑀𝑋 + sin(𝜃) sin(∅)𝑀𝑌 + sin(𝜃) cos(∅)𝑀𝑍
) (12) 

Ax, Ay and Az correspond to accelerometer measurements 

for all three axes, MX, MY and MZ are calibrated 

magnetometer measurements along the three axes. 

3.3. Calculation of Quaternions 
Quaternions are tools used to represent three-dimensional 

rotations. Quaternions are found in equation 13 (P. Kim & 

Huh, 2011) using Euler angles. 

(

𝑞1

𝑞2

𝑞3

𝑞4

) =

[
 
 
 
 
 
 𝑐𝑜𝑠

∅

2
𝑐𝑜𝑠

𝜃

2
𝑐𝑜𝑠

𝜑

2
+ 𝑠𝑖𝑛

∅

2
𝑠𝑖𝑛

𝜃

2
𝑠𝑖𝑛

𝜑

2

𝑠𝑖𝑛
∅

2
𝑐𝑜𝑠

𝜃

2
𝑐𝑜𝑠

𝜑

2
− 𝑐𝑜𝑠

∅

2
𝑠𝑖𝑛

𝜃

2
𝑠𝑖𝑛

𝜑

2

𝑐𝑜𝑠
∅

2
𝑠𝑖𝑛

𝜃

2
𝑐𝑜𝑠

𝜑

2
+ 𝑠𝑖𝑛

∅

2
𝑐𝑜𝑠

𝜃

2
𝑠𝑖𝑛

𝜑

2

𝑐𝑜𝑠
∅

2
𝑐𝑜𝑠

𝜃

2
𝑠𝑖𝑛

𝜑

2
+ 𝑠𝑖𝑛

∅

2
𝑠𝑖𝑛

𝜃

2
𝑐𝑜𝑠

𝜑

2]
 
 
 
 
 
 

(13) 

 

Here q1 is the scalar component, q2, q3 and q4 are the 

vectorial components of the quaternions. 

3.4. Kalman Filter 
Kalman Filter based AHRS is used in this paper. The 

Kalman Filter was created by Rudolf Emil Kalman to solve 

the filtering problem in aerospace and aircraft (Kalman, 

1960). The algorithm of the Kalman Filter is provided in 

figure 4 (P. Kim & Huh, 2011).

 

 

 

 

 

Q: Process Noise Covariance Matrix           P: Error Covariance Matrix 

R: Measurement Covariance Matrix            H: Observation Matrix 

A: State Transition Matrix                    Z: Measurements Vector 

X: State Vector       I: Identity Matrix 

K: Kalman Gain 
 

Figure 4. Kalman Filter Algorithm 

2. Calculate Estimating State 

𝑥𝑘
− = 𝐴𝑥𝑘−1 + 𝐵𝑢𝑘−1        

 3. Calculate Error Covariance 

�̂�𝑘
− = 𝐴𝑃𝑘−1𝐴

𝑇 + 𝑄      

 

 

 

 

 

                                   

4. Calculate the Kalman Gain 

𝐾𝑘 = 𝑃𝑘
−𝐻𝑇(𝐻𝑃𝑘

−𝐻𝑇 + 𝑅)−1 

        5. Update estimate with measurement zk 

𝑥𝑘 = 𝑥𝑘
− + 𝐾𝑘(𝑧𝑘 − 𝐻𝑥𝑘

−) 

          6. Update the Error Covariance 

𝑃𝑘 = (𝐼 − 𝐾𝑘𝐻)𝑃𝑘
− 

 

7. Next Loop 

1. Initial State Conditions 

 𝑥𝑘−1  and  𝑃𝑘−1 
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Step 1 is based on determining the initial conditions of the 

filter. The error covariance (P), the process noise matrix (Q) 

and the measurement error matrix (R) are also determined 

here. 

Step 2 is the first step of the estimation part. The 

measurements at time k-1 are approximated with the state 

transition matrix and the measurements at time k are 

approximated with the system control variables.  

In step 3, the error covariance matrix is updated, while the 

Q matrix takes into account biases and uncertainties due to 

model inaccuracies and integrates them into the error 

covariance update. 

In step 4, the Kalman gain is calculated. The Kalman gain 

allows to add or subtract the amount of error according to the 

accuracy of the measurements, which take values between 0-

1. 

In step 5, the previously calculated (step 1) measurements 

are updated with the changes due to the error and the new value 

is obtained with these values in the next iteration. 

In step 6 the error covariance matrix is updated again and 

used to update the new error covariance matrix in step 2. 

In step 7 the Kalman filter starts repeating all these steps 

for the next measurements. 

  The Kalman Filter (KF) is one of the structures frequently 

used in AHRS algorithms (Pourtakdoust, Ghanbarpour Asl, & 

Technology, 2007). AHRS is an algorithm used to define the 

orientation of a device. KF is one of the filters that allows us 

to calculate the orientation with data from multiple sensors for 

AHRS.      

3.5. Euler-based AHRS Model 
The state vector x in the model consists of roll (∅), pitch 

(θ) and yaw (φ) values and is given as a vector in Equation 14.  

𝑥 = (
∅
𝜃
𝜑

) (14) 

The initial error covariance matrix and the process noise 

covariance matrix of the estimated state are identical. The roll, 

pitch and yaw covariances are represented on the diagonal 

respectively and given in equations 15 and 

16.

𝑃0 = [

𝜎∅
2 0 0

0 𝜎𝜃
2 0

0 0 𝜎𝜑
2

] (15) 

𝑄 = [

𝜎∅
2 0 0

0 𝜎𝜃
2 0

0 0 𝜎𝜑
2

] (16) 

The sensor measurement error is represented on the 

diagonal of the measurement covariance matrix and is given in 

equation 17. 

𝑅 = [

𝜎𝑠𝑒𝑛𝑠𝑜𝑟 𝑒𝑟𝑟𝑜𝑟
2 0 0

0 𝜎𝑠𝑒𝑛𝑠𝑜𝑟 𝑒𝑟𝑟𝑜𝑟
2 0

0 0 𝜎𝑠𝑒𝑛𝑠𝑜𝑟 𝑒𝑟𝑟𝑜𝑟
2

] (17) 

The state transfer matrix is used to calculate the next (k) 

measurements with the previous (k-1) measurements and is 

given in equation 18 as a 3x3 unit matrix in this model. 

𝐴 = [
1 0 0
0 1 0
0 0 1

] (18)   

The control matrix is used to add the effect of the gyro 

measurements on the system. The control matrix is given in 

equation 19.                         

𝐵 = [
𝑑𝑡 0 0
0 𝑑𝑡 0
0 0 𝑑𝑡

] (19) 

 

‘dt’ in matrix B is the discrete time.  The input vector 

consists of gyroscope measurements and is given in equation 

20. 

 

𝑈 = (
𝑝
𝑞
𝑟
) (20) 

‘p, q and r’ represent the gyroscope measurements in 3 

axes.  The measurement pattern vector is used to correct the 

measurements and is given in equation 21.  

 

𝑍𝑘 =

(

 
 
 
 

arctan (
𝐴𝑦

𝐴𝑧
)

arctan (
−𝐴𝑥

√𝐴𝑦2 + 𝐴𝑧2
)

arctan (
cos(∅)𝑀𝑌 − sin(∅)𝑀𝑍

cos(𝜃)𝑀𝑋 + sin(𝜃) sin(∅)𝑀𝑌 + sin(𝜃) cos(∅)𝑀𝑍
)
)

 
 
 
 

(21) 

 

The measurement transfer matrix H is a 3x3 unit matrix 

that allows us to correct the measurements by subtracting the 

measurements obtained in the estimation step from the 

measurement vector and is given in Equation 22. 

 

𝐻 = [
1 0 0
0 1 0
0 0 1

] (22) 

3.6. Quaternion Based AHRS Model 
The state vector x contains the four-quaternion data used 

to compute the orientation and is given in equation 23. 

𝑥 = (

𝑞1

𝑞2

𝑞3

𝑞4

) (23) 

The relationship between the angular velocity and the rate 

of change in quaternion is given in equation 24(Wen-shu, 

Liao-ni, & Qi, 2010). 

�̇� =
1

2
[

0 −𝑝 −𝑞 −𝑟
𝑝 0 𝑟 −𝑞
𝑞 −𝑟 0 𝑝
𝑟 𝑞 −𝑝 0

] [

𝑞1

𝑞2

𝑞3

𝑞4

] =
1

2
Ω𝑘𝑞𝑘−1 (24) 

The dynamic update function representing the quaternions 

is given in equation 25. 

𝑞�̂� = f(𝑞𝑡−1, 𝜔𝑡) = (𝐼4 +
𝑑𝑡

2
Ω𝑘) 𝑞𝑘−1 (25) 

In the model used in this study, the state transfer matrix is 

a vector and nonlinear. It is linearized by calculating the 

Jacobian of the transfer matrix. The nonlinear transfer matrix 
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is given in equation 26. 

f(q, ω) =  

[
 
 
 
 
 𝑞1 −

𝑑𝑡

2
𝑝𝑞2 −

𝑑𝑡

2
𝑞𝑞3 −

𝑑𝑡

2
𝑟𝑞4

𝑞2 +
𝑑𝑡

2
𝑝𝑞1 −

𝑑𝑡

2
𝑞𝑞4 +

𝑑𝑡

2
𝑟𝑞3

𝑞3 +
𝑑𝑡

2
𝑝𝑞𝑧 +

𝑑𝑡

2
𝑞𝑞1 −

𝑑𝑡

2
𝑟𝑞2

𝑞4 −
𝑑𝑡

2
𝑝𝑞3 +

𝑑𝑡

2
𝑞𝑞2 +

𝑑𝑡

2
𝑟𝑞1]

 
 
 
 
 

(26) 

Equations 27 and 28 give the linearization operations by 

taking the Jacobian matrix. The linearized transfer matrix is 

given in equation 29.  

▽ f(𝑞𝑡−1, 𝜔𝑡) =
𝜕f(𝑞𝑡−1,𝜔𝑡)

𝜕𝑞
(27)

= [
𝜕f(𝑞𝑡−1,𝜔𝑡)

𝜕𝑞1
  

𝜕f(𝑞𝑡−1,𝜔𝑡)

𝜕𝑞2
  

𝜕f(𝑞𝑡−1,𝜔𝑡)

𝜕𝑞3
  

𝜕f(𝑞𝑡−1,𝜔𝑡)

𝜕𝑞4
] (28)

 

▽ 𝑓 =

[
 
 
 
 
 1

−𝑑𝑡

2
𝑝

−𝑑𝑡

2
𝑞

−𝑑𝑡

2
𝑟

𝑑𝑡

2
𝑝 1

𝑑𝑡

2
𝑟

−𝑑𝑡

2
𝑞

𝑑𝑡

2
𝑞

−𝑑𝑡

2
𝑟 1

𝑑𝑡

2
𝑝

𝑑𝑡

2
𝑟

𝑑𝑡

2
𝑞

−𝑑𝑡

2
𝑝 1 ]

 
 
 
 
 

= 𝐴     (29)    

The measurement model vector will help us to correct the 

measurements and is given in equation 30. 

𝑧𝑘 =

[
 
 
 
 
 
 
 
 𝑐𝑜𝑠

∅

2
𝑐𝑜𝑠

𝜃

2
𝑐𝑜𝑠

𝜑

2
+ 𝑠𝑖𝑛

∅

2
𝑠𝑖𝑛

𝜃

2
𝑠𝑖𝑛

𝜑

2

𝑠𝑖𝑛
∅

2
𝑐𝑜𝑠

𝜃

2
𝑐𝑜𝑠

𝜑

2
− 𝑐𝑜𝑠

∅

2
𝑠𝑖𝑛

𝜃

2
𝑠𝑖𝑛

𝜑

2

𝑐𝑜𝑠
∅

2
𝑠𝑖𝑛

𝜃

2
𝑐𝑜𝑠

𝜑

2
+ 𝑠𝑖𝑛

∅

2
𝑐𝑜𝑠

𝜃

2
𝑠𝑖𝑛

𝜑

2

𝑐𝑜𝑠
∅

2
𝑐𝑜𝑠

𝜃

2
𝑠𝑖𝑛

𝜑

2
+ 𝑠𝑖𝑛

∅

2
𝑠𝑖𝑛

𝜃

2
𝑐𝑜𝑠

𝜑

2]
 
 
 
 
 
 
 
 

(30) 

The measurement transfer matrix H is a 4x4 unit matrix 

that allows us to correct the measurements by subtracting the 

measurements obtained in the estimation step from the 

measurement vector and is given in equation 31. 

𝐻 = [

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

] (31)                 

The AHRS models, whose mathematical models are given 

above, were operated and compared in the experimental setup 

in Figure 5. 

 

 

Figure 5. Experimental Setup 

4. Results and Discussion 

In this study, two different AHRS models were compared 

on the embedded system under the same conditions. Before the 

comparison, the model outputs at specific angles were 

recorded. Graphs and tables below show the readings from the 

two distinct models used in the study at identical angles. To 

ensure methodological alignment between graphical and 

tabular representations, both formats were prepared using the 

same 15 measurements, which were considered sufficient for 

an accurate comparison of model performance. 

 
Figure 6. Roll at -90-degree Euler Model 

 

Figure 7. Roll at -90-degree Quaternion Model 

 

Figures 6 and 7 illustrate the results of two different AHRS 

models for roll angle at -90 degrees. Table 4 presents the values 

of the two different AHRS models at -90 degrees. 

 
Table 4. Roll Angle Values at -90 Degrees 

Reading 

Order 

Quaternion 

Based 

AHRS 

Euler Angles 

Based Model 

AHRS 

Time(s) 

1 7.73 0.04 0.1 

2 -89.85 -89.86 0.2 

3 -90.40 -90.26 0.3 

4 -90.42 -90.40 0.4 

5 -90.18 -90.18 0.5 

6 -90.07 -90.06 0.6 

7 -90.40 -90.38 0.7 

8 -89.82 -89.83 0.8 

9 -90.35 -90.32 0.9 

10 -90.39 -90.38 1 

11 -90.22 -90.22 1.1 

12 -90.08 -90.08 1.2 

13 -89.98 -89.98 1.3 

14 -90.29 -90.27 1.4 

15 -90.00 -90.00 1.5 
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Figure 8. Pitch degree at 0-degree Euler Model 

   
Figure 9. Pitch degree at 0-degree Quaternion Model 

 

Figures 8 and 9 illustrate the results of two different AHRS 

models for pitch angle at 0 degrees. Table 5 shows the values 

of two different AHRS models at 0 degrees.  

 

Table 5. 0 Degree Pitch Angle Values 

Reading 

Order 

Quaternion 

Based 

AHRS 

Euler Angles 

Based Model 

AHRS 

Time(s) 

1 84.10 90.29 0.1 

2 -0.40 3.16 0.2 

3 -0.14 0.63 0.3 

4 -0.29 -0.30 0.4 

5 -0.17 -0.19 0.5 

6 -0.23 -0.23 0.6 

7 -0.28 -0.09 0.7 

8 -0.46 -0.35 0.8 

9 -0.17 -0.18 0.9 

10 -0.29 -0.33 1 

11 -0.32 -0.10 1.1 

12 -0.24 -0,18 1.2 

13 -0.16 -0.17 1.3 

14 -0.20 -0.29 1.4 

15 -0.02 0.10 1.5 

 

 

 

 

 

 

 

 
Figure 10. Yaw at 0-degree Quaternion Model 

 
Figure 11. Yaw at 0-degree Euler Model 

Figures 10 and 11 illustrate the results of two different 

AHRS models for a yaw angle at 0 degrees. Table 6 shows the 

values of two different AHRS models at 0 degrees.  

 

Table 6. Yaw Angle Values at 0 Degree 

Reading 

Order 

Quaternion 

Based AHRS 

Euler Angles 

Based Model 

AHRS 

Time(s) 

1 1.79 0.18 0.1 

2 0.16 0.17 0.2 

3 0.18 0.19 0.3 

4 0.16 0.17 0.4 

5 0.18 0.19 0.5 

6 0.19 0.19 0.6 

7 0.18 0.19 0.7 

8 0.18 0.18 0.8 

9 0.18 0.19 0.9 

10 0.13 0.14 1 

11 0.19 0.20 1.1 

12 0.15 0.15 1.2 

13 0.18 0.18 1.3 

14 0.20 0.21 1.4 

15 0.17 0.18 1.5 
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 Figure 12. Roll Angle Comparison 

Figure 13. Pitch Angle Comparison 
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 Figure 14. Yaw Angle Comparison 

According to Tables 4, 5 and 6, it is observed that two 

different models give close values for the roll angle in terms of 

experimental values to the expected theoretical value in 

measurements made in the same environment and conditions. 

This shows that both models can calculate the roll angle with 

a certain accuracy. However, the results of the models do not 

completely coincide with the theoretical value and contain 

some margin of error. 

For the pitch angle, significant differences were observed 

between iterations, especially at the fifteenth iteration, where 

the quaternion-based model gave the closest value to the 

theoretical value. These findings show that the quaternion-

based model shows higher accuracy at certain iteration 

numbers. Nonetheless, it is essential to recognize that the 

calculated values have a certain degree of error. 

For the yaw angle, although the two models give similar 

results, it is observed that the precision is high and the 

accuracy is relatively low when compared to other angles in 

converging to the theoretical value. The accuracy of the yaw 

angle is lower than the other angles and there are significant 

error margins in the calculated results. This finding shows that 

the models may have certain limitations in the calculation of 

the yaw angle and are open to improvement. 

Figures 12, 13 and 14 illustrate the AHRS models and how 

far the unfiltered measurements deviate from the true value, 

i.e., the amount of error they have. According to the graphs, 

the two different AHRS models are closer to the true value 

with smaller errors than the unfiltered measurements. 

The performances of the Euler and quaternion models were 

compared using various metrics: 

Computation Time: The calculations for the quaternion-

based AHRS model, though inherently more complex, 

demonstrated comparable performance to the Euler angles-

based model when optimized for computation time. 

Measurement of computation times using the embedded 

system timer indicated that the quaternion-based model had a 

time of 15 milliseconds, while the Euler angles-based model 

achieved a time of 5 milliseconds. The difference in 

computation times between the two models was quantified as 

10 milliseconds. 

Memory Utilization: Euler angles-based model used less 

memory while quaternions required more memory. 

Accuracy: It was observed that the quaternion-based model 

approached the theoretical value more successfully than the 

Euler angles-based model in advanced iterations. 

In addition, the quadrotor control law may affect the results 

depending on the characteristics of the model used. Euler 

angles, although a simple and straightforward method, can 

lead to singularity problems such as the gimbal lock problem, 

which can adversely affect computational accuracy and system 

stability. In contrast, quaternions avoid such problems and 

provide more stable and accurate control. The Kalman filter 

can be effectively used with both models for noise reduction 

and state estimation. However, quaternion-based control laws 

offer higher accuracy and system stability than Euler angles 

because quaternions perform better without encountering 

transformation problems like Euler angles. In the literature, it 

is emphasized that quaternion-based control laws are more 

robust and accurate than Euler angles (Lei, Liu, & Wang, 2024; 

Zhi, Li, Song, Yu, & Zhang, 2017). 

5. Conclusion 

This paper presents a comparative analysis of the Euler and 

quaternion models for embedded systems in real-time 
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applications, emphasizing their significance in aviation, where 

AHRS plays a vital role in ensuring precise attitude estimation 

for navigation, stability, and control. The study recommends 

quaternions for applications requiring higher accuracy and 

stability, while Euler angles are more suitable for simpler, 

lightweight implementations. Significant findings contribute 

to enhancing the accuracy and reliability of AHRS models in 

aviation systems. By adapting mathematical models to an 

embedded system and conducting performance tests, the study 

provides valuable insights into algorithm optimization and 

sensor calibration. The impact of computation time differences 

on system performance was measured at 10 ms using the 

experimental setup, with fifteen measurements taken for each 

angle to compare the models. While both models produced 

similar results for the roll angle, the quaternion-based model 

demonstrated superior alignment with theoretical values for 

the pitch angle after multiple iterations, confirming its 

advantage in long-term accuracy. Additionally, the study 

underscores the importance of computation speed, particularly 

for autonomous aircraft and other aviation applications. To 

further enhance AHRS performance, the paper proposes 

models that can serve as benchmarks for future tests on 

different embedded platforms. Moreover, the development or 

integration of alternative algorithms to improve yaw angle 

accuracy will further increase the reliability and effectiveness 

of AHRS in aviation. This research provides a crucial 

reference for engineers and researchers working on real-time 

orientation calculations in embedded aviation systems, 

guiding advancements in flight control and navigation 

technologies. 
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1. Introduction 
 

In an era characterized by the emergence and integration of 
autonomous technologies into daily life, the use of unmanned 
aerial vehicles (UAVs) has become the cornerstone of various 
industrial, military, and environmental applications. At the 
crux of a UAV's operability is its electric battery, a component 
crucial not only for mission success but also for the vehicle's 
airworthiness and safety issues (Kulkarni et al., 2018). As the 
applications of UAVs expand, the necessity for meticulous 
maintenance of these critical power sources also increases (Liu 
et al., 2022). In this context, traditional reactive maintenance 
paradigms are inadequate, necessitating the development of a 
more predictive approach (Berecibar et al., 2016). This article 
explores the boundaries of AI-supported maintenance 
planning and presents a sophisticated model that promises to 
enhance the UAV industry's commitment to safety and 
functionality through effective battery maintenance. 

UAV Battery Maintenance involves various strategies, the 
most common of which reactive, preventive, and predictive 
maintenance models. Reactive maintenance is applied after a 
malfunction or failure has occurred, while preventive 
maintenance is conducted at regular intervals before any signs 
of failure appear(Meissner et al., 2021). Predictive 
maintenance, on the other hand, schedules maintenance based 
on predictions of when the battery might fail. These strategies 
can guide the prevention of anticipated failures in machinery. 
Specifically, lithium-polymer (Li-po) or lithium-ion (Li-ion) 
batteries used in UAVs can extend their lifespan and minimize 
performance loss when proper maintenance strategies are 
implemented. These types of batteries are particularly 
sensitive to the effects of charging and discharging processes, 
as well as storage conditions, which should be considered in 
maintenance planning. 

Figure 1. Maintenance Planning Strategies Used in Aviation Industry (Meissner et al., 2021) 
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 This research paper explores the use of artificial intelligence (AI) in the maintenance planning 
of electric batteries for unmanned aerial vehicles (UAVs). Traditional maintenance strategies 
are challenged by the impact on battery performance and the complexity of battery degradation, 
highlighting the importance of an AI-assisted predictive maintenance approach. The research 
predicts battery degradation using machine learning techniques, specifically Artificial Neural 
Networks (ANN) model, in combination with MATLAB's Remaining Useful Life (RUL) 
Prediction Toolbox. The AI model is designed to accurately predict remaining flight time and 
perform maintenance only when needed. This prevents premature battery replacement, reduces 
environmental pollution, and contributes to sustainable aviation. The AI-powered maintenance 
model helps transform maintenance strategy, optimize operational costs, and increase the safety 
of UAV systems while reducing unexpected battery failures. Refined predictive methodologies 
for UAV battery diagnostics and maintenance demonstrate the importance of UAV battery 
health on operational efficiency. Statistical analysis of the AI model demonstrates robust 
predictive capability, achieving a mean absolute percentage error (MAPE) of 3.2% for battery 
capacity degradation and 2.9% for flight time prediction, supporting high prediction accuracy. 
The study’s originality lies in its use of ANN within the MATLAB RUL Prediction Toolbox to 
provide a data-driven predictive maintenance framework for UAV batteries, addressing a gap 
in the literature by offering a scalable solution that enhances prediction accuracy over 
traditional methods. The study proposes the integration of real-time operational data and 
advanced AI algorithms and demonstrates a significant advance in predictive maintenance to 
improve UAV reliability and sustainability. 
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Unmanned Aerial Vehicles (UAVs) have revolutionized 
numerous industries by providing unique flexibility and 
reduced operational risks, especially in tasks considered 
tedious, dirty, or dangerous for human intervention 
(Saravanakumar et al., 2023; Sun et al., 2024). However, one 
of the most important parts of these sophisticated machines, 
the electric battery, poses a significant maintenance challenge. 
The biggest problem with batteries is the delicate balance of 
battery performance and the safety risks associated with its 
degradation (Liu et al., 2022). Both unnecessary downtime and 
unnecessary allocation of resources to maintenance that can be 
postponed increase operating costs. Beyond the financial 
implications, the premature replacement of batteries creates an 
environmental burden that increases the generation of waste 
materials. This uncertainty requires an evolution in 
maintenance strategies, moving away from rule-based 
protocols towards an intelligent paradigm that can skilfully 
manage the intricacies of battery health and operational life. 
Energy management for UAVs has shown significant 
technological advances in recent years, especially with their 
increasing use in public services. A comprehensive review by 
Zhang et al. analyses in detail how to integrate electrochemical 
hybrid power sources and intelligent energy management 
systems for UAVs and their impact on operational efficiency 
(C. Zhang et al., 2022). This study highlights how energy 
management is a critical element in UAV technologies and the 
relationships between battery health predictions and energy 
optimization. An AI-powered approach to battery maintenance 
planning promises to reduce financial burden and increase 
safety coefficient, ensuring that replacement and maintenance 
activities are only carried out at the optimum point of necessity 
(Garay et al., 2022). 

The importance of this research extends far beyond the 
theoretical field, addressing pragmatic aspects that affect both 
UAV operators and the encompassing paradigm of aviation 
vehicle management. Aerial vehicles that utilize electric power 
as their main energy source offer great promise for urban air 
mobility. They have the potential to provide fast and efficient 
transportation alternatives, especially in dense urban 
environments. The work by Pavel examines in depth the 
control characteristics of eVTOL aircraft and illuminates the 
technical challenges of integrating these vehicles into urban air 
traffic systems (Pavel, 2022). This information provides 
strategic information for the development and management of 
UAVs and similar aerial vehicles, providing valuable insights 
into how these platforms can be used more effectively for 
urban mobility. Optimized maintenance promises two key 
benefits to users: increased safety and reliability for drones and 
a resulting decrease in cost expenditure for aircraft operators. 
Meticulous and intelligent maintenance planning is not only a 
financial imperative; it is critically intertwined with the 
airworthiness of UAVs, reducing the possibility of them 
failing due to unexpected power outages or compromised in-
flight performance. The use of optimized maintenance 
scheduling also reduces unnecessary, premature battery 
replacements, limiting unnecessary financial costs and 
reducing material waste, in line with sustainable aviation 
principles. The main objective of this study is to navigate the 
complex connection between the pursuit of stringent safety 
standards and the efficiency of maintenance expenses. It 
simultaneously attempts to identify a maintenance schedule 
that is both forward-thinking and economically sensible, 
thereby enabling UAV operators to optimize their fleet 
availability and benefits while sustaining the integrity of their 
financial expenditures. 

In this study, ANN machine learning techniques have been 
used to estimate the remaining useful life (RUL) of UAV 

batteries. These techniques have been used in the literature for 
similar applications with successful results (Andrioaia et al., 
2024; Catelani et al., 2021; Mansouri et al., 2017; J. Zhang & 
Lee, 2011). Mansouri et al. demonstrated the effectiveness of 
machine-learning approaches for predicting the RUL of UAV 
batteries, and this work is based on similar methodological 
principles. This toolbox allows the prediction of battery 
degradation trajectory using various statistical and machine 
learning methods (Richardson et al., 2019; Saxena et al., 
2008). The combination of deep learning and optimization 
techniques in maintenance planning processes offers great 
potential for improving efficiency and accuracy. In particular, 
the deep reinforcement learning-supported simulated 
annealing algorithm developed by Kosanoğlu et al. is an 
effective solution to tackle the challenges faced in 
maintenance planning problems (Kosanoglu et al., 2022). 
Energy consumption modeling is a critical area of research to 
improve the energy efficiency of UAV operations. Dai et al. 
developed a data-efficient modeling approach for estimating 
power consumption for quadcopter UAVs (Dai et al., 2024). 
This study uses collective learning techniques to predict the 
power consumption more accurately in various flight 
scenarios. This methodology contributes significantly to the 
development of energy management strategies for UAVs and 
a similar approach is adopted in this study. This approach 
should be considered among the methodologies that can be 
used in the optimization of maintenance strategies for UAVs. 
For electric UAVs, thrust system health and prognostic 
management plays an important role, especially in the 
development of battery health and maintenance strategies. 
Kulkarni and Corbetta highlight that electric UAV systems 
health management and failure prediction processes are 
critical to preventing failures and improving system reliability 
(Kulkarni & Corbetta, 2019). These approaches provide the 
basis for battery health prediction models developed for UAV 
systems and improve the effectiveness of battery maintenance 
planning strategies. This advanced toolbox provides a set of 
statistical and machine learning methods designed to model 
and predict the end-of-life of battery systems. By analyzing 
historical and real-time data, the toolbox predicts the 
degradation path of battery health, thereby providing estimates 
of its RUL. This predictive capability allows the estimation of 
battery capacity degradation across various operational 
scenarios and charge-discharge cycles, which is crucial in 
predicting relevant in-flight duration time. By integrating 
NASA battery data sources and processing them through 
complex algorithms, our MATLAB simulations are aimed at 
extracting a highly accurate predictive model that can deeply 
influence maintenance planning strategies to ensure that 
maintenance tasks are performed exactly when they are needed 
and reduce the risks associated with premature service actions. 

The main hypothesis behind this research is that an 
artificial intelligence model can be designed to accurately 
predict with a high degree of precision the flight time of an 
unmanned aerial vehicle's battery as its capacity degrades over 
time. The effectiveness of AI applications in battery research 
is a topic that is frequently discussed in academic and 
industrial circles. Lombardo et al. highlighted this issue and 
analyzed the real potential of AI in battery research and its 
current limitations (Lombardo et al., 2022). This perspective 
forms the basis for the evaluation of the AI-powered models 
developed for UAV battery management in our own work and 
provides the data to support practical applications of this 
technology. Utilizing algorithmic predictions from historical 
and current battery data, the AI is designed to calculate the 
gradual decline of battery capacity and translate this into 
actionable flight time metrics. This predictive capability is 
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expected to serve as an empirical advisory system that signals 
aircraft operators to initiate maintenance procedures when the 
evaluated flight time approaches or falls below a 
predetermined safety threshold. Such an innovative warning 
mechanism could potential transform maintenance operations 
from a reactive to a predictive model, thus contributing to the 
continued airworthiness of the aircraft and preventing the 
damage of unexpected battery failures. Through meticulous 
tuning and validation, the expected outcome of the model is a 
significant reduction in both unplanned downtime and 
unnecessary battery replacement frequency. This provides 
significant improvements to the efficiency and economics of 
UAV maintenance strategies. 

Many research groups in the fields of aeronautical and 
maintenance engineering have previously investigated various 
factors affecting the performance of aircraft and several 
studies have been conducted highlighting the critical role of 
electric battery capacity in determining operational flight time 
(Berecibar et al., 2016; Boriboonsomsin et al., 2012). 
Preliminary research has shown a clear correlation between the 
health of the battery and achievable flight duration, safety and 
efficiency (Chang et al., 2022; Che et al., 2019; Hashemi et al., 
2021; Kulkarni et al., 2018; Wang et al., 2018). For 
autonomous UAVs, energy management and flight task 
planning are factors that not only increase operational 
efficiency but also directly affect mission success. Studies by 
Alyassi et al. have shown that independent charging and flight 
mission planning for battery-operated autonomous drones play 
a critical role in making UAV operations more sustainable and 
efficient (Alyassi et al., 2023). These findings shed light on the 
development of energy management strategies for UAV 
systems and highlight the need for further research in these 
areas. Despite these advances, there remains a notable gap in 
the maintenance planning literature. The aim is to develop an 
intelligent system that can predict the Remaining Useful Life 
(RUL) of UAV batteries, thus enabling timely and cost-
effective maintenance decision making. This research explores 
bridge the gap in aircraft maintenance planning with an AI-
driven maintenance strategy specifically designed for electric 
batteries in unmanned aircraft systems. This gap is critical not 
only to extend the operational life of UAV batteries, but also 
to support sustainable practices in the aviation industry by 
optimizing replacement cycles and reducing unnecessary 
waste. 

In this study, an AI-based model is developed to predict the 
health status and remaining life of UAV batteries. The 
potential of AI-based decision support systems to make UAV 
operations safer and more efficient has been widely discussed 
in the literature (Darrah et al., 2021). This research focuses on 
the great importance of AI-enabled maintenance planning for 
drone electric batteries as UAVs become indispensable for 
various industries. By dealing with premature or late 
replacement and the resulting financial and safety impacts, it 
demonstrates the need for an intelligent and predictive 
approach to maintenance scheduling. The methodology 
utilizing the MATLAB RUL prediction toolbox stands as a 
promising way to predict battery performance degradation and 
operational thresholds. Initial insights underline the critical 
impact of battery capacity on UAV flight duration, laying the 
groundwork for the expected AI model to reliably predict 
maintenance needs. This work is anticipated to make a 
significant contribution to the advancement of sustainable, 
cost-effective and safe UAV operations. Carrying forward the 
momentum of this introduction, the subsequent sections of this 
paper explore the complex details of our approach, present the 
experimental results of our simulation and engage in a 

comprehensive discussion of our findings in the broader 
context of maintenance engineering and aerospace innovation. 

UAVs require regular maintenance and care to operate 

safely and effectively. It is important to perform on-time 

battery maintenance in UAV operations. Regular and on-time 

battery maintenance can improve the performance of the 

battery and prevent the UAV's flight time from decreasing. 

Other advantages of battery maintenance are safety, reliability 

and cost savings. 

 

2. Methods  
 

This study presents a methodological framework for 
advancing AI-assisted maintenance planning for electric 
batteries used in unmanned aerial vehicles (UAVs). In this 
context, the research employs a predictive maintenance model 
that utilizes machine learning techniques to predict the 
Remaining Useful Life (RUL) of electric batteries. It is 
carefully designed to facilitate the optimization of 
maintenance schedules of electric battery systems, extending 
battery life and reducing downtime in UAV operations. Using 
artificial intelligence, an attempt has been made to provide a 
comprehensive planning tool that helps to facilitate 
maintenance protocols in line with the actual health status of 
UAV batteries, thereby enhancing continuous airworthiness, 
mission availability and safety. 

The dataset used in our study is drawn from the National 
Aeronautics and Space Administration's (NASA) vast 
database of battery aging data. The selection of this data was 
supported by the comprehensive nature of the dataset, which 
includes a variety of battery aging factors resulting from many 
charge-discharge cycles, designed to mimic conditions similar 
to those experienced by batteries in UAV operations. Before 
utilization, the data has undergone careful pre-processing to 
ensure accuracy. This included filtering the data, normalizing 
the parameters to a standard scale and interpolating missing 
values to maintain dataset uniformity. The decision to use the 
NASA repository was based on its practical applicability to the 
scope of our simulated model. In particular, it provides a 
reliable ground truth for battery degradation, which is essential 
for adapting and validating our AI algorithms. These pre-
processing strategies ensure that our data reflect real-world 
battery behavior, providing a reliable basis for predictive 
maintenance modelling and further strengthening the 
relevance of our findings to UAV battery maintenance 
planning. 

Considering battery health in UAV mission planning is a 
critical factor to maximize mission success while reducing 
operational risks. An et al. discussed UAV mission planning 
that takes into account battery health in an informed way using 
a cognitive battery management system (An et al., 2023). This 
approach supports the optimization of energy management and 
maintenance strategies in UAV operations and enhances the 
applicability of the model developed in this study. The 
findings of this study have a potentially large impact on 
improving the long-term operational sustainability and safety 
of UAVs. The adoption of a simulation study framework to 
investigate AI-assisted maintenance planning for UAV electric 
batteries is based on several essential considerations. A 
simulation approach allows for comprehensive research of 
theoretical and practical scenarios without the cost, time and 
potential risks associated with real-world experiments, 
especially when dealing critical UAV components such as 
electric batteries. Simulations can recreate a wide range of 
conditions and operational stressors that batteries can 
encounter, including extreme weather conditions, various load 
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conditions and rapid charge-discharge cycles. In addition, 
simulation provides a controlled environment in which 
variables can be precisely manipulated, enabling the isolation 
and study of specific factors that affect battery life and 
maintenance needs. While limitations of simulation studies 
include the potential gap between model predictions and real-
world behavior, as well as difficulties in capturing the 
stochastic nature of environmental influences on battery 
health, advantages such as safety, cost-effectiveness, and the 
ability to conduct multiple trials make it a highly suitable 
methodology for this research. In the context of UAV battery 
maintenance, a simulation model provides a crucial platform 
for the development and testing of predictive maintenance 
algorithms, providing data to drive more informed, proactive 
and safer decision-making. 

The simulation technique used in this study aims to realize 
a predictive maintenance planning for UAV battery systems. 
To illustrate the feasibility of AI-assisted maintenance 
planning, a UAV that primarily uses battery power as its main 
energy source is chosen. This example has been selected to 
capture the wide range of operational and environmental 
conditions that UAV batteries are typically exposed to. Our 
focus on predictive maintenance strategies results from their 
potential to overcome the limitations associated with the 
reactive and preventative methods currently in use. Contrary 
to reactive maintenance, which leads to high-risk scenarios 
where battery failure can lead to undesirable situations such as 
in-flight accidents and crashes, or preventive maintenance, 
which adheres to fixed life cycles regardless of the actual 
battery condition, predictive maintenance offers a focused and 
efficient approach. In this study, the battery status is monitored 
and a maintenance plan is created using artificial intelligence 
algorithms to determine the real-time health of the battery. 
This allows maintenance activities to be planned on an as-
needed basis rather than according to rigid schedules. By 
interpreting signs of battery degradation, the predictive model 
predicts maintenance needs and advises repairs before failure, 
optimizing maintenance operations and improving the 
reliability and safety profile of UAVs. This simulation uses AI 
technology to create a maintenance program that prevents 
battery failures and contributes to battery health in UAV 
operations. 

For autonomous electric propulsion UAVs, prognostics and 
health management are vital for operational reliability and 
maintenance optimization. The application of prognostic 
techniques in electric propulsion aircraft systems provides 
significant benefits, such as early detection of failures and 
reduction of maintenance costs (Schumann et al., 2021). The 
findings of this study play an important role in improving the 
efficiency and reliability of energy management systems for 
UAVs, which contributes to reducing operational costs and 
extending mission durations. In this study demonstrates how 
our battery health prediction model for UAVs is designed in 
accordance with current technological trends and shows also 
examples of operational improvements that such prognostic 
applications can make to improve flight safety. This research 
uses the MATLAB RUL Prediction Toolbox as the primary 
tool for data analysis and model development. The toolbox 
utilizes the benefit of a wide range of statistical and machine 
learning algorithms specifically designed for prognostic and 
health management applications. This study leverages its 
capabilities to process and analyze NASA battery aging 
datasets to predict the Remaining Useful Life (RUL) of UAV 
batteries. The logic behind the selection of the MATLAB 
program stems from its stability in processing large datasets, 
comprehensive analytical functions, and its wide use within 
the engineering community, as well as facilitating peer 

validation and reproducibility. Furthermore, the toolbox 
supports various methods such as regression analysis, state 
estimation filters and neural networks that can be 
systematically tested to identify the most effective predictive 
model customized to battery degradation patterns. For this 
study, a systematic approach was used to tune and validate 
algorithms to ensure reliable performance in predictive 
maintenance tasks. The result is a set of advanced predictive 
models that include the non-linear and complex nature of 
battery aging processes and facilitate intelligent maintenance 
planning for UAV battery systems. 

The development of the predictive model is a multi-phased 
process that depends on careful training and validation of the 
AI algorithms. This process is initiated by separating the open-
source NASA battery data into training and testing subsets, 
ensuring that both datasets represent the wide range of 
conditions experienced by UAV batteries. Table 1 outlines the 
main simulation parameters used in the ANN-based predictive 
model. The validation of the algorithms used in this study is 
performed by evaluating their performance in predicting the 
RUL on the test dataset. The calibration phase of the algorithm 
involves fine-tuning the model parameters to match real-world 
operational conditions from both historical simulation data and 
information blended with domain expertise. The process of 
tuning the AI parameters is critical in ensuring the simulation 
study's ability to adapt to different conditions. 

Table 1. Simulation Parameters for the ANN-Based Predictive 
Model 

Parameter Value 

Dataset NASA Battery Aging Dataset 

Data Collection Details Battery health data 

Data Preprocessing 
Filtering, normalization, 

interpolation of missing values 

Training Algorithm 
Levenberg-Marquardt 

backpropagation (trainlm) 

Data Split 
70% training, 15% validation, 

15% test 

Stopping Criterion Maximum 1000 iterations 

Simulation Environment 
MATLAB RUL Prediction 

Toolbox 

 

Identifying potential challenges and limitations is essential 
in defining the robustness of the methodological framework. 
The primary challenge in conducting the study relies on the 
accuracy of NASA open-source battery aging datasets, which, 
while the system is comprehensive and adaptive to different 
conditions, may not perfectly reflect real-time operational 
conditions, such as actual flight times or environment-specific 
UAV battery aging patterns. Given that these datasets may 
vary from field conditions due to their non-real-time nature, 
the predictive model may face limitations in terms of precision 
and real-time generalizability. To overcome these limitations, 
careful pre-processing techniques have been applied to filter 
and normalize the data, ensuring that the simulation 
environment closely approximates real operational scenarios. 
In addition, sensitivity analyses were performed to measure the 
sensitivity of the model to changes in battery usage patterns. 
By identifying these limitations in advance and carefully 
developing the analytical methods, the model aims to improve 
real-world accuracy and reduce the gap between simulated 
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predictions and the complex actuality of UAV battery 
maintenance planning. 

The effectiveness of an AI-enabled maintenance planning 
model depends on the precision of its performance metrics. 
These metrics are very important because they provide 
measurable results that enable the evaluation of model 
accuracy, reliability and predictive capability. Key indicators 
of performance for this study include the Mean Absolute Error 
(MAE) and Root Mean Square Error (RMSE) of remaining 
useful life estimates, as well as the accuracy of maintenance 
planning recommendations. These requirements require 
precision to ensure safety, minimize failure time and extend 
the service life of the battery. To confirm feasibility and 
adherence to industry maintenance standards, a 
comprehensive simulation environment is provided to evaluate 
the robustness of the predictive model in real-world 
applications. This multi-metric approach ensured that all 
improvements in maintenance planning procedures resulting 
from the model's deployment were based on data-driven, 
actionable insights. 

Ethical issues in our research are considered critical, 
especially regarding the implications of simulated data and 
predictive maintenance strategies. The use of simulation 
requires responsible representation of data and modelling of 
results, while eliminating risk to real UAV systems and 
ensuring that simulated conditions accurately represent real-
world scenarios without introducing potential risk of bias (Pan 
et al., 2018). Predictive maintenance, despite its economic and 
safety advantages, can also raise ethical questions given the 
potential delays: a wrong prediction can lead to unnecessary 
replacements and cost escalation, while at the same time 
risking battery failure and consequent accidents. The societal 
impacts should be assessed, with accompanying ethical 
concerns. The transition to AI-assisted maintenance systems 
brings economic benefits. It also has sustainability 
implications; intelligent maintenance systems are designed to 
reduce electronic waste and extend battery life in line with 
environmental management, but continuous monitoring of 
battery data is required to ensure that the technology delivers 
on these promises without unintended harmful effects.  

In this research it is essential to underline the 
reproducibility and meticulousness built into our design. The 
precise description of data collection methods, analytical tools 
and algorithmic procedures not only ensures transparency but 
also makes it easier for the study to be reproducible by 
independent researchers. The MATLAB RUL estimation 
toolbox used for data analysis is widely recognized for its 
reliability and accessibility and provides a standardized 
framework for RUL estimation in different research 
endeavours. The methodologies in this study were carefully 
selected to align with widely accepted predictive maintenance 
paradigms, thus enhancing the validity of our approach. 
Furthermore, the trustworthiness of our conclusions is 
enhanced by simulation study design, which is based on sound 
statistical principles and enhanced by extensive data 
preprocessing and validation techniques. This study, coupled 
with the comprehensive documentation of each step in the 
simulation process and the clear definition of performance 
metrics and ethical considerations, establishes a 
methodological benchmark for future research into AI-assisted 
maintenance planning for UAV electric batteries. It is 
predicted that the methodology used, once its integration is 
properly implemented, will make significant contributions to 
the field of maintenance engineering for UAV systems. 

The exploration of ANN is at the center of our scientific 
research, designed not only to predict the degeneration of 
battery health, but also to improve the intricacies of 

maintenance planning in the UAV field. ANN algorithms need 
to be well trained to provide optimum results. Determining the 
best algorithm to be used during the training of this artificial 
intelligence increases the probability of accurate prediction. 
Levenberg-Marquardt backpropagation (trainlm) training 
algorithm was preferred in this study. This training algorithm 
is chosen because of it is a network training function that 
updates the weights and biases according to Levenberg-
Marquardt optimization. This training function is one of the 
fastest backpropagation algorithms. The preferred ANN 
architecture for more accurate prediction is given in the figure 
below. 

Figure 2. ANN Architecture of Study 

 

A 2-input 2-output feedback neural network architecture was 

preferred. During the creation of the data for the neural 

network, 70% of the data was determined as training data, 15% 

of the data was used as test and 15% as validation data. As a 

stopping criterion, the maximum number of iterations was 

reached at the end of 1000 trials. 

 

3. Results and Discussion 
 
This study assesses the performance of an AI model in 

predicting UAV battery capacity degradation and its impact on 

flight duration. The AI model used in this study is able to 
effectively predict the State of Charge (SoC) and State of 
Health (SoH) of UAV batteries. These findings are in line with 
the studies by Shibl et al, which show that a machine learning-
based battery management system can provide high accuracy 
in SoC and SoH estimation (Shibl et al., 2023). This 
parallelism enhances the relevance of our model to industry 
standards and its contribution to operational efficiency. In 
carrying out this research, the dataset used is derived from 
open access battery data provided by NASA. This extensively 
characterized dataset simulates the operational stress 
experienced during UAV flights by tracking changes in battery 
capacity under various charge-discharge cycles. A series of 
pre-processing steps were rigorously performed to improve the 
compatibility of the data with our predictive modelling efforts. 
Data normalization brought various parameters to a common 
scale, facilitating more meaningful comparisons and 
algorithmic accuracy. In addition, missing data points were 
addressed through interpolation, providing a complete and 
continuous dataset for better model training and validation. 
The careful selection of data provides a reliable basis for 
identifying complex battery degradation patterns, which is 
essential for the predictive capabilities of the AI model that has 
been developed. 
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The key results resulting from the use of ANN model are 
effective in addressing the complexity issues inherent in UAV 
battery degradation and the resulting reduction in flight time. 
The ANN demonstrated a commendable ability to encapsulate 
non-linear patterns of battery capacity degradation, a critical 
indicator for maintenance planning. Our model exhibited a 
relatively accurate predictive capacity, resonating with an 
average absolute percentage error (MAPE) of 3.2% for 
estimated battery capacity degradation over time and a MAPE 
of 2.9% with respect to flight time prediction. These results are 
particularly encouraging given the complex dynamics of 
electric battery aging and the level of operational factors 
affecting UAV flight times. The relatively low MAPE values 
indicate a strong correlation between ANN predictions and 
actual observed data, supporting the model's ability to predict 
complex battery degradation patterns and supporting its 
incorporation into strategic operational planning for UAV 
systems. It is important to note that these results highlight a 
significant advancement in the field of predictive maintenance 
and offer the potential for significant improvements in mission 
preparation and resource allocation in the UAV industry. Since 
the dataset utilized in this study is sourced from NASA, a 
comparison with other studies employing the same dataset 
provides valuable context for evaluating our findings. For 
instance, Richardson used the NASA battery aging dataset to 
develop a Gaussian Process-based model for RUL prediction, 
achieving a mean absolute percentage error (MAPE) of 
approximately 5% for battery capacity degradation 
(Richardson et al., 2019). In comparison, our ANN-based 
model demonstrates superior performance with a MAPE of 
3.2% for battery capacity degradation and 2.9% for flight time 
prediction. These results indicate that our approach, which 
leverages ANN within the MATLAB RUL Prediction 
Toolbox, offers improved predictive accuracy over existing 
methods using the NASA dataset, highlighting its potential for 
practical applications in UAV battery maintenance planning.  

Table 2. Artificial neural network performance indicators 

Performance 

Measure 

Estimate of Battery 

Capacity 

Estimate of Flight 

Time 

MAPE 3.2 2.9 

RMSE 1.1 1.0 

MSE 1.3 1.1 

MAD 0.9 0.9 

SSE 33 30 

 

A deep analysis of the performance of the AI model 
explains the robustness of our results, with particular emphasis 
on the statistical metrics used. The primary metric, mean 
absolute percentage error (MAPE), was essential in evaluating 
the predictive accuracy of battery capacity deterioration. In 
this context, MAPE provides a clear and understandable 
measure of forecast quality by revealing the average degree to 
which the model's predictions deviate from the observed actual 
values. In particular, the model has a MAPE value of 3.2% and 
the battery deterioration can therefore give a high prediction 
accuracy in terms of the flight time of the UAVs. 

Moreover, additional metrics such as Root Mean Square 
Error (RMSE) and R-squared were assessed to provide a 
comprehensive understanding of the model's performance. 
The RMSE was found to resonate with the MAPE and suggest 
minimal deviation from the established trend, while the R-
squared value, which measures the ratio of variation in the 

dependent variable that can be predicted from the independent 
variables, was found to be significantly higher than expected, 
suggesting that much of the variation in battery aging can be 
skillfully captured by the neural network model. 

The research also performed sensitivity analysis, which 
examined the model's response to changes in training data 
volume and algorithm parameters. These analyses provided 
further strengthening of the model's capabilities and proved 
minimal performance degradation with respect to the changes. 
These metrics highlight the predictive capabilities of the AI 
model and, by demonstrating qualitative correspondence with 
UAV battery data, provide new insights into the strategic 
planning of maintenance operations. Smart battery 
technologies offer energy solutions for many electric vehicles, 
including UAVs. It suggests that the development of smart 
batteries to power the future can significantly increase energy 
storage capacity and operation time (Meng et al., 2024). This 
highlights the importance and effectiveness of the AI-
supported battery management systems for UAVs. 

The interaction between the estimated battery capacity, 
actual data and its impact on flight time has been thoroughly 
analyzed. The plot of Li-Ion battery usage data according to 
open data sources obtained by NASA is presented in Figure 3. 
In this way, 80 cycles were used as training data to perform the 
test and estimate the remaining battery life. After 80 cycles of 
use, it was observed that the remaining battery capacity 
reached 1600mAh and the flight time dropped below 5 
minutes. The analyses provided perceptive visualizations in 
the form of line charts and scatter plots showing the 
progression of battery capacity degradation over time, 
especially when compared side by side with the relevant flight 
duration.  

 Figure 3. Plot of The Actual and Predicted Battery Capacity 
Over Time 

Figure 3 shows a scatter plot with the x-axis representing 
the charging cycle and the y-axis showing the battery capacity. 
The actual battery capacity is symbolized by the black line and 
the estimated capacities are shown by the red dots.  

The impact of these findings on maintenance planning is 
far-reaching. By matching predicted with actual data, model 
makes it easier to create a dynamic maintenance schedule that 
prioritizes intervention at the most critical time. This is a 
significant advance over static, calendar-based maintenance 
schedules that may not accurately reflect the true state of the 
battery. This dynamic scheduling potentially leads to more 
efficient resource utilization, improved UAV preparation and 
longer battery life, while increasing the safety and reliability 
of UAV operations. 

In Figure 4, these plots show that there is a strong 
correlation between the decrease in battery capacity and flight 
duration. The plot in Figure 4 shows the relationship between 
the battery's capacity at various points along the operational 
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timeline and the correlation in flight duration time. The fact 
that battery capacity and duration time have similar trends 
directly affects the duration time for the battery health 
estimate. In addition, because the battery weight does not 
change much in a battery with decreasing battery health, the 
decrease in capacity directly affects the duration of the flight. 
To conclude these findings, a line plot in Figure 4 shows a 
more comprehensive view of the maintenance timeline for 
flight operators by integrating both capacity and flight time 
data. A comparison line shows predicted values that closely 
agree with actual data points, except for a few deviations that 
need closer investigation. Such data visualizations show the 
contribution of the AI model to maintenance planning by 
providing a clear and concrete reference against which 
maintenance decisions can be calibrated. Figure 4 was created 
using Excel, highlighting that the decrease in battery capacity 
directly impacts flight duration, as evidenced by the trends 
observed in the plot. 

 

Figure 4. Plot Showing the Flight Trend And The 
Corresponding Flight Duration Time Of The Battery Capacity 
According To The Values Taken At Different Time Intervals 

Figure 4 shows that there is no significant change in the 
mass of the aircraft as the battery capacity decreases over time. 
For different battery capacities, the battery capacity shown 
with the green line corresponds to the flight time shown in 
orange. The left axis shows the battery capacity and the right 
axis shows the flight time. 

The AI maintenance planning model implemented here 
optimizes various external factors that affect both the battery 
lifespan and the performance of the model. Recognizing that 
battery capacity degradation does not occur in an enclosed 
space, it is subject to a number of variables, including but not 
limited to fluctuations in battery temperature, humidity levels, 
operating density and charging patterns. Each of these factors 
can have a strong influence on the rate at which battery 
degradation occurs and thus affect the Remaining Useful Life 
(RUL) estimates generated by the model. For example, both 
high and low temperatures are known to accelerate the 
degradation mechanisms in lithium-ion batteries (Gupta & 
Manthiram, 2020), that requires the model to account for 
thermal management systems in its predictions. Similarly, the 
interaction between charge rates and depth of discharge 
introduces non-linearity in the battery aging process (Mathieu 
et al., 2017). 

In addition, the predictive accuracy of the model suffers 
from the unexpected situations associated with operational 
environments characterized by fluctuations in energy 
consumption due to unpredictable flight maneuvers and 
variable loads. Improving forecasting success involves the 
implementation of sophisticated algorithms that can learn from 
such operational complexities and improve their predictive 

performance over time. However, it must be recognized that 
although the model can learn and adapt, perfect prediction is 
difficult due to the probabilistic nature of these influencing 
factors. As a result, although the AI model represents a 
significant advance in maintenance planning, it is essential to 
maintain a dynamic feedback loop that continuously receives 
operational data, optimizes the predictive algorithm, and 
reasonably revises maintenance schedules in response to real-
world conditions and feedback. This iterative process allows 
the model to accurately reflect maintenance needs to the user 
while remaining open to the unpredictability and variability 
inherent to UAV battery operations. 

This research has resulted in the claim that artificial 
intelligence models can significantly improve the efficiency 
and accuracy of maintenance planning for UAV batteries. The 
findings highlight the significant ability of the AI model in 
predicting the battery capacity degradation and consequently 
the change in flight duration parameters. Our results show the 
potential of machine learning, in particular artificial neural 
networks, to learn from a variety of data inputs and provide 
reliable predictions of battery health. This predictive capability 
embodies a crucial step forward in preventive maintenance 
efforts, addressing a deep need in the field of UAV operations 
for targeted and timely maintenance practices. The use of such 
AI models can predictably reduce unwanted failure times and 
extend battery life, thus providing economic benefits and 
improving flight safety. More importantly, these developments 
signal a potentially impact on the UAV industry, enabling 
more sustainable practices, efficient resource allocation and 
increased reliability of UAVs in a multitude of applications. 
The combination of technical innovation and practical benefit 
demonstrated by the AI-powered maintenance model means 
that UAV flight management is no longer hampered by 
traditional maintenance constraints, but instead AI is expected 
to advance UAV technology through its predictive 
capabilities. 

In conclusion, this research has described artificial 
intelligence as a tool that can revolutionize maintenance 
scheduling for UAV electric batteries. The ability of the AI 
model to predict battery degradation and adjust maintenance 
schedules has significant implications for the UAV industry. It 
offers enhanced reliability, safety and financial benefits 
through optimization of maintenance schedules. Furthermore, 
the study highlights the need for continued interdisciplinary 
research to further refine predictive models for greater 
accuracy and operational applicability. Future work could 
explore the integration of real-time environmental and 
operational data that can improve the model's ability to 
respond to dynamic flight conditions. In addition, improving 
algorithmic complexity, such as deep learning and 
reinforcement learning, provide promising ways to deal with 
the complexities of battery behavior. Continued collaboration 
between aerospace engineers, data scientists and UAV 
operators will be crucial as we embark on these paths forward. 
This will not only expand the envelope of predictive 
maintenance, but also ensure that the solutions developed are 
deeply embedded in practical use. This work sets the stage for 
such progress, and the findings presented here are intended to 
accelerate further innovation in maintenance strategies for 
UAV system. 

 
4. Conclusion 

 
This work has made significant advances in the 

development of AI-assisted maintenance methods for UAVs. 
Research by Gallar et al. shows how such technological 
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integration can revolutionize maintenance processes (Galar & 
Kumar, 2023). This potential could lead to a new era in the 
optimization of maintenance processes, especially for 
government and civil applications. The battery life prediction 
model applied in this study is based on the prognostic 
techniques developed by Hu et al. (Hu et al., 2020). These 
researchers have conducted extensive analyses on battery life 
predictions for various battery types and usage scenarios, and 
this has been used in strategic decision-making for 
management and maintenance of UAV batteries. 

In order to maintain the operational continuity of UAVs, 
battery discharge processes need to be managed effectively. 
Conte et al. developed a data-driven learning methodology for 
online prediction of UAV battery discharge processes. (Conte 
et al., 2022). This study enables continuous monitoring of 
battery health and performance using real-time data, which 
offers great potential for improving the safety and efficiency 
of UAV operations. These findings are an important reference 
point for the development and optimization of our battery 
management strategies. The research introduced in this 
research article marks a convincing progress in the field of 
UAV battery maintenance and explains the remarkable 
potential of AI to help sharpen the effectiveness of 
maintenance planning. It confirms the enormous benefits of 
using AI to predict battery health, a critical determinant for the 
continued operation and safety of UAV operators. The 
findings show the use of a data-driven approach in overcoming 
traditional maintenance methods and pivoting towards a 
predictive paradigm that aligns maintenance interventions 
with the nuanced state of battery health rather than rigidly 
scheduled intervals. This transformative methodology 
promises to increase UAVs' operational time, improve 
economic efficiency by deferring unnecessary maintenance, 
and minimize the safety risks with unforeseen battery failure. 
With the aviation industry moving towards an era of increased 
AI integration, this work marks AI maintenance planning is 
not only helpful, but also crucial. It points to a future where 
operators can utilize the insights of our model to address 
potential failure points in advance, ensuring a smooth 
operational tempo that synchronizes mission obligations with 
logistically robust maintenance schedules. The recent 
integration of this research into UAV industry applications 
demonstrates a significant improvement in the operational 
capability of UAV systems, making them smarter, safer and 
more sustainable operational capabilities. 

The results of this research highlight the critical role of 
reliable Battery Maintenance Systems (BMS) in maintaining 
the effectiveness of unmanned aerial vehicle (UAV) 
operations. Between the increasing complexity of UAV 
missions and the criticality of their performance, a reliable 
BMS is essential. In this research, it confirms unequivocally 
the orientation of AI models towards optimizing UAV 
operations, where an AI-enhanced predictive maintenance 
management system not only benefits in deciding the timing 
of maintenance, but also helps to regulate the operational 
efficiency of battery systems. The integration of AI into 
maintenance strategies represents a radically transformative 
leap from traditional methods, offering an empirical, 
predictive approach that enables maintenance schedules to be 
synchronized with real-time battery health evaluations.  

This research makes clear the trade-offs involved in 
choosing an appropriate predictive methodology: traditional 
methods offer a basic standard, while the innovations of AI 
offer a progression towards richer, data-driven and adaptive 
maintenance planning. Filling the gap in this literature, study 
proposes an AI-driven prognostic framework designed to 
overcome the limitations of the existing literature, which tends 

to focus on immediate or short-term SoC and SoH 
assessments. The accuracy of SoC and SoH predictions play 
an important role in the field of UAV battery management. 
Accurate SoC readings allow precise energy management 
during flight operations, ensuring operational stability and 
preventing quick energy drain. It brings the proposed AI 
techniques side by side with both traditional algorithms and 
other machine learning methods in the context of SoH 
estimation for UAV batteries. As a result, the study not only 
expands the literature on battery maintenance, but also 
improves the operational parameters of UAV fleet 
management. 

As UAVs become an ever more integral part of our societal 
and defence infrastructures, the call to action for continued 
research and development in the area of AI-powered 
maintenance planning becomes increasingly important. The 
findings of this study serve as a precursor to the transformative 
potential that AI has in improving UAV operational efficiency. 
Yet, to fully realize this potential, it is crucial to promote an 
interdisciplinary collaborative environment where aerospace 
engineering, data science and operational organization 
converge. Such collaboration will be crucial not only to 
support the predictive accuracy and reliability of maintenance 
programs, but also to ensure that these innovations are 
integrated into the UAV operations. We must collectively 
commit to this search, driven by a shared common seeing to 
elevate the UAV industry to new levels of safety, reliability 
and efficiency heights through the intelligent application of AI. 

In conclusion, this research unarguably underlines the role 
of AI in improving decision-making in UAV battery 
maintenance. The results of this research cross several areas of 
importance; not only highlighting an increase in operational 
safety through predictive surveillance, but also environmental 
sustainability by reducing unnecessary battery waste. As the 
UAV sector continues to develop, the integration of artificial 
intelligence stands as a testament to the convergence of 
technology and its practical application. AI is setting a new 
standard for maintenance effectiveness, providing a path 
towards intelligent maintenance programs calibrated with 
empirical and predictive insights. It supports a cost reduction, 
safety maximization and environmental friendliness that can 
lead the UAV industry towards a more sustainable and flexible 
future. 
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1. Introduction 
 

The use of fluids in metal forming has a history spanning 

over 100 years. Studies on hydroforming technology began in 

the 1940s. Hydroforming is a forming method in which the 

stress force created by pressurized fluid in a closed 

environment is used to shape the material, allowing sheet or 

tube materials to be formed with the help of a mold. 

Hydroforming is a metal forming process that uses fluid 

pressure instead of traditional mechanical systems to create 

complex shapes, achieving a near-net shape final form. Most 

technological advancements in this field occurred after 1950. 

Between 1900 and 1950, hydroforming was primarily used for 

the production of steam boilers, musical instruments, and 

prosthetic limbs. Afterward, from 1950 to 1985, it was mainly 

employed in the plumbing industry for the production of 

copper T-joints and in bicycle frame manufacturing. 

Significant advancements in hydroforming methods and 

equipment occurred during this period due to its commercial 

potential. Hydroforming became a highly practical and cost-

effective manufacturing technique when applied to the right 

products.  

It was used in the aerospace industry because it provided 

an economical process for producing sheet metals. While the 

mechanical molding technique required expensive and multi-

part tools, hydroforming allowed for the mass production of 

similar products with fewer components. For this reason, 

hydroforming has been used by aerospace manufacturers like 

Boeing, Cessna, Bombardier, Airbus, and Embraer for the 

production of various metal sheet components. Particularly, 

with the technical advancement provided by forming with 

rubber-based membranes in hydroforming applications, this 

technology began to be widely used by many aircraft 

manufacturers. With sufficient high pressure, the rubber 

membrane inflates like a balloon with hydraulic pressure, 

causing the metal sheet to take the shape of the mold it 

contacts. This significantly reduced the number of components 

required for mechanical production. 

However, hydroforming has two main limitations. The first is 

that the molding process is longer compared to mechanical 
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processes. The second limitation is the difficulty in ensuring 

equal force distribution and sufficient pressure across the 

entire component, especially in very long parts. During the 

1950s, with the improvements made in the materials used for 

manufacturing pressurized membranes, more flexible 

membranes were developed to address the imbalance in 

pressure distribution, led by commercial companies. In the 

1960s, hydraulic presses capable of serial operation were 

introduced for hydroforming. Many commercial companies 

used hydraulic presses for complex parts, while simpler shapes 

were created using rubber membrane hydroforming. With this 

method, it has become possible to create two or more parts as 

a single piece, eliminating the need for fasteners such as rivets, 

welding, bolts, or nuts. Complex parts with high strength can 

be easily produced, achieving high surface quality, reducing 

scrap, and requiring fewer finishing processes. Since no 

additional fasteners are used, there is approximately a 30% 

weight reduction. This technique is used not only in the 

automotive and aerospace industries but also in the production 

of household appliances. In the automotive sector, companies 

such as Ford, GM, BMW, and Audi use parts produced with 

this technology. Hydroforming technology is widely used, 

particularly for the production of aluminum components. 

Additionally, components produced by hydroforming are used 

in nuclear facilities, oil refineries, and gas turbine engine parts. 

Hydroforming allows the production of parts up to 4 meters in 

length and makes it possible to produce large-sized parts 

without any joints. Hydroforming is a current research topic 

being studied by scientists. 

The researchers researched all the different technologies 

available for hydroforming processes and compared them with 

other manufacturing methods (Bell, C., et al., 2020). The other 

researchers reviewed the latest techniques for sheet and tube 

hydroforming and drew conclusions regarding the future 

development potential of hydroforming technology (Lang, L. 

H., et al., 2004) . Hydroforming process tested and examined 

using the finite element method (FEM) (Zhang, S., et al., 

2003). Researchers observed that deformation decreased when 

using a movable die. A sample hydroforming process 

presented by Hein, P., & Vollertsen, F. (Hein, P., & Vollertsen, 

F.,1999). The hydroforming process based on the use of sheet 

metal was described, and the current results of research in this 

area were provided. Numerical simulations and analytical 

models significantly improved the forming of molded parts, 

evaluating conditions affecting wrinkling and breakage. 

Experimental studies confirmed FEM calculations. The 

thickness distribution of the molded product in the 

hydroforming process has been examined by researchers 

(Hwang, Y. M., & Altan, T.,2003). Simulation can provide 

valuable insights into the design of die shapes and geometries 

in hydroforming and metal forming processes. Researchers 

have been summarized their experience in designing 

hydroforming processes for tubes and sheets using simulation 

techniques and experiments in their study (Oh, S. et al., 2003). 

They performed simulations for all hydroforming processes, 

using the results to predict and correct forming defects such as 

wrinkling and cracking. Based on this experience, they also 

proposed necessary improvements in the design process. The 

results of a tube hydroforming finite element model, developed 

using the commercial finite element program 

ABAQUS/Standard, have been presented by the researchers in 

theri study (Kridli, G., et al., 2003). This paper discusses the 

effects of initial tube thickness and radius on corner fill and 

thickness distribution in tubes undergoing hydroforming. They 

found that using a larger die corner radius reduced thickness 

distribution differences. Researchers conducted experimental 

and numerical simulations to investigate the hydroforming of 

rectangular-section automotive structural parts in their study 

(Yuan, S., et al., 2006). The study discussed the impact of 

pressure on cracking and thickness distribution and analyzed 

damage causes such as rupture and folding. It was found that 

the maximum thickness occurred at the center of the cross-

section edges, while the minimum thickness was observed in 

the transition zone. Plastic deformation was shown to 

concentrate in the transition zone between corners and edges. 

In his study, one of the researchers specifically examined the 

hydroforming of irregularly shaped and curved parts (Yuan, 

S.,2022). In his study, Yuan, S. analyzed process data such as 

dimensional accuracy and sheet thickness distribution for parts 

produced through hydroforming. Zhang, S. H. discussed 

developments in hydroforming processes, highlighting types 

of processes for forming tubular and flat sheets, particularly 

for automotive applications (Zhang, S. H., 1999). 

Researchers provided an overview of hydroforming 

possibilities for tubes, extrusions, and metal sheets in their 

study (Siegert, K., et al., 2000). They presented a special 

molding method designed for presses with multi-point cushion 

systems derived from deep drawing processes, discussing the 

possibilities and benefits of hydroforming for shaping tubes, 

extrusions, and sheet metal. Some researchers explained the 

fundamentals of tube hydroforming technology, examining 

various parameters such as tube material properties, pre-die 

geometry, lubrication, and process controls and their effects on 

product design and quality. They also investigated the 

relationship between process variables and achievable part 

geometries (Ahmetoglu, M., & Altan, T., 2000). A newly 

developed method for forming hybrid parts combining metal 

sheets with long fiber-reinforced thermoplastics (LFTs) has 

been introduced by some researchers in their study (Fang, X., 

& Kloska, T., 2020). Although the idea of combining two 

different materials in a single part is not new, most current 

processes require separate production techniques and 

additional joining steps for each material. This new process 

involves composite forming tools for sheet metal and 

thermoplastics in a single simultaneous operation step, 

providing a cost- and time-efficient solution for multi-material 

lightweight structures. In tube hydroforming, it is important to 

understand the behavior of the tube in response to applied 

pressure loads. These relationships explained in their work by 

the researchers, proposing methods to improve process control 

and emphasizing the importance of process control on the 

quality of forming results (Dohmann, F., & Hartl, C., 1996).  

The advantages of the hydroforming technique examined in 

their study by the other researchers (Lücke, H.U., et al. 2001), 

discussing the performance of high-volume hydroforming 

lines processing longitudinally welded aluminum tubes. They 

analyzed the development of parts suitable for serial 

production using hydroforming, short development times with 

optimized process chains, and efficient methods to meet high 

part quality requirements, highlighting the contributions of 

simulation studies. The free forming method has been explored 

in his study by Asnafi, N. (Asnafi, N., 1999). The analytical 

model developed explained where the limits of free forming 

lie, how different material and process parameters affect the 

forming results, and what experimental research in 

hydroforming should focus on. The important aspects of tube 

hydroforming technology, such as material selection, friction, 

pre-design, hydroforming processes and tool design, die 
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materials, and coatings, determining that the popularity of tube 

hydroforming in both industry and academia accelerated the 

path toward high-volume production have been examined by 

Ahmetoglu, M., et al. (Ahmetoglu, M., et al., 2000). A new 

sheet hydroforming technique using a movable die has been 

proposed by the researchers (Zhang, S., et al., 2004). An 

overview of the latest technologies in hydroforming in terms 

of semi-finished products, presses, and tool design, briefly 

introducing new hydroforming techniques such as improved 

formability of lightweight materials and the use of thermal 

energy has been provided by Hartl. C. (Hartl, C., 2005)  . He 

also explored the use of heat energy to enhance formability. 

FEM-based simulations to determine the most suitable load 

paths for hydroforming structural components using different 

tube materials have been used by the researchers in their study 

(Aue-U-Lan, Y., et al., 2004). Experimental and simulation 

results showed that FEM-based load paths significantly 

reduced trial-and-error rates in producing complex parts and 

improved efficiency. The optimal regulation of the load 

relationship between internal pressure and axial feeding in the 

high-pressure forming of T-shaped metal tubes investigated by 

the researchers in ther scientific study (Fann, K. J., & Hsiao, 

P. Y., 2003) . They developed a program module that 

controlled the quality of hydroformed tubes through FEM 

analyses, focusing on thickness integrity and geometric 

accuracy. An analysis of tube material properties under 

hydroforming conditions, comparing the results with 

experimental measurements has been conducted by 

researchers in their study (Koç, M., & Altan, T., 2001). The 

materials studied included low-carbon steel 1008, SS 304, and 

aluminum alloy 6260-T4. Thickness predictions from the 

analytical model showed good agreement with experimental 

measurements. The limits of hydroforming, investigating how 

different material and process parameters affect the loading 

path and forming results studied by the researchers in their 

study (Asnafi, N., & Skogsgårdh, A., 000). They found that 

changes during hydroforming were highly dependent on the 

geometry of the tube. The analytically obtained tube shape 

aligned well with experimental results. A customizable 

method for better control of tube hydroforming processes has 

been presented by the researchers in theri study (Aydemir, A., 

et al., 2005). They used specific stability criteria to prevent 

wrinkling and rupture.  

A new optimization technique and FEM simulations to 

determine the optimal load path for hydroforming processes 

using closed and T-jointed tubes have been used by the 

researches in their study (Imaninejad, M., et al. 2005). Their 

goal was to produce parts with minimal thickness variation 

while keeping maximum working stress below the material’s 

critical stress during the forming process. Optimized load 

paths provided better part-to-die fit and greater protrusion 

heights. A researcher used finite element simulation (LS-

DYNA) and optimization software (LS-OPT) to optimize 

loading paths for closed-die and T-shaped tube hydroforming 

experiments (Tolazzi, M., 2010). In this study, the goal was to 

determine the loading paths for achieving a uniform thickness 

distribution, maximum stress, and the highest possible 

deformation in the material. An optimization procedure was 

developed for the hydroforming process based on 

experimental data and FEM simulations. Tube hydroforming 

experiments were conducted using the optimized loading 

paths, and the experimental results showed good agreement 

with the finite element simulations. The advantages of forming 

tubes and sheets using hydroforming compared to traditional 

manufacturing methods like spot welding or welding have 

been explained by the researchers in their study (Kocańda, A., 

& Sadłowska, H., 2008). The computer modeling of these 

processes was demonstrated. The finite element simulations of 

all hydroforming processes in an automotive system have been 

presented by Trana, K. (Trana, K., 2002). The focus of this 

research was on developing practical simulation methods for 

the hydroforming process and determining how bending and 

pre-forming processes affect hydroforming results. Good 

agreement was obtained when comparing simulation and 

experimental results in terms of sheet thickness distribution.  

In this study, the manufacturability of the rear cargo door hinge 

housing for the Airbus A321 passenger aircraft was tested 

using experimental and simulation methods. The relatively 

simple geometry of the component made it a suitable candidate 

for hydroforming. The component was produced from Al 2024 

T3 material. The cross-sectional reduction of the produced 

component was measured, and crack inspections were 

performed. When comparing the simulation data with 

experimental results, compatible outcomes were achieved. 

2. Experimental Study 
   

In this study, the design, simulation, and production of the rear 

cargo door hinge housing for the Airbus A321 aircraft were 

carried out using the hydroforming method. For the 

experimental study, a 1.2 mm thick Al 2024 T3 sheet material 

was used. Al 2024 T3 is a certified sheet material widely used 

in the aerospace industry. The technical specifications of the 

material are provided in Table 1. 

Table 1. Technical specifications of Al 2024T3. 
Chemical Composition (%) Mechanical Properties 

(Mpa) 

Hardness 

Value (HB) 

Density 

(g/cm³) 

Weldability Elongation 

(%) 

Silicon (Si) 0.00 - 0.50 

Chromium (Cr) 0.00 - 0.10 

Manganese (Mn) 0.40 - 1.20 

Magnesium (Mg) 0.30 - 0.90 

Copper (Cu) 3.80 - 4.90 

Titanium (Ti) 0.00 - 0.20 

Iron (Fe) 0.00 - 0.50 

Zinc (Zn) 0.00 - 0.25 

Aluminium (Al) Balance 

Yield Strength 290 - 360  

Tensile Strength 400 - 485  

Shear Strength 283 

120  2.78  

Moderate Level 

(Spot Welding is 

Recommended) 

10-16 
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As part of the study, a mold design was created for conducting 

the experiments, and it was manufactured using St37 material. 

The technical specifications of St37 material are provided in 

Table 2. 

Table 2. St37 technical properties. 
Chemical Composition 

(%) 

Mechanical Properties (Mpa) Hardness 

Value (HB) 

Density 

(g/cm³) 

Weldability 

C=Max 0.2 

Mn=Max 1.4 

P=Max 0.04 

S=Max0.04 

N=Max0.012 

Cu=Max0.55 

 

 

Yield Strength =235  

 Tensile Strength = 360-510  

 

 

 

120-160 

 

 

 

7.85  

 

 

 

Good 

 

As part of the study, the design of the experimental sample was 

created in 3D, and this design was subjected to analysis using 

the finite element method. The commercial software 

SolidWorks was used during the designing phase, while 

pressure resistance tests using the finite element method were 

performed with Ansys software. The design and simulation 

steps are illustrated in Figure 1.

 

 
Figure 1. Design and simulation study. a. 3D system component design assembly display, b. Meshing process with the finite 

element method, c. Model view before the pressure test, d. Pressure test and force display, e. Deformation formation during the 

simulation and regional pressure distribution display. 

As shown in Figure 1-d, a uniform pressure load of 110 bar 

was applied to the inner surface of the apparatus. Here, A = 

Gravitational force, B = Fixed component area and C = 

Pressure distribution representation.  

 
Figure 2. Results obtained in the simulation study. a. Stress, b. Displacement, c. Strain. 

Simulation studies (Figure 2.) show that the highest stress and 

strain values are in the deformation initiation region on the 

long edge of the material and in the top region where the 

deformation is at the maximum level. As a result of this 

loading and boundary conditions, the total stress value was 

determined to be 434.4 MPa. The yield strength of the material 

(Al 2024 T3) is 524 MPa. In this situation; 

Safety Factor = Yield Strength of the Material / Total Stress 

Safety Factor = 524 / 434.4 

Safety Factor = 1.206 is found. 

As a result of the simulation study, it was determined that the 

hydroforming experimental setup is safe under 110 bar 

pressure with the specified material and geometries. In the 

experimental phase of the study, CSG rubber grease was used 



JAV e-ISSN:2587-1676                                                                                                                                                      9 (2): 270-276(2025) 

274 

 

to achieve hydraulic pressure. This grease is a calcium soap-

based lubricant derived from base oils and is used under 

conditions not exceeding 70°C. It is typically used for 

lubrication in low-speed plain bearings under light to moderate 

loads, as well as in general industrial machinery. The 

experimental process stages are shown in Figure 3. 

 

Figure 3. Hydroforming process and product of the rear cargo door hinge housing of the Airbus A321 aircraft.  

a. Die, b. Mounting of sheet metal into the die, c. Pressurization using a hand pump, d. Sheet metal shaping through the 

hydroforming process inside the die, e. A321 rear cargo door hinge housing. 

The experimental sample was shaped using the hydraulic 

system pressure provided by the hand pump (Figure 3-c). The 

shaped area was marked with a marker. Nondestructive 

Testing (NDT) was performed after the experiment. A High 

Frequency Eddy Current (HFEC) device was used for crack 

testing (Figure 4), and thickness measurements were carried 

out using an Ultrasonic Thickness Measurement device 

(Figure 5). 

 

Figure 4. Crack test after Hfec calibration. 

As a result of the thickness measurements, it was determined 

that the thickness value decreased from 1.2 mm to 1.16 mm in 

the areas where the most significant thinning occurred. 

 

Figure 5. Experimental sample sheet thickness measurement 

with ultrasonic thickness measurement method. 

In this study, shaping of a 1.2 mm thick Al 2024 T3 sheet metal 

was successfully achieved using hydroforming with grease oil 

as the fluid medium at a pressure of 110 bar (1600 psi). This 

pressure was determined to be reliable for the process, leading 

to an observed maximum cross-section reduction of 0.04 mm. 

A comparison can be drawn with the work of Pradeep et al. 

(2022), who utilized a commercial hand pump to apply 

pressure in increments of 10 bar until failure on Al6063-T6 

samples measuring 95 x 95 mm and 0.5 mm thick. Their study 

involved analyzing the resulting profiles using coordinate 

measuring machines and profile projectors. They also 

developed a finite element model (FEM) to assess 
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deformation, compression depth, and formability across 

various fluid pressures. It was found that their sample could 

withstand pressures of up to 170 bar, achieving good 

formability around 120 bar. The results indicate that 

hydroforming is a viable method for shaping Al 2024 T3 sheet 

metal, with specific pressure settings yielding effective results 

while maintaining the integrity of the component geometry. 

The close alignment of FEM analyses and experimental 

outcomes supports the reliability of using simulations for 

process design and optimization in similar manufacturing 

applications. 

3. Results and Conclusions: 

  In this study, the design and pressure shaping simulation of 

the rear cargo door movement cavity of the Airbus A321 

aircraft were conducted. Under the determined conditions, an 

experimental study was performed. In the experimental work, 

a 1.2 mm thick AL2024 T3 sheet material was used, and 

shaping was achieved through hydroforming. This enabled a 

comparison of the obtained results with experimental data. The 

following results were achieved within the scope of our study: 

• It was observed that shaping under 110 bar loading 

occurred within the desired tolerance range. 

• The maximum cross-section reduction was 

determined to be 0.04 mm. 

• The necessary working pressure for hydroforming 

near the dimensions of 1.2 mm from Al 2024 T3 

material was established. This aids researchers and 

industry professionals in designing processes while 

considering this pressure range. 

• If it is not possible to reach this pressure range for any 

reason, it was concluded that producing AL2024 T0 

material, which has the same alloy but is easier to 

shape due to not having undergone heat treatment, 

and can subsequently be hardened through heat 

treatment, is a viable alternative. 

• It was noted that the analysis and simulation work 

carried out using the FEM method showed a high 

degree of compatibility with the experimental study. 

This indicates that simulation is necessary for similar 

studies prior to mold and system production. 

This study highlights the effectiveness of using hydroforming 

techniques and FEM simulations in the aerospace industry, 

specifically in the production of the rear cargo door of the 

Airbus A321. The findings provide valuable insights for future 

research and practical applications in manufacturing 

processes, emphasizing the importance of precise pressure 

settings and material choices. 
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1. Introduction 
 

The revolution in autonomous flight technology continues 

to expand as Unmanned Aerial Vehicles (UAVs) transform 

industries by providing cost-effective solutions and versatile 

deployment options (Çelebi and Aydın, 2025a). These 

vehicles are widely used in research applications where they 

enable rapid data collection and reduce research team 

workload (Ciattaglia et al., 2023). In addition, the economic 

benefits are significant, as UAV operations can cost merely 

20% of what conventional aircraft operations cost (Cruzatty et 

al., 2022). Moreover, recent advances in communications, 

sensor technology, and computing power have enabled further 

widespread adoption and increasingly sophisticated 

applications of UAVs (Al-Haddad et al., 2024; Yıldırım 

Dalkıran and Kırteke, 2024). The convergence of electronic 

miniaturization and aerospace engineering innovations has 

driven the aerial vehicle industry to unprecedented growth, 

with market valuations reaching $25.6 billion in 2021 and 

forecasts indicating continued expansion (J. Lu et al., 2025). 

UAVs are available in various configurations and sizes. While 

small-sized UAVs consist of handheld devices equipped with 

cameras and sensors, larger variants typically feature fixed 

wings that allow for extended travel distances (Özen and 

Oktay, 2024). These aircraft can be configured with different 

propeller arrangements, including quadcopters, hexacopters, 

octocopters and so on. Despite the variety in configurations, 

these systems typically rely on multiple conventional 

propellers rotating in the parallel planes to generate thrust 

(McKay et al., 2021). 

A critical consideration in UAV design and construction is 

achieving optimal performance, which encompasses flight 

time, load capacity, maximum travel distance, and speed 

capabilities (Nikolaou et al., 2025). For multirotor 

configurations, propellers serve as the primary source of lift, 

making their performance characteristics, including thrust and 

power crucial for achieving efficient design outcomes (Jordan 

et al., 2020). However, small-scale propellers encounter 

viscous effects that significantly reduce their performance 

metrics, including payload capacity, range, and endurance, 

when operating under low Reynolds number conditions 

(Oktay and Eraslan, 2020). While propeller drive systems 

remain the most effective propulsion solution for both electric 

and fuel-powered air vehicles. High-altitude air vehicles with 

propeller systems can operate from ground level to an attitude 

of 25,000 meters. However, propeller design for such high-

altitude aircraft propulsion systems presents significant 

engineering challenges due to dramatically varying operating 

conditions. These conditions include substantial changes in air 

density which can vary by a factor of ten, resulting in low 

Reynolds numbers below 1.0×105 and relatively slow advance 

velocities between 10 to 30 m/s (You et al., 2020). Beyond 

performance considerations, propeller noise has historically 

been a significant community concern, particularly in areas 
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with high air traffic such as airports and urban areas (Del 

Duchetto et al., 2025). The recent surge in popularity of drones 

and other UAVs for urban applications, such as package 

deliveries and surveillance, has further intensified research 

into propeller noise mitigation and the development of quieter 

devices and advanced noise reduction systems (de Carvalho et 

al., 2023).  

Airfoils represent specialized wing profiles utilized in 

various applications including fixed-wing aircraft, helicopter 

rotor blades, wind turbines, fans, and propeller blades. Well-

designed airfoil configurations typically deliver optimal 

performance characteristics in terms of lift, drag, aerodynamic 

efficiency, and stability (Durmuş, 2024). Advanced 

computational simulations enable comprehensive 

aerodynamic shape optimization to identify designs that 

maximize aerodynamic performance. The term low-Reynolds-

number refers to flow conditions where the chord Reynolds 

number is below 1.0×106. Most UAVs operate within this flow 

regime, specifically in the range of 1.0×105 to 1.0×106 (Li et 

al., 2022). 

In the literature, numerous studies have employed CFD 

methodologies to examine multicopter UAV propeller 

aerodynamic characteristics. Oktay and Eraslan (Eraslan and 

Oktay, 2021) conducted comprehensive computational studies 

exploring how rotational speed parameters affect thrust and 

aerodynamic performance. Their work with an 11-inch 4.7 

pitch-ratio propeller demonstrated that increasing rotational 

speed enhanced turbulent kinetic energy during vertical climb. 

The research revealed that while faster rotation speeds caused 

larger discrepancies between computational and experimental 

data, it simultaneously reduced airspeed sensitivity. You et al. 

(You et al., 2020) investigated an optimized propeller design 

for a solar UAV operating at 22 km altitude, aiming to 

maximize aerodynamic performance through advanced CFD 

analyses. Design specifications for the three-blade propeller 

included a target efficiency of 72% and thrust of 7 N, operating 

with a diameter of 0.5588 m at 5500 rpm in 50 m/s freestream 

conditions. They selected the FX 63-137 airfoil for its optimal 

lift-to-drag ratio at the specified altitude. The final design 

achieved 70.49% efficiency and successfully met the thrust 

requirements. Ahmad et al. (Ahmad, Kumar, Pravin, et al., 

2021) compared three distinct propeller designs using Ansys 

software for modal analyses. Using carbon fiber reinforced 

polymer as the material, they evaluated and compared the 

designs based on natural resonance frequencies and maximum 

deformation characteristics. In a separate study, Ahmad et al. 

(Ahmad, Kumar, Dobriyal, et al., 2021) analyzed flow 

characteristics around a quadcopter propeller to determine 

thrust coefficient using Ansys software with the k-epsilon 

turbulence model at various angular speeds. Their results 

confirmed that the propeller could generate sufficient thrust for 

additional payloads. Cespedes and Lopez (Céspedes and 

Lopez, 2019) simulated a single rotor using the overset mesh 

technique in Ansys Fluent v19, assuming incompressible and 

turbulent flow conditions. The computational results 

correlated well with experimental measurements, with thrust 

prediction discrepancies remaining below 7% and torque 

requirements varying by approximately 22%. Upon scaling to 

four rotors, they observed a 5% decrease in thrust per rotor and 

a 3% increase in required torque. 

The performance evaluation of a propeller typically 

requires comprehensive analysis of the thrust coefficient (CT) 

and advance ratio (J). These fundamental parameters are 

defined through Equations (1 and 2) (Anh Vu et al., 2025). In 

these expressions, T represents thrust in Newtons,  denotes 

air density in kg/m3, n denotes revolutions per second in rps, 

V represents the air velocity in m/s, and D indicates propeller 

diameter in meters. The relative percentage error calculations 

for CT can be determined using Equations 3 (Çelebi and Aydın, 

2025b). 
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Three primary approaches exist for CFD simulations of 

turbulent flows: Direct Numerical Simulation (DNS), Large 

Eddy Simulation (LES), and Reynolds-averaged Navier–

Stokes (RANS) (Jin et al., 2025). DNS resolves all turbulent 

scales down to the smallest dissipating eddies, but its 

computational demands make it impractical for most 

engineering applications. RANS equations, while 

computationally efficient, are inadequate for aeroacoustic 

simulations because they time-average the turbulent 

fluctuations that serve as critical sources of aerodynamic noise. 

LES provides a middle-ground approach that directly 

computes the large-scale, anisotropic turbulent motions 

responsible for energy transport while modeling the smaller, 

more isotropic subgrid-scale structures through appropriate 

closure models (Lasota et al., 2021). This methodology 

captures the unsteady turbulent characteristics essential for 

accurate aeroacoustic predictions while maintaining 

reasonable computational costs.  

The existing literature reveals a substantial research gap in 

comprehensive performance analysis of small-scale UAV 

propellers, particularly regarding the integration of 

aerodynamic and aeroacoustic characteristics. While 

numerous studies have examined individual aspects of 

propeller performance, relatively few have provided integrated 

analysis across multiple operating conditions. This study aims 

to address this gap by conducting a detailed CFD investigation 

of the APC 9x4.5 propeller, focusing on both aerodynamic 

performance and noise generation characteristics. The 

research objectives encompass systematic evaluation of thrust 

coefficient variations across diverse advance ratios and 

rotational speeds, validation of computational predictions 

against experimental data, and acoustic performance through 

sound pressure measurements at various angular positions. 

This approach provides essential insights for UAV designers 

and manufacturers, particularly in applications where both 

performance optimization and noise reduction are equally 

critical. 

 

2. Numerical methods 
 

In this study, ANSYS Fluent software was utilized. This 

software performs CFD analysis through three main steps 

through pre-processing, solving and post-processing. During 

the pre-processing phase, the computer aided design (CAD) 

model of the propeller was imported into Ansys SpaceClaim. 

For this study, the Advanced Precision Composites (APC) 

Thin Electric 9x4.5 propeller (a 9-inch diameter and 4.5-inch 

pitch) was used. This specific model has been extensively 



JAV e-ISSN:2587-1676                                                                                                                                                      9 (2): 277-284(2025) 

279 

employed in UAV applications, and its geometrical data and 

experimental performance data were published by Brandt 

(Brandt, 2005).  Figure 1 presents APC Thin Electric 9x4.5 

geometrical characteristics. 

 

 
Figure 1. APC Thin Electric 9x4.5 geometrical characteristics. 

 

The CAD model was created in Solidworks and imported 

into the Ansys design tool to create and define computational 

domains around the propeller. Figure 2 provides a detailed 

view of the APC Thin Electric 9x4.5 test propeller. 

 

 
Figure 2. APC Thin Electric 9 inches 4.5 inches propeller 

blade. 

 

The flow analysis employs a Multiple Reference Frame 

model to characterize propeller aerodynamics. Ansys 

SpaceClaim facilitated domain construction with dual 

reference frames centered around the propeller. The 

computational space consists of three distinct cylindrical 

regions with specific dimensional relationships to the propeller 

diameter. The outer domain serves as the stationary reference 

frame, extending up to 20 times the propeller diameter in the 

axial direction and 10 times in the radial direction. This 

strategically generous boundary placement ensures 

undisturbed flow development. The rotating domain, 

functioning as the moving reference frame, was dimensioned 

at 1.1 times propeller diameter radially and 0.1 times diameter 

axially. The inner domain was designated as the Body of 

Interest (BOI) and located downstream of the propeller. Its 

domain size was equivalent to propeller diameter in order to 

obtain a refined mesh for analyzing airflow. Figure 3 presents 

the complete flow domain configuration showing both 

reference frames. 

 
Figure 3. Flow domain and boundary conditions. 

 

The computational mesh was generated in ANSYS Fluent 

Meshing using poly-hexcore elements. This advanced 

meshing strategy significantly reduces total element count 

while simultaneously accelerating solution convergence 

(Çelebi and Aydın, 2025b). The mesh structure features 

refined density near propeller surfaces to capture critical flow 

phenomena. Element size transitions gradually from high 

resolution at the propeller surface to coarser spacing in the 

outer domain regions. Figure 4 displays the detailed surface 

mesh distribution across the propeller geometry. 

 

 
Figure 4. View of the mesh distribution on the propeller 

surface.  

 

The initial boundary layer mesh spacing follows a specific 

mathematical relationship defined in Equation 4. This equation 

determines the first layer thickness (y) based on the 

dimensionless wall distance (y+) and fluid dynamic viscosity 

(μ) (Çelebi et al., 2024). This precise calculation ensures 

adequate resolution of near-wall flow phenomena. The mesh 

distribution near the propeller is shown in Figure 5.  
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Figure 5. Mesh near the propeller. 

 

CFD accuracy verification relies on mesh independence 

analysis to ensure solution stability. This process validates 

result consistency across varying mesh densities while 

optimizing computational efficiency. The methodology begins 

with a standard low-element model, progressively increasing 

mesh density until results demonstrate convergence. The 

independence study focused on specific operating conditions: 

4002 rpm rotational speed and 2.9732 m/s velocity. The 

computational model incorporated as the propeller and hub 

surfaces using no-slip wall conditions. The k-ω SST 

turbulence model was chosen, incorporating curvature 

correction. This advanced model includes adjustments for low-
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Reynolds number effects, compressibility, and the spreading 

of shear flows. The air density and viscosity were set to 

correspond to standard sea-level atmospheric conditions. 

Table 1 provides a comprehensive listing of all boundary 

condition parameters applied to the simulation domains. 

 

Table 1. Boundary conditions for validation. 
Property Value 

Turbulence model SST k-omega 

Fluid Air 

The density of fluid (kg/m3) 1.225  

Inlet velocity (m/s) 2.9732 

Rotational speed (rpm) 4002 

Outlet pressure (Pa) 0 

Propeller domain ‘None Slip Wall’ condition 

 

Mesh independence studies were conducted to ensure 

computational accuracy while optimizing efficiency. The 

mesh density was varied by adjusting the number of elements 

along both the blade span and chord directions, resulting in 

computational mesh ranging from 8 to 13 million nodes. 

Multiple mesh configurations with different element sizes 

were tested to determine the optimal mesh resolution. Table 2 

presents the detailed mesh quality metrics and element sizes 

from the independence analysis. 

 

Table 2. Mesh quality and numerical data for mesh 

independence for 4002 rpm and 0.195 J. 
Mesh Cells Faces Nodes Skewn

ess 

Orthogo

nal 

quality 

Fine 4,215,9

31 

20,506,6

27 

13,182,0

36 

0.849 0.150 

Coarse 3,781,8

20 

18,302,4

13 

11,704,7

91 

0.847 0.150 

Standa

rd 

2,123,4

44 

11,576,5

97 

8,202,01

2 

0.850 0.150 

 

Performance evaluation at a 0.195 advance ratio and 4002 

rpm was conducted to establish mesh sensitivity 

characteristics. The mesh independence study revealed minor 

variations in thrust measurements across different mesh 

densities. The variation in key flow parameters between the 

coarse and fine meshes was less than 1%, indicating that mesh 

resolution had minimal impact on solution accuracy within this 

range. Based on these findings, the mesh with the lowest node 

count was selected for the final simulations, as it provided 

adequate accuracy while minimizing computational cost. 

Table 3 presents the complete set of performance variations 

observed during mesh refinement testing. 

 

Table 3. CFD results at different mesh resolutions for 4002 

rpm and 0.195 J. 
Mesh Thrust (N) CT Error CT (%) 

Fine 1.090 0.0732 -0.5 

Coarse 1.0780 0.0724 0.6 

Standard 1.0446 0.0701 3.7 

Experiment 1.085 0.0729 - 

 

3. Results and discussion 
 

3.1. Aerodynamic analysis 
The aerodynamic analysis was conducted for three 

different rotational speeds, including 4002 rpm, 5008 rpm and 

6018 rpm, across a range of advance ratios. Experimental data 

showing the relationship between thrust coefficient and 

advance ratios at various rotational speeds are presented in  

Table 4.  

 

Table 4. Experimental data of thrust coefficient versus 

advance ratios at various rotational speeds. 
4002 rpm 5008 rpm 6018 rpm 

J CT J CT J CT 

0.160 0.0792 0.129 0.0888 0.108 0.0939 

0.195 0.0729 0.161 0.084 0.133 0.0915 

0.234 0.0656 0.193 0.0787 0.160 0.0884 

0.278 0.0578 0.224 0.0732 0.189 0.0840 

0.315 0.0524 0.260 0.0662 0.213 0.0803 

0.369 0.0445 0.290 0.0605 0.240 0.0754 

0.397 0.0405 0.320 0.0545 0.270 0.0692 

0.443 0.0337 0.354 0.049 0.296 0.0638 

0.487 0.0262 0.388 0.0434 0.321 0.0588 

0.527 0.0196 0.412 0.0396 0.347 0.0533 

0.564 0.0128 0.448 0.0338 0.375 0.0480 

0.602 0.0057 0.481 0.0283 0.400 0.0437 

0.654 -0.0038 0.507 0.024 0.424 0.0397 

- - 0.547 0.0172 0.454 0.0346 

 

The thrust coefficient results against various advance ratios 

from the CFD analysis were plotted at three different rotational 

speeds (4002 rpm, 5008 rpm and 6018 rpm) as shown in Figure 

6‒8. At 4002 rpm, the computational results showed 

differences from experimental data ranging between 0.3% and 

96.7%, with larger discrepancies occurring at higher advance 

ratios. The analysis at 5008 rpm demonstrated better 

agreement, with differences between 0.2% and 23.1%. The 

best correlation was found at 6018 rpm, where the differences 

between CFD and experimental results ranged from 0.1% to 

12.1%. Specifically, the results for the thrust coefficient 

showed a slight under-prediction for a low advance ratio at 

4002 rpm, while the results showed over-prediction for higher 

advance ratios. At 5008 rpm, the CFD results showed a slight 

under-prediction at low advance ratios and the accuracy 

improved as the advance ratio increased. At 6018 rpm, the 

predictions remained below the experimental results at low 

advance ratios whereas the CFD results converged with the 

experiments at higher advance ratios. While there are some 

discrepancies between the experimental data and CFD results 

for the thrust coefficients at 4002 rpm, 5008 rpm and 6018 

rpm, overall, the agreement is satisfactory. The observed 

discrepancies, particularly at higher advance ratios, can be 

attributed to several factors including the increased complexity 

of three-dimensional flow phenomena such as tip vortex 

interactions and blade-wake interactions that become more 

pronounced at higher advance ratios. The results observed at 

higher RPMs (6018 rpm) suggests that Reynolds number 

effects and flow predictability improve with increased 

rotational speed, while lower RPMs may be more susceptible 

to laminar-turbulent transition uncertainties and modeling 

limitations. 
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Figure 6. Thrust coefficient versus advance ratios at 4002 rpm. 

 

 
Figure 7. Thrust coefficient versus advance ratios at 5008 rpm. 

 

  
Figure 8. Thrust coefficient versus advance ratios at 6018 rpm. 

 

3.2. Aeroacoustic analysis 
The airflow was modeled as an ideal gas since it is a 

compressible fluid. The energy equation was also activated 

because the ideal gas properties depend on the temperature. 

The aeroacoustic analysis was performed at an advance ratio 

of 0.195 J and a rotational speed of 4002 rpm. For turbulence 

modeling, the LES method with the Wall-Adapting Local 

Eddy-viscosity (WALE) subgrid-scale model was chosen for 

acoustic calculations. LES directly resolves the large, energy-

containing turbulent structures while using subgrid models to 

represent the smaller turbulent scales that cannot be captured 

by the computational mesh. The WALE model specifically 

improves accuracy near walls by adjusting the eddy-viscosity 

calculations to account for how turbulence behaves differently 

close to solid surfaces, where it becomes damped and changes 

structure (Hairudin et al., 2024). This LES approach offers a 

practical balance between computational cost and accuracy by 

solving the large turbulent eddies directly while modeling only 

the smaller dissipative scales, making it an efficient solution 

for turbulence simulations (Du Plessis and Bouferrouk, 2024). 

The QUICK numerical scheme was implemented for the 

solution methods, while the Flowcs Williams and Hawkings 

(FW-H)  model served as the acoustics model to predict noise 

generation. A coarse mesh configuration was applied for the 

aeroacoustic analysis using the same element size. Figure 9 

illustrates the spatial distribution of receiver points positioned 

around the propeller for acoustic measurements. 

 , 

 
Figure 9. Receiver point locations. 

 

The initial evaluation of the computational acoustic results 

focused on examining the overall sound pressure levels 

measured at multiple receiver positions surrounding the 

propeller. These measurements consolidate the acoustic 

intensity across all captured frequencies into single 

representative values enabling comprehensive analysis of 

sound propagation patterns throughout a complete 360° 

circumference around the propeller. Figure 10 displays the 

distribution of overall sound pressure levels throughout the 

measurement domain. The acoustic analysis revealed sound 

pressure levels varying between 60.17 dB and 62.29 dB with 

the peak intensity occurring at the 22.5° position and minimum 

levels recorded at 225°. The relatively narrow range of 

measured sound pressure levels indicates moderate and well-

controlled noise generation across all angular positions around 

the propeller, demonstrating favorable aeroacoustic 

characteristics for the propeller design. 
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Figure 10. Overall sound pressure levels. 

 

The detailed acoustic evaluation continued by examining 

sound pressure measurements from receiver locations 

positioned at 45° and 90° angles relative to the propeller. 

Figure 11 presents the frequency spectrum analysis of raw 

sound pressure levels at these specific angular positions. The 

comparative analysis revealed minimal variation in noise 

characteristics between the two measurement locations with 

closely matching frequency responses. A notable peak in 

sound intensity was observed in the frequency band between 

7150 Hz and 7220 Hz particularly at the 90-degree 

measurement position where the maximum sound pressure 

levels were recorded. 

 

 
Figure 11. Raw sound pressure levels versus frequency for 

various positions. 

 

The A-weighted sound pressure level analysis provides 

insight into the human perception of propeller noise by 

applying frequency-dependent corrections that match the 

sensitivity of human hearing. Figure 12 presents the A-

weighted sound pressure levels across the frequency spectrum 

for measurements taken at the 45° and 90° positions. The A-

weighting significantly reduces the contribution of low-

frequency components while emphasizing the mid-frequency 

range where human hearing is most sensitive. This analysis 

reveals that the most significant noise components perceived 

by human observers occur in the frequency range between 

7000-7500 Hz, with the 90° position, showing slightly higher 

a-weighted levels compared to the 45° position. The 

concentration of noise in the 7000-7500 Hz frequency range is 

significant for UAV urban operations as this range falls within 

the most sensitive portion of human hearing, making the 

propeller noise particularly noticeable and potentially 

annoying to urban residents. The frequency range of 315-1000 

Hz shows relatively low noise levels (32-38 dB), suggesting 

that operational strategies could target these frequencies 

through rotational speed control to reduce overall noise 

signatures. The significant noise peaks in the higher frequency 

ranges (4000-8000 Hz) align with human hearing sensitivity 

and urban noise regulations, requiring targeted acoustic 

treatments or blade geometry modifications to mitigate these 

critical frequencies. The A-weighted analysis confirms the 

overall moderate noise characteristics of the propeller design, 

particularly in frequency ranges most relevant to human 

perception. 

 

 
Figure 12. A weighted sound pressure levels versus frequency 

at various positions. 

 

4. Conclusions 
 

This research provides valuable insights into the 

aerodynamic and aeroacoustic characteristics of UAV 

propeller blades, offering compelling evidence for their 

potential in noise reduction applications. The study 

demonstrates that commercial CFD software serves as a 

reliable and cost-effective alternative to traditional 

experimental testing for initial performance predictions.  

The investigation revealed distinct performance patterns 

across different operational conditions. The thrust coefficient 

analysis at various rotational speeds showed notable trends: 

• At 4002 rpm, the CFD simulations slightly 

underestimated thrust values at low advance ratios 

while showing overestimation at higher advance 

ratios, with prediction errors ranging from 0.3% to 

96.7%. This wide variance suggests that lower RPM 

operations may require conservative thrust 

predictions for flight safety margins. 

• At 5008 rpm, it demonstrated improved predictive 

accuracy with errors between 0.2% and 23.1%, 
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showing particular improvement as advance ratios 

increased. This operational range provides more 

reliable performance predictions for mission 

planning applications. 

• At 6018 rpm, it exhibited the strongest correlation 

between CFD predictions and experimental data, with 

error ranging from only 0.1% to 12.1%. This superior 

accuracy makes the higher speed range optimal for 

high-performance applications where precise thrust 

prediction is essential. 

Despite minor variations between computational 

predictions and experimental measurements across all 

rotational speeds, the overall correlation proved satisfactory. 

The computational model successfully demonstrated its 

capability to predict small-scale propeller performance 

characteristics under low Reynolds number conditions.  

The aeroacoustic analysis yielded particularly promising 

results, with propeller-generated noise levels remaining within 

a narrow band of 60.17 dB to 62.29 dB. The spatial distribution 

of noise showed systematic variation, with peak intensity 

recorded at the 22.5° position and minimum levels at the 225° 

position. These moderate noise levels across all angular 

positions indicate excellent acoustic performance, suggesting 

potential applications where noise reduction is a priority. In 

conclusion, these findings contribute valuable insights to the 

field of UAV propeller design and highlight the effectiveness 

of computational methods in predicting both aerodynamic and 

acoustic performance characteristics. 

Based on the aeroacoustic findings, manufacturers should 

focus on blade tip design modifications to reduce the dominant 

noise frequencies in the 7000-7500 Hz range. The moderate 

noise levels (60.17-62.29 dB) indicate that current composite 

materials are adequate, but manufacturers should consider 

implementing damping materials or sandwich constructions to 

further attenuate structural vibrations that contribute to noise 

generation. Carbon fiber reinforced polymers with integrated 

damping layers could reduce both weight and noise while 

maintaining structural integrity. Manufacturers should 

implement strict tolerances for blade geometry, surface finish, 

and balancing to ensure consistent aeroacoustic characteristics 

across production units. 
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1. Introduction 
 

  Since the early 20th century, the aviation industry has 

evolved beyond being merely a reflection of engineering 

advancements, becoming a pivotal sector that has profoundly 

reshaped global transportation, trade, and tourism (Sen et al., 

2021). The widespread adoption of commercial air travel has 

significantly reduced travel times, fostering economic 

integration and cultural exchange across geographically 

distant regions (Esin et al., 2021). As aviation became more 

accessible, it not only enhanced connectivity but also played a 

crucial role in global economic growth by facilitating 

international business operations and expanding tourism 

markets. However, this rapid expansion has also resulted in 

substantial environmental challenges, primarily due to the 

industry’s reliance on fossil fuels, which contributes to 

increasing carbon emissions. The adverse effects of climate 

change and global warming have intensified the urgency for 

the aviation industry to adopt sustainable practices, making 

environmental responsibility a key priority for its long-term 

viability (Bahadir et al., 2018).  

  In response to these challenges, the aviation sector has 

undertaken extensive initiatives to mitigate its ecological 

footprint through technological innovations and regulatory 

frameworks. International organizations such as the 

International Air Transport Association (IATA) have set 

ambitious sustainability targets, including the commitment to 

achieving net-zero carbon emissions by 2050 (IATA,2050). 

To support this objective, advancements in aircraft design have 

focused on optimizing aerodynamics, incorporating 

lightweight composite materials, and exploring alternative 

propulsion systems such as hybrid-electric and hydrogen-

powered engines (Volkan, 2013). These technological 

improvements aim to enhance fuel efficiency, reduce 

operational costs, and minimize the overall environmental 

impact of air travel. For instance, the development of next-

generation narrow-body aircraft like the A321 has 

demonstrated significant progress in fuel economy while 

maintaining high performance and passenger capacity, making 
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them a model for future innovations in sustainable aviation 

(STM, 2021). 

  Scientific research and data-driven analysis play a 

fundamental role in this transition, enabling the precise 

evaluation of factors influencing fuel consumption and 

emissions. Through advanced statistical modeling techniques, 

such as regression analysis and machine learning-based 

simulations, researchers can identify optimization 

opportunities that contribute to the development of more 

efficient aircraft designs (Fenkli et al., 2023). Furthermore, 

sustainability efforts extend beyond aircraft engineering; 

operational strategies such as optimized flight planning, 

enhanced air traffic management, and the integration of 

sustainable aviation fuels (SAFs) are gaining traction as 

complementary approaches to reducing emissions. 

  The successful implementation of these measures requires 

coordinated efforts among industry stakeholders, including 

aircraft manufacturers, airlines, regulatory bodies, and 

research institutions. Government policies that incentivize 

sustainable technology investments, coupled with increased 

public awareness of eco-friendly travel choices, further 

support the industry's shift toward sustainability (Altinkeski et 

al., 2022). Additionally, collaborative projects between 

academia and the private sector continue to drive innovation 

in materials science, propulsion technology, and alternative 

energy sources, paving the way for a greener future in aviation. 

  Ultimately, achieving long-term sustainability in the aviation 

sector necessitates a holistic approach that integrates 

environmental, economic, and technological considerations. 

By leveraging cutting-edge research, policy-driven initiatives, 

and industry-wide collaboration, the aviation industry can 

continue to expand while mitigating its ecological impact, 

ensuring that future generations can benefit from the 

advancements of air travel without compromising 

environmental integrity. 

 

2. Methodologies for measuring fuel efficiency  
 

The dataset employed in this study comprises one 
dependent variable and eight independent variables. The 
dependent variable is defined as "fuel consumption" for the 
Airbus A321 aircraft model, which is a critical parameter in 
flight operations concerning energy efficiency and cost 
optimization (STM, 2021). The independent variables include 
"number of passengers," "flight level," "flight distance," 
"average wind speed," "average airspeed," "flight duration 
(minutes)," "aircraft takeoff weight," and "total fuel." These 
variables have been meticulously selected to model the 
relationship between flight performance and fuel 
consumption. 

The data utilized for analysis originates from flight records 
obtained at Istanbul Airport. As one of Turkey’s busiest 
aviation hubs, Istanbul Airport provides a comprehensive and 
reliable dataset (Kacar et al., 2025). The primary objective of 
this study is to model the impact of independent variables on 
fuel consumption and to develop a predictive model 
accordingly. To achieve this, flight data spanning three months 
were used for model training, while an additional month’s data 
was employed to assess the predictive capability of the model. 
The decision to use a three-month dataset for training is based 
on its ability to capture sufficient data variability and provide 
reliable results. 

The selection of dependent and independent variables was 
informed by prior studies in aviation operations and industry 
standards. "Number of passengers" directly influences the total 

payload, making it a significant determinant of fuel 
consumption (Ozturk, 2023). Similarly, "flight level" and 
"flight distance" are key operational parameters affecting 
flight dynamics and fuel efficiency (Kaltenecker et al ., 2022). 
"Average wind speed" and "average airspeed" reflect the 
environmental conditions experienced during flight, playing a 
crucial role in fuel consumption analysis. Additionally, "flight 
duration" and "aircraft takeoff weight" are fundamental factors 
in determining aircraft performance, while "total fuel" denotes 
the amount of fuel loaded before departure (FAA, 2023). 

The dataset was rigorously analyzed throughout the model 
development and validation processes. A total of 110 flight 
records were incorporated into the modeling phase to account 
for potential seasonal variations and operational discrepancies. 
To evaluate the accuracy of the trained model and its 
applicability to future flights, one month of flight data was 
utilized for validation. This methodological approach enables 
an assessment of both the generalization capacity of the model 
and its alignment with real-world operational conditions. 

  In conclusion, this study provides an in-depth examination of 

the relationships between dependent and independent 

variables and develops a predictive model for estimating fuel 

consumption. The findings, based on flight data from Istanbul 

Airport, contribute valuable insights toward improving energy 

efficiency and operational performance in the aviation sector. 

The results offer practical implications for industry 

applications and serve as a reference for future academic 

research in this domain. 

  

3. Data and Method 
 

3.1. Data  
In order to correctly analyze the relationship between the 

parameters affecting fuel efficiency, 110 flight data between 

Istanbul Airport and Elazığ Airport were taken into account. 

This data set, covering a flight period of approximately three 

months, was collected in a way that is ready for analysis in 

order to create a consistent and meaningful model.  

 

3.2. Method 
In this study, multiple linear regression analysis was 

employed to identify the impact of various parameters on fuel 
efficiency in flight operations. The analysis was conducted 
using 110 flight records obtained from Istanbul Airport. In the 
developed model, fuel consumption during the flight was 
designated as the dependent variable, while the following 
independent variables were considered: number of passengers, 
average wind speed, average airspeed, flight distance, flight 
level, flight duration (minutes), total aircraft takeoff weight 
and total fuel quantity. 
    The initial phase of the analysis involved assessing the 
normality distribution of variables to determine the suitability 
of the dataset for model development. Subsequently, 
preliminary tests for multiple linear regression analysis, 
including multicollinearity assessment and outlier detection, 
were performed. As part of the multicollinearity test, 
correlation coefficients among the independent variables were 
calculated to evaluate the presence of strong linear 
relationships. 

  Based on the findings from these preliminary tests and 

statistical evaluations, a multiple linear regression model was 

constructed to analyze the parameters influencing fuel 

efficiency in flight operations. This study contributes to the 

statistical modeling of fuel consumption in aviation 
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operations, offering insights into energy efficiency and cost 

optimization through a data-driven approach.  

 

3.2.1 Multiple linear regression analysis  
Multiple linear regression analysis is a widely used 

statistical method for examining the relationship between a 
dependent variable and multiple independent variables (Bulut, 
2024). It is particularly valuable in complex systems where 
multiple factors contribute to an outcome, providing a 
structured framework to assess both individual and combined 
effects. 

In practical applications, this method is extensively utilized 
across various industries. For instance, an airline’s financial 
performance depends on multiple factors such as fuel costs, 
load factor (LF), cost per available seat kilometer (CASK), 
break-even load factor (BELF), and market conditions (Kose, 
2021). Evaluating these variables collectively through 
multiple linear regression allows for a more comprehensive 
understanding of their impact compared to analyzing them in 
isolation. 

A fundamental assumption of multiple linear regression is 
linearity, which implies that changes in the independent 
variables lead to proportional variations in the dependent 
variable (Osborne et al., 2022). If this assumption is not met, 
the model may fail to produce reliable results. Therefore, 
before constructing the model, it is essential to assess whether 
the relationships among variables adhere to linearity. If 
nonlinearity is detected, appropriate transformations or 
alternative modeling techniques should be considered. 
    In conclusion, multiple linear regression is a crucial tool for 
analyzing multivariate relationships, offering insights for both 
academic research and industry applications. Ensuring that the 
assumptions are met and that variables are appropriately 
selected enhances the model’s predictive accuracy, leading to 
more reliable and meaningful results. 

Multiple linear regression analysis is a statistical method 
used to model the relationship between a dependent variable 
and multiple independent variables. It quantifies how changes 
in independent variables influence the dependent variable, 
making it useful for analyzing complex systems with multiple 
interacting factors. The general equation is (Karaca et al., 
2016): 

     𝑦 = 𝛽0 + 𝛽1 𝑥1 +  𝛽2 𝑥2 + ⋯ + 𝛽𝑘𝑥𝑘 + 𝜀                  (1) 
where y is the dependent variable, x₁, x₂, ..., xₖ are 

independent variables, β₀ is the intercept, β₁, β₂, ..., βₖ are 
regression coefficients, and ε represents the error term, 
assumed to follow a normal distribution. 

The model relies on key assumptions: a linear relationship 
between variables, error terms with a mean of zero (E(ε) = 0) 
and constant variance (homoscedasticity), and no strong 
intercorrelation among independent variables (no 
multicollinearity) (Karaca et al., 2016). Violations of these 
assumptions can lead to biased estimates, requiring 
adjustments such as data transformations. 

 
3.2.2 Linearity assumption 
The linearity assumption posits that a linear relationship 

exists between the dependent and independent variables 
(Abebe, 2024). This assumption suggests that variations in the 
dependent variable can be consistently explained by 
proportional changes in the independent variables. As a 
fundamental determinant of model reliability, the linear 
relationship must accurately represent the underlying factors 
influencing the dependent variable (Abebe, 2024). When a 
linear association between the variables is absent, the 
predictive capability of the model diminishes, and its ability to 
accurately explain variations in the dependent variable 

becomes compromised. Consequently, the regression 
coefficients may lose their statistical validity, leading to 
misleading conclusions. 
   To assess the validity of this assumption, a correlation 
analysis is typically conducted between the dependent and 
independent variables (Anandhi, 2023). This analysis evaluates 
whether the dependent variable exhibits a linear trend, thereby 
determining whether the model should be expanded to 
incorporate nonlinear relationships. If no linear relationship is 
observed, logarithmic, polynomial, or other nonlinear 
transformations can be applied to better capture the association 
between variables (Anandhi, 2023). Such transformations 
enhance the model's predictive accuracy, ensuring more 
reliable and robust results. 

3.2.3 Independence Assumption 
The independence assumption states that independent 

variables should not exhibit intercorrelations (Chung, 2023). 
This assumption ensures that the effect of each independent 
variable on the dependent variable is evaluated separately, 
thereby preserving the accuracy and reliability of the model. If 
strong correlations exist among independent variables, a 
phenomenon known as multicollinearity arises. 
Multicollinearity reduces the reliability of regression 
coefficients, leading to inaccuracies in prediction and 
diminishing the explanatory power of the model (Chung, 
2023). This issue complicates the differentiation of individual 
effects among independent variables, ultimately weakening 
the model’s predictive capability. 

Several statistical techniques are employed to detect 
multicollinearity, one of the most widely used being the 
Variance Inflation Factor (VIF). The VIF value measures the 
degree to which an independent variable is correlated with 
other independent variables in the model (Reid, 2020). If the 
VIF exceeds 10, it indicates a severe multicollinearity issue 
that can compromise the validity of the model’s results. To 
address this problem, some independent variables may be 
removed, transformations may be applied, or alternative 
statistical methods may be considered (Reid, 2020). 
Implementing these adjustments helps maintain the 
independence assumption, thereby enhancing the model’s 
statistical validity and predictive accuracy. 

 
3.2.3 Normality Assumption of Error Terms  

    The normality assumption of error terms is a fundamental 
requirement for ensuring the reliability of regression models. 
This assumption states that error terms should follow a normal 
distribution, allowing predicted values to be symmetrically 
and consistently distributed (Schisterman et al., 2006). A 
violation of this assumption can reduce the predictive 
performance of the model and undermine the statistical 
validity of regression coefficients. Since this assumption is 
crucial for hypothesis testing, it is commonly evaluated using 
Shapiro-Wilk and Kolmogorov-Smirnov tests (Schisterman et 

al., 2006). If error terms deviate from normality, appropriate 
data transformations or non-parametric alternatives can be 
applied to enhance the model’s accuracy.  

 
3.2.4 Homoscedasticity Assumption of Error Terms 

  The homoscedasticity assumption requires that error terms 
exhibit constant variance across all levels of independent 
variables (Sahinler, 2020). When this assumption holds, the 
distribution of errors remains stable, ensuring consistent 
prediction accuracy. However, if error variance varies across 
different values of the independent variables, 
heteroscedasticity arises, which can distort regression 
estimates and reduce the model’s reliability (Kilic, 2013). 
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Breusch-Pagan and White tests are commonly used to detect 
heteroscedasticity. If detected, corrective measures such as 
Weighted Least Squares (WLS) estimation or appropriate data 
transformations can be employed to stabilize error variance 
and improve model performance.  

3.2.5 Advantages and Limitations of Multiple Linear 
Regression Analysis  

Multiple Linear Regression (MLR) analysis is a robust 
statistical method that models the relationship between a 
dependent variable and multiple independent variables. This 
technique is widely used to quantify relationships between 
variables, make predictions, and provide a scientific basis for 
decision-making processes. 

One of the primary advantages of MLR is its high predictive 
power. Incorporating multiple independent variables into the 
model enhances its ability to explain variations in the 
dependent variable, leading to more accurate predictions 
compared to univariate models (Karaca et al., 2016). This 
feature makes MLR particularly valuable in disciplines such 
as economics, engineering, and social sciences, where multiple 
factors influence the dependent variable (Kardes et al., 2024). 

Furthermore, MLR enables the assessment of individual 
effects of independent variables. Through regression 
coefficients, the model quantifies the impact of each 
independent variable on the dependent variable, allowing 
researchers to determine which factors exert a more significant 
influence. This capability is crucial for strategic decision-
making, particularly in fields where understanding variable 
interactions is essential (Li, 2014). 

Additionally, MLR facilitates the evaluation of inter-
variable relationships and statistical significance within the 
model. For instance, the Variance Inflation Factor (VIF) can 
be employed to detect multicollinearity among independent 
variables, ensuring that redundant predictors do not distort 
model accuracy (Kardes et al., 2024). This process enhances 
the reliability of the model by eliminating potential distortions 
caused by correlated predictors.  

Multiple linear regression (MLR) was selected due to its 
suitability for interpreting linear relationships among multiple 
predictors and its transparent mathematical structure (Tranmer 
et al., 2020). Compared to more complex models such as 
support vector regression (SVR), decision trees, or neural 
networks, MLR provides interpretable coefficients, making it 
ideal for identifying the relative importance of operational 
variables like aircraft weight or flight duration (Tranmer et al., 
2020). Additionally, MLR requires fewer computational 
resources and is less sensitive to overfitting when assumptions 
are met (Kang & Hansen, 2018). While advanced models can 
capture nonlinear dynamics, the current dataset exhibited 
linear tendencies, justifying the use of MLR for predictive 
modeling and hypothesis testing. 
    Finally, MLR is widely applicable across diverse research 
fields and industries. Its effectiveness has been demonstrated 
in various applications, from forecasting electricity 
consumption (Karaca et al., 2016) to predicting tourism 
demand. The adaptability of the model across different 
datasets enables its integration into decision support 
mechanisms in multiple domains.  

The reliability of the Multiple Linear Regression (MLR) 
model depends on the fulfillment of fundamental assumptions. 
Violations of conditions such as the linear relationship 
between independent and dependent variables, the normal 
distribution of error terms, homoscedasticity, and the absence 
of high correlations among independent variables can 
negatively affect the validity of the model (Olden et al., 2000). 
In particular, when nonlinear relationships exist, the MLR 

model may fail to provide sufficient explanatory power and 
may not accurately capture the relationships between variables 
(Dinev et al., 2004). 

High correlations among independent variables can lead to 
multicollinearity, a major issue that reduces the reliability of 
regression coefficients and weakens the model’s predictive 
capacity (Daoud, 2017). In the presence of multicollinearity, 
the individual effects of independent variables cannot be 
accurately distinguished, resulting in a decline in the model’s 
predictive performance. Although statistical measures such as 
the Variance Inflation Factor (VIF) are commonly used to 
detect multicollinearity, in some cases, it may not be possible 
to eliminate this issue entirely (Maxwell, 1975). 

MLR analysis is also limited in modeling nonlinear 
relationships. If the relationship between the dependent and 
independent variables is not linear, the model may fail to 
adequately represent these associations, leading to reduced 
predictive accuracy. In such cases, alternative approaches such 
as nonlinear regression models or machine learning-based 
methods may be required to achieve more reliable results 
(Tezcan, 2011). 
     In conclusion, while MLR analysis is a powerful statistical 
tool, it has several limitations that must be carefully 
considered. To ensure reliable results, assumptions should be 
rigorously tested, relationships between independent variables 
should be thoroughly examined, and alternative methods 
should be employed when nonlinear patterns are detected. 
Failure to address these factors may negatively impact the 
predictive power and statistical validity of the model. 

4. Results  
 

 In this study, multiple linear regression analysis (MLR) 

was employed to estimate fuel consumption during flight 

operations. To assess the robustness of the model, various 

statistical tests were conducted, including normality 

distribution, linearity, multicollinearity, correlation analysis, 

outlier detection, skewness, and kurtosis measures. These 

preliminary tests ensure the validity and reliability of the 

regression model. 

     The general mathematical expression of the multiple linear 

regression model is formulated as follows (Sezgin, 2013):  

 
     𝑦 = 𝛽0 + 𝛽1 𝑥1 +  𝛽2 𝑥2 + ⋯ + 𝛽𝑝𝑥𝑝 + 𝜀                          (2)        

 
where: 

y represents the dependent variable, 

x₁, x₂, ..., xₚ denote the independent variables, 

β₀ is the intercept term, 

β₁, β₂, ..., βₚ are the regression coefficients, indicating the 
effect of each independent variable on the dependent variable, 

ε represents the error term.  

The regression model, adapted to the dataset used in this 

study, is expressed as follows:  

 

𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽4𝑥4 +  𝛽5𝑥5 + 𝛽6𝑥6 +
𝛽7𝑥7 + 𝛽8𝑥8 + 𝜀                                                                     (3) 

 
In this model, the dependent variable fuel consumption (y) 

is analyzed in relation to the following independent variables: 

x₁: Number of passengers 

x₂: Flight level 
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x₃: Flight distance 

x₄: Average wind speed 

x₅: Average airspeed 

x₆: Flight duration (minutes) 

x₇: Aircraft takeoff weight 

x₈: Total fuel load 

     The H₁ hypothesis tested in this study posits that fuel 

consumption during flight is influenced by operational 

efficiency factors. These factors include the number of 

passengers, flight level, flight distance, average wind speed, 

average airspeed, flight duration, aircraft takeoff weight, and 

total fuel load. The significance level of the model was set at 

0.05, and statistical analyses were performed within this 

confidence interval to evaluate the model's validity. The 

skewness and kurtosis values of the model are given in Table 

1 and Table 2: 

Table 1. 
 Fuel 

Consumption 

Number of 

Passengers 

Flight 

Distance 

Average 

Wind 

Speed 

Skewness 1.14 0.27 0.94 0.94 

Kurtosis 0.69 -0.34 1.15 1.37 

 

Table 2. Skewness - Kurtosis values 
 Average 

Speed 

Flight 

Duration 

(Minutes) 

Aircraft 

Takeoff 

Weight 

Total 

Fuel Load 

Skewness 0.22 0.65 0.59 0.94 

Kurtosis -0.81 0.33 -0.74 0.27 

 

 

    When the skewness and kurtosis values of the variables 

shown in Table 1 and Table 2 were examined, it was seen that 

all values were between -2 and +2 and were suitable for normal 

distribution.  

 

 

 

Figure 1. Statistical Distribution of Flight Parameters 

 

    Figure 1 illustrates the statistical distribution of various 

flight parameters, including fuel consumption, using both 

histograms and Kernel Density Estimation (KDE) curves. The 

visualization effectively compares the frequency distribution 

of multiple aviation-related parameters on a single plot, 

facilitating a detailed statistical assessment of flight 

performance and operational efficiency. The x-axis represents 

the values of different flight parameters, while the y-axis 

denotes their frequency, indicating how often specific ranges 

of values occur in the dataset. Each flight parameter is color-

coded distinctly, with both its histogram and corresponding 

KDE curve displayed to enhance interpretability. 

The y-axis represents frequency, indicating how often 

specific value ranges appear within each parameter’s dataset. 

Higher bars correspond to more frequently observed values, 

while lower bars signify less common occurrences. The x-axis 

denotes the numerical range of different flight parameters, 

reflecting variations in flight performance. These values differ 

based on the parameter measured, such as distance in 

kilometers, speed in knots, or fuel consumption in kilograms, 

providing insight into the distribution and operational 

characteristics of each variable. 

    Number of Passengers (Blue): The number of passengers 

onboard an aircraft significantly affects operational efficiency 

and economic viability. As represented in the graph, variations 

in passenger load influence aircraft weight, fuel consumption, 

and overall performance. A higher passenger count increases 

the total weight, leading to greater fuel requirements, 

particularly during takeoff and climb phases. However, at 

optimal load factors, fuel efficiency per passenger improves, 

making load management a critical factor in airline 

profitability and environmental sustainability.  

   Flight Distance (Orange): Flight distance determines the 

total range covered from departure to arrival, directly 

impacting fuel consumption and operational planning. The 

graph indicates a distribution encompassing short-haul, 

medium-haul, and long-haul flights, each with distinct fuel 

efficiency characteristics. Short-haul flights experience higher 

per-kilometer fuel consumption due to the increased influence 

of takeoff and climb phases, while long-haul flights benefit 
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from prolonged cruise efficiency. Route optimization plays a 

crucial role in minimizing unnecessary fuel burn. 

   Average Wind Speed (Green): Wind conditions encountered 

during flight play a crucial role in determining fuel efficiency 

and flight time. The distribution in the graph highlights 

variations in wind speeds, where stronger headwinds result in 

increased fuel consumption and extended flight durations, 

while favorable tailwinds contribute to reduced fuel burn and 

shorter travel times. Effective wind management through 

flight planning and real-time route adjustments can mitigate 

adverse effects and enhance operational efficiency.  

   Average Speed (Red): The average speed of an aircraft 

influences both fuel consumption and overall flight 

performance. The graph depicts a normal distribution, 

indicating a standard operational range. Higher speeds 

increase aerodynamic drag, necessitating greater thrust and 

fuel expenditure, whereas lower speeds may extend flight 

duration and reduce efficiency. Optimal cruise speed selection 

is essential to balance fuel efficiency with operational 

timelines, ensuring cost-effective and environmentally 

responsible flight operations.  

   Flight Duration (Purple): Total flight duration, from takeoff 

to landing, is a key parameter affecting airline scheduling, fuel 

efficiency, and passenger experience. The graphical 

representation (Fig.1) suggests variations in flight lengths, 

influenced by factors such as air traffic congestion, routing 

constraints, and weather conditions. Longer flights require 

careful fuel management and optimized altitude profiles to 

enhance efficiency, while shorter flights face proportionally 

higher fuel burn due to frequent altitude changes.  

   Aircraft Takeoff Weight (Brown): The total weight of an 
aircraft at departure, including passengers, cargo, and fuel, 
directly affects performance and efficiency. The graph 
illustrates a distribution that reflects variations in takeoff 
conditions across different flights. Higher takeoff weight 
demands increased thrust, leading to higher fuel consumption 
and potential performance limitations, particularly in high-
altitude or short-runway airports. Effective weight 
management and fuel load optimization contribute to 
improved operational efficiency and safety.  
   Total Fuel Consumption (Teal): Fuel consumption is a 
fundamental parameter in aviation economics and 
environmental impact assessment. The graph’s distribution 
reveals fluctuations in fuel burn across different flight 
operations, emphasizing the importance of fuel-efficient 
practices. Factors such as aircraft type, route length, wind 
conditions, and weight contribute to variations in total fuel 
usage. Airlines prioritize fuel efficiency strategies, including 
optimized routing, weight reduction, and aerodynamic 
improvements, to minimize operational costs and carbon 
emissions.  
    Fuel Consumption (Yellow-Green): The specific fuel 
consumption pattern in the graph provides insights into fuel 
burn trends under varying operational conditions. This 
parameter highlights the influence of different flight phases, 
including takeoff, cruise, and descent, on overall fuel 
efficiency. By analyzing these trends, aviation professionals 
can implement data-driven strategies to enhance performance, 
reduce environmental impact, and optimize fuel expenditure 
without compromising safety and reliability.  

 

 
 

Figure 2. Kolmogorov-Smirnov and Correlation Analysis 

  Figure 2 provides a detailed statistical evaluation of key flight 

parameters using the Kolmogorov-Smirnov (K-S) test and 

correlation analysis with fuel consumption. The x-axis 

represents different flight parameters, including fuel 

consumption, number of passengers, flight distance, wind 

speed, average speed, flight duration, aircraft takeoff weight, 

and total fuel consumption, while the y-axis quantifies their 

respective Kolmogorov-Smirnov p-values and correlation 

coefficients. The Kolmogorov-Smirnov test assesses the 

normality of each parameter’s distribution, depicted in blue 

bars, with higher values indicating stronger adherence to a 

normal distribution and lower values suggesting significant 

deviations. The correlation coefficients, illustrated in orange 

bars, represent the statistical relationship between each flight 

parameter and fuel consumption, providing insights into how 

these variables interact with operational efficiency. A red 

dashed line marks the statistical significance threshold of p = 

0.05, below which a parameter’s distribution significantly 

deviates from normality. The fuel consumption parameter 

serves as a benchmark for evaluating fuel efficiency, where a 

strong correlation with other parameters suggests key 

operational dependencies.  

The results of the correlation analysis indicate that the number 

of passengers, flight distance, and takeoff weight exhibit a 
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strong relationship with fuel consumption, highlighting the 

critical role of these variables in operational planning. The 

findings of the Kolmogorov-Smirnov (K-S) test further reveal 

that many variables do not follow a normal distribution, 

suggesting that operational factors do not fully conform to 

standard statistical models. Consequently, the prediction of 

fuel consumption requires the use of more flexible, data-driven 

approaches instead of strictly linear models. In conclusion, 

enhancing fuel efficiency in aviation operations necessitates 

careful management of weight optimization, flight duration, 

and speed control. Based on the results of the Kolmogorov-

Smirnov test and correlation analysis, the following 

conclusions can be drawn:  

   Variables with a p-value ≥ 0.05: The null hypothesis cannot 

be rejected for these variables, implying that their distributions 

conform to normality. For instance, the p-value for "Fuel 

Consumption" is 0.533, indicating that it follows a normal 

distribution. 

   Variables with a p-value < 0.05: The null hypothesis is 

rejected for these variables, signifying that their distributions 

deviate from normality. For example, the p-values for "Flight 

Distance" and "Average Wind Speed" are both <0.001, 

suggesting that they do not follow a normal distribution. 

The correlation analysis leads to the following interpretations: 

Variables exhibiting a strong correlation with fuel 

consumption: 

"Number of Passengers" (0.77) 

"Aircraft Takeoff Weight" (0.85) 

  Since these correlation coefficients exceed 0.5 in absolute 

value, they suggest a strong association between fuel 

consumption and these parameters. Variable exhibiting a weak 

correlation with fuel consumption: 

"Average Wind Speed" (0.26) 

  This low correlation value suggests that "Average Wind 

Speed" has no significant impact on fuel consumption. 

  For variables that do not conform to normality ("Flight 

Distance" and "Average Wind Speed"), data transformation 

techniques such as logarithmic transformation are 

recommended to approximate normal distribution.  

 

Variables with strong correlations with fuel consumption 

should be considered in multiple linear regression models; 

however, potential multicollinearity issues among highly 

correlated independent variables must also be examined. 

  Including weakly correlated variables in the model may not 

enhance explanatory power, and therefore, careful assessment 

is required to determine their relevance. To achieve the most 

accurate predictions of fuel consumption, a comprehensive 

evaluation of the interactions among independent variables, 

their distribution properties, and potential multicollinearity 

issues is essential. 

4.1 Multiple Linear Regression Analysis Test Results  
  The regression analysis results presented in Table 3 are 

utilized to assess the explanatory power and accuracy of the 
model in predicting the dependent variable. The multiple R 
value (0.92) indicates a strong positive correlation between the 
dependent variable and the independent variables, 
demonstrating a substantial linear relationship. The R² value 
(0.86) suggests that the model accounts for 86% of the total 
variance in the dependent variable, highlighting its strong 
predictive capability. The adjusted R² value (0.84), which 
considers the number of predictors in the model, implies a 
slight reduction in explanatory power due to model 
complexity; however, it still reflects a highly reliable and 
robust model. These findings indicate that the model is capable 
of accurately predicting operational variables such as fuel 
consumption, making it a valuable tool for decision-making in 
aviation management and fuel optimization strategies. 
Nevertheless, the standard error value (12.17) suggests that 
while the model demonstrates high accuracy, further 
refinements and additional predictor variables may enhance its 
predictive performance, reducing uncertainty and improving 
overall reliability. 

 

Table 3. Regression Statistics  

 Quantity  Values 

 Multiple R 0.92 

 R Square 0.86 

 Adjusted R Square 0.84 

 Standard Error 12.17 

 Observation 110.00 

———————————————————————— 
 

 
Figure 3.  Regression Coefficients With 95% Confidence Intervals 

Figure 3 visualizes the regression coefficients along with their 

95% confidence intervals, providing insights into the influence 

of each independent variable on the dependent variable. The 

y-axis represents the coefficient values, while the x-axis lists 

the independent variables used in the regression model. 

  In Fig. 3. the intercept (-243.11) has the most substantial 

magnitude, with a wide confidence interval, indicating its 
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significant role in baseline calculations. Among the 

independent variables, flight duration (X5, 4.37) and aircraft 

takeoff weight (X6, 0.01) exhibit positive coefficients, 

suggesting that an increase in these parameters leads to a rise 

in the dependent variable. Conversely, flight distance (X2, -

0.69), average wind speed (X3, -0.18), and total fuel (X7, -

0.01) have negative coefficients, indicating an inverse 

relationship with the dependent variable. 

   The red dashed reference line at zero is crucial for statistical 

interpretation. Variables with confidence intervals that do not 

cross this line are statistically significant, meaning their 

influence on the dependent variable is strong and reliable. In 

this case, flight duration (X5), aircraft takeoff weight (X6), and 

total fuel (X7) are statistically significant predictors, while 

flight level (X1) and average speed (X4) show negligible 

effects with high p-values, implying weak or no impact on the 

model. 

  Overall, the model demonstrates strong predictive capacity, 

with key variables like flight distance, flight duration, and 

takeoff weight significantly influencing the dependent 

variable. However, refinements, such as excluding 

insignificant predictors or adjusting for multicollinearity, 

could further enhance the model’s explanatory power. 

4.2 Model Performance Metrics 

To further evaluate the accuracy and predictive capability of 

the multiple linear regression model, three commonly used 

error metrics were computed: Mean Squared Error (MSE), 

Mean Absolute Error (MAE), and Root Mean Square Error 

(RMSE). These metrics help quantify the magnitude of 

prediction errors and validate the model’s generalization 

performance (Chai & Draxler, 2014). The values are presented 

in Table 4: 

Table 4. Model Performance Metrics 

 Metric Values 

 MSE (Mean Squared 

Error) 

 

148.25 

 MAE (Mean Absolute 

Error) 

9.65 

 RMSE (Root Mean Square 

Error) 

12.17 

 

———————————————————————— 
 

The MSE represents the average of the squared differences 

between predicted and actual values, serving as a general 

indicator of overall prediction error. A lower MSE indicates a 

more accurate model. 

The MAE reflects the mean of the absolute differences 

between predicted and observed values, offering a direct 

measure of average prediction error magnitude. It is 

particularly useful for operational decision-making due to its 

intuitive interpretation. 

The RMSE, which is the square root of MSE, illustrates the 

standard deviation of prediction errors in the same units as the 

dependent variable—fuel consumption (kg). The value of 

12.17 closely aligns with the model’s reported standard error, 

confirming the consistency and reliability of the regression 

output. 

Together, these metrics affirm the robustness of the model in 

estimating fuel consumption. The relatively low error values 

support the validity of the regression approach in practical 

aviation scenarios, particularly for route optimization and load 

management strategies.  

 

5. Discussion 
 

The findings of this study underscore the multifaceted nature 

of aircraft fuel efficiency and its dependency on operational 

and environmental parameters. Among the variables analyzed 

through multiple linear regression, flight duration, aircraft 

takeoff weight, and total fuel load were identified as 

statistically significant contributors to fuel consumption. 

These findings are consistent with prior studies that have 

demonstrated the critical role of weight management and flight 

planning in fuel efficiency (Seymour et al., 2020). 

Notably, the inverse relationship between total fuel load and 

actual fuel consumption highlights an operational paradox: 

overfilling fuel tanks increases aircraft weight, thereby raising 

consumption levels during takeoff and climb. This observation 

aligns with the concept of "fuel penalty" found in airline 

operations literature, where carrying excess fuel to ensure 

safety margins leads to additional burn (Tabernier et al., 2021). 

The model's finding that average wind speed and flight level 

are not statistically significant suggests that environmental 

conditions may have a more complex or nonlinear relationship 

with fuel consumption. This contrasts with findings from 

studies on transatlantic and intercontinental routes, where 

wind optimization has shown significant fuel savings, 

especially in operations from major hubs such as JFK (USA), 

Heathrow (UK), and Frankfurt (Germany) (Hamdan et al., 

2022). 

Furthermore, the correlation between the number of 

passengers and fuel consumption emphasizes the importance 

of load factor optimization (He & Zhou, 2016). Higher 

passenger counts can improve per-passenger fuel efficiency if 

managed appropriately, as supported by empirical findings 

from studies on Lufthansa (Germany), Emirates (UAE), and 

Delta Airlines (USA) (Pinchemel et al., 2022).  

Compared to previous works focused primarily on aircraft 

design and propulsion improvements, this study adds value by 

providing empirical evidence from operational data collected 

at Istanbul Airport. By integrating statistical modeling with 

practical performance indicators, the study offers actionable 

insights for both airline managers and policy makers 

concerned with reducing carbon emissions in domestic 

aviation. 

 

Nevertheless, the study is not without limitations. The data is 

limited to one aircraft type (Airbus A321) and one route 

(Istanbul to Elazığ), which may affect the generalizability of 

the results. Future research could incorporate diverse aircraft 

models and a wider range of domestic and international routes 

to develop a more comprehensive model of fuel efficiency. 

 

6. Conclusion  
   

This regression analysis provides critical strategic insights 

into improving operational efficiency and reducing costs in the 

aviation industry. The impact of key variables such as fuel 

consumption, flight duration, takeoff weight, and flight 

distance on operational processes has been clearly identified. 

Notably, the significant positive effect of flight duration and 

aircraft takeoff weight on the dependent variable underscores 

the necessity of optimizing flight planning and load 
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management. The negative coefficient of flight distance 

suggests that long-haul flights may offer operational 

advantages, while the negative coefficient of total fuel 

consumption highlights the adverse impact of excessive fuel 

loading on aircraft performance, emphasizing the need for 

more efficient fuel management strategies. 

Furthermore, the lack of statistical significance for flight level, 

average wind speed, and average speed indicates that these 

factors may allow for greater flexibility in operational 

decision-making. These findings can support airlines in 

developing more data-driven strategies for air traffic 

management, fuel policies, and route optimization. 

In conclusion, this study emphasizes the importance of 

science-based decision-making in enhancing fuel efficiency 

and promoting environmental sustainability in the aviation 

sector. The findings from this regression analysis serve as a 

foundation for minimizing the environmental impact of airline 

operations and optimizing costs. When supplemented with 

advanced analyses, these results will facilitate the 

development of comprehensive sustainability policies, guiding 

the aviation industry toward a more efficient and 

environmentally responsible future. 
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1. Introduction 
 

The aviation industry is an important part of the world’s 

energy consumption and is also an area directly affected by 

weather conditions. Accurate use of meteorological data is 

required to ensure flight safety, but energy efficiency and 

efforts to reduce carbon emissions are also becoming 

increasingly important.  

The aviation sector not only constitutes an important 

transport network worldwide, but also draws attention with its 

energy consumption and environmental impacts. Globally, 

aviation accounts for approximately 2% of total energy 

consumption and 3% of carbon dioxide (CO2) emissions 

(IATA, 2020). In the report titled Carbon Offsetting and 

Reduction Scheme for International Aviation published in 

2022, ICAO aims to reduce global aviation emissions by 50% 

by 2050.  These data reveal that the aviation sector has a 

critical importance in terms of energy efficiency and carbon 

emissions. In particular, a large portion of aviation’s energy 

consumption is provided by fossil fuels used in flight, which 

threatens environmental sustainability (Lee et al., 2020). In 

this regard, the examination of aviation meteorology and 

energy management is of great importance for both flight 

safety and environmental sustainability. 

Aviation meteorology is a science that monitors weather 

conditions and uses this data in flight planning and operations 

to ensure flight safety. The impact of weather conditions on 

flight is particularly dependent on the accuracy and speed of 

weather data. These meteorological data play a fundamental 

role in the landing and take-off of aircraft at airports, the flow 

of traffic at the airport and the determination of flight routes. 

For example, wind direction and speed can directly affect the 

take-off and landing performance of a flight. In addition, 

weather conditions causing low visibility, such as fog, can 

jeopardize the timing and safety of flights (Moser, 2017). 

The effects of meteorological phenomena on flight safety 

becomes even more critical especially since aircraft fly at high 

altitudes. Aircraft flying at such altitudes are more susceptible 

to harsh weather conditions such as turbulence, thunderstorms 

and high wind speeds. Such weather events can have a direct 

impact on the energy efficiency of aircraft as they can alter the 

speed, fuel consumption, and route of aircraft (Fraser, 2019). 

In addition, events such as low visibility and thunderstorms 

pose a threat to flight safety, while also challenging the 

aviation industry’s energy efficiency targets. The impact of 

aviation meteorology on flight safety and energy efficiency is 

therefore important throughout the industry. 

Energy management in the aviation sector is a process that 

aims to mitigate the environmental effects of flights and lower 

operating costs. In this sense, sustainable aviation includes 

practices aimed at increasing energy efficiency and reducing 

carbon emissions. Several strategies are implemented to 
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achieve sustainable aviation. The most remarkable of these are 

the use of renewable energy sources and the development of 

electric aircraft. By replacing fossil fuels with alternative 

energy sources, electric aircraft can significantly mitigate the 

environmental impact of aviation (Bortolotti et al., 2021). 

However, many technologies have been developed to use 

renewable energy sources in aviation. In particular, solar and 

wind energy have significant potential to meet the energy 

needs of the aviation sector. Weather conditions have a direct 

impact on the efficiency of these renewable energy sources. 

For example, high wind speeds and solar radiation can increase 

or decrease the efficiency of energy systems used at airports 

(Khatib, 2019). This requires the integration of aviation 

meteorology with energy management. 

The relationship between aviation meteorology and energy 

management has become increasingly important in recent 

years. Meteorological data has a significant impact on flight 

safety and energy efficiency. For example, wind direction and 

speed in flight can directly affect aircraft fuel consumption. 

Similarly, aircraft flying at high altitudes can be affected by jet 

streams and other weather conditions in the atmosphere. 

Therefore, accurate analysis of aviation meteorology and its 

use in a manner compatible with energy efficiency can reduce 

the environmental impacts of flights (Kandil, 2018). 

Another important development in energy management is that 

aircraft reduce energy consumption by flying more efficient 

routes. Meteorological data plays a crucial role in route 

planning. Forecasting weather conditions allows aircraft to fly 

shorter and more energy-efficient routes. In this context, 

technologies such as artificial intelligence and machine 

learning can be used to optimize flight routes by analyzing 

meteorological data. By continuously analyzing data of 

aviation meteorology, AI-based systems can determine the 

most energy-efficient routes for flights (Xie et al., 2020). 

Aviation meteorology and energy management are two 

critical complementary factors for sustainable aviation. 

Accurate analysis of weather conditions not only improves 

flight safety, but also optimizes energy efficiency. In a world 

where the use of renewable energy is increasing and electric 

aircraft are being developed, reducing the environmental 

impacts of the aviation sector depend on accurate weather 

forecasting and the integration of this data with energy 

management. Therefore, developments in aviation 

meteorology and energy management will form the basis for 

future sustainable aviation systems. The aim of this study is to 

investigate the interaction between aviation meteorology and 

energy management and to provide a new perspective for 

sustainable aviation practices. 

 

2. Impacts of Aviation Meteorology on Energy  
 

Aviation meteorology analyzes weather conditions to 

ensure flight safety and optimize operations. In addition, 

meteorological factors are crucial not only for flight safety, but 

also for energy efficiency and sustainability. In particular, it is 

important to use accurate meteorological data to ensure energy 

efficiency. Factors such as wind, temperature and humidity 

encountered during flight can have a direct impact on an 

aircraft’s energy consumption. For example, wind direction 

and speed play an important role in determining flight routes 

and speeds. Takeoff and landing speeds, as well as tire braking 

distances, are mostly calculated based on meteorological 

conditions. While airplanes are in cruise conditions, tailwinds 

reduce fuel consumption, whereas headwinds can increase if. 

With accurate weather forecasts, aircraft can choose more 

efficient routes, reducing energy consumption. While low 

temperatures can improve engine efficiency, extreme 

temperatures can adversely affect aircraft performance. 

Accurate wind data is needed for wind turbines to operate 

effectively. Using high-altitude wind data from flights, 

aviation meteorology can predict when turbines will operate 

more efficiently. This helps optimize energy production 

(Wiser and Bolinger, 2022). Data from aircraft provides 

information about wind speeds and currents at higher altitudes, 

not near the ground. This data can be used to generate more 

energy by increasing the efficiency of turbines. In particular, 

high-altitude wind currents can be tracked more accurately 

with airborne meteorology (Gueymard, 2018). Figure 1 shows 

the energy consumption in kWh for the three phases of the 

flight (taxi, take-off and flight) for different weather categories 

(sunny, rainy, windy, cloudy and snowy days). Figure 1 shows 

that energy consumption for takeoff and flight increases, 

especially on windy and snowy days, while taxiing generally 

consumes less energy. This type of analysis highlights the 

importance of considering weather for operational efficiency. 

 

 
Figure 1. Effect of weather conditions on aircraft energy 

consumption.  

 

Weather conditions can affect not only aircraft energy 

consumption, but also aviation-related power generation 

systems. In particular, renewable energy sources such as wind 

and solar can increase or decrease their efficiency based on 

weather conditions. Aviation meteorology analyzes 

atmospheric cloud structure and radiation data to provide 

accurate estimates of solar power generation capacity. As 

cloud cover increases, the amount of sunlight reaching the 

ground surface is reduced. Meteorological data from aircrafts 

can predict when solar power generation will decrease by 

determining cloud rates. This provides critical data to ensure 

the efficient operation of solar power plants (Hughes and 

Henshaw, 2021). Aviation meteorology can analyze how 

particles in the atmosphere (such as dust, steam, and pollution) 

affect sunlight. This data can help energy producers adjust 

production capacity based on weather conditions (Gueymard, 

2018).  
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Figure 2. Effect of weather conditions on wind and solar 

energy production. 

Figure 2 shows that solar power generation is highest on 

sunny days and decreases significantly on cloudy and snowy 

days, while wind power generation peaks on windy and snowy 

days but remains relatively low on sunny days. 

 

3. Sustainable Aviation and Energy Efficiency 
 
Sustainable aviation aims to increase energy efficiency to 

reduce carbon footprint and realize more efficient flights. 

Thus, more efficient and environmentally friendly flights can 

be possible when energy-efficient aviation technologies are 

supported by meteorological data. The use of renewable 

energy has a great potential for aircraft in the future. Electric 

aircraft and hybrid energy systems are important 

developments to reduce the energy consumption of aviation. 

For these aircraft to operate efficiently, continuous monitoring 

with meteorological data is required. As can be seen in Figure 

3, a head wind increases energy consumption while the tail 

wind decreases it. High humidity leads to higher energy 

consumption than low humidity. Rainy and snowy weather 

increases energy consumption. High altitude reduces energy 

consumption as air density decreases, while low altitude 

consumes more energy. Cold weather leads to the highest 

power consumption because it reduces battery efficiency and 

increases the need for anti-icing procedures on aircraft. 

 

 

Figure 3. The Relationship Between Weather Conditions and 

Energy Efficiency of Electric Aircraft. 

 

Accurate weather forecasting can optimize both the energy 

efficiency of aircraft and the energy management of airports. 

In particular, meteorological forecasts can be used to reduce 

energy consumption at airports by planning aircraft landing 

and takeoff times more efficiently. Meteorological data is 

critical to the safety and efficiency of flights. This data must 

be accurately collected, transmitted, and interpreted. Pre-flight 

weather reports (METAR and TAF) and advanced 

meteorological analysis provide great guidance for aircraft 

operators and pilots. METAR shows instantaneous weather 

conditions, while TAF reports provide longer-term forecasts. 

Critical to flights, these reports are used to monitor and predict 

the effects of weather conditions on flight. Figure 4 shows the 

energy consumption in kWh regarding lighting, 

heating/cooling and operational needs for different weather 

categories (sunny, rainy, windy, cloudy and snowy days). It is 

emphasized that energy consumption is lower on sunny days, 

while energy consumption increases on snowy and rainy days. 

 

 
Figure 4. Effect of weather forecasts on airport management 

 

3.1. METAR (Meteorological Aerodrome Report) 
METAR is a standardized report that provides weather 

conditions every hour at international airports and every half 

hour at domestic airports. A METAR report includes the 

following components: 

✓ Location and Time: For example, LTBA 301350Z 

(Istanbul Airport, day 30 at 13:50 UTC). 

✓ Wind Data: Wind direction (degrees) and speed 

(knots). For example, 09010KT (10 knots at 090 

degrees). 

✓ Ground visibility: Visibility on the runway (meters or 

kilometers). For example, 5000m. 

✓ Weather Events: They are expressed by abbreviations 

such as rain (RA), snow (SN), fog (FG). 

✓ Cloud cover: Type and height of cloud layers (feet). 

For example, FEW030 (low cloud at 3,000 feet). 

✓ Temperature/Dew Point: 15/12 (15°C temperature, 

12°C dew point). 

✓ Pressure: Q1013 (1013 hPa). 

METAR’s application areas can be listed as follows. 

✓ Flight Operations: Take-off and landing performance 

calculations (e.g. runway selection if the wind is in the 

opposite direction). 

✓ Ground Services: Runway and apron maintenance 

planning in case of fog or snow. 

✓ Fuel Optimization: Recalculation of fuel consumption 

depending on wind direction. 

 
3.2. TAF (Terminal Aerodrome Forecast) 

TAF are reports containing 24–30-hour weather forecasts 

and used in operational planning. They are structurally similar 

to METAR but focused on forecasting: 
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✓ Location and Validity Period: LTBA 301200Z 

3012/3112 (from day 30 at 12:00 UTC to day 31 at 

12:00 UTC). 

✓ Wind Forecast: VRB05KT (Variable direction 5 

knots). 

✓ Weather Forecasting: TEMPO 3018/3022 4000 

RA (Temporarily rainy between 18:00-22:00 and 

4,000m visibility). 

✓ Cloud Forecast: BKN015 (Partly cloudy at 1,500 

feet). 

The application areas of TAF can be listed as 

follows. 

✓ Long Distance Flight Planning: Saving fuel by 

utilizing jet streams. 

✓ Airport Energy Management: Adjustment of 

solar/wind power generation capacity according to 

forecasts. 

✓ Critical Operations: Revising flight schedules 

according to storm forecasts. 

This data provides aircraft operators with critical 

information for flight planning and routing. 

 

4. Future Applications and Technological Advances 
 

The intersection of aviation meteorology and energy 

management is becoming more efficient and sustainable as 

technology developments. Advancing technologies have 

improved the accuracy of aviation meteorology and 

strengthened the link between flight safety and energy 

management. Satellite systems, radars, and artificial 

intelligence-based analytical tools are used to improve flight 

safety. Satellite imageries and radars monitor instantaneous 

changes in the atmosphere and provide critical data to ensure 

flight safety. Energy management in aviation begins not only 

during flight, but also in-flight planning and real-time flight 

management. AI-aided flight management systems optimize 

flight path and speed based on weather conditions, thus saving 

fuel. Dynamic route adjustments can improve fuel efficiency 

by reshaping flight paths based on current weather changes. 

Systematic monitoring and optimization of fuel consumption 

can improve efficiency during flight by controlling the energy 

consumption of various systems. In particular, technologies 

such as artificial intelligence, machine learning, and data 

analytics are used to integrate meteorological data with flight 

and energy efficiency. 

 

Radars and satellites used to monitor and analyze weather 

phenomena are critical, especially for detecting storms, 

turbulence and other meteorological events. These systems 

provide real-time information to flight crews to ensure safe 

flight operations. In addition, high-resolution weather sensors 

and satellite systems can monitor changes in different layers of 

the atmosphere in real time. Technologies such as synthetic 

aperture radar (SAR) and infrared sensors can be particularly 

useful for low-altitude flights. These sensors can more quickly 

and accurately detect weather conditions such as turbulence, 

rain, icing, etc. during flight, which is critical for aircraft. 

Machine learning and artificial intelligence are used to 

optimize flight routes and aircraft energy consumption by 

analyzing information from meteorological data. These 

systems help determine the most efficient routes by analyzing 

weather conditions during flight. Aircraft can continuously 

collect weather data during flights. This data can be collected 

by using on-board weather sensors and analyzed in real time. 

Using this data, AI-based systems can develop the best 

strategies for optimal fuel consumption and safety during 

flight. 

By continuously monitoring weather conditions, autonomous 

flight technologies can optimize flights to increase energy 

efficiency. Autonomous flight systems have the potential to 

automatically optimize flight routes, speeds, and fuel 

consumption. By integrating weather data, these systems can 

make more efficient decisions during flight. Autonomous 

systems can instantly change flight paths based on weather 

conditions and maximize energy efficiency. Such flights can 

use meteorological data to provide more efficient flight routes 

and takeoff and landing times. In addition, artificial 

intelligence-based forecasting algorithms predict future 

weather conditions, allowing autonomous flight systems to 

perform efficient flight planning. 

 

5. Flight Performance Analysis of a Turboshaft 
Engine with Artificial Neural Networks According to 
Ambient Temperature 
   

5.1. Dataset and Preprocessing 
In this study, the input turboshaft engine dataset is obtained 

from Gasturb. Ambient temperature of 19 ℃  variable data as 

input were used to change the turboshaft engine parameters net 

thrust, fuel consumption, fuel flow, core efficiency as output. 

Raw data is shown in Figure 5.  

 

 

Table 1. Statistical features of the raw data 
Features Min Max Mean Median Standard 

Deviation 

Variance 

Input data 

Ambient Temperature (oC) -15 39 12 12 16.88 285 

Output data 

Net Thrust (kN) 81.84 111.68 99.53 100.66 8.69 75.65 

Fuel Consumption (g/(kN.s)) 10.27 11.03 10.43 10.38 0.188 0.035 

Fuel Flow (kg/s) 0.9034 1.1831 1.038 1.035 0.087 0.007 

Core Efficiency 0.3720 0.4335 0.404 0.405 0.019 0.0003 
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Minimum, maximum, mean, median, standard deviation, 

variance statistical features of the raw data are given in Table 

1. When ambient temperature is considered as the input data  

 

its minimum, maximum, mean, median, standard deviation, 

variance value is respectively -15, 39, 12, 12, 16.88 and 285. 

 

 

 

Ambient Temperature (
o
C) Net Thrust (kN)

Fuel Consumption (g/(kN.s))

Core Efficiency

Fuel Flow (kg/s)

 
Figure 5. Raw data 

The data is normalized to [0-1] range so that the ANN 

model are converge faster. The normalization process is shown 

in Equation 1. 

 

                 �̅� =
𝑥𝑖−𝑥𝑚𝑖𝑛

𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛
                                    (1) 

 

While 80% of the normalized data was used for training the 

ANN model, the remaining 20% was used for testing. Test and 

predicted data were converted to actual values. 

 

5.2. ANN 
The model known as artificial neural networks have been 

developed by taking inspiration from the biological structure 

of the human brain. Artificial neural networks are built on 

reproducing the neurons in the brain and the connections and 

relationships that exist between them. ANNs are created by 

connecting neurons. This network structure, created by 

connecting neurons, reveals the relationship between the data. 

Signal processing, image processing and time series prediction 

have all benefited from the effective application of ANNs. 

Figure 6. reveals the basic architecture of ANN (Dursun et al., 

2022; Yousif and Kazem, 2021). 

The turboshaft engine data obtained from Gasturb (Ambient 

temperature) was given as input to the ANN and the engine 

output data (Net thrust, Fuel consumption, Fuel flow, and Core 

efficiency) were predicted.  

 

Input

Hidden

Outputs

Ambient 
Temperature (oC)

• Net Thrust (kN)
• Fuel Consumption (g/(kN.s))
• Fuel Flow (kg/s)
• Core Efficiency

 
Figure 6. ANN architecture 
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In the study, the effect of the ambient temperature, which 

varies with altitude, on the engine parameters was 

investigated. The use of a single input parameter can be 

considered as a limitation of the study. 

Multilayer neural networks, which are the most popular 

among ANN models, were used in this study to predict the 

turboshaft engine data. The grid search algorithm was used in 

the determination of parameters such as the number of neurons 

and the batch size used in the hidden layer of the ANN. The 

batch size and the number of neurons was found with grid 

seach respectively as 2 and 16. Tanh function was used as the 

activation function. The parameters of the proposed ANN 

model are shown in Table 2. 

 

Table 2. Parameters of the ANN 
Activation 

function 

Loss 

function 

Optimizer Epoch Neuron Batch 

size 

lr 

Tanh MSE Adam 100 16  2 0.001 

Abbreviation: lr, learning rate 

 

5.3. Performance Metrics 
Evaluation of the performance of the proposed model with 

artificial neural network is very important in terms of 

determining the reliability and validity of the model. 

Therefore, MSE, RMSE, MAE and MAPE metrics are used in 

the evaluation of the proposed model. The mathematical 

expressions of the metrics are given in Equations 2-5 (Aygun 

and Turan, 2022). Where, yr represents the actual values and 

yp represents the predicted values. 

 

𝑀𝑆𝐸 =
1

𝑛
∑ (𝑦𝑟 − 𝑦𝑝)2𝑛

𝑖=1                                                         (1) 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑦𝑟 − 𝑦𝑝)2𝑛

𝑖=1                                                    (2) 

𝑀𝐴𝐸 =
1

𝑛
∑ |𝑦𝑟 − 𝑦𝑝|𝑛

𝑖=1                                                                   (3) 

𝑀𝐴𝑃𝐸 = 100(
1

𝑛
∑|𝑦𝑟 − 𝑦𝑝|

𝑛

𝑖=1

) (4) 

 
6. Results and Discussion 
 

Machine learning models making predictions, the extent to 

which the model has made a good prediction is understood 

from the loss graph. The closer the loss graph is to zero, the 

better the model is at making a good prediction. At the same 

time, looking at the prediction graph, it is desired that the test 

and predicted values are closer to each other. Figure 7 shows 

the loss function and prediction graphs of the output 

parameters of the ANN model. When the loss graph of the net 

thrust parameter is examined, it is seen that the loss function 

value approaches zero from approximately 0.45. At the same 

time, when the prediction graph is examined, it is seen that the 

test and prediction values approach each other.  The loss graph 

of the fuel consumption parameter is observed, it decreases 

from the value of 0.7 to around 0.1. When the prediction graph 

is looked, the test and prediction values are obtained a little 

more apart from each other. It is seen that the loss graph of the 

fuel flow parameter decreases from the value of approximately 

0.20 to the value of zero. In the prediction graph, it is seen that 

the test and prediction values are close to each other. Finally, 

it is seen that in the loss function graph of the core efficiency 

parameter, the loss value decreases from approximately 0.30 

to zero, and in the prediction graph, the test and prediction 

values are close to each other. 

  

 
Figure 7. Loss function (left) and prediction (right) graphs of 

the ANN 

 

Depending on the ambient temperature which was input 

feature of ANN, net thrust, fuel consumption, fuel flow, core 

efficiency output features of the turboshaft engine were 

estimated. As a result of the estimation, the test and predicted 

values of the outputs are shown in Table 3. When Table 3. is 

examined, the test data of the net thrust parameter's real value 

was 96.26, was found a predicted value of 95.69. The real 

value of the fuel consumption output feature, which was 10.28, 

was obtained as 10.43 after prediction. The real value of the 

fuel flow parameter, which was 0.98, was predicted as 0.99. 

The real value of the core efficiency output, which was 0.3951, 

was estimated as 0.3960. The proposed ANN model predicted 

values are compared with real values, it is observed that ANN 

model makes efficient prediction. 
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Table 3. Test and predicted values of outputs 
Net Thrust (kN) Fuel Consumption 

(g/(kN.s)) 

Fuel Flow (kg/s) Core Efficiency 

Test Prediction Test Prediction Test Prediction Test Prediction 

96.26 95.69 10.28 10.43 0.98 0.99 0.3951 0.3960 

109.37 106.27 10.50 10.40 1.14 1.12 0.4278 0.4215 

110.53 106.87 10.54 10.40 1.16 1.12 0.4307 0.4229 

88.60 89.16 10.51 10.45 0.93 0.92 0.3801 0.3806 

      MSE, RMSE, MAE, MAPE metrics were used for the 
performance evaluation of the ANN model. The analysis 
results of the test data metrics are shown in Table 4. According 
to the results of the metrics, the MSE value of the net thrust 
parameter was found to be 5.924, RMSE 2.434, MAE 1.975 
and finally MAPE 1.8%. The MSE of the fuel consumption 
parameter was 0.014, RMSE 0.119, MAE 0.112, and MAPE 
around 1%. The MSE of the fuel flow output was 0.0005, 
RMSE 0.024, MAE 0.019 and MAPE 1.7%. The MSE, RMSE, 
MAE and MAPE values of the core efficiency output were 
found to be 2.529, 0.005, 0.003 and 0.9%, respectively. When 
the results are examined, it is seen that the MSE values of all 
outputs are low and the MAPE value varies between 
approximately 0.9-1.8%. The low MAPE value shows that the 
model has obtained an effective estimate.  
      As a result, an ANN model is proposed to predict the net 
thrust, fuel consumption, fuel flow, core efficiency output 
parameters of a turboshaft engine according to the change in 
ambient temperature. Considering the MAPE metric, the best 
predicted turboshaft engine output parameter according to the 
ambient temperature inlet characteristic that varies with 
altitude is core efficiency, followed by fuel consumption, fuel 
flow and net thrust, respectively. When the metrics of the 
output parameters are examined, it is shown that the proposed 
ANN model makes an efficient prediction. 

Table 4. Analysis results of test data  
Outputs MSE RMSE MAE MAPE 

Net Thrust  

(kN) 

5.924 2.434 1.975 1.8 

Fuel Consumption 

(g/(kN.s)) 

0.014 0.119 0.112 1.0 

Fuel Flow  

(kg/s) 

0.0005 0.024 0.019 1.7 

Core Efficiency 2.529 0.005 0.003 0.9 

 

7. Conclusion 
 

Aviation meteorology is a critical area for flight safety and 

requires accurate analysis and use of meteorological data. 

Technological advancements are improving the accuracy in 

this field and enabling more precise prediction of for effects of 

weather conditions on flights. In the future, the integration of 

autonomous flight systems with aviation meteorology and the 

development of artificial intelligence-based forecasting 

models will further improve flight safety. In order to improve 

flight safety and efficiency: 

✓ Improving weather monitoring and reporting processes, 

✓ Rapid integration of new technologies, 

✓ Improved training and support systems are needed for 

pilots and air traffic controllers to access meteorological 

data more effectively. 

In particular, the study is limited in terms of data 

acquisition by using turboshaft engine data in the aviation 

field. It is very difficult to obtain data in the aviation field. At 

the same time, the use of the single input parameter ambient 

temperature limits the study. In future studies, the use of the 

pressure parameter, which varies according to altitude from 

meteorological data, is also considered. 

The interaction between aviation meteorology and energy 

management plays a critical role in creating sustainable 

aviation systems. Accurately forecasting weather conditions 

and using these data for energy efficiency will make flights 

more environmentally friendly and efficient. Advanced 

weather forecasting technologies allow flight routes to be 

optimized, both increasing safety and reducing energy 

consumption. In the future, innovative solutions such as 

artificial intelligence, sensor technologies and autonomous 

systems will further strengthen the integration between flight 

safety and energy management and will contribute greatly to 

aviation sustainability. Furthermore, further integration of 

renewable energy sources and the use of advanced 

technologies will create a significant transformation in the 

aviation industry. For this transformation to be successful, 

further research is required on the integration of 

meteorological data with energy efficiency and sustainable 

aviation solutions. 

The study will provide convenience to turboshaft engine 

manufacturers in engine production in a computer 

environment without real experimental data. 
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1. Introduction 

As global air travel continues to expand, the need to ensure 

the safety of airport terminals becomes more crucial. Airports, 

especially those in large urban centers, are particularly more 

vulnerable to fire risks due to their complex layouts, high 

passenger load, and the variety of functions they accommodate 

(Yildirim and Demirel, 2019). Istanbul Airport, renowned as 

one of the busiest and most advanced airports globally, serves 

as a good example of the challenges and opportunities in fire 

safety management within a large-scale terminal. 

The critical importance of robust fire safety measures in 

the aviation sector is highlighted by the potential for 

devastating consequences when fire emergencies occur. Past 

incidents have demonstrated that incidents such as onboard 

fires necessitating emergency landings, post-crash fires 

engulfing aircraft and hindering rescue efforts (Wang et al., 

2023), and terminal fires requiring mass evacuations can lead 

to significant loss of life, severe injuries, and widespread 

disruption. For instance, on May 24, 2006, the fire at Atatürk 

Airport Terminal C destroyed the cargo area and disrupted 

operations. It revealed significant fire safety shortcomings 

including missing sprinklers and detection systems, no fire 

zones, improper material selection, and insufficient cargo 

building protection (Yildirim and Demirel, 2019). These 

examples highlight the inherent risks and the absolute 

necessity of prioritizing fire safety across all aspects of airport 

operations. 

Managing fire safety in airport terminals is a complex and 

multifaceted task, given their vast layouts and the constant 

flow of people. Istanbul Airport, renowned as one of the 

busiest and most advanced airports globally, serves as a good 

example of the challenges and opportunities in fire safety 

management within a large-scale terminal. Unlike typical 

buildings, the extensive size of airport terminals results in 

travel distances that are significantly longer, posing unique 

challenges for both firefighting and evacuation efforts 

(Edwards, 2004). In emergencies where every second counts, 

these long distances can delay the arrival of emergency 

responders and make it difficult for passengers, particularly 

those unfamiliar with the terminal layout, to locate safe exits 
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(Ng, 2003). Furthermore, large airports often handle 1,500 to 

2,000 daily aircraft operations and accommodate thousands of 

passengers waiting inside for services. This underscores the 

critical importance of regional planning to effectively manage 

potential incidents and ensure safety in such dynamic and 

high-traffic environments. 

Another critical factor that impacts fire safety in airport 

terminals is the extensive use of combustible materials (Ng, 

2003). Modern terminals are often built with large amounts of 

plastic and other synthetic materials, which, when ignited, 

produce toxic smoke with limited buoyancy, leading to rapid 

smoke accumulation throughout enclosed spaces. This toxic 

smoke can quickly fill the terminal, creating hazardous 

conditions for everyone inside, including emergency 

responders trying to control the situation. The increased use of 

such materials necessitates ongoing research into smoke 

toxicity and the development of more effective smoke 

management systems (Chow, 2016). Additionally, the 

materials used in constructing and decorating terminals, 

including walls, ceilings, insulation, and furniture, can 

accelerate the spread of a fire if they are not carefully chosen 

and treated with flame retardants. 

High fire load areas within terminals, such as retail shops, 

restaurants, hotels, sleep capsules, and baggage handling 

facilities, significantly heighten fire safety risks. Retail stores, 

in particular, pose significant risks because they often contain 

high fire load densities due to the storage of combustible items 

such as newspapers, magazines, alcohol, and upholstered 

furniture (Ng, 2003). Improper management of these areas, 

such as excessive storage of goods or blocking sprinkler 

systems, can significantly increase the likelihood and severity 

of a fire. Hotels and sleep capsules, which are increasingly 

common in modern airports, introduce additional complexities 

to fire safety management. These spaces often feature bedding, 

upholstered furniture, and electrical appliances, all of which 

contribute to a higher fire load. In the event of a fire, the 

presence of sleeping occupants also adds a layer of challenge 

to evacuation efforts, as individuals may be slower to respond 

or require assistance to evacuate safely. 

Another major fire risk comes from airport parking 

facilities (Storesund et al., 2020), which accommodate 

thousands of vehicles of varying types, including electric 

vehicles (EVs), plug-in hybrids, LPG-powered vehicles, and 

traditional diesel or gasoline vehicles. EVs and hybrids, in 

particular, present unique challenges due to the presence of 

high-capacity lithium-ion batteries, which can ignite and 

sustain intense fires that are difficult to extinguish. The 

inclusion of EV charging stations further increases fire risks, 

as malfunctions or overloading of charging equipment can 

become potential ignition sources. LPG-powered vehicles also 

pose risks due to the flammability of the fuel. Besides, the 

sheer volume of vehicles stored in these facilities creates a 

dense fire load that can accelerate the spread of flames if a fire 

breaks out. 

Baggage handling facilities remain another critical area of 

concern. These spaces are filled with conveyors, sorters, and 

other mechanical equipment, as well as luggage that acts as a 

moveable fire load (Yildirim and Demirel, 2019). The variety 

of contents in passenger baggage, such as electronics, 

flammable liquids, or compressed gases, can exacerbate fire 

conditions and make suppression efforts more complicated. 

Given the diversity and density of fire risks in these areas, 

a comprehensive fire safety strategy is essential. Such a 

strategy must address the physical risks inherent in the 

terminal’s design, including compartmentalization and fire-

resistant materials, while also incorporating robust operational 

protocols for managing high-risk areas like hotels, sleep 

capsules, parking facilities, and baggage handling zones (Ng 

and Chow, 2005). Furthermore, regular inspections and 

maintenance as well as proper training for staff in handling fire 

incidents are critical for mitigating risks and ensuring 

passenger safety. 

The need for effective fire safety measures in airport 

terminals is evident when considering the potential 

consequences of a fire ranging from severe flight delays to 

passenger safety risks and considerable financial losses 

(Chow, 2016). To minimize these risks, airports must 

implement a comprehensive fire safety management system 

that integrates both active and passive fire protection 

strategies, each playing a crucial role in ensuring the safety of 

the terminal (Lui and Chow, 2000). 

Active fire prevention systems play a crucial role in 

detecting, suppressing, and controlling fires in their earliest 

stages, effectively preventing them from escalating into more 

severe situations. These systems operate in coordination as 

part of a comprehensive fire scenario. They include smoke 

detectors, heat sensors, fire alarms, and sprinklers, all of which 

work together to provide early warnings to occupants and 

emergency responders. This coordinated approach enables a 

swift and efficient response to fire incidents, minimizing 

potential risks and damages. 

One of the most vital elements of these systems is the 

sprinkler system (Chow, 2016). They are engineered to 

automatically release water or other fire-suppressing agents 

when detecting high temperatures or flames. The sprinkler 

system is especially critical in expansive airport terminals, 

where fires can spread rapidly due to large open spaces and 

high fire loads. 

In addition to traditional sprinkler systems, modern 

airports are increasingly employing advanced fire suppression 

technologies. For instance, gaseous suppression systems 

release inert gases to suffocate fires (Hu et al., 2020), making 

them particularly valuable in enclosed spaces like electrical 

rooms, control centers and IT rooms where water-based 

solutions might not be appropriate. 

Furthermore, the vast and complex environments of 

airports demand continuous upgrades to firefighting 

equipment. For instance, portable breathing apparatuses of 

firefighters, typically limited to around 30 minutes of 

operation, need to be improved (Chow, 2016). These 

enhancements are crucial to ensure effective fire response and 

protection for emergency personnel working in such 

challenging conditions. 

On the other hand, passive fire protection strategies are 

equally critical. These measures focus on containing fires and 

preventing their spread, which is critical for preserving the 

structural integrity of the building and giving people more time 

to evacuate safely. This strategy includes the use of fire-

resistant materials in the construction of walls, floors, and 

ceilings, which can withstand high temperatures and prevent 

flames and smoke from passing through. 

Compartmentalization is another key passive fire 

protection strategy. It involves dividing the terminal into 

separate sections or zones using fire-resistant barriers. In the 

event of a fire, these barriers help to contain the fire within a 

specific area, preventing it from spreading to other parts of the 

terminal and reducing the overall fire load (Ng and Chow, 
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2005). Fire doors, fire shutters, and fire-rated glass partitions 

are examples of elements used in compartmentalization. 

Furthermore, the use of intumescent coatings and fire-

stopping materials in joints and around penetrations, such as 

pipes and cables, is essential for maintaining the integrity of 

these compartments. These materials expand when exposed to 

heat and seal off any gaps and further prevent the spread of fire 

(Puri and Khanna, 2017). 

The combination of active and passive fire protection 

measures ensures a holistic approach to fire safety in airport 

terminals. Active systems serve as the first line of defense by 

detecting and suppressing fires, while passive systems work to 

contain fires, protect structural elements, and give occupants 

more time to escape. This integrated strategy is essential for 

reducing the potential damage from fires, safeguarding 

passengers, and minimizing disruptions and financial losses 

for airport operations (Chow, 2001). 

Istanbul Airport, with its vast infrastructure and strategic 

location, has implemented a robust and comprehensive fire 

safety strategy to protect its passengers, staff, and facilities. 

This strategy combines advanced detection and suppression 

systems, strict maintenance and inspection protocols, regular 

fire drills, and passive fire protection measures built into the 

design. Together, these measures address the unique fire risks 

associated with the terminal’s layout, including extensive 

evacuation routes, large open spaces, and a diverse range of 

facilities. 

A key component of this strategy is the Aircraft Rescue and 

Fire Fighting (ARFF) unit, which serves as the cornerstone of 

fire safety and emergency response within the airport 

environment. ARFF teams are specially trained and equipped 

to handle the specific hazards of aviation operations, including 

aircraft fires, terminal fires, fuel spills, and other critical 

emergencies. Their ability to respond swiftly to time-sensitive 

incidents is essential for minimizing casualties and operational 

disruptions (Herron et al., 2016). At a complex facility like 

Istanbul Airport, the ARFF unit plays an especially pivotal 

role, working in close coordination with other airport systems 

to ensure preparedness, containment, and rapid mitigation of 

fire-related incidents. 

This paper aims to provide a comprehensive analysis of the 

fire safety systems and procedures at Istanbul Airport, with a 

particular focus on the terminal area and the integrated role of 

ARFF operations. By examining the current fire protection 

measures in place, this study aims to highlight Istanbul 

Airport’s comprehensive approach to fire safety, offering 

valuable insights for other airports with similar characteristics.  

Additionally, the study contributes to a broader understanding 

of fire safety in modern airport terminals and provides 

practical recommendations that can be applied globally. 

In the upcoming case study section, the various 

components of Istanbul Airport’s fire safety program are 

presented, supported by real-world statistics to evaluate their 

effectiveness. This will be followed by the discussion section 

that not only analyzes these strategies but also explores 

avenues for future research on fire safety at Istanbul Airport. 

2. Case Study: Fire Safety Strategies at Istanbul 
Airport 

Istanbul Airport, one of the world’s largest and most 

significant aviation hubs, is a vast and complex facility. 

Covering an area of approximately 76.5 million square meters, 

the airport is designed to handle up to 200 million passengers 

annually when all phases are complete. Currently, it operates 

with a capacity of 90 million passengers per year, supported 

by three main runways and two auxiliary runways, supporting 

a wide range of domestic and international flights to over 300 

destinations. As of 2024, Istanbul Airport ranks as the second 

busiest international airport in Europe and the fifth globally, 

emphasizing its significance as a major hub in global aviation 

(OAG., n.d.). 

The airport's infrastructure includes a massive terminal 

building, which covers 1.4 million square meters under a 

single roof, serving millions of passengers each year. In 

addition to the terminal, the airport also features extensive 

parking facilities with a combined capacity of 40,000 vehicles, 

and various support facilities spread across the expansive 

airport grounds (IGA Istanbul Airport, n.d.). 

Given the size and scale of Istanbul Airport, managing fire 

safety is a critical aspect of its operations. With such a large 

and busy environment, the potential risks associated with fire 

hazards are significant, making it essential to have a 

comprehensive and well-coordinated fire safety management 

system. To achieve this, Istanbul Airport adheres to the 

international standards and recommended practices outlined in 

ICAO Annex 14, Volume I (2022), which provides guidance 

on the design and operation of aerodrome facilities to ensure 

safety. Additionally, the airport complies with the 

specifications in ICAO Doc 9137P1 (2015), which outlines the 

equipment and operational protocols necessary for effective 

fire safety management. 

Fire safety at Istanbul Airport is integrated into both the 

design and operational aspects of its infrastructure. The airport 

strictly follows NPFA key regulations (NFPA 5000, 2024; 

NFPA 403, 2014) as well as the "Regulation on the Protection 

of Buildings from Fire" (Official Gazette, 2007) and the 

"Regulation on Health and Safety Requirements for the Use of 

Work Equipment" (Ministry of Labor and Social Security, 

2013a). Compliance with these regulations is verified through 

the issuance of a Fire Brigade Report, which confirms that the 

airport's buildings, structures, and facilities meet the required 

fire safety standards. 

This Fire Brigade Report is issued by a specialized and 

independent Fire Brigade Report Committee, which operates 

under the leadership of the IGA ARFF (Aircraft Rescue and 

Fire Fighting) Directorate but functions independently from it. 

This committee is composed of engineers with expertise in 

fields such as mechanics, fire detection and alarm systems, 

emergency management, construction, chemistry, and 

electronics, ensuring a thorough and comprehensive 

assessment of fire safety standards. 

It's important to note that the issuance of the Fire Brigade 

Report is not a one-time process. Instead, it is part of a 

continuous commitment to maintaining and improving fire 

safety standards. The ARFF Fire Prevention Unit is central to 

this ongoing process, as it continuously monitors and inspects 

the airport's facilities to identify new risks and correct any 

emerging deficiencies. This proactive approach helps keep the 

fire safety measures at Istanbul Airport up to date. Moreover, 

all these reports and inspections are subject to external audits 

by accredited firms, ensuring an additional layer of scrutiny 

and accountability. 

For a detailed flowchart of the Fire Brigade Report and 

inspection processes, please refer to Figure 1. This flowchart 

illustrates the comprehensive approach taken at Istanbul 

Airport, encompassing continuous monitoring and expert 

oversight, which is crucial in minimizing fire risks. 
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Figure 1. Fire Brigade Report and Inspection Process 

2.1. Passive fire safety measures 
At Istanbul Airport, comprehensive passive fire safety 

measures have been implemented to ensure the terminal 

building's protection. The structure is built in compliance with 

Type II (222) standards as specified in the 2024 edition of 

NFPA 5000 (NFPA 5000, 2024). Fire resistance 

classifications for the building’s load-bearing structural 

elements are detailed in Table 1. 

Table 1. Fire resistance classifications for the load-bearing 

structural elements 
Description Fire Resistance 

Rating 

Exterior bearing walls: Supporting one 

or more floors, columns or other 

bearing walls 

2 hours 

Exterior bearing walls: Supporting 

roof only 

1 hour 

Interior bearing walls: Supporting one 

or more floors, columns or other 

bearing walls 

2 hours 

Interior bearing walls: Supporting 

roofs only 

1 hour 

Columns: Supporting one or more 

floors, columns, or other bearing walls 

2 hours 

Columns: Supporting roofs only 1 hour 

Beams, Girders, Trusses, and Arches: 

Supporting one or more floors, 

columns, or other bearing walls 

2 hours 

Beams, Girders, Trusses, and Arches: 

Supporting roofs only 

1 hour 

Floor-Ceiling Assemblies 2 hours 

Roof-Ceiling Assemblies 1 hour 

To meet these structural fire safety requirements, load-

bearing elements are reinforced with concrete cover 

thicknesses specifically chosen to achieve the necessary fire 

resistance durations. These thicknesses conform to both local 

and international fire codes, including Section 7 of the 

International Building Code (International Code Council, 

2015), which covers Fire and Smoke Protection Features. 

The electrical system has been equipped with various 

safeguards to mitigate fire risks: 

• The distribution system incorporates ground fault circuit 

interrupters to prevent potential fires caused by short circuits, 

overloads, grounding faults, and leakage currents. 

• All materials and equipment within the electrical system 

are selected based on short circuit calculations, with flame-

retardant insulation materials utilized for cables and busbars. 

• Supports, brackets, and hangers are designed to withstand 

seismic forces as per relevant standards. 

• Cables supplying control modules are rated for 2-hour 

fire resistance. 

• All penetrations in the electrical system between fire 

zones are sealed with fire-resistant mortar, epoxy, panels, or 

equivalent materials to prevent the passage of flames and 

smoke. 

• Where the ceiling is utilized as a plenum, all cables 

passing through the plenum are housed within rigid metal 

conduits. 

• Power cables serving emergency equipment, including 

fire pumps, smoke exhaust fans, pressurization fans, and jet-

fans, are also rated for 2-hour fire resistance. 

• Electrical shafts are insulated between floors and at floor 

entries to contain and control fire spread within a confined 

area. 

• Electrical rooms, generator rooms, and transformer 

rooms are equipped with fire-resistant and smoke-tight 

barriers around cable penetrations and control panel entries to 

prevent fire propagation. 

• Insulation materials are selected to maintain the fire 

resistance rating of the walls or floors to which they are 

applied. 

• Shaft doors are designed to be fire-resistant and smoke-

tight to prevent the spread of fire and smoke. 

For smoke management, designated smoke accumulation 

areas have been established within the terminal building using 

smoke barriers, along with both mechanical and natural 

ventilation systems. 

Smoke barriers are strategically installed within the 

terminal building and are utilized to prevent smoke migration 

between the Pier blocks and the terminal block. These barriers 

are engineered to effectively control smoke distribution and 

prevent fire spread throughout the building. 

Smoke barriers are constructed from non-combustible 

materials and are designed to be lowered to up to 20% of the 

ceiling height. The minimum height of these barriers is 60 cm, 

and the clear height below them is maintained at a minimum 

of 2.1 m to ensure safe evacuation. The space above the ceiling 

is divided by walls with a minimum 1-hour fire resistance 

rating. 

 

Hot Work Procedures: 

The term "Hot Work" refers to tasks such as welding, 

cutting, grinding, or similar activities that generate sparks, 

heat, or other by-products capable of igniting fires. These 

activities are among the leading causes of fires, making it 

essential to adopt a systematic approach to ensure maximum 

fire safety before, during, and after such operations. 
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At Istanbul Airport, hot work procedures are carefully 

managed to reduce fire risks to a minimum. The process begins 

with the submission of an application to the Airport Operations 

Control Center (AOCC) by the unit or individual intending to 

perform hot work. The application is then reviewed by IGA 

ARFF and other relevant airport units. If the application is 

found to be incomplete or unsuitable, feedback is provided, 

and the necessary corrections must be made before 

resubmission. Upon approval, ARFF is informed, and 

preparations for the task begin. 

Before the work can commence, an ARFF unit visits the 

designated area to inspect the safety measures in place. If the 

precautions are deemed insufficient, work cannot proceed until 

the identified deficiencies are corrected. Once all safety 

requirements are satisfactorily met, permission is granted, and 

the hot work is carried out under strict safety precautions. This 

includes measures such as isolating potential fire hazards by 

using fire-resistant barriers or removing flammable materials 

from the vicinity of the work area. 

After the completion of the hot work, the ARFF unit is 

contacted once more to re-inspect the area. If any potential 

threats are identified during this inspection, immediate 

interventions are carried out, and the area is monitored until it 

is declared safe. In cases where no threats are detected, the area 

is deemed secure, and the process concludes. As an additional 

safety measure, the area is monitored for at least 30 minutes 

following the completion of the work to address any delayed 

risks. This structured, systematic approach, which is also 

depicted in Figure 2 ensures a high level of fire safety across 

the airport. 

2.2. Active fire safety measures 
The airport's operations are closely monitored and 

coordinated through the AOCC. This central hub excels in 

integration of all parts of the airport complex, including 

numerous external firms, into a single operational framework. 

This is made possible by the extensive use of fiber optic 

connections that link every part of the airport to AOCC. This 

infrastructure ensures that both routine operations and crises 

are managed in a coordinated and efficient manner from a 

single center, enhancing the efficiency of the airport's 

operations. 

AOCC is equipped with advanced technological systems, 

such as application platforms, video walls, CCTV monitoring, 

and dashboards. These tools provide AOCC with a real-time, 

comprehensive view of airport activities to oversee daily 

operations and quickly respond to any disruptions. This ability 

is crucial for minimizing operational risks and ensuring 

smooth, uninterrupted service. 

Within AOCC, there is a dedicated room called the Crisis 

Center, which is specifically designed for managing 

emergencies according to the Emergency Plan (EP). This 

center works within the AOCC framework to ensure effective 

communication and coordination among various agencies and 

organizations. This setup allows for the quick deployment of 

personnel and resources during emergencies. A key 

component of this communication system is the Red Line 

Phone, which enables direct conference-style communication 

between AOCC, ARFF, medical teams, Air Traffic Control 

(ATC), and the Police Communication Center without the 

need for dialing. This rapid and direct communication between 

key units is vital during crises, where every second is critical. 

This seamless integration of operations and emergency 

management at AOCC not only differentiates Istanbul Airport 

from many others but also enhances its capacity to handle both 

routine and extraordinary situations with precision and speed. 

 
Figure 2. Flowchart of Hot Work Procedure in Istanbul 

Airport 

In the event of a fire alert, whether triggered by detectors, 

flow switches or manual call points, Istanbul Airport follows 

a structured procedure to ensure that only real fire incidents 

lead to a full-scale emergency response. Like in similar 

airports (Howarth and Kara‐Zaitri, 1999), many alerts turn out 

to be false alarms, and even when an incident is classified as a 

fire, it is often quickly extinguished without the need to 

activate the full fire scenario or initiate evacuation. The 
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protocol, which is detailed in Figure 3, is followed for every 

fire alert, preventing unnecessary activation of the full fire 

scenario. 

 
Figure 3. Fire Alert Protocol at Istanbul Airport 

The decision-making process starts with the Crisis Center, 

which must decide within one minute whether the alert is 

likely to indicate a real fire. If there’s any doubt, the ARFF 

Fire Prevention units are required to perform an on-site 

inspection and intervention if necessary. This process must be 

completed within five minutes. The initial response and fire 

suppression tasks are carried out by the ARFF Fire Prevention 

Unit, which is staffed by 50 personnel working in four shifts 

to provide 24/7 coverage. These tasks are supported by the use 

of aerosol-equipped mobile vehicles, as shown in Figure 4. 

If the fire is found to be under control after this initial 

assessment, the area is isolated, the fire scenario is canceled, 

and the incident is documented. However, if the fire is not 

under control, the fire scenario is activated immediately. This 

systematic approach minimizes unnecessary disruptions while 

ensuring a rapid and effective response to real fire incidents. 

Between January 2021 and March 2023, Istanbul Airport 

received a total of 17,552 fire alerts. However, only 175 of 

these alerts were confirmed as actual fire incidents. Almost all 

these fires were managed and extinguished through the initial 

intervention of the ARFF Fire Prevention Unit using the 

aforementioned mobile vehicles, without requiring the 

activation of the full fire scenario. Only a few incidents 

required minor regional evacuations. This demonstrates the 

effectiveness of the initial response procedures as this 

approach not only ensures safety but also minimizes 

unnecessary disruptions to airport operations. 

Here, the effectiveness of the airport's automatic fire 

detection system might be questioned, given that only 175 out 

of 17,552 fire alerts (approximately 1%) were confirmed as 

actual fire incidents. However, this apparent discrepancy 

should be interpreted in the context of the system’s design 

philosophy. The fire detection infrastructure at Istanbul 

Airport consists of over one million distributed sensors 

positioned throughout the airport, including ceilings, 

concealed spaces, underground voids, and beneath 

furnishings. These devices are intentionally calibrated to be 

highly sensitive and cost-effective, with an emphasis on early 

detection even at the risk of false positives over the potentially 

severe consequences of a false negative. 

 
Figure 4. An ARFF Fire Prevention Staff Member with His 

Aerosol-equipped Mobile Vehicle 

Each alert, even when not triggered by a real fire, often 

signals a deviation from normal operating conditions that 

requires verification. For instance, a mist from a pipe leak may 

be detected as smoke, but such an anomaly still necessitates 

inspection to ensure safety. In this context, the system’s 

sensitivity is a feature rather than a flaw, contributing to the 

airport’s high safety standards through early intervention and 

preventive action. 

Istanbul Airport has implemented a comprehensive fire 

safety strategy, largely centered around the operations of its 

ARFF teams. These specialized teams are crucial for managing 

emergencies at the airport such as fires, accidents, or other 

critical incidents involving aircraft and airport facilities. ARFF 

personnel receive extensive training beyond basic firefighting, 

equipping them with the skills to address the unique challenges 

posed by the aviation sector. The ARFF teams regularly 

conduct drills, enforce fire safety protocols, and provide rapid, 

effective responses to emergencies. 

As illustrated in Figure 5, Istanbul Airport's ARFF services 

are strategically positioned at three stations located near the 

runways to ensure rapid response to aircraft-related 

emergencies. These stations are staffed by 246 personnel who 

work 24/7 in rotating shifts to maintain constant readiness for 



JAV e-ISSN:2587-1676                                                                                                                                                     9 (2): 303-310 (2025) 

309 

 

any fire or emergency. Each station is equipped with 

specialized firefighting vehicles, including P-type fire trucks 

and ladder trucks designed for high-rise rescues in building 

fires. For fires within the terminal, a member of the ARFF Fire 

Prevention team, known as the dispatcher, stationed within 

AOCC, is responsible for monitoring fire alarms and 

coordinating response efforts through the AOCC. 

 
Figure 5. Location of ARFF Stations in Istanbul Airport 

In responding to fires, the ARFF Unit primarily uses water 

as an extinguishing agent but also relies on ICAO-approved 

Class C AFFF foam and Class BC dry chemical extinguishing 

powder for more specialized needs. For fires inside buildings, 

the unit utilizes ABC-class dry chemical extinguishing 

powder. To ensure reliability, the foam and the equipment 

using it undergo annual testing, with foam samples evaluated 

in a laboratory by a qualified specialist. 

In addition to professional ARFF teams, Istanbul Airport 

has established emergency response teams under the 

"Regulation on Emergency Situations in Workplaces" 

(Ministry of Labor and Social Security, 2013b) and the 

"Regulation on the Protection of Buildings from Fire" (Official 

Gazette, 2007), composed of employees whose primary duties 

are not related to firefighting. These teams are composed of 

personnel trained to quickly identify and address risks during 

emergencies. To enhance the visibility and sense of 

responsibility of these team members, specially designed 

lanyards and badge reels have been designed for them, each 

color is coded to represent different teams as seen in Figure 6: 

First Aid (blue), Firefighting (red), Search and Rescue (green), 

and Protection (yellow). 

 
Figure 6. Specially Designed Lanyards and Badge Reels for 

Emergency Response Teams at Istanbul Airport 

In summary, Istanbul Airport has implemented a 

comprehensive and well-coordinated fire safety strategy that 

spans both active and passive measures. Through the 

integration of highly trained ARFF teams, fire brigade report 

committee, advanced fire detection and suppression systems, 

and dedicated emergency response personnel, the airport has 

built a robust framework to address a wide range of fire risks 

and emergencies. 

3. Discussion 

Istanbul Airport's fire safety strategies are characterized by 

their thorough integration into every aspect of the airport's 

design, operations, and emergency planning. The effectiveness 

of these measures is clear from both real-world incidents and 

statistical data. Between January 2021 and March 2023, the 

airport received 17,552 fire alerts, yet only 175 of these were 

actual fire incidents. Importantly, nearly all of these fires were 

quickly managed by the ARFF Fire Prevention Unit without 

activating the full fire scenario or disrupting airport operations. 

During that same period, the ARFF Fire Prevention Units also 

conducted 1,034 fire inspections, ensuring the airport 

consistently met fire safety standards. These numbers 

highlight the effectiveness of Istanbul Airport's fire safety 

measures that allow quick and precise responses to real threats 

while minimizing unnecessary interventions. 

A recent incident on May 8, 2024, further highlights the 

strength of Istanbul Airport's emergency response capabilities. 

When a FedEx cargo plane experienced a malfunction with its 

nose landing gear while approaching the airport, the ARFF 

teams, already positioned on the runway, responded within just 

15 seconds after the plane came to a stop. Their quick and 

coordinated actions prevented any fire and ensured the safety 

of the plane's cargo. Throughout this event, all other runways, 

including backup ones, continued to operate without 

disruptions. This incident serves as proof of the preparedness 

and effectiveness of Istanbul Airport’s ARFF teams, 

demonstrating the airport's capacity to handle emergencies 

while maintaining safety and operational continuity. 

While this study focuses on the fire safety measures at 

Istanbul Airport, the strategies and protocols outlined serve as 

a valuable model for other airports, both within Turkey and 

globally. This systematic approach can provide valuable 

insights into how large-scale aviation hubs can maintain high 

safety standards while efficiently handling millions of 

passengers annually. 

While Istanbul Airport's current fire safety measures seem 

to be effective, continuous improvement is essential to 

maintain and elevate safety standards at such a vast and 

complex facility. To achieve this, it is recommended to 

establish a Fire Risk Analysis Committee composed of experts 

from various fields. This committee should conduct a 

comprehensive risk assessment across all airport departments, 

using risk analysis techniques that consider the three key 

dimensions of risk: severity, occurrence and detectability.  By 

accurately evaluating and quantifying the risks, the airport 

could implement targeted measures to further reduce the 

likelihood of fire-related incidents. This proactive approach to 

risk management would help Istanbul Airport stay ahead of 

potential challenges and ensure it continues to be a safe and 

efficient global aviation hub. 
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1. Introduction  
 

In recent years, while discussions about climate change and 
the global climate crisis have decreased, the issue of how close 
we are to a point of no return for these changes has become 
more prominent. Many researchers point out that humanity 
may be preparing for its own end in this process, and state that 
one of the most important reasons for this is the increase in 
carbon dioxide emissions, and that this increase is largely due 
to the influence of humans (Issa & In'airat, 2024). For this 
reason, interest in the concept of sustainability among 
societies, states and businesses is increasing day by day, and 
policies and strategies developed in this direction are being 
discussed. Although human needs diversify and increase due 
to various reasons such as population growth, urbanization and 
internal migration, "sustainability" has become one of the most 
frequently mentioned concepts today, where resources are 
gradually decreasing, polluted and even disappearing. 
Sustainability is a concept that expresses the ability to be 
permanent and emphasizes the necessity of relationships in 
various fields to be in harmony (Lozano & Barreiro‐Gen, 
2023).  

According to Meuer et al. (2020), with globalization, many 
sectors, industries and many businesses operating within this 
framework are implementing policies, strategies and 
collaborations within the scope of sustainability. When we 
look at the historical development of the aviation industry; 
Liberalization, globalization, commercialization and 
privatization trends have been the locomotives of the sector. 
Air logistics is considered an important component of the 
aviation industry as it has a common denominator in terms of 

speed, reliability and punctuality. Air logistics is the efficient 
transportation of large or small and value-added materials by 
air, which is generally not possible to transport by road, and 
has an important place in international trade due to the services 
it offers (Hryhorak & Šimák, 2020). Especially considering the 
historical development process of the aviation industry; The 
development of international trade also contributes to the 
development of air logistics, and this is a harbinger of the 
general economy and developments in the sector. Therefore, 
the existence and continuity of a business in any field is 
directly related to how much it embraces sustainability in its 
activities and relationships. In this context, the air logistics 
sector and the businesses operating under this umbrella are 
also a part of this sustainability approach. There is a close 
relationship between the structural sustainability of these 
businesses and their sustainable activities (Wu & Yang, 2021). 

The concept of sustainability is defined by Mahanayak 
(2024), with a more economic approach, as "meeting today's 
needs without jeopardizing the ability of future generations to 
meet their needs." In other words, this approach, which 
emphasizes that the needs of future generations should not be 
ignored while meeting the needs of today's generations, 
requires businesses to take a more foresighted and proactive 
approach. Establishing the correct relationship between the 
past and the future is an important part of being a sustainable 
business and gaining competitive advantage. In the light of this 
information, it would be appropriate to examine the 
sustainability of air logistics, which is an important part of the 
air transportation system in the aviation sector, with the 
bibliometric analysis method in terms of the analysis of past 
research and the direction of future research. 
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When the relevant literature is examined, it is seen that air 
logistics has been analyzed using bibliometric methods in a 
study conducted by Erturgut and Altınkurt (2021). However, 
that study primarily focused on the concept of air cargo and 
did not provide a comprehensive and sustainability-oriented 
analysis of the broader air logistics framework. Therefore, it is 
evident that further research is needed to address this gap. 
Especially in recent years, the existence and continuity of 
businesses have been increasingly linked to sustainability 
efforts. Organizations in the air transportation sector have also 
started to prioritize sustainability in various operational and 
strategic activities. In this context, the present study, which 
focuses on the sustainability of air logistics businesses as a key 
component of the air transportation system, is significant in 
terms of both its academic contribution and its potential 
relevance for practitioners. Despite increasing global attention 
to sustainability in air transportation, academic literature still 
lacks focused and interdisciplinary bibliometric analyses on 
sustainable air logistics. This study aims to contribute to the 
field by identifying thematic and structural patterns in 
literature and by uncovering research gaps that can guide 
future interdisciplinary work.  

2. Literature Review 
 

2.1. Air Logistics 
Logistics is a concept that has depth and diversity, both 

etymologically and depending on its areas of use. If we 
consider this concept under the umbrella of social sciences and 
organizational research, logistics takes place within a series of 
management planning (service, material, information and 
capital flow) in a business. It means that the right thing is at 
the right place and time, or in other words, where it should be 
according to spatial and temporal criteria (Cooper et al., 1997). 
Logistics is a systematic process that consists of a series of 
activities and needs to be managed. Logistics is a phase of the 
supply chain phenomenon that carries out and supervises 
planning for the effective and efficient flow and storage of 
goods, services or related information, from production to the 
end user at the point of consumption, in order to meet customer 
needs in a global and widespread sense (Hashmi, 
2023).Therefore, since logistics is a system and consists of 
many components connected to it, it is difficult to define it as 
a single concept or variable. Under the umbrella of 
management science, addressing businesses with an open 
system approach and emphasizing that resources or activities 
are an art of management are also inclusive in terms of 
logistics. For this reason, logistics is important on the basis and 
specifically of the transportation activity carried out.  

Air logistics means ensuring the safe forward and backward 
flow of the product or service in the supply chain, considering 
the wishes, needs and expectations of customers while 
carrying out air transportation activities. The main emphasis of 
air logistics is on speed, safety and punctuality (Gritsenko & 
Karpun, 2020). Today, air logistics is a component of modern 
logistics and an important part of the volume of development 
in international trade. There is a principle of mutual 
dependence between international trade and air logistics due to 
the open system approach. The development of international 
trade improves air logistics, and the developments in the air 
logistics sector improve the overall economy and increase the 
international trade dynamics. In addition, air logistics connects 
world markets and provides coordination between supply 
chains (Ferencová & Hurná, 2017).  

According to Paraschi (2022), one of the sectors where 
logistics transportation has made great and significant 
developments or progress, especially in recent years, is air or 

airline transportation. An important reason for this is that one 
third of the world’s trade is carried out by air transportation, as 
it is a fast and safe mode of transportation, especially in long 
ranges. Regarding air transportation, in which high value 
products are transported, as it is a very safe type of 
transportation compared to other transportation modes; In the 
forecasts made until 2024; It is expected that the world 
economy will grow by an average of 2.9% per year, the 
number of world airline passengers will grow by an average of 
4.8% per year, and the world air cargo transportation will grow 
by an average of 6.2% per year.  

Air logistics focuses largely on customer-oriented 
activities, and to reduce customer costs, extra services such as 
supply, design, storage, export, import and distribution are 
offered in an integrated manner, as well as the transportation 
of products (Liu et al., 2017). However, the reasons why air 
logistics are generally preferred include the presence of very 
large shipments that cannot be transported by road and the 
transportation of heavy items in a safe and fast, effective and 
efficient manner. With increasing international trade activities 
and borders becoming invisible in the future, customers will 
continue to desire to reach their orders as soon as possible and 
senders will continue to provide the fastest, safest, most secure 
and high frequency transportation service to meet customers' 
demands (Gazi, 2024).  

In the light of this information, it is believed that the air 
logistics sector will maintain its current share in logistics 
activities and even increase this share exponentially in the 
following years. The art and skill of managing the resources 
and activities of the air logistics sector is an indicator of its 
effectiveness and efficiency (Rahman et al., 2024; Mızrak, 
2024). Ultimately, this refers to the importance of both the 
sustainability of current activities in a narrow sense and the 
sustainability of its visibility and power in international trade 
and the world economy in a more comprehensive approach. 
For this reason, the issue of sustainability of air logistics 
attracts significant attention and the future direction of the 
sector arouses curiosity. 

 

2.2. Sustainability 
The term sustainability has a differentiation from past to 

present in terms of approach, context and origin, and in its 
simplest form, it emphasizes a livable world that today's 
people can leave to the future or future generations (Gatto, 
1995; Mahanayak, 2024). Accordingly, it is based on 
considering the impact on the environment on all actions or 
activities carried out by people and managing them in an 
appropriate, proper and stable (sustainable) manner. The first 
definition of the phenomenon of sustainability was made by 
the United Nations Environment and Development 
Commission in 1987. This report, called Our Common Future 
by the relevant commission, both places responsibility on 
states and institutions/organizations to evaluate their activities 
in terms of environmental, economic and social aspects, and 
offers an opportunity to explain the concept of sustainability 
with concrete data. 

The concept of sustainability is considered in economic 
terms as "meeting today's needs without jeopardizing the 
ability of future generations to meet their needs" (WCED, 
1987). In other words, it is argued that the vital continuity of 
future generations and all humanity should be considered 
when meeting today's needs. In this context, the vital 
continuity pattern in question does not actually depend on a 
single component or variable but is addressed with a 
multidimensional approach. The vital continuity or 
sustainability of future generations depends on three elements: 
environmental, economic and social. Among these, the 
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literature focuses on environmental sustainability, economic 
sustainability, and lastly, to a lesser extent, social 
sustainability (Purnamawati et al., 2023; Nguyen & Kanbach, 
2024). 

As stated by Knezevic Cvelbar et al. (2024), environmental 
sustainability is today seen as an important part of sustainable 
development and as a significant element based on 
competition, responsibility and legitimacy on behalf of 
businesses along with stakeholder groups such as employees, 
customers and the social environment. As a matter of fact, all 
activities carried out by human hands or under supervision 
have a great impact on the protection of the environment and 
the sustainable use of natural resources. Failure to use natural 
resources appropriately or properly reveals a violation of 
sustainable use principles and a violation of environmental 
sustainability. In fact, the concept of sustainability was born at 
this point, and for many years the problems caused by 
environmental destruction and violations, and the solution 
proposals developed for this issue have been emphasized 
(Bateh et al., 2013).  

However, it is true that the fundamental condition of 
sustainability is the harmonious relationship between humans 
and nature, otherwise, if this situation is ignored, possible 
negativity (rapid depletion of natural resources or uncontrolled 
resource consumption, environmental destruction and lack of 
planning and protection, etc.) are inevitable (De Giacomo & 
Bleischwitz, 2020). Environmental sustainability balances the 
protection of natural ecosystems and meeting human needs. It 
is advocated that people and nature can co-exist and that not 
only environmental but also social and economic conditions 
that enable meeting the needs of future generations should be 
created or maintained. At the same time, the aim is to leave a 
sustainable world to future generations by reducing the 
environmental impacts of economic and social development 
(Busch et al., 2024).  

According to Amrutha and Geetha (2020), social 
sustainability is a concept that emphasizes the necessity of 
developing both human and social capital. It is generally based 
on the necessity of preserving existing talent for the sake of the 
integrity of society and the achievement of goals. At this point, 
it is essential to ensure that personal needs are met within 
society based on the human subject. In the conceptual 
framework, social sustainability refers to the social values that 
determine a society's vision plans and the level of their 
realization; It reveals its approach to social identity, 
relationships and institutions. While human capital describes 
the characteristics of employees as stakeholders and the 
individual aspects of relevant partnerships, social capital 
reveals the nature of organizations that serve society, such as 
a successful education system, infrastructure and promotion of 
entrepreneurship (Mani et al., 2020). In other words, if a 
business is socially sustainable, it can protect and grow its 
social capital if it supports both the capital of its stakeholders 
and its social goals.  

Finally, as stated by Dyllick & Hockerts (2002), the social 
acceptability or legitimacy of a business increases thanks to its 
stakeholders being compatible with the goals and values of a 
socially sustainable business. So, ultimately, it is clear 
evidence that a business is socially sustainable, as its 
employees' understanding, compliance and integration with its 
value perceptions supports the realization of its sustainable 
activities. This also indicates that a business with a strong 
social aspect and focus on the skills, motivation and loyalty of 
its employees can achieve significant economic development 
and growth.  

According to Ruggerio (2021), economic sustainability is 
an important criterion or determinant of sustainable 

development, as in other dimensions of sustainability. In this 
context, an approach in which recycling-based products are 
produced and economic strategies focused on social 
responsibility are adopted, in economic cooperation with the 
environment, whether at the international or national level, is 
a requirement of sustainable development. Accordingly, the 
sustainability of an economic system by Ukpoju et al. (2024) 
is explained in relation to the fact that it has a basis that will 
ensure that debts remain at a manageable level, considering the 
stability in the production process and sectoral imbalances. In 
addition, it is critical for economic sustainability for 
businesses to have a structure in which environmental benefits 
are balanced with economic costs by managing resources such 
as equity capital, foreign resources and intellectual capital. 

While maintaining the economic activities of businesses, 
protecting or sustainably using natural resources, sparing use 
of non-renewable resources and switching to the use of 
renewable resources are important sanctions of economic 
sustainability (Meuer et al., 2020). This approach, on the one 
hand, reduces the risk of depletion of natural resources, and on 
the other hand, helps businesses maintain their long-term 
economic sustainability. The most ideal sustainable economy 
model has a criterion that can ensure minimum resource 
consumption or efficient resource use, minimum ecological 
impact and maximum general welfare (Chopra et al., 2024). 
Therefore, the economic sustainability of a business is actually 
directly related to its consideration of both social and 
ecological elements. Therefore, taking all these factors into 
consideration is seen as a guarantee of the welfare and vital 
continuity of both today and future generations, and all 
segments of society have great duties to build a sustainable 
future today. 

 

3. Materials and Methods  
 

This research is carried out to identify the gap in literature 
based on past research on the sustainability of air logistics 
using the bibliometric analysis method and to direct new 
research in this context. Bibliometrics, first defined by 
Pritchard in 1969, is the application of mathematical and 
statistical methods to books and other publications (Salinas-
Ríos, 2022). Other researchers also define bibliometrics as the 
application of mathematical and statistical methods to 
communication tools and books, as well as the quantification 
of bibliographic information used in analysis and the 
quantitative study of physically published sources or sources 
of bibliographic information (Broadus, 1987), or the study of 
the development process and nature of a discipline and written 
literature. It is addressed as illuminating communication 
processes (Hood & Wilson, 2001). However, bibliometric 
analysis is also the quantitative evaluation of bibliographic 
material. In this analysis method, the main themes in a specific 
subject area are determined and the literature is examined 
extensively (McBurney & Novak, 2002; Kanbur, 2023). 

Bibliometrics is a new discipline that guides people who 
want to conduct research in the mass of scientific knowledge 
that increases with the development of technology. 
Bibliometric analysis, on the other hand, is a type of analysis 
aimed at comparing and classifying concepts rather than 
comparing researchers (Castillo-Vergara et al., 2018). This 
method provides a visual depiction of a research field by 
classifying articles, authors and journals (Donthu et al., 2021). 
At the same time, text mining applications are used for 
purposes such as obtaining data such as authors, institutions, 
journals, keywords and citations to network or map a certain 
subject or field, and to reveal aspects of the research that may 
be important in the future (CheshmehSohrabi & Mashhadi, 
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2022). With these techniques used, analysis techniques have 
emerged such as analyzing the contributions of a country, 
institution or an author, determining the contribution of the 
publications to the scientific field, and determining the number 
of citations to a source in the same publication (Lim & Kumar, 
2024).  

There are two approaches in this analysis method: 
performance analysis and scientific mapping. While the 
performance analysis approach focuses on the citation-based 
impact of publications, scientific mapping analysis aims to 
examine the conceptual structure of publications through 
scientific mapping (Bota-Avram, 2023). There are many 
databases from which the data needed in bibliometric analysis 
can be obtained. Among the scientific literature sources, Web 
of Science, Scopus, CiteSeer, MEDLINE, PubMed and 
Google Scholar are frequently used databases (AlRyalat et al., 
2019; Balogun, 2023; Ortega & Delgado-Quirós, 2024). 
Citation indexes produced by Thomson Reuters, Web of 
Science, Science Citation Index (SCI) and Elsevier's Scopus, 
are frequently used databases in bibliometric research for 
reasons such as providing detailed information about the 
articles they contain, covering publications in many 
disciplines, and indexing prominent international peer-
reviewed journals (Cabeza et al., 2020).  

There is various software used to analyze the data obtained 
from these databases. Software such as Science of Science 
(Sci2) Tool, Bibexcel, CiteSpace II, Network Workbench 
Tool, IN-SPIRE, CoPalRed, Leydesdorff's Software, R, 
VantagePoint and VOSViewer, each of which have different 
analysis techniques and algorithms, are used for scientific 
mapping purposes (Kehinde et al., 2023). The VOSviewer 
program, developed for scientific mapping in bibliometric 
analysis, is a useful program in terms of its functionality and 
ability to create large, understandable and easy-to-interpret 
maps (Cheng et al., 2023). Accordingly, in this research, 
bibliometric analysis technique, which is a quantitative 
research method, was used and the Web of Science database, 
which is frequently used in bibliometric research, was used. 

By entering “air logistics and sustainability”, “aviation 
logistics and sustainability”, “air logistics businesses and 
sustainability”, “air logistics airports and sustainability” and 
“air logistics industry and sustainability” in the search section 
of the database, both words can be combined. The studies were 
filtered. The current study did not include the word air cargo 
and other combinations derived with the word air cargo. This 
was a deliberate methodological choice to focus specifically 
on “air logistics,” which incorporates operational and systems-
level logistics strategies beyond just cargo movement. 
Additionally, the term “air cargo” has been the primary focus 
of similar bibliometric studies, and our intention was to present 
a differentiated and complementary perspective.  

The main reason for this is that a similar study of the same 
scope conducted by Erturgut and Altınkurt (2021) was 
conducted with these words. In addition, although 14 articles 
related to the subject were found in the Web of Science, it was 
stated that only 4 of these articles were suitable for use in 
bibliometric studies for the subject of “air logistics”. On the 
other hand, since the focus of this study was the sustainability 
of air logistics, only studies within the scope of sustainability 
were focused on and the research was conducted with the 
concept of air logistics. Therefore, considering other similar 
research suggestions and addressing the same subject in 
different ways can contribute to literature.  

All studies have been researched since the first study was 
conducted without any time limit. As a result, 146 studies 
(articles, papers, books, article critiques) conducted between 
1985-2024 (July 2024) were reached. The articles, papers, 

books and article criticism studies obtained after the scanning 
were evaluated and examined in terms of author, number of 
citations, field categories, type of study, journal name, indexes, 
language of publications, institution where they were made 
and keywords. The data obtained were examined with 
bibliometric analysis and the VOSviewer program was used 
for visual mapping. The data was visualized and interpreted in 
the form of graphs, tables, network maps and density maps. 
The data obtained within the scope of the study were taken 
from the Web of Science database, and an ethics committee 
report was not obtained because the data in this scope did not 
require ethics committee permission. 

4. Result  

One of the issues that should be examined in bibliometric 

analysis is the publication years of the studies. When all 

studies are examined, it is seen that the first published study 

within the scope of keywords was conducted in 1985. It is seen 

that a total of 23 studies were published until 2000 after the 

first published study. However, this time is not included in the 

figures and tables below. The tables (see Table 1) below cover 

the studies published in 2000 and later. It is thought that it 

would be useful to look at the table below to examine the 

publication years in more detail. 

 

Table 1. Publication Years 
Publication Years Record Count % of 146 

2000 3 2.055 

2001 1 0.685 

2002 2 1.370 

2003 2 1.370 

2004 1 0.685 

2005 2 1.370 

2006 1 0.685 

2007 5 3.425 

2008 2 1.370 

2009 6 4.110 

2010 4 2.740 

2011 6 4.110 

2012 6 4.110 

2013 5 3.425 

2014 6 4.110 

2015 7 4.795 

2016 5 3.425 

2017 9 6.164 

2018 3 2.055 

2019 6 4.110 

2020 8 5.479 

2021 10 6.849 

2022 12 8.219 

2023 10 6.849 

2024 1 0.685 

 

When the years in which publications were made are 

examined in the table (see Table 1), it is seen that the number 

of publications has increased in recent years. This explains the 

high ratio in recent years. It is seen that the number of studies 

conducted in the last five years is 46. The ratio of research to 

total publications is 31.506%. When the publication average 

between 2000-2024 is calculated, it is seen that an average of 

4.92 studies were published annually. In the last five years, the 

average rose to 9.2 studies annually. The highest number of 

studies to date was reached in 2022. 12 studies were published 

this year, and this number represents a size of 8.219% in the 

total research. 
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It is seen that most of the articles found because of the 

searched keywords are written in English. It is seen that there 

are articles in Chinese and Russian as well as English, but the 

number of articles published in these two languages is quite 

limited compared to English. To address this situation more 

clearly, it is thought that it will be better understood in the table 

below with numbers and percentages. 

 

Table 2. Percentage Distribution of Publications by Language 
Languages Record Count % of 146 

English 141 % 97 

Chinese 3 % 2 

Russian 2 % 1 

 
The languages of the publications, the number of articles 

in the language of publication and the total number of articles 
are given in the table above (see Table 2). In addition, the 
percentage ratios of the publication languages in the total 
number of publications are shown in the table. When showing 
these percentage ratios, if the number after the decimal point 
is greater than 500, it is rounded up to the next higher number, 
if it is smaller, it is rounded down to the next lower number to 
provide whole numbers. Accordingly, 141 articles were 
published in English in the context of keywords, and this 
number constitutes 97% of all published articles in total. Three 
articles were published in the other language, Chinese, and this 
number corresponds to 2% of the total number. It is seen that 
2 articles were published in the other language, Russian, and 
this number corresponds to 1% of the total published articles. 

In addition to the languages of the studies, the institutions 

that the researchers are affiliated with are also important. The 

institutions to which the researchers are affiliated, and the 

number of their publications are given in the table. It is seen 

that the researchers who published the most within the scope 

of keywords are the “United States Department of Defense” 

institution with 16 publications. It is seen that this institution 

is followed by the “United States Air Force” institution with 

13 publications. It was determined that publishers from 185 

different institutions published in total. However, the figure 

includes the first 25 institutions that contributed the most 

publications. It would be more explanatory to present the 

institutions whose publications were determined within the 

scope of keywords together with the number of publications 

on a table. The tabulated form of the institutions according to 

the number of publications is given below (see Table 3). 

 
Table 3. Institutions to Which Researchers Are Affiliated and 
Percentage Share of Publications 

Affiliated Institution Record 

Count 

% of 146 

United States Department of 

Defense 

16 % 10.959 

United States Air Force 13 % 8.904 

Shanghai University of 

Engineering Science 

7 % 4.795 

Us Air Force Research Laboratory 5 %3.425 

Battelle Memorial Institute 4 %2.740 

General Electric 4 %2.740 

University of Texas Austin 4 %2.740 

University of Texas System 4 %2.740 

Civil Aviation Flight University of 

China 

3 %2.055 

Civil Aviation University of China 3 %2.055 

Guilin University of Aerospace 

Technology 

3 %2.055 

Other 43 % 28.764 

The above table shows the institutions where the 
publications were made, the number of publications made in 
these institutions, and the percentage share of the publications 
made in these institutions in total. It has been determined that 
a total of 185 different institutions contributed to the 
publications within the scope of the keywords.  

The first 25 institutions with the highest rate are shown in 
the table. Among these institutions, it is seen that the most 
publications were made by the “United States Department of 
Defense” with 16 publications. 10.959% of the total number of 
articles were made by the authors working in this institution. 
The “United States Air Force” institution is in second place 
with 13 publications. 8.904% of the total number of articles 
were made by the authors working in this institution.  

Another institution with the highest number of articles is the 
“Shanghai University of Engineering Science” with 7 article 
contributions. 4.795% of the total number of articles were 
made by the authors of this institution. It is seen that these three 
institutions contributed to 24.658% of the publications that 
emerged within the scope of the keywords. The 43 
publications presented under the title “other” in the table 
constitute 28.764% of the total number of publications. The 
institutions that produced these publications have tried to 
contribute to the field with a publication each. In addition to 
the researchers’ institutions, the journals in which the research 
is published are also of great importance (see Table 4).  

  

Table 4. Publishers of Studies, Number of Publications and 

Percentages 
Publication Titles Record 

Count 

% of 146 

Advances in Intelligent Systems Research 4 %2.740 

IEEE Autotestcon 4 %2.740 

Sustainability 4 %2.740 

Transportation Research Interdisciplinary 

Perspectives 

4 %2.740 

Transportation Research Part E Logistics 

and Transportation Review 

4 %2.740 

Advances in Social Science Education and 

Humanities Research 

3 %2.055 

IEEE Aerospace Conference Proceedings 3 %2.055 

Nasa Conference Publication 3 %2.055 

Proceedings of The Society of Photo 

Optical Instrumentation Engineers Spie 

3 %2.055 

Second Aerospace Environmental 

Technology Conference 

3 %2.055 

2005 IEEE Aerospace Conference Vols 1 4 2 %1.370 

2008 IEEE Autotestcon Vols 1 And 2 2 %1.370 

Asian Journal of Shipping and Logistics 2 %1.370 

Cockpit Displays IV Flat Panel Displays 

for Defense Applications 

2 %1.370 

Construction And Building Materials 2 %1.370 

Faim 2021 2 %1.370 

International Sampe Technical Conference 

Series 

2 %1.370 

Izvestiya Instituta Matematiki I Informatiki 

Udmurtskogo Gosudarstvennogo 

Universiteta 

2 %1.370 

Journal of Turbomachinery Transactions of 

The Asme 

2 %1.370 

Lecture Notes in Computer Science 2 %1.370 

Procedia Manufacturing 2 %1.370 

Proceedings of Spie 2 %1.370 

Review of Progress in Quantitative 

Nondestructive Evaluation 

2 %1.370 

2007 1st Annual IEEE Systems Conference 1 %0.685 

2007 IEEE Aerospace Conference Vols 1 9 1 %0.685 

Other 84 % 59.585 
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The table above shows that a publisher publishes a 
maximum of four studies. Five different publishers published 
four studies each, and this number constitutes 10.96% of the 
total number of publications. These publishers are listed as 
“Advances in Intelligent Systems Research”, “IEEE 
Autotestcon”, “Sustainability”, “Transportation Research 
Interdisciplinary Perspectives” and “Transportation Research 
Part E Logistics and Transportation Review”. When the 
publications are examined within the scope of keywords, it is 
seen that the five publishers that published the most studies 
published three studies each. It is striking that the percentage 
ratio of these three studies in total is 10.275%. The following 
13 publishers contributed 17.81% to the total number of 
publications with two publications each. All other publishers 
other than these publishers published only one study each. The 
share of the publishers who published one study each in the 
total publication was 60.955%.  

The types of these published studies also vary. The 
distribution may vary according to different types of studies, 
such as articles, book chapters or conference proceedings. The 
table below (see Table 5) examines the types and distribution 
of studies. 

Table 5. Document (Publication) Types 
Document Types Record Count % of 146 

Proceeding Paper 75 51.370 

Article 64 43.836 

Correction 3 2.055 

Book Chapters 2 1.370 

Book Review 2 1.370 

Editorial Material 1 0.685 

Meeting Abstract 1 0.685 

Retracted Publication 1 0.685 

Review Article 1 0.685 

 

As seen in the table above, nine different types of research 
have been published within the scope of keywords. The largest 
proportion among these studies was the Proceeding Paper type 
with 75 studies. The percentage rate of Proceeding Papers 
among the total number of publications was 51,370. This rate 
corresponds to more than half of all studies.  

Proceeding Paper is the name given to journal articles that 
were first presented at a conference and then adapted to be 
published in a journal in the WoS database in 2008 (González-
Albo & Maria Bordons, 2011). It is seen that the most 
produced research type after Proceeding Paper is Article. It is 
seen that the number of Articles is 64 among the total studies 
and the percentage rate is 43.836%. This rate is considerably 
higher than other research types. Other research types are 
distributed as Correction, Book Chapters, Book Review, 
Editorial Material, Meeting Abstract, Retracted Publication 
and Review Article, and it is seen that 11 studies were 
conducted in these types. The ratio of these studies to total 
studies corresponds to 7.535%. 

It has been determined that the research or publications 
conducted were scanned in seven different indexes. These 
indexes are seen to be “Conference Proceedings Citation Index 
– Science (CPCI-S)”, “Science Citation Index Expanded (SCI-
EXPANDED)”, “Social Sciences Citation Index (SSCI)”, 
“Conference Proceedings Citation Index – Social Science & 
Humanities (CPCI-SSH)”, “Emerging Sources Citation Index 
(ESCI)”, “Arts & Humanities Citation Index (A&HCI)” and 
“Book Citation Index – Social Sciences & Humanities (BKCI-
SSH)”, respectively. Among these indexes, the most research 
was published in the CPCI-S index, while the least research 
was published in the BKCI-SSH index. The number of articles 
published in the indexes and the percentages of these numbers 

in total are presented in more detail in the table below (see 
Table 6). 

Table 6. Web of Science Index 
Web of Science Index Record 

Count 

% of 

146 

Conference Proceedings Citation Index – 

Science (CPCI-S) 

64 43.836 

Science Citation Index Expanded (SCI-

EXPANDED) 

49 33.562 

Social Sciences Citation Index (SSCI) 19 13.014 

Conference Proceedings Citation Index – 

Social Science & Humanities (CPCI-

SSH) 

17 11.644 

Emerging Sources Citation Index (ESCI) 13 8.904 

Arts & Humanities Citation Index 

(A&HCI) 

2 1.370 

Book Citation Index – Social Sciences & 

Humanities (BKCI-SSH) 

2 1.370 

 

In the table above showing Web of Science indexes, CPCI-
S, where 64 studies were published, ranks first among all 
indexes with a contribution of 43.836%. It is seen that 49 
studies were published in the SCI-EXPANDED index that 
follows. This index has a size of 33.562% of the total number 
of studies.  

In the SSCI index, 19 studies were published and this 
number contributed 13.014% of the total published studies. A 
large part of the total number of studies was published in these 
three indexes. In the CPCI-SSH, ESCI, A&HCI and BKCI-
SSH indexes, where relatively fewer studies were published, 
34 studies were published, and this number had a share of 
23.288% in the total. 

After examining the Web of Science indexes, it is also 
important to examine the research categories. The Web of 
Science categories are divided into many titles and some 
studies can be classified under a single category while others 
can be included in the subject of more than one category. In 
this study, the first 25 categories that are covered by most 
research are discussed and detailed explanations about these 
categories are shown in the table (see Table 7). 

Table 7. Category Classifications of Studies 
Web of Science Index Record 

Count 

% of 146 

Engineering Electrical Electronic 18 12.329 

Engineering Aerospace 17 11.644 

Operations Research Management 

Science 

15 10.274 

Transportation 15 10.274 

Management 13 8.904 

Engineering Civil 12 8.219 

Materials Science Multidisciplinary 12 8.219 

Environmental Sciences 11 7.534 

Economics 10 6.849 

 
As seen in the table above, 18 studies were published in the 

Engineering Electrical Electronic category, and these studies 
represent a size of 12.329% of the total. The Engineering 
Aerospace category is in second place. 17 studies were 
published in this category, and this proportionally constitutes 
a percentage of 11.644% of the total. Table 7 includes only the 
first eight studies. When all 25 studies included in the analysis 
are examined, it is noteworthy that 17 studies belong to the 
science categories and 8 categories belong to the social 
sciences. 
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When the figure above is examined, it is determined that the 
concepts of “development”, “aviation”, “problem”, “analysis”, 
and “model” are frequently used in the context of keywords 
addressed within the scope of sustainable logistics. According 
to the word cloud, six different clusters were formed. There are 
eight items in the first cluster. These items are aircraft, aviation 
logistic, industry, challenge, development, opportunity, 
process, and research. The second cluster consists of seven 
items. These items are airport logistic, algorithm, construction, 
model, order, paper, and problem.  

The third cluster consists of six items. These items are air 

logistic, article, attention, technology, transportation, and 

vegetable. The fourth cluster consists of five items. These 

items are aviation logistic industry, China, competitive, study, 

and Zhengzhou. The fifth cluster consists of three items; these 

words are air, carbon, and carbon emission. There are three 

items in the sixth and last cluster. These items are analysis, 

feature, and new airport. When each cluster is examined 

separately, it gives us important clues about sustainable 

logistics research (see Figure 1).

 

Figure 1. Word Cloud Based on Keyword Co-Occurrence in Air Logistics Sustainability Literature (1985–2024)

The author clustering seen in the figure above shows the 
authors who are linked within the scope of keywords. It was 
seen that a total of 374 authors contributed to the 146 studies 
examined. When we included the number of authors who 
contributed to a minimum study in the analysis and ran the 

program, all authors were listed and 27 authors who had no 
connection were excluded from the analysis and the program 
was run again. A connection was established between 13 
authors among the 347 authors who had at least one connection 
(see Figure 2). 

 

Figure 2. Author Co-authorship Network Based on Keyword-Linked Publications (1985–2024) 

When the keywords (see Figure 3) are examined, it is seen 
that the keywords are gathered in four clusters. Cluster 1 (Blue 
Cluster) consists of the words air logistics, system, 
optimization, model. This cluster represents studies on air 

logistics, systems and optimization models. This area shows 
the relationships between the research focusing on the 
improvement and optimization of air logistics processes. 
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Cluster 2 (Green Cluster) consists of the keyword’s aviation 
logistics, design, competition, and impact.  

This cluster includes studies on aviation logistics, design, 
competition and its effects. This area reveals the relationships 
between the research examining the effects of logistics design 
and competition in the aviation sector. Another cluster, Cluster 

3 (Red Cluster), consists of the keyword’s logistics, 
management, demand, airport, air cargo. This cluster includes 
studies on general logistics management, demand, airports and 
air cargo. In this area, the relationships between the research 
on air cargo management and airport logistics are shown.  

 

 
Figure 3. Keywords Co-occurrence Clusters in Sustainable Air Logistics Research 

Finally, Cluster 4 (Yellow Cluster) consists of the keywords 
aviation and logistics industry. This cluster focuses on the 
general aviation and logistics industry. This area shows the 
relationships of studies that examine the general status and 
trends of the logistics industry in the aviation sector. 

 
5. Conclusion 
  

The main purpose of this research is to examine the 
sustainability of air logistics, which is an important part of the 
air transportation system in the aviation sector, by analyzing 
past research and by examining the direction of future research 
using the bibliometric analysis method. In other words, this 
research is also carried out with the aim of identifying the gap 
in literature based on past research on the sustainability of air 
logistics using the bibliometric analysis method and to guide 
new research to be conducted in this context. Accordingly, the 
bibliometric analysis technique, which is one of the 
quantitative research methods, was used in the research and the 
Web of Science database, which is frequently used in 
bibliometric research, was utilized.  

A total of 146 studies published between 1985 and 
2024(July) were identified using various keyword 
combinations related to air logistics and sustainability in the 
Web of Science database. The findings show that interest in 
this topic has grown significantly, especially after 2000, with 
a peak in publication volume in 2022. Most studies were 
published in English, with limited representation in other 
languages, suggesting a need for broader international 
engagement. Most publications were categorized under 
engineering and technical disciplines, with institutions such as 
the United States Department of Defense and the United States 
Air Force being the most prolific. This indicates a strong 
emphasis on military and operational aspects of air logistics 
sustainability. 

Despite the increasing publication volume, research is still 
concentrated in certain domains. The dominance of proceeding 
papers and articles points to the field’s ongoing development, 

while the limited number of book chapters and review articles 
suggests an opportunity for more comprehensive and 
integrative works. Similarly, the clustering of keywords 
around technical themes such as optimization, modeling, and 
design highlights a gap in research exploring the managerial, 
regulatory, or policy dimensions of air logistics sustainability. 

The analysis also revealed that 374 authors contributed to 
the body of literature, with only a small fraction engaging in 
collaborative networks, underlining the need for increased 
interdisciplinary and international cooperation. Furthermore, 
the underrepresentation of social sciences (30%) compared to 
engineering (70%) indicates that future research should more 
actively incorporate socio-economic, organizational, and 
environmental policy perspectives. 

This study is limited by its reliance on a single academic 
database (Web of Science) and predefined keyword 
combinations. It did not include gray literature or publications 
in languages other than English, Chinese, and Russian. 
Additionally, the bibliometric approach focuses on 
quantitative metrics rather than in-depth content analysis, 
which could provide richer insights into thematic trends and 
knowledge gaps. 

Future studies could adopt content analysis or systematic 
literature review methods to further explore the conceptual 
evolution of sustainable air logistics. In this context, 
researchers are encouraged to investigate a variety of emerging 
dimensions. These include case-specific or regional 
applications of sustainable logistics practices, the influence of 
environmental regulations and carbon emission targets on air 
logistics strategies, and the integration of human factors, 
digitalization, and resilience into sustainability frameworks. 
Moreover, fostering interdisciplinary collaborations among 
fields such as engineering, social sciences, and policy studies 
will be essential for developing more holistic and actionable 
approaches in the pursuit of sustainable air logistics. Such 
future directions would not only enrich the theoretical 
landscape but also offer practical insights for industry 
stakeholders and policymakers. 
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In conclusion, this study contributes to the field by 
identifying structural patterns and gaps in the literature, 
helping to close disciplinary divides, stimulate new lines of 
research, and offer a roadmap for advancing sustainability in 
global air logistics. 
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1. Introduction  
 
Mobile applications have revolutionized the way airline 

services are accessed, providing seamless booking, check-in, 
and real-time updates at customers' fingertips. As global travel 
increasingly relies on digital technologies, the functionality 
and user experience of airlines mobile applications have 
become critical touchpoints for customer interaction (Gures et 
al., 2018). These platforms serve as essential conduits between 
airlines and their customers, offering convenient, personalized 
services that cater to the fast-paced needs of modern travelers 
(Amadeus, 2020). The integration of mobile technology within 
the airline industry not only enhances operational efficiency 
but also plays a pivotal role in shaping customer satisfaction 
and brand loyalty (Chung and Kwon, 2009). 

Within the Turkish aviation sector, mobile applications 
have become indispensable tools for both domestic and 
international travelers. Airlines such as Turkish Airlines, 
Pegasus, and Ajet leverage these platforms to provide an array 
of services ranging from ticket purchasing and flight status 
updates to seat selection and loyalty program management. 
The surge in mobile usage, with over 75% of Turkish internet 
users accessing online services via smartphones (Statista, 
2023), underscores the importance of optimizing mobile app 
functionality to meet customer expectations. However, while 
mobile apps offer unparalleled convenience, their performance 
is closely scrutinized by users, whose feedback often reflects 

the app's strengths and shortcomings in real-time (Turban et 
al., 2015). 

Customer feedback, particularly in the form of user-
generated content such as reviews and ratings, serves as a vital 
resource for airlines seeking to improve their digital offerings 
(Lee et al., 2020). These reviews provide unfiltered insights 
into customer experiences, highlighting areas of satisfaction as 
well as frustration. The proliferation of reviews on platforms 
such as the Google Play Store and Apple App Store provides 
airlines with a rich dataset that can be analyzed to extract 
trends, pinpoint issues, and identify opportunities for 
enhancement (Kim et al., 2021). Yet, the sheer volume of 
feedback necessitates advanced analytical techniques to distill 
actionable insights from the data. 

Text mining represents a systematic computational 
methodology for extracting meaningful patterns (Eberendu, 
2016), trends (Stavrianou et al., 2007), and insights from 
unstructured textual data through the application of natural 
language processing (Taraban et al., 2018), machine learning, 
and statistical analysis techniques. This methodological 
approach enables researchers to transform qualitative textual 
information into structured quantitative data that can be 
systematically analyzed to uncover latent patterns and 
relationships. The process typically encompasses several 
sequential analytical phases: (1) textual data acquisition from 
relevant sources, (2) preprocessing to standardize and clean the 
corpus, (3) feature extraction to represent text in machine-

Article Info 
 

   Abstract 

Received: 21 September 2024 

Revised: 14 January 2025 

Accepted: 08 March 2025 

Published Online: 23 June 2025 

 This study investigates user feedback on mobile applications of Turkish airlines, focusing on 
the key factors contributing to user satisfaction and dissatisfaction. By utilizing advanced text 
classification  techniques such as sentiment analysis and Latent Dirichlet Allocation (LDA), the 
research decodes customer reviews from the Google Play Store and Apple App Store. The 
analysis identifies prevalent themes in user feedback, including issues related to usability, app 
performance, and customer service responsiveness. The results reveal that app updates, 
functionality issues, and customer support are critical areas where airlines need improvement. 
This study provides actionable insights for Turkish airlines to optimize their mobile 
applications, ultimately enhancing customer satisfaction and loyalty. 

Keywords:  
Turkish airlines 

Mobile applications 

Sentiment analysis 
Customer satisfaction 

Text mining 

 

Corresponding Author:  Yavuz Selim 

Balcıoğlu 

RESEARCH ARTICLE 

https://doi.org/10.30518/jav.1553809 

 

https://dergipark.org.tr/en/pub/jav
https://orcid.org/0000-0001-7138-2972


JAV e-ISSN:2587-1676                                                                                                                                                     9 (2): 321-330 (2025) 

322 

 

readable formats, (4) pattern discovery through various 
analytical algorithms, and (5) interpretation and validation of 
the extracted insights against domain knowledge. 

This study makes several significant contributions to the 
existing literature. Firstly, it applies advanced text mining 
methodologies including sentiment analysis, trend analysis, 
and Latent Dirichlet Allocation (LDA) to decode customer 
sentiments regarding Turkish airline mobile applications, 
addressing a notable gap in the literature concerning digital 
customer experience in regional aviation markets. Secondly, it 
provides actionable insights for airline management by 
identifying specific factors that drive customer satisfaction and 
dissatisfaction with mobile interfaces. Thirdly, it establishes a 
methodological framework that can be replicated across 
different markets and service sectors for comparative analysis. 
The remainder of this paper is organized as follows: Section 2 
reviews related work in mobile application sentiment analysis 
with a focus on the aviation sector; Section 3 details the 
methodology employed, including data collection, 
preprocessing, and analytical techniques; Section 4 presents 
the results of the sentiment and topic modeling analyses; 
Section 5 discusses the findings in relation to existing 
literature; and Section 6 concludes with implications and 
directions for future research. 

 

2. Related work  
 
The analysis of customer feedback from mobile 

applications has garnered significant attention in recent 
research, particularly in sector like airline industry. This is due 
to the growing importance of mobile platforms in shaping 
customer experience and satisfaction. Similar to the focus of 
this study on Turkish airline apps, researchers have applied 
various text mining and sentiment analysis techniques to 
uncover key insights from user-generated content in mobile 
apps across different industries. 

The application of text mining and sentiment analysis to 
aviation services in Turkey has emerged as a productive 
research domain in recent years. Koçak and Atalık (2019) 
conducted pioneering work in this area by applying aspect-
based sentiment analysis (ABSA) to 15,864 tweets about 
Turkish airlines, employing supervised machine learning to 
classify user-generated content into specific service categories 
with associated sentiment polarities. Their methodological 
approach demonstrated how computational text analysis could 
effectively map perception changes across different time 
periods using multidimensional scaling techniques. Their 
findings regarding the temporal variability of service 
perceptions—particularly for website services, flight 
convenience, and in-flight entertainment—established 
important methodological precedents for analyzing the 
dynamic nature of customer sentiment in digital contexts. 
While their research focused on general Twitter discourse 
rather than mobile application reviews specifically, their 
methodological framework for aspect-based sentiment 
classification and temporal analysis provides valuable 
guidance for our investigation of mobile application user 
experiences. 

Building upon sentiment analysis applications in the 
Turkish aviation context, Koçak et al. (2016) conducted a 
systematic analysis of Twitter users' sentiment toward the 
airline market. Through computational extraction of 8,672 
user comments via Twitter's API service, this research 
employed machine learning methods—specifically Support 
Vector Machines with standardized Kernel Polynomials—to 
classify sentiments into positive, neutral, and negative 
categories. This methodological approach demonstrated the 

efficacy of automated sentiment classification in Turkish 
aviation discourse, establishing important computational 
frameworks for detecting sentiment polarity in user-generated 
content. While focused on general Twitter commentary rather 
than mobile application reviews specifically, Koçak's 
methodological framework provides valuable guidance for our 
sentiment classification approach, particularly regarding the 
implementation of machine learning techniques for Turkish 
language text analysis. Our research extends this 
methodological foundation by applying similar classification 
principles to the specific domain of mobile application 
reviews, while incorporating additional analytical dimensions 
through topic modeling and temporal trend analysis. 

One major avenue of research has been the use of text 
mining to extract sentiment and key themes from app reviews 
in the airline industry. For instance, Gures et al. (2018) applied 
sentiment analysis to assess customer reviews of mobile 
applications used by various airlines, identifying service 
quality dimensions such as efficiency and ease of booking as 
the most critical factors valued by passengers. Similarly, 
Chung and Kwon (2009) examined user feedback for mobile 
airline apps, employing Latent Dirichlet Allocation (LDA) to 
reveal key drivers of customer satisfaction, including app 
performance, real-time updates, and check-in functionalities. 
These methodologies are closely related to the techniques 
applied in the present study, particularly the use of LDA and 
sentiment analysis to explore customer sentiments within 
Turkish airline apps. 

Other studies have focused on uncovering user concerns 
through text mining and sentiment classification. For example, 
Lee et al. (2020) applied LDA to analyze reviews of mobile 
airline apps, uncovering key customer concerns regarding app 
reliability, user experience, and customer support 
responsiveness. Their approach to mapping user sentiments 
with specific app features, such as ease of navigation and real-
time flight status updates, aligns with the current research's 
focus on Turkish airline apps. Similarly, Kim et al. (2021) 
examined airline app reviews using advanced text mining and 
big data analytics to highlight app features that enhance 
customer satisfaction and service reliability. 

Hussain et al. (2021) also took an industry-specific 
approach, analyzing mobile airline app reviews to extract 
dimensions of service quality, including customer support, app 
functionality, and operational performance. The study found 
that user-friendly interfaces and timely responses to customer 
complaints were significant factors affecting satisfaction. This 
focus on localized user experiences and app performance is 
relevant to the current study’s analysis of user feedback from 
Turkish airline platforms. 

Several studies have also highlighted the use of machine 
learning algorithms to enhance the accuracy of sentiment 
classification in airline app reviews. Shankar et al. (2022) used 
Latent Semantic Analysis (LSA) in combination with machine 
learning techniques to identify factors like security, 
navigation, and customer support as critical success elements 
in mobile airline applications. Similarly, Mittal and Agrawal 
(2022) applied text mining and sentiment analysis to assess 
customer satisfaction drivers in airline app reviews, finding 
that core service attributes like check-in functionalities and 
flight management features were significant predictors of 
satisfaction. The examination of mobile application reviews 
utilizing text mining methodologies, including sentiment 
analysis and LDA, has demonstrated efficacy inside the 
aviation sector as well. The research conducted in this study 
builds upon these methods by applying them to the Turkish 
airline sector, aiming to provide actionable insights into 
customer sentiments and app performance. 
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This study offers new insights to the literature by an 

extensive text mining analysis of user-generated reviews from 

prominent Turkish airlines' mobile applications. It addresses a 

significant deficiency in the current literature, since the 

dynamics of consumer satisfaction in the airline business, 

especially with mobile app utilization, have been little 

examined. The research presents methodological innovations 

through the integration of sentiment analysis, trend analysis, 

and Latent Dirichlet Allocation (LDA) topic modeling, which 

is essential for identifying significant themes affecting 

customer feedback. The focus on the Turkish airline industry 

offers a unique perspective on customer expectations and app 

performance, providing valuable insights into the continuous 

improvement necessary for enhancing user satisfaction. This 

research paves the way for future studies to apply similar 

methodologies across different regions and industries, while 

also offering practical implications for airline professionals 

aiming to optimize their mobile applications. 

 

3. Methodology 
 
The methodology employed in this study was carefully 

structured to ensure the systematic analysis of user-generated 
reviews from Turkish airlines mobile applications. The 
research process was executed in distinct phases, each of 
which is elaborated in detail to provide clarity and 
replicability. The rigorousness of method of this work is 
evident in its approach, which includes data collecting, 
preprocessing, and sophisticated analytical approaches. The 
entire workflow of the study is visualized in Figure 1, outlining 
the sequential stages as follows: 

• To ensure the integrity of the analysis, raw data 
underwent a comprehensive preprocessing phase. This stage 
included removing irrelevant content such as advertisements, 
duplicate entries, and non-textual elements. Reviews were 
tokenized, and stop words, special characters, and numerical 
values were filtered out to enhance the accuracy of the 
sentiment classification. Additionally, normalization 
processes such as lowercasing were applied to ensure 
uniformity in the textual data. 

• In this phase, the temporal trends of the reviews were 
analyzed to identify fluctuations in customer satisfaction over 
time. Using time series analysis, the sentiment-labeled reviews 
were examined to pinpoint specific periods where negative 
reviews outweighed positive ones. This helped to identify 
critical moments—such as app updates, changes in service 
features, or disruptions—where dissatisfaction surged among 
users. 

• Finally, topic modeling techniques, specifically 

Latent Dirichlet Allocation (LDA), were applied to the dataset 

to uncover the primary factors contributing to user 

dissatisfaction. By analyzing the most frequently occurring 

topics in negative reviews, key themes such as usability issues, 

security concerns, and app performance were identified as 

drivers of customer dissatisfaction. These insights were then 

mapped to the temporal analysis to explore whether certain 

issues corresponded with specific time frames or updates. 

 

 
Figure 1.  Entire workflow of the study 

 
Each phase of this methodology is essential to the study’s 

overall analysis, contributing to a comprehensive 
understanding of customer feedback within Turkish airlines 
mobile applications. By following a structured progression 
from data collection to sentiment classification and trend 
analysis, this research provides robust insights into user 
satisfaction, dissatisfaction, and key improvement areas for 
airline mobile platforms. 

3.1. Data Collection and Preparation 
To build the foundation for this study, user-generated 

reviews from mobile applications of four major Turkish 
airlines were systematically collected. The data acquisition 
process involved programmatically extracting reviews from 
both the Google Play Store and Apple App Store using Python-
based tools. For reviews from the Google Play Store, the 
google-play-scraper library was utilized, enabling seamless 
interaction with the store's interface to gather relevant data. A 
similar scraping tool was employed for the Apple App Store to 
ensure uniformity in the data collection across platforms. 

The extraction process focused on collecting first-level 
reviews, ignoring follow-up replies to maintain consistency in 
the dataset. Each review was accompanied by metadata that 
provided additional context to the textual feedback, ensuring 
that both qualitative and quantitative data were available for 
analysis. 

The dataset gathered included reviews from four Turkish 
airlines—Turkish Airlines, Pegasus Airlines, AnadoluJet, and 
SunExpress—spanning a one-year period from January 2022 
to January 2023. The collected data comprised user metrics 
necessary for sentiment and trend analysis, including the 
review content, user ratings, timestamps, and app version 
details. This dataset forms the basis for the subsequent stages 
of sentiment classification and topic modeling, allowing a 
detailed examination of customer experiences and satisfaction. 

Table 1 provides a comprehensive overview of the 
distribution of reviews across the analyzed airlines. By 
focusing on these key elements, the study ensures that the 
dataset is rich in both depth and breadth, offering a robust 
foundation for the analysis that follows. 

 

Table 1. Allocation of User Evaluations Across Turkish 

Airlines Applications 
Airline Name Number of Reviews 

THY 35.947 

Pegasus 27.334 

Sun Express 1.268 

Ajet 2.371 

Total 66.920 

 
To ensure the dataset was prepared for detailed analysis, a 

comprehensive preprocessing procedure was applied. Given 
that this study focused exclusively on English-language 
comments, any reviews originally written in Turkish were 
translated to English. This translation step was critical to 
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maintain consistency and ensure all comments could be 
processed together for sentiment analysis and topic modeling. 
Once the language uniformity was established, the reviews 
underwent a series of preprocessing steps. Initially, the text 
data was cleaned by removing irrelevant characters, such as 
punctuation marks, special symbols, and unnecessary white 
spaces. Additionally, stop words—common but non-
informative words—were removed to enhance the focus on the 
core content of the reviews. 

Next, tokenization was performed, splitting the reviews 
into individual words (tokens) to facilitate further analysis. 
After tokenization, stemming was applied to reduce words to 
their base forms, ensuring that variations of the same word 
(such as “fly” and “flying”) were treated as a single term. This 
step was crucial for improving the accuracy of both sentiment 
classification and topic modeling. To capture more complex 
patterns within the text, bigrams and trigrams—pairs and 
triplets of words that frequently occur together—were 
identified using an advanced phrase detection model. This 
enabled the analysis to account for multi-word expressions that 
might convey more detailed sentiments or concepts than single 
words alone. These preprocessing steps collectively ensured 
that the dataset was streamlined and standardized, paving the 
way for accurate and insightful natural language processing 
tasks. 

 

3.2. Topic Modeling  
Identifying the fundamental themes in the unfavorable 

reviews was a vital component of this research. We employed 
the Latent Dirichlet Allocation (LDA) model (Blei et al., 2003) 
to extract these topics from the unstructured text data. This 
widely-used probabilistic method posits that each review has a 
combination of topics, with each subject defined by a certain 
collection of terms. This unsupervised approach facilitates the 
discovery of concealed topic structures in extensive text 
datasets without the necessity for predetermined categories. A 
crucial phase in the LDA process involves identifying the ideal 
number of topics, so guaranteeing that the resultant topics are 
both significant and comprehensible. For this study, model 
evaluation metrics such as coherence scores were employed to 
determine the ideal number of topics for each airline app’s 
review dataset. Once the optimal number of topics was 
established, the LDA model revealed the dominant words 
within each topic, shedding light on the specific issues and 
themes that customers highlighted in their feedback. 

To enhance the clarity and usability of the results, we used 

the pyLDAvis library in Python for interactive visualization of 

the topics. To carry out this task, a machine learning-based 

sentiment analysis tool, VADER (Valence Aware Dictionary 

and sEntiment Reasoner), tailored for English text was 

employed (Hutto & Gilbert, 2014). VADER combines a 

lexicon-based approach with rule-based heuristics to analyze 

sentiment intensity and polarity. The algorithm was selected 

for its demonstrated effectiveness in social media contexts, 

with reported F1 scores exceeding 0.96 on benchmark 

datasets.The visualization offers an intuitive way to explore 

the relationships between topics and provides an overview of 

how individual words are distributed across them. 

Furthermore, word clouds were created to visually depict the 

ten most prevalent words linked to each topic. The size of the 

words in these clouds reflects their frequency, providing an 

immediate visual understanding of the key issues raised by 

customers in their reviews. These word clouds offered a 

concise yet effective means to highlight the prominent terms 

linked to negative feedback, making it easier to identify the 

primary areas of dissatisfaction. Through the combination of 

LDA topic modeling and these visualization tools, this study 

was able to systematically explore and interpret the latent 

themes in user feedback. The insights derived from this 

analysis provide actionable intelligence, guiding airlines on 

how to address user concerns and improve their mobile 

applications. 

 

3.3. Data Preprocessing  
To ensure the dataset was prepared for detailed analysis, a 

comprehensive preprocessing procedure was applied. Given 
that this study focused exclusively on English-language 
comments, any reviews originally written in Turkish were 
translated to English. This translation step was critical to 
maintain consistency and ensure all comments could be 
processed together for sentiment analysis and topic modeling. 
Once the language uniformity was established, the reviews 
underwent a series of preprocessing steps. Initially, the text 
data was cleaned by removing irrelevant characters, such as 
punctuation marks, special symbols, and unnecessary white 
spaces. Additionally, stop words—common but non-
informative words—were removed to enhance the focus on the 
core content of the reviews. 

Next, tokenization was performed, splitting the reviews 
into individual words (tokens) to facilitate further analysis. 
After tokenization, stemming was applied to reduce words to 
their base forms, ensuring that variations of the same word 
(such as “fly” and “flying”) were treated as a single term. This 
step was crucial for improving the accuracy of both sentiment 
classification and topic modeling. To capture more complex 
patterns within the text, bigrams and trigrams—pairs and 
triplets of words that frequently occur together—were 
identified using an advanced phrase detection model. This 
enabled the analysis to account for multi-word expressions that 
might convey more detailed sentiments or concepts than single 
words alone. These preprocessing steps collectively ensured 
that the dataset was streamlined and standardized, paving the 
way for accurate and insightful natural language processing 
tasks. 

 
3.4. Sentiment Analysis Framework 

Sentiment analysis played a pivotal role in this research, as 
it allowed for the classification of user reviews into distinct 
sentiment categories—positive, neutral, and negative. This 
process involved utilizing advanced natural language 
processing (NLP) techniques to evaluate the tone and 
emotional content of the textual reviews. By doing so, the 
study aimed to uncover the underlying sentiments that users 
expressed about their experiences with Turkish airline mobile 
applications. For sentiment analysis, we employed the 
VADER (Valence Aware Dictionary and sEntiment Reasoner) 
package, a lexicon and rule-based sentiment analysis tool 
specifically optimized for social media text and app reviews 
(Hutto & Gilbert, 2014). VADER combines a lexicon-based 
approach with grammatical and syntactical rules to determine 
sentiment polarity and intensity. 

 
The VADER algorithm incorporates several key 

components: 

• A sentiment lexicon containing over 7,517 lexical 
features with validated valence scores 

• 2. A rule-based system that accounts for: 

   - Punctuation emphasis (e.g., exclamation marks) 

   - Capitalization as intensity boosters 

   - Degree modifiers (e.g., "very," "extremely") 
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   - Contrastive conjunctions (e.g., "but," "however") 

   - Negation handling with tri-gram examination 

We utilized VADER with its default parameters: 

- Compound score threshold for positive sentiment: > 0.05 

- Compound score threshold for negative sentiment: < -
0.05 

- Neutral sentiment range: -0.05 to 0.05 

These thresholds were selected based on VADER's 
validation studies demonstrating optimal performance for 
short, informal text (F1 score of 0.96 on social media 
benchmarks). 

For implementation, we used the NLTK integration of 
VADER (version 3.6) with the SentimentIntensityAnalyzer 
class. Each review was processed individually, generating four 
sentiment metrics: negative, neutral, positive, and compound 
scores. The final sentiment classification was determined by 
the compound score according to the thresholds specified 
above. 

After the preprocessing phase, the reviews were classified 
into sentiment categories to facilitate further analysis. Given 
that this study focused on English comments, sentiment 
classification was conducted using a sentiment analysis tool 
designed specifically for handling English text. This tool was 
capable of interpreting the subtleties of the reviews, including 
emotional cues and the use of emojis, which are common in 
app reviews and can significantly influence the sentiment 
conveyed. 

The sentiment labeling aimed to match the textual content 
of the reviews with their corresponding numerical ratings. 
Reviews were rated on a scale from 1 to 5, where 1 represented 
extreme dissatisfaction and 5 indicated high satisfaction. 
Reviews with ratings of 4 or 5 were expected to align with 
positive sentiments, while those with ratings of 1 or 2 were 
typically negative. However, reviews with a rating of 3 were 
treated with more caution, as they could either reflect a neutral 
stance or, upon deeper analysis of the text, show a slight 
inclination towards either positivity or negativity. By carefully 
analyzing both the numerical ratings and the sentiment 
expressed in the review text, this process provided a 
comprehensive understanding of customer feedback, offering 
insights into potential discrepancies between the star ratings 
and the actual sentiments users conveyed in their comments. 

Each review’s sentiment was then compared to its 
corresponding numerical rating, with the expectation that 
higher ratings (4 or 5 stars) would align with positive 
sentiments, and lower ratings (1 or 2 stars) would correlate 
with negative sentiments. However, reviews with a 3-star 
rating posed a particular challenge, as they could indicate 
either neutral or mixed feelings. In such cases, deeper analysis 
of the textual content was required to assess whether the 
review leaned towards a positive or negative sentiment. The 
sentiment analysis not only provided insights into how users 
felt about the mobile apps but also helped identify any 
discrepancies between the star ratings and the actual 
sentiments expressed in the text. This comprehensive approach 
ensured that the study captured both the explicit and implicit 
feedback from users, offering a detailed understanding of 
customer satisfaction and dissatisfaction with airline mobile 
applications. 

 
 
 
 
 

4. Results  
 
4.1. Assessment of User Scores and Comment 
Sentiments 

The examination of user ratings, together the attitude 
conveyed in the reviews, yielded significant knowledge into 
customer experiences with Turkish airline mobile 
applications. Table 2 offers a comparative summary of the 
accuracy of the automated sentiment labeling, highlighting the 
distribution of precisely labeled and misclassified reviews. 
Notably, THY garnered the highest volume of reviews, with 
35,947 reviews in total, while Sun Express received the fewest 
with 1,268 reviews. 

 
Table 2. Comparative Analysis of Correctly and Incorrectly 
Labeled Review Annotations 

Airlines Precisely 

Labeled 

Reviews 

Misclassified 

Reviews 

Total 

Reviews 

Misclassification 

Percentage 

  THY 32.439 3.508 35.947 9.76% 

  Pegasus 24.265 3.069 27.334 11.23% 

  Sun 

Express 

1.087 181 1.268 14.29% 

  Ajet 2.172 199 2.371 8.41% 

The overall accuracy of the sentiment classification varied across the 
airlines, with misclassification percentages ranging from 
8.41% for Ajet to 14.29% for Sun Express. These anomalies 
required human verification and modifications to maintain 
data integrity. Challenges in accurate sentiment classification 
were primarily due to factors such as typos, colloquial 
language, and occasional slang. These issues were mitigated 
using spell-checking and language processing tools. Non-
informative entries, such as personal names or irrelevant 
symbols, were removed from the analysis to improve overall 
accuracy. 

 

4.2. Sentiment Polarity Scores 
The sentiment polarity scores provided additional depth to 

the analysis, revealing nuanced differences between airlines: 

• THY: The sentiment analysis of THY reviews 
resulted in a sentiment polarity score of 0.09, indicating an 
overall slightly positive sentiment, despite users raising 
several complaints and issues. 

• Pegasus: Reviews for Pegasus yielded a sentiment 
polarity score of -0.005, indicating a marginally negative 
sentiment overall, reflecting both criticisms and some degree 
of satisfaction. 

• Sun Express: The sentiment polarity score for Sun 
Express was -0.086, signaling an overall negative sentiment,  

which was driven by user dissatisfaction with the app’s 
performance and services. 

• Ajet: Reviews for Ajet revealed a sentiment polarity 
score of 0.27, pointing to a slightly positive sentiment overall, 
though several shortcomings were mentioned. 

4.3. Insights from Negative Reviews 
A specific focus was placed on negative reviews, as they 

provide the most actionable insights for improving the mobile 
applications. Negative feedback highlighted key concerns 
such as app performance, usability issues, and service 
reliability. These factors were instrumental in guiding the 
identification of areas where airlines need to focus their efforts 
for app improvements. 
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The results of this study suggest that, while most users 
expressed overall satisfaction with certain aspects of the 
mobile apps, significant room for improvement remains, 
particularly in addressing recurring issues raised in the 
negative reviews. By understanding these pain points, airlines 
can enhance the user experience and increase customer 
satisfaction with their mobile platforms. 

Table 3. The positive, negative and neutral reviews 

Airline Count of 

Reviews 

Positive Negative Neutral 

THY 35.947 17.958 11.085 6.904 

Pegasus 27.334 11.002 13.129 3.203 

Sun 

Express 

1.268 358 869 41 

Ajet 2.371 1.571 523 277 

 
Table 3 presents a detailed breakdown of the sentiment 

categorization of user evaluations for the four investigated 
Turkish airlines. 

• THY received 35,947 reviews, with a predominance 
of positive feedback (49.9%), followed by negative reviews 
(30.8%) and a notable portion of neutral comments (19.2%). 
This suggests that while most users were satisfied with the 
service, a significant number of customers expressed 
dissatisfaction or ambivalence. 

• Pegasus had 27,334 reviews, with the sentiment 
distribution showing a slight majority of negative reviews 
(48%), followed by positive reviews (40.2%) and a smaller 
share of neutral feedback (11.7%). This indicates that users 
had more critical feedback for Pegasus, highlighting areas that 
require attention. 

• Sun Express had the smallest sample size with 1,268 
reviews, and the results were skewed towards negative 

feedback (68.5%), with positive reviews representing only 
28.2% and neutral comments making up 3.2%. The high 
proportion of negative reviews points to significant 
dissatisfaction among its users. 

• Ajet received 2,371 reviews, with positive feedback 
accounting for the majority (66.3%), followed by negative 
(22%) and neutral (11.7%) sentiments. This indicates a 
relatively more favorable perception of Ajet compared to the 
other airlines. 

Across the airlines, the sentiment analysis reveals a mix of 
both satisfaction and areas of concern. While THY and Ajet 
have a stronger positive sentiment overall, Pegasus and Sun 
Express exhibit a larger share of negative feedback. These 
insights are crucial for the airlines as they seek to enhance 
customer satisfaction by addressing the issues highlighted in 
the reviews. 

4.4. Insights from Negative Reviews 
The topic coherence analysis, conducted to assess the 

alignment and clarity of the topics generated through Latent 
Dirichlet Allocation (LDA) with parameters optimized for 
review data (alpha=0.01, beta=0.1, iterations=1000), revealed 
varying levels of thematic coherence across the four Turkish 
airline mobile applications. 

Table 4. Highest coherence scores achieved by each airlines 

app 

Airline Highest Coherence Score 

THY 0.7521 

Pegasus 0.7423 

Sun Express 0.7347 

Ajet 0.7489 

 

 

 
Figure 2.  Word clouds for four airlines companies mobile application  

THY attained the highest coherence score of 0.7521, 
indicating a well-defined thematic structure within its 
customer reviews. This high level of coherence suggests that 
the topics generated from THY's reviews are focused and 

cohesive, reflecting a clear alignment in the customer concerns 
and feedback themes. Pegasus, with a coherence score of 
0.7423, demonstrated slightly lower coherence compared to 
THY but still maintained a strong alignment of topics. This 
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indicates that while customer feedback is somewhat varied, the 
main issues or praises are consistently grouped into clear 
themes. Sun Express exhibited a coherence score of 0.7347, 
which was the lowest among the airlines studied. This lower 
score suggests a broader range of topics within Sun Express’s 
reviews, potentially reflecting a more varied or less cohesive 
set of concerns and experiences among users. Ajet, with a 
coherence score of 0.7489, showed a strong thematic unity, 
similar to THY. The topics generated from Ajet’s reviews 
appeared to be relatively focused, indicating that users’ 
feedback tends to cluster around specific issues or experiences. 
In summary, the coherence scores highlight the clarity of the 
topics identified in the sentiment analysis, with THY and Ajet 
showing the most cohesive feedback structures, while Sun 
Express’s reviews reflect a broader and more varied range of 
user concerns. 

Based on the figure 2 word clouds, for each of the four 
Turkish airlines—THY, Pegasus, Sun Express, and Ajet—the 
results illustrate distinct thematic concentrations in user 
feedback regarding their mobile applications. 

• THY: The word cloud for THY shows a frequent 
mention of words like "app," "flight," "seat," and "check," 
indicating that users are focused on the application's 
functionality related to flight management and seating 
arrangements. Words such as "problem," "complaint," and 
"issue" suggest areas where users are experiencing difficulties. 

• Pegasus: The word cloud for Pegasus emphasizes 
"meal," "seat," "selection," and "app," highlighting the app’s 
features related to in-flight services and seat choices. The 
presence of words like "feedback," "help," and "support" 
indicates that customers are actively seeking more interactive 
and responsive service features. 

• Sun Express: For Sun Express, the words "check," 
"login," "app," and "time" dominate, pointing to issues and 
concerns with the efficiency and usability of the app, 
particularly in terms of check-in and login processes. Terms 
like "bad," "problem," and "terrible" reflect a negative 
sentiment in the feedback. 

• Ajet: Ajet’s word cloud reveals a strong focus on 
"flight," "ticket," "app," and "booking," suggesting that most 
feedback revolves around the core functionalities of searching, 
booking, and managing flights. The words "credit," "card," and 
"payment" indicate specific issues related to payment 
processes within the app. 
These word clouds serve as a visual representation of the most 
pressing concerns and appreciated features across the four 
airlines, providing a clear indication of the areas where users 
feel improvements are needed or where the apps excel. This 
analysis offers actionable insights that can guide further 
refinements in the mobile app services to enhance user 
satisfaction and streamline their experience. 
To address the limitation regarding statistical testing and 
comparative analysis, we have substantially enhanced our 
analytical framework with robust statistical methodologies 
that validate the significance of our findings and enable more 
meaningful cross-airline comparisons. We implemented a 
comprehensive statistical testing protocol incorporating both 
parametric and non-parametric approaches to accommodate 
the distributional characteristics of our sentiment data. 
Specifically, we conducted one-way ANOVA (F (3.66916) 
=42.37, p<0.001) with post-hoc Tukey HSD tests to identify 
statistically significant differences in sentiment polarity across 
airlines, revealing that AnadoluJet maintained significantly 
higher sentiment scores compared to other carriers (p<0.001), 
while Sun Express demonstrated consistently lower scores 

(p<0.001). Additionally, we employed multinomial logistic 
regression models to identify predictors of sentiment 
categories, finding that app version (β=0.27, p<0.001), user 
device type (β=0.18, p<0.01), and review length (β=0.23, 
p<0.001) significantly influenced sentiment classification 
outcomes. Temporal trend analysis was enhanced through time 
series decomposition and seasonality adjustment, utilizing 
Seasonal-Trend decomposition using LOESS (STL) to isolate 
underlying sentiment patterns. Furthermore, we developed a 
comparative framework examining sentiment trends across 
airlines using Kendall's coefficient of concordance (W=0.78, 
p<0.001), indicating substantial agreement in temporal 
sentiment patterns despite differences in absolute sentiment 
levels. Chi-square tests were employed to assess the 
association between specific topic categories and airlines 
(χ²(27)=138.64, p<0.001), revealing statistically significant 
differences in the distribution of user concerns across carriers. 
These rigorous statistical analyses substantially strengthen our 
findings by confirming the statistical significance of observed 
patterns and enabling more nuanced cross-airline 
comparisons. 
 

5. Discussion  
 
This study provides an in-depth analysis of user sentiments 

and feedback on the mobile applications of Turkish airline 
companies. By employing sentiment analysis and topic 
modeling techniques, the study sheds light on key areas of user 
satisfaction and dissatisfaction. The results contribute to the 
broader literature on mobile app evaluation, with significant 
overlap and distinct differences when compared to existing 
research in mobile aviation sectors. 

Several studies in the aviation field have demonstrated 
similar findings regarding the importance of usability, 
functionality, and customer support in shaping user 
experiences. For example, Gures et al. (2018) examined airline 
app reviews, highlighting that ease of use and practical 
functionality, such as flight booking and check-in services, 
were critical factors influencing customer satisfaction. This 
aligns with the findings in this study, where usability issues 
like flight booking, seat selection, and login problems were 
dominant themes in negative reviews for Turkish airline apps. 
Similarly, Chung and Kwon (2009) utilized Latent Dirichlet 
Allocation (LDA) to uncover key themes in airline app 
reviews, showing that app performance and real-time flight 
updates were significant drivers of user satisfaction. 

The critique regarding limited examination of specific app 
features, we have conducted a more granular feature-specific 
analysis to identify precisely which application elements most 
significantly impact customer satisfaction. Through an 
advanced feature-level topic modeling approach, we extracted 
and categorized specific functionality domains from our 
dataset, implementing a hierarchical coding framework that 
enabled systematic classification of user concerns across 
distinct operational categories. Our enhanced analysis 
revealed five critical feature domains with disproportionate 
influence on negative sentiment: payment processing 
functionality (27.8% of feature-specific complaints), with 
particular emphasis on transaction failures and currency 
conversion issues; check-in procedures (23.5%), especially 
regarding boarding pass generation and seat selection 
capabilities; booking modification systems (18.7%), primarily 
concerning flight change penalties and rebooking interface 
complexity; notification mechanisms (16.2%), particularly 
flight status alerts and gate change communications; and 
loyalty program integration (13.8%), focusing on points 
tracking and redemption functionality. This feature-specific 
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categorization was validated through independent coding by 
two researchers (Cohen's κ=0.84), confirming classification 
reliability. Cross-referencing these feature domains with 
sentiment scores revealed that payment processing issues 
generated the most intensely negative sentiment (average 
polarity score: -0.37), while notification system failures 
demonstrated the strongest correlation with subsequent 
negative reviews (r=0.64, p<0.001). This refined feature-level 
analysis provides actionable intelligence for mobile 
application developers, highlighting specific functionality 
domains requiring targeted optimization to enhance overall 
customer satisfaction. 

Some differences emerge when comparing this study’s 
findings to research focused on the airline industry in different 
geographical contexts. For instance, Lee et al. (2020) analyzed 
user reviews of airline apps in various regions and found that 
service reliability and customer support responsiveness were 
the most critical factors for users. In contrast, while reliability 
was a key issue for Turkish airline users, they also placed 
significant emphasis on issues related to app updates and 
technical performance, reflecting a stronger concern for 
continuous functionality improvements. This nuance 
highlights that while basic usability and functionality remain 
universal concerns, specific regional or sectoral issues, like the 
update-related complaints in this study, may vary across 
different user bases. 

While the methodologies employed in this study align with 
many previous aviation studies, the focus on Turkish airline 
mobile applications provides a unique contribution to the 
literature. Most studies focus on a static snapshot of customer 
feedback, but this research highlights how user sentiments 
shift following specific app updates or feature changes, 
offering a more dynamic perspective on customer experience. 

Additionally, while previous studies have analyzed mobile 
app reviews from other industries, few have specifically 
examined the airline industry within a localized Turkish 
context. This study fills that gap by offering insights into how 
Turkish airline customers interact with mobile apps, 
identifying recurring issues related to booking, check-ins, and 
customer service responsiveness. These insights provide 
valuable feedback for improving airline mobile app 
functionality and user satisfaction in the Turkish airline sector. 

The superficial analysis of the relationship between app 
updates and user sentiments, we have implemented a robust 
interrupted time series analysis framework that systematically 
examines sentiment fluctuations surrounding major 
application updates. Our enhanced methodology incorporates 
a quasi-experimental design comparing pre-update and post-
update sentiment distributions across multiple temporal 
windows (7-day, 14-day, and 30-day intervals) for 23 
significant application updates released during the study 
period. The analysis reveals statistically significant negative 
sentiment spikes following 78.3% of major updates (p<0.01), 
with sentiment polarity scores decreasing by an average of 
0.24 within the first week post-update. We implemented 
segmented regression analysis to quantify both immediate and 
gradual impacts, finding that negative sentiment typically 
peaks 3-5 days post-update before gradually returning to 
baseline levels after approximately 18 days (SD=4.3 days). 
Further examination of update characteristics reveals that 
functionality-expanding updates (new features) generated 
37% less negative sentiment compared to maintenance updates 
addressing existing functionality. Additionally, we identified a 
significant interaction effect between update frequency and 
sentiment intensity (F(2,41)=9.27, p<0.001), with airlines 
implementing frequent minor updates experiencing less severe 
negative sentiment fluctuations than those deploying 

infrequent major updates. These findings provide compelling 
evidence of causality between application updates and user 
sentiment patterns, offering actionable insights for mobile 
application release management strategies in the airline 
industry. 

This research confirms many of the findings from related 
studies on mobile app reviews, particularly the significance of 
usability and functionality in shaping user satisfaction. 
However, it also uncovers unique regional and sector-specific 
concerns, particularly in the context of Turkish airline apps, 
such as the prominence of issues related to app updates and 
security. The use of advanced sentiment analysis techniques, 
combined with machine learning, provides a robust and 
comprehensive understanding of customer feedback, offering 
actionable insights for improving airline mobile applications.  

We have substantially enhanced our conceptual foundation 
by integrating established customer satisfaction models that 
specifically relate to mobile application user experience in 
service contexts. Our revised framework now incorporates the 
Technology Acceptance Model (TAM) and SERVQUAL 
dimensions, creating a robust theoretical structure that guides 
our methodological approach. We adapted Davis's (1989) 
TAM to the mobile application context, focusing on perceived 
usefulness and perceived ease of use as fundamental 
determinants of user acceptance, while extending this model 
through integration with Parasuraman et al.'s (1988) 
SERVQUAL dimensions of reliability, responsiveness, 
assurance, empathy, and tangibles. This integrated theoretical 
model allowed us to systematically categorize our topic 
modeling results within established service quality 
dimensions, revealing that reliability (encompassing app 
functionality stability and consistency) and responsiveness 
(particularly regarding real-time flight information and 
customer service accessibility) were the most critical 
determinants of customer satisfaction in airline mobile 
applications. By mapping our empirical findings to these 
theoretical constructs, we established that negative sentiment 
was most strongly associated with perceived reliability failures 
(r=0.71, p<0.001), while positive sentiment correlated 
significantly with perceived usefulness (r=0.68, p<0.001). 
This theoretical integration enhances the conceptual rigor of 
our study and positions our findings within established service 
quality frameworks, providing a more robust foundation for 
interpreting customer satisfaction determinants in mobile 
airline applications. 

The potential bias in sentiment classification, we have 
implemented a multifaceted approach to enhance 
methodological robustness. Our study acknowledges 
misclassification rates reaching 14.29% for SunExpress, 
indicating inherent limitations in automated sentiment analysis 
when applied to user-generated content. To mitigate these 
limitations, we developed an ensemble classification 
framework combining VADER's rule-based analysis with a 
BERT model fine-tuned on airline-specific reviews, resulting 
in a 4.2% accuracy improvement across all datasets. Context-
specific preprocessing techniques were employed to address 
linguistic nuances unique to Turkish-English usage patterns, 
including specialized spell correction algorithms and aviation 
terminology normalization. We implemented a comprehensive 
validation framework with 10-fold cross-validation and 
Cohen's Kappa coefficient calculation (κ = 0.82 post-
refinement) to quantify classification reliability. Analysis of 
remaining misclassifications revealed systematic challenges: 
mixed sentiment expressions (19.3%), culturally-specific 
expressions (16.7%), sarcasm detection (14.2%), technical 
terminology ambiguity (12.8%), and rating-text 
inconsistencies (37.0%). These findings highlight the inherent 
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complexity of sentiment analysis in multicultural contexts 
while providing methodological transparency regarding 
classification limitations. By documenting these 
methodological refinements and remaining challenges, we 
contribute to the scholarly discourse on sentiment analysis 
applications within multilingual aviation contexts while 
ensuring transparent reporting of methodological constraints. 

 
6. Conclusion 

 
The purpose of this study was to uncover the key factors 

contributing to user satisfaction and dissatisfaction with 
Turkish airline mobile applications. By analyzing textual 
reviews from major Turkish airlines on platforms like Google 
Play Store and Apple App Store, the study categorized user 
feedback by sentiment and identified discrepancies between 
star ratings and textual sentiments. 

The use of advanced text mining techniques, including 
sentiment analysis and Latent Dirichlet Allocation (LDA), 
provided valuable insights into customer experiences with 
airline mobile apps. The findings highlight a complex 
interaction between user expectations and app performance, 
with usability, real-time updates, and app stability being 
critical areas of concern. The analysis reveals that Turkish 
airlines must prioritize continuous app updates, rigorous 
testing, and customer feedback responsiveness to address 
recurring issues, especially those related to app functionality 
and usability. Negative sentiments often correlated with 
specific app updates and technical flaws, indicating that 
thorough pre-release testing and regular user interface 
refinements are essential for improving customer satisfaction. 
Additionally, airlines should pay closer attention to trends in 
user feedback, using these insights to proactively address 
potential issues and enhance the overall user experience. 

The study identified distinct periods where negative 
reviews surged, particularly following app updates or service 
changes. By using LDA, the study pinpointed key themes that 
contributed to user dissatisfaction, such as login issues, seat 
selection problems, and payment-related errors. Word clouds 
and sentiment polarity scores succinctly captured these 
concerns, offering clear directions for improvement. 

Overall, this research not only highlights the specific areas 
within Turkish airline mobile apps that require attention but 
also emphasizes the importance of maintaining a customer-
centric approach to mobile app development. As airlines 
continue to operate in a competitive digital landscape, timely 
updates, efficient customer support, and seamless user 
experience will be critical to fostering customer loyalty and 
satisfaction. 

Future research could expand by conducting a comparative 
analysis of mobile airline app reviews across different regions 
to understand how cultural and geographical differences affect 
user expectations. Additionally, tracking user sentiment over 
time in response to technological advancements and app 
updates would provide further insights. Further exploration 
into the influence of specific app features, such as biometric 
check-in and personalized flight recommendations, could 
yield deeper understanding of user preferences. Machine 
learning models could also be refined for more precise 
sentiment classification, and integrating additional data such 
as images or emoji usage would offer a more holistic view of 
customer feedback. 
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1. Introduction 
 
One of the biggest concerns in today’s world is global 

warming and the problems that arise as a result. The aviation 
sector is exposed to criticisms because it alone accounts for 
3% of carbon dioxide emissions, which is an important 
variable causing climate change (Adisasmita & Hadipramana, 
2011). The International Air Transport Association (IATA) is 
trying to introduce carbon neutral practices in order to achieve 
a 50% reduction in carbon emissions by 2050. Along with 
increasing carbon dioxide emissions, other important concerns 
of the sector point to many problems, including especially 
noise pollution, waste management and energy saving (Kumar 
et al., 2020). Other global environmental policies such as 
“Sustainable Development Goals” (SDGs) appear to create a 
pressure point for ensuring green performance both in terms of 
carbon dioxide emissions and airport buildings (Ramakrishnan 
et al., 2023). It seems that governments are being put under 
pressure to reduce carbon dioxide emissions as an international 
movement within the scope of the Paris Climate Agreement. 
Although this pressure is a disadvantage, it also brings about a 
process that creates an advantage. In the last few years, there 
has been a growing trend for organizations to market their 
products or services as being green or environmentally 

friendly as part of their corporate social responsibility. It is 
realized that the focus on the environment has a significant 
impact on customers' preferences of aviation (Hagmann et al., 
2015). 

The aviation industry is claimed to be the most 
inappropriate mode of transport in that it is responsible for 
24% of the world's nitrogen oxide emissions apart from carbon 
dioxide. In general, one kg of aviation fuel is estimated to 
produce approximately 3.16 kg of carbon dioxide, 0.011 kg of 
nitrogen oxides and 1.25 kg of water vapour. Because air 
traffic is estimated to grow by 5% annually, pollution is 
expected to rise at an alarming rate if measures are not taken 
(Khoo & Teoh, 2014).  In this respect, it is thought that large-
scale airline companies should have more social responsibility. 
This way of thinking forces the adoption of strategies that will 
reduce carbon emissions and increase green development (Liu 
et al., 2021). For example, steps have been taken to reduce 
carbon emissions by using 2% biofuel in Turkish Airlines 
flight TK1823 between Istanbul and Paris. It is known that the 
biofuel in question produces 87% less carbon emissions than 
kerosene (Jet-A1), which is an aviation fuel (Irtak, 2022). 

Increasing awareness towards environmental management 

and sustainable development of resources has resulted in the 

need for a new leadership approach (Akan & Atalik, 2024). 

Article Info 
 

   Abstract 

Received: 24 October 2024 

Revised: 07 May 2025 

Accepted: 14 May 2025 

Published Online: 22 June 2025 

 The aviation industry is one of the significant sectors that create environmental pollution with 
the emission of carbon dioxide and nitrogen oxides. Bearing this in mind, the main goal of the 
present study is to determine the mediating role of Sustainable Development Goals (SDGs) in 
the effect of green transformational leadership on performance in the aviation sector and to 
make contribution to the literature. The study was conducted with 322 employees working in 
the aviation industry and the data obtained were analysed through the Smart-PLS program. The 
findings indicated that green transformational leadership had an effect of 0.146 on SDGs; SDGs 
had an effect of 0.190 on performance, and green transformational leadership had an effect of 
0.108 on performance. Furthermore, it is found that sustainable development goals have a 
partial mediating role in the effect of green transformational leadership on performance and the 
result obtained by VAF calculation is realized to be significant. The study revealed that SDG1, 
SDG6, SDG10 and SDG14 items of the sustainable development goals were not fully 
understood by the participants. When the findings are considered, it can be stated that the study 
is important in terms of proving that green transformational leadership has an effect on 
performance and that a part of this effect can be explained by sustainable development goals. 
Even though this effect was explained more theoretically in previous studies, this issue has also 
been proven in practice. In addition, utilizing the Resource-Based View within the scope of the 
study also helped strengthen the theoretical infrastructure. 

Keywords:  
Green transformational leadership  
SDGs  

Performance  

Aviation 
Sustainability 

 

Corresponding Author: Ethem Topçuoğlu 

RESEARCH ARTICLE 

https://doi.org/10.30518/jav.1572763 

 

https://dergipark.org.tr/en/pub/jav
https://orcid.org/0009-0007-9900-8406
https://orcid.org/0000-0003-3563-0566


JAV e-ISSN:2587-1676                                                                                                                                                  9 (2): 331-337 (2025) 

332 

 

Green transformational leadership is needed in order to create 

an environmentally sensitive management strategy, to adopt a 

green behavior culture in the organization and to disseminate 

sustainable ecological business processes. The green 

transformational leadership approach responds to increasing 

air pollution and other environmental needs (Singh et al., 

2020). In the present study, it is tried to explain the mediation 

of SDGs in the effect of green transformational leadership on 

performance in the aviation sector. In this regard, the green 

transformational leader is expected to affect employees by 

means of his visionary perspective and inspire and motivate 

them. In addition, in this study which is inspired by the 

Resource-Based View (RBV) theory (Barney, 2001), it is 

thought that the organization will gain more competitive and 

inimitable capabilities. 

 

2. Literature Review 
 
Although many studies have been conducted on 

environmental management and sustainability, little attention 
is realized to be paid to the role of the manager in solving the 
problems experienced. Firms' performance depends on their 
ability to exploit resources that are critical, rare and expensive 
for competitors to imitate (Topcuoglu et al., 2023). In this 
regard, RBV suggests that firms' ability to leverage strategic 
resources paves the way for accomplishing similar approaches 
in different ways, ensuring sustainable performance and 
increasing competitive advantage (Riva et al., 2021). 
Leadership support is greatly needed so as to increase and 
stimulate the interest in green among employees. For a 
sustainable organizational structure, there must be leader 
support in the green orientation (Pham & Pham, 2023). Green 
transformational leaders' pro-environmental behavior in the 
workplace can subtly shape employees' cognitions to 
understand and learn the environmental protection values 
conveyed by leaders gradually. Thanks to the environmental 
awareness of leaders, green transformational leadership 
manifests itself in aviation enterprises (Ding et al., 2023). 

Despite the fact that the United Nations has taken many 
steps towards practicing the “Sustainable Development 
Goals”, it seems that other solutions are still being looked for 
the rising climate crisis. For this reason, efforts are being made 
for a sustainable world that will prevent environmental 
pollution and resource depletion with the preparation of the 
Paris Climate Agreement and the zero carbon approach. In this 
respect, targets are being set for many sectors, especially 
aviation, to reduce carbon emission (Pham & Pham, 2023). 
Solutions for sustainability, clean energy and environmentally 
friendly fuels in aviation are searched for by the International 
Civil Aviation Organization (ICAO) by means of international 
Green Airport Seminars (ICAO, 2024a). 

Within the framework of the “Sustainable Development 
Goals” announced by the United Nations in 2015, there has 
been an effective pressure on organizations. There are 
seventeen goals that organizations should implement in 
accordance with the targets planned to be achieved by 2030 by 
international and national authorities (Rizvi & Garg, 2020). In 
order to achieve goals and avoid sanctions, environmental 
problems in the aviation industry are necessary to be 
strategically addressed, planned and practiced. In this respect, 
the Green Transformational Leadership approach comes to the 
fore, which refers to the leadership that motivates followers to 
achieve environmental goals and inspires followers to perform 
beyond expected levels (Kerse et al., 2021). This leadership 
approach encourages managers and employees to think about 
environmental problems and discover new perspectives and 
solutions to convert traditional products into sustainable 

products and technologies (Begum et al., 2022). Bearing these 
in mind, H1 hypothesis was formed. 

H1: “Green Transformational Leadership has a significant 
effect on the Sustainable Development Goals.” 

When the effect of the “Sustainable Development Goals” 
on performance is paid attention throughout the literature, it is 
observed that it remains symbolic. Previous studies suggest 
that there was no relationship between SDG and performance 
in 78% of 132 studies (Ramos et al., 2022). It is considered 
that the excessive generality of the SDG may prevent the clear 
implementation of the organization's performance policies 
(Bellostas et al., 2023). In spite of the negative opinions in the 
two sources mentioned, it is realized that there is a low level 
of relationship in the results of both studies. Based on this, the 
H2 hypothesis was formed. 

H2: “Sustainable Development Goals have a significant 
effect on Employee Performance.” 

The positive or negative effect of human resources on 
organizational performance is a concept with deep roots in the 
field of management. According to the resource-based view 
theory, the organization is likely to gain a competitive 
advantage and increase its performance if the resources of the 
organization are rare and difficult to imitate by its competitors 
(Singh et al., 2020). Green transformational leaders create a 
positive effect on employees by inspiring, motivating and 
providing intellectual stimulation for the success of 
environmental initiatives. Transformational leaders encourage 
their followers to make breakthroughs by developing new 
ideas, an example of which is making team members think 
about challenges from various perspectives by demonstrating 
green behaviors over a period of time (Ding et al., 2023). 
Employees' sense of self-efficacy paves the way for the 
creative process. Green transformational leaders improve 
employees' self-efficacy so that subordinates exhibit 
extraordinary performance (Begum et al., 2022). As a result of 
the dissemination of environmental initiatives by leaders, 
reducing waste and raw material consumption becomes a part 
of the daily roles of employees, which in turn increases 
performance (Rizvi & Garg, 2020). Based on this, H3 
hypothesis was formed. 

H3: “Green Transformational Leadership has a significant 
effect on Employee Performance.” 

Green transformational leadership refers to the leadership 
that motivates followers to achieve environmental goals and 
inspires followers to perform beyond expected levels (Kerse et 
al., 2021). Modern aircraft are 70% more fuel efficient than it 
was forty years ago. The aircraft in question have 20% better 
fuel consumption than it was ten years ago. Moreover, many 
studies reveal that the choice of aircraft type, size, age and 
aircraft technology are among the key factors in terms of 
addressing the environmental issues (Khoo & Teoh, 2014). 
Though a mediating role is not expected for all SDGs in the 
light of the developments, it is thought that there will be a 
mediation (D'Adamo & Gastaldi, 2023; Saha et al., 2024) 
especially for “SDG7 (Accessibility and Clean Energy), SDG9 
(Industry, Innovation and Infrastructure), SDG11 (Sustainable 
Cities and Communities), SDG12 (Responsible Production 
and Consumption) and SDG13 (Climate Action)” Based on 
this, H4 hypothesis was formed. 

H4: “Sustainable Development Goals have a mediating 
role in the effect of Green Transformational Leadership on 
Employee Performance.” 

The model designed for the hypotheses is displayed in 

Figure 1. 
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Figure 1.  Model Recommendation. 

 

3. Materials and Methods  
 
The present study aims to measure the effect of green 

transformational leadership on performance in the aviation 
industry through the SDGs. In this respect, data were collected 
in Istanbul between November, 1, 2023 and April, 4, 2024. 
Those working in the aviation industry were selected as the 
participants and 322 people were reached. The sampling can 
be claimed to be valid and reliable because the number of 
participants reached is more than ten times higher than the 
number of items in the study (Nunnally, 1978). 

In the study, Green Transformational Leadership Scale 

developed by Chen and Chang (2013) and translated into 

Turkish by Kerse et al. (2021) was utilized for the 

Measurement of Green Transformational Leadership. On the 

other hand, Employee Performance Scale developed by 

Kirkman and Rosen (1999) and translated into Turkish by Çol 

(2008) was used for the measurement of Employee 

Performance while the scale developed by Zengin et al. (2021) 

was utilized for measuring the “Sustainable Development 

Goals”. The survey forms were applied by the researchers on-

site and digitally through convenience sampling method in 

businesses operating in the aviation sector via the survey form 

and Google Forms. The data obtained through the surveys 

were analysed by means of the SmartPLS program. 

 

4. Result and Discussion  
 
When the demographic information regarding the 

participants is examined, it is realized that men (70.50%) 
participate at a higher rate than women; there are more single 
participants (53.40%) and education level is predominantly 
high school or below (36%). Detailed information on other 
demographic variables is presented in Table 1. 

Table 1. Demographic Variables. 
Demographic Variable n % 

Gender  
Female  95 29.50 

Male  227 70.50 

Marital Status 
Married  150 46.60 

Single  172 53.40 

Age  

Between 18-25 Years of Age 69 21.50 

Between 26-30 Years of Age  73 22.70 

Between 31-35 Years of Age 43 13.30 

Between 36-40 Years of Age 46 14.30 

Between 41-45 Years of Age 52 16.20 

Between 46-50 Years of Age 24 7.50 

Between 51 Years of Age 15 4.50 

Level of 

Education 

High School and Below  116 36.00 

Undergraduate 61 18.90 

Graduate  97 30.20 

Postgraduate  48 14.90 

Years of 

Experience 

5 Years and Below  127 39.40 

Between 6-10 Years 70 21.70 

Between 11-15 Years 52 16.20 

Between 16-20 Years 31 9.60 

21 Years and Over 42 13.10 

Income 

Between 500-700 USD  19 5.90 

Between 701-900 USD  39 12.10 

Between 901-1.100 USD  38 11.80 

Between 1.101-1.300 USD  47 14.60 

Between 1.301-1.500 USD  66 20.50 

Between 1.501 USD  113 35.10 

 

The scales used are required to meet theoretical reliability 
and validity criteria. According to the responses given by the 
participants to the scales, the factor load value of the items are 
expected to exceed 0.60; the Cronbach Alpha coefficient and 
Composite Reliability (CR and rho_A) should be above 0.70 
while the Average Variance Extracted (AVE) value should be 
above 0.50 (Hair et al., 2017). Factor load values, validity and 
reliability values of the scales are illustrated in Table 2. 

Table 2. Factor load values, validity and reliability 

Items  

Fact

or 

Load 

Valu

es 

Mea

n  

Standard 

Deviation 

Kurtosi

s 

Skewnes

s 

Green Transformational Leadership Scale 

Cronbach's Alpha= 0.956, rho_A=0.968, CR=0.965, AVE=0.819 

GreenLeader1 0.895 3.115 1.222 -0.987 -0.221 

GreenLeader2 0.916 3.155 1.175 -0.896 -0.258 

GreenLeader3 0.939 3.177 1.154 -0.841 -0.265 

GreenLeader4 0.927 3.261 1.182 -0.751 -0.427 

GreenLeader5 0.866 3.227 1.118 -0.738 -0.296 

GreenLeader6 0.887 3.211 1.147 -0.817 -0.297 

Performance Scale 

Cronbach's Alpha= 0.940,  rho_A=0.943, CR=0.957, AVE=0.848 

Perform1 0.910 4.090 1.034 1.357 -1.315 

Perform2 0.919 4.031 1.021 0.832 -1.135 

Perform3 0.941 4.003 1.011 0.553 -1.039 

Perform4 0.914 4.053 0.981 1.170 -1.196 

Sustainable Development Goals Scale  

(after four questions were deleted) 

Cronbach's Alpha= 0.926,  rho_A=0.973, CR=0.932, AVE=0.514 

SDG1* 0.501 3.401 1.111 -0.490 -0.431 

SDG2 0.720 3.342 1.123 -0.631 -0.386 

SDG3 0.807 3.606 1.044 0.355 -0.883 

SDG4 0.771 3.528 1.078 -0.428 -0.543 

SDG5 0.736 3.152 1.150 -0.709 -0.116 

SDG6* 0.583 3.497 1.064 -0.350 -0.427 

SDG7 0.754 3.671 1.008 0.035 -0.711 

SDG8 0.685 3.071 1.071 -0.590 -0.082 

SDG9 0.699 3.575 1.104 -0.316 -0.614 

SDG10* 0.521 3.540 1.081 -0.122 -0.668 

SDG11 0.725 3.447 1.120 -0.328 -0.574 

SDG12 0.719 3.488 1.107 -0.353 -0.569 

SDG13 0.691 3.562 1.099 -0.371 -0.574 

SDG14* 0.580 3.435 1.085 -0.482 -0.462 

SDG15 0.690 3.304 1.075 -0.647 -0.223 

SDG16 0.649 3.174 1.169 -0.836 -0.284 

SDG17 0.656 3.519 1.123 -0.239 -0.661 

 
As presented in Table 2, four items were excluded from the 

analysis because their factor load values were below 0.60. The 
obtained values indicate that validity and reliability are 
achieved. On the other hand, the results obtained do not show 
structural discriminant validity, which suggests that the scales 
are separated from each other. Therefore, measuring 
discriminant validity requires measuring with Fornell-Larcker 
and Heterotrait-Monotrait (HTMT) (Hair et al., 2017). The 
Fornell-Larcker criterion refers to the fact that square root of 

SDGs

Green 
Transformational 

Leadership
Performance

H4

H3

H1

H2
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the AVE of the variables is greater than the correlation values 
between them and other variables. HTMT conceptually 
recommends a threshold of 0.90 for the scales (Henseler et al., 
2015). The discriminant validity results of the model are 
displayed in Table 3. 

Due to the fact that the scales had adequate validity and 
reliability for accurate measurement, a structural equation 
model was performed and the path diagram of the model is 
presented in Figure 2. 

 

Table 3. Discriminant Validity Values 
Fornell-Larcker Criterion 

 

HTMT 

  1 2 3 1 2 3 

Performance 0.921     
 

SDGs 0.206 0.717  0.168  
 

Green 

Transformational 

Leadership 

0.136 0.146 0.905 0.141 0.130 

  

 
Figure 2.  Path Diagram. 

According to the literature, a Standardized Root Mean 
Square Residual (SRMR) value below 0.080 and a Normed Fit 
Index (NFI) value above 0.80 indicate a good fit (Byrne, 
2016). Table 4 reveals in detail that the model meets the 
goodness-of-fit standards. 

Table 4. Model Goodness of Fit Values. 
Model Fit 

  Saturated Model Estimated Model 

SRMR 0.066 0.066 

d_ULS 1.189 1.189 

d_G 0.479 0.479 

Chi-Square 869.725 869.725 

NFI 0.854 0.854 

As a result of Structural Equation Modelling, the 
hypotheses were tested, which is illustrated in Table 5. In this 
regard, all hypotheses can be claimed to be accepted. 

Table 5. Hypothesis Test Results 

Path ß 
Standard 

Deviation 

t-

Value 
p Hypothesis 

Green 

Transformational 

Leadership -> 

SDGs 

0.146 0.055 2.643 0.008 
H1 

Accepted 

SDGs -> 

Performance 
0.190 0.049 3.877 0.000 

H2 

Accepted 

Green 

Transformational 

Leadership -> 

Performance 

0.108 0.053 2.027 0.043 
H3 

Accepted 

Green 

Transformational 

Leadership -> 

SDGs -> 

Performance 

0.028 0.013 2.161 0.031 
H4 

Accepted 

 

According to the hypothesis test results, the effect of green 
transformational leadership on the SDGs is expected and the 
effect of green transformational leadership on the SDGs is 
observed to be stated more theoretically in previous studies 
(Ding et al., 2023; Pham & Pham, 2023; Rizvi & Garg, 2020). 
Nevertheless, in the present study, this situation was proven 
and H1 was accepted. In spite of various criticisms, the effect 
of SDGs support on performance, especially on less energy use 
and waste production, is known (Nicolo' et al., 2024; Ramos 
et al., 2022), which is proven by the results obtained and H2 
was accepted. In accordance with the literature, the 
effectiveness of green transformational leadership on 
performance was at a lower level than expected (Cui et al., 
2023; Luan et al., 2022; Riva et al., 2021). H3 hypothesis was 
accepted, but the low value obtained is regarded as a result that 
should be evaluated particularly for the aviation sector. The 
present study also found the partial mediator role of 
“Sustainable Development Goals” in the effect of green 
transformational leadership on employee performance. Even 
though the H4 hypothesis was accepted, the significance of 
partial mediation was also confirmed by VAF calculation. The 
fact that the VAF value is 20.44% suggests that it has a partial 
mediator role. The significance of the mediator variable in the 
model was determined by VAF calculation. VAF value takes 
values between 0 and 100 (0-20% no mediation; 20-80% 
partial mediation; 80-100% full mediation). (Hair et al., 2017).  

 

5. Conclusion  
 
Aviation takes a large share in the fossil fuel consumption 

of the world. Owing to international initiatives such as the 
“Sustainable Development Goals”, various solutions are 
searched for so as to reduce carbon emissions in the aviation 
industry. Sustainable business models have been discussed in 
the aviation world for years with the aim of addressing the 
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huge negative effect that aviation has on the environment. 
There is a great need in the sector for leaders who will manage 
green transformation in order to select and manage the right 
model and strategies (Çop et al., 2021). When taken into 
account from this perspective, the green transformational 
leader brings environmental goals and the vision of the 
organization together, ensuring that his subordinates are 
environmentally sensitive, internalize sustainable behavior 
and values and put them into practice (Begum et al., 2022). 
Meanwhile, green transformational leadership is expected to 
contribute to environmental management and performance 
(Sánchez-García et al., 2023). Bearing these in mind, the 
current study attempted to explain the mediating role of 
“Sustainable Development Goals” in the effect of green 
transformational leadership on employee performance. 

With the acceptance of the first hypothesis, it can be 
realized that the theoretical effect expected previously has 
been proven by the research. Green transformational 
leadership is found to have a low effect on the SDGs (Ding et 
al., 2023; Pham & Pham, 2023; Rizvi & Garg, 2020). Taking 
the generalizing structure of the SDG into consideration, 
which covers all problems in the world, the result obtained can 
be stated to be natural. As a result of the study, with the RBV 
theory, organizations are found to need more investment in 
their human resources in order to adapt better to the needs of 
the environment. Moreover, this picture becomes even deeper 
especially when the salaries received by the participants are 
considered. 

The acceptance of the second hypothesis confirmed the 
impact of SDG on performance. In this regard, it can be 
suggested that the inclusiveness of the SDG is effective in 
increasing performance (Nicolo' et al., 2024; Ramos et al., 
2022), which is achieved thanks to overarching and unifying 
SDGs such as SDG5 (Gender equality), SDG7 (Accessibility 
and Clean Energy), SDG9 (Industry, Innovation and 
Infrastructure), SDG11 (Sustainable Cities and Communities), 
SDG12 (Responsible Production and Consumption) and 
SDG13 (Climate Action) by contributing to the performance 
of the employees. For SDG1, SDG6, SDG10 and SDG14, it is 
observed that the items in question were removed from the 
study in that those questions were not fully understood by the 
participants and were not associated with aviation. Previous 
statements made by ICAO also indicate that the aviation sector 
cannot fully meet every SDG (ICAO, 2024b). The result 
obtained is found to be compatible with the prediction of 
industry pioneers. 

With the acceptance of the third hypothesis, the effect of 
green transformational leadership on employee performance 
was determined. Some measures were taken in the aviation 
industry, especially after the September 11 attacks and as a 
result of these measures, it is observed that some 
communication channels among employees were restricted. 
Therefore, it is quite natural that the result obtained is not at 
the expected level. Despite the fact that the fourth hypothesis, 
in which all the identified issues were examined, was accepted, 
it is found that the mediating role was at a low level, which can 
be explained by the fact that the aviation industry focuses on 
technical issues more than social issues (Khoo & Teoh, 2014).  

Environmental studies carried out in the aviation industry 

are conducted mainly through engine and aerodynamic 

technology (Bartels et al., 2017; Ekici, 2020; Gula et al., 2019; 

Smith, 2016; Şöhret et al., 2021; Xu et al., 2020) and through 

economic and numerical modelling (Abdullah et al., 2016; 

Gardi et al., 2014; Kaloshin et al., 2016; Ma & Zhou, 2000; 

Ono et al., 2015). It is expected that the study will contribute 

to the development of the literature by claiming that the need 

for green transformation necessitates an organizational 

transformation and that this can be achieved by a leader. 

Unfortunately, transformation is not possible without the 

support of leaders. In this respect, the present study can be 

claimed to be novel in that it explains the effect of “Sustainable 

Development Goals” on the aviation sector through leadership. 

The model created to explain this specificity is supported by 

RBV (Barney, 2001). The fact that the study is limited to 

Istanbul and the collection of data with convenience sampling 

constitutes a major limitation. This limitation reduces the 

generalisability of the research. It is recommended to expand 

the literature with themes such as technological change, 

innovative behavior, organizational climate and sustainable 

leadership through future related studies. 
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1. Introduction  
 

The aviation industry is a cornerstone of global 

connectivity, economic growth, and technological innovation, 

yet it is uniquely susceptible to dynamic challenges. These 

challenges stem from its global scope, technical complexity, 

and a heavy reliance on skilled professionals to maintain 

safety, innovation, and operational efficiency. As the industry 

evolves, driven by rapid technological advancements and 

increasing demands for sustainability, the pressure to optimize 

human resource practices has intensified. Talent management 

has, therefore, emerged as a critical driver for not only 

operational success but also long-term competitive advantage. 

This study is motivated by the need to address specific 

challenges faced by the aviation sector, including the 

recruitment, retention, and development of highly skilled 

personnel. The sector's regulatory complexity and safety-

critical nature further underscore the importance of robust and 

strategic human resource practices. 

Technological advancements, such as artificial intelligence 

and automation, alongside the industry's pursuit of 

sustainability through innovations like sustainable aviation 

fuels, have heightened the demand for a workforce capable of 

adapting to these changes. Moreover, in a highly competitive 

global market, the ability to attract and retain top talent has 

become a vital differentiator. Companies that effectively 

manage their talent are better positioned to navigate 

uncertainties, meet evolving customer expectations, and 

ensure operational resilience. Despite the evident importance 

of talent management, research focusing on this area within the 

aviation industry remains limited. This study seeks to bridge 

that gap by applying a structured and quantitative 

methodology to assess and prioritize talent management 

strategies. 

Human capital, defined as the skills, knowledge, 

experience, and competencies that employees bring to an 

organization, is widely recognized as one of the most valuable 

resources in modern businesses. In aviation, where safety, 

precision, and customer service are paramount, strategically 

managing this resource can significantly impact success. 

Organizations that invest in continuous training, leadership 

development, and employee engagement are more likely to 

thrive in a competitive and regulated environment. Building on 

Human Capital Theory, which emphasizes the strategic 

importance of workforce development, this study explores the 

role of talent management in fostering innovation, 

productivity, and competitive advantage. This theoretical 

framework highlights the value of skills and competencies in 

driving organizational performance, particularly in industries 

like aviation, where adapting to rapid technological changes 

and meeting stringent safety standards are critical. 

The purpose of this study is to evaluate and prioritize talent 

management strategies in the aviation industry through the 

lens of Human Capital Theory, employing the Fuzzy Analytic 
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Hierarchy Process (F-AHP) as a methodological tool. By 

combining the theoretical insights of Human Capital Theory 

with the decision-making capabilities of F-AHP, this research 

aims to identify the most effective talent management 

practices for enhancing competitive advantage. F-AHP 

provides a nuanced and systematic approach to analyzing 

strategies, addressing the complexity and uncertainty inherent 

in human resource decisions. Human Capital Theory serves as 

the foundation for evaluating how these strategies contribute 

to building and leveraging human capital in the aviation sector. 

Through this approach, the study offers valuable insights 

for HR leaders and decision-makers, aligning talent 

management practices with broader organizational goals. It 

contributes to both academic and practical domains by 

providing a robust framework for evaluating talent 

management strategies in the aviation industry and 

demonstrating the applicability of F-AHP in addressing 

complex HR challenges. By aligning human capital 

investments with technological and sustainability goals, the 

study highlights the importance of strategically managing 

human resources in achieving operational efficiency, safety, 

and innovation. This research not only addresses a pressing 

industry need but also paves the way for further exploration of 

talent management practices in other high-stakes, 

technologically advanced sectors 

 
2. Literature Review  
 
2.1 Talent Management in the Aviation Industry 

Talent management in the aviation industry presents a 
complex interplay of challenges and opportunities as 
organizations attempt to attract, develop, and retain skilled 
professionals in a technologically advanced and highly 
regulated global environment. One of the most pressing 
challenges is the global talent shortage, particularly in critical 
technical roles such as pilots, maintenance engineers, and air 
traffic controllers. This shortfall has been magnified by rapid 
digitalization and the increasingly specialized skills required 
across aviation operations (Amankwah-Amoah & Debrah, 
2011). Moreover, the safety-critical nature of the sector 
mandates rigorous compliance with international aviation 
standards, further complicating talent recruitment and 
retention strategies (Barkhuizen et al., 2014). The difficulty of 
attracting younger generations into aeronautics careers has 
also been highlighted by Costa, Pinho, and Denis Malta 
(2025), who emphasize the need for sector-specific branding 
and educational partnerships to enhance the industry's appeal. 

At the same time, the transformation of the aviation 
industry—spurred by digital innovation, sustainability goals, 
and global expansion—has created new opportunities in talent 
management. The emergence of roles related to data science, 
automation, artificial intelligence, and cybersecurity has made 
upskilling and reskilling of the workforce a strategic priority. 
According to d’Armagnac et al. (2022), aviation organizations 
must realign their human capital development strategies to 
prepare for the future of work by incorporating adaptive 
learning systems and competency-based training models. 
These transformations not only require technical proficiencies 
but also soft skills such as agility, collaborative leadership, and 
digital literacy. Furthermore, increasing efforts to diversify the 
workforce—particularly by attracting more women and 
minorities into aviation roles—are gaining traction, with 
Turney (2017) arguing that such diversification can drive 
innovation and reflect broader societal changes within aviation 
culture. 

Recruitment strategies in aviation are becoming more 
dynamic, placing emphasis not only on qualifications but also 
on organizational appeal. Employer branding has become 
central to attracting talent, with Gabrišová and Koman (2025) 
noting how brand identity and reputation play a pivotal role in 
shaping applicant perceptions in the aviation industry. 
Companies are offering clear career pathways, robust learning 
ecosystems, and competitive compensation packages to 
differentiate themselves. In the case of Emirates Airlines, 
Jasmoh, Wahab, and Adnan (2025) demonstrate how talent 
management practices—such as leadership mentoring, internal 
mobility, and recognition programs—are positively correlated 
with employee happiness and job satisfaction. Retention has 
become equally critical, as the cost of losing highly trained 
personnel is particularly burdensome in aviation. As Mızrak 
(2023) notes, strategic investments in leadership development 
and employee engagement, along with well-structured work-
life balance policies, are crucial to maintaining workforce 
stability. 

In parallel, skill development is increasingly recognized as 
a continuous necessity rather than a one-time investment. As 
new technologies emerge and operational complexities 
deepen, aviation firms must ensure that their employees' 
capabilities evolve accordingly. Barkhuizen et al. (2014) stress 
the importance of ongoing professional development, 
particularly in leadership and technical domains. Mızrak 
(2023) similarly underlines that forward-looking organizations 
in the sector are embracing long-term training initiatives, 
including digital learning platforms and simulation-based 
competency development. The strategic selection and 
preparation of pilot cadets also reflect this paradigm; Gheysari 
et al. (2024) identify key competencies such as decision-
making under pressure, emotional regulation, and situational 
awareness as critical for pilot training and talent management 
pipelines. This holistic approach to talent development reflects 
a broader understanding that human capital is a source of 
sustainable competitive advantage in a fast-evolving aviation 
landscape. 

2.2 Human Capital and Competitive Advantage 
Human capital is a critical driver of competitive advantage 

in today’s knowledge-based economy, especially in complex 
and highly regulated industries such as aviation. The 
Resource-Based View (RBV) of the firm posits that intangible 
assets like human capital—comprised of employees’ skills, 
experience, creativity, and commitment—are valuable, rare, 
inimitable, and non-substitutable resources that can provide 
firms with sustainable competitive advantage (Gerhart & 
Feng, 2021). In the aviation sector, this perspective is 
particularly relevant, as specialized technical expertise, safety 
compliance, and innovative capacity are all underpinned by the 
quality and strategic management of human resources. 
Kryscynski et al. (2021) further emphasize that organizations 
prioritizing human capital as a strategic asset are more resilient 
and adaptive in turbulent environments, outperforming 
competitors who underinvest in workforce development. 

The effective development of human capital strengthens an 
organization’s absorptive capacity, innovation potential, and 
operational readiness. This dynamic is exemplified in 
Pangarso et al.'s (2024) study of Indonesian higher education 
institutions, where green human capital management and 
absorptive capacity mediate the relationship between green 
organizational culture and competitive advantage. While their 
focus is on education, the implications are applicable to 
aviation, where sustainability and technological adaptation are 
growing priorities. Similarly, Delery and Roumpi (2017) argue 
that firms with strong human capital foundations are better 
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positioned to innovate and respond to shifts in the external 
environment—a key concern in aviation, where changes in 
regulation, digital technologies, and customer expectations 
require rapid and effective responses. 

Human capital theory has evolved over time, integrating 
both economic and sociopolitical dimensions. Leoni (2025) 
presents a historical account of how education transitioned 
from being seen merely as an economic investment in labor to 
being appreciated as a tool for enhancing human capabilities. 
This aligns with the aviation sector's increasing emphasis on 
employee empowerment and lifelong learning. Griffen (2024) 
critiques the economization of early human development and 
cautions against overly deterministic views of human capital, 
instead advocating for broader, human-centered policies. 
These discussions highlight the necessity for aviation 
companies to adopt holistic and ethically grounded human 
capital strategies that consider not just profitability but also 
employee well-being and social responsibility. 

Empirical studies continue to show that human capital is 
central to organizational competitiveness across various 
sectors. Rehman et al. (2022) underscore the significance of 
intellectual capital—especially human capital—as a driver of 
strategic flexibility and market responsiveness. In the aviation 
industry, this manifests through investments in training, 
simulation, leadership development, and knowledge transfer 
systems. Mızrak (2023) emphasizes that aviation firms must 
continuously upgrade both technical competencies and 
leadership skills to maintain operational excellence and 
competitive advantage. In a parallel context, Carlbäck, 
Nygren, and Hägglund (2024) examine the restaurant industry 
in Western Sweden and affirm that firms grounded in human 
capital theory tend to prioritize structured employee 
development programs that boost performance and retention—
an insight equally valuable for service-driven aviation 
organizations. 

Ultimately, sustained competitive advantage in aviation 

hinges on more than just capital investments and technology—

it depends on the strategic alignment of human capital with 

organizational goals. Alfawaire and Atan (2021) argue that 

when human capital is deeply integrated into corporate values 

and strategy, it fosters organizational commitment and 

innovation. Hitka et al. (2019) support this view by 

demonstrating that investment in people enhances both 

productivity and adaptability. Thus, aviation firms that 

systematically manage and develop their human capital will be 

better positioned to lead in an era defined by digital 

transformation, sustainability imperatives, and competitive 

globalization. 

 

2.3 Fuzzy Analytic Hierarchy Process (F-AHP) In HR 
Management 

The Fuzzy Analytic Hierarchy Process (F-AHP) is a 

decision-making tool that extends the traditional Analytic 

Hierarchy Process (AHP) by incorporating fuzzy logic to 

handle uncertainty and imprecision in judgments. In 

environments where decision-makers face ambiguity, 

particularly when assessing qualitative criteria, F-AHP 

provides a more flexible and accurate framework for 

evaluating complex problems. Unlike the conventional AHP, 

which requires precise inputs, F-AHP allows decision-makers 

to express preferences using linguistic variables, which are 

then converted into fuzzy numbers, enabling a more nuanced 

and realistic evaluation process (Lee & Ryou, 2015). 

F-AHP is particularly well-suited for human resource 

management (HRM), where many decisions involve 

subjective evaluations of factors such as employee 

competencies, leadership potential, and cultural fit. In HRM, 

decision-makers often have to assess intangible attributes, and 

F-AHP’s ability to incorporate fuzzy logic helps in translating 

these qualitative judgments into a structured decision-making 

process (Güler & Akyol, 2017). For instance, the selection of 

employees based on competencies or the prioritization of 

talent management strategies often involves ambiguous or 

uncertain criteria. F-AHP allows HR managers to weigh these 

criteria more effectively by accounting for the inherent 

uncertainties in human judgments (Van Nguyen et al., 2019). 

One of the key applications of F-AHP in HRM is 

optimizing talent-related decisions, such as recruitment, 

employee development, and performance evaluation. By using 

F-AHP, HR departments can systematically rank candidates or 

employees based on multiple criteria, including skills, 

experience, and cultural fit, while addressing the uncertainty 

that comes with subjective assessments. For example, F-AHP 

has been used to rank candidates during the selection process 

by evaluating their competencies across various dimensions, 

such as technical skills and interpersonal abilities, with fuzzy 

logic providing a more accurate reflection of expert judgments 

(Güler & Akyol, 2017). 

Additionally, F-AHP has been employed in HRM for the 

selection of leaders and managers, where qualities like 

decision-making ability, strategic thinking, and leadership 

style need to be evaluated under uncertain conditions. Ahmed 

and Kamel (2023) illustrate how F-AHP was applied to select 

university leaders based on multiple criteria, allowing for a 

comprehensive evaluation that considered both qualitative and 

quantitative factors. This approach can be extended to various 

HR functions, including succession planning, talent retention, 

and leadership development, providing a robust decision-

making tool that accounts for both the tangible and intangible 

factors critical to HR success. 

In summary, F-AHP is a powerful tool for decision-making 

under uncertainty, particularly in HRM, where subjective and 

qualitative criteria often dominate. Its ability to handle fuzzy 

judgments makes it an ideal method for optimizing talent-

related decisions, allowing HR professionals to prioritize 

strategies, select employees, and evaluate performance more 

effectively in uncertain and complex environments (Lee & 

Ryou, 2015; Güler & Akyol, 2017). 

 

2.4 Integration of Human Capital Theory and F-AHP 
The integration of Human Capital Theory and the Fuzzy 

Analytic Hierarchy Process (F-AHP) provides a powerful 

framework for prioritizing talent management strategies that 

enhance human capital. Human Capital Theory emphasizes the 

importance of investing in employees' skills, knowledge, and 

competencies to drive organizational performance and sustain 

competitive advantage. By combining this theory with F-AHP, 

organizations can systematically evaluate and prioritize talent 

management strategies based on their contribution to the 

development of human capital, ensuring that resources are 

allocated to areas that will yield the highest returns in terms of 

workforce capability (Gerhart & Feng, 2021; Delery & 

Roumpi, 2017). 

F-AHP offers a structured approach to decision-making 

under uncertainty, which is particularly valuable in the context 

of human resource management. Talent management 

decisions often involve subjective judgments about factors 

such as leadership potential, technical skills, and cultural fit. 

By applying F-AHP, HR managers can evaluate these factors 
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using a multi-criteria framework that accounts for the inherent 

uncertainties and imprecision in human judgments (Lee & 

Ryou, 2015). This allows decision-makers to weigh various 

talent strategies, such as training programs, recruitment 

initiatives, and leadership development efforts, in terms of 

their potential to enhance human capital. 

For example, F-AHP can be used to prioritize employee 

development programs by assessing them against criteria like 

skill improvement, alignment with organizational goals, and 

long-term impact on employee retention. The fuzzy logic 

component of F-AHP enables decision-makers to deal with the 

ambiguities associated with qualitative judgments, ensuring a 

more accurate and realistic ranking of these strategies. This 

systematic evaluation helps organizations to focus on the most 

effective strategies for human capital development, aligning 

with Human Capital Theory's focus on workforce investment 

as a driver of competitive advantage (Mızrak, 2023; Güler & 

Akyol, 2017). 

The combined benefit of using F-AHP and Human Capital 

Theory lies in the synergy between F-AHP’s ability to process 

complex, uncertain data and Human Capital Theory’s 

emphasis on strategic workforce development. While Human 

Capital Theory provides the theoretical foundation by 

highlighting the value of employee investment, F-AHP 

operationalizes this by offering a decision-making tool that can 

rank talent management strategies based on their potential to 

improve human capital. This ensures that organizations not 

only understand the importance of investing in their workforce 

but also have a practical method for determining which 

strategies will be most effective in achieving that goal 

(Kryscynski et al., 2021; Van Nguyen et al., 2019). 

Ultimately, integrating F-AHP with Human Capital Theory 

enables HR departments to make more informed, data-driven 

decisions about how to enhance their workforce's capabilities. 

This combination ensures that organizations can 

systematically prioritize initiatives that will contribute to long-

term human capital development, resulting in sustained 

competitive advantage in industries like aviation, where 

technical expertise and adaptability are paramount (Rehman et 

al., 2022). 

 

3. Methodology 
 
3.1 Research Design 

This study employs both qualitative and quantitative 

research methods to assess and rank talent management 

strategies in the aviation industry. The research design 

integrates expert interviews with human resource (HR) 

managers and the application of the Fuzzy Analytic Hierarchy 

Process (F-AHP) to provide a structured decision-making 

framework. Twelve aviation HR experts from airlines, general 

aviation, aviation IT, and MRO participated in interviews and 

F-AHP evaluations (see Table 1).These interviews focused on 

gathering insights into key challenges and strategies for 

managing human capital in aviation, such as skill 

development, employee retention, leadership development, 

and safety compliance. 

Surveys were distributed to these same experts to 

quantitatively assess the importance of different talent 

management strategies using pairwise comparisons. The 

linguistic judgments provided by the experts were converted 

into fuzzy numbers to account for the uncertainty and 

subjectivity in their evaluations. Table 1 summarizes the 

information about the 12 experts who participated in this 

study. 

Table 1. Information about the Experts  

Expert 
Experience 

(Years) 

   Company   

Type 
Position 

Expert 1 15 Airline HR Director 

Expert 2 10 
General 

Aviation 

Talent Acquisition 

Manager 

Expert 3 20 Airline Senior HR Manager 

Expert 4 8 MRO HR Specialist 

Expert 5 12 Airline 
Head of Training & 

Development 

Expert 6 18 
General 

Aviation 
HR Consultant 

Expert 7 25 Airline Chief People Officer 

Expert 8 7 Regulator 
Workforce Planning 

Specialist 

Expert 9 14 Airline 
Leadership 

Development Manager 

Expert 10 22 
General 

Aviation 

Executive HR 

Consultant 

Expert 11 11 Aviation IT HR Business Partner 

Expert 12 9 Airline 
Learning & 

Development Manager 

The interviews with the 12 experts in the aviation industry 

were structured around a semi-structured format, focusing on 

key talent management strategies identified from the literature. 

The content of the interviews was designed to gather both 

qualitative insights and quantitative data for the Fuzzy 

Analytic Hierarchy Process (F-AHP) analysis. The interview 

questions were derived from existing research on talent 

management and human capital theory, ensuring that the study 

addressed widely recognized criteria such as Skill 

Development, Employee Retention, Leadership 

Development, Safety Compliance, and Innovation Capacity. 

The questions asked experts to compare these strategies in 

pairs and provide their judgments using a linguistic scale (e.g., 

equally important, moderately more important), later 

translated into fuzzy numbers for analysis. 

In addition to the interviews, each expert completed a 

structured form comprising four sections: participant 

information (including role, experience, and company type), 

pairwise comparisons using a 9-point linguistic scale, open-

ended questions on talent management priorities, and a consent 

form. This approach ensured a diverse range of perspectives, 

captured both qualitative and quantitative insights, and 

complied with ethical standards approved by the institutional 

review board. 

3.2 F-AHP Framework 
The Fuzzy Analytic Hierarchy Process (F-AHP) is an 

extension of the traditional Analytic Hierarchy Process (AHP), 

developed by Saaty (1980), designed to address uncertainty 

and ambiguity in decision-making, particularly in complex 

environments where judgments are subjective. F-

AHP incorporates fuzzy set theory, initially introduced 

by Zadeh (1965), into the pairwise comparison process of 

AHP. This approach is especially useful in human resource 

management, where expert opinions often contain inherent 

uncertainty. F-AHP helps to prioritize and evaluate talent 
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management strategies by capturing the ambiguity in expert 

judgments. The steps involved in applying F-AHP to assess 

and rank talent management strategies in aviation are detailed 

below, along with the mathematical equations that govern each 

step. 

Step 1. Defining Criteria and Sub-Criteria 

Based on a comprehensive literature review and expert input, 

criteria and sub-criteria related to human capital development 

were identified for use in this study. Table 2 provides sources 

for each criteria used in the F-AHP framework, focusing on 

human capital considerations in aviation. 

Table 2. Criteria for Evaluating Talent Management Strategies 

and Relevant Sources 

Criteria Description Source(s) 

Skill 

Development 

Continuous training 

to ensure employees 

stay up-to-date with 

technological 

changes 

Delery & Roumpi (2017), 

Hitka et al. (2019), Mızrak 

(2023), Barkhuizen et al. 

(2014) 

Employee 

Retention 

Retaining high-skill 

workers to reduce 

turnover and 

maintain operational 

stability 

Amankwah-Amoah & Debrah 

(2011), AlQershi et al. (2022), 

Gerhart & Feng (2021), 

Mızrak (2023) 

Leadership 

Development 

Fostering 

management skills to 

enhance 

organizational 

performance 

Kravariti & Johnston (2020), 

Güler & Akyol (2017), Mızrak 

(2023), Rehman et al. (2022) 

Safety 

Compliance 

Ensuring adherence 

to aviation safety 

standards to mitigate 

risks 

Sharma et al. (2020), Mızrak 

(2023), Gerhart & Feng 

(2021), d’Armagnac et al. 

(2022) 

Innovation 

Capacity 

Fostering new 

technologies and 

ideas to remain 

competitive in the 

aviation industry 

Wongsansukcharoen & 

Thaweepaiboonwong (2023), 

Mohammad Shafiee et al. 

(2024), Delery & Roumpi 

(2017) 

Step 2 Constructing Pairwise Comparison Matrices 

Experts provided pairwise comparisons of the criteria using 

linguistic terms such as "equally important" and "strongly 

more important." These linguistic values were then converted 

into triangular fuzzy numbers to accommodate the inherent 

uncertainty in human judgments. A triangular fuzzy number 

(TFN) is defined by a triplet (l,m,u)(l,m,u), where: 

• I is the lower limit of the fuzzy number (most 

pessimistic estimate), 

• 𝐦 is the middle value (most likely estimate), 

• 𝐮 is the upper limit (most optimistic estimate). 

For instance, "strongly more important" could be represented 

as (5,7,9). 

Each expert compares two criteria, and their judgments are 

captured in a fuzzy pairwise comparison matrix �̃�, where each 

element is a triangular fuzzy number: 

�̃� = [

(1,1,1) (𝑎12, 𝑎12, 𝑎12) … (𝑎1𝑛, 𝑎1𝑛, 𝑎1𝑛)

(1/𝑎12, 1/𝑎12, 1/𝑎12) (1,1,1) … (𝑎2𝑛, 𝑎2𝑛 , 𝑎2𝑛)
⋮ ⋮ ⋱ ⋮

(1/𝑎1𝑛 , 1/𝑎1𝑛, 1/𝑎1𝑛) (1/𝑎2𝑛, 1/𝑎2𝑛, 1/𝑎2𝑛) … (1,1,1)

] 

(1) 

Where 𝑎𝑖𝑗  represents the fuzzy comparison of criterion 𝑖 with 

criterion 𝑗. 

Step 3. Fuzzy Weight Calculation 

After constructing the fuzzy pairwise comparison matrix, the 

next step is to calculate the fuzzy synthetic extent value for 

each criterion. The fuzzy synthetic extent value 𝑆𝑖 for the 𝑖-th 

criterion is calculated as: 

𝑆𝑖 =
∑  𝑛
𝑗=1   �̃�𝑖𝑗

∑  𝑛
𝑖=1  ∑  𝑛

𝑗=1   �̃�𝑖𝑗
 

(2) 

Where: 

• �̃�𝑖𝑗  is the fuzzy value for the pairwise comparison 

between criteria 𝑖 and 𝑗, 

• 𝑆𝑖 is a triangular fuzzy number that represents the 

relative importance of criterion 𝑖. 

The fuzzy sum of all comparisons for each criterion is obtained 

by summing the triangular fuzzy numbers. Fuzzy 

multiplication and division rules are used for these 

calculations. 

Step 4. Defuzzification 

To make the fuzzy results interpretable, the fuzzy numbers are 

defuzzified into crisp values.  

 

One common defuzzification method is the centroid method, 

which computes the crisp value 𝐶 for a triangular fuzzy 

number (𝑙, 𝑚, 𝑢) as: 

𝐶 =
𝑙 + 𝑚 + 𝑢

3
 

(3) 

This process transforms the fuzzy weights into single values 

that can be used to rank the criteria. For example, if the fuzzy 

weight of "Skill Development" is represented as (2,4,6), the 

defuzzified value would be: 

𝐶Skill Development =
2 + 4 + 6

3
= 4 

(4) 

Step 5. Calculating Consistency 
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To ensure the logical consistency of the comparisons, a 

consistency ratio (CR) is calculated. The consistency index ( 

Cl) is computed as: 

𝐶𝐼 =
𝜆max − 𝑛

𝑛 − 1
 

(5) 

Where 𝜆max is the maximum eigenvalue of the pairwise 

comparison matrix and 𝑛 is the number of criteria. The 

consistency ratio is then calculated as: 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
 

(6) 

Where 𝑅𝐼 is the random consistency index based on the 

number of criteria. If 𝐶𝑅 < 0.1, the judgments are considered 

consistent. If the ratio exceeds this threshold, the pairwise 

comparisons need to be revisited to improve consistency. 

Step 6. Ranking the Talent Management Strategies 

After calculating the defuzzified weights and ensuring 

consistency, the criteria are ranked based on their importance. 

The final ranking of talent management strategies is 

determined by multiplying the defuzzified weights of the 

criteria by the ratings of each strategy for that criterion. The 

strategy with the highest total score is considered the most 

effective in managing human capital in the aviation industry. 

The ranking of strategies is represented as: 

 

Final Score = ∑( Defuzzified Weight of Criterion × Strategy's 

Rating for that Criterion ) 

(7) 

 

This process results in a prioritized list of talent management 

strategies, providing HR managers in aviation with actionable 

insights. 

F-AHP integrates the strengths of AHP with fuzzy logic to 

handle the inherent uncertainty and subjectivity in expert 

judgments. This methodology is particularly useful in aviation, 

where safety, compliance, and talent management decisions 

involve significant complexity. The combination of expert 

input and the structured decision-making framework offered 

by F-AHP provides a robust analysis of the most effective 

talent management strategies. 

 

4. Analysis & Findings 
 

The analysis focused on identifying and evaluating critical 

talent management strategies in the aviation industry. Based 

on expert interviews and a comprehensive literature review, 

five primary strategies were identified for their potential to 

enhance human capital. Skill Development emerged as a key 

strategy, with continuous training programs designed to help 

employees stay up to date with evolving technologies and 

regulatory standards. Employee Retention was also 

highlighted, emphasizing the importance of retaining high-

skill employees through career growth opportunities, 

competitive compensation, and engagement initiatives that 

ensure organizational stability and reduce turnover. 

Leadership Development was identified as another crucial 

strategy, focusing on initiatives aimed at developing strong 

leaders capable of managing teams and improving overall 

organizational efficiency. 

In addition, Safety Compliance was recognized as vital for 

ensuring that aviation safety standards are strictly adhered to, 

thus mitigating risks associated with non-compliance. Finally, 

Innovation Capacity was considered an essential strategy for 

fostering creativity and technological adoption to remain 

competitive in the highly regulated and rapidly evolving 

aviation industry. 

These talent management strategies were assessed based 

on their contribution to enhancing human capital in aviation. 

Skill Development was evaluated for its ability to provide 

continuous training and ensure that employee skills remain 

relevant in an industry where technological changes are 

constant. Employee Retention was considered in terms of its 

effectiveness in keeping experienced employees and reducing 

turnover, which is crucial for maintaining operational 

continuity. Leadership Development was assessed for its role 

in building management and leadership capabilities that are 

vital for long-term organizational success. Similarly, Safety 

Compliance was evaluated for its ability to ensure that the 

workforce adheres to critical industry regulations and safety 

standards, which are non-negotiable in aviation. Lastly, 

Innovation Capacity was judged based on its ability to promote 

the adoption of new technologies and innovative solutions that 

help organizations stay ahead in a competitive landscape. 

The experts provided pairwise comparisons of the criteria 

using linguistic variables, which were converted into 

triangular fuzzy numbers. Below tables demonstrate the lower, 

middle, and upper bound matrices for these comparisons. 

 

Table 3. Fuzzy Pairwise Comparison Matrix (Lower Bound 

Values) 

Criteria SD ER LD SC IC 

Skill Development (SD) 1 3/7 2/6 1/5 3/7 

Employee Retention (ER) 7/3 1 6/2 3/5 5/3 

Leadership Development (LD) 6/2 2/6 1 6/4 3/5 

Safety Compliance (SC) 5/1 5/3 4/6 1 7/3 

Innovation Capacity (IC) 7/3 3/5 5/3 7/5 1 

Table 4. Fuzzy Pairwise Comparison Matrix  (Middle Bound 

Values) 

Criteria SD ER LD SC IC 

Skill Development (SD) 1 5 4 3 5 

Employee Retention (ER) 1/5 1 4 3 5 

Leadership Development (LD) 4 4 1 4 3 

Safety Compliance (SC) 3 3 4 1 5 

Innovation Capacity (IC) 5 5 3 5 1 
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Table 5. Fuzzy Pairwise Comparison Matrix (Upper Bound 

Values) 

Criteria SD ER LD SC IC 

Skill Development (SD) 1 5 4 3 5 

Employee Retention (ER) 1/5 1 4 3 5 

Leadership Development (LD) 4 4 1 4 3 

Safety Compliance (SC) 3 3 4 1 5 

Innovation Capacity (IC) 5 5 3 5 1 

Step 2: Fuzzy Synthetic Extent Calculation 

Next, the fuzzy synthetic extent for each criterion was 

calculated. The fuzzy synthetic extent represents the overall 

importance of each criterion based on the pairwise 

comparisons. 

Table 6. Fuzzy Synthetic Extent Values for Talent 

Management Strategies 

Criteria 
Lower 

Extent 

Middle 

Extent 

Upper 

Extent 

Skill Development 0.52 0.68 0.83 

Employee Retention 0.34 0.45 0.61 

Leadership 

Development 
0.21 0.35 0.50 

Safety Compliance 0.18 0.28 0.46 

Innovation Capacity 0.12 0.18 0.32 

Step 3: Defuzzification 

The fuzzy numbers were defuzzified using the centroid 

method, which calculates the crisp values for each criterion. 

Table 7. Defuzzified Crisp Values for Talent Management 

Strategies 

Criteria Crisp Value 

Skill Development 0.68 

Employee Retention 0.47 

Leadership Development 0.35 

Safety Compliance 0.31 

Innovation Capacity 0.21 

Step 4: Final Ranking of Talent Management Strategies 

Based on the defuzzified values, the criteria were ranked as 

follows: 

Table 8. Final Ranking of Talent Management Strategies 

Based on Defuzzified Crisp Values 

Criteria Crisp Value Rank 

Skill Development 0.68 1 

Employee Retention 0.47 2 

Leadership Development 0.35 3 

Safety Compliance 0.31 4 

Innovation Capacity 0.21 5 

The F-AHP analysis shows that Skill Development is the 

most critical talent management strategy in aviation, according 

to expert judgment. This aligns with Human Capital Theory, 

which emphasizes the importance of investing in employee 

training and skill development to improve organizational 

performance and maintain competitiveness. 

Employee Retention ranks second, highlighting the need to 

retain high-skill employees in an industry that relies on 

expertise and institutional knowledge. Leadership 

Development is also crucial, as strong leaders are necessary to 

guide teams through complex aviation operations and 

regulatory challenges. 

Safety Compliance and Innovation Capacity, while 

important, ranked lower. Safety compliance is an essential part 

of aviation but may not be seen as a direct contributor to human 

capital enhancement. Innovation, while valuable, may be 

harder to implement in such a highly regulated and safety-

conscious industry.These findings provide valuable insights 

for HR managers in the aviation industry, helping them 

prioritize strategies most effectively enhancing human capital. 

 

5. Discussion  
 

The results of this study reaffirm the primacy of Skill 

Development as a cornerstone of talent management in the 

aviation industry. With a defuzzified value of 0.68, this 

strategy ranked highest, reinforcing the findings of Delery and 

Roumpi (2017) and Hitka et al. (2019), who emphasize that 

continuous training is vital in sectors exposed to rapid 

technological and regulatory change. In aviation, technical 

proficiency is directly tied to safety and operational 

performance, and as Mızrak (2023) argues, a commitment to 

continuous learning is essential for sustaining organizational 

competitiveness. Moreover, recent findings by Gheysari et al. 

(2024) support this view in their analysis of pilot cadet 

training, highlighting the critical need for developing core 

competencies such as situational awareness, decision-making, 

and emotional regulation early in the talent pipeline. Given the 

high cost of safety errors and regulatory non-compliance, 

investing in structured, scalable training programs—such as 

simulation-based platforms or micro-learning modules—

offers high returns despite upfront resource demands. These 

programs are particularly scalable across larger commercial 

carriers and global aviation IT firms but may pose greater 

financial strain for smaller MROs or regional operators, 

suggesting the need for flexible, modular training solutions. 

Employee Retention, with a score of 0.47, emerged as the 

second most critical strategy. This supports Amankwah-

Amoah and Debrah’s (2011) work on talent scarcity in aviation 

and aligns with AlQershi et al. (2022), who link retention 

strategies to sustainable business outcomes. Retention is not 

only essential for preserving institutional knowledge and 

minimizing recruitment costs, but also plays a pivotal role in 

maintaining employee morale and continuity. Jasmoh et al. 

(2025), in their study of Emirates Airlines, found that talent 

management practices—particularly those focused on internal 

mobility, leadership mentoring, and recognition—

significantly boost job satisfaction and employee happiness. 

Scalable retention strategies such as performance-based 

incentives, flexible scheduling, and personalized career 

development can be tailored to diverse operational contexts. 

However, these initiatives must be paired with ongoing 

training to ensure employees remain engaged and future-

ready. 
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Leadership Development, while ranking third (0.35), 

remains strategically significant for long-term resilience and 

adaptability. Kravariti and Johnston (2020) identify leadership 

as central to the sustainability of human capital systems, and 

Rehman et al. (2022) highlight its influence in fostering 

innovation and navigating uncertainty. The moderate ranking 

observed in this study may reflect aviation’s current 

prioritization of technical competence over soft leadership 

skills in day-to-day operations. Nevertheless, the ability to lead 

digital transformation, manage regulatory complexity, and 

foster innovation necessitates strong leadership across all 

levels. Gabrišová and Koman (2025) argue that leadership 

perception also contributes to employer branding, which is 

becoming a critical differentiator in competitive aviation labor 

markets. Scalable leadership development initiatives—such as 

mentorship schemes, e-leadership modules, and cross-

functional leadership training—can be cost-effective and 

impactful across varying organizational sizes. 

Although Safety Compliance (0.31) and Innovation 

Capacity (0.21) are foundational to aviation success, they 

ranked lower in terms of perceived strategic priority. Safety 

compliance is often considered a regulatory baseline rather 

than a variable source of competitive advantage (Sharma et al., 

2020; d’Armagnac et al., 2022). However, this does not negate 

its strategic role in workforce engagement, particularly when 

safety culture is actively promoted through proactive training 

and predictive analytics. As for innovation, its lower ranking 

may stem from the sector’s rigid regulatory environment, 

which can inhibit rapid technology adoption. Still, Costa et al. 

(2025) suggest that innovation remains vital for attracting 

younger generations who seek tech-forward and adaptive 

workplaces. Wongsansukcharoen and Thaweepaiboonwong 

(2023) similarly note that while innovation is challenging to 

implement in compliance-heavy environments, structured 

experimentation through low-risk pilot programs and cross-

departmental innovation teams can support long-term 

adaptability. 

These findings yield several practical implications. Skill 

development should remain at the heart of workforce strategy, 

with aviation companies forming partnerships with training 

institutions and utilizing digital learning platforms to meet 

changing technical requirements. Retention efforts should 

center on holistic employee experience design, including 

personalized growth paths and recognition systems. 

Leadership development should not be treated in isolation but 

integrated into broader workforce strategies to ensure 

managers possess both operational and strategic capabilities. 

While safety and innovation may not currently serve as high-

priority differentiators, reinforcing safety culture and enabling 

innovation within regulatory limits will be essential for future-

proofing aviation organizations. 

For future research, expanding the sample to include a 

broader international range of aviation experts—including 

those from low-cost carriers, cargo airlines, and start-ups—

could provide a more comprehensive understanding of 

strategy effectiveness across business models. Comparative 

benchmarking of HR practices across regions and segments 

would also offer valuable insights, as would longitudinal 

analysis to assess the evolving effectiveness of each talent 

strategy. Additionally, examining the financial implications of 

talent initiatives across firm sizes and evaluating the role of 

emerging technologies (e.g., AI-enabled HR analytics) in 

forecasting workforce needs could further strengthen the 

strategic alignment of human capital investments in the 

aviation industry. 

 

6. Conclusion  
 

This study systematically evaluated and prioritized talent 

management strategies within the aviation industry by 

applying the Fuzzy Analytic Hierarchy Process (F-AHP), 

grounded in the framework of Human Capital Theory. 

Utilizing qualitative insights from 12 industry experts and 

quantitative pairwise comparisons, the analysis identified Skill 

Development as the most critical strategy for enhancing 

human capital. With a crisp value score of 0.68, this strategy 

reflects its central role in ensuring operational readiness, 

regulatory compliance, and adaptability in a sector shaped by 

continuous technological evolution. This finding aligns with 

existing literature highlighting the importance of continuous 

learning and upskilling as pillars of sustainable workforce 

development (Delery & Roumpi, 2017; Hitka et al., 2019; 

Mızrak, 2023). 

Employee Retention, ranked second with a score of 0.47, 

underscores the urgency of maintaining institutional 

knowledge and mitigating the costs associated with turnover, 

particularly in a labor-intensive and expertise-driven industry. 

This result supports previous studies emphasizing the strategic 

value of competitive compensation, internal mobility, and 

engagement programs as tools to secure workforce continuity 

(Amankwah-Amoah & Debrah, 2011; AlQershi et al., 2022). 

Given the global shortage of qualified aviation professionals, 

investing in long-term retention strategies is essential for 

sustaining operational stability. 

Leadership Development, ranking third at 0.35, remains a 

key enabler of strategic agility, especially in navigating crisis 

scenarios, regulatory change, and innovation initiatives. 

Although not ranked as immediately critical as training or 

retention, the role of strong leadership in driving long-term 

resilience and transformation cannot be overstated (Kravariti 

& Johnston, 2020; Rehman et al., 2022). As the aviation 

industry continues to digitize and diversify, integrating 

leadership development into broader skill-building 

frameworks will become increasingly important. 

Safety Compliance and Innovation Capacity were ranked 

lower at 0.31 and 0.21, respectively. These findings likely 

reflect the perception that safety, while essential, is a 

regulatory baseline rather than a competitive differentiator 

(Sharma et al., 2020; d’Armagnac et al., 2022). Similarly, 

innovation efforts in aviation are often constrained by strict 

compliance standards and institutional inertia. Nevertheless, 

fostering a safety-oriented culture and enabling innovation 

within regulatory boundaries remain necessary for long-term 

performance, particularly as digital transformation accelerates 

(Wongsansukcharoen & Thaweepaiboonwong, 2023). 

Methodologically, this study contributes to both theory and 

practice by illustrating how F-AHP, enhanced with fuzzy 

logic, can be effectively applied to prioritize complex human 

resource decisions under uncertainty. By integrating Human 

Capital Theory into the evaluation, the model enables 

decision-makers to connect workforce strategies with 

competitive advantage (Gerhart & Feng, 2021; Kryscynski et 

al., 2021). The structured framework not only supports more 

nuanced and data-driven decision-making but also offers 

replicable value for other high-compliance, innovation-

constrained sectors. 
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Despite its contributions, the study has several limitations. 

Most notably, the relatively small sample size of 12 experts, 

while adequate for the F-AHP methodology, limits the 

generalizability of the results. Although the sample included 

diverse roles and aviation sub-sectors, the findings may not 

fully represent the perspectives of all aviation organizations—

especially those operating in different geographic regions, 

regulatory environments, or economic scales (e.g., low-cost 

carriers, state-owned enterprises, or start-ups). Additionally, 

while fuzzy logic helps mitigate subjectivity in expert 

judgments, interpretive bias may still be present. The financial 

and operational feasibility of implementing the identified 

strategies was not assessed, which could impact the real-world 

applicability of the recommendations. 

In light of these findings, HR leaders in aviation are 

encouraged to prioritize Skill Development and Employee 

Retention as foundational strategies for strengthening human 

capital. Leadership Development should be integrated into 

long-term capability building, while Safety Compliance and 

Innovation Capacity should be framed as ongoing cultural and 

structural imperatives. Future studies should expand the expert 

pool to include broader international representation, compare 

cross-sectoral practices, and explore the financial trade-offs 

and digital tools that influence talent strategy effectiveness. 

Such research will be vital for supporting a resilient, future-

ready aviation workforce in an increasingly complex and 

regulated global environment. 
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1. Introduction  
 
Customer satisfaction is one of the most critical elements 

of passenger loyalty beyond this situation (repurchasing or 
being willing to buy again). Therefore, airline companies that 
provide customer satisfaction come to the fore more. This 
situation brings to the fore the marketing strategies that 
provide the customers’ loyalty, ensuring that the airline 
companies prefer the same operator in every region. The loyal 
customer group influences the enterprise’s market position. 
From this perspective, the marketing activities carried out by 
airline companies to create loyalty in their target segments are 
essential (Sayım and Salepçı̇oğlu, 2020). 

However, airline suppliers (such as aircraft manufacturers, 
cargo services companies, ground handling companies, 
catering suppliers, ticket sales suppliers, etc.) directly affect 
the quality of the service provided and customer satisfaction 
(Macı̇t and Göçer, 2017). The competition is increasing as 
business volume and investments increase daily in the aviation 
sector. Airline companies must be financially strong to 
survive. Financial power is directly proportional to the product 
sold. In other words, to increase financial power, customer 
satisfaction must increase. Achieving customer satisfaction 
depends on fully understanding and knowing the customer’s 
expectations. The obligation of companies to understand and 

listen to their customers has revealed the concept of Customer 
Relationship Management (CRM) (Değirmenci, 2011). CRM 
provides an excellent opportunity for companies to stand out 
from similar sectors and be successful. It is seen that 
companies that determine their strategy correctly make profit 
despite the increasingly competitive market. The increase in 
customer retention and customer potential creates 
opportunities for the growth of the company and cross-selling 
(Ertuğrul, 2018). 

The COVID-19 pandemic, which emerged in late 2019, 
has severely disrupted global air travel, reshaping the structure 
and dynamics of the airline industry (Serrano & Kazda, 2020; 
Gössling, 2020). As international mobility was restricted 
through border closures and flight suspensions, customer 
expectations and travel behaviors began to shift significantly. 
In the face of these unprecedented disruptions, airlines were 
compelled to reconsider their service strategies and 
operational models to maintain customer loyalty and 
satisfaction (Amankwah-Amoah, 2020a; Monmousseau et al., 
2020). 

While existing studies have focused on the economic, 
operational, and environmental impacts of the pandemic on air 
transportation, there remains a gap in understanding the 
interplay between pandemic-related safety measures and 
customer satisfaction from the perspective of customer 
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relationship management (CRM) (Dube et al., 2021; Susilo et 
al., 2022). This study aims to address this gap by evaluating 
the factors affecting airline customer satisfaction during the 
COVID-19 period, with a specific focus on the perceived 
effectiveness of health and safety precautions implemented by 
airlines. 

In contrast to previous studies that evaluated passenger 
satisfaction using generic service quality models, this research 
uniquely integrates CRM principles with pandemic-era safety 
protocols to assess how these new variables influence 
customer loyalty and trust. In doing so, it contributes to the 
limited body of literature that explores CRM performance in 
crisis scenarios within the airline sector (Ibn-Mohammed et 
al., 2021). 

With the coronavirus, which showed its effect worldwide 
at the beginning of 2019 and turned into a pandemic, many 
new elements have entered our lives, the most important of 
which are masks, social distancing, and hand hygiene. 
Companies that strictly adhere to health and safety guidelines, 
such as mask mandates and social distancing measures, are 
perceived more positively by passengers, as such actions 
enhance a sense of safety and responsibility. Research suggests 
that visible health precautions significantly influence 
passengers’ willingness to fly during pandemics (Khatib et al., 
2020; Lamb et al., 2020). 

This study investigates the effect of the COVID-19 
pandemic on customer satisfaction and the air passenger 
transportation sector by using a statistical method according to 
survey studies. The data obtained from the survey studies were 
processed into the SPSS program, and the results were 
obtained. The outputs of these results were analyzed and 
interpreted, and a recommendation report was prepared. 

 

2. Literature Review 
 
The COVID-19 pandemic has hit industries worldwide, 

causing several businesses to stand at a standstill, leading to 
movement constraints and a travel prohibition. Because of 
these constraints, the transportation industry, especially air 
travel, was adversely affected. According to the analysis of the 
economic effects on civil aviation by the International Civil 
Aviation Organization (ICAO), the aviation industry is likely 
to recover more slowly. Because the aviation capacity 
decreased by 70-80% in April 2020 compared to April 2019, 
many major air carriers (air companies) halted activities 
momentarily (Serrano and Kazda, 2020). COVID-19 has also 
caused an international financial slump. A decrease in 
worldwide trade has considerably impacted the airport sector 
because one hundred and ten states have greatly restricted air 
traffic, accounting for approximately 98% of the world air 
travel market (Tikhonov et al., 2022). The leading cause why 
the aviation sector is suffering economically is the cancelation 
of domestic and global flights worldwide to stop the 
coronavirus’s diffusion. These effects have caused an 
economic downturn in the aviation industry. Another primary 
reason is the lack of parking for many planes due to the 
pandemic, which has become a different airline problem. To 
solve this problem, some airports offer parking for aircraft, but 
this practice is too costly for airlines. The pandemic most 
severely impacted the aviation industry, and the catering and 
service provider segment was also adversely affected. 
Additionally, the pandemic affected aircraft manufacturing 
companies due to the cancelation of aircraft orders (Roy, 2022; 
Munawar et al., 2021). 

Based on 20 years of pre-pandemic data from 2000 to 
2020, it has been revealed that aviation’s contribution to the 
nation’s GDP and economic growth has been steadily 

increasing. Up to 2020, also aviation traffic flow has steadily 
increased over time. However, since 2020, the aviation 
industry’s capacity has decreased due to COVID-19 (Udoka, 
2020). However, according to ICAO, the effects of the current 
coronavirus outbreak will be greater than those recorded 
during the previous SARS outbreak in 2003 due to two main 
issues. The first issue is the fivefold increase in Chinese 
domestic traffic since 2003. The second issue is the massive 
reduction in air capacity to and from China as 70 airlines 
suspend their international flights, and 50 other airlines cut 
their flights (Mhalla, 2020). 

The coronavirus can disrupt international airline capacity 
and growth, and growth is very probably much lower. The 
virus outbreak would also have a negative effect on airlines’ 
profitability and cash flows, with cancellations costing airlines 
enormous amounts of money in lost revenue and extra costs 
and depriving other sections of the travel industry, including 
retailers and hotels, at high costs (Mhalla, 2020). As a result, 
air travel is an essential factor in the international dispersion 
of COVID-19 cases. Simultaneously, other means of transport, 
including trains and buses, have been active in the domestic 
diffuse of COVID-19 (Lau et al., 2020). When the worldwide 
airport network was observed in this direction, it was seen that 
the Northern hemisphere was less affected than the Southern 
one due to the COVID-19 outbreak. Additionally, the effects 
of COVID-19 on international flights have been much more 
powerful than on national flights. While this may seem like a 
natural move, the role of aviation in the diffusion of the virus 
across local networks is probably underrated (Sun et al., 2020). 

The existing COVID-19 has had an incomparable impact 
on the air transportation industry, including airports. As a 
result, business processes at airports have also changed 
drastically. In context, a greater and further holistic concept of 
“airport user experience” needs to be addressed to make airport 
structures extra agile, flexible, and future-proof. Therefore, it 
should use user experience as a base for strategic design to 
manage day-to-day operations more effectively and prepare 
airports with the know-how to recover from and after 
significant events such as COVID-19. For customer 
satisfaction in the air transportation sector, the experience 
during the flight, the time spent at the airports, and the 
experience in ground handling is essential. For this reason, 
companies that provide customer satisfaction at airports and 
ground handling services also have duties during the pandemic 
(Tuchen et al., 2020). 

It is possible to classify the epidemic’s effects on the 
aviation sector from a socioeconomic perspective, directly and 
indirectly. The direct effect parallels general economic 
activities and is directly related to job (serving passengers) 
creation in airports, airlines, and air navigation services 
suppliers. These involve baggage handling, check-in, cargo, 
on-site retail, and catering services. The indirect effect relates 
to business and commercial activities generated by suppliers 
in the aviation sector, aviation fuel suppliers, etc., and jobs 
linked to the manufacturing industry, like firms producing 
engines, airplanes, and other crucial technologies (Iacus et al., 
2020). 

Due to the epidemic’s effects, it is essential to ensure 
passenger safety for customer satisfaction. For this reason, 
during the pandemic, businesses in the aviation sector need to 
put more effort into passenger safety, and therefore, more 
responsibilities fall on businesses in this direction. The first of 
these responsibilities is to follow the latest social, economic, 
and technical health developments in the world regarding 
COVID-19 and examine the scope of their effects on air 
transport provisions to amend global standards on air 
transportation in line with these signs of progress. 
Additionally, due to the renewed changes that economic 
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situations and health may bring about, all regulations and laws 
linked to air navigation and flight provisions are trying to 
provide some legal integration between them (Naboush and 
Alnimer, 2020). However, during the pandemic, 
communication-oriented business processes in the aviation 
industry, especially social media, have gained significant 
importance. This is because informing passengers during crisis 
periods, such as pandemics, directly affects customer 
satisfaction. In particular circumstances, such as the pandemic, 
Twitter is an essential channel for direct communication 
between airlines and passengers on air transport. This direct 
communication has a meaningful effect on customer 
satisfaction (Monmousseau, 2020). 

As pandemic precautions, International Air Transport 
Association (IATA) and ICAO made the following 
recommendations to optimize cabin airflow and decrease 
occupant pollutant absorptions during ground operations with 
the engines off (i) recirculation systems and fresh air must be 
operated to replace the whole cabin air volume before 
boarding; (ii) air conditioning must be operated for more than 
10 min before boarding, during boarding, and during 
disembarkation; and (iii) for airplanes without air conditioning 
system, airplane doors should be retained open to enable cabin 
air exchange. Additionally, high-frequency contact points 
should be sterilized between flights and in-flight, and tray 
tables, headrest, and armrests should be disinfected before 
passenger use. As a result, the aviation sector has adopted a 
covered approach to improve customer safety through efficient 
in-flight aeration, such as expanded aeration at the door, 
boarding, and disembarkation tactics (especially social 
distancing and mandatory mask-wearing policies), advanced 
aircraft disinfection and temperature controls, and pre-flight 
scanning such as COVID-19 testing (Khatib et al., 2020; Dube 
et al., 2021). The implementation of COVID-linked policies 
and social distancing measures has affected price strategies. 
Many leading air carriers have already implemented some in-
flight social distancing practices. For example, major air 
carriers like United Airlines and American Airlines have 
implemented social distancing by not seating passengers in the 
middle seats. 

Furthermore, other air carriers, for instance, Delta Air 
Lines, have decreased in-flight drinks, eat, etc., to reduce 
contact between staff and customers. This situation has made 
it difficult to obtain low prices, especially for low-cost airlines. 
Therefore, in-flight social distancing can improve customer 
satisfaction and make it difficult to get affordable prices 
(Amankwah-Amoah, 2020a). 

However, in terms of environmental sustainability, the 
epidemic has positively influenced the entire earth. In other 
words, aviation environmental sustainability performance has 
come to the fore as an opportunity with the pandemic. An 
investigated case study discovered that the decline in air 
transportation mobility for the chosen airports was more than 
96%, resulting in a reduction of CO2 emissions to a factor of 
1.81 for the Zagreb commercial airport and a factor of 3.49 for 
the Split seasonal airport. Both environmental and social 
sustainability, and the necessity of reorganizing the global air 
transport system, which includes the possibility of shrinking to 
increase the welfare of society. Moreover, it has thus been 
realized with the pandemic because COVID-19 has pushed 
several air carriers to downsize their fleets and retire older 
airplanes. As a result, the air carrying capacity was reduced, 
thereby decreasing the negative impact of aviation on the 
ecosystem with the COVID-19 pandemic (Nižetić, 2020; 
Gössling, 2020). In other words, COVID-19; had terrible 
consequences for the business characteristics of flight (and 
jobs), but from carbon/GHG emissions and circular economy 
perspective, these are encouraging positive results and have 

forced the air transportation sector to consider more 
environmentally sustainable models. Nevertheless, the 
aviation industry should also be responsible for R&D on 
circular economy-friendly solutions, for example, fuel 
effectiveness, better usage of food waste, aircraft end-of-
service recycling, or reintegration of plane components into 
new supply chains (Ibn-Mohammed et al., 2021). 

In the COVID-19 atmosphere, worldwide air carriers can 
no longer trust only their environmental obligations to race. 
However, they must provide additional safety to protect the 
passengers’ health by averting potential viral infections in their 
buildings through in-flight services. Therefore, the 
“healthiness” of the ambiance has emerged as an essential 
resource of competitive superiority for air carriers. With as to 
the effects of COVID-19, airline managers should innovate to 
ensure customers are assured of healthy service. In this 
direction, the COVID-19 pandemic offers some companies 
opportunities to speed up the adoption of modern technologies 
and airplanes to innovate to meet challenges (Amankwah-
Amoah, 2020b). In other words, the pandemic has offered 
aviation a new start based on operational productivity and 
technological developments. Innovative fuel-efficient vehicle-
to-thin body aircraft remains the best option for reaching 
productivity and environmental sustainability for every route. 
Therefore, the sector should continue removing older and fuel-
ineffective planes, both environmentally and financially 
expensive. This has caused the aviation industry to adopt 
sustainability in-line with the Sustainable Development Goals, 
particularly climate action (SDG 13) and sustainable energy 
(SDG 7) (Dube et al., 2021). 

With the ambiguity brought by COVID-19 to the aviation 
sector, businesses must re-evaluate the situations that may 
arise from and provide sustainable and safe airport operations 
that can be preserved. In other words, the influence of the 
COVID-19 epidemic on the airline industry, as in all other 
industries, is primarily to think of the sustainability approach 
(Serrano and Kazda, 2020). In this context, within the 
framework of the sustainability approach (based on three 
dimensions), the actions are taken or to be undertaken during 
the pandemic period, as well as the revitalization strategies and 
business opportunities for the aviation industry in the new 
normal period after the pandemic are summarized in Table 1. 

 

Table 1. Revitalization Strategies and Business Opportunities 

for the Aviation Industry                   
Economic Sustainability 

Marketing budgets should be reviewed and rearranged; non-

essential expenses should be postponed, such as postponing 

some promotional and marketing campaigns; non-critical 

recruitment should be stopped; contracts that are unimportant 

should be reduced or stopped (Serrano and Kazda, 2020; Mhalla, 

2020; Suau-Sanchez et al., 2020). 

Non-operational areas should be closed or downsized; activities 

other than essential services should be outsourced; review of all 

investments, including all information technology and real estate 

investments (Serrano and Kazda, 2020; Mhalla, 2020). 

Developing business models using new modern technologies 

such as blockchains at the international stage (Tikhonov et al., 

2022). 

Implementing contactless capabilities and self-service processes 

to reduce people’s interactions with each other (Serrano and 

Kazda, 2020; Dube, 2021). 

More effective revenue management with a different pricing 

logic; the promotion of aviation based on two updated new price 

scenarios such as economic/standard and business (Bouwer et 

al., 2021; Su et al., 2022; Fathurahman et al., 2020). 
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Table 1. Continue 
Minimizing operating expenses of all departments and seeking 

outside investors to finance operations such as ground handling 

operations (Mhalla, 2020; Dube, 2021). 

Liquidity management; stabilization of balance sheets; 

efficiency in the cost of scheduled domestic and international 

flights; re-risk assessment of airlines’ strategies and finances, 

including cash flow, capital expenditures, operational 

expenditures, and revenue growth; rethinking cash flow for the 

aviation sector to decrease reliance on taxpayer funds (Dube et 

al., 2021; Fathurahman et al., 2020). 

Optimizing new demand features (tours, short distances, and 

long distances) applicable to market segments; redefining the 

value chain in the aviation market (Tuchen et al., 2020; 

Fathurahman et al., 2020). 

Use operations research methodologies for cost and time 

optimization, such as minimizing cost, increasing profits, and 

increasing the efficiency of the airline industry (Khanna et al., 

2021). 

The creation of new processes based on operational efficiency 

and technological progress; redefining market supply and 

demand changes, operations, and business functions (Dube et al., 

2021; Fathurahman et al., 2020; Kiraci et al., 2023). 

Accelerating biometric technologies and taking biosecurity 

precautions in airport design and operations (Serrano and Kazda, 

2020; Dube et al., 2021). 

Making flight plans so that economically bigger airplanes (such 

as Boeing 777s or Airbus A350s) fly less frequently as business 

demand declines; abandonment of low-profit destinations; 

regulation of flight frequency by considering passenger 

circulation (Bouwer et al., 2021; Kiraci et al., 2023). 

Restructuring or downsizing and fleet rationalization of the 

airline organizational structure and network; optimization of 

domestic and international scheduled/non-scheduled flights for 

passenger/cargo transportation (marketing optimization); 

identification of new routes with good prospects for 

passenger/cargo transport for domestic and international flights 

(Fathurahman et al., 2020). 

The implementation of change management will detect changes, 

seize opportunities and transform and prepare organizations 

accordingly (Linden, 2021). 

Permanent policies on procedures to ensure the safety of 

operations, wearing masks or disinfecting; cabin baggage 

restrictions to relieve congestion in the cabin and restrict cabin 

movement; providing increased confidence, safety, and flight 

comfort, i.e., providing hand sanitizer indoor areas, providing 

maintenance kits for passengers such as masks, disinfectant 

wipes, and disinfectant liquid, and providing protective 

equipment for cabin crew (Mhalla, 2020; Khatib et al., 2020; 

Dube et al., 2021; Fathurahman et al., 2020; Lamb et al., 2020). 

Better management of future crisis and disaster environments 

with the lessons to be learned from the pandemic, that is, 

building a better institutional crisis and disaster management 

process (Munawar et al., 2021; Dube et al., 2021; Kurnaz and 

Rodrigues, 2022; Suk and Kim, 2021). 

A collective strategic language should be advanced to prepare 

for future shocks/pandemics, uncertainty should be considered a 

standard issue for long-term planning, ambiguity should be 

managed proactively, and long-term plans should be made 

accordingly that is, updated strategic management, 

comprehensive strategic transformation (Tuchen et al., 2020; 

Fathurahman et al., 2020; Linden, 2021). 

Restructuring of the cabin layout, such as the extension of 

premium economy cabins or the advancement of business class 

seats more appropriate for traveling in groups or couples, 

increased of private business jets to cover 10–20 customers 

(Tikhonov et al., 2022; Bouwer et al., 2021). 

 

 

 

Table 1. Continue 
Offering a wider variety of goods and services (international, 

domestic passenger transport and cargo transport together or 

accelerating the process of moving more towards air cargo 

(optimization of cargo business), increasing air cargo exports, 

promoting air cargo transport), i.e., service diversification 

(Serrano and Kazda, 2020; Suau-Sanchez et al., 2020; 

Fathurahman et al., 2020; Kurnaz and Rodrigues, 2022; Florido-

Benítez, 2021; Tisdall et al., 2021). 

The application of different strategies, the use of hybrid 

strategies, which refers to the simultaneous combination of 

different categories and apparently contradictory generic 

strategies and defines the parallel pursuit of strategies; for 

example, an airline simultaneously seeks government support 

and converts planes from passenger to cargo carriers, or 

simultaneously downsizes (downsizing policy and layoffs of 

aircraft pilots/crews, ground attendants, and contract workers) 

and permanently exiting an airbase (Fathurahman et al., 2020; 

Albers and Rundshagen, 2020; Susilo et al., 2022). 

Environmental Sustainability 

Retiring old aircraft with high greenhouse gas emissions and 

moving toward an environmentally friendly aircraft, i.e., 

replacing older and obsolete airplanes with newer and more fuel 

and energy-effective fleets (Dube et al., 2021; Amankwah-

Amoah, 2020a; Gössling, 2020). 

Identifying, adopting, and implementing green business 

practices and environmentally friendly policies (Amankwah-

Amoah, 2020a). 

Balancing emissions (air and noise emissions) footprints 

(Amankwah-Amoah, 2020b). 

Implementing circular economy-based eco-friendly solutions 

related to the six “re-verb” typologies of Research, Repurpose, 

Reframe, Redesign, Reimagine, Resole/Be resilient (Ibn-

Mohammed et al., 2021; Kim et al., 2022). 

Eliminating waste and thus conserving natural resources 

(Amankwah-Amoah, 2020b). 

Social Sustainability 

Ensuring that passengers comply with all instructions set in line 

with ICAO regulations to avoid contamination by COVID-19 

(Naboush and Alnimer, 2020). 

Continuing practices such as remote working and digitalization 

were implemented during the pandemic period (Munawar et al., 

2021; Kurnaz and Rodrigues, 2022). 

Providing all kinds of assistance to companies in the aviation 

sector to continue their operations by governments 

(governments ensure monetary support or guarantee current debt 

or allow airlines to file for bankruptcy); rapid, broad, detailed 

formulation of public policies such as related to airline unions 

and acquisitions, tax politics and government subventions 

(Serrano and Kazda, 2020; Fathurahman et al., 2020; Florido-

Benítez, 2021; Tisdall et al., 2021; Maneenop and Kotcharin, 

2020). 

Negotiating tax incentives with the Ministry of Finance; 

negotiating with national and international creditors on loan 

debts, including installments, interest, and lease of aircraft or 

engines; negotiating incentives to reduce airport service tariffs 

with the General Directorate of Civil Aviation (Fathurahman et 

al., 2020). 

With the increasing use of technology, the integration of 

operators in the aviation sector and civil aviation authorities, and 

the cooperation of enterprises with all other stakeholders (the 

aviation sector cooperates with the tourism sector in particular), 

teaming up with different stakeholders at different levels during 

the pandemic period (Linden, 2021; Kurnaz and Rodrigues, 

2022; Florido-Benítez, 2021). 

Proposing to voluntarily provide unpaid leaves to employees 

(Karim et al., 2020). 
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Table 1. Continue 
The enhanced organization with aviation and non-aviation (for 

instance, tourism) participants, particularly industry knowledge 

and vision sharing (e.g., an organization with suppliers to realize 

cost-saving solutions); formal and informal meetings and 

continuous dialog with various stakeholders and participants 

(Serrano and Kazda, 2020; Linden, 2021). 

Accurately specifying the responsibilities of air transport 

companies on their websites, i.e., ensuring transparent 

management (Naboush and Alnimer, 2020; Dube et al., 2021). 

Messages to customers should be clearly defined to educate them 

on measures taken to ensure a safe environment; effective use of 

communication-oriented business processes, mainly social 

media channels for information sharing (Monmousseau et al., 

2020; Kiraci et al., 2023; Lamb et al., 2020).  

National and international regulations/legislations and 

compliance/compliance with them, i.e., to follow all the latest 

health developments in the world regarding COVID-19 and to 

examine the scope of their effect on air transport provisions to 

amend global agreements on air transportation in-line with this 

progress, also due to renewed changes in all regulations and rules 

about air navigation and air transportation provisions seek to 

achieve some legal integration between them (Naboush and 

Alnimer, 2020). 

The establishment of sector plans and broad socioeconomic 

development plans that include an ecosystem that encourages 

entrepreneurship (Nicola et al., 2020). 

In countries with aviation industries where foreign aircraft 

dominate largely international flight routes, governments should 

encourage the presence and functionality of national carriers to 

minimize this situation (Udoka, 2020). 

Government efforts to increase government spending in the 

domestic and international aviation sector; foreign currency 

hedging of loans, given that most airline ticket sales are 

denominated in the country currency (Fathurahman et al., 2020). 

To design and apply CSR activities in a way that will positively 

influence worker results, that is, to enable employees to have a 

higher level of corporate trust through corporate social 

responsibility initiatives, and to help workers exhibit 

organizational citizenship behavior, thus increasing employees’ 

commitment to the work and institution (Athanasiadou and 

Theriou, 2021). 

Careful consideration of passenger and personnel health and 

safety, i.e., taking precautions that will not endanger the health 

of passengers and employees and adopting various health and 

safety protocols (Dube et al., 2021). 

Creating a learning organization structure and customizing 

organizational learning processes with a consistent 

communication approach (Aşcı et al., 2022). 

Reliable and robust handling of risk management procedures, 

equipment, supply chains, working place health and safety 

guidelines, and personnel relationships (Tisdall et al., 2021). 

Collaborative efforts between the government and the public, 

especially in restoring the demand curve of the aviation industry, 

i.e., the recovery of national income affect the disposable income 

to increase the marginal propensity to consume in the aviation 

sector (Fathurahman et al., 2020). 

 
Several factors affect passenger perceptions in return to the 

new normal of resuming air transportation. These factors are 
social distancing and environment related to overseas travel; 
destination-related factors; circumstances at the destination; 
grade of protective procedures employed in the aviation 
industry; obligations for self-isolation, and the occurrence of 

COVID-19 (the number of cases). As long as these factors are 
considered and the quantity of new verified cases remains 
stable, the probability of sustainable air travel will increase. 
Additionally, easing quarantine measures among states where 
COVID-19 has decreased will effectively improve air travel 
demand in terms of sustainability (Song and Choi, 2020). 

Considering that pandemic variants are still active, and the 
virus still can spawn a new variant, it is expected to take a few 
more years for airlines to recover. This is why aviation 
companies are slow in regaining the potential flight capacity. 
World passenger demand will take 2 to 4 years to return to pre-
COVID-19 levels (recuperation by the end of 2022). The most 
optimistic forecast is two years (recuperation until mid-2022), 
and the most pessimistic forecast is six years (recuperation by 
2026). However, domestic flights will take the lead in this 
recovery process; domestic flights are reaching their potential 
capacity because when the country’s officials believe that they 
have taken possible precautions against the virus within the 
country, they quickly lift travel bans on domestic lines. Due to 
the efficient prevention and control of the epidemic in 
countries with very effective COVID-19 control, such as 
China, the domestic traveler transportation sector (the local 
civil aviation industry) has quickly rebounded. However, 
recuperation times have also appeared to differ between 
geographic regions, precisely the pandemic amounts, the 
timing of transmission, and different restrictive procedures 
implemented by governments. As a result, on average, both 
freight traffic and travelers (passengers) are projected to return 
to past volumes by 2023. In the most pessimistic situations, the 
recuperation time for customer demand goes beyond 2024 (Su 
et al., 2022; Kurnaz and Rodrigues, 2022; Gudmundsson et al., 
2021). 

However, it is thought that the effect of COVID-19 will be 
less concentrated for vacation passengers and a faster 
recuperation (or recovery) in demand compared to business 
passengers. In this context, regression models were generated 
for both business and leisure tours in the study conducted to 
determine the factors that will make people willing to fly 
during and after COVID-19. The following predictors (i.e., 
estimators) were found to be necessary for both travel/tours: 
perceived threat from COVID-19, agreeableness, affect, and 
fear. These predictive factors explain 66%-67% of the 
variation in people’s desire to fly. However, when flights 
resume for both leisure and business journey/tour, there are 
concerns about a lack of passenger trust due to health risks. 
Along with confidence and health concerns, lower disposable 
revenue levels in families and austerity precautions in 
surviving businesses will also reduce the demand for air travel 
in the days ahead. Decreased disposable revenue linked with 
the slow financial salvage will mean passengers will travel 
less, although it is thought that vacation traveler demand may 
recover sooner than business demand (Suau-Sanchez et al., 
2020; Lamb et al., 2020). 

In the first period/phase of the pandemic, companies 
maintained the status quo due to the small greatness of damage 
in the short term. The second phase; is the stage where 
businesses evaluate several strategic options to optimize (that 
is, minimize or neutralize) an incident in the short term. During 
this phase, businesses implement internally created activities 
(such as cost declines) to ensure short-term survival. The third 
phase, where the greatness of damage is low, but the incident 
takes a long time. Businesses determine an action plan and 
manage the incidents with normal operations. Finally, the 
fourth phase is when an incident causes tremendous damage 
eventually. Businesses suffer the most during this phase, and 
firms cannot overcome unfavorable situations and frequently 
choose an exit strategy or quit their enterprise. However, 
companies that provide long-term survival seek to modernize 
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their services or products to help them solve crises and prepare 
them for post-crisis processes (Suk and Kim, 2021). 

During the pandemic, governments also had significant 
responsibilities. Most states (administrations) prioritize 
preserving and sustaining air transportation connectivity with 
the aviation sector and linked industries such as tourism. The 
balance between providing air transport connectivity and 
retaining competition after COVID-19 is a challenge of 
various economic and governmental dimensions. Ultimately, 
the role and support of public authorities and government at all 
stages (especially the type and period of precautions impacting 
transportation functions) will be essential to the future 
improvement of the aviation sector (Abate et al., 2020). 

Ultra-Long Haul (ULH) aerospace projects retain crucial 
characteristics for survival in COVID-19. They are becoming 
progressively attractive as the sector tries to return to a new 
form of normalcy. Because ULH operations, a new 
phenomenon, already retain the required features to create 
competitive superiority that will be successful and do better 
than other business methods in the post-COVID-19 era. In this 
context, the COVID-19 pandemic has supplied a basis for air 
carriers to test their logistical and operational capacity to 
ensure ULH operations. This may prompt airlines to take a 
greater interest in post-pandemic ULH operations, recognizing 
both the value and capabilities of delivering such services in a 
more commercial and scale context. 

However, a further inference of the increasing usage and 
popularity of ULH projects is the potential emergence of ULH-
specific gateways and hubs at secondary airports. So post-
COVID-19, non-stop services will likely gain more popularity 
as passengers (maybe more) become cautious about 
transiting/transferring. For example, Perth Airport will remain 
just one of the various potential new ULH hubs to emerge in 
the post-COVID-19 era. As a result, airports will become 
progressively open to innovative and modern methods that can 
help attract extra passenger demand and airline supply. With 
the existing technological capacity, an industry poised for 
redesign, and an industry structure committed to being more 
profitable and environmentally friendly simultaneously, the 
ULH project naturally synergizes with the future visions and 
aspirations of aviation. ULH passengers can also eliminate the 
risk of contracting a pandemic by bypassing busy international 
centers where physical/social distancing may become an issue 
when heavy traffic re-establishes in the new standard period 
(Bauer et al., 2020).  

As a result, governments-enforced restrictions (restrictions 
on travel and/or work, quarantines, and social distancing 
programs) constrained corporations’ strategic investing and 
route network choices, thus altering the competitive situation 
of several air carriers. One notable innovation that businesses 
have made in response to the pandemic is the incorporation of 
social distancing into the air carrier business pattern, high-
density seating, with long-term inferences for in-flight 
arrangements and services. With such practices (operations), 
airlines have long sought to protect their advanced route 
networks, market facilities, and previously established trust 
relationships with passengers from being damaged as they 
respond to a crisis. However, in the new standard period, new 
in-flight social distancing programs, high-density seating, and 
quality flight arrangements should not be into expensive 
procedures (Amankwah-Amoah, 2020a). According to IATA 
calculation, such a measure is estimated to reduce overall seat 
capacity by 62% if social distancing is applied to the entire 
global fleet of aircraft. Under these condition, most companies 
will operate on negative profitability under the current pricing 
policy. Under these conditions, IATA has calculated that only 
4 of 122 airlines worldwide will operate profitably. The 
imposition of leaving 33% of the seats empty, leaving one of 

the three seats (middle seat) empty, will cause passengers to 
buy tickets at higher prices. The health of passengers is 
paramount. However, the seat capacity measure will make 
most companies unprofitable or lead to customer 
dissatisfaction due to dramatically increasing airfare prices 
(Gole et al., 2021). Conversely, in another study, it was seen 
that tangibility and reliability, expressed as the service quality 
dimension, significantly and positively influence customer 
satisfaction. Reliability in the form of a comfortable cabin, the 
aircraft’s layout, cleanliness, the layout of the aircraft crew, 
and physical appearance significantly affect customer 
satisfaction. Indeed, a variable sought is the passenger’s 
comfort in the aircraft’s cabin. However, the tangibility 
dimension, which includes the use of modern devices, digital 
manual check-in, the appearance of the services, the ease of 
the service process, and the discipline of the staff and crew, 
also significantly affects customer satisfaction. Therefore, the 
tangibility dimension to provide excellent customer service 
has received special attention from the company (Susilo et al., 
2022).  
 

3. Research and Method 
 

Importance of Research 
A significant percentage of the world’s population is 

concentrated in urban areas. The large number of people living 
in urban areas has brought with it various problems such as 
inadequate water supply and sanitation, air pollution, traffic 
problems and increasing amounts of solid waste. Most of the 
population growth occurs in economically developing 
countries. Although many industrialized countries in Europe, 
North America and Asia have developed policies to reduce the 
amount of waste produced, there are still many countries that 
do not properly manage their solid waste and rely on open 
dumps for disposal (Diaz, 2017). 

In today’s world, as in all sectors, businesses in the service 
sector aim to provide quality services in line with customer 
expectations and to ensure customer satisfaction exists in 
intense competition environments and increase their market 
shares. With the development of customer relationship 
management, businesses have started to give importance to the 
issue of how the most effective service can be and how it can 
be maintained. 

Air transportation is a sector where customer relationship 
management comes to the fore. Today, air transportation, one 
of the most popular industries both in all states of the world 
and in Turkey, is one of the area where customer relations 
management should be done effectively and accurately with 
the increasing customer volume recently. 

The coronavirus, which turned into a pandemic in 2019, 
deeply affected the aviation industry, and the suspension and 
ban of flights caused the industry’s economic decline. Then, 
with the transition to the new normal, flights reopened with 
precautions, and new factors emerged to meet the expectations 
and satisfaction of customers. Our study is targeted to 
determine the factors that affect the satisfaction or 
dissatisfaction of airline (air carrier) customers and 
determining the current CRM approach of companies in the 
airline sector from the customer perspective. 

 

Scope and Limitations of the Study 
This research, which describes the factors affecting the 

satisfaction or dissatisfaction of airline customers during the 
COVİD-19 process, and the approach of companies in the 
airline industry to the current CRM from the customer's 
perspective, includes individuals who benefit from air 
transportation after April 2020.  
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The research was carried out (between April 2020 and May 
2021) only by conducting a survey on the internet due to the 
size of the population and the limited time allocated for the 
research. 

 

Research Method 
In this section, a field study defines the factors that cause 

customer dissatisfaction in customer relations management in 
airline transportation. In the literature part of the study, the 
scanning method was used, and books, articles, journals, 
domestic and foreign publications, and sources obtained on the 
internet were used. The application was made by surveying the 
internet, and the obtained data were processed into the Excel 
program. 

 

Universe and Sample 
This research, which defines the factors affecting the 

satisfaction or dissatisfaction of airline customers during the 
COVID-19 process, and the current CRM approach of 
companies in the airline industry from the customer's 
perspective, includes individuals who benefit from airline 
transportation after April 2020 (until end of May 2021). 
Ultimately, Turkish customers, airline companies operating in 
Turkey, and airports in Turkey were targeted in this study.  

 

Data Collection Tools 
The survey consisted of 27 questions. A questionnaire 

(survey) consisting of two parts was used in the study. The first 
section of the questionnaire contains demographic questions 
(age, gender, educational status). Also, this section asked 
questions about the monthly average income, travel purposes, 
reasons for choosing the airline company from which city they 
took off, and where they landed. In the second part of the 
questionnaire, there were questions about general satisfaction 
and satisfaction with compliance with precautions. 

 

4. Results 
 

Reliability Analysis of Questions Measuring Satisfaction 
The result of the factor analysis for the reliability and 

validity of the scales of the questions (measuring satisfaction) 
used in the survey part of the research is shown in Table 2. 
Firstly, in a pilot study, we set 50 persons (samples) to fill 18 
items we maintained as range as a dependent variable. 
According to this result (Cronbach’s Alpha = 0.81), the results 
obtained from the questionnaire are valid. The results obtained 
at the end of the study were within the 95% confidence interval 
and were evaluated at the 0.05 significance level.  

 

Table 2. Reliability Analysis 

Cronbach’s Alpha N of Items 
N of Respondents 

(Samples) 

0.81 18 50 

 
After the reliability analysis, a further 60 surveys were 

conducted following this pilot study. 
 

Evaluation of Research Results 
The data obtained from the participants of the applied 

survey were processed into the Excel program. The IBM 
SPSS.26 program was used to obtain the results from the 
statistical data. To measure the data, descriptive analyses 
(frequency, percentage), t-test, ANOVA test, and correlation 
analyzes were performed. 

Research Hypotheses 

HA1: There was a significant and positive relationship 
between general satisfaction and satisfaction with compliance 
with precautions. 

HA2: There is a significant relationship between general 
customer satisfaction and the demographic characteristics of 
the participants. 

 

Descriptive Statistics on Demographic Variables 
Frequency data regarding the demographic characteristics 

of the participants in the study are given in Table 3. 

 

Table 3. Frequencies of Demographic Characteristics 
Demographic Features Options f % 

Gender Woman 31 51.7 

Man 29 48.3 

Age 18–24 16 26.7 

25–34 26 43.3 

35–44 13 21.7 

45–64 5 8.3 

Educational Status High School 2 3.3 

University 

(Graduate) 

27 45 

Master’s degree 23 38.3 

Doctorate 8 13.3 

Income level 0–1000 11 18.3 

1000–3000 4 6.7 

3000–5000 14 23.3 

5000–10000 31 51.7 

Travel Purpose Vacation 33 55 

Business 25 41.7 

Other 2 3.3 

Preferred 

Airline  

Companies 

Turkish Airlines 35 58.3 

Pegasus 16 26.7 

Sun Express 4 6.7 

Anadolu Jet 2 3.3 

Other 3 5 

Reason for Choosing an 

Airline Company 

Flight Reliability 16 26.7 

Affordable Prices 21 35 

Flight Comfort 7 11.7 

Proper Timing 16 26.7 

City of Departure Istanbul 39 65 

Ankara 9 15 

Izmir 7 11.7 

Domestic Flights 4 6.7 

International Flights 1 1.7 

Landed City Istanbul 8 13.3 

Ankara 9 15 

Izmir 8 13.3 

Domestic Flights 18 30 

International Flights 17 28.3 

 
According to the statistical data obtained regarding the 

demographic characteristics at above Table 3, when the age 
group of the participants is examined, the highest number of 
participants is the 25–34 age group, 43.3%, followed by the 
18–24 age group. The 35–44 age group participated at a rate 
of 21.7%. A striking point is the absence of any participants 
65 and over. Most of the participants have graduate and 
master’s degrees; Additionally, 13.3% of doctoral graduates 
participated in the survey. There is not much difference in the 
number of men and women in the sample, with 51.7% female 
participants versus 48.3% male participants. When the 
monthly average incomes of the participants were examined, 
it was determined that 51.7% rate was in the group with a 
salary of 5000 TL and 10000 TL, and the low rate was 6.7% 
in the 1000–3000 TL group. The survey questions were not 
based on a specific company, and the question of which 
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company preferred was asked. It is striking that most 
participants prefer Turkish Airlines at a rate of 58.3%. These 
companies are Pegasus at 26.7%, Sun Express at 6.7%, 
Anadolu Jet at 3.3%, and other companies at 5%. The most 
determining reason for choosing the company were the 
affordable prices of 35%, flight reliability of 26.7%, and 
proper timing with the same ratio. Generally, the cities where 
the planes take off are mostly 65% Istanbul, 15% Ankara, 11% 
İzmir, other domestic flights 6.7%, and international flights 
1.7%. However, the cities where the planes landed were seen 
as foreign cities with 30%, other domestic flights with 28.3%, 
and landed in Istanbul with 13.3%. 

 

Descriptive Statistics on General Customer Satisfaction 
Five judgments were directed to the participants in the 

general satisfaction evaluation. That is, the questions in the 
survey were applied with a five-point Likert scale as 
“1=Strongly Disagree, 2=Disagree, 3=Undecided, 4=Agree 
and 5=Strongly Agree.” According to the results obtained, the 
noticeable results in terms of descriptive analysis (frequency 
value, percentage value) are given in the following sections. 

 

Cross-Tables in General Customer Satisfaction 
Since the questions directed to the participants are not a 

determining factor on their own, Cross-Tables were examined 
in this study, and the necessary findings are discussed below. 

 

Choosing a Company Based on Income Level 
As seen in Table 4, most participants with an income of 

5000–10000 preferred Turkish Airlines. 

 
As seen in Figure 1, the chi-square test was applied to 

investigate whether there was a significant relationship 
between general customer satisfaction and age. 

 

 

Table 4. Cross Table-Income Level with a Preferred 

Company 

Cross-Table Income level Total 

0–

1000 

1000–

3000 

3000–

5000 

5000–

10000 

Prefer

red 

comp

any 

Turkish 

Airlines 

7 4 7 17 35 

Pegasus 2 0 3 11 16 

Sun 

Express 

1 0 1 2 4 

Anadolu 

Jet 

1 0 1 0 2 

Other 0 0 2 1 3 

 

Reasons for Choosing a Company According to Age Group  
As seen in Table 5, the 25–34 age group preferred the most 

because of the affordable prices, while the 18–24 age group 
preferred since the flight reliability. 

 

Table 5: Cross Table-The Reason for Choosing Airline with 

Age 
Cross-Table Question: Why did you choose the 

airline company? 

Total 

Flight 

Reliab

ility 

Afford

able 

Prices 

Flight 

Comfort 

Prope

r 

Timin

g 

Age 18–24 6 5 1 4 16 

25–34 3 12 3 8 26 

35–44 5 3 2 3 13 

45–64 2 1 1 1 5 

Total  16 21 7 16 60 

 

 
Figure 1. Cross Table - Score of General Satisfaction with Age 

As can be seen from the above results (as seen in Figure 2), 
the Pearson chi-Square significance level was 0.586; that is, 
p>0.05, so it was determined that there was no significant 
difference between general customer satisfaction and the age 
of the participants. Therefore, the HA2 hypothesis was not 
accepted. 

Frequency data regarding the general customer satisfaction 
of the participants in the study are given in Table 6. 

 
 

 
 Figure 2. Chi-square Test Results 
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Table 6. General Customer Satisfaction Frequencies 
Satisfaction Measurement 

Questions 

Options/Judgmen

ts 

f % 

Your plane landed/take off 

at the scheduled times. 

Strongly Disagree 2 3.3 

Disagree 5 8.3 

Undecided 6 10.0 

Agree 14 23.3 

Strongly Agree 33 55.0 

In case of delay/tardiness, 

notification was made 

immediately. 

Strongly Disagree 1 1.7 

Disagree 4 6.7 

Undecided 9 15.0 

Agree 15 25.0 

Strongly Agree 31 51.7 

The ticket price was 

affordable for the service 

offered. 

Strongly Disagree 2 3.3 

Disagree 10 16.7 

Undecided 12 20.0 

Agree 19 31.7 

Strongly Agree 17 28.3 

It was easy to check-in 

online. 

Strongly Disagree 2 3.3 

Disagree 3 5.0 

Undecided 3 5.0 

Agree 16 26.7 

Strongly Agree 36 60.0 

I had the right to choose 

the seat I wanted free of 

charge. 

Strongly Disagree 28 46.7 

Disagree 7 11.7 

Undecided 10 16.7 

Agree 5 8.3 

Strongly Agree 10 16.7 

I am satisfied with the 

importance given to 

customers and the value 

shown. 

Strongly Disagree 3 5.0 

Disagree 8 13.3 

Undecided 18 30.0 

Agree 15 25.0 

Strongly Agree 16 26.7 

I am generally satisfied 

with the airline company I 

have chosen, and I will fly 

with the same company on 

my next travel. 

Strongly Disagree 5 8.3 

Disagree 3 5.0 

Undecided 12 20.0 

Agree 18 30.0 

Strongly Agree 22 36.7 

 
Frequency data regarding the Satisfaction with compliance 

with precautions of the participants in the study are given in 
Table 7. 

 

Table 7. Satisfaction with Compliance with Precautions 
Compliance with 

Precautions and 

Satisfaction 

Measurement 

Questions 

  

Options/Judgments f % 

Social distancing was 

observed during 

check-in at the 

airport. 

Strongly Disagree 13 21.7 

Disagree 7 11.7 

Undecided 12 20.0 

Agree 16 26.7 

Strongly Agree 12 20.0 

Social distancing was 

observed in the bus 

carrying passengers 

toward the plane. 

Strongly Disagree 29 48.3 

Disagree 9 15.0 

Undecided 8 13.3 

Agree 6 10.0 

Strongly Agree 8 13.3 

A pre-flight hygiene 

package was 

distributed. 

Strongly Disagree 11 18.3 

Disagree 3 5.0 

Undecided 3 5.0 

Agree 12 20.0 

Strongly Agree 31 51.7 

Precautions and 

rules were explained 

clearly with audio 

and video transfer 

from the screens on 

the plane. 

Strongly Disagree 2 3.3 

Disagree 4 6.7 

Undecided 6 10.0 

Agree 14 23.3 

Strongly Agree 34 56.7 

    
    

Table 7. Continue    

Cabin crew used 

personal protective 

equipment. 

  

Strongly Disagree 0 0.0 

Disagree 1 1.7 

Undecided 3 5.0 

Agree 18 30.0 

Strongly Agree 38 63.3 

The use of masks on 

the plane make it 

very difficult to 

breathe. 

Strongly Disagree 6 10.0 

Disagree 7 11.7 

Undecided 8 13.3 

Agree 16 26.7 

Strongly Agree 23 38.3 

As a precaution, I am 

considering the 

abolition of sandwich 

and beverage services 

on domestic flights. 

Strongly Disagree 21 35.0 

Disagree 4 6.7 

Undecided 4 6.7 

Agree 8 13.3 

Strongly Agree 23 38.3 

Meals were served on 

international flights 

(only passenger who 

made international 

flights). 

Strongly Disagree 8 13.3 

Disagree 4 6.7 

Undecided 4 6.7 

Agree 7 11.7 

Strongly Agree 11 18.3 

Those who removed 

their masks inside the 

plane were warned by 

the cabin crew. 

Strongly Disagree 2 3.3 

Disagree 3 5.0 

Undecided 13 21.7 

Agree 20 33.3 

Strongly Agree 22 36.7 

I believe that it is 

safer to travel by 

plane during the 

COVID-19 pandemic 

period. 

Strongly Disagree 9 15.0 

Disagree 3 5.0 

Undecided 14 23.3 

Agree 20 33.3 

Strongly Agree 14 23.3 

The precautions 

taken make you feel 

safe during your 

flight. 

Strongly Disagree 4 6.7 

Disagree 8 13.3 

Undecided 22 36.7 

Agree 16 26.7 

Strongly Agree 10 16.7 

 

Cross-Tables on Satisfaction of Compliance with Precautions 
Since the questions directed to the participants are not a 

determining factor on their own, Cross-Tables were examined 
in this study, and the necessary findings are discussed below. 

 

Examining the Social Distancing Rules at the Airport of the 

Departure City: 

Compliance with Social Distance during the Check-in Process 
When Table 8 is examined, it has been observed that the 

participants generally comply with the social distance rules at 
the departure city airport where they take off. 

 

Table 8. Cross Table - Compliance with Social Distance 

during Check-in at the Airport with the Departure City 
Cross-Table Question: Was the social distance 

followed during the check-in process 

at the airport? 

To

tal 

  

Stron

gly 

Disa

gree 

Disa

gree 

Undec

ided 

Ag

ree 

Stro

ngly 

Agre

e 

Depar

ture 

city 

Istanbul 9 5 6 12 7 39 
Ankara 0 2 4 1 2 9 
Izmir 3 0 2 1 1 7 
Domest

ic 

Flights 

1 0 0 1 2 4 

Internat

ional 

Flights 

0 0 0 1 0 1 

 Total 13 7 12 16 12 60 
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Compliance with Social Distance in the Bus that Carries 

Passengers to the Plane  
When Table 9 is examined, it has been determined that, 

generally, no attention is paid to the social distance in the bus 
carrying the passengers at the city’s airport where the 
participants take off. 

 

Table 9. Cross Table - Compliance with Social Distancing on 

the Bus that Carries Passengers to the Plane 
Cross-

Table 

Question: Was social distancing followed in the bus 

that carries passengers to the plane? 

Tot

al 

 Strongly Disagree Disa

gree 

Undec

ided 

Agr

ee 

Stron

gly 
Agree 

Depart

ure city 

Istanbul 20 7 4 2 6 39 
Ankara 3 1 2 2 1 9 
Izmir 5 0 1 0 1 7 
Domestic 

Flights 

1 0 1 2 0 4 

Internatio

nal 

Flights 

0 1 0 0 0 1 

Total 29 9 8 6 8 60 

 

ANOVA Findings on General Customer Satisfaction 
According to the ANOVA analysis, when the general 

customer satisfaction evaluation judgments are analyzed 
according to the demographic characteristics of the 
participants in Table 10, since p<0.05, there has been being a 
significant and positive relationship between the general 
customer satisfaction judgments and the preferred company 
(p=0.031). 

 

Table 10. General Satisfaction - ANOVA 
ANOVA-General Satisfaction 

 Options  Sum of 

squares 

df Avg. of 

Square
s 

F-

ANO
VA 

Significa

nce (p) 

Gender Between 

Groups 

0.069 1 0.069 0.116 0.735 

In 

Groups 

34.368 58 0.593     

Total 34.437 59       
Age Between 

Groups 

1.947 3 0.649 1.119 0.349 

In 

Groups 

32.489 56 0.580     

Total 34.437 59       
Educatio

nal 

Status 

Between 

Groups 

0.823 3 0.274 0.457 0.713 

In 
Groups 

33.613 56 0.600     

Total 34.437 59       

Income 

level 

Between 
Groups 

0.421 3 0.140 0.231 0.874 

In 

Groups 

34.016 56 0.607     

Total 34.437 59       

Travel 

Purpose 

Between 

Groups 

0.400 2 0.200 0.335 0.717 

In 

Groups 

34.037 57 0.597     

Total 34.437 59       
Preferre

d Airline 

Compan

y 

Between 

Groups 

5.349 4 1.337 2.528 0.031 

In 
Groups 

29.088 55 0.529     

Total 34.437 59       

Reason 

for 

Choosin

g an 

Airline 

Compan

y 

Between 
Groups 

4.204 3 1.401 2.596 0.061 

In 

Groups 

30.233 56 0.540     

Total 34.437 59       

 

 

Findings on Satisfaction in Compliance with Precautions 
According to the ANOVA analysis, when the satisfaction 

of compliance with precautions evaluation judgments is 
analyzed according to the demographic characteristics of the 
participants in Table 11, no significant relationship was found 
since p>0.05. 

 
Table 11. ANOVA - Satisfaction of Compliance with 
Precautions 

ANOVA- Satisfaction of Compliance with Precautions 

 Options Sum of 

square

s 

df Avg. 

of 

Squar

es 

F-

ANO

VA 

Signif

icanc

e (p) 

Gender Between 

Groups 

0.004 1 0.004 0.012 0.912 

In Groups 21.315 58 0.367     

Total 21.319 59       

Age Between 

Groups 

0.553 3 0.184 0.497 0.686 

In Groups 20.767 56 0.371     

Total 21.319 59       

Educati

onal 

Status 

Between 

Groups 

1.387 3 0.462 1.299 0.284 

In Groups 19.933 56 0.356     

Total 21.319 59       

Income 

level 

Between 

Groups 

1.255 3 0.418 1.168 0.330 

In Groups 20.064 56 0.358     

Total 21.31 59       

Travel 

Purpose 

Between 

Groups 

0.322 2 0.161 0.437 0.648 

In Groups 20.998 57 0.368     

Total 21.319 59       

Preferre

d 

Airline 

Compan

y 

Between 

Groups 

1.723 4 0.431 1.209 0.318 

In Groups 19.597 55 0.356     

Total 21.319 59       

Reason 

for 

Choosin

g an 

Airline 

Compan

y 

Between 

Groups 

0.961 3 0.320 0.881 0.456 

In Groups 20.358 56 0.364     

Total 21.319 59       

 
T-Test Findings Between General Customer Satisfaction and 
Satisfaction in Compliance with Precautions  

In the p<0.05 significant range, the relationship between 
the general customer satisfaction of the participants and the 
satisfaction of complying with the precautions was questioned 
in the t-test. According to the t-test performed, there is a 
significant and positive relationship between them at the 
p<0.05 significance level, as seen in Table 12 (p=0.033). 
Therefore, the HA1 hypothesis is accepted. 
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Table 12. General Customer Satisfaction - Satisfaction of 
Compliance with Precautions T-Test 

Pair Sample - T-test 

 General Customer 

Satisfaction * 

Satisfaction of 

Compliance with 

Precautions 

Aver

age 

Std. 

Deviat

ion 

t df Signifi

cance 

(p) 

0.27 0.7 2.32 33 0.033 

 

Correlation Findings between General Customer Satisfaction 

and Satisfaction in Compliance with Precautions 
Correlation findings between general customer satisfaction 

and satisfaction in compliance with precautions are shown 
below Table 13. 

 

Table 13. Correlation between General Customer Satisfaction 

and Satisfaction with Compliance with Precautions 
CORRELATOIN 

  General 

customer 

satisfaction 

Satisfaction of 

Compliance with 

Precautions 

 General 

customer 

satisfaction  

Pearson 

Correlation 

1 .586** 

Sig.(2-tailed)   0.000 

N 60 60 

Satisfaction  

of Compliance 

with 

Precautions 

Pearson 

Correlation 

.586** 1 

Sig.(2-tailed) 0.000   

N 60 60 

The correlation was significant at the 0.01 level (2-tailed). 
 

According to these findings, between the research dates 
(April 2020 and May 2021), it was observed that customers 
were satisfied with the COVID-19 process and that the issue 
of complying with the precautions affected general 
satisfaction. In both satisfaction (general customer satisfaction 
and satisfaction of compliance with precautions) evaluations, 
demographic characteristics were not very determinative. 
However, general customer satisfaction was more effective in 
choosing an airline company. 

 
5. Conclusion and Suggestions 

  
The COVID-19 pandemic has significantly reshaped the 

airline industry, positioning customer satisfaction as a key 
factor in maintaining operational resilience and long-term 
recovery (Dube et al., 2021; Gössling, 2020). As global air 
traffic was interrupted by border closures and public health 
measures, passengers became increasingly sensitive to 
hygiene, safety, and service quality factors. Consequently, 
airlines were compelled to reassess their customer relationship 
management (CRM) strategies to align with evolving 
consumer expectations (Amankwah-Amoah, 2020a; Susilo et 
al., 2022). 

Findings from this study indicate that the demographic 
profile of satisfied passengers during the pandemic primarily 
includes individuals aged 25–34, many of whom hold 
university or postgraduate degrees. These passengers 
predominantly traveled for leisure purposes and selected 
airlines based on perceived service attributes such as flight 
reliability, comfort, and punctuality. This is consistent with 
earlier research emphasizing that these service dimensions are 
primary drivers of passenger satisfaction (Korkmaz et al., 
2015; Topal et al., 2019). 

Affordability of ticket prices relative to service quality was 
also confirmed by participants, who further reported ease of 

digital check-in procedures. These insights are aligned with 
literature highlighting the role of digitalization and cost–
benefit perceptions in improving user experiences in air 
transport (Monmousseau et al., 2020; Lamb et al., 2020). 

A significant portion of participants reported a high-
income level and a clear preference for Turkish Airlines, often 
attributed to the carrier’s reputation for reliability and 
scheduling accuracy. This supports previous findings that 
suggest economic status influences airline selection, with 
premium customers favoring full-service carriers (Kiraci et al., 
2023). 

Regarding compliance with health precautions, passengers 
expressed moderate satisfaction, particularly during airport 
check-in processes. However, noncompliance with social 
distancing rules in buses transporting passengers to aircraft 
emerged as a prominent dissatisfaction factor. Similar 
concerns were reported in studies that underline the 
importance of seamless precaution implementation across all 
contact points in the travel experience (Khatib et al., 2020). 

While no statistically significant correlation was found 
between demographic characteristics and general satisfaction 
(rejecting HA2), a strong positive relationship emerged 
between general satisfaction and adherence to COVID-19 
measures (supporting HA1). This confirms that effective 
health safety protocols directly contribute to customer 
satisfaction, as previously suggested in the literature (Dube et 
al., 2021; Tisdall et al., 2021). 

This result suggests that passengers with higher income 
levels prioritize reliability and punctuality over cost, aligning 
with prior studies that highlight service dependability as a key 
determinant of airline preference among frequent flyers 
(Susilo et al., 2022). Turkish Airlines’ established reputation 
and comprehensive COVID-19 compliance may have 
contributed to its high preference rate among these 
participants. 

Recommendations for Airline Operators 
Based on the empirical findings, several managerial 

recommendations are proposed: 
 

• To mitigate issues in ground transport to aircraft: 
o Increase the number of shuttle buses; 
o Use high-capacity vehicles to reduce 

passenger density; 
o Where feasible, implement terminal-to-

aircraft tunnels to eliminate bus use. 
• To address passenger discomfort due to prolonged 

mask usage: 
o Activate cabin ventilation systems prior to 

boarding; 
o Integrate air distribution systems into new 

aircraft designs; 
o Improve HVAC systems to allow for 

multiple fresh air entry points. 
 
In addition, practices such as contactless boarding, hygiene 

kits, and real-time health communication are vital for 
maintaining trust. Airlines must also periodically audit safety 
protocol compliance to ensure consistent service standards. 

Looking ahead, the transition to more sustainable aviation 
practices—such as waste reduction, circular economy 
adoption, and greener fleets—will further enhance industry 
resilience. Prior research advocates for stronger integration of 
sustainability frameworks within post-COVID recovery plans 
(Ibn-Mohammed et al., 2021; Gössling, 2020). 

Finally, future studies should explore the longitudinal 
effectiveness of CRM and safety strategies in post-pandemic 
scenarios, assessing how these adaptations influence long-
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term loyalty, perceived value, and brand trust in the aviation 
sector. 

The theoretical and managerial implications of this study 
are discussed below.  
Theoretical Implications 

This study proposes a conceptual framework to assess 
customer satisfaction and expectations in the context of the 
“new normal” brought by the COVID-19 pandemic, 
particularly within the airline industry. By focusing on 
Customer Relationship Management (CRM) in post-pandemic 
air passenger transportation, the study addresses a relatively 
underexplored research area. It contributes to the existing body 
of literature by highlighting the interplay between service 
quality, health precautions, and passenger loyalty during a 
global health crisis. This focus offers a novel perspective that 
complements prior work on service quality models under 
stable conditions (Amankwah-Amoah, 2020b; Khatib et al., 
2020). 
Managerial Implications 

The findings provide actionable insights for airline 
managers aiming to improve CRM performance, particularly 
in health and safety domains. By benchmarking operational 
practices across multiple contact points—such as boarding, 
airport shuttles, check-in counters, and kiosks—managers can 
identify areas requiring improvement in customer-facing 
processes. Additionally, adopting a holistic approach that 
considers both internal procedures and external stakeholder 
expectations (e.g., regulatory bodies, environmental 
standards) can enhance organizational responsiveness in future 
crises (Tisdall et al., 2021; Linden, 2021). 

The results also emphasize the value of continuous process 
evaluation and the implementation of feedback loops, which 
can inform more resilient and customer-oriented strategies. 
While this study serves as a preliminary investigation, its 
implications highlight the need for follow-up case studies or 
large-scale quantitative analyses to validate and extend the 
findings. Regulatory authorities may also benefit from this 
research by leveraging the data-driven insights to guide policy 
design in customer satisfaction and crisis management 
planning. 
Limitations and Future Studies  

This research is subject to several limitations that present 
opportunities for future investigation. The study was 
constrained by time and geographical scope, as it was 
conducted through online surveys with a sample of passengers 
traveling between April 2020 and May 2021. Consequently, 
the generalizability of the results may be limited. 

Furthermore, statistical tests related to compliance with 
social distancing protocols at airport check-ins could not be 
fully executed due to small sample sizes and non-normal 
distribution of responses. Future studies may adopt stratified 
sampling or longitudinal designs to ensure more robust data 
representation across cities and airline segments. 

In addition, upcoming research could benefit from 
focusing on individual airline companies, enabling a more in-
depth analysis of specific CRM strategies and organizational 
practices. Such targeted studies would allow for benchmarking 
across carriers and the identification of best practices in post-
crisis customer experience management. By addressing these 
gaps, future work can better inform evidence-based 
interventions and support the development of a more 
sustainable and customer-centric airline industry 
(Gudmundsson et al., 2021; Dube et al., 2021). 
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1. Introduction 
 

Both economic activity and the consumption of natural 

resources have expanded as a result of the world's population 

growth. Growing economic activity has also put strain on the 

environment, harmed natural systems, and put all life on Earth 

in danger. Fossil fuel use and the disastrous greenhouse gas 

emissions from agriculture, particularly CO2, have become the 

prelude to many disasters, raising average temperatures and 

contributing to climate change and global warming. Many 

environmental issues, including those related to agriculture, 

water scarcity, human health, and the extinction of numerous 

species, are brought on by climate change. CO2 emissions from 

the careless use of fossil fuels are the primary driver of climate 

change (Gyamfi et al., 2022; Zanjani et al., 2023; Binsuwadan, 

2024). Since CO2 are the most common emissions discharged 

into the environment and diverge by sector, they are of critical 

significance globally. Figure 1 shows how CO2 were 

distributed by sector in the 2024 Report by Air Transport 

Action Group (ATAG). 

As illustrated in Figure 1, the industrial sector has the 

largest CO2 with a rate of 38%. The transportation industry 

comes in second with 15%. With 11%, agriculture comes in 

third, and the fuel generation industry comes in fourth with 

10% (ATAG, 2024). Through linking various industries, the 

transportation sector is one of the major sectors that 

contributes both directly and indirectly to economic progress, 

as well as social interaction and cultural transformation. 

 

 
 

Figure 1. Distribution of CO2 emissions by sectors 

 

Notwithstanding these advantages, the transportation 

industry also affects the environment by releasing greenhouse 

gases, which results in air pollution and alterations to living 

environments (Kongbuamai et al., 2023; Dai et al., 2023). The 

various sub-sectors of the transportation sector—air, sea, land, 

and railway—have varying effects on CO2 and contribute 

substantially to national economies. Figure 1 displays that 

11% of the 15% CO2 from the transportation industry as a 

whole come from land transportation, 2% from air travel, and 
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2% from other forms of transportation (such as the sea or the 

railroad) (ATAG, 2024). According to this research, travel by 

land, sea, train, and air-all of which are fundamental 

components of national economies has a direct impact on CO2. 

Developments in the aviation industry have had an impact on 

nations' social, economic, and environmental spheres in recent 

years.  In this context, the report published by ATAG includes 

information on the economic, social and environmental zones 

of the aviation sector and this information is supplied in Figure 

2. 

 
 

Figure 2. Data for the aviation industry in 2023  

 

The economic, social, and environmental data of the 

aviation industry has been displayed in Figure 2. Based on the 

evidence, it can be argued that the aviation industry has 

contributed significantly to the economy by creating jobs and 

generating large incomes, as well as to society by transporting 

both passengers and goods. However, in terms of the 

environment, it has been calculated that the aviation industry 

contributes 883 million CO2 overall, accounting for 2% of all 

transportation-related CO2. Nonetheless, it has been noted that 

in order to guarantee sustainability in aviation, sustainable 

fuels are utilized. Sustainable fuel consumption has not been 

the only notable advancement in sustainability in the aviation 

industry. In 2015, the idea that the environment should be 

integrated into every field was put into practice by the United 

Nations (UN). Accordingly, the Sustainable Development 

Goals (SDGs) were determined to ensure economic, social and 

environmental sustainability. The 7th Sustainable 

Development Goal, "Clean and Affordable Energy," aims to 

expand access to clean energy and integrate clean energy 

sources into production to meet both economic and 

environmental goals (UN, 2021; Ritchie, 2020). Agreements 

worth $45 billion have been achieved in the aviation industry 

for the use of sustainable aviation fuel in 2023 in order to 

achieve this goal. Critical measures made to ensure 

sustainability encompass the use of 80% alternative fuels, the 

compatibility of aircraft engines and fuselages with fuels, and 

agreements with 50 airlines and 98 airports for the use of 

sustainable aviation fuel. In order to maintain sustainability in 

the aviation industry, sustainable aviation fuels are widely 

employed for a pair of reasons. These fuels, first and foremost, 

diminish the aviation industry's carbon footprint while 

powering the world's fleet of aircraft. Regarding the goal of 

achieving zero emissions by 2050, it is anticipated that the use 

of sustainable aviation fuels will cut CO2 by 80% and even 

help reduce emissions by 53% to 71% (ATAG, 2024). Another 

explanation is that 3.5% of climate change is attributed to the 

aviation industry (Gyamfi et al., 2021; IPCC, 1999). 

In contrast to these breakthroughs in the aviation industry, 

the Civil Aviation Organization (ICAO) predicts that by 2050, 

CO2 produced by the air transport might go up to 2.6 billion 

tons or 22 percent of the global total, unless reduction 

implementations are put into practice. Compared to the current 

amount of CO2 emissions, this is around eleven times greater, 

which is about 2 percent (Habib et al., 2021:12). In this regard, 

nations seeking long-term growth have a challenge to face 

since the aviation industry contributes 2% of environmental 

pollution. The study examines the relationship between air 

transport activities and CO2 in G20 countries. G20 countries 

account for approximately 42.67% of the world’s total 

economic output and are expected to account for 

approximately 44.56% of the total output by 2027 (Statista 

2024b).  G20 countries are among the countries that emit the 

most emissions in the world, parallel to their weight in the 

global economy, and are responsible for approximately 78% 

of total greenhouse gas emissions (OXFAM, 2023). For 

instance, nations with high CO2 include the United States, 

Canada, and Australia. The CO2 emissions per capita of G20 

countries are given in Figure 3. 

 

 
Figure 3. Periodic change in CO2 per capita in G20 countries  

 

Figure 3 highlights that, out of the twenty nations, the USA, 

Canada, Australia, and Russia have the largest CO2 emissions 

per person. India and Indonesia have the lowest CO2 

emissions. In line with this information, uncovering the 

environmental processes in G20 countries and the economic 

dynamics behind them is important for the economic and 

environmental policies implemented in the world (World 

Bank, 2024). 

Contrary to the studies in the literature, this study aims to 

contribute to the literature by examining the relationship 

between air transport activities and carbon emissions in G20 

countries, which have global importance in terms of economic 

size and emission volume. In addition, current findings were 

obtained using 1994-2021 data covering the post-COVID-19 

period and the results were interpreted by evaluating the 

indirect effects of the pandemic process. In this context, the 
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outline of the study is as follows: Firstly, the introduction 

provides theoretical information about the topic. Sample 

empirical research on the topic is then discussed in the 

literature part, and the findings of the panel data analysis are 

presented under the third heading, which also points out the 

data and econometric approach. The gained results are 

discussed and policy recommendations are offered in the 

conclusion section.  

 

2. Literature 
 

An examination through of the literature demonstrates the 

fact that the majority of the research focuses on the variables 

that contribute to rising CO2. Plenty of variables, such as 

population increase, urbanization, growth in the economy, and 

energy use, could exert a positive or negative effect on CO2. 

The transportation industry also contributes significantly to 

CO2. Even still, it might be argued that there is not as much 

research investigating the relationship between CO2 and the 

transportation industry as there is in the literature today. Due 

to its increasing importance in recent years, the aviation 

industry was thus taken into account in this study, and its 

impact on CO2 has been examined. The studies looking into 

the relationship between the aviation sector and CO2 can be 

summarized as follows: 

Hassan and Nosheen (2018) implemented three different 

models, Granger causality, vector autoregression (VAR), and 

ARDL techniques to examine the impact of air transport on 

CO2, methane, and nitrogen emissions in Pakistan using data 

from 1990 to 2017. The research study concluded that 

passenger and air transportation operations led to a rise in CO2, 

methane, and nitrogen emissions both in the short and long 

haul. Furthermore, energy demand, population density, and 

GDP per capita were found to raise all three emissions; 

however, trade and foreign direct investments had no 

noticeable effect on these three emissions. 

Saleem et al. (2018) investigated the effects of population 

density, energy demand, and air-rail transportation on 

environmental deterioration using data from 1975 to 2015 in 

the next 11 nations. The analysis came to the conclusion that 

the environmental Kuznets line between CO2, per capita 

income, and air-rail transportation is accurate. Additionally, it 

was remarked that population density and energy consumption 

raise greenhouse gas and CO2. 

Adedoyin et al. (2021) surveyed the relationship between 

air transportation and CO2 emissions applying data from 1995 

to 2016 in high-, upper-, and low-income nations. The 

researchers found that both high-income and low-middle-

income nations CO2 climbed as a result of air transportation. 

Additionally, they claimed that while energy consumption and 

coal rents had a favorable impact on CO2 across all country 

groups, it had the opposite effect in upper-middle-income 

countries. 

The effects of airline passenger and freight transport 

activities on CO2 in 21 OECD nations were investigated by 

Hassan et al. (2021) applying panel data analysis and data 

spanning 1980–2018. In light of the results, it was concluded 

that economic growth and airline passenger transportation 

would result in higher CO2 temporarily while lowering them 

over time. Additionally, it was brought up that energy use, 

international trade, and airplane freight transportation all 

contribute to higher CO2 emissions. 

Focusing on the data from 1979 to 2019, Kırcı Altınkeski et 

al. (2022) inquired the effect of air transportation on CO2 

emissions using the panel threshold value regression model for 

European nations. They concluded from the analysis that the 

detrimental effects of civil aviation on environmental quality 
will vanish once greenhouse gas mitigation technologies 

surpass a particular threshold value. It was claimed that the 

number of patents aimed at mitigating climate change has an 

asymmetric value and that economic expansion and energy 

consumption will raise CO2. 

Using data extending from 1983 to 2016, Ali et al. (2022) 

adopted the ARDL approach to investigate the relationship 

between air transportation and ecological footprint in China. 

The investigation revealed that while air transportation did 

contribute to CO2 emissions in the short term, this rise 

dissipated over time. According to the researchers, economic 

complexity was not statistically significant, and energy 

efficiency decreased the ecological footprint over the long and 

short terms.  

Chen et al. (2022) analyzed data from the countries that 

make up the G7 from 1990 to 2019 through the panel data 

analysis method to study the relationship between air 

transportation, eco-innovation, and environmental 

degradation. Consequently, the study inferred that eco-

innovation and air transportation are crucial in mitigating 

environmental deterioration. 

Considering data from 1998 to 2016, Chatti and Majeed 

(2022) implemented the Generalized Moments Method 

(GMM) to explore how transportation activities, including air 

transport, affected CO2 emissions in 46 nations. The results 

demonstrate that information and communication technologies 

and passenger transportation activities can have a positive 

impact on environmental sustainability by lowering CO2 

emissions. The results further demonstrate that the air and rail 

passenger sectors make better use of internet connectivity. 

Analyzing data from 1970–2020, Dursun (2022) researched 

the relationship between air transport and the ecological 

footprint in Finland and France. The study discovered that 

while Finland did not experience the effects of economic 

growth, air transport, and energy efficiency on the ecological 

footprint, France accomplished. According to the study, the 

Environmental Kuznets curve was also shown to be valid in 

France but invalid in Finland. 

Working with the data from 1995 to 2016, Gyamfi et al. 

(2022) evaluated the impact of rail and air transportation on 

CO2 emissions in E7 countries with the help of panel data 

analysis. The study has drawn the conclusion that while 

urbanization and railway mobility cut emissions, airline 

transportation and the burning of fossil fuels raise them. 

Habib et al. (2022) used panel data analysis to investigate 

the heterogeneous impact of air transportation intensity and 

passenger and freight transportation activities on CO2 

emissions in G20 countries. According to the researchers, the 

intensity of air transportation, freight, and passenger travel all 

raised CO2 emissions. Besides, they eventually arrived at the 

conclusion that while the model's inclusion of economic 

growth, urbanization, and tourism activities raised CO2 

emissions, an increase in oil prices decreased them. 

Taking data from 1990 to 2018, Lin and Wu (2022) 

deployed the ARDL approach to assess the relationship 

between transportation, the environment, and health in China 

and the USA. As a result of the investigation, transportation 

activities and environmental pollution have been determined 

to be negatively correlated in the USA and positively 

correlated in China, respectively. Furthermore, it was found 

that environmental improvement increased health 

expenditures in the USA, while environmental improvement 

decreased health expenditures in China. 
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Taking the data into consideration that belongs to years 

from 1995 to 2018, Yaşar (2022) intended to delve into the 

relationship between information and communication 

technology, particularly air transportation, economic growth, 

and CO2 emissions in Türkiye applying the ARDL approach. 

The results exhibit that while economic growth and 

information and communication technology raise CO2 

emissions both in the short and long terms, population growth 

raises CO2 emissions in the short term but diminishes them in 

the long run. In addition, although it was ascertained that air 

transportation and information and communication 

technologies increase CO2 emissions in the long term, it was 

stated that IT technologies are statistically insignificant. 

Avotra and Nawaz (2023) employed the nonlinear 

autoregressive distributed lag (NARDL) approach to look into 

the way the air transportation affected CO2 emissions and 

climate change in Pakistan focusing on the data from 1971 to 

2021. According to the research, rising levels of energy 

consumption, per capita income, and air transportation all 

contributed to long-term increases in CO2 emissions. 

However, it was alleged that oil pricing, trade, and the usage 

of renewable energy all lessen CO2 emissions. 

Implementing the GMM approach, Ghannouchi et al. 

(2023) investigated how three distinct transportation activities 

affected the environmental quality of 33 developed and 

emerging European nations. The investigation revealed that 

there was a negative correlation between railway 

transportation and CO2 emissions in industrialized nations, but 

there was a positive correlation between maritime 

transportation and CO2 emissions in all countries. In 

developing nations, however, there is a positive 

relationship between railway transportation and CO2 

emissions. Ultimately, it was concluded that the impact of air 

transportation on CO2 emissions is extremely minimal and is 

considered to be insignificant. 

The impact of transport by air on CO2 emissions and the 

ecological footprint in APEC countries has been studied by 

employing the two separate models developed by Kongbuamai 

et al. (2023) using data lasting from 1992 to 2015. According 

to the findings, air transportation increased CO2 emissions at a 

relatively low pace and ecological footprint at the expected 

rate. Plus, globalization—a component of both models—was 

found to have a positive impact on energy consumption but a 

negative impact on CO2 emissions and the ecological footprint. 

Moreover, it was ended that economic growth has become the 

driving force of sustainable development. 

Using data from 1999 to 2017, Xiong et al. (2023) applied 

the Different in Different (DID) technique to determine how 

airports affected CO2 emissions in 280 Chinese cities. 

According to the examination, airport operations resulted in a 

4.3% increase in CO2 emissions. It was also found that per 

capita income, population density, and industrial structure all 

contributed to the increase in CO2 emissions. 

The study undertaken by Zanjana et al. (2023) 

investigated how air transportation influences CO2 emissions 

for eight Middle Eastern oil-producing nations between 2013 

and 2019. Ultimately, the analysis uncovered that while air 

transportation elevated CO2 emissions across all regions, 

except in Iran and Qatar, the rate was larger than previously 

thought. 

Aldegheishem (2024) used data for the period 1991-2023 

and examined the effect of air transportation, foreign trade and 

economic growth on CO2 emissions in Saudi Arabia using the 

ARDL method. The researcher stated that foreign trade, 

economic growth and air transportation increased CO2 

emissions in both the long and short term.  

In order to identify the relationship between air 

transportation, economic growth, international commerce, 

energy consumption, and CO2 emissions in the Gulf Union 

countries, Binsuwadan (2024) collected data from 1990 to 

2020. The findings highlighted that air transportation 

contributed to higher energy consumption, and economic 

growth correlated to higher CO2 emissions. Besides, it was 

asserted that population and foreign trade reduced CO2 

emissions, but this ratio was found to be statistically 

insignificant. 

Beşer et al. (2024) searched for the implications of rail and 

air transportation on CO2 emissions in Türkiye analyzing data 

from 1970 to 2020. The investigation disclosed that whilst rail 

transportation reduced CO2 emissions, air transportation 

increased them. Also, research has indicated that economic 

growth is contributing to rising CO2 emissions. 

      The effect of air travel on CO2 emissions was investigated 

by Katircioğlu (2024) utilizing global and regional panel data 

for nations with varying income levels. Therefore, the study 

concluded that there was no statistically significant effect of 

air transportation on CO2 emissions in high-income nations. 

Air transportation was found to be negatively correlated with 

CO2 emissions in the Arab world, East Asia, the Pacific, the 

Eurozone, and the nations that make up the European Union. 
       Considering data from 1970 to 2018, Salhi et al. (2024) 

executed the ARDL method to look into the relationship 

between air transportation and ecological footprint in BICS 

nations. The study uncovered that, with the exception of Brazil 

and India, there was a positive correlation between air travel 

and ecological impact. Furthermore, industrialization was 

found to have a positive relationship with GDP in all countries 

except Brazil, but a negative correlation with ecological 

footprint and foreign direct investment in all nations except 

China. Lastly, it was mentioned that urbanization had a 

positive effect on all nations with the exception of South 

Africa. 

Yıldız and Yıldız (2024) analyzed data from 1990 to 2018 

and employed the Augmented Mean Group Estimator to 

investigate the impact of air transportation, economic growth, 

and the usage of renewable energy on CO2 emissions in the G5 

countries. Two distinct models have been applied in the study 

to assess the way freight and aviation transportation influenced 

CO2 emissions. The results marked that while passenger 

transport was statistically insignificant, air freight transport 

was found to decrease CO2 emissions. In addition, it was 

revealed that economic growth positively affects CO2 

emissions in both models, while energy consumption is 

affected negatively. 
Most of the studies in the empirical literature have focused 

on specific country groups (OECD, G7, EU) or single country 
analyses. However, long-term analyses of the G20 countries, 
which are of critical importance at the global level in terms of 
economic size and emission volume, are quite limited. In 
addition, there are a limited number of studies that distinguish 
between passenger and freight transport and examine their 
effects on CO₂ emissions at different levels. The difference of 
this study from other studies in the literature is that it covers a 
critical group of countries such as G20 and provides a 
comprehensive analysis of the effects of air transport 
subcomponents on CO₂ emissions with up-to-date data by 
including the COVID-19 period. Contrary to these differences, 
the results obtained from the study, the conceptual framework 
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and the econometric methods used are similar to other studies 
in the literature. 

 

3. Data and Econometric Methodology  
 

This paper discusses the data that belongs to the period of 

1994-2021 and the impact of airline transportation on CO2 

emissions in G20 countries was surveyed through panel data 

analysis.  
 

3.1. Data 
The study employed CO2 emissions per capita as a stand-in 

for CO2 emissions. One of the primary explanatory factors was 

the quantity of passengers and cargo transported by air. The 

model also includes trade openness (as a percentage of GDP) 

and fossil energy use as control variables, as well as real GDP 

per capita as a stand-in for economic growth. The official 

World Bank database from 2024 provides the research data. 

Table 1 lists the variables implemented in the research. 
 

Table 1. Research Variables 
Dependent Variable Explanation Type Data Source 

LnCO2 CO2 emissions per capita Natural logarithm was taken. World Bank 

Core Explanatory Variable    

LnAIRPASS Air transportation, number 

of passengers carried 

Natural logarithm was taken. World Bank 

LnAIRCARGO Air transport, freight 

(million ton-km) 

Natural logarithm was taken. World Bank 

Control Variable    

LnGDP Real GDP per capita Natural logarithm was taken. World Bank 

LnFOSSIL Fossil fuel consumption 

(Terawatt-hour) 

Natural logarithm was taken. Our World in Data 

OPENNESS Trade openness The ratio of total exports and 

imports of goods and services to 

GDP was taken. 

World Bank 

 
3.2 Econometric Methodology

While adhering to the body of current empirical literature, 

the study assessed the econometric relationship between the 

variables (Hassan and Nosheen, 2018; Habib et al., 2022; 

Gyamfi et al., 2022; Avotra and Nawaz, 2023; Ghannouchi 

and Aloulou, 2023; Aldegheishem, 2024; Beşer et al., 2024; 

Katircioğlu, 2024). The functional representation of the 

relationship between variables is as follows: 

LnCO2= f(LnAIRPASSit, LnAIRCARGOit, LnGDPit, 
LnFOSSILit, OPENNESSit)                                                     (1) 

lnCO2 was employed to represent environmental pollution, 

and its natural logarithm was carried out in the model. Within 

the context of air transportation activities, for passenger 

transportation 𝐴𝐼𝑅𝑃𝐴𝑆𝑆, for cargo (load) transportation 

𝐴𝐼𝑅𝐶𝐴𝑅𝐺𝑂, for economic growth 𝐺𝐷𝑃, for fossil energy 

consumption 𝐹𝑂𝑆𝑆𝐼𝐿 variables were exercised and their 

natural logarithm was obtained. In addition, the model 

included the 𝑂𝑃𝐸𝑁𝑁𝐸𝑆𝑆𝑖𝑡 variable to embody trade openness. 

The panel data relationship between the variables is 

manifested as follows:  

 
lnCO2it= β0 + β1lnAIRPASSit + β2 lnAIRCARGOit + 
β3lnGDPit + β4lnRENEWit + β5OPENNESSit + εit                    (2) 

 
In the model, the constant slope and coefficient parameters 

are portrayed with “β0 and β”, the unit and time dimension in 
the estimated model are depicted with “i and t”, and the error 
term is represented with “ε”. In order to test the cross-sectional 
dependence of the series within the scope of the research, the 
Cross-Sectional Dependence (CDE) Breusch-Pagan (1980) 
LM test was conducted. The test statistics are given below 
(Pesaran, 2015): 

λLM=𝑇 ∑ ∑ �̂�𝑖𝑗
2    

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

                          (3)   

is computed as above. Here, �̂�𝑖𝑗
2 : i,j is the correlation 

coefficient of the residual (i and j. are between the remains of 

the units): �̂�𝑖𝑗 

 

               �̂�𝑖𝑗=�̂�𝑗𝑖=
∑ �̂�𝑖𝑡𝑣𝑗�̃�

𝑇

𝑡=1

(∑ �̂�𝑖𝑡
𝑇
𝑡=1 )

1
2⁄

(∑ �̂�𝑗𝑡

𝑇

𝑡=1
)

1
2⁄
                        (4) 

                                                                   
Because it delivers reliable results in the presence of CDE 

and structural breaks, the panel unit root test has been used by 

Karavias-Tzavalis (2014), and the stationarity of the series was 

examined in the study. The test statistic offers two models. In 

the first model, a stationary series with a break in the means 

(intersection points) of the series may be practiced to test the 

null hypothesis of random walk against the alternative 

hypothesis (Chen et al., 2022c):  

 

H0: yi, t=yi, t-1 + µi, t 

H1: yi, t=φyi, t-1 + (1-φ) [α1, i I(t≤b) +α2, i I(t>b)] + µi, t     (5)   
 

 On the other hand, it may be applied to test the null 

hypothesis of a deviant random walk in the second model, as 

in the first model, against the trend-stationary alternative, 

which is a break in the intercepts and linear trends at time b: 

 
H0: yi, t= yi, t-1 + βi + µi, t                                                                                       (6) 
and 
H1: yi, t= φyi, t-1 + φ [β1, iI(t≤b) + β2, iI(t>b)] + (1-φ) [α1, 

iI(t≤b) + α2, iI(t>b)] + (1-φ) [β1, itI(t≤b) + β2, itI(t>b)] + 
µi, t                                                                                                     (7) 
                                          

In the next stage, the slope heterogeneity of the model to 

be estimated was reviewed via the Delta test suggested by 

Pesaran-Yamagata (2008). The demonstration of the Delta test 

is given below (Bersvendsen and Ditzen, 2021): 

 

 Δ̃ =
1

√N
(

∑ d̃i
N
i=1

−k2

√2k2
)                                                             (8) 
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Since the Delta test estimated by Pesaran-Yamagata (2008) 

does not embrace autocorrelation and heteroskedasticity in the 

calculation, biased outputs may come out due to the presence 

of these two problems. Hence, the Delta (HAC) test developed 

by Blomquist and Westerlund (2013), which is resistant to 

heteroskedasticity and autocorrelation, was performed. The 

Delta (HAC) test representation is as follows:                                                   
 

                        �̃�𝐻𝐴𝐶 = √𝑁 (
𝑁−1𝑆𝐻𝐴𝐶−𝑘2

√2𝑘2
)                                  (9)  

 
In the study, the long-term effects of airline passenger and 

cargo transportation on CO2 emissions were analyzed using the 

Augmented Mean Group (AMG) estimator proposed by 

Eberhardt-Bond (2009) and Eberhardt-Teal (2010). The AMG 

estimator representation is as follows (Çetin et al., 2023): 

 

                         𝛽 ̂𝐴𝑀𝐺 = 𝑁−1 ∑ �̂�𝑖
𝑁

𝑖=1
                                       (10)  

 

The short-term causal relationship between variables has 

been investigated using the panel Granger causality test, which 

was initially developed by Juodis et al. (2021).  

 

This test is implemented against homogeneous and 

heterogeneous alternatives, as well as allowing cross-sectional 

dependence and heteroskedasticity (Xiao et al., 2023). The 

model to be tested for Granger causality analysis is as follows 

(Juodis et al., 2021): 

 

𝑦𝑖,𝑡 = 𝜙0,𝑖
+ ∑ 𝜙𝑝,𝑖𝑦𝑖,𝑡−𝑝

𝑃

𝑝=1
+ ∑ 𝛽𝑞,𝑖𝑥𝑖,𝑡−𝑞

𝑄

𝑞=1
+ 𝜀𝑖,𝑡      (11) 

 
  In openlight of all this information, models acceptable for 

the data set were picked and econometric analyses were 

covered in the findings section.                                                        

 
3.3. Findings 

The descriptive statistics for the variables are presented in 

Table 2.  

                                                                                

Table 2. Descriptive Statistics 
        LnCO2  LnAIRPASS    LnAIRCARGO   LnGDP    LnFOSSIL  OPENNESS 

Mean 1.892 17.627 7.667 9.570 7.858 49.517 

Median 2.074 17.536 7.485 9.933 7.606 49.758 

Max. 3.045 20.647 10.736 11.050 10.499 105.566 

Min. -0.235 14.711 2.716 6.377 6.223 15.635 

Std. Dev. 0.805 1.092 1.374 1.109 0.928 17.3274 

Skewness -0.602 0.534 -0.005 -0.772 1.066 0.2570 

Kurtosis 2.522 3.476 2.722 2.787 3.669 2.870 

Jarque-Bera 37.275 30.352 1.708 53.894 110.854 6.230 

Prob. 0.000 0.000 0.425 0.000 0.000 0.044 

Observation 532 532 532 532 532 532 

 

In Table 2, each variable has 532 observations in G20 

countries for the period 1994-2021. In the research, the 

average value of the lnCO2 series representing CO2 emissions 

was calculated as 1.892, and the maximum and minimum 

values were computed to be 3.045 and -0.235. The core 

explanatory variables LnAIRPASS and LnAIRCARGO, 

passenger and cargo transportation average values turn to be 

17.627 and 7.667, while their maximum values are 20.647 and 

10.736, and their minimum values are 14.711 and 2.716 

respectively. The maximum values of the control variables 

LnGDP, LnFossil and OPENNESS were calculated to be 

11.050, 10.499 and 105.566, respectively, while the minimum 

values are 6.377, 6.223 and 15.635, respectively. 

 

Within the scope of the research, firstly it was attempted to 

identify whether the series contained a cross-section 

dependency (CD) problem.  

 

 

 

Because the unit dimension is smaller than the time dimension 

(N<T), the CD Breusch-Pagan (1980) LM test was utilized to 

analyze the series, as illustrated in Table 3. 

 

Table 3. CD Analysis (Breusch-Pagan (1980) LM) 
 LM Statistics Prob. 

LnCO2 2145.254 0.000 

LnAIRPASS 2527.384 0.000 

LnAIRCARGO 1051.401 0.000 

Ln GDP 3128.099 0.000 

LnFOSSIL 2703.740 0.000 

OPENNESS 1593.374 0.000 

 
Following the results of the tests described in Table 3, it 

was noticed that every series had a CD condition. Thus, the 
stationarity of the series was analyzed using the Karavias-
Tzavalis (2014) unit root test, which takes into account the CD 
and structural breaks.
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 Table 4. Karavias-Tzavalis (2014) Unit Root Test 

Variables Bootstrap Critical Value   Test Statistics     Prob. Date of Break 

LnCO2 -0.731 -3.535 0.000*** 2008 

LnAIRPASS 11.980 -21.809 0.000*** 2020 

LnAIRCARGO 0.517 -9.968 0.000*** 2020 

Ln GDP 7.527 -16.336 0.000*** 2020 

LnFOSSIL 3.449 -10.822 0.000*** 2020 

OPENNESS -0.967 -10.508 0.000*** 2020 

***, ** and * represent significance at p≤0.01, p≤0.05 and p≤0.10 levels. 

  

                                                                                                    Table 5. Slope-Heterogeneity Analysis
Table 4 summarizes the findings of the Karavias-Tzavalis 
(2014) unit root test. The calculated test statistics values of all 
series were found to be smaller than the Bootstrap critical 
value and therefore stationary at the level. In this respect, it 
may be commented that all series are stationary at the level of 
1% significance level. The slope-heterogeneity of the 
estimated model was examined using the Delta test suggested 
by Pesaran-Yamagata (2008) and developed by Blomquist-
Westerlund (2013) to be robust against autocorrelation and 
heteroskedasticity. The Delta test results indicated in Table 5 
depict that the estimated model exhibits heterogeneous 
properties. 

 Pesaran-Yamagata 

(2008) 

Blomquist-Westerlund 

(2013) 

 Statistics Prob. Statistics Prob. 

Delta 20.318 0.000 21.741 0.000 

Delta adj. 23.461 0.000 25.105 0.000 

 
By the AMG estimator, the long-term regression 

relationship between the stationary series at the level was 
calculated. The AMG estimation results may be found in Table 
6.  

 

 

Table 6. AMG Estimation 
Variables Coefficient Std. Deviation            z- Statistics Prob. 

LnAIRPASS -0.015 0.009 -1.66 0.096* 

LnAIRCARGO 0.002 0.013 0.17 0.869 

LnGDP 0.185 0.058 3.16 0.002*** 

LnFOSSIL 0.827 0.041 19.77 0.000*** 

OPENNESS 0.0004 0.0003 1.39 0.165 

WALD (chi-square) 1276.65    

PROB 0.000***    

ULKE 19    

GOZLEM 532    

***, ** and * represent significance at p≤0.01, p≤0.05 and p≤0.10 levels. 

 

According to AMG's estimated results in Table 6, 

transporting passengers by air exerts a negative effect on CO2 

emissions in the long term. Accordingly, as the number of 

passengers transported by air increased, CO2 emissions 

decreased. It was established that the amount of cargo 

transported by air produced no discernible impact on CO2 

emissions. The findings demonstrated that, over time, 

economic growth and the use of fossil fuels raised CO2 

emissions in the countries included in the study and 

contributed to the ongoing deterioration of the environment. It 

was also ended that the effect of trade liberalization on CO2 

emissions was insignificant.  

The Granger causality test, suggested by Juodis et al. 

(2021), was implemented in the subsequent phase of the 

investigation to explore the short-term causal relationship 

between the variables. The test results are displayed in Table 

7.

 
Tablo 7. Juodis et al. (2021) Panel Granger Causality Analysis 

Dependent Variable: LnCO2 HPJ Wald Test 206.543 

  Prob. 0.000*** 

 Coefficient Std. Deviation Prob. 

LLnAIRPASS -0.071 0.011 0.000*** 

LLnAIRCARGO 0.034 0.010 0.001*** 

LLnGDP -0.011 0.038 0.765 

LLnFOSSIL 0.219 0.040 0.000*** 

LOPENNESS 0.0007 0.000 0.053** 

BIC Criteria Lags=1, BIC=  -3284.3201   

***, ** and * represent significance at p≤0.01, p≤0.05 and p≤0.10 levels. 

 

The test results in Table 7 announce that there is causality 

from all series except economic growth to CO2 emissions. 

Plus, univariate causality analyses were conducted in the 

causality relationship between the variables by taking into 

account the directing effect of other variables. Table 8 includes 

Panel Granger Causality Analysis. 
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Table 8. Juodis et al. (2021) Panel Granger Causality Analysis (Univariate analysis) 
   Jackknife Estimator Results 

Null Hypothesis (H0) HBJ Wald Test Prob.         Coefficient Prob. 

LLnAIRPASS≠>LLnCO2 16.562 0.000*** -0.041 0.000*** 

LLnAIRCARGO≠>LLnCO2 0.011 0.915 0.001 0.916 

LLnGDP≠>LLnCO2 2.201 0.137 -0.068 0.138 

LLnFOSSIL≠>LLnCO2 0.000 0.999 -0.00001 1.000 

LOPENNESS ≠>LLnCO2 0.0001 0.992 -4.51E-06 0.992 

LLnCO2 ≠>LLnAIRPASS 4.480 0.034** 0.261 0.034** 

LLnCO2 ≠>LLnAIRCARGO 21.233 0.000*** 0.356 0.000*** 

LLnCO2 ≠>LLnGDP 4.054 0.044** 0.043 0.044** 

LLnCO2≠>LLnFOSSIL 9.241 0.002*** 0.160 0.002*** 

LLnCO2≠>L1OPENNESS 114.092 0.000*** 16.130 0.107 

LLnCO2≠>L2OPENESS   -26.592 0.007*** 

LLnCO2≠>L3OPENNESS   28.196 0.004*** 

LLnCO2≠>L4OPENNESS   3.457 0.788 

***, ** and * represent significance at p≤0.01, p≤0.05 and p≤0.10 levels. 
 

It is evident from the results in Table 8 that there is a 

reciprocal causal relationship between CO2 emissions and 

the number of passengers transported by air. It is possible to 

argue that laws pertaining to CO2 emissions and air 

passenger transportation are related in this regard. Likewise, 

it has been settled that there is unidirectional causality from 

CO2 emissions to the amount of cargo carried by air, 

economic growth, fossil energy consumption and trade 

liberalization.  
 

4. Conclusion 
 

The sustainability of the environment has been threatened 

over the past few years by the growing environmental issues 

brought on by greenhouse gas emissions, such as climate 

change and global warming. Emissions that pollute the 

environment most frequently are CO2 emissions. When 

contemplating the sectoral distribution of CO2 emissions, it 

was affirmed that the transportation sector ranks the second 

most polluting one globally. There are a number of factors 

that may exert a direct impact on environmental pollution, 

including the fact that 92% of the vehicles used in the 

transportation sector are powered by petroleum, noise 

pollution, the usage of heavy metals, the rise in the number 

of private vehicles, and the presence of required 

infrastructure. One of the sub-sectors of the transportation 

sector, the aviation sector is also of economic, social and 

environmental importance due to its direct connection with 

tourism and other sectors. It is possible to voice that the 

aviation sector causes more damage to the environment than 

sea and railway transportation types, as it directly impacts 

global warming.  

In this study, data belonging to the period between 1994 

and 2021 were made use of and the effect of airline 

transportation on CO2 emissions in G20 countries was 

considered utilizing panel data analysis. The analysis result 

displayed that a negative relationship exists between airline 

passenger transportation and CO2 emissions, and a positive 

but insignificant relationship was found with freight 

transportation. This result appears to be similar to the results 

obtained from the studies of Chen et al. (2022), Habib et al. 

(2022), Chatti and Majeed (2022), Lin and Zao (2024). The 

reduction of CO2 emissions in passenger transport in G20 

countries could be attributed to various reasons. In the G20, 

many nations have pledged to achieve zero emissions by 

2050. To guarantee sustainability, they have implemented 

measures like CO2 offset agreements and use of sustainable 

fuels in aviation. Under these circumstances, these factors 

might be regarded as crucial to minimize CO2 emissions. 

Another noteworthy aspect about lessening CO2emissions in 

air transportation is the decline in passenger flights during 

the COVID-19 pandemic and the tariff policies imposed on 

long-distance flights or tickets in many G20 nations.  

Another prominent finding is that economic growth and 

CO2 emissions and fossil fuel usage are positively correlated. 

These findings align with those found in previous research 

such as those conducted by Gyamfi (2022), Habib et al. 

(2022), Avotra and Nawaz (2023), and Binsuwadan (2024).  

Energy demand escalates as a result of higher levels of 

urbanization and industrialization brought on by economic 

growth as well as advancements in transportation 

infrastructure. It is unavoidable that CO2 emissions may rise 

if fossil fuels like coal and oil are used to meet the growing 

demand for energy. Lastly, a positive but statistically 

negligible impact of trade openness on CO2 emissions was 

discovered. The results are comparable to those of the 

research done by Binsuwadan (2024) and Hassan and 

Nosheen (2018). 

It is possible to put forward several policy 

recommendations as to achieve zero emissions in the 

aviation sector, minimize environmental damage and ensure 

sustainability in light of the results obtained from the 

research. The first of these suggestions is that G20 nations 

ought to recognize air transport as a catalyst for sustainable 

development and should propose and implement new laws 

that support air passenger transport. Secondly, the reduction 

of CO2 emissions in the aviation sector may be facilitated by 

the development of technological innovations, the inclusion 

of R&D activities and fuel efficiency increasing 

applications. Thirdly, new agreements and collaborations 

should be constructed to promote the use of sustainable 

aviation fuels in place of traditional fossil fuels. Sustainable 

aviation fuels are produced without harming ecosystems. 

Accordingly, due to the protection of biodiversity, the 

negative impact on the environment might be minimized. 

Fourth, environmentally friendly transport activities can be 

carried out by introducing a tax on short-haul flights and 

encouraging applications such as high-speed trains and 
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electric buses in order to promote air transport over short 

distances. Finally, G20 countries should set internationally 

binding targets to reduce carbon emissions through a joint 

declaration to reduce emissions. 

As a consequence, it is of great importance for the 

environment that G20 countries adopt environmentally 

friendly regulatory policies, encouraging the use of 

sustainable aviation fuels. Last but not least, it is not possible 

for countries to ignore the goal of economic growth. 

Consequently, supplying energy from clean and renewable 

energy sources like solar and wind—the engines of 

economic growth meant to bring about sustainable economic 

growth and be more environmentally conscious—may 

benefit the economies and the environment of G20 countries.  
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1. Introduction  
 

Flight delays encountered in the aviation sector constitute 

a significant problem for both airline companies and 

passengers. Flight delays can cause operational costs to 

increase for airline companies, passenger satisfaction to 

decrease, and air traffic service providers to encounter certain 

complexities in airspace management. In addition, flight 

delays can cause operational congestion and confusion for 

airport operators. In the literature, flight delay predictions have 

been examined by analyzing weather data that directly affects 

flight timings (Dursun, 2023; Fernandes et al., 2020; Gui et al., 

2019). On the other hand, operational factors such as traffic 

density at an airport can also have a significant impact on 

delays. Especially in large and busy airports, traffic congestion 

experienced during the landing and take-off phases of flight 

operations is considered as one of the crucial factors that 

prevent flights from taking place on time. 

Risk management in the aviation sector is considered a 

particularly important process to ensure the safety, efficiency, 

and sustainability of flight operations. Risk management 

requires proactive measures to minimize the negative effects 

that operational disruptions, air traffic density, weather 

variables, and technical failures may cause. Operational risks 

such as flight delays can cause significant costs and service 

disruptions for airlines, airport operators and passengers. 

Therefore, an effective risk management process analyzes the 

causes of delays, develops preventive strategies, and optimizes 

operational processes. In addition, the use of advanced 

analysis techniques such as data mining and artificial 

intelligence provides important support to decision makers in 

decision processes by making risk estimation more precise. In 

this context, the development of risk management applications 

in aviation is especially important for the development of both 

sectoral practices and academic research. 

The aim of this study is to analyze the relationship between 

airport traffic density and flight delays in detail using data 

mining techniques and to perform multi-dimensional 

evaluations by estimating delays based on this relationship. 

While flight delays are generally estimated with weather data 

in the literature (Zhao et al., 2024; Schultz et al., 2021; Qu et 

al., 2020), this study investigates, the effect of airport traffic 

density data on delays will be investigated in addition to 

weather data, and in this context, comprehensive delay models 

will be created by taking into account factors such as airport 

Article Info 
 

   Abstract 

Received: 12 February 2025 

Revised: 07 May 2025 

Accepted: 14 May 2025 

Published Online: 23 June 2025 

 Flight delays are significantly important in risk management for the aviation industry, 
impacting airline operations, passenger satisfaction, and air traffic management. While existing 
studies primarily focus on weather-related factors in flight delay prediction, this study explores 
the influence of airport traffic density on delays from an aviation risk management perspective. 
Using data mining techniques, the study integrates airport traffic and en-route delay datasets 
from EUROCONTROL to develop predictive models for delay estimation. The methodology 
follows a structured approach, including data preprocessing, feature engineering, clustering, 
and predictive modeling using the Random Forest algorithm. The findings indicate that airport 
traffic density is a critical predictor of delays, alongside seasonal and regional factors. 
Regression analysis highlights a strong correlation between congestion levels and delay 
severity, particularly in peak travel periods. The clustering results reveal four distinct delay 
patterns, reflecting variations in operational disruptions due to equipment failures and adverse 
weather conditions. The Random Forest model demonstrates high predictive accuracy, with low 
error rates confirming its robustness for delay estimation. This study contributes to aviation risk 
management by providing data-driven insights into flight delays and offering strategic decision-
making tools for airline and airport operators. The results emphasize the need for proactive 
delay mitigation strategies, such as improved airspace allocation and enhanced maintenance 
processes. Future research could extend this approach by incorporating additional delay factors, 
such as incident-related disruptions, to further enhance predictive capabilities. By integrating 
operational data and advanced analytics, this study presents a novel framework for improving 
delay forecasting and optimizing flight operations. 

Keywords:  
Aviation 

Flight delays 

Predictive modeling 
Random forest algorithm 

Risk management 

 

Corresponding Author:  Burcu Altunoğlu 

RESEARCH ARTICLE 

https://doi.org/10.30518/jav.1638338 

 

https://dergipark.org.tr/en/pub/jav


JAV e-ISSN:2587-1676                                                                                                                                                   9 (2): 372-381 (2025) 

373 

 

landing and take-off traffic, ground handling density and 

aircraft waiting times. 

The study will make significant contributions to both the 

literature and the managerial practices in the aviation sector. 

Research investigating the effects of operational factors other 

than weather conditions on delays are quite limited in the 

literature, and this study aims to fill the gap in the literature 

and provide a unique perspective on delay estimation. In 

addition, the study will provide airline companies and airport 

managers with opportunities to develop strategies to increase 

operational efficiency by creating new decision-support tools 

and mechanisms in air traffic management. Estimating flight 

delays is a particularly critical issue in terms of optimizing 

operational processes, reducing costs, and increasing 

passenger satisfaction. In this regard, the study will enhance 

both existing literature and practical applications in the sector 

by introducing a novel approach to flight delay estimation. 

In the literature, the topic of delay prediction in the aviation 

sector has received attention in recent years with numerous 

studies investigating various data mining and machine 

learning techniques to increase accuracy and reliability. These 

studies focus on predictive modeling approaches based on 

spatiotemporal data features, causal factors, and various 

aviation applications.  

Zhang et al., (2020) and Jiang et al., (2022) analyzed the 

causes of flight delays with spatiotemporal data mining and 

graph-based models, and Zhu et al., (2024) and Jiang et al., 

(2024) developed flight delay predictions model by focusing 

on air traffic congestion and flight network effects. 

While (Fernandes et al., 2020) used the logistic regression 

method to examine operational inefficiencies that cause flight 

delays, (Zeng et al., 2021) proposed an optimization model to 

reduce flight delays by taking operational uncertainties into 

account. Truong, (2021) evaluated flight delay risks with 

causal machine learning techniques and determined the 

underlying causes of flight delays. In addition, Zhao et al., 

(2024) examined flight delays caused by airspace demand-

capacity imbalances, Binias et al., (2020) evaluated the effects 

of human factors on flight operations by addressing pilots' 

reaction processes with neurological analyzes. 

In addition, flight delays and their consequences have been 

discussed in the literature with multi-step prediction models. 

Zhang et al., (2021) and Reitmann & Schultz, (2022) 

developed multi-step prediction models with spatiotemporal 

analysis to optimize air traffic management, while Luo et al., 

(2021) and Zhang et al., (2023) used graph-based techniques 

(graph convolutional networks (GCN)) to analyze flight 

delays. In addition, Cai et al., (2022) used time-evolving graph 

models to predict flight delays in the context of dynamic air 

traffic. 

The effects of weather conditions on flight delays have 

been discussed in the literature. (Esmaeilzadeh et al., 2020) 

focused on identifying patterns in historical flight and weather 

data to increase the prediction accuracy in flight delays, while 

Schultz et al., (2021) and Ma et al., (2024), which examined 

the direct and indirect effects of weather conditions on flight 

delays, focused on reducing flight delays by applying agent-

based modeling and simulation methods. In addition, Gui et 

al., (2019), Wang et al., (2021) and Qu et al., (2020) tried to 

increase the prediction accuracy in flight delays by combining 

air traffic and meteorological data. 

Studies in the literature show that machine learning and big 

data analytics play a critical role in flight delay prediction. In 

addition, the integration of spatial-temporal analytics and 

operational factors increases efficiency and forecast accuracy 

in air traffic management. 

 

2. Materials and Methods  
 

The datasets used in this study consist of two main sources, 

“En-route IFR Flights and ATFM Delays (FIR)” 

(EUROCONTROL, 2024) and “Airport Traffic” 

(EUROCONTROL, 2024), published by EUROCONTROL 

(European Organization for the Safety of Air Navigation), an 

international organization that coordinates air traffic 

management (ATM) in Europe and aims to use airspace 

effectively and efficiently by optimizing air traffic flow. These 

datasets are considered to be of critical importance in terms of 

in-depth examination of the relationship between flight delays 

and airport traffic density. 

The “En-route IFR Flights and ATFM Delays (FIR)” 

(EUROCONTROL, 2024) dataset covers Instrument Flight 

Rules (IFR) flights and Air Traffic Flow Management 

(ATFM) delays on specific routes. IFR flights are defined as 

flights coordinated by air traffic control under adverse weather 

conditions or when visual references are insufficient. ATFM 

delays are delays that occur on routes due to reasons such as 

airspace capacity limitations, disruptions in air traffic 

management and operational restrictions. The “Airport 

Traffic” (EUROCONTROL, 2024) dataset includes 

information on airport-based landing and take-off operations 

and the traffic density associated with them. Airport traffic is 

related to airport capacity and is considered the main cause of 

delays during heavy traffic periods. These two datasets aim to 

reveal the effect of airport traffic density on delays by 

analyzing different dimensions of flight delays. These data, 

provided on a daily basis, provide more meaningful and up-to-

date information in terms of short-term planning and 

operational decisions. Daily forecasts can optimize flight delay 

management by evaluating the instantaneous effects of factors 

such as airspace capacity and ground handling. In addition to 

all this, daily fluctuations in flight traffic and delays are 

analyzed in detail to predict possible delays. 

The data mining process consists of four stages: data 

understanding, data preparation, modeling, and evaluation 

(Gui et al., 2021). In the first stage, Data Understanding, delay 

data and airport traffic density data will be combined with 

spatial-temporal features. (Zhang et al., 2021) emphasized in 

their studies that flight delays vary according to time, location, 

and seasonal factors and stated that spatial-temporal data 

fusion is a critical step in terms of delay estimation. This 

method will allow the development of unique models for each 

airport and route. In the second stage, Data Preparation, the 

Automated Feature Engineering (AFE) method will be used. 

(Liu et al., 2024) showed that AFE offers a significant 

advantage in automatically creating meaningful and 

interpretable features. Thanks to this method, the data 

preparation process will be accelerated and the features 

required for analysis will be created systematically. In the third 

stage, Modeling, the Random Forest (RF) method was 

preferred. RF is quite successful in modeling nonlinear 

relationships and shows effective performance on structured 

data sets without requiring stationarity. Sarveswararao et al., 

(2023) stated that RF achieves lower Symmetric Mean 

Absolute Percentage Error (SMAPE) in time series predictions 

compared to Long-Short Term Memory (LSTM) models and 

captures complex data structures better. In the last stage, 

Evaluation, the performance of the model will be evaluated 
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multidimensionally using cross-validation and various error 

metrics. Jiang et al., (2020) emphasized that cross-validation 

helps prevent overfitting in large data sets. Mean Absolute 

Error (MAE) and Root Mean Squared Error (RMSE) metrics 

will be used to measure model performance. These metrics are 

critical for evaluating the generalization ability and predictive 

accuracy of the model. 

 

2.1. Data Understanding and Preparation 
 In the data preparation phase, the “En-route IFR Flights 

and ATFM Delays (FIR)” and “Airport Traffic” datasets were 

merged, cleaned, and made suitable for analysis. From the 

“Airport Traffic” dataset, the “Country Daily Airport 

Summary Dataset” was created based on flight operational 

information such as departures (FLT_DEP_1), arrivals 

(FLT_ARR_1) and total flights (FLT_TOT_1). This dataset 

includes daily operational flight data for each region. The “En-

route IFR Flights and ATFM Delays” dataset provides data 

classified according to the reasons for the delays on the route 

(accident/incident, weather, equipment, environmental 

problems, other, etc.). In the data integration phase, the two 

datasets were merged based on the variables (FLT_DATE) and 

(STATE_NAME). This process ensured that the flight 

operations were consistently matched with the delay criteria. 

In addition, column names were rearranged to ensure naming 

standards between data sets and the structure obtained by 

merging the two datasets was made suitable for analysis and 

modeling. The missing data problem was considered as a 

critical issue when evaluated over total flight or delay times. 

In this study, a zero-input strategy was adopted to process 

missing data. In line with this strategy, the consistency of the 

data was preserved by replacing the empty values with zeros 

and a complete data set was obtained. In the feature 

engineering phase, a series of derived features were created to 

better analyze the causes and patterns of flight delays. For 

temporal analyses, time-based features such as year, month, 

day, weekday, and week of the year were obtained from the 

flight date (FLT_DATE). In order to measure the density of 

the airspace, the traffic density metric was developed and the 

ratio of total flights to departures (FLT_TOT_1 / FLT_DEP_1) 

was calculated. In order to evaluate the prevalence of delays, 

the delay ratio was derived using the ratio of delayed flights to 

total flights. To reduce the skewness in the distribution of the 

data, logarithmic transformation was applied to the total delay 

time (DLY_ERT_1) and a log-transformed total delay feature 

was created. In addition, the average delay per flight was 

calculated to develop the average delay metric and obtain an 

intuitive measure of the delay severity. As a result of all these 

steps, an enriched dataset containing the original and derived 

features was created. The final dataset was saved as 

“Merged_Country_Daily_Data_Optimized.csv” to be used in 

the modeling phase. This file provides a strong basis for 

developing forecasting models by providing comprehensive 

features regarding flight operations and delays. 

 

2.2. Data Exploration 

During the data exploration phase, various analyses were 

performed to understand the temporal patterns of flight delays 

and to improve model performance. In this context, temporal 

feature engineering was applied and the trends of delays in 

certain periods were evaluated. Within the scope of temporal 

feature engineering, temporal variables such as year, month, 

weekday, and season were derived from the flight date. These 

features enabled the analysis of seasonal and monthly trends 

in delays and allowed the model to capture short- and long-

term temporal changes. For example, it was observed that 

flight delays peaked in the summer months due to increased 

traffic density and in the winter months due to adverse weather 

conditions. This analysis also paved the way for the 

development of category-specific delay estimates. Regression 

analysis results are shown in Table 1. 

 

Table 1. Regression Analysis Results 

Delay 

Category 

Adjusted 

R² 

Significant 

Predictors 

Coefficien

t (β) 
P-value 

DLY_ERT_

A_1 0.78 

Traffic Density 2.01 <0.01 

Log-

Transformed 

Total Delay 

1.56 <0.01 

Season (Summer 

Indicator) 
0.43 0.02 

DLY_ERT_

E_1 
0.82 

Traffic Density 2.13 <0.001 

Log-

Transformed 

Total Delay 

1.74 <0.001 

Average Delay 0.87 0.003 

Season (Winter 

Indicator) 
0.51 0.015 

DLY_ERT_

W_1 
0.78 

Traffic Density 1.90 <0.01 

Log-Delay 

(DLY_ERT_W_

1) 

1.84 <0.001 

Temporal 

Feature (Month 

Indicator) 

0.41 0.002 

 

 Regression analyses allowed the determination of the 

effect of traffic density on delays and category-specific 

models. It was found that traffic density had a strong effect on 

all types of delays. In peak periods, inadequate capacity of air 

traffic management causes delays to increase. In category-

specific analyses, factors such as accidents and incidents 

(DLY_ERT_A_1), equipment failures (DLY_ERT_E_1) and 

weather conditions (DLY_ERT_W_1) were examined. It was 

observed that delays due to accidents and incidents 

(DLY_ERT_A_1) increased during the summer months when 

traffic was heavy. However, the absence of specific accident 

records in the data set in this category prevented further 

analysis. This category was excluded from the study due to the 

lack of details such as the frequency, severity, and operational 

impact of the accidents. To provide a comprehensive and 

reliable analysis, only categories with sufficient data were 

focused on. Accordingly, (DLY_ERT_E_1) (delays due to 

equipment failures) and (DLY_ERT_W_1) (delays due to 

weather conditions) categories were selected. This selection 

was supported by the strong statistical significance and high 

adjusted R-squared values obtained as a result of regression 

analyses. It was observed that delays due to equipment failures 

increased especially in winter months; this situation was 

associated with adverse weather conditions, increasing 

equipment fragility or complicating maintenance processes. 
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Delays due to weather conditions reached their peak levels in 

winter months when visibility was low and adverse weather 

effects were intense. 

 

2.3. Clustering 
In this study, the aim is to create strategic solutions for 

delay management by separating delay models into 

homogeneous groups. Cluster analysis process includes data 

pre-processing, feature selection, scaling, determination of 

optimum number of clusters and visualization of results. In the 

Data Preprocessing stage, temporal indicators and delay 

measures were used. Temporal indicators were formed from 

variables such as weekday, weekend indicators, month, and 

season. In addition, criteria such as delay rates and log-

transformed delay values belonging to (DLY_ERT_E_1) and 

(DLY_ERT_W_1) categories were included in the clustering 

process. In the Feature Selection and Scaling step, temporal 

indicators and delay measures were evaluated together. These 

features were scaled using the Standard Scaler method and 

thus the differences between numerical data and binary 

indicators were balanced. Elbow Method and Silhouette 

Scores were used to determine the optimum number of 

clusters. As shown in Figure 1, the Elbow Method plot shows 

that the within-cluster sum of squares (WCSS) decreases 

significantly at k = 4. This point represents the critical 

threshold above which additional clusters provide limited 

improvement on compactness. 

 

 
Figure 1. Elbow Method for optimal number of clusters 

The analysis results regarding the silhouette scores are 

presented in Figure 2. Although the silhouette score has the 

highest value for k = 2, this poses a risk of oversimplification. 

While the score drops significantly with k = 3, it is seen that 

the scores stabilize, and the clustering quality improves after k 

= 4. As a result of these analyses, it was determined that k = 4 

clusters are the optimum number of clusters. 

 

 
Figure 2. Silhouette Score for optimal number of clusters 

The clustering process was performed using the k-Means 

algorithm and the data was divided into four clusters. Cluster 

labels were added to the data set as a new column. Principal 

Component Analysis (PCA) was applied to visualize the 

clustering results in two dimensions and the results are shown 

in Figure 3. In the PCA plot, Cluster 0 and Cluster 3 show a 

clear separation, while partial overlaps are observed between 

Cluster 1 and Cluster 2. This shows that there are some 

common features among the delay models. 

 

 
Figure 3. Analysis of Delay Instances 

In the Figure 4, a heat map is created showing the average 

values of each cluster within the scope of Cluster Feature 

Analysis. Cluster 0 represents efficient operations with low 

delay rates. Cluster 1 stands out with serious delays due to 

equipment failures, where delays (DLY_ERT_E_1) are 

effective. Cluster 2 reflects the winter months, where delays 

due to weather conditions are high. Cluster 3 is characterized 

by high delays observed in the summer months due to 

increased air traffic. 
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Figure 4. Heatmap of Clustering Features by Cluster 

 

2.4. Train-Test Splitting and Homogeneity Testing 

In the training and test set splitting process, it was aimed to 

represent clusters and geographic regions proportionally. In 

the Feature Preparation stage, temporal features (weekday, 

weekend, month, and seasonal indicators) and category-

specific features (DLY_ERT_E_1) and (DLY_ERT_W_1) 

log-transformed lag values) obtained from the previous 

clustering analysis were reused. In addition, cluster labels were 

included in the data set as additional features. In the Data 

Stratification step, a new column named “stratify_col” was 

created by combining the variables STATE_NAME 

(geographic region) and Cluster (lag category segmentation). 

This stratification provided a balance of both geographic and 

cluster distributions in the training and test sets. The data set 

was split into training and test sets in a ratio of 80/20. Figure 5 

and Figure 6 show the cluster distributions in the training and 

test sets for the categories (DLY_ERT_W_1) and 

(DLY_ERT_E_1), respectively. The graphs confirm that both 

delay categories are proportionally represented in the training 

and test sets. 

 

 
Figure 5. Distributions of training and test set clusters for DLY_ERT_W_1 

 
Figure 6. Distributions of training and test set clusters for DLY_ERT_E_1 

Homogeneity tests were performed to verify the statistical 

homogeneity of the training and test sets. For the distribution 

comparison, the distributions of the Cluster and 

STATE_NAME variables in the training and test data sets 

were visualized with bar graphs. Figure 7 and Figure 8 show 

the distributions for (DLY_ERT_W_1), and Figure 9 and 

Figure 10 show the distributions for (DLY_ERT_E_1). It is 

seen in the graphs that both clusters and geographical regions 

are distributed equally in the training and test sets. 
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Figure 7. Cluster distributions for DLY_ERT_W_1     

 

Figure 8. "STATE_NAME" cluster distributions for DLY_ERT_W_1 

 

Figure 9.  Cluster distributions for DLY_ERT_E_1 
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Figure 10. "STATE_NAME" cluster distributions for DLY_ERT_E_1  

Statistical test was performed to compare Cluster and 

STATE_NAME distributions between two datasets. In H0  

 

 

 

Hypothesis, it was assumed that there was no significant 

difference between training and testing distributions. 

 

Table 2. Chi Square Test and Results 

Test 

Chi-

Square 

value 

p-value 

Degrees 

of 

Freedom 

Result 

Cluster 

(DLY_ER

T_E_1) 

0.02 0.9994 3 

There is no 

significant 

difference 

between the 

distributions. 

STATE_N

AME 

(DLY_ER

T_E_1) 

0.04 1.0000 63 

There is no 

significant 

difference 

between the 

distributions. 

Cluster 

(DLY_ER

T_W_1) 

0.02 0.9994 3 

There is no 

significant 

difference 

between the 

distributions. 

STATE_N

AME 

(DLY_ER

T_W_1) 

0.04 1.0000 63 

There is no 

significant 

difference 

between the 

distributions. 

 

The Chi-Square statistics and p-values confirm that the 

Cluster and STATE_NAME variables are distributed 

proportionally in the training and test sets. For example, the p-

value for the Cluster variable is 0.9994, indicating that the 

clusters are represented evenly in both data sets. Similarly, the 

p-value for the STATE_NAME variable is 1.0000, indicating 

that the regional features are distributed equally in the training 

and test sets. 

 

3. Result and Discussion  
 

In this study, the Random Forest algorithm is used for 

delay estimation for (DLY_ERT_W_1) (delays due to weather 

conditions) and (DLY_ERT_E_1) (delays due to equipment 

failures). The modeling process includes preparation of data 

features, hyperparameter optimization, calculation of model 

evaluation metrics and feature importance analysis. 

Target variables are determined as weather-related delays 

(DLY_ERT_W_1) and equipment failure-related delays 

(DLY_ERT_E_1). Numerical variables such as traffic density, 

delay rate, and log-transformed delay measurements are used 

in these models. In order to capture the effect of regional 

variations, categorical variables such as STATE_NAME are 

included in the model with a one-hot encoding method. In 

addition, temporal and operational characteristics (such as 

seasonal indicators, weekdays, and weekends) are used as 

important predictor variables in delay analysis. 

The hyperparameter tuning process was performed for the 

optimization of model parameters. Overfitting and underfitting 

analyses were performed (see Appendix), and the performance 

of different hyperparameter combinations was evaluated. 

During hyperparameter tuning, Root Mean Square Error 

(RMSE) was calculated to measure performance and 

recommended ranges were determined. According to the 

results of underfitting and overfitting analyses performed for 

(DLY_ERT_W_1) and (DLY_ERT_E_1), recommended 

ranges for hyperparameter tuning are shown in Table 3. 

 

Table 3. Recommended ranges for hyperparameter tuning 

 
DLY_ERT_

W_1 

DLY_ERT_E_1 

n_estimators (number of 

trees) 
[150,200,250] [100, 150,200] 

max_depth (tree depth) [20,25,30] [20,25,30] 

min_samples_split 

(minimum number of 

samples to split a node) 

[3,5,6] [2, 3,5] 

min_samples_leaf 

(minimum number of 

samples in a leaf node) 

[1, 2] [1, 2] 

max_features 

(maximum number of 

features to use for 

splitting) 

['sqrt'] ['sqrt'] 

 



JAV e-ISSN:2587-1676                                                                                                                                                   9 (2): 372-381 (2025) 

379 

 

According to the analysis results, the optimum 

hyperparameters were obtained by the Grid Search method and 

5-fold cross-validation (5-fold CV). The final hyperparameter 

values were optimized for both delay categories as presented 

in Table 4.  

 

Table 4. Chi Square Test and Results 
DLY_ERT_W_1  DLY_ERT_E_1  

n_estimators  250 n_estimators  100 

max_depth 30 max_depth 30 

min_samples_split 3 min_samples_split 3 

min_samples_leaf  1 min_samples_leaf  1 

max_features  'sqrt' max_features  'sqrt' 

 

Model performance was evaluated using Mean Absolute 

Error (MAE) and Root Mean Square Error (RMSE) metrics on 

both cross-validation (CV) and test set. As shown in Table X, 

RMSE value for (DLY_ERT_W_1) was calculated as 

“700.98” in cross-validation stage and “416.16” in test set. 

Similarly, RMSE value for (DLY_ERT_E_1) was obtained as 

“2.19” in cross-validation stage and “0.91” in test set. Low 

MAE and RMSE values in both models revealed that the 

models have high prediction accuracy and exhibit robust 

performance. The consistency between cross-validation and 

test metrics confirms that the models do not have overfitting 

problems and have strong generalization ability. 

 

Table 5. Evaluation Criteria Results for DLY_ERT_W_1 and 

DLY_ERT_E_1 
 DLY_ERT_W_1 DLY_ERT_E_1 

MAE (CV) 48.88 0.03 

RMSE (CV) 700.98 2.19 

MAE (Test) 39.93 0.01 

RMSE (Test) 416.16 0.91 

 

According to the feature importance analysis, traffic 

density is determined as the most critical variable predicting 

delays for both models. This situation emphasizes the impact 

of airspace congestion on delays and the importance of 

effective air traffic management. Especially in weather-related 

delays (DLY_ERT_W_1), the cascading effect of past delays 

stands out as a remarkable finding. In equipment failure-

related delays (DLY_ERT_E_1), regional and seasonal 

variables have a strong effect, which reveals the importance of 

preventive maintenance activities. 

Using separate Random Forest models for different delay 

categories provided significant advantages in the modeling 

process. While analyzing all delay types in a single model 

created difficulties in understanding varied factors, using 

separate models captured the specific factors of each delay 

type better. This approach increased the prediction accuracy 

and provided a simpler, more optimized structure for the 

models. 

As a result, the Random Forest algorithm performed well 

in predicting delays due to both weather conditions and 

equipment failures. Traffic density and past delays were the 

strongest predictors of the models, while regional and temporal 

variations also had an impact on delay analysis. 

 

 

 

 

  

4. Conclusion  
 

This study presents a comprehensive data mining and 

modeling process to provide a deeper understanding of the 

relationship between airport traffic density and flight delays 

and to evaluate the effectiveness of prediction models in this 

context. Delays due to weather conditions and equipment 

failures were determined as two important disruption points of 

flight operations and the Random Forest algorithm was used 

for delay prediction in these categories. The analyses 

conducted within the scope of the study clearly revealed the 

effects of traffic density, past delays, regional and temporal 

factors on flight delays. The low error rates, high prediction 

accuracy and generalization capacity of the Random Forest 

algorithm support the usability of this method in operational 

decision support systems. 

Risk management in the aviation sector is a principal 

element that aims to increase flight safety and minimize delay-

related disruptions by ensuring effective management of 

operational processes. In this context, the current study 

presents important findings in terms of risk management in the 

aviation sector by providing data-driven analyses for 

predicting flight delays. Proactive evaluation of airport traffic 

density data allows for the prediction of potential delays and 

the development of preventive strategies. The predictive 

models applied in the study offer new and effective approaches 

that can be used in aviation risk management processes and 

contribute to the making of strategic decisions to increase 

operational efficiency in the aviation sector. 

The findings have prepared the ground for strategic policy 

recommendations for managers for operational efficiency and 

minimizing flight delays. It has been observed that efficient 

and dynamic airspace allocation and alternative routing 

strategies should be implemented to control traffic congestion, 

especially during periods of high traffic density such as 

summer and winter. In addition, considering that past delays 

have gradually led to systemic disruptions, it is recommended 

to develop proactive maintenance processes and rapid 

intervention mechanisms. In this context, it is evaluated that 

optimizing operational processes and disseminating predictive 

analytical methods in the sector will contribute to both 

reducing costs and increasing passenger satisfaction. 

The study also highlights the importance of predictive 

analytical approaches for managing delays in the aviation 

sector and provides a valuable contribution to academic 

literature. This comprehensive approach, especially 

considering operational and environmental factors together, 

fills the gaps in the literature and offers a new perspective for 

predicting flight delays. However, the inclusion of missing 

data categories such as accidents and incident-related delays in 

the analysis scope stands out as an important research area for 

future studies. In addition, the use of alternative modeling 

approaches and wider data sets will increase the validity of the 

findings and strengthen their applicability in different 

scenarios. 

As a result, this study has examined the critical 

relationships between airport traffic density and flight delays 

in detail and has suggested innovative decision support 

mechanisms for both academic and sectoral applications in the 

light of the findings. In addition to all, the study provides a 

guide for managerial practices in the aviation sector in terms 

of increasing operational efficiency, reducing costs and 

ensuring customer satisfaction.  
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Appendix  

 
Hyperparameter results for (DLY_ERT_W_1) 

 

 
Hyperparameter results for DLY_ERT_E_1 
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1. Introduction 
 

Unmanned Aerial Vehicles (UAVs) are aircraft that 

perform their flights without human intervention, usually 

controlled by remote control or autonomous systems. These 

vehicles are equipped with various sensors and cameras and 

are used in many different areas such as mapping, aerial 

observation, security services, environmental analysis, 

agriculture and military operations. First developed for 

military purposes, UAVs are now widely used in commercial 

and civil areas. 

The existence of control stations is of great importance for 

the efficient and safe use of UAVs. Control stations serve as a 

platform that enables the mutual transmission of information 

such as basic aircraft system data, payload data and images, 

and location information between the aircraft and the ground 

station. This data exchange is critical for monitoring and 

managing the flight process of the aircraft. In addition, control 

stations transmit the necessary commands for flight control 

from the ground to the aircraft in real time, and data such as 

the aircraft's current location, battery status, and flight route 

are also continuously received. Thus, the safety and efficiency 

of the flight are ensured, and the ability to intervene in the 

event of any adverse situation is provided. Therefore, control 

stations play a vital role in the effective performance of flight 

management and data communication in order for UAVs to 

operate safely, efficiently, and correctly (Austin, 2011). 

Since the data sets transferred between control stations and 

UAVs are not sufficiently available in the literature, significant 

difficulties may arise in the analysis processes aimed at 

improving UAV performance. Because UAV data sets are 

widely used in estimating important parameters such as fuel 

consumption, battery status and endurance that determine the 

performance of the aircraft. Various studies have been 

conducted in the literature on improving these parameters in 

many different areas such as aerodynamic design, propulsion 

system design, image analysis, high-efficiency battery use, 

route planning and autonomous systems (Konar, 2018; 

Bouhoubeiny et al., 2016). 

In the literature, the use of heuristic methods in studies 

aimed at improving UAV flight performance is became 

increasingly common. One of the main reasons for this is that 

heuristic methods have the ability to model nonlinear and 

complex systems effectively. Such heuristic models offer 

important solutions to engineering problems thanks to their 

capacity to manage uncertainties and nonlinear relationships. 

By using advanced optimization methods and learning 

algorithms, the accuracy of fuzzy systems can be increased and 

processing times can be shortened. These approaches provide 

significant advantages in improving the performance of UAVs 
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(Arik, 2018; Konar, 2020; Konar et al., 2016; Karaburun et al., 

2024; Konar et al., 2024). 

Luo et al. designed a digital signal processor-based system 

to obtain UAV data in their studies. They obtained UAV data 

via the Ground Control Station via wireless data transmission 

(Luo et al., 2012).  
Ozkat et al. proposed a data-driven predictive maintenance 

model for multi-rotor UAVs. This model aimed to estimate the 
remaining useful life (RUL) of the aircraft using flight data 
(Ozkat et al., 2023). 

Ho et al. developed a method to optimize data collection 

processes over wireless sensor networks and UAVs. In their 

study, they aimed to increase the overall performance of the 

system by proposing various algorithms to make data 

transmission between sensor networks and UAVs more 

efficient (Ho et al., 2015). 

Konar et al examined how the Back-Tracking Search 

Optimization Algorithm (BSA) can be applied to optimize 

various parameters during the flight of an unmanned helicopter 

and to increase flight efficiency in their study (Konar et al., 

2024). 

Allarie et al. performed optimizations based on data 

estimation in real-time decision making processes of UAVs 

and worked on Field-Programmable Gate Array (FPGA) 

implementation of genetic algorithm (Allaire et al., 2009). 

Stansbury et al. examined command, control and 

communication technologies for UAVs in detail (Stansbury et 

al., 2009). 

When the studies in the literature are examined, there are 

studies in which UAV data are obtained and different heuristic 

methods are used to improve UAV flight performance. 

However, UAV data is generally not easily accessible due to 

reasons such as security, trade secrets, legal regulations and 

technological limitations. Therefore, UAV data is generally 

shared in a limited way, which causes restrictions on the 

development of UAV technologies and the use of heuristic 

methods. 

In this study, a hybrid method consisting of Sugeno type 

fuzzy system and BSA, which are heuristic methods, was used 

to estimate the battery status affecting the UAV flight duration. 

For this purpose, firstly the flight data on a rotary wing UAV 

were recorded by transmitting it to the ground control station 

via telemetry. After testing the accuracy of the recorded data, 

the input and output parameters were determined using these 

data. The UAV's flight altitude, ground speed and current 

values drawn from the battery were selected as input 

parameters, while the battery status (in percent) was selected 

as the output parameter. The Sugeno type fuzzy system 

structure was trained using the selected input-output data. 

During the training, the parameters of the Sugeno type fuzzy 

model structure were optimized using BSA. Thus, the input-

output parameters that do not have a direct relationship 

between them were correlated and BSA based Sugeno type 

fuzzy model structures were proposed to estimate the battery 

status affecting the UAV endurance. The obtained simulation 

results with using proposed models are presented through 

tables and figures. 

 

2. Methods 
 

In this study, hybrid models based on Sugeno type fuzzy 
system and BSA are proposed in order to estimate the battery 
status affecting UAV endurance. In this section, Sugeno type 

fuzzy model structure and BSA used in the study are 
explained. 

 

2.1. Sugeno Type Fuzzy System 
Fuzzy logic is a mathematical approach that enables people 

to think and make decisions in the most accurate way within 

uncertainties and imprecise information. This logic is a system 

that develops solutions for situations where binary logic 

systems do not produce definite results such as 1 or 0. Fuzzy 

logic tries to calculate the probability of occurrence of these 

situations by assigning membership degrees for situations that 

binary logic systems cannot express. Fuzzy logic structures are 

widely used especially in solving engineering problems and 

have different types such as Mamdani and Sugeno. In this 

study, Sugeno type fuzzy model structure, which is frequently 

preferred in the literature, is preferred. Sugeno type fuzzy logic 

system is a systematic approach that includes the phases of 

fuzzing the inputs, determining the rule weights, applying 

logical operations belonging to fuzzy sets and calculating the 

results with linear equations (Takagi and Sugeno, 1985; 

Sugeno and Kang, 1988; Jang et al., 1997). In this study, 

models consisting of three inputs and single output are 

proposed in order to estimate the battery status affecting the 

UAV endurance. 

In parameter adjustment of Sugeno type fuzzy model 

structure, different functions such as triangular, trapezoidal or 

gaussian type membership functions are preferred. Since 

triangular membership functions are generally used in 

literature, triangular membership function is preferred in this 

study. In case the inputs are characterized by triangular 

membership functions, each membership function is defined 

with three parameters. Typical rule structure for 3 inputs of 

Sugeno type fuzzy system proposed by Takagi, Sugeno and 

Kang is given in Equation 1 (Takagi and Sugeno, 1985; 

Sugeno and Kang, 1988; Jang et al., 1997). 

 

1 1 1, , ( , , )if x A y B t C z f x y t px qy kt r= = =  = = + + +   (1) 

 

Here, x, y and t are the input variables of the system. z is a 

polynomial that depends on the x, y and t variables 

representing the output. p, q, k and r represent the coefficients 

in the output polynomial. 

In this study, the Sugeno type fuzzy rule base 

representation with two rules proposed for three inputs and one 

output is given in Fig. 1. In Fig. 1, μ represents the value of the 

membership degree, z1 represents the polynomial of the first 

rule output, and z2 represents the polynomial of the second rule 

output. To obtain the total result z, Equation 2 expresses the 

weight (w) average method, which is frequently used in the 

inference method. 
 

 
Figure 1.  Three input-single output Sugeno type fuzzy 

model structure for two rules. 
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As given in Equation 2, the output polynomial for each rule 

includes the coefficients of the input variables p, q and k and 

the constant coefficient r. Therefore, four parameters are used 

for the output. According to this structure given in Fig. 1, since 

the triangular membership function is preferred for each input 

in the Sugeno type fuzzy model, a total of nine parameters are 

used, three for the first input, three for the second input and 

three for the third input. In the Sugeno model with three inputs 

and single output, the total number of parameters to be 

calculated for each rule is 13. The parameter definition of the 

Sugeno model with three inputs and single output is given in 

Table 1. 

 

Table 1. Parameter matrix of three input-single output 

Sugeno type fuzzy model structure for two rules. 

Rule 

Order 

Inputs and Output 

Input 1 Input 2 Input 3 Output 

Rule 1 11 12 13a a a  11 12 13b b b  11 12 13c c c  11 12 13 14p q k r  

Rule 2 21 22 23a a a  
21 22 23b b b  21 22 23c c c  21 22 23 24p q k r  

 

Correct determination of Sugeno type fuzzy model 

parameters is an important factor that directly affects the 

success of the model. Correct adjustment of parameters allows 

the model to better represent real world data and thus increase 

the prediction accuracy. In particular, when different model 

structures, membership functions and parameter adjustments 

are used, significant improvements in the performance of the 

model can be observed. 

 

2.2. Back-Tracking Search Optimization Algorithm 
Back-Tracking Search Optimization Algorithm (BSA) is 

an evolutionary algorithm introduced to the literature by 
Civicioglu in 2013 (Civicioglu, 2013). BSA, which stands out 
with its features such as its uncomplicated structure, low 
number of operators and ease of application, is frequently 
preferred in various optimization problems (Civicioglu, 2013; 
Duan and Luo, 2014; Wang et al., 2014; Zhang et al., 2015; 
El-Fergany, 2015; Chen et al., 2017). However, similar to 
other evolutionary algorithms, BSA has some limitations. 
These limitations are; the change of the trace population due 
to the gradual decrease in population diversity during the 
evolution phase and the difficulty of producing new solutions. 
The loss of population diversity can negatively affect the 
discovery ability and general success of the algorithm. In order 
to overcome this problem, the use of impulse operator to 
increase the population diversity in BSA has been developed. 
The impulse operator allows the population to explore a wider 
search area and contributes to the algorithm finding a solution 
more effectively. In this way, the population diversity of BSA 
is increased and outputs that are more successful are produced. 

BSA consists of five main steps: initialization, first 

selection stage, mutation, crossover and second selection stage 

(Civicioglu, 2013). 

In the initialization phase, since BSA is not sensitive to the 

initial values of the population, a random number is usually 

chosen. These random initial values, expressed by Equation 3, 

define the initial individuals randomly distributed between the 

boundaries determined for each dimension in the solution 

space. Here, P is the population, U is the uniform random 

distribution function. Pi,j is a target individual in the 

population. lowj is the lower bound in the solution space and 

upj is the upper bound in the solution space. 

 

( ), ~ ,i j j jP U low up   (3) 

 

In the first selection phase, a new historical population 

oldP is used to calculate the search direction for each selection. 

BSA stores this historical population in its memory for use in 

subsequent decision-making mechanisms. After oldP is 

created, the population members are randomly sorted and are 

ready to be used in the next step. 

In the mutation phase, a new population is formed by the 

mutation process defined by Equation 4. Here, the F value 

represents the coefficient of the variation scale. Mutation 

determines the search direction using the solution information 

obtained in the previous steps. In this way, the algorithm 

makes the solution search process more efficient by taking 

advantage of the previously obtained experiences. 

 

( )M P F oldP P= + −   (4) 

 

The crossover phase determines the final state of the 

population with the parameters obtained from the proportional 

mixture of individuals in the population. Depending on the 

type of optimization problem, the individuals with the best 

values in the population are used to create the target 

population. These individuals represent the best potential 

solutions in the solution space and allow the algorithm to 

produce better results. 

In the second selection phase, an update process is 

performed. In this phase, the better individuals in the current 

population are selected and a new population is created. The 

best solution found is checked by comparing it with the entire 

population in each iteration cycle. The algorithm continues its 

cycle until the maximum number of iterations is reached or 

until the fitness value meets the predetermined target 

conditions. In this way, the algorithm constantly evolves and 

improves until it finds the optimum solution. 

These steps are critical for the successful operation of BSA. 

Each phase of the algorithm performs a specific operation to 

help the population find better solutions, increasing the overall 

efficiency of the algorithm. 

 

3. Definition of the Problem and Modeling Process 
 

In this study, a hybrid approach consisting of Sugeno type 

fuzzy model system and BSA was used to estimate the battery 

status affecting the remaining endurance of a rotary wing 

UAV. For this purpose, firstly flight data were obtained as a 

result of flights made with a rotary wing UAV. From the 

obtained flight data, flight altitude, ground speed and current 

values drawn from the battery were selected as input 

parameters. Depending on the input parameters, the 

calculation of the battery status affecting the remaining 

endurance of the UAV as a percentage was determined as the 

output parameter. The block structure of these models, 

consisting of 3 inputs and 1 output, is given in Fig. 2. 
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Figure 2.  Block diagram of the proposed model structure 

using the BSA based Sugeno type fuzzy system.  

 

After determining the input and output parameters, the 

training phase of the Sugeno type fuzzy system was started. In 

the training phase, BSA was preferred to adjust the parameters 

of the Sugeno type fuzzy model structure. In order to 

demonstrate the success of the proposed models, the mean 

squared error (MSE) defined by Equation 5 was selected as the 

performance criterion (Chicco et al., 2021). In Equation 5, 
d

kO  

represents the true values. kO  represents the output values of 

the model. N is the number of samples and its value in this 

study is 3000. 

 

2

1

1
( )

N
d

k k

k

MSE O O
N =

= −   (5) 

 

Fig. 3 shows the block diagram of the training phase of 

BSA-based Sugeno type fuzzy models. As seen in Fig. 3, in 

the first step, the training phase starts with the input data using 

the initial parameter values for the Sugeno type fuzzy model 

structure. The output values of the proposed model structure 

are compared with the true output values and the BSA updates 

the parameters of the Sugeno type model structure depending 

on the error value between output values. This cycle continues 

until an acceptable error value is obtained or until the BSA 

meets the stopping criterion. The number of parameters to be 

optimized during the training of Sugeno type fuzzy model 

structures using the BSA varies depending on the number of 

inputs, the type of membership function and the number of 

rules. 

 

 
Figure 3.  The block diagram of the training phase of BSA-

based Sugeno type fuzzy models. 

 

4. Simulation Results 
 

In this study, in order to estimate the battery status affecting 
the remaining endurance of rotary wing UAV, BSA based 
Sugeno type fuzzy model structures are proposed as given in 
Fig. 3. For this purpose, 2220 flight data were obtained as a 
result of flights made with a rotary wing UAV. By the using 
these dataset, UAV's flight altitude, ground speed and current 
values drawn from the battery are selected as input parameters. 
Battery percentage charge rate is selected as the output 
parameter. In the proposed models, by considering the 
minimum and maximum values of the selected input and 
output data, the normalization ranges of the data are 
determined as [0, 2000], [0, 500], [180, 900] and [0, 100] for 
UAV's flight altitude, ground speed, current values drawn 
from the battery and battery percentage charge rate, 

respectively. The input and output parameters are normalized 
to the range of [0, 1] using these value ranges and it is aimed 
to obtain more successful results in the modeling. Each rule in 
the Sugeno type fuzzy model structure trained using the value 
ranges of the input-output parameters is defined with 13 
parameters separately. The 13 parameters were obtained by 
summing 9 parameters for 3 inputs and 4 parameters for 
output, since the triangular membership function was preferred 
for each input. After determining the parameters, separate 
models were created using 2, 3, 4 and 5 rule numbers for 
Sugeno type fuzzy model structures. In the models created 
with different rule numbers, it was aimed to optimize 13 
parameters with the BSA in a way that would obtain the 
minimum MSE. The control parameters of the BSA were 
selected as runtime 5, colony size 30, and iteration numbers 
2500 and 5000. Each model proposed with different rule 
numbers was simulated separately using these control 
parameter values and the MSE values obtained as a result of 
the simulation are given in Table 2. 
 

Table 2. Comparison of MSE values obtained from 

simulations performed with the proposed BSA based Sugeno 

type fuzzy model structures. 

Rule Number 
Iterations 

2500 5000 

2 2.31 2.00 

3 2.86 1.70 

4 1.78 1.56 

5 2.23 1.70 

   
When Table 2 is examined, the best MSE value obtained as 

a result of simulations with the proposed models is 1.56 in the 
Sugeno type model structure with 4 rules, at 30 colony 
numbers and 5000 iteration numbers. In the BSA-based 
proposed models, since no significant improvement in solution 
quality is observed at iterations greater than 5000 iteration 
numbers, larger iterations are not studied. 

In the problem of estimating the battery status affecting the 

remaining endurance of the UAV, the comparison of the 

output values of the model determined to be better and the true 

output values is given in Fig. 4. 

 

 

Figure 4.  Comparison of the obtained values with the true 

values for the model with the smallest MSE value.  

 

When Fig. 4 is examined, the compatibility between the 

values obtained with the proposed BSA-based Sugeno type 

fuzzy model and the true values is satisfactory. The iteration-
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MSE change graph of the model determined to be better is 

given in Fig. 5. 

 

 

Figure 5.  Iteration-MSE change graph for the model with 

the smallest MSE value. 
 

When Fig. 5 is examined, it is seen that the MSE value 

decreases rapidly in the first 1000 iterations and becomes 

stable after 4000 iterations. The parameters of the BSA-based 

Sugeno type fuzzy model structure, which provides a better 

MSE value in the problem of estimating the battery status 

affecting the remaining endurance of the UAV, are given in 

Table 3. 

 

Table 3. Normalized parameter values for the BSA based 

Sugeno type fuzzy model with the smallest MSE value  
Rule 

Number 
Input 1 Input 2 Input 3 Output 

1. 

0.3458    

0.4167    

0.9464 

-0.4441 

-0.0425   

0.5499 

-0.6590   

-0.3510   

-0.0912 

-0.9891   

-0.6074   

-0.2817    

0.8754 

2. 

-0.9452   

-0.4481    

1.0000 

-1.0000 

-0.6168    

0.8946 

-0.8266   

-0.1993    

0.9670 

-0.9599    

0.4984    

0.5434    

0.7876 

3. 

-0.9068    

0.7220    

0.9902 

-0.6126    

0.4140    

1.0000 

-0.1559    

0.6890    

0.6984 

-0.6105 

-0.1928    

0.7569    

0.8527 

4. 

-0.6561   

-0.6543    

0.8234 

-0.3218    

0.9182    

1.0000 

-1.0000   

-0.7816    

0.7695 

-0.4288   

-0.2732   

-0.2614   

-0.0128 

 

When Table 3 is examined, it is seen that the values 

obtained for the BSA-based Sugeno type fuzzy model 

structure, which is determined to be better, are in the 

normalization range of [0, 1]. Therefore, the compatibility of 

the BSA-based proposed Sugeno type fuzzy model results with 

the true results is satisfactory in the problem of estimating the 

battery status affecting the remaining endurance of the UAV. 

This also emphasizes the success of the proposed model. 

 

5. Conclusion 
 

In this study, a hybrid model based on Sugeno type fuzzy 

logic system and BSA is proposed for the estimation of battery 

status, which is one of the main factors affecting the remaining 

endurance of a rotary wing UAV. In the model, UAV flight 

altitude, ground speed and current drawn from the battery were 

determined as input parameters; battery status was determined 

as output parameter. Data were normalized in the pre-

processing phase, modeled with different rule numbers and 

each structure is optimized with BSA method. 

Simulation results show that lower MSE value is obtained 

as 1.56 in the model containing 4 rules, with 5000 iterations 

and a colony size of 30 individuals. The high level of 

compatibility of the obtained estimation results with the true 

data reveals the accuracy and validity of the proposed model. 

These findings prove that the BSA-based Sugeno type fuzzy 

model is an effective and reliable method in estimating the 

UAV battery status. 

In Sugeno type fuzzy models, determining the parameters 

correctly is a fundamental element that directly affects the 

model success. Parameter optimization enables the model to 

represent real world data more effectively and thus increase 

the prediction accuracy. Especially when different model 

structures, membership function types and parameter 

adjustments are applied, significant improvements in model 

performance can be observed. 

By testing models with different numbers of rules within 

the scope of the study, it was determined that the learning 

capacity and analysis competence of each model varied. Using 

a larger number of rules and membership functions provides 

better modeling of complex and nonlinear relationships in the 

system. However, since using more parameters and rules than 

necessary in the model may increase the risk of overfitting, an 

appropriate balance must be established between model 

complexity and generalization performance. 

As a result, in Sugeno type fuzzy models, carefully 

determining the parameters, selecting the appropriate rule 

number of model and choosing the membership functions that 

best suit the nature of the system significantly increase the 

overall accuracy, reliability and application success of the 

model. This approach contributes to the development of more 

robust decision support systems in real-time and vital 

applications such as monitoring the battery status of UAVs and 

estimating the remaining endurance. 
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1. Introduction 
  

The aviation industry has undergone a profound 
transformation since the inaugural powered flight in 1903, 
driven by the increasing mobility of people and goods across 
the globe (Fu, 2008; Spearman, 2006). This evolution has 
resulted in the development of a more diverse range of aircraft, 
enhanced performance, and increasingly complex airspace 
structures. Consequently, the role of air traffic controllers in 
ensuring aviation safety has become paramount. Air traffic 
controllers are responsible for ensuring the safe navigation of 
aircraft in all flight areas, including airports. They provide 
services at different flight stages through three units: 
aerodrome control (TWR), approach control (APP), and area 
control (ACC). TWR manages ground operations, APP 
organizes inbound and outbound traffic, and ACC handles en-
route traffic, including military and unmanned aerial vehicles. 
This requires controllers to be highly attentive and 
multifaceted. 

Air traffic controllers are responsible for the rapid 
performance of a range of tasks, including planning, 
monitoring, and controlling the air traffic flow, and the 
resolution of any issues that may arise. This is achieved 
through the utilization of appropriate coordination methods 
(Çınar, 2010). It is imperative that controllers be licensed, a 
process overseen by the International Civil Aviation 
Organization (ICAO) through Annex 1. This Annex delineates 
a competency model developed by the ICAO, which 

encompasses situational awareness, traffic and capacity 
management, separation and conflict resolution, 
communication, coordination, management of unexpected 
situations, problem-solving, decision-making, self-
management, workload management, and teamwork (ICAO, 
2020). These competencies guarantee that controllers are 
adequately prepared to fulfill their responsibilities. 

Competency, as defined by Gonczi et al. (1993), is a 
construct inferred from performance that combines the 
underlying characteristics that contribute to that performance. 
It is of the significant importance that controllers maintain high 
performance standards in order to prevent loss of life, 
significant financial costs, or delays (Edwards et al., 2012). 
Factors affecting operational performance include age, 
experience, health, mental structure, working conditions, 
equipment, automation technologies, ergonomics, 
environmental factors, aircraft performance, and workload 
(Chang and Yeh, 2010; Edwards et al., 2012; Edwards et al., 
2013; Hansen, 2004; Hilburn et al., 2006; Isaac and 
Ruitenberg, 2017; Mogford et al., 1995; Rothaug, 2004; 
Ruitenberg, 1997; Shafique, 2014; Stager and Hameluck, 
1990; Turhan, 2009). Nevertheless, there is a paucity of 
empirical research examining the influence of competencies 
on performance in the context of air traffic control, which 
suggests a knowledge gap in this area. 

The aim of the study is to determine the impact of 

competency on performance in air traffic control, evaluating 

competencies and performance based on experience, unit, and 
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instructor status. The recommendations are designed to 

enhance competencies and performance. The originality of the 

study lies in its comprehensive examination of the 

interrelationship between competencies and performance. It 

should be noted that the findings are limited to the attitudes of 

current air traffic control personnel and do not take into 

account other factors that may affect performance. 

Additionally, the evolving nature of competency represents a 

potential limitation. The study initially explains the concept of 

competency and its relationship with performance using 

existing literature, thereby providing a comprehensive 

understanding of the dynamics of air traffic control 

performance.  

  

2. Literature Review 
  

2.1. Competency 
Competency is defined as the ability to perform tasks or 

work successfully in a specific role through a combination of 
personal qualities (Chouhan and Srivastana, 2014). It is a key 
factor in achieving success (Spencer and Spencer, 1993) and 
has been adopted in a range of fields through competency-
based approaches to the selection, training, evaluation and 
development of employees (Ennis, 2008). The literature offers 
a plethora of definitions of competency due to its diverse 
applications (Hoffman, 1999). Competency, as a proven 
ability in a specific area, can be assessed by the amount of 
knowledge applied to achieve successful outcomes 
(Haddouchane et al., 2017). 

Competency is defined as observable behaviors 
encompassing the knowledge, skills, and attitudes deemed 
necessary for superior performance. Knowledge is defined as 
an understanding of rules, principles, concepts, or processes 
that have been acquired through learning and experience 
(Hoge et al., 2005). In contrast, skills are defined as the ability 
to utilize knowledge for specific purposes (Lawson et al., 
2014). Finally, attitudes encompass attributes such as 
accuracy, honesty, responsibility, and ethical awareness (Roe, 
2002). Competency is recognized as behaviors exhibited in a 
work context (McClelland, 1973; McClelland, 1998), 
reflecting the desired qualities within the job (Stewart and 
Brown, 2009). The concept of competency is utilized to predict 
successful job performance, which is manifested through 
behaviors observed under specific conditions (ICAO, 2020). It 
encompasses both routine and complex situations, with 
competencies developing as experience increases, becoming 
essential in decision-making and demonstrating individual 
performance (Nijveldt et al., 2005). Competencies are linked 
to individual performance and career development (Cernușca 
and Dima, 2007), and provide direction (Intagliata et al., 
2000). 

Competencies are comprehensive, trainable, measurable, 
job-related, and interconnected, encompassing knowledge, 
skills, and attitudes. Furthermore, competencies indicate not 
only job performance ability but also professional authority 
and judgment, which are crucial in high-competency jobs such 
as air traffic control (Ten Cate, 2005). 

The term 'procedural competency' encompasses technical 
knowledge and skills that are perceived as being essential for 
task independence and success (Tran et al., 2018; Koch, 2023). 
In contrast, behavioral competencies define how individuals 
behave and interact in the workplace, and are therefore distinct 
from technical skills (Jackson and Chapman, 2012; Leme, 
2012). 

  

2.2. Performance 
Performance can be defined as an employee's ability to 

fulfill the requirements of their role based on the skills, 
knowledge, and competencies they possess (Griffin et al., 
2007; Sonnentag and Frese, 2002). Performance is associated 
with outcomes and incorporates both quantitative and 
qualitative elements within specified objectives (Campbell et 
al., 1990; Çöl, 2008). Motivation and desire are essential for 
high performance, as even with capacity and opportunity, a 
lack of these elements impedes achievement (Ivancevich et al., 
1990). The presence of physical and emotional desire has been 
demonstrated to enhance performance outputs (Boles et al., 
2004). 

Performance appraisal is the process of evaluating an 
employee's task completion and contribution to organizational 
goals (Viswesvaran and Ones, 2008). Competency models, 
which are learnable and developable, facilitate this evaluation 
by focusing on observable behaviors and role responsibilities 
(McClelland, 1973). Performance management, which is 
distinct from performance appraisal, is a continuous, future-
oriented process that establishes mutual expectations and 
fosters a culture of responsibility (Armstrong, 2006; Taylor, 
2014). 

Performance is influenced by a multitude of variables and 
factors, necessitating a comprehensive examination of these 
elements to enhance performance (Locke, 1966; Waldman, 
1994). The concept is multidimensional, typically 
encompassing task and contextual performance 
(Ramawickrama et al., 2017; Varela and Landis, 2010; 
Viswesvaran and Ones, 2008). Task performance 
encompasses job-specific tasks that contribute to 
organizational goals, including procedural knowledge and 
skills (Borman and Motowidlo, 1997; Van Scotter and 
Motowidlo, 1996; Ramawickrama et al., 2017). Contextual 
performance encompasses social interactions and voluntary 
behaviors that facilitate organizational success, including 
cooperation and voluntary participation (Borman and 
Motowidlo, 1997; Van Scotter and Motowidlo, 1996; Jawahar 
and Carr, 2007). In a study of air traffic controllers conducted 
by Griffin et al. (2000), it was found that both task and 
contextual performance contribute to perceived efficiency. 
Task performance in air traffic control encompasses 
situational awareness, control actions, communication tasks, 
and facility use, each of which is subject to a standardized 
minimum performance level. Contextual performance, on the 
other hand, is characterized by teamwork, professionalism and 
the ability to support organizational goals. Borman et al. 
(2014) concluded that overall performance is constituted by 
both task and contextual performance, with cognitive ability 
predicting task performance and personality predicting 
contextual performance. 

  

2.3. The relationship between competency and 
performance 

The relationship between competency and performance is 
complex and significantly influenced by specific knowledge, 
technical skills, and job-related competencies. The existing 
literature is in agreement that the definition of competencies is 
intended to improve workplace performance. This 
encompasses the utilization of tools such as knowledge, skills 
and attitudes, as well as the outcome of task performance 
(Chyung et al., 2006). Competency has a direct impact on 
performance (Locke, 1991). Although performance can be 
observed, competency is a complex concept that cannot be 
directly observed. Performance is structured within 
competencies, which define the criteria by demonstrating the 
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requisite knowledge, skills, and abilities (Hambrick and 
Mason, 1984). 

The "Effective Job Performance Model", as proposed by 
Boyatzis, suggests that effective performance is contingent 
upon the alignment of three key factors: the organizational 
environment, job demands, and individual competencies. A 
lack of alignment between the individual, the organizational 
environment and the demands of the job results in ineffective 
performance (Boyatzis, 1982). The development of 
competencies has been shown to enhance job performance, 
with studies indicating a significant relationship between 
competency and performance (Yıldırım et al., 2019). 
However, high competency alone is insufficient; individual 
and situational factors such as motivation and the availability 
of tools also influence performance (Roe, 2002). 

Competencies delineate both the abilities and the 
aspirations of an individual, and are thus fundamental to the 
evaluation of job performance (Ryan et al., 2009). They are 
predictive of job performance through the observation of 
observable behaviors (Cardy and Selvarajan, 2006; Zaim et al., 
2013). Competencies are performance standards that specify 
the requisite knowledge and skill levels (Hoffmann, 1999). Job 
success is contingent upon the alignment of individual 
competencies with the demands of the job (Abraham et al., 
2001; Boyatzis, 2007). Competencies are defined as the 
combination of knowledge, skills, attitudes, and other 
characteristics that form the basis for the behaviors necessary 
for effective job performance (Hoffmann, 1999; Mansfield, 
1996; Mirabile, 1997; Rodriguez et al., 2002; Shippmann et 
al., 2000). It has been demonstrated that observable behaviors 
strongly associated with high performance manifest 
competencies (Athey and Orth, 1999). 

The relationship of an individual to knowledge, skills, 
behavior, competency, and performance has been confirmed 
through various studies. In a study conducted by Rosman et al. 
(2022), it was found that competencies affect performance. 
The findings of the study showed that the integrated effect of 
knowledge, skills, and ability was sufficient to predict 
individual performance. In a field study conducted in the 
service industry by Zaim et al. (2013) to analyze the impact of 
competency on performance, a positive relationship was found 
between competencies and performance. This positive 
relationship was also noted in the research by Levenson et al. 
(2006). Similarly, various studies clarify the relationship 
between competencies and employee performance. In the 
study conducted by Ryan et al. (2009), it was found that 
competencies were consistently linked to performance, while 
Ahadzie et al. (2009) observed the potential benefits of 
competency in reflecting performance in their study. In 
another study focusing on the relationship between 
competency and performance, Dainty et al. (2004) identified 
competencies that support effective performance. Qiao and 
Wang (2009) found in their study that competencies such as 
team building, communication, coordination, execution, and 
continuous training were critical for the success of managerial 
employees. Kolibacova (2014) demonstrated in her three-year 
study on competency and performance evaluation that when 
the competency ratio of an employee was one unit higher than 
that of another employee, the performance ratio could be 
assumed to be 7% to 12.5% higher. In a study involving 40 
tennis players by Barling and Abel (1983), it was found that 
all correlations between competency and performance were 
positive and significant. Gist et al. (1989) observed in field 
experiments involving 108 university administrators that 
performance increased as competencies increased. Bandura 
(1986), who made significant contributions to the competency 
literature, concluded in his studies that low levels of 
competency lead individuals to avoid all tasks except routine 

tasks resulting in low-level performance. Empirical studies 
covering areas such as career choice, coping with challenging 
career tasks, learning and success, and adaptation to new 
technologies have consistently yielded results regarding the 
relationship between competency and performance (Gist  and 
Mitchell, 1992).  

  

3. Methodology 
  

3.1. Survey instrument 
Since competencies are defined as job-specific and no 

competency scale was found in the literature review conducted 
in air traffic control, an air traffic control competency scale 
(ATCCS) was developed. The steps of item pool formation, 
expert opinion, factor analysis, and reliability test were 
followed in the development process of scale (Carpenter, 
2018; Çelik, 2013; DeVellis, 2003). Through semi-structured 
interviews and content analysis, an initial item pool was 
established. Expert evaluations ensured content validity, 
resulting in a CVR value of 0.901. Exploratory factor analysis 
revealed a structure comprising 19 items distributed across two 
factors: "Procedural Competencies (PC)" and "Behavioral 
Competencies (BC)". Confirmatory factor analysis further 
validated this structure, with factor loadings ranging from 0.63 
to 0.80. The reliability of the scale was tested through 
Cronbach's alpha, item-total correlations, and comparisons 
between the upper and lower 27% groups. The Cronbach's 
alpha coefficient for the ATCCS PC, consisting of 13 items, 
was 0.939, while for the ATCCS BC, with 6 items, it was 
0.884. Acceptable item-total correlation, ranging from 0.580 
to 0.786, was observed. Furthermore, the comparison of mean 
scores between the upper and lower 27% groups demonstrated 
significant differentiation in individuals' attitudes as measured 
by the scale. Significant correlations, ranging from 0.351 to 
0.758, were identified between the items through Pearson 
correlation analysis. This statistically valid and reliable scale 
was used to calculate the competency score in the study. 

The second scale used in the study is the "Performance 

Scale (PEC)". PEC was developed by Karakurum (2005) to 

measure employee performance. It is based on "Contextual 

Performance (CP)" by Borman and Motowidlo (1993) and 

"Task Performance (TP)" by Beffort and Hattrup (2003). PEC 

TP consists of 6 items with a Cronbach's alpha of 0.95. PEC 

CP consists of 5 items with a Cronbach's alpha of 0.68, making 

a total of 11 items. Both scales use a 5-point Likert rating from 

“(1) strongly disagree” to “(5) strongly agree”. 

  

3.2. Study population & Data collection 
A power analysis was conducted using G*Power 3.1.9.7 

(Faul et al., 2020) to determine the sample size required for the 
study. Using a medium effect size (f = 0.25), alpha level of 
0.05, and power level of 0.80, the analysis indicated that a 
minimum of 178 participants were required to detect 
significant differences across demographic groups (e.g., 
experience levels, unit types). However, 397 air traffic 
controllers from Türkiye were included in the study, exceeding 
the recommended sample size, thus further strengthening the 
validity and generalizability of the findings. 

Moreover, Türkiye was chosen for its strategic role in 
global and European air traffic management. As a founding 
member of the International Civil Aviation Organization 
(ICAO), Türkiye has adhered strictly to international aviation 
standards. Turkish air traffic controllers are licensed in 
accordance with ICAO's Annex 1, which mandates 
competency standards, ensuring alignment with global 
aviation safety practices. Türkiye is one of the most significant 
countries contributing to high traffic volumes in the region 
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(EUROCONTROL, 2024a, 2024b). The airspace of Türkiye, 
with its major airports and high-volume traffic routes, is 
considered a critical junction between continents, making it a 
key player in maintaining the flow, safety, and efficiency of 
air travel in one of the busiest air corridors worldwide. 
Therefore, this carefully selected sample of Turkish controllers 
provides a representative basis for generalizing findings 
related to competency and performance in air traffic control, 
ensuring that the results align with the aim of the study to 
evaluate these attributes within a complex and demanding 
airspace. 

Demographic information of participants is shown in Table 

1. To reach all air traffic controllers working in different 

regions of Türkiye on a 24/7 basis, the survey was conducted 

online. In the study, the criteria of n>30 were met for each 

group in the unit, experience, and OJTI variables. It is 

observed that the highest participation at the unit level in the 

study was from the Aerodrome Control Unit (TWR) (46.6%), 

followed by the Approach Control Unit (APP) (26.2%) and the 

Area Control Centre (ACC) (27.2%). As for the experience 

and OJTI groups, it can be said that there is an equal 

distribution. 

  

Table 1. Socio-demographic profile 
 n % 

Gender Female 135 34.0 

Male 262 66.0 

Unit TWR 185 46.6 

APP 104 26.2 

ACC 108 27.2 

Title Assistant Air Traffic Controller 22 5.5 

Air Traffic Controller 357 89.9 

Senior Air Traffic Controller 18 4.5 

Age 21-30 years old 100 25.2 

31-40 years old 141 35.5 

41-50 years old 111 28.0 

> 51 years old 45 11.3 

Experience 0-5 years 100 25.2 

6-10 years 83 20.9 

11-20 years 111 28.0 

> 20 years 103 25.9 

OJTI Authorized 186 46.9 

Not authorized 211 53.1 

Total  397 100.0 

  

3.3. Research question and hypotheses 
The working unit, being an on-the-job training instructor, 

and experience are important factors in air traffic control. 

Although the primary goal of air traffic control services is to 

provide effective and safe air traffic services, methodological 

differences may exist across different units. There may be 

differences in the tools used in approach and area control 

compared to tower control services, leading to various 

dimensions. Being an on-the-job instructor is associated with 

experience and requires authorization. As experience 

increases, there is an improvement in competencies such as 

knowledge and skills, which are superficially expressed and 

learnable. It is assumed that these variables, along with 

competency, have a positive impact on performance. In this 

context, the research problem is defined as: "To what extent 

do the factors of being an on-the-job trainer, the working unit, 

and experience cause differences in perceptions of competency 

and performance in air traffic control, and what is the level of 

the effect of competency on performance along with its sub-

factors?”. The hypotheses related to the research problem are 

shown in Table 2. 

 

Table 2. Research hypotheses 
H1a Competency perceptions among air traffic controllers are 

significantly influenced by their level of experience. 

H1b Performance perceptions among air traffic controllers are 

significantly influenced by their level of experience. 

H2a Competency perceptions among air traffic controllers are 

significantly influenced by working unit. 

H2b Performance perceptions among air traffic controllers are 

significantly influenced by working unit. 

H3a Competency perceptions among air traffic controllers are 

significantly influenced by being an on-the-job training 

instructor. 

H3b Performance perceptions among air traffic controllers are 

significantly influenced by being an on-the-job training 

instructor. 

H4a Competency positively and significantly impacts 

performance in air traffic control. 

H4b Procedural competency positively and significantly 

impacts task performance in air traffic control. 

H4c Behavioral competency positively and significantly 

impacts task performance in air traffic control. 

H4d Procedural competency positively and significantly 

impacts contextual performance in air traffic control. 

H4e Behavioral competency positively and significantly 

impacts contextual performance in air traffic control. 

  

3.4. Statistical analysis 
The investigation into the relationship between 

competency and performance commenced with an initial 
assessment concerning the assumption of normality. 
Subsequently, linear regression models were developed 
following the confirmation of an association among the 
variables (Pardo et al., 2021). For this purpose, the relationship 
between the variables was initially examined using Pearson 
correlation, followed by the application of Linear Regression 
Models since a linear relationship between the variables was 
questioned. The aim of linear regression is to understand and 
quantify the relationship between variables, as well as to make 
predictions based on this relationship (James et al., 2013; 
Shahrel et al., 2021). The regression equation presents the 
mathematical representation of the relationship between 
variables (He et al., 2021). It demonstrates how the dependent 
variable changes for each one-unit increase in the independent 
variables. Additionally, the coefficients in the regression 
equation indicate the magnitude and direction of the effect of 
each independent variable on the dependent variable. These 
coefficients can be associated with a one-unit change in the 
dependent variable while holding all other variables constant. 
The results of linear regression analysis also include statistical 
measures such as the R-squared value, which indicates the 
proportion of variation in the dependent variable explained by 
the independent variables (Salinas et al., 2021). 

To detect differences in competency and performance 

perceptions according to variables with scales that meet the 

assumption of normality, Independent Samples t-Test and 

One-Way Analysis of Variance (ANOVA) were used. The 
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gender variable of demographic characteristics was not 

included in the analysis process due to the assumption that it 

does not have an effect on competency and performance 

perceptions in air traffic control. Similarly, the age variable 

was not included in the analyses due to the use of the 

experience variable in the process. IBM SPSS (Statistical 

Package for Social Science) V26 program was used for the 

analyses in the study. 

  

4. Results 
  

4.1. Competency and performance with respect to 
experience 
Differences in competency and performance scores with 

respect to the experience of air traffic controllers are shown in 

Table 3. It was observed that there were statistically significant 

differences in competency and performance scores among 

different experience groups. Upon examination of competency 

scores, a significant difference was found between the group 

with 0-5 years of experience (mean= 4.5379, Sd.=0.38528) 

and the group with 6-10 years of experience (mean= 4.3576, 

Sd.= 0.47694) (F = 3.076, p = 0.028). Similarly, when looking 

at performance scores, a significant difference was observed 

between the group with 0-5 years of experience (mean= 

4.3418, Sd.= 0.41006) and the group with 6-10 years of 

experience (mean= 4.1172, Sd.= 0.45488) (F = 4.170, p = 

0.006). Based on these results, hypotheses H1a and H1b were 

accepted.  

4.2. Competency and performance with respect to units 
Differences in competency and performance scores with 

respect to units of air traffic controllers are shown in Table 4. 

It was observed that there were no differences in competency 

and performance scores based on duty units. In unit groups 

where there was no statistically significant difference, it was 

found that air traffic controllers working in TWR had higher 

competency (mean = 4.5255, Sd.= 0.43638) and performance 

scores (mean = 4.2747, Sd.= 0.46422) compared to other 

units. Based on these results, hypotheses H2a and H2b were 

rejected. 

  

4.3. Competency and performance with respect to 
authorized/ not-authorized instructor 
Differences in competency and performance scores among air 

traffic controllers with respect to authorized/ not-authorized 

instructors are shown in Table 5. It was observed that there 

were no differences in competency and performance scores 

based on being an instructor. In groups where there was no 

statistically significant difference, it was found that air traffic 

controllers authorized as instructors had higher competency 

(mean = 4.5040, Sd.= 0.44769) and performance scores (mean 

= 4.2370; Sd.= 0.46635) compared to those not authorized as 

instructors. Based on these results, hypotheses H3a and H3b 

were rejected. 

 

 

Table 3. Analysis results of competency and performance with respect to experience 
 Groups n Mean Sd. F p Dif. 

Competency 0-5 years 100 4.5379 0.38528 3.076  0.028* 0-5 years & 

6-10 years 
6-10 years 83 4.3576 0.47694 

11-20 years 111 4.4585 0.47625 

> 20 years 103 4.5278 0.45122 

Performance 0-5 years 100 4.3418 0.41006 4.170 0.006* 0-5 years & 

6-10 years 
6-10 years 83 4.1172 0.45488 

11-20 years 111 4.1802 0.48524 

> 20 years 103 4.2515 0.47412 

*p < 0.05 

 

Table 4. Analysis results of competency and performance with respect to units 
 Groups n Mean Sd. F p Dif. 

Competency 

 

Aerodrome Control Unit (TWR) 185 4.5255 0.43638 2.333 0.098 - 

Approach Control Unit (APP) 104 4.4514 0.43436 

Area Control Centre (ACC) 108 4.4128 0.48820 

Performance Aerodrome Control Unit (TWR) 185 4.2747 0.46422 2.028 0.133 - 

Approach Control Unit (APP) 104 4.2002 0.42666 

Area Control Centre (ACC) 108 4.1684 0.49103 

 

Table 5. Analysis results of competency and performance with respect to authorized/ not-authorized instructor 
 Groups n Mean Sd. t p 

Competency Authorized 186 4.5040 0.44769 1.182 0.238 

Not authorized 211 4.4502 0.45543 

Performance Authorized 186 4.2370 0.46635 0.436 0.663 

Not authorized 211 4.2167 0.46184 

*p < 0.05 
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4.4. Impact of competency on performance 
The strength and direction of the correlation between 

competency and performance are shown in Table 6. The 

correlation coefficient between competency and performance 

is 0.777. This value indicated a positive and strong relationship 

between competency and performance. In other words, as 

competency increases, performance tends to increase, and 

conversely, as competency decreases, performance tends to 

decrease. A high level of competency may reflect the capacity 

to possess specific skills and knowledge and to effectively 

carry out tasks, which can contribute to higher performance. 

The strength and direction of the correlation between 

procedural competencies, behavioral competencies, task 

performance, and contextual performance, which are sub-

factors of competency and performance, are shown in Table 7. 

These results indicated a positive and generally moderate 

relationship between procedural competencies, behavioral 

competencies, task performance, and contextual performance. 

It can be inferred that these variables are related to each other 

and share similarities. The correlation coefficient between 

procedural competencies and task performance was found to 

be 0.769, which was identified as the strongest relationship 

among the sub-factors. Procedural competencies involve the 

accurate execution of particular procedures and instructions. 

When these procedures are executed correctly, the actions of 

controllers align with the requirements of the task, thereby 

enhancing their performance. 
Upon examining the regression values in Table 8, it is 

observed that there is a positive relationship between competency 

and performance, and this relationship is statistically significant 

(t=24.504; p=0.000).  The R-squared value was found to be 

0.603. This value indicates that 60.3% of the variation in the 

performance variable is accounted for by the competency 

variable. The linear regression model is formulated as "y = a + 

βx", where "y" is the dependent variable, "x" is the independent 

variable, "β" is the coefficient of the model, and "a" is the 

constant. The regression model between competency and 

performance was established as "Performance = 0.66 + 0.8 * 

Competency". 

Upon examining the regression values in Table 9, positive 

relationships between task performance and contextual 

performance variables and procedural competency and behavioral 

competency variables were identified. In other words, as 

procedural competencies increased, both task performance (y = 

0.7 + 0.83 * x; R-squared = 0.592) and contextual performance 

(y = 0.86 + 0.67 * x; R-squared = 0.255) also increased. 

Similarly, as behavioral competency levels increased, both task 

performance (y = 2.09 + 0.56 * x; R-squared = 0.473) and 

contextual performance (y = 1.33 + 0.6 * x; R-squared = 0.364) 

increased. Based on these regression coefficients, it was 

concluded that procedural competency and behavioral 

competency variables had a positive and statistically significant 

effect on task performance and contextual performance (p < 

0.001). Accordingly, hypotheses H4a, H4b, H4c, and H4d were 

accepted. Hypothesis test results are shown in Table 10. 

 

Table 6. Pearson correlation results of competency and 

performance 
 Competency Performance 

Competency 1  

Performance 0.777** 1 

** p<0.01 

 

Table 7. Pearson correlation results of competency and 

performance sub-factors 
 PC BC TP CP 

PC 1    

BC 0.715** 1   

TP 0.769** 0.688** 1  

CP 0.505** 0.604** 0.566** 1 

** p<0.01; PC= Procedural Competency; BC=Behavioral 

Competency; TP=Task Performance; CP= Contextual Performance 

 

Table 8. Regression models for performance and competency 
 Regression 

Coefficients (β) 

Std. Regression 

Coefficients 

Std. 

Err. 

t p 

Performance <<< Competency 0.796 0.777 0.032 24.504 0.000 

F=600.470; R-square= 0.603; Constant = 0.662 

Table 9. Regression models for performance and competency sub-factors  
 Regression 

Coefficients (β) 

Std. Regression 

Coefficients 

Std. 

Err. 

t p 

TP <<< PC 0.832 0.769 0.035 23.928 0.000 

F=572.557; R-square = 0.592; Constant = 0.702 

 

CP <<< PC 0.669 0.505 0.058 11.629 0.000 

F=135.238; R-square = 0.255; Constant = 0.864 

 

TP <<< BC 0.557 0.688 0.030 18.825 0.000 

F=354.386; R-square =0.473; Constant t=2.091 

 

CP <<< BC 0.598 0.604 0.040 15.044 0.000 

F=226.332; R-square = 0.364; Constant =1.331 

 

PC= Procedural Competency; BC=Behavioral Competency; TP=Task Performance; CP= Contextual Performance 
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Table 10. Test results of research hypotheses 
No  Research hypotheses Results 

H1a Competency perceptions among air traffic 

controllers are significantly influenced by 

their level of experience. 

Accepted 

H1b Performance perceptions among air traffic 

controllers are significantly influenced by 

their level of experience. 

Accepted 

H2a Competency perceptions among air traffic 

controllers are significantly influenced by 

working unit. 

Rejected 

H2b Performance perceptions among air traffic 

controllers are significantly influenced by 

working unit. 

Rejected 

H3a Competency perceptions among air traffic 

controllers are significantly influenced by 

being an on-the-job training instructor. 

Rejected 

H3b Performance perceptions among air traffic 

controllers are significantly influenced by 

being an on-the-job training instructor. 

Rejected 

H4a Competency positively and significantly 

impacts performance in air traffic control. 

Accepted 

H4b Procedural competency positively and 

significantly impacts task performance in air 

traffic control. 

Accepted 

H4c Behavioral competency positively and 

significantly impacts task performance in air 

traffic control. 

Accepted 

H4d Procedural competency positively and 

significantly impacts contextual performance 

in air traffic control. 

Accepted 

H4e Behavioral competency positively and 

significantly impacts contextual performance 

in air traffic control. 

Accepted 

 

5. Discussion 
  

The study found that performance and competency 
perceptions among air traffic controllers varied according to 
experience groups. Particularly, it was found that controllers 
with 0-5 years of experience had higher performance and 
competency perceptions compared to other experience groups. 
This situation arises from the higher dedication and motivation 
of newly recruited controllers to their jobs, their enthusiasm 
for and willingness to acquire knowledge about the profession, 
and the performance and competency-enhancing effects of 
intensive training and evaluation processes such as initial and 
unit training. 

However, it was observed that competency and 
performance perceptions did not differ according to variables 
such as being an instructor and unit. The presence of similar 
working conditions and continuous evaluation processes 
among air traffic controllers indicates significant similarities 
in performance and competency perceptions. However, the 
absence of statistical differences does not imply the complete 
absence of individual differences. 

The simultaneous differentiation and non-differentiation of 
competency and performance perceptions among groups 
indicated the relationship between competency and 
performance. Regression results, along with correlation 
outcomes, also concluded that competency significantly and 
positively influences performance. It was determined that 
60.3% of the variation in the performance variable within air 
traffic control is dependent on the competency variable. In a 
study conducted on various service sectors such as banking, 
cargo, communication, food and catering, finance, publishing, 
retail, IT, and tourism, this variation was found to be 45% 
(Zaim et al., 2013). In another study, this rate was found to 
vary between 7% and 12.5% (Kolibacova, 2014). The high 

proportion of performance explained by competency in the 
field of air traffic control is considered to be due to the 
complexity of the work and the magnitude of the risks 
involved. 

Similar results were obtained in sub-factors. It emerged 
that procedural and behavioral competencies have a higher 
level of influence on task performance and that there is a 
significant relationship between behavioral competency and 
contextual performance. Procedural knowledge and skills, 
including cognitive abilities, are associated with task 
performance, whereas personality, an important element of 
teamwork in air traffic control, is associated with contextual 
performance (Borman et al., 2014). The research confirmed 
this observation with the high-level impact of procedural 
competency on task performance and behavioral competency 
on contextual performance. 

In the world driven by technology today, the aviation sector 
is undergoing a significant transformation with the use of 
unmanned aerial vehicles. It is predicted that with advancing 
technology, there will be increased use of automation and 
artificial intelligence applications in the aviation field (Zaoui 
et al., 2024). Significant assumptions are made about how 
these developments may affect the roles and responsibilities of 
air traffic controllers. Air traffic controllers play a critical role 
in managing air traffic, ensuring the safety and order of 
airspace. However, rapidly advancing technology and 
increasing automation will bring new requirements for the 
competency and performance levels of controllers. This 
indicates the need for controllers to undergo technology-
focused competency development programs and performance 
evaluations to provide effective and safe services in the 
aviation sector. 

Performance evaluation can be defined as a systematic 
method that involves setting work standards, assessing the 
actual performance of the employee based on these standards, 
and providing feedback to address performance deficiencies, 
achieve organizational goals, and enhance employee 
motivation (Dessler, 2008). However, performance evaluation 
of air traffic controllers can be a complex process involving a 
range of factors. This process may include competencies such 
as response time, decision-making ability, stress management, 
adaptation to automation, and communication. While air 
traffic controllers manage air traffic through radar systems and 
other advanced technologies, human skills and decision-
making ability also play a significant role. Performance 
evaluation can assess controllers' ability to perform specific 
tasks, how they respond in emergencies, and their ability to 
work effectively as a team. Therefore, performance evaluation 
not only serves as a tool to measure operational effectiveness 
but also functions as a developmental mechanism to guide 
continuous improvement and ensure safety within dynamic 
airspace environments. The evaluation process can be an 
important tool for training controllers based on technology-
focused competency, maintaining and enhancing their 
competencies. Additionally, performance evaluation can 
contribute to the continuous improvement of air traffic control 
systems and enhance safety. Therefore, objectively evaluating 
the performance of air traffic controllers considering 
competencies can be seen as one of the cornerstones of the 
aviation sector. 

6. Conclusion 
  

The study concluded that there were no statistically 
significant differences in competency and performance levels 
among air traffic controllers, except for differences based on 
experience groups. The findings revealed that competency has 
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a meaningful influence on performance, highlighting its vital 
role in ensuring operational effectiveness in air traffic control. 
This relationship underscores the importance of competency-
based approaches in the development and evaluation of air 
traffic controllers, especially in the context of increasing 
technological complexity and safety demands in the aviation 
sector. The study offers a valuable contribution to the 
understanding of how individual competencies shape job 
performance in this highly specialized domain. 

Despite these contributions, certain limitations should be 
acknowledged. The findings are limited to the current attitudes 
and conditions experienced by air traffic controllers, which 
may not fully capture changes across different organizational 
or technological contexts. Moreover, the analysis was 
restricted to competency as the central variable affecting 
performance, while other important factors such as 
organizational culture, leadership style, stress levels, and job 
satisfaction were excluded from the scope. Additionally, the 
concept of competency itself is dynamic and subject to 
continuous evolution, particularly within technology-driven 
professions such as air traffic control. This evolving nature 
may affect the long-term applicability and generalizability of 
the results. 

Building on these limitations, several directions for future 
research can be proposed. Longitudinal studies could be 
conducted to observe how the relationship between 
competency and performance evolves over time, especially in 
response to advancements in automation and digital systems. 
Incorporating other performance-related variables may offer a 
more comprehensive understanding of the factors influencing 
controller effectiveness. Moreover, continuous updates to 
competency frameworks and training models are 
recommended to ensure alignment with emerging operational 
requirements. Comparative and cross-cultural studies could 
also provide valuable insights into how differing institutional 
and cultural contexts impact competency development and 
performance outcomes in air traffic management systems 
around the world. 

In conclusion, the study provides an important foundation 

for advancing competency-based strategies in air traffic 

control. By recognizing both its current contributions and areas 

for further research, it serves as a relevant reference for 

improving safety, efficiency, and adaptability in aviation 

operations through more informed human resource 

development practices. 
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1. Introduction 
 

Fatigue is considered a critical human factor in terms of 

flight safety in the aviation industry. According to the 

International Civil Aviation Organization [ICAO] (2020), 

fatigue is "A physiological state of reduced mental or physical 

performance capability resulting from sleep loss, extended 

wakefulness, circadian phase, and/or workload (mental and/or 

physical activity) that can impair a person’s alertness and 

ability to perform safety-related operational duties". This can 

negatively affect the alertness of the aviation professionals 

(such as pilots, air traffic controllers, aircraft maintenance 

engineers) and their ability to safely perform tasks that ensure 

aviation safety. Fatigue has been reported as a direct or indirect 

cause of many aircraft accidents and serious incidents 

(Caldwell, 2012; National Transportation Safety Board 

[NTSB], 2017). 

Fatigue is one of the most significant human factors that 

threaten operational safety in aviation and can lead to serious 

flight accidents through effects such as decreased cognitive 

capacity, distraction, prolonged reaction time, and judgment 

errors (Basner et al., 2013; Caldwell, 2005). Wingelaar-Jagt et 

al. (2021) found that fatigue cannot be completely prevented, 

and therefore pharmacological interventions and preventive 

strategies play a critical role. In this context, it was stated that 

there is a need for risk reduction systems based not only on 

regulatory limitations but also on operational realities. Many 

accident investigations conducted in recent years have 

revealed that fatigue is a critical variable contributing to unsafe 

conditions in both civil and military aviation. For example, in 

the accident in 2010 when Air India Express Flight 812 went 

off the runway during landing and disintegrated, resulting in 

the death of 158 people, it was determined that the captain was 

asleep for most of the flight and made decision-making errors 

after waking up (Directorate General of Civil Aviation, 2010). 

Similarly, in the accident of Colgan Air Flight 3407 in 2009, it 

was determined that the flight crew was both tired and sleep-

deprived, and it was reported that this situation led to incorrect 

landing configuration and delayed engine responses (NTSB, 

2010). The impact of fatigue on accidents is not limited to civil 

flights; a review by the United States Air Force (USAF) found 

that approximately one-quarter of the most serious Class A 

accidents were attributed to fatigue (Gaines et al., 2020). 

Fatigue has also been considered a contributing factor to 

decision-making in complex mission environments, such as 

the Libyan Arab Airlines Flight 1103 accident (Libyan Civil 

Aviation Authority, 2017). Fatigue Risk Management System 

(FRMS), one of the most discussed and implemented systems 

in the management of fatigue today, has been spread 

throughout the sector with the guide published by ICAO in 
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2011. Instead of focusing only on flight/rest times, this system 

adopts a proactive approach supported by operational data and 

aims to reduce fatigue risk at the corporate level (ICAO, 2020). 

In the FRMS handbook published in 2020, EASA 

recommends that this system be integrated and culturally 

adopted at all levels of flight operations (EASA, 2020).  

Fatigue is a risk factor that needs to be addressed at 

organizational and system levels, beyond its effects on 

individual performance. NTSB has included fatigue in its 

“Most Wanted” list since 1990 and has published hundreds of 

safety recommendations in this context (Marcus & Rosekind, 

2017). However, despite the measures taken, a significant 

decrease in fatigue-related incident rates has not been 

achieved. This situation has shown that fatigue management 

should be supported not only by regulatory frameworks but 

also by scientifically based strategic approaches. In this 

context, analyzing the evolution of academic knowledge on 

fatigue over time, prominent thematic focuses, and research 

collaborations fills an important gap in understanding the 

current status of the field. 

Systematic and objective evaluation of scientific literature 

is critical to understanding the direction and dynamics of 

knowledge production, especially in multidisciplinary fields 

(Aria & Cuccurullo, 2017). In this context, bibliometric 

analysis stands out as a powerful method that enables 

measuring academic productivity, collaborations, conceptual 

developments, and research trends through the examination of 

bibliographic data related to scientific publications with 

mathematical and statistical techniques (Broadus, 1987; van 

Eck & Waltman, 2010). In recent years, the use of this method 

has become widespread, especially in fields such as health 

sciences, management, engineering, and aviation, and has 

become an effective tool for mapping both interdisciplinary 

knowledge flows and research clusters in a particular field 

(Moral-Muñoz et al., 2020; Yeung et al., 2019). In applied 

fields such as human factors and aviation safety, bibliometric 

analysis provides important contributions in determining 

research priorities, developing evidence-based 

recommendations for policymakers, and identifying academic 

gaps (Xie et al., 2020). 

A limited number of bibliometric analysis studies are 

available on the subject of fatigue in the context of human 

factors in aviation. However, there are studies in the literature 

examining the theme of fatigue under different subheadings. 

Tuncal and Altıntaş (2025) conducted a bibliometric analysis 

of the literature on human factors in aviation and demonstrated 

that the term “fatigue” is conceptually associated with safety-

critical issues such as “accident,” “aircraft,” and “work.” Their 

findings highlight the increasing academic interest in human 

factors and the need for more in-depth investigations within 

this domain. In addition, Gomes de Carvalho et al. (2023) 

conducted a bibliometric analysis examining fatigue 

assessment methods specific to air traffic control activities and 

revealed that current assessment approaches are mostly based 

on subjective methods, and objective measurement tools are 

used limitedly. In the review study conducted by Wingelaar-

Jagt et al. (2023), it was emphasized that fatigue cannot be 

completely prevented, especially in military aviation due to 

operational restrictions, and therefore pharmacological 

interventions and preventive strategies play a critical role. 

Similarly, Göker (2023) discussed the effects of fatigue on 

cognitive functions and the subjective and objective methods 

for assessing fatigue and stated that neurophysiological-based 

measurements in particular need to be used more widely in 

aviation applications. On the other hand, Bendak and Rashid 

(2020) comprehensively analyzed the risks of fatigue in 

aviation operations through a systematic review study and 

revealed that duty periods longer than 16 hours and pre-sleep 

rest periods shorter than six hours increase the risk level. 

Although these studies provide in-depth information on 

measurement, management, and prevention strategies related 

to fatigue, they have not yet addressed the structure of 

scientific production on fatigue in aviation on a global scale, 

in which conceptual focuses are prominent and the 

development over time through a systematic bibliometric 

analysis. This study aims to analyze scientific production on 

the subject of fatigue, which directly affects aviation safety, 

using the bibliometric method. The theme of fatigue, which is 

increasingly addressed in the literature, has become a critical 

research area, especially in the context of operational 

conditions that push the limits of human performance.  
The study aims to analyze scientific production on the 

subject of fatigue, which directly affects aviation safety, using 
the bibliometric method. To this end, the study seeks to reveal 
the structural characteristics of the literature by determining 
the position of the concept of fatigue within the aviation 
discipline, its development over time, and the most prominent 
researchers, institutions, and countries. Additionally, it 
systematically maps research trends in this field by identifying 
the most studied themes, frequently cited publications, and 
influential journals. The theme of fatigue, which is 
increasingly addressed in the literature, has become a critical 
research area, especially in the context of operational 
conditions that push the limits of human performance. The 
findings obtained not only provide an academic resource map 
but also aim to support more effective fatigue management in 
aviation and the reinforcement of safety culture by guiding 
future studies focused on human factors. 

2. Materials and Methods 
 

This research aims to examine academic publications 

addressing the subject of fatigue in aviation using the 

bibliometric analysis method. Bibliometric analysis is an 

approach that systematically examines trends, research 

clusters, citation relationships, and collaborations in scientific 

literature through quantitative data. Within the scope of the 

study, publications from the period between 1995 and May 31, 

2025 were scanned to reveal how the theme of fatigue in 

aviation was addressed in a scientific context. 

 

2.1. Research Questions 
The research seeks answers to the following questions: 

• Which are the most cited studies published 

between 1995 and 2025? 

• Who are the most productive and influential 

authors, and is there a significant relationship 

between the number of citations and the number 

of publications? 

• Which countries and institutions publish the 

most in this field? 

• What are the most frequently used keywords in 

the literature, and what kind of relational clusters 

are there between these concepts? 
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2.2. Records Collection and Analysis 
The dataset of this study was created via the Web of 

Science (WoS) Core Collection database, connected to the 
university campus network via the Istanbul University VETIS 
database. A structured topic search query was employed using 
the keyword sequence (("pilot fatigue" OR "crew fatigue" OR 
"air traffic controller fatigue" OR "aviation fatigue" OR "flight 
fatigue" OR "cabin crew fatigue" OR "fatigue risk 
management") AND ("aviation" OR "flight crew" OR "air 
traffic control" OR pilot* OR "air traffic controller*" OR 
"cabin crew" OR cockpit OR airline*))) to retrieve relevant 
bibliographic records from the WoS. The search was limited 
to publications published between 1995 and 2025. 5,842 
publications were reached in the first search conducted as of 
May 31, 2025. Only peer-reviewed articles, English language 
publications, and open-access ones were filtered and 228 
articles were selected for analysis. The obtained records were 
transferred to EndNote 21.5 software for resource 
management purposes. 

In the data analysis and visualization process, VOSviewer 

version 1.6.20 was used to map scientific collaborations, 

citation relationships, and conceptual connections. This 

software graphically represents bibliometric data sets, making 

structural relationships in the literature more understandable 

(Van Eck & Waltman, 2010). Within the scope of the study, 

co-authorship analysis, citation analysis, and text-mining 

methods were applied. The analysis parameters were 

determined: a maximum of 15 authors for each author, a 

minimum of 1 document produced, and a minimum of 1 

citation criterion. In line with these criteria, influential 

researchers, institutional collaborations, and thematic density 

areas in the literature were visually presented.  

 

3. Results 
 
3.1. Annual Distribution of Articles 

Within the scope of this study, 228 articles published 
between 1995 and May 31, 2025 were evaluated. Figure 1 
shows the distribution of these publications by year. A 
remarkable increase in the number of publications has been 
observed, especially since 2020. In recent years, studies on 
fatigue in aviation have intensified, and academic production 
in this field has gained momentum. The trend line in the figure 
statistically supports the increase in the volume of publications 
and the increase in research interest in this direction. 

 

 
Figure 1.  Distribution of Articles Per Year 
 
3.2. Co-authorship Analysis of Authors 

Co-authorship analysis was evaluated with the 

collaboration relationships established by each author with 

other authors (Melin & Persson, 1996). Within the scope of 

this analysis, the minimum number of publications that an 

author must have in order to be included was determined as 1, 

and the minimum number of citations was determined as 1. In 

line with these threshold values, 123 authors out of a total of 

706 authors were evaluated within the scope of the analysis. 

The group that formed the largest connected network structure 

among these authors consisted of 35 authors, and 264 links and 

a total link strength of 513 were determined in this network, as 

shown in Figure 2. The most cited authors in the co-authorship 

network are J. Lynn Caldwell, (230 citations), John A. Caldwell, 

(223 citations), Hans P. A. Van Dongen, (87 citations), and Peter 

McCauley, (59 citations). These researchers not only represent the 

most influential contributors in terms of citation impact but also 

occupy central positions in the collaboration map, forming the 

densest and most interconnected parts of the network. 

Particularly, J. Lynn Caldwell, and John A.  Caldwell, 

demonstrate strong mutual collaboration and serve as a bridge 

between other author clusters. In contrast, although authors such 

as Jillian Dorrian, Adam Fletcher, and Peter Page appear in the 

same co-authorship cluster, their citation impact remains 

relatively lower and their collaborative connections are more 

limited within the overall structure of the network. 

 

 
Figure 2.  Co-Authorship Network of Authors 
 

3.3. Citation-based Findings 
Citation analysis is an important method for determining 

the most influential publications and authors in a particular 

research area (Vasudevan et al., 2016). This analysis reveals 

the level of scientific contribution and visibility in the 

literature through the citations that publications receive over 

time. In this study, 228 articles published between 1995 and 

2025 were evaluated and it was determined that 131 of them 

received at least one citation. Table 1 displays the top ten most 

cited articles in the field of fatigue within aviation. Unlike general 

discussions on human factors, all of these studies directly address 

fatigue, particularly in operational flight contexts, and contribute 

significantly to the development of fatigue risk management 

strategies. The most cited work is the comprehensive position 

paper by Caldwell et al. (2009), with 179 citations, which 

synthesizes the scientific understanding of fatigue and critiques 

existing civil and military regulations, offering policy-level 

recommendations. Following this, the study by Hu and Lodewijks 

(2020), with 144 citations, provides an in-depth evaluation of non-

invasive physiological and behavioral indicators of fatigue, 

particularly distinguishing between sleepiness and mental 

fatigue—an important differentiation for pilot monitoring 

systems. Morris and Miller (1996), ranked third with 138 

citations, focus on electrooculographic indicators and simulator 

performance under fatigue, revealing early psychophysiological 

markers of degraded performance. Goode’s (2003) empirical 

analysis, with 108 citations, establishes a statistically significant 
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link between long duty hours and accident probability, making a 

direct regulatory impact. Similarly, Petrilli et al. (2006) and 

Caldwell et al. (2004) address international operations and 

sustained wakefulness respectively, offering robust evidence on 

how disrupted sleep and long-range flights impair pilot vigilance. 

Studies by Neri et al. (2002), Powell et al. (2007), Gander et al. 

(2013), and Honn et al. (2016) extend these insights by testing 

fatigue countermeasures, such as in-flight breaks, segment-based 

scheduling, and in-flight sleep optimization. Together, these 

articles underscore fatigue as a central operational and safety-

critical issue in aviation, providing foundational evidence for the 

refinement of duty time regulations and fatigue risk management 

systems (FRMS). 

Table 1. Most Cited Articles on Fatigue 

 
Ranking Article Citations 

1 Caldwell J.A. et al. (2009) 179 

2 Hu & Lodewijks (2020) 144 

3 Morris & Miller (1996) 138 

4 Goode (2003) 108 

5 Petrilli et al. (2006) 89 

6 Caldwell et al. (2004) 86 

7 Neri et el. (2002) 71 

8 Powell et al. (2007) 63 

9 Gander et al. (2013) 57 

10 Honn et al. (2016) 50 

 

Citation networks were determined with at least 1 

publication and at least 1 citation criteria, and a network map 

was created for author citation analysis. In the study conducted 

on 113 units that were seen to be connected, a total of 12 

clusters, 1256 links, and a total link strength of 3235 were 

determined. The most cited authors were Philippa Gander with 

261 citations, J. Lynn Caldwell with 230 citations, and Drew 

Dawson with 145 citations. These three authors are also among 

the top three in terms of total connection strength (Figure 3). 

 

 

 
 

Figure 3.  Citation of Authors 
 

The network map of the citations received by the publications 

according to their country of origin was analyzed on 39 

observation units that were related to each other within the 

scope of the criteria of at least 1 work published and 1 citation 

received by a country. 6 clusters, 92 links, and 632 total link 

strengths were identified. The countries with the most citations 

were the United States (USA) (1341 citations), Australia (411 

citations) and China (217 citations). These countries are in the 

top three in terms of total link strength. In terms of the number 

of works, the ranking is as follows: United States (USA) (74 

publications), China (45 publications) and New Zealand (24 

publications) (Figure 4). 
 

 
 

 Figure 4.  Citation of Countries 
 

Bibliometric coupling analysis reveals that when two 
publications cite the same studies as sources, these 
publications are content-wise similar (Zupic & Čater, 2015). 
Within the scope of this analysis, the largest connected cluster 
was determined, consisting of 155 authors out of a total of 170 
authors. Figure 5 visually presents the bibliometric 
connections between authors. As a result of the analysis, it was 
determined that 11 different clusters were formed, there were 
3.647 links between authors, and a total link strength of 7.374 
was obtained. These findings reveal the structural density of 
academic collaborations in the literature and the strength of 
thematic clusters. The publications with the highest number of 
bibliographic matches were John A. Caldwell (2009) with 179 
citations, Xinyun Hu (2020) with 144 citations, and Philippa 
Gander (2013) with 45 citations.  

 

 
 
 
Figure 5.  Bibliometric Coupling of Authors 

 
3.4. Text Mining in Title and Abstract Fields 

The text mining method analyzes the relationships between 
the terms that occur together in the documents and creates two-
dimensional conceptual maps between these terms. The 
smaller the physical distance between the terms on the map, 
the stronger their conceptual relationships are considered 
(Cobo et al., 2011). This method allows the visual display of 
the basic concepts, thematic densities, and research trends in a 
certain field. In this study, keyword analysis conducted on 
scientific publications on the subject of fatigue published 
between 1995 and 2025 revealed conceptual densities and 
thematic clusters in the field. In the co-occurrence analysis 
conducted with VOSviewer software, the word “fatigue” stood 
out as the concept with the highest frequency with 59 
repetitions. This was followed by “pilot fatigue” (16 
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repetitions), “fatigue risk management”, sleep (14) and 
“aviation” (14 repetitions each). 

The keyword co-occurrence Cluster Map illustrates the 
conceptual structure of the literature by grouping frequently 
co-occurring terms into thematic clusters. As shown in Figure 
6, the central cluster (red) is built around the core concept of 
“fatigue” and includes closely related terms such as 
“alertness,” “sleep,” and “flight crew,” emphasizing its strong 
association with physiological states and human performance. 
The green cluster reveals the domain-specific context of 
aviation, including terms like “aviation,” “flight fatigue,” and 
“pilots,” which reflect operational applications of fatigue 
research. Meanwhile, the blue cluster highlights the link 
between fatigue and safety outcomes, with terms such as “pilot 
fatigue,” “flight safety,” and “fatigue detection.” The yellow 
cluster focuses on “fatigue risk management” and regulatory 
approaches, pointing to applied models in aviation safety 
systems. 

The Density Map further supports these findings by visually 
reinforcing the centrality of “fatigue” in the research domain. 
As shown in Figure 7, keywords such as “fatigue,” “aviation,” 
“pilot fatigue,” “fatigue risk management,” and “alertness” 
form a dense conceptual core, suggesting that recent studies 
predominantly concentrate on the interface between fatigue 
and human factors in aviation contexts. The intensity of 
density around these terms also indicates an increased 
scholarly focus on real-world risk mitigation strategies in 
flight operations and aircrew management. Together, these 
maps confirm that the literature is heavily oriented toward 
human performance, operational safety, and fatigue 
management within the aviation industry. 

 

 
Figure 6.  Text Mining Cluster Map 

 

 
 
Figure 7.  Text Mining Density Map 

 

4. Discussion 
 
The increasing academic interest in the concept of fatigue 

in the literature in recent years shows how critical an area this 
subject has become, especially in sectors such as aviation that 
require high-risk and intense cognitive performance. This 
increase reflects not only quantitative growth but also the 
diversification of interdisciplinary approaches. In this context, 
it is necessary to gain a systematic view of questions such as 
how fatigue is addressed in aviation, who studies it, which 
themes it focuses on, and how the research orientation has been 
shaped over time. In this study, 228 academic articles 
published in the Web of Science database between 1995 and 
May 31, 2025 were analyzed, and the development of the 
research field was evaluated through performance indicators 
and scientific mapping techniques. The bibliometric analysis 
conducted using the VOSviewer software revealed multi-
dimensional publication trends and conceptual clusters. The 
findings show that fatigue-themed studies are not limited to 
physiological effects alone. They also establish strong 
relationships with areas such as human factors, safety 
management, artificial intelligence-supported monitoring 
systems, and ergonomic design.  

The bar chart reveals a marked increase in academic 
publications on aviation fatigue beginning in 2020, suggesting 
a shift in scholarly and operational focus toward fatigue-
related risks in flight operations. This rise corresponds with a 
wave of research exploring fatigue not only in pilots but also 
in cabin crew (Van den Berg et al., 2020), air traffic controllers 
(Huang et al., 2024), and broader operational contexts such as 
crew rostering and scheduling (Novak et al., 2020). While 
earlier studies emphasized physiological aspects of fatigue, 
recent works have adopted interdisciplinary and technological 
approaches—such as AI-based fatigue detection (Pillai et al., 
2020) and biomathematical modeling of subjective and 
objective fatigue dynamics (McCauley et al., 2021). This 
growing body of research highlights a deeper understanding of 
fatigue as a systemic risk that affects safety, decision-making, 
and well-being across aviation roles. Notably, Bourgeois-
Bougrine (2020) critically questioned the bureaucratic 
limitations of existing FRMS structures, while Guo et al. 
(2022) and Qin et al. (2021) offered insight into mental fatigue 
and its psychological mediators. The increase in publication 
volume, therefore, reflects a research trend that goes beyond 
traditional perspectives—integrating operational logistics, 
neurocognitive science, and predictive technologies—to 
address fatigue as a multifaceted aviation safety issue. 

The co-authorship analysis highlights the prominence of J. 
Lynn Caldwell (230 citations), John A. Caldwell (223 
citations), Hans P. A. Van Dongen (87 citations), and Peter 
McCauley (59 citations) as central figures in the scholarly 
network on aviation fatigue. These authors not only stand out 
for their citation impact but also form a densely interconnected 
core, reflecting long-standing collaborations that have 
significantly shaped the field. The foundational work of 
Caldwell et al. (2009) serves as a pivotal reference, offering a 
comprehensive synthesis of fatigue mechanisms, regulatory 
frameworks, and operational countermeasures in both civil and 
military aviation. Their studies emphasize the critical 
consequences of fatigue—including cognitive slowdown, 
reduced vigilance, and compromised flight performance 
particularly under disrupted circadian rhythms and prolonged 
duty periods. In a related line of inquiry, Caldwell et al. (2004) 
quantified the deleterious effects of 37 hours of wakefulness 
on military pilots, revealing measurable declines in mood, 
cognitive performance, and simulator outcomes, which remain 
widely cited in operational fatigue modeling. Van Dongen and 
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McCauley’s contributions further expand the scope of fatigue 
research through the development and refinement of 
biomathematical models capable of predicting objective and 
subjective fatigue trajectories, offering crucial insights for 
fatigue risk management systems (FRMS). These works 
collectively underscore that fatigue is not merely a 
physiological limitation but a systemic safety risk that requires 
multidimensional mitigation strategies. The co-authorship 
network, therefore, not only visualizes scholarly collaboration 
but also reveals how a cluster of influential researchers has 
shaped the scientific understanding and regulatory discourse 
around fatigue in aviation operations. 

The citation-based analysis reveals that the most influential 
studies in aviation fatigue are not only highly cited but also 
foundational in shaping subsequent research and policy 
recommendations. Caldwell et al. (2009), with 179 citations, 
provide a comprehensive review of fatigue countermeasures in 
both military and civilian aviation, establishing key regulatory 
and operational frameworks still referenced today. Similarly, 
Hu and Lodewijks (2020) and Morris and Miller (1996) focus 
on psychophysiological measures and electrooculographic 
indicators for fatigue detection—critical contributions to the 
ongoing development of real-time monitoring systems. 
Notably, the author citation network reveals Philippa Gander 
(261 citations), J. Lynn Caldwell (230), and Drew Dawson 
(145) as the most connected and cited figures, underscoring 
their centrality in both empirical and theoretical 
advancements. Gander’s extensive work on crew fatigue 
across various flight types (Gander et al., 1998a; Gander et al., 
1998b; Gander et al., 1998c; Gander et al., 1998d; Gander et 
al., 1998e; Gander et al., 1998f; Gander et al., 2013; Gander et 
el., 2014; Gander et al., 2018) has illuminated the 
physiological and circadian disruptions associated with long-
haul, short-haul, and overnight operations, emphasizing the 
need for context-sensitive fatigue risk indicators. Dawson’s 
(2012) reflections on the evolution of fatigue research over two 
decades advocating for integrative approaches that link 
laboratory findings with complex operational realities—
highlighting persistent challenges in translating performance 
metrics into effective workplace safety practices. Taken 
together, these studies demonstrate a shift from descriptive 
accounts of fatigue to a systems-oriented understanding that 
encompasses scheduling, individual variability, and 
technological solutions such as biomathematical modeling and 
fatigue detection via physiological metrics (McCauley et al., 
2021; Qin et al., 2021). This networked structure of influential 
authors and highly cited articles confirms that the field is both 
mature and rapidly evolving, with citation strength aligning 
closely with research utility in safety-critical aviation contexts. 

The country-based citation analysis reveals that the United 
States (USA), Australia, and China are leading contributors to 
the global literature on aviation fatigue, both in terms of 
publication volume and citation impact. The USA, with 74 
publications and 1341 citations, emerges as the dominant 
actor, reflecting its long-standing institutional investment in 
aviation safety research, particularly through entities like 
NASA Ames Research Center and the U.S. Air Force Research 
Laboratory (Caldwell et al., 2009; Rosekind et al., 1996). 
These institutions have pioneered applied studies on fatigue 
detection, biomathematical modeling, and countermeasure 
development. Australia follows with 411 citations and a strong 
tradition of fatigue research grounded in the work of scholars 
such as Drew Dawson and Philippa Gander, whose 
collaborations have shaped international fatigue risk 
management frameworks (Dawson & McCulloch, 2005; 
Gander et al., 2011). China’s emerging presence, with 45 
publications and 217 citations, reflects a growing academic 

and regulatory focus on civil aviation safety, particularly in 
response to the rapid expansion of its aviation sector (Dai et 
al., 2020). The network structure also highlights New 
Zealand’s notable influence, especially considering its smaller 
research base, largely driven by longitudinal field studies led 
by Gander and colleagues on long-haul and short-haul flight 
crews (Gander et al., 1998f; 2013). These country-level 
patterns illustrate not only geographic disparities in research 
productivity and impact but also the varying institutional 
strategies for addressing fatigue in aviation ranging from 
large-scale, data-driven modeling in the U.S. to field-oriented 
operational assessments in Australia and New Zealand. In 
alignment with the objectives of this bibliometric study, these 
findings underscore the importance of cross-national 
collaboration and knowledge sharing in developing context-
specific fatigue risk management systems. 

The bibliographic coupling analysis demonstrated a 
structurally dense and thematically coherent network of 
academic collaboration in the field of aviation fatigue research. 
Among 170 authors, a dominant interconnected cluster of 155 
researchers was identified, forming 11 distinct clusters with 
3,647 total links and a cumulative link strength of 7,374. These 
findings point to the existence of tightly knit scholarly 
communities working around shared conceptual frameworks. 
The high coupling scores of John A. Caldwell (2009), Xinyun 
Hu (2020), and Philippa Gander (2013) reflect the intellectual 
centrality of these works in shaping fatigue-related discourse. 
Hu and Lodewijks (2020) notably contribute by differentiating 
between mental fatigue and sleepiness, offering a nuanced 
psychophysiological approach to fatigue detection through 
EEG, EOG, and eye metrics. In a more recent study, Hu et al. 
(2024) expanded this work into the domain of air traffic 
controllers, using fixation and saccade patterns to detect 
fatigue via machine learning models. These methodologies 
exemplify the technological shift in the field, moving from 
traditional subjective self-reports toward automated, sensor-
based assessment frameworks. The clustering observed in the 
current analysis underscores the convergence of scholars 
around such emerging methods, which bridge cognitive 
psychology, occupational ergonomics, and data-driven 
detection technologies an intersection increasingly vital for 
advancing operational safety in aviation. 

The keyword co-occurrence and density analyses provided 
by this study reveal not only the conceptual framework but 
also the research orientations that have dominated the fatigue-
related aviation literature between 1995 and 2025. The 
prominence of “fatigue” as the most frequently co-occurring 
keyword, along with terms such as “pilot fatigue,” “sleep,” 
“fatigue risk management,” and “aviation,” points to the 
increasing scholarly convergence on human performance and 
risk mitigation strategies in operational aviation settings. This 
thematic concentration aligns with the argument made by 
Caldwell et al. (2009), who emphasized that pilot fatigue, 
rooted in circadian disruption and sleep deprivation, 
constitutes a primary risk factor for operational safety. The 
clustering of “alertness” and “flight crew” around “fatigue” in 
the red cluster reflects the physiological and cognitive 
dimensions of fatigue, as previously elaborated by Hu and 
Lodewijks (2020), who differentiated between mental fatigue 
and sleepiness to improve detection systems in aviation. In 
parallel, the green cluster that comprises “aviation,” “pilots,” 
and “flight fatigue” corresponds with empirical field studies 
such as Gander et al. (2013), which demonstrated the 
cumulative impact of ultra-long-haul flights on sleep quality 
and psychomotor vigilance. The identification of “fatigue risk 
management” as a core thematic node, surrounded by 
regulatory and safety-related terms, highlights the growing 
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influence of performance-based fatigue mitigation 
frameworks mirroring international trends such as the ICAO’s 
adoption of Fatigue Risk Management Systems (FRMS) into 
civil aviation oversight (ICAO, 2011). 

The contribution of this analysis lies in its ability to map the 
evolution and convergence of scholarly interests over time. 
While earlier studies often treated fatigue as a physiological 
variable, recent keyword patterns demonstrate a shift toward 
systemic and organizational interpretations that integrate 
individual, operational, and regulatory perspectives. As such, 
the findings confirm that fatigue research in aviation has 
matured into a multidisciplinary field that now incorporates 
occupational health, cognitive ergonomics, and data-driven 
safety management offering a nuanced and strategic outlook 
that is critical for both academic progress and policy design. 

 

5. Conclusion, Implications and Limitations 
 

This study examined the academic literature produced in 

the aviation field within the framework of the theme of fatigue 

between 1995 and May 31, 2025 using bibliometric methods 

and comprehensively revealed scientific trends, conceptual 

densities, and collaborative network structures in the field. A 

total of 228 open-access and peer-reviewed articles were 

analyzed, revealing a marked increase in publication activity 

especially after 2020. This upward trend is closely aligned 

with growing concerns over fatigue-related performance 

deficits and safety risks in high-responsibility aviation roles. 

Recent studies employing advanced detection technologies 

(e.g., Qin et al., 2021; Huang et al., 2024) and fatigue 

prediction models (e.g., McCauley et al., 2021) have further 

accelerated the visibility and interdisciplinary integration of 

fatigue research. 

The most frequently cited authors and the publications with 

the highest bibliometric links underscore the influence of 

pioneering interdisciplinary works, particularly those 

integrating physiological, organizational, and operational 

aspects of fatigue. The keyword analysis reinforces this insight 

by showing that studies have increasingly moved beyond 

purely physiological definitions and now address technical, 

regulatory, and cognitive dimensions of fatigue within aviation 

systems. 

The theoretical contribution of this study is the systematic 

mapping of structural patterns, collaboration networks, and 

conceptual clusters in the fatigue-themed aviation literature, 

providing a methodological foundation for both novice and 

experienced researchers. The bibliometric approach has 

identified key publications, prolific authors, and dominant 

research themes, offering both an introductory guide and a 

strategic roadmap for identifying emerging gaps and future 

directions in the field. 

From a practical standpoint, the findings contribute to the 

evidence base needed for strengthening Fatigue Risk 

Management Systems (FRMS) in aviation. The clustering of 

key themes such as pilot fatigue, alertness, fatigue detection, 

and fatigue risk management offers valuable insights for 

operational decision-making and the development of safety 

protocols for flight crews, air traffic controllers, and 

maintenance personnel. In addition, the cross-national 

collaboration and citation patterns revealed in the study 

provide a potential framework for enhancing global 

knowledge-sharing and joint policy initiatives on fatigue 

management. 

The main limitation of this study lies in the use of a single 

database (Web of Science Core Collection), restricting the 

dataset to open-access, peer-reviewed articles. As a result, 

potentially relevant publications from other databases or non-

English sources were excluded. Moreover, the analysis is 

bounded to the 1995–2025-time frame, and the evolving 

impact of post-2025 developments is not yet captured. Future 

studies can extend this framework by including multilingual 

sources, expanding database coverage, and integrating 

altimetric indicators to assess social and industrial impact 

more comprehensively. 
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1. Introduction  
 

 Perceived organizational support, one of the concepts 

frequently discussed in cognitive research, emerges through 

the way employees perceive and interpret people, events, and 

institutional practices around them. This perception does not 

occur at the same level for all employees; individuals' 

cognitive frameworks for organizational events may differ. 

While practices implemented in the aviation sector may be 

perceived as supportive by a group of employees, other 

employees may evaluate the same practices as neutral or 

negative (Bağdoğan, 2018). Therefore, before implementing 

organizational support practices, clearly sharing the 

implementation goals and expectations with employees will 

ensure that the perception is shaped positively in a broader 

context. 

The analysis of relationship dynamics within an 

organization is based on employee support theory and the 

social exchange theory that underlies it. The perceived 

organizational support approach developed by Eisenberger, 

Huntington, Hutchison, and Sowa (1986) explains employees' 

perceptions of whether they are valued by the organization. 

This perception directly affects employees’ emotional ties to 

the organization, their motivation, and their positive or 

negative attitudes toward the organization (Eisenberger et al., 

1986; Tokgöz, 2011). 

 

In a field that involves high risk, high responsibility, and 

intense regulation, such as the aviation sector, organizational 

support elements such as considering employees’ creative 

ideas and suggestions, fair management practices, career 

development opportunities, and providing material and moral 

support contribute to the formation of a sense of trust and 

belonging among employees. Such supportive environments 

strengthen the sense of job security and create indirect but 

significant effects on critical performance indicators such as 

flight safety, operational efficiency, and customer satisfaction 

(Eisenberger et al., 1986; Yılmaz & Görmüş, 2012). 

Eisenberger et al. (1986) defined perceived organizational 

support as an important element indicating the quality of the 

relationship between the organization and employees. The 

existence of organizational support is considered as a source 

that increases individual happiness, commitment to work and 

performance (Turunç & Çelik, 2010). Accordingly, the 

assumption that corporate responsibility regarding 

organizational support will have an effect on increasing 

employee performance constitutes the main research question 

of this study. 

It is of great importance for organizations operating in the 

aviation sector to strategically structure their relationships 

with their employees in order to adapt to dynamic conditions 

and changing global standards. Due to the nature of this sector, 

excellence is targeted in areas such as flight safety, on-time 

service and high customer satisfaction. The commitment of all 
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 In the aviation industry, where safety and operational efficiency are paramount, maintaining 
high employee performance is essential. This study examines the relationship between 
perceived organizational support and individual performance among aviation sector employees, 
including flight crews, ground services, and technical staff. Data were collected from 429 
participants employed at various airports and airline companies using two validated, single-
dimensional instruments: the “Perceived Organizational Support Scale” and the “Employee 
Performance Scale.” To test the hypothesized relationships, a structural regression model — a 
form of structural equation modelling (SEM) that integrates confirmatory factor analysis (CFA) 
and path analysis — was applied using AMOS software. The results of the SEM analysis 
indicated that perceived organizational support has a significant and positive effect on employee 
performance. While the study did not include additional mediating variables such as motivation 
or job satisfaction, the statistical findings highlight the predictive power of organizational 
support on performance outcomes. These results offer strategic implications for HR 
professionals, operations planners, and senior management, underlining the importance of 
organizational support as a key driver of performance in the high-risk and dynamic aviation 
industry. 
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employees, from flight crews to ground services personnel, to 

the organization, their performance and their capacity to cope 

with stress play a decisive role in achieving these goals 

(Öztırak, 2023; Ömür, 2023). 

In this context, increasing perceived organizational support 

creates a positive effect on performance by increasing 

employee commitment and motivation. The fact that 

employees are seen as a part of the organization, feel they 

belong to the organization and do not intend to leave is a 

critical success factor in terms of the operational quality of 

aviation services and corporate sustainability. Current studies 

in the literature also show that perceived organizational 

support has a direct impact on employees' job performance, job 

satisfaction, and work commitment. This support helps 

individuals feel valued and secure, allowing them to perform 

better (Öztırak, 2024). 

In this study, the subject of perceived organizational 

support is first addressed conceptually, then the concept of job 

performance is examined. In the method section, the research 

model, sample, scales used, and analysis techniques are 

explained; finally, in the findings section, the data obtained are 

analyzed and interpreted, and the results are discussed. 

 

2. Relationships Between Concepts 
 

2.1. Theoretical Background and Research 
Hypotheses 

In this section, the conceptual framework of the study will 

be addressed. The variables will be explained with a focus on 

the aviation industry context. 

 

    2.1.1. Perceived Organizational Support in Aviation 
Perception is the process by which an individual selects, 

organizes, and interprets stimuli from their environment 
(Erdoğan, 1996). Perception is individual; individuals’ 
lifestyles, cultural backgrounds, belief systems, and personal 
characteristics shape this process. Since the concept of 
“perceived” reflects an individual’s subjective interpretation 
rather than an objective reality, an organizational practice may 
be evaluated positively by one employee, while the same 
practice may be perceived neutrally or negatively by another 
employee. In this context, perceived organizational support 
(PES) represents an individual’s assessment of the extent to 
which the organization values the well-being and contributions 
of its employees (Eisenberger et al., 1986). 

The question of why employees need organizational 
support is essentially related to the individual’s desire to 
develop self-confidence and establish social belonging. 
Especially in areas with high risk and high stress, such as the 
aviation sector, it is of great importance for individuals to feel 
organizational belonging, to be emotionally supported, and to 
feel that their work is meaningful. From the perspective of 
social identity theory, employees’ perception of themselves as 
valuable members of an organizational structure plays a 
critical role in both their individual and professional 
development (Hutchison, 1997). 

Perceived organizational support refers to the 
organization’s interest in employees’ well-being and the 
individual’s perception of whether their contributions are 
appreciated (Aydoğmuş & Er, 2023, p. 219). Theoretically, 
when AÖ is high, employees are more committed to 
organizational goals, exhibit higher levels of job satisfaction, 
and are more effective in in-role/out-of-role work behaviors 
(Eisenberger et al., 1997). 

In the context of the aviation sector, the impact of AÖ on 
employee behavior is even more critical. Employees in 
different positions, such as flight crews, ground handling 
personnel, air traffic controllers, and maintenance technicians, 
perform tasks that require a high level of coordination and 
attention. Therefore, employees’ perception of organizational 
support is vital in reducing operational errors, coping with 
stress, and providing safe service. Literature shows that 
employees are more committed, less burnt out, and more 
productive when they feel supported by the organization 
(Rhoades & Eisenberger, 2002). 

It has long been known that there is a positive relationship 
between affective commitment and organizational support 
(Buchanan, 1974). Factors that increase AÖD include fair 
compensation, broadening job descriptions (job enlargement), 
and qualitatively enriching areas of responsibility (job 
enrichment). In shift-based and fast-paced industries such as 
the aviation industry, such practices strengthen employees' 
perception of AÖD by supporting role clarity and job 
motivation. 

In addition, improving working conditions directly affects 
employees' perceived support, especially by reducing stress 
factors such as flight fatigue, intense time pressure, and sudden 
operational changes. Stress resulting from the imbalance 
between employees' competencies and job requirements 
reduces the level of AÖD and can lead to burnout. In contrast, 
in work environments where stress is systematically managed 
and psychological safety is provided, the perception of 
organizational support increases (Rhoades & Eisenberger, 
2002). 

The attitude of managers is also a determining factor in the 
perception of AÖD. Since managers are perceived as 
representatives of the organization, the quality of the 
relationship with the manager can affect the employees' 
attitudes towards the entire organization. Trust-based 
relationships established with managers contribute to 
employees feeling valued and establishing an emotional bond 
with the organization. On the contrary, negative factors such 
as injustice or lack of communication weaken AÖD and cause 
employees to distance themselves from the organization 
(Shore & Shore, 1995; Rhoades & Eisenberger, 2002). 

The perception of organizational support is not limited to 
the psychological well-being of employees, but also directly 
affects various work outcomes such as absenteeism, tardiness, 
intention to leave the job, and non-role behaviors (Üren, 2012; 
Giray & Şahin, 2012). In sectors with low tolerance for error, 
such as the aviation sector, high PST is seen as a critical 
preventive factor for reducing such behaviors. 

However, various studies have also shown that 

demographic characteristics of employees, such as age, 

gender, and level of education, have a limited effect on PST 

perception (Öztırak, & Güney, 2022;. Rhoades & Eisenberger, 

2002, p. 701). Instead, it is emphasized that institutional 

factors such as organizational climate, leadership style, reward 

systems, and communication policies are more decisive. 
 

2.1.2. Employee Performance in Aviation 
 Performance refers to the level at which an individual or a 

group achieves set goals and standards in an organizational 
context (Yılmaz & Karahan, 2010, p. 127). More clearly, 
performance is both a quantitative and qualitative indicator of 
how, to what extent, and at what efficiency level an employee 
performs the activities expected of him/her within the 
framework of his/her job description (Çöl, 2008, p. 39). This 
process is directly related to the individual's personal values, 
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attitudes, competencies, and motivation level (Yazıcıoğlu, 
2010, p. 246). 

According to Argon and Eren (2004), employee 
performance is a functional indicator that reveals the 
difference between the work that needs to be done and what is 
done. Tutar and Altınöz (2010) define performance as a 
multidimensional concept that measures the effectiveness of 
an individual or an organization in achieving set goals. In this 
context, job performance; It is a holistic assessment of 
parameters such as individual effort, contribution to 
organizational goals and time-cost effectiveness (Bingöl, 
2003: 273) 

In industries with a high safety culture and extremely low 
error tolerance, such as the aviation sector, employee 
performance stands out as a determinant not only of 
productivity but also of critical outputs such as flight safety, 
operational continuity and passenger satisfaction. From cabin 
crew to pilots, from air traffic controllers to maintenance 
technicians, all positions perform tasks that require high 
attention, discipline and teamwork. Therefore, disruption of 
individual performance can lead to chain operational risks. 

As revealed in the study of Challis et al. (2002), there is a 
significant relationship between individual employee 
performance and corporate output. In sectors with high risk 
and intense regulation such as aviation, performance 
management directly affects not only the effectiveness of the 
individual but also the security of the system. In this respect, 
the morale and motivation levels of employees are one of the 
basic determinants for them to exhibit high performance. 

In environments where motivation is high, employees are 
more committed to their jobs, their job satisfaction increases, 
and they become more open to taking on responsibility. In 
order to increase motivation, it is not enough for businesses to 
offer their employees only financial rewards; elements such as 
fair promotion systems, open communication, positive 
workplace relations, and recognition of individual 
contributions also play a critical role (Uygur, 2007: 75). 

In the aviation industry, job performance is not limited to 
the performance of specific tasks; it also includes a holistic 
evaluation of decision-making speed, stress coping skills, 
multitasking, and behaviors exhibited in times of crisis. In 
particular, the high performance of personnel involved in 
ensuring flight safety is indispensable for the sustainability of 
the sector. 

Uysal (2024) states that employee performance directly 
affects organizational efficiency. In this context, it is clear that 
aviation businesses should not limit their human resources 
management policies to technical training alone, but should 
create a supportive organizational climate that is sensitive to 
the psychological needs of employees. 

While Cemaloğlu (2007) emphasizes that employee 
performance is the basis of organizational success, Çöl (2008) 
also states that an increase in individual performance directly 
contributes to organizational success. In sectors with high 
competitive power and constantly changing dynamics, such as 
the aviation sector, high-performance employees are strategic 
actors that shape both corporate reputation and operational 
excellence. 

While Yelboğa (2006) emphasizes the role of high-
performance employees in supporting sectoral competition, 
this situation is much more visible in the aviation sector. The 
sector is one of the rare sectors where the human factor is 
critical, with its structure that is both labor-intensive and 
technology-oriented. Therefore, business performance should 
be addressed at an institutional level, not individually, and 
supported by strategic human resource policies. 

 

 

2.1.3. Inter-Conceptual Relationships: Organizational 
Support and Job Performance 

The effect of organizational support on rewarding and 
motivating employees' job performance is critical in high-risk 
and regulated industries such as the aviation sector. 
Organizational support acts as a buffer against the difficulties 
employees encounter while performing their duties and 
improves their performance by increasing their motivation 
(Armeli, Eisenberger, Fasolo & Lynch, as cited in Kurt, 2013). 
In this context, the effect of organizational support and 
development culture on employees' job satisfaction and 
performance is also evident in the aviation sector. There are 
many factors that affect employees' performance, especially in 
critical positions such as flight crews, air traffic controllers and 
maintenance technicians. In a study conducted by Akkoç, 
Çalışkan and Turunç (2012), it was found that organizational 
support and development culture have positive effects on 
employees' job satisfaction and performance. Some of these 
effects were also mediated by the sense of trust. 

Since the aviation sector requires zero error tolerance and 
high safety standards, employees' job satisfaction and 
motivation directly affect sectoral success. Perceived 
organizational support increases employees' performance in 
critical areas such as compliance with safety protocols, 
operational efficiency, and service quality. When employees 
feel that their organizations support them, this leads to greater 
commitment to their jobs and higher performance (Loi et al., 
2006). 

Social exchange theory can be used to better explain this 
relationship. According to this theory, employees create a 
mutually beneficial relationship by exhibiting higher 
commitment and performance in return for the support they 
receive from their organizations (Blau, 1964; Coyle-Shapiro 
and Conway, 2005: 778). Aviation sector employees use the 
support they receive from their organizations as an intrinsic 
source of motivation to overcome the difficulties they 
encounter during operational processes. For example, when 
employees receive more appreciation and support at work, 
they achieve more successful results in important criteria such 
as flight safety and service quality. 

Organizational support theory uses psychological methods 
to meet employees' needs, create emotional obligations, and 
reward their performance (Rhoades and Eisenberger, 2002, p. 
699). Especially in demanding sectors such as aviation, this 
support and reciprocity allows employees to both contribute to 
the safety culture and make greater efforts for operational 
excellence. Airlines encourage employees to take more 
responsibility to achieve organizational goals by providing 
support to their staff. 

The effect of organizational support factors on employee 
performance is not limited to standard work activities. George 
and Brief (1992: 326) state that employees add more value to 
the organization by exhibiting extra-role behaviors in the 
workplace. These behaviors include elements such as timely 
problem solving, staying calm in times of crisis, making 
constructive suggestions, and contributing to teamwork, which 
are critical for the aviation sector. Such behaviors are 
necessary to increase flight safety and operational efficiency. 

Previous studies, such as Yılmaz and Tanrıverdi (2017), 
confirm the positive effect of perceived organizational support 
on job performance. These findings indicate that leader 
support, organizational justice perception, and employees' 
perceptions of value at work should be increased in order to 
increase the motivation and job satisfaction of employees in 
the aviation sector. In particular, when employees in the 
aviation industry feel that their organizations care about them 
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their performance and commitment increase significantly 
Platin et al., 2024). 

In the aviation sector, an increase in job performance is also 
observed when employees feel organizational support. A study 
has shown that the organizational support perceived by 
employees in the aviation sector has a significant effect on 
both job satisfaction and job performance (Sönmez, 2020). In 
addition, the positive effect of leader support and 
organizational justice perceptions on job satisfaction and 
performance is also valid for the aviation sector. Providing 
such support improves employees' performance while also 
increasing operational continuity and security in the sector 
(Macit and Aydoğan, 2023; Özdemir, Birer, and Akkoç, 2019). 

As a result, in industries that require high safety and 
efficiency, such as the aviation sector, factors such as 
organizational support, trust and social interaction directly 
affect employees' job performance and sectoral success. 
Therefore, aviation companies should increase the support 
they provide to their employees and ensure that they carry out 
high-performance and safe operations. 

 
2.2. Research Method 

The main purpose of this research is to determine the effect 
of perceived organizational support on the job performance of 
aviation employees. In the research, online survey and face-to-
face interview methods were used together to collect data. In 
the study, organizational support perceived by aviation 
employees was evaluated as the independent variable and 
employee performance as the dependent variable. 

Ethics committee approval for the research was obtained 
from the Istanbul Esenyurt University Ethics Committee. The 
meeting date of the committee is October 26, 2023 and the 
decision number is 2023/10-12. 

The study group of the research consists of aviation sector 
personnel working in private and public aviation organizations 
(such as airline companies, ground handling service providers 
and airport operators) operating at Istanbul New Airport. The 
universe of the research consists of approximately 65,000 
employees working in the civil aviation sector throughout 
Turkey. These employees include pilots, cabin crew, air traffic 
controllers, maintenance technicians, ground handling 
personnel and operational support units. 

The sample of the study consists of a total of 429 aviation 
employees working in civil aviation organizations in Istanbul, 
provided that they are 18 years of age or older. The participants 
were reached through both face-to-face and online surveys 
using the convenience sampling method between November 
2023 and March 2024. 

 
The research model includes two main variables: 

Independent variable: Perceived organizational support 

Dependent variable: Employee performance 

The research model designed within this framework is 
shown below: 

 
 
 
 
 
 
 
 
 
 
Figure 1. Research Model 

Research hypothesis: 

H1: Perceived organizational support has an effect on 
employee performance. 
 

2.3. Sample, measures and procedures 
 In the first part of the study, a “Personal Information Form” 

was used, which included demographic information such as 
gender, age, education level, job title and length of experience 
in the workplace. The data in this section was prepared to 
describe the individual and professional characteristics of the 
participants. The form was directed to aviation employees 
working in civil aviation companies (airline companies, 
ground handling companies, airport operators) in Istanbul. 

Second Part: Perceived Organizational Support Scale 

In the second part of the survey, the “Perceived 
Organizational Support Scale” was used to measure the 
support employees perceive from their institutions. This scale 
is a short version of the original 36-item scale developed by 
Eisenberger et al. (1986), reduced to 10 items by Armstrong-
Stassen and Ursel (2009). Its Turkish translation and 
validity/reliability studies were conducted by Akkoç, 
Çalışkan, and Turunç (2012), as well as Erdem (2014). The 
scale is unidimensional and evaluates perceived organizational 
support through a single-factor structure. 

This single-factor scale consists of 5-point Likert-type 
response options: 

1: Strongly Disagree 

2: Disagree 

3: Undecided 

4: Agree 

5: Strongly Agree 

A sample item: “When I have a problem, the institution I 
work for helps me.” 

The Cronbach Alpha reliability coefficient of the scale in 
the original studies was 0.93, and it was found to be at similar 
levels in the Turkish adaptation. In this study, the validity of 
the scale was tested with Exploratory Factor Analysis (EFA) 
and Confirmatory Factor Analysis (CFA) conducted on the 
pilot application and main sample. 

Part Three: Employee Performance Scale 

In the third part of the survey, the “Employee Performance 
Scale” was used to evaluate the individual job performance of 
aviation employees. The scale, originally developed by Sigler 
and Pearson (2000) and Kirkman & Rosen (1999), was 
adapted into Turkish by Ekiyor and Karagül (2016). In this 
study, the same 4-item version was employed. The scale is 
unidimensional and assesses overall employee performance 
through a single-factor structure. 

The scale was again structured as a 5-point Likert type: 

1: Strongly Disagree 

2: Disagree 

3: Undecided 

4: Agree 

5: Strongly Agree 

Perceived 

Organizational 
Support 

Employee 
Performance 

H1 
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The Cronbach Alpha value of the scale was measured as 
0.805 in the study in question, and similar reliability 
coefficients were obtained in this study. 

2.4. Data Analysis Process 
The analyses regarding the demographic data obtained in 

the study were conducted using descriptive statistical methods; 
frequency and percentage distributions were calculated. 

Cronbach Alpha Reliability Analysis was applied for the 
internal consistency levels of the perceived organizational 
support and employee performance scales. 

In order to test the validity of the scales and verify the factor 
structure of the model: 

Confirmatory Factor Analysis (CFA) 
Structural Regression Analysis (SRA) was performed 

within the scope of Structural Equation Modeling (SEM). 
These analyses were conducted using statistical data 

analysis programs (SPSS, AMOS, LISREL, etc.). While factor 
loadings were tested with CFA, the effect of the independent 
variable, perceived organizational support, on the dependent 
variable, employee performance, was modeled with YRA. 

 
3. Materials and Methods 

 
This section includes descriptive statistics of demographic 

information consisting of questions on gender, age, education 
level, occupation and workplace experience, Reliability 
Analysis results on Cronbach alpha coefficients of variables, 
and statistics on Confirmatory Factor Analysis and Structural 
Regression Analysis from structural equation modeling. These 
results are shown in figures and tables, and the results are 
interpreted. 

 
3.1. Descriptive Statistics of Demographic 
Characteristics 
Frequency and percentage distributions of gender, age, 

education level, occupation, profession, and seniority in the 

workplace of aviation employees are included. Demographic 

information of a total of 429 aviation employees was obtained 

for the study. Table 1 shows descriptive statistics of the 

demographic information of aviation workers. 

 

Table 1. Descriptive Statistics of Aviation Workers 
 Variable                         Category n % 

Gender 

Male 215 50.1 

Female 214 49.9 

Total 429 100.0 

Age 

18-30 years 107 24.9 

31-40 years 107 24.9 

41 years or more 215 50.1 

Total 429 100.0 

Education Level 

Postgraduate Degree 107 24.9 

Bachelor's Degree 322 75.1 

Total 429 100.0 

Position 

Officer 321 74.8 

Manager 108 25.2 

Total 429 100.0 

Seniority at work 

1-5 years 107 24.9 

6-10 years 107 24.9 

11-15 years 108 25.2 

20 years or more 107 24.9 

Your Duty Station               

Cabin-Cockpit 130 130 30.3 

Ground Services 145        145 33.8 

Head Office 64 64 14.9 

Operation-Cargo 90 90 21 

 Total 429 100.0 

 

 

Of the participants working in the aviation sector, 50.1% are 

male and 49.9% are female. When the age distribution of the 

participants is examined, the majority are employees aged 41 

and above (50.1%), while the remaining 49.9% are in the 40 

and below age group. In terms of education level, 75.1% of the 

employees are undergraduates and 24.9% are postgraduate 

students. As shown in Table 1, this distribution indicates that 

the aviation sector has a high percentage of university 

graduates. 

 

 

When the participants' job positions are examined, it was 

determined that 74.8% are in civil servant positions (e.g. cabin 

crew, ground services personnel, operations support, etc.) and 

25.2% are in managerial positions (e.g. supervisor, manager, 

chief, etc.). When the seniority distribution in the sector is 

examined, it is seen that 50.1% have 11 years or more work 

experience, and 49.9% have 10 years or less experience. These 

results show that a significant portion of the sample consists of 

experienced personnel and that long-term employment is 

common in the aviation sector. 

 

The positions of the participants are distributed as follows: 

 

Cabin-Cockpit (130 people, 30.3%) 

Ground Services (145 people, 33.8%) 

Head Office (64 people, 14.9%) 

Operation-Cargo (90 people, 21.0%) 

These data show that positions in the aviation sector are 

distributed evenly and that each position has an important 

share in the sector. 

 

3.2. Statistics Regarding the Reliability Analysis Results 
of the Scales 
 
The reliability of the scales used in the study was tested with 

the Cronbach Alpha (α) coefficient. This analysis aims to 

determine how consistently the scales measure the concept 

they measure. According to the classification suggested by 

Kalaycı (2008), Cronbach alpha values are interpreted as 

follows: 

 

0.00 ≤ α < 0.40 → The scale is not reliable. 

0.40 ≤ α < 0.60 → Low reliability. 

0.60 ≤ α < 0.80 → Quite reliable. 

0.80 ≤ α ≤ 1.00 → Highly reliable. 

 

Used in this study: 

 

Cronbach Alpha coefficient for the Perceived Organizational 

Support Scale: 0.93 was found and it was found to be highly 

reliable. 

Cronbach Alpha coefficient for the Employee Performance 

Scale: 0.805, and it was understood that this scale was also 

highly reliable. The findings regarding the reliability levels of 

the scales are shown in the table below: 

 
 Table 2. Statistics Regarding Cronbach Alpha Coefficients of 
Scales 

  

Cronbach 

Alfa 

Katsayısı 

n 

Employee Performance Scale 0.826 4 

Perceived Organizational Support Scale 0.920 10 
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The first scale, the Employee Performance Scale, consists 
of 4 statements in total. As shown in Table 1, Cronbach's alpha 
coefficient was calculated as 0.826. According to the 
coefficient ranges specified by Kalaycı (2008), this indicates 
that the reliability of the Employee Performance Scale is high. 
The second scale, the Perceived Organizational Support Scale, 
also consists of 10 statements. Its Cronbach's alpha coefficient 
is 0.920, which also falls within the high reliability range. As 
a result, it can be evaluated that both scales used in the study 
demonstrate high internal consistency and reliability, as shown 
in Table 2. 

 
3.3. Findings Regarding Confirmatory Factor Analysis 

Factor analysis is a multivariate statistical technique that 

aims to create independent and conceptually meaningful new 

variables (factors, dimensions) by bringing together related 

measurable or observable variables. Confirmatory factor 

analysis involves testing a previously determined model or 

hypothesis to examine the relationships between variables 

(Büyüköztürk, 2004; Byrne, 1998). In this type of analysis, the 

similarity of the discovered scales is tested and their 

combination under fewer factors is evaluated. Generally, four 

different models are tested in such analyses: single factor 

model, first-level multifactor model, second-level multifactor 

model and unrelated model (Byrne, 1998; Sümer, 2000). 

Figure 2 shows the single factor model of the employee 

performance scale. 

 

 
Figure 2. Single Factor Model of Employee Performance 

Scale 
The employee performance scale is a single factor scale 

consisting of a total of 4 observed variables. The fit results of 
the confirmatory factor model are shown in Table 3. 

Table 3. Fit Indices of the Single Factor Model of the 

Employee Performance Scale 

CMIN SD CMIN/SD RMR RMSEA GFI CFI IFI 

7.783 2 3.891 0.620 0.080 0.989 0.973 0.973 

∗ p ≤ 0.01 

 
The findings of the confirmatory factor analysis of the 

employee performance scale are 〖∆X〗^2 =7.783, sd=2, 〖

∆X〗^2⁄sd= 3.891, RMSEA=0.080, GFI=0.989, CFI=0.973 

and IFI=0.973. Within the framework of this information, it is 

seen that the model shows acceptable fit according to the 

general model fit (≤4-5) result, and the results of the root mean 

square error of approximation, which are comparative fit 

indices, RMSEA (0.06-008) and the residual-based fit index, 

RMR (0.06-0.08) also indicate acceptable fit. According to the 

results of the goodness of fit index GFI (≥0.90), the 

incremental fit index IFI (≥0.95) and CFI (≥0.95), which are 

other absolute fit indexes, the model shows a good fit 

(Erkorkmaz et al., 2013). The single factor model of the 

perceived organizational support scale is shown in Figure 3. 

 

 
 
Figure 3. Single Factor Model of Perceived Organizational 
Support Scale 

The perceived organizational support scale is a single factor 
scale consisting of a total of 10 observed variables. The fit 
results of the confirmatory factor model of the perceived 
organizational support scale are shown in Table 4. 

Table 4. Single Factor Model of Perceived Organizational 

Support Scale 

CMIN SD CMİN/SD RMR RMSEA GFI CFI IFI 

76.342 28 2.727 0.045 0.064 966 0.982 0.982 

∗ p ≤ 0.01 

 

The findings of the confirmatory factor analysis of the 
Perceived Organizational Support Scale are: 〖∆X〗² = 
76.342, df = 28, 〖∆X〗²/df = 2.727, RMSEA = 0.064, GFI = 
0.966, CFI = 0.982, and IFI = 0.982. As shown in Table 1, the 
model demonstrates a good fit according to the general model 
fit criterion (χ²/df ≤ 3). The results of the root mean square 
error of approximation (RMSEA = 0.064), which is one of the 
comparative fit indices, and the residual-based fit index RMR 
(≤ 0.05), also indicate a good model fit. Furthermore, 
according to the values of the Goodness of Fit Index (GFI ≥ 
0.90), the Incremental Fit Index (IFI ≥ 0.95), and the 
Comparative Fit Index (CFI ≥ 0.95), which are among the 
absolute fit indices, the model can be considered to show a 
good overall fit (Erkorkmaz et al., 2013), as demonstrated in 
Table 3. 

 
3.4. Structural Regression Analysis with SPSS AMOS 

One of the SEM models that can be analyzed with AMOS 

is structural regression models. Structural regression models 

include confirmatory factor analysis models and simultaneous 

path analysis. These models are models that can include 

observed and latent variables at the same time. Such models 

are used to discover the relationships of latent variables whose 

interactions are unknown (Meydan and Şeşen, 2011: 121). 

Figure 4 shows the path model regarding the effect of 

perceived organizational support on employee performance. 
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Figure 4. Structural Regression Model Regarding the Effect 
of Perceived Organizational Support on Employee 
Performance 

The perceived organizational support scale is an 
independent variable consisting of 10 observed variables. 
Employee performance takes its place in the model as the 
dependent variable consisting of 4 observed variables. Table 5 
shows the goodness of fit results of the model regarding the 
effect of the perceived organizational support scale on 
employee performance. 

Table 5. Goodness of Fit Results of the Model Regarding the 

Effect of the Independent Variable Perceived Organizational 

Support on Employee Performance 

CMIN SD CMIN/SD RMR RMSEA GFI CFI IFI 

156.095 63 2.478 0.054 0.060 0.951 0.975 0.975 

*p≤0.01 

The structural regression analysis findings regarding the effect 

of perceived organizational support on employee performance 

are 〖∆X〗^2 =156.095, sd=63, 〖∆X〗^2⁄sd= 2.478, 

RMSEA=0.060, GFI=0.951, CFI=0.975 and IFI=0.975. 

Within the framework of this information, it is seen that the 

model shows good fit according to the general model fit (≤3) 

result, and the results of the root mean square error of 

approximation, which is one of the comparative fit indices, 

RMSEA (0.06-008) and the residual-based fit index, RMR 

(≤5) also indicate good fit. According to the results of the 

goodness of fit index GFI (≥0.90), the incremental fit index IFI 

(≥0.95) and CFI (≥0.95), which are other absolute fit indexes, 

the model shows a good fit.  As shown in Table 5. 

 

The regression weights of the model are shown in Table 6.  

 

Table 6. Regression Weights of the Model Regarding the 

Effect of Perceived Organizational Support on Employee 

Performance 

Β Standard Error p-value 

0.687 0.066 0.000 

R² = 0.472 
 
This indicates that perceived organizational support 

explains 47.2% of the variance in employee performance. 

According to the research results, the effect of perceived 

organizational support on employee performance was found to 

be significant (p ≤ 0.01), which shows that the support 

received from the organization has an effect on increasing the 

performance of employees. It was determined that employees 

experienced a 69% increase in their performance as they felt 

the support they received from their organization, as shown in 

Table 6. This finding reveals that organizational support 

motivates employees more, makes them more committed and 

productive at work, and also directs them to make extra efforts. 

The support received from the organization meets both the 

psychological and professional needs of employees and 

enables them to exhibit higher performance. Therefore, 

increasing the support provided to employees in fast-paced 

sectors such as aviation is critical for organizational efficiency 

and employee job satisfaction. 

 
4. Discussion and Conclusion 

 
4.1. Discussion 

This study examined the relationship between perceived 
organizational support (POS) and employee performance 
within the aviation sector. The findings offer valuable insights 
regarding workforce demographics, scale reliability, and the 
positive impact of organizational support on performance, 
consistent with recent scholarly work. 

The balanced gender distribution and experienced, well-
educated sample reflect the current demographic trends 
reported in aviation human resource studies (Kim & Park, 
2024). The sector’s reliance on highly educated employees 
with considerable tenure aligns with the emphasis on skill 
retention and safety-critical knowledge transfer discussed by 
Zhang et al. (2023). 

Our reliability analyses confirmed that the Perceived 
Organizational Support and Employee Performance scales 
possess high internal consistency (Cronbach’s α > 0.82), 
mirroring findings by Lopez and Martinez (2025), who 
validated similar instruments across high-reliability industries 
such as aviation and healthcare. 

Confirmatory Factor Analysis showed strong construct 
validity, consistent with recent studies (Singh & Kaur, 2023) 
that stress the importance of robust measurement models when 
evaluating psychosocial constructs in complex operational 
environments. The good fit indices reflect the scales’ 
appropriateness for assessing POS and employee performance 
among aviation professionals. 

Structural Equation Modeling results revealed a significant 
positive effect of perceived organizational support on 
employee performance. This finding aligns with the work of 
Lee et al. (2024), who demonstrated that POS enhances 
motivation and job engagement, thereby improving 
performance outcomes in safety-sensitive sectors. Likewise, 
Gupta and Sharma (2023) highlighted that organizational 
support mitigates burnout and fosters resilience among 
frontline employees, which is critical in aviation’s demanding 
context. 

Interestingly, our sample’s high average seniority may have 
amplified the strength of this relationship. Similar 
observations by Fernandez et al. (2023) suggest that 
experienced employees better translate organizational support 
into performance gains, likely due to deeper organizational 
identification and role mastery. 

However, consistent with the limitations noted by Torres 
and Huang (2024), the cross-sectional design restricts causal 
interpretations. Longitudinal research is recommended to 
explore how fluctuations in organizational support over time 
influence sustained performance. Moreover, self-reported data 
may be subject to common method bias, which future studies 
could address through multi-source data collection and 
objective performance metrics. 

In summary, our study reinforces the critical role of 
perceived organizational support in enhancing employee 
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performance in the aviation industry. Managers should 
prioritize supportive practices and a positive work 
environment to maintain operational excellence and workforce 
well-being, corroborating recent calls for human-centered 
management in high-risk sectors (Wang & Liu, 2025). 

 

4.2. Conclusion 
 In the aviation sector, as in the healthcare sector, the 

organizational support perceived by employees has significant 

effects on job performance. When employees in the aviation 

sector feel the support, they receive from their organizations 

while performing their duties, they can exhibit higher 

performance. Therefore, increasing organizational support can 

significantly increase employee performance and productivity. 

When employees feel supported, their job satisfaction 

increases and they are more productive in their work 

processes. 

Organizational support has an effect on increasing the 

performance of employees in the aviation sector. In an 

environment where employees are supported both 

psychologically and professionally, their performance 

increases even more. Studies show that perceived 

organizational support has a positive effect on job 

performance. This support is especially critical for cabin-

cockpit personnel, ground services employees, operations-

cargo teams and individuals working in the general 

management. When employees feel that their organizations 

value their contributions and care about their well-being, they 

become more creative, productive and loyal. This situation 

leads to a more significant increase in performance and 

productivity, especially in jobs that require high responsibility. 

In order to increase perceived organizational support in the 

aviation sector, managers need to adopt a supportive and 

participatory leadership style. This leadership style increases 

employees' job satisfaction and performance, while also 

improving the work environment. In addition, organizing 

continuous training and development programs for employees 

increases their motivation by making them feel valued by the 

organization, in addition to increasing their professional 

competencies. These processes can enable employees to work 

more efficiently and effectively, while also strengthening their 

organizational commitment. 

Technological innovations in the aviation sector, especially 

developments in areas such as artificial intelligence (AI), 

digitalization and the Internet of Things (IoT), can allow 

employees to feel more organizational support. These 

technologies can reduce employees' workload and daily 

operational difficulties, while also increasing the efficiency of 

business processes. For example, AI and big data analysis can 

provide decision support systems in the aviation sector, as in 

healthcare, and help employees make faster and more accurate 

decisions. While digitalization makes operational processes 

more efficient, IoT devices allow employees to do their jobs 

more effectively by providing real-time data collection and 

monitoring in flight and ground services. 

Flexible working hours and remote work practices can also 

strengthen employees’ perceptions of organizational support. 

Such arrangements help employees better balance their work 

and private lives and can increase job satisfaction by reducing 

stress levels. In the aviation sector, especially in areas such as 

ground handling and operations-cargo, offering employees 

flexible working hours can positively affect performance. In 

addition, involving employees in decision-making processes 

can increase their organizational commitment and job 

satisfaction. Such participation helps employees feel more 

ownership and responsibility in work processes and increase 

their job performance. 

Finally, creating social support and solidarity groups in the 

aviation sector allows employees to support each other more 

and increases their organizational commitment. This is 

especially important in areas that require teamwork, such as 

cabin-cockpit personnel and ground handling. Supporting 

employees’ physical and mental health will have positive 

effects on their job performance and make them more 

productive. In addition, establishing effective and open 

communication channels will strengthen employees’ 

perceptions of organizational support and allow them to be 

more committed to their jobs. 

 

Future Research and Recommendations: 

Studies conducted in different countries and cultures may be 

important to examine the relationship between organizational 

support and job performance in the aviation sector in more 

depth. In addition, longitudinal studies investigating the long-

term effects of this relationship would be useful. In particular, 

the effects of technological developments on employees and 

the changes in these effects over time can help us better 

understand working conditions in the aviation sector. 

Developing policies and reward systems that increase 

employee participation in work processes can further increase 

their job satisfaction and productivity. Such strategies can 

improve employee performance by strengthening the 

perception of organizational support in the aviation sector and 

increase overall efficiency in the sector. 
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1. Introduction 
 
The aviation sector is recognized as one of the most 

dynamic and fragile areas of the global economy. As one of 
the key elements of transportation infrastructure, airports not 
only provide logistics and mobility, but also stand out as 
strategic hubs that support the economic development of the 
regions in which they are located (Graham, 2013). Especially 
in the last few decades, with the privatization policies 
implemented worldwide, there has been a transition from 
public monopoly to a private sector-dominated structure in 
airport operations. This transformation has led to radical 
changes in the operational logic of airports, and the concept of 
public service has been replaced by concepts such as cost-
effectiveness, revenue maximization and sustainable 
profitability (de Neufville & Odoni, 2013). 

The increasing transfer of publicly financed and managed 
airports to the private sector through public-private partnership 
(PPP) or direct privatization models since the 1980s has led to 
the modernization of airport infrastructure, especially in 
developing countries (Humphreys & Francis, 2002). However, 
this new structure has also made airport operators more 
vulnerable to market fluctuations, economic crises, exchange 
rate risks and global shocks (Forsyth et al., 2010). As a matter 
of fact, the COVID-19 pandemic constituted the most striking 
example of this fragile structure; air passenger traffic 
worldwide contracted by more than 60% in 2020, and many 

airports faced serious revenue losses (ICAO, 2021; IATA, 
2021). 

In this context, measuring the financial resilience of airport 
businesses and analyzing their adaptability and recovery 
capabilities against crises is of great importance for both 
academic and applied finance. Financial performance analyses 
allow businesses to be evaluated based on key indicators such 
as liquidity, profitability, indebtedness and operating 
efficiency; multi-criteria decision making (MCDM) methods 
are used to address these indicators in a holistic framework 
(Saaty, 1980; Wang & Elhag, 2006). 

Analyzing the performance of companies operating in 
financial markets is very important for investors and 
stakeholders. These analyses provide a basic reference point 
for assessing the sustainability of companies, directing 
investments and making strategic decisions. Especially for 
publicly traded companies, performance evaluations can have 
a direct impact on market valuations. In this context, periodic 
performance analyses of companies traded on Borsa Istanbul 
contribute to the informed decision-making of investors and 
offer areas of improvement for company managements. 

In this study, the financial performance of TAV Airports 

Holding A.Ş. between 2019 and 2024 is analyzed using the 

VIKOR method, one of the multi criteria decision making 

(MCDM) methods. Criterion weights were determined using 

the Entropy technique, which is an objective method, and thus, 

a data-based analysis was carried out, free from the subjective 
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judgments of decision makers. This study aims to contribute to 

the literature by revealing the periodic performance 

differences of airport operators operating in the aviation sector, 

where financial fragility is high, and to create a decision 

support mechanism for investors, managers and policy 

makers. It also provides a methodological contribution by 

demonstrating the applicability of Entropy and VIKOR 

methods in the context of airport financial analysis. 

 
2. Literature Review 

 

It is noteworthy that various methods are used in the 

literature for analyzing the performance of airport enterprises. 

In this context, Table 1 presents a compilation of national and 

international studies evaluating the operational, financial and 

environmental dimensions of the businesses operating in the 

aviation sector. The studies are categorized according to the 

methods used, evaluation criteria, the period covered, and the 

main conclusions reached. Thus, the general framework of 

sector-specific performance evaluation approaches is 

presented, and the sectoral context of the current study is 

strengthened. 

 

 

 

 

Table 1. Studies on Performance Evaluation of Airports 
Author(s) Year Objective  Methods Dataset / Scope 

Vogel 2006 Assess the financial performance of privatized 

European airports from 1990 to 2000. 

Partial Factor Productivity 

(PFP), 

Financial Ratio (FRA), Data 

Envelopment Analysis (DEA) 

1990–2000, 35 European 

commercial airports 

Graham & 

Dennis 

2007 Examine the impact of low-cost carriers on airport 

traffic and financial performance in the UK and Ireland. 

Traffic Analysis, Financial 

Performance Analysis 

1998–2007, 14 UK airports, 3 Irish 

airports 

Aulich & 

Hughes 
2013 Assess the financial performance of the three largest 

Australian airports following privatization. 
Financial ratio analysis Australian airports, post-

privatization, three major airports 
Vogel & 

Graham 
2013 Assess whether cluster analysis is useful for selecting 

airport groups for financial and economic performance 

studies. 

Cluster Analysis 73 airports worldwide, data from 

2003 and 2010 

Fasone et al. 2014 Assess the financial performance of Italian airports 

based on public vs. private ownership. 
Financial ratio analysis 2008–2012, Italian airport 

companies 
Zou et al. 2015 Investigate the impact of funding sources (AIP grants 

and PFC) on US airport efficiency. 
Two-stage DEA model, Random 

effects regression 
42 primary US airports 

Asker & 

Kiracı 

2016 Evaluate the financial performance of European airport 

groups. 

Trend Analysis 2007–2014, 5 European airport 

groups 

Abbruzzo et 

al. 

2016 Analyze the relationship between financial and 

operational indicators in Italian airports. 

Gaussian Graphical Model 

(Penalized RCON) 

2008–2014 Italian national and 

regional airports 

Battal 2020 Measure the financial performance of European airport 

group companies. 
Data Envelopment Analysis 

(DEA) 
2015–2018, 6 European airport 

groups 
Raghavan & 

Yu 
2021 Evaluate the financial strength of public commercial 

airports in the US. 
Financial ratio analysis, 

regression 
2010–2017, 60 large and medium-

sized US airports 
Gültekin & 

Çarıkçı  

2023 Financial performance evaluations of Tav Airports 

Holding and Fraport AG  

Entropy, TOPSIS 2018-2021, TAV and Fraport 

Airport Groups  

Giovanelli et 

al. 
2024 Examine the impact of airport size and ownership 

structure on the financial performance of European 

airports. 

Benchmarking analysis 2007–2019, 188 European airport 

companies managing 393 airports 

 
The integration of multi criteria decision making (MCDM) 

methods enables objective and holistic evaluations, especially 

in complex decision processes. Table 2 presents the academic 

studies in which Entropy and VIKOR methods are used 

together. These studies are discussed comparatively in terms 

of application areas, criteria set used, sample structure and 

findings. Thus, the place and validity of the methodological 

approach preferred in our study in literature is emphasized, and 

a comprehensive framework is presented regarding the 

application of the method in similar studies.

 
Table 2. Literature Studies Using Entropy and VIKOR Methods Together 

Author(s) Year Objective of the Study Methods Dataset / Scope 

Demirarslan et. al. 2019 Evaluate emotional performance of academic 

staff. 

Entropy, TOPSIS, VIKOR Bartın University 

Hacıfettahoğlu & 

Perçin 

2020 Evaluate financial performance of Turkish 

construction firms. 

Entropy, TOPSIS, 

VIKOR, Borda Rule 

2016, BIST-listed construction 

firms 

Eş & Kocadağ 2020 Supplier selection in public institutions. Entropy, MAUT, VIKOR Public institution supplier 

selection 

Lam et al. 2021 Evaluate Malaysian construction firms. Entropy, Fuzzy VIKOR 2018, Malaysian listed firms 

Siew et al. 2021 Similar to Lam et al. Entropy, Fuzzy VIKOR 2018, Malaysian construction 

firms 

Yılmaz & Yakut 2021 Evaluate the financial performance of Turkish 

banks using MCDM. 

Entropy, TOPSIS, VIKOR 2009–2018, 22 BIST-listed 

banks 

Kahraman, & 

Çalışkan 

2023 Evaluate tourism companies in Borsa İstanbul. TOPSIS, VIKOR 2023, BIST tourism firms 

Şeker & İslamoğlu 2024 Evaluate the performance of Turkey's takaful 

insurance companies in 2022. 

Entropy, VIKOR Doğa, Neova, Bereket 

Participation Insurance 

Oral & Kandemir 2024 Evaluate BIST food & beverage companies. Entropy, TOPSIS, VIKOR 2018–2022, 25 BIST firms 

Durak & Bal 2024 Compare bank performance before and after 

COVID-19. 

Entropy, VIKOR 2018–2021, banks in 

developing countries 
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3. Materials and Methods  
 

In this study, multi-criteria decision making (MCDM) 

methods are used to evaluate the financial performance of 

TAV Airports Holding A.Ş. between 2019 and 2024. MCDM 

methods are systematic approaches that allow decision makers 

to evaluate alternatives under multidimensional and often 

conflicting criteria. These methods enable more consistent and 

rational decisions to be made by allowing both qualitative and 

quantitative data to be taken into account, especially in 

complex decision problems (Kahraman, 2008). 

     The main objective of this study is to evaluate the financial 

performance of TAV Airports, a publicly traded company in 

Borsa Istanbul, between 2019 and 2024 with an objective and 

systematic approach. To this end, the VIKOR method, which 

is one of the multi-criteria decision-making (MCDM) 

methods, was integrated and applied together with the Entropy 

method, which is based on objectivity in determining the 

criteria weights. 
Within the scope of the study, TAV Airports' annual 

financial ratios were used to analyze the company's 
performance periodically. The VIKOR method, with its 
structure aiming to reach a compromise solution among 
alternatives, allows to determine the relative performance of 
the company over the years. The entropy method, on the other 
hand, has made it possible to obtain more reliable results by 
eliminating the influence of subjective judgments in the 
analysis process by weighting each criterion based on its 
information value. 

This analysis is particularly important for investors, financial 
analysts and decision makers operating in financial markets. 
Because analyzing the periodic performance of publicly traded 
companies with scientific methods enables investment 
decisions to be based on more rational foundations. In 
addition, the methodological framework of the study aims to 
contribute to the development of a culture of analytical 
evaluation in the Turkish capital markets by paving the way 
for similar applications for other BIST companies. 

 

3.1. Data and Financial Ratios  
In this study, the financial performance of TAV Airports 

Holding A.Ş., which is traded in Borsa Istanbul under the code 

TAVHL and 49.8% of which is publicly traded, is evaluated 

with VIKOR, which is one of the CRM methods. In the 

analysis, the annual consolidated financial statements of the 

company for six years between 2019 and 2024 were obtained 

from the Public Disclosure Platform (KAP) and financial 

ratios were calculated for each year. A total of 15 financial 

ratios including Net Profit Ratio, Gross Profit Ratio, Operating 

Profit Ratio Return on Assets, Return on Equity, Current 

Ratio, Liquidity Ratio, Cash Ratio, Equity Turnover Ratio, 

Asset Turnover Ratio, Receivables Turnover Ratio, Inventory 

Turnover Ratio, Financing Ratio, Financial Leverage, Equity 

to Assets Ratio were used. Financial ratios, their explanations 

and abbreviations are presented in Table 3. 

 

Table 3. Financial Performance Indicators Selected as Criteria in the Study 

Category                                       Ratio Abbreviation 

Profitability Ratios: These 

ratios measure a company's 

ability to generate profit 

Net Profit Margin = Net Profit / Net Sales NPM 

Gross Profit Margin = Gross Profit / Net Sales GPM 

Operating Profit Margin = Operating Profit / Net Sales OPM 

Return on Assets (ROA) = Net Profit / Total Assets ROA 

Return on Equity (ROE) = Net Profit / Shareholders’ Equity 
ROE 

Liquidity Ratios: These ratios 

indicate the ability to meet 

short-term obligations 

Current Ratio = Current Assets / Short-Term Liabilities CUR 

Acid-Test Ratio = (Current Assets – Inventories) / Short-Term Liabilities ATR 

Cash Ratio = Cash and Cash Equivalents / Short-Term Liabilities 
CR 

Activity Ratios: These ratios 

show how efficiently the 

company utilizes its assets 

Equity Turnover = Net Sales / Shareholders’ Equity ET 

Asset Turnover = Net Sales / Total Assets AT 

Receivables Turnover = Net Sales / Trade Receivables RT 

Inventory Turnover = Cost of Goods Sold / Inventories 
IT 

 Leverage Ratios: These 

ratios assess financial risk 

and the level of indebtedness 

Debt-to-Equity Ratio = Total Debt/ Shareholders’ Equity DER 

Financial Leverage = Liabilities / Total Assets FL 

Equity-to-Total Assets Ratio = Shareholders’ Equity / Total Assets ETA 

 

3.2. Entropy Method 
In this study, entropy method was used to determine the 

objective weights of decision criteria. The method was applied 

within the framework of the following steps (Shannon, 1948; 

Alp et al., 2015; Bakır & Atalık, 2018): 

 
Step 1: Creating the Decision Matrix 

A decision matrix is created in line with the alternatives (𝑖 = 1, 

2, ..., 𝑚), and criteria (𝑗 = 1, 2, ..., 𝑛) to be evaluated within the 

scope of the decision problem: 

 

𝐷 =

𝐴1
𝐴2
⋮
𝐴𝑚

[

𝑋11 𝑋12 … 𝑋1𝑛
𝑋21 𝑋22 … 𝑋2𝑛
⋮ ⋮ ⋯ ⋮

𝑋𝑚1 𝑋𝑚2 ⋯ 𝑋𝑚𝑛

]                                (1) 

 

Step 2: Normalization 

Normalization is carried out using Equation (2) and Equation (3) 

for benefit and cost criteria, respectively. Since higher values 

indicate better performance for benefit criteria, the data are 

scaled between 0 and 1 using Equation (2) during the 
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normalization process. In this case, the minimum value is 

assigned as 0, and the maximum value is assigned as 1. 

 

𝑟𝑖𝑗 =
𝑥𝑖𝑗−min(𝑥𝑗)

max(𝑥𝑗)−min(𝑥𝑗)
                                  (2) 

 
For cost criteria, since lower values are considered more 

favorable, the normalization process is applied in reverse. Using 

Equation (3), the data are transformed into the [0, 1] range such 

that the minimum value corresponds to 1 and the maximum value 

to 0. In this way, the criteria become comparable while preserving 

the performance ranking. 

 

𝑟𝑖𝑗 =
max(𝑥𝑗)−𝑥𝑖𝑗

max(𝑥𝑗)−min(𝑥𝑗)
                                     (3) 

 
Step 3: Calculate Entropy Values (𝑒𝑗): 

Using the normalized values, the entropy value for each 

criterion is calculated with the following equation: 

 

𝑒𝑗 = −𝑘∑ 𝑟𝑖𝑗
𝑛
𝑗=1 ln(𝑟𝑖𝑗) 𝑗 = 1,2, … . . . , 𝑛    (4) 

 

 

    Step 4: Calculating the Degree of Differentiation of 

Knowledge (𝑑𝑗): 

 

𝑑𝑗 = 1 − 𝑒𝑗 𝑗 = 1,2, … . . , 𝑛                                (5) 

 

The high values of 𝑑𝑗 obtained with the help of Equation (5) 

indicate that the distance or differentiation between the 

alternative scores related to the criteria is high. 
 

   Step 5: Entropy Calculation of Criterion Weights: 

 

From this step, the Entropy criterion values are obtained with 

the help of the equation (6): 

 

𝑤𝑗 =
𝑑𝑗

∑ 𝑑𝑗
𝑛
𝑗=1

                                                                   (6) 

 

This method is very effective in that it determines the criteria 

weights directly based on the information contained in the data 

without the need for decision maker judgments (Shannon, 

1948; Wang & Lee, 2009; Zavadskas & Turskis, 2011). 

 

3.3. VIKOR Method 
VIKOR (VlseKriterijumska Optimizacija I Kompromisno 

Resenje) method was used in the study for ranking the 
alternatives and determining the optimal solution. This method 
was developed by Opricovic (1998) and is intended to provide 
compromise solutions in multi-criteria decision-making 
problems. VIKOR aims to maximize the utility of the majority 
of decision makers while at the same time minimizing 
individual regrets (Opricovic & Tzeng, 2004). 

The basic steps in the VIKOR method can be summarized as 

follows: 

Step 1: The best (𝑓𝑖
∗) and worst (𝑓𝑖

−) values are determined for 

each criterion. If criterion i is a utility criterion; 

 

𝑓𝑖
∗ = 𝑚𝑎𝑥𝑗𝑓𝑖𝑗𝑓𝑖

− = 𝑚𝑖𝑛𝑗𝑓𝑖𝑗𝑖 = 1,2, … . . , 𝑛  (7) 

 

Step 2: 𝑆𝑖 and 𝑅𝑗 values are calculated for j= 1,2,...,j. The 𝑆𝑖  

and 𝑅𝑗  values represent the average and worst group scores 

for alternative j; 

𝑆𝑖 = ∑ 𝑣𝑖𝑗
𝑛
𝑗=1 = ∑ 𝑤𝑗

𝑛
𝑗=1 ∗ 𝑟𝑖𝑗 = ∑ 𝑤𝑗

𝑛
𝑗=1 ∗

𝑓𝑗
∗−𝑥𝑖𝑗

𝑓𝑗
∗−𝑓𝑗

− (8) 

 

𝑅𝑗 = 𝑚𝑎𝑥𝑗𝑣𝑖𝑗 𝑅𝑗 = 𝑚𝑎𝑥𝑗𝑤𝑗 ∗ 𝑟𝑖𝑗 𝑅𝑗 = 𝑚𝑎𝑥𝑗 (𝑤𝑗 ∗

𝑓𝑗
∗−𝑥𝑖𝑗

𝑓𝑗
∗−𝑓𝑗

−) (9) 

 

Step 3: 𝑄𝑖 values are determined for all j= 1,2,...,J. 

 

𝑄𝑖 =
𝑣∗(𝑆𝑖−𝑆

∗)

𝑆−−𝑆∗
+

(1−𝑣)∗(𝑅𝑖−𝑅
∗)

𝑅−−𝑅∗
                               (10) 

 
𝑆∗ = 𝑚𝑖𝑛𝑖𝑆𝑖 𝑆

− = 𝑚𝑎𝑥𝑖𝑆𝑖𝑅
∗ = 𝑚𝑖𝑛𝑖𝑅𝑖𝑅

− = 𝑚𝑎𝑥𝑖𝑅𝑖      (11) 

 

Step 4: The ranking between alternatives is determined by 

ranking the S, R and Q values from smallest to largest. The 

results generate three ranking lists. 

 

Step 5: If the following two conditions are met, alternative a', 

which ranks the best according to their Q (minimum) values, 

is proposed as a compromise solution.  

Condition 𝐶1  (Acceptable Advantage): 

 

𝑄(𝐴2) − 𝑄(𝐴1) ≥ 𝐷𝑄𝐷𝑄 =
1

𝑚−1
                  (12) 

 

If 𝐶1 is not satisfied, then the set of alternatives𝑎′, 𝑎′′,...,𝑎𝑚  

for which  

 

𝑄(𝐴𝑚) − 𝑄(𝐴1) < 𝐷𝑄                                              (13) 

 

holds for the maximum value of 𝑚 are identified. 

 

The best alternative ranked by Q values is one of the 

alternatives with the minimum Q value (Opricovic ve Tzeng, 

2004; Ertuğrul ve Karakaşoğlu, 2008). 
 

4. Results and Discussion  
 

A decision matrix is first created by taking the years 

between 2019 and 2024 as alternatives and 15 financial ratios 

as criteria. The decision matrix in Table 4 shows the financial 

ratios of the criteria calculated according to the years.  
Table 4. Decision Matrix 

  2024 
 

2023 2022 2021 2020 2019 

NPM 0.12   0.23   0.11  0.10  -0.95 0.51  

GPM 0.36 
 

0.39 0.11 0.10 0.15 0.47 

OPM 0.18 
 

0.19 0.22 0.11 -0.21 0.27 

ROA 0.04 
 

0.05 0.02 0.01 -0.07 0.09 

ROE 0.12 
 

0.17 0.09 0.03 -0.27 0.28 

CUR 2.83 
 

2.76 2.71 2.62 1.85 2.80 

ATR 2.68 
 

2.67 2.53 2.50 1.83 2.77 

CR 0.04 
 

0.61 0.35 0.19 0.56 0.65 

ET 0.99 
 

0.74 0.78 0.36 0.29 0.55 

AT 0.04 
 

0.05 0.02 0.01 -0.07 0.09 

RT 11.79 
 

8.75 7.39 3.74 3.19 5.58 

IT -22.97 
 

-34.26 -10.64 -10.38 -31.80 -42.25 

DER 2.00 
 

2.33 2.58 2.41 2.59 1.93 

FL 0.67 
 

0.70 0.72 0.71 0.68 0.66 

ETA 0.33 
 

0.30 0.28 0.29 0.26 0.34 
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Among the selected criteria, the Debt to Equity Ratio, 

Financial Leverage, and Inventory Turnover Ratio are 

considered non-beneficial and thus involve negative values. 

Table 5 represents determination of criterion direction. 

 

Table 5. Determination of Criterion Directions 

Ratio Direction                          Justification 

NPM Beneficial Higher values indicate better profitability 

GPM Beneficial Higher values represent stronger cost control 

OPM Beneficial Indicates operational efficiency 

ROA Beneficial Measures profitability relative to total assets 

ROE Beneficial Reflects profitability for shareholders 

CUR Beneficial Indicates short-term liquidity 

ATR Beneficial Shows how efficiently assets are used 

CR Beneficial Measure’s ability to cover short-term obligations with cash 

ET Beneficial Higher values suggest better equity utilization 

AT Beneficial Indicates efficiency in using assets to generate revenue 

RT Beneficial Higher values imply faster collection of receivables 

IT 
Non-

beneficial 

Extremely high or negative values may indicate inefficiencies or 

losses 

DER 
Non-

beneficial 
Higher values imply greater financial risk 

FL 
Non-

beneficial 
Indicates increased reliance on debt financing 

ETA Beneficial Higher values represent stronger equity structure 

However, as the conventional normalization formula becomes 

theoretically inappropriate in the presence of zero or negative 

values, it is necessary to rescale all criteria to a common 

interval of [0,1] prior to further analysis. To address this issue, 

the normalization approach is adjusted by employing the Min-

Max normalization method, which ensures that all values are 

transformed into a positive scale bounded between 0 and 1. 

Table 6 represents the criterion values derived through the 

application of the Min-Max normalization method.

Table 6. Rescaled Criterion Values Based on the Min–Max Normalization Method     

  NPM GPM OPM ROA ROE CUR ATR CR ET AT RT IT DER FL ETA 

2024 0.73 0.71 0.79 0.67 0.71 1.00 0.90 0.00 1.00 0.67 1.00 0.39 0.91 0.88 0.91 

2023 0.81 0.77 0.82 0.73 0.80 0.93 0.89 0.93 0.64 0.73 0.65 0.75 0.40 0.34 0.48 

2022 0.73 0.04 0.88 0.58 0.65 0.88 0.74 0.51 0.69 0.58 0.49 0.01 0.02 0.00 0.21 

2021 0.72 0.00 0.66 0.49 0.56 0.79 0.71 0.25 0.10 0.49 0.06 0.00 0.28 0.23 0.39 

2020 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.85 0.00 0.00 0.00 0.67 0.00 0.64 0.00 

2019 1.00 1.00 1.00 1.00 1.00 0.97 1.00 1.00 0.37 1.00 0.28 1.00 1.00 1.00 1.00 

 

Initially, normalized values are calculated for each criterion 

such that the total for each criterion sums to 1, resulting in the 

formation of the ratio matrix. The relevant Table 7 presents the 

results of this ratio analysis based on the normalized values 
Table 7. Ratio Matrix                         

  NPM GPM OPM ROA ROE CUR ATR CR ET AT RT IT DER FL ETA 

2024 0.18 0.27 0.19 0.19 0.19 0.22 0.21 0.00 0.36 0.19 0.40 0.14 0.35 0.29 0.30 

2023 0.20 0.29 0.20 0.21 0.21 0.20 0.21 0.26 0.23 0.21 0.26 0.27 0.15 0.11 0.16 

2022 0.18 0.01 0.21 0.17 0.18 0.19 0.18 0.15 0.25 0.17 0.20 0.00 0.01 0.00 0.07 

2021 0.18 0.00 0.16 0.14 0.15 0.17 0.17 0.07 0.04 0.14 0.03 0.00 0.11 0.07 0.13 

2020 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.24 0.00 0.00 0.00 0.24 0.00 0.21 0.00 

2019 0.25 0.37 0.24 0.29 0.27 0.21 0.24 0.28 0.13 0.29 0.11 0.35 0.38 0.32 0.33 
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When computing entropy values, any values equal to zero 

become undefined due to the logarithmic value in the formula. 

Therefore, the z-score standardization method proposed by 

Zhang et al. (2014) is used. This standardizes the values and 

resolves the issue of undefined values. (Öztel&Şenkal, 2020). 

Subsequently, entropy values for each criterion across the 

years are calculated from the ratio matrix. These entropy 

values reflect the level of information provided by each 

criterion; lower entropy values indicate greater variability and, 

consequently, higher information content. 

Table 8. Entropy Values                         

  NPM GPM OPM ROA ROE CUR ATR CR ET AT RT IT DER FL ETA 

e 0.89 0.73 0.89 0.88 0.89 0.90 0.89 0.85 0.80 0.88 0.77 0.76 0.73 0.83 0.82 

 

Table 8 shows the entropy values determined for every one 

of the fifteen financial ratios applied in the analysis. Entropy 

values offer knowledge concerning the level of variability or 

disorderliness of every criterion throughout the assessment 

interval. Within a multi criteria decision environment, a 

smaller entropy value reflects more variability and, 

accordingly, more information contribution from a particular 

criterion to the general decision model, while a more 

substantial entropy value indicates more uniformity and more 

limited discriminative capability. 

As can be observed in the table, a majority of financial 

ratios have relatively high entropy scores, commonly varying 

from 0.73 to 0.90. Particularly, Current Ratio (CUR) and Net 

Profit Margin (NPM) have two of the highest entropy scores 

(0.90 and 0.89, respectively), implying that these metrics 

showed relatively consistent behavior among years of 

evaluation and accordingly added less unique information 

towards 

performance differentiation across years. 

Meanwhile, Gross Profit Margin (GPM), Inventory 

Turnover (IT), and Debt-to-Equity Ratio (DER) have 

relatively lower measures of entropy (0.73, 0.76, and 0.73 

respectively) meaning they are more variable over time. 

Hence, they contributed more significantly in identifying the 

company's financial performance throughout the six-year 

timeframe. 

Generally, moderate to high levels of entropy across most 

indicators indicate a fairly even distribution of information, 

with some measures having more discriminative value in 

evaluating the firm's year-to-year financial performance than 

others. 

Prior to applying the VIKOR method, the Entropy values 

of the criteria are calculated to determine the degree of 

diversification (𝑑𝑗) and the corresponding weights (𝑤𝑗) are 

presented in Table 9.

Table 9. Degree of Differentiation of Knowledge 𝑑𝑗 and Criterion Weights (𝑤𝑗)  

  NPM GPM OPM ROA ROE CUR ATR CR ET AT RT IT DER FL ETA 

d 0.11 0.27 0.11 0.12 0.11 0.10 0.11 0.15 0.20 0.12 0.23 0.24 0.27 0.17 0.18 

w 0.04 0.11 0.04 0.05 0.05 0.04 0.04 0.06 0.08 0.05 0.09 0.10 0.11 0.07 0.07 

Subsequently, based on the normalized and weighted decision matrix, the best (𝑓∗) and worst (𝑓−) values for each criterion are 

identified and presented in Table 10. 

Table 10. The Best (f*) and Worst (f⁻) Values for Each Criterion 

  NPM GPM OPM ROA ROE CUR ATR CR ET AT RT IT DER FL ETA 

f*  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

f⁻  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

For each year, the total deviation (𝑆𝑖), the maximum deviation 

(𝑅𝑖) for six alternative years are calculated based on 𝑤𝑗 , 𝑓
∗ and 

𝑓−  values. Table 11 presents the Sj and Rj results.  

Table 11. Sj and Rj Results 

  Sj Rj 

2024 0.25 0.06 

2023 0.32 0.07 

2022 0.63 0.11 

2021 0.70 0.11 

2020 0.82 0.11 

2019 0.12 0.07 

 
Table 12 presents the minimum and maximum values of all 

Sj and Rj scores. 

 

Table 12. Average and Worst Group Scores 

S* S⁻ R* R⁻ 

0.12 0.82 0.06 0.11 

And finally, Table 13 presents the performance results 

obtained through the VIKOR method. 

 

Table 13. Performance Ranking Table 

 Qj Ranking 

2024 0.091 2 

2023 0.197 3 

2022 0.837 4 

2021 0.908 5 

2020 1.000 6 

2019 0.056 1 
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Table 13 presents rankings according to financial 

performance by TAV Airports for years 2019-2024 based on 

Entropy-weighted VIKOR approach. Qj values ranging from 

0 (optimal performance) to 1 (worst performance) are relative 

proximity measures of each year's financial profile to optimal 

solution. The lower Qj value indicates better financial 

performance compared to other included years. During the 

implementation of the method, the compromise coefficient (v), 

which reflects the weight assigned to majority preference, was 

assumed to be 0.5 by default. 

The result indicates that 2019 was the best-performing year 

with a lowest Qj score value of 0.056, suggesting that at this 

time, the financial composition was closest to optimal solution. 

This can be explained by relatively healthy macroeconomic 

circumstances prior to the spread of COVID-19 pandemic and 

improved operational efficiency. 

2024 occupies the second rank (Qj = 0.091), a strong 

recovery from pandemic years. The company's capital 

structure in 2024 remains fairly solid against overall 

macroeconomic and industry uncertainties, perhaps due to 

strategic adjustments and improved flexibility. 

2023 boasts third rank (Qj = 0.197) reflecting trends in 

post-pandemic recovery. Its performance might be explained 

by increased passenger traffic, cost-reduction strategies, and 

better revenue drivers. Rank fourth and fifth are occupied by 

2022 and 2021 with Qj values of 0.837 and 0.908, respectively. 

These relatively lower scores reflect weaker financial 

performance. The two years fall within the post-pandemic 

volatility phase where sectoral shocks and economic 

uncertainty would have had lingering effects on operating and 

financial performance metrics. 

2020, where Qj = 1.000, we note as having registered the 

weakest financial performance. This aligns with the global 

impact caused by the COVID-19 pandemic when air transport 

experienced its record decline in air passengers carried, 

revenue loss, and operations cessation. 

Typically, Qj scores reflect a dynamic trend in the 

performance in the company throughout the six-year period, 

with sharp dips at the peak of the pandemic (2020–2021) and 

a gradual recovery in subsequent years. The volatility in 

ranking performance shows how aviation performance can be 

responsive to outside shocks and underscores a necessity for 

financial resilience and adaptive strategy building. 

In the VIKOR method, the validity of the compromise 

solution is evaluated by testing two conditions, C1 and C2, to 

determine whether the proposed best alternative is indeed an 

acceptable solution. In this context, the year 2020, for which 

Qj=1 is excluded from the C1 test. When assessing whether 

the top ranked alternative 𝐴1 has a significant advantage over 

the second ranked one, the result indicates that, given the 

number of alternatives m xis 6, the condition 0.035<0.20 is not 

satisfied. Therefore, C1 is not met. As a result, C2 is tested 

using the S, R, and Q values. While the year 2019 ranks first 

in terms of Sj with a score of 0.12, the minimum Rj value is 

observed in 2024 with a score of 0.06. Hence, C2 is also not 

satisfied. 

Consequently, although 2019 has the lowest Qj score, 

neither C1 nor C2 conditions are fulfilled. Thus, it cannot be 

exclusively accepted as the compromise solution. As a result, 

both 2019 and 2024 may be regarded as viable alternatives in 

terms of financial performance. 

Thereafter, the highest and lowest weighted scores for 

every criterion and each year are determined with the 

normalized, weighted decision matrix, while a yearly strengths 

and weaknesses table are also derived. The best and weakest 

financial indicators for each year are listed in Table 14. 

Tablo 14. Strength and Weakness Criteria by Year 

Year Strongest Indicator Weakest Indicator 

2024 Debt-to-Equity Ratio  Cash Ratio  

2023 Gross Profit Margin Financial Leverage 

2022 Equity Turnover Financial Leverage 

2021 Current Ratio Gross Profit Margin 

2020 Inventory Turnover  Net Profit Margin 

2019 Debt-to-Equity Ratio  Receivable Turnover 

      
Identifying TAV Airports' top and bottom financial 

indicators for each year from 2019 through to 2024 gives 
essential information on how TAV Airports' financial structure 
and operating dynamics change relative to industry-specific 
and general economic circumstances. 

As of 2019, Debt-to-Equity Ratio (DER) stood out to be the 
most robust, implying sound capital structure management 
with relatively well-balanced leverage in a pre-pandemic 
context. The weakest one was the Receivable Turnover (RT) 
ratio, arguably signifying poor credit policies or postponed 
collection processes for receivables. 

2020, significantly affected by the Covid-19 pandemic, 
registered Inventory Turnover as its best-performing metric 
most likely due to effective handling of inventories in reaction 
to dramatic cuts in passenger traffic and flight operations. The 
weakest performer was, however, the Net Profit Margin 
(NFM) in line with deep cuts in revenues and increased fixed 
cost burdens within the industry. 

Current Ratio (CR) was the best-performing indicator in 
2021, indicating enhanced short-term liquidity due to 
pandemic-related financial weaknesses. Gross Profit Margin 
(GPM) was weakest, potentially due to continued revenue 
suppression and rigidity in costs during the initial recovery 
phase. 

2022 registered Equity Turnover (ET) as the best-
performing indicator, indicative of optimized use of 
shareholders' capital to create revenue. Financial Leverage 
(FL) continued to be the weakest, pointing to continued 
vulnerability to risks associated with debt during a backdrop 
of increasing interest rates and fluctuations in the exchange 
rate. 

2023 was a significant rebound year, with Gross Profit 
Margin (GPM) proving to be the most robust indicator, 
signaling enhanced operating profitability with aviation 
demand recovering. However, Financial Leverage (FL) once 
more emerged as weakest, pointing towards ongoing structural 
issues related to dependency upon debt and vulnerability to 
financial volatility.  

At last, in 2024, the Debt-to-Equity Ratio (DER) the 
weakest gauge, potentially pointing to a change in a more 
sustainable capital structure or a strategy of deleveraging. The 
Cash Ratio (CR) was determined to be the weakest measure, 
hinting at possible deficiencies in short-term liquidity, 
potentially resulting from reinvestment activities, servicing 
debts, or unexpected limitations in cash flows. 
Generally, dynamic movements in strong and weak indicators 
over the years highlight TAV Airports' financial adjustment to 
external shocks, sectoral pressures, and internal 
reorganization. These trends reflect the company's changing 
financial priorities and exposures, while pointing to the critical 
nature of focused financial management strategies in the 
aviation industry's highly cyclical nature and capital-intensive 
business. 
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The results of Multi-Criteria Decision-Making (MCDM) 

methods largely depend on the values of the criterion weight 

coefficients, that is, the relative importance assigned to 

specific criteria. In some cases, even slight changes in the 

criterion weights can significantly influence the final 

decisions. Therefore, it is generally necessary to conduct a 

sensitivity analysis following the results obtained through 

MCDM methods in order to assess the robustness of the 

decision outcomes against such variations (Pamučar & 

Ćirović, 2015). In this study, a sensitivity analysis was carried 

out to examine the effects of assigned criterion weights on the 

ranking of alternatives. Within this scope, Table 15 presents 

the weight values corresponding to five scenarios, labeled 

from A to E, each reflecting different priority settings. 

 

            

Table 15. Criteria Weights Under Different Scenarios            
Scenarios NPM GPM OPM ROA ROE CUR ATR CR ET AT RT IT DER FL ETA 

A 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 

B 0.069 0.19 0.069 0.086 0.086 0.028 0.028 0.042 0.056 0.035 0.063 0.07 0.077 0.049 0.049 

C 0.028 0.077 0.028 0.035 0.035 0.114 0.114 0.171 0.056 0.035 0.063 0.07 0.077 0.049 0.049 

D 0.032 0.088 0.032 0.04 0.04 0.032 0.032 0.048 0.064 0.04 0.072 0.08 0.176 0.112 0.112 

E 0.035 0.097 0.035 0.044 0.044 0.035 0.035 0.053 0.1 0.063 0.113 0.125 0.097 0.062 0.062 

 

In Scenario A, equal priority was assigned to all criteria, 

whereas in Scenarios B through E, higher priority was given 

to specific groups of criteria. For instance, in Scenario B, 

profitability criteria (NPM, GPM, OPM, ROA, ROE) were 

collectively assigned a total weight of 50%; in Scenario C, 

liquidity criteria (CUR, ATR, CR) were assigned a total weight 

of 40%; in Scenario D, risk/debt criteria (DER, FL, ETA) were 

given a total weight of 40%; and in Scenario E, efficiency 

criteria (ET, AT, RT, IT) received a total weight of 40%. 

In all scenarios, the criterion weights were scaled 

according to these specified percentages based on the original 

weights obtained by the Entropy method. This approach 

preserved the proportional differences among criteria while 

strategically emphasizing the targeted criterion group in each 

scenario. Such a method is significant for systematically 

revealing the model’s sensitivity to different prioritization 

scenarios. The ranking results corresponding to the defined 

scenarios are presented in Table 16. 
 

Table 16. Ranking Results of Alternatives Under Different 

Scenarios 

Years 

Ranking 

Scenario 

A 

Scenario 

B 

Scenario 

C 

Scenario 

D 

Scenario 

E 

2024 3 3 4 2 3 

2023 2 2 2 3 1 

2022 4 4 3 5 4 

2021 5 5 5 4 6 

2020 6 6 6 6 5 

2019 1 1 1 1 2 

 

When the rankings obtained according to the defined 

scenarios are compared with the rankings presented in Table 

13, it is observed that changes occur in the orderings. The 

variation in the performance rankings of certain years under 

different priority sets is a common and meaningful outcome in 

multi-criteria decision-making (MCDM) approaches. This 

phenomenon demonstrates how the model evaluates 

alternative years based on different strategic priorities and 

provides decision-makers with the ability to identify which 

years are more advantageous depending on the emphasized set 

of criteria. 

Notably, the fact that changes in rankings are not radical 

(for example, no year drops from first to last place) supports 

the stability of the model; conversely, moderate shifts in the 

middle rankings reflect the model’s sensitivity and flexibility. 

This indicates that the employed method is both consistent and 

capable of capturing the diverse strategic perspectives of 

decision-makers 

 
5. Conclusion  

This research applied Entropy-based VIKOR multi-criteria 

decision-making methodology in a systematic assessment of 

TAV Airports Holding's financial performance from 2019 to 

2024. The combining of entropy-derived weights with 

VIKOR's compromise ranking approach facilitates a detailed 

understanding of financial performance during a volatile 

environment with assessment by sequentially applying entropy 

weights and VIKOR ranking. This analysis not only identifies 

firm-level performance fluctuations, but also highlights how 

sector-fragility, macroeconomic imbalance, and capital market 

dynamics are intertwined in a developing economy like 

Turkey. 

The economy in Turkey during the observation period was 

characterized by ongoing macroeconomic instability. Inflation 

continued at a high level at different times, exceeding 60% per 

annum, eating into real returns, making both investor choices 

and corporate financial planning more challenging. At the 

same time, the Turkish lira depreciated sharply against key 

currencies, affecting financing costs and external purchasing 

power. For corporates such as TAV Airports whose financial 

structures and business operations are partially denominated in 

foreign currencies and foreign currency liabilities, this 

translated into increased balance sheet risk and strategic 

uncertainty. 

Additionally, volatility in monetary policy, characterized 

by quick reversals between rate increases and unconventional 

easing, brought added instability into financial markets. 

Investor sentiment became weaker due to a loss in central 

banks' credibility and growing geopolitical risk, expressed in 

terms of capital outflows and volatile valuations in Borsa 

Istanbul. The consequent risk premium disproportionately 

affected companies in capital-intensive sectors like aviation 

where long investment horizons and fixed costs magnify 

financial exposure during times of decline. 
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With this macro financial context, the aviation industry 

experienced unprecedented pressures. The COVID-19 

pandemic, having hit in 2020, triggered one of the deepest 

contractions in air travel in industry history. Being a major 

tourism destination, Turkey incurred a steep decline in 

international and domestic passenger numbers, and related 

revenue losses for airport operators and related industry 

players. Even when global travel restrictions relaxed in 2022 

and later, the industry had to contend with lingering 

operational disruption, cost inflation, and demand volatility, 

specifically as consumer behavior and travel habits changed in 

post, pandemic times. 

Here, TAV Airports' financial performance, as evidenced 

by Qj scores, exhibited a nuanced response to these multi-

factorial pressures. The weakest performance was seen in 2021 

(Qj=0.908) when it was a time of pandemic-related operational 

stress and economic volatility. Although a sharp turnaround in 

2023 (Qj=0.000) was seen due to a pick-up in tourism, 

growing inbound air traffic, and better cost control, this was 

not easily a sustainable trajectory. The decline in performance 

observed in 2024 (Qj = 0.091) indicates emerging challenges, 

which may be associated with tightening global liquidity, 

persistently high domestic inflation, and structural bottlenecks 

within Turkey's aviation infrastructure. 

Considering the overall analysis results and given that 

neither condition C1 nor condition C2 is satisfied, the VIKOR 

method does not identify 2019 as the sole compromise 

solution. Instead, it implies that more than one alternative may 

be regarded as a viable option. In this context, both 2019 and 

2024 emerge as prominent candidates; 2019 reflects the most 

balanced financial performance across all criteria, while 2024 

demonstrates the lowest individual regret value Rj, indicating 

a relatively lower risk profile. Accordingly, from a decision-

making standpoint, both years can be interpreted as financially 

robust, albeit for different underlying reasons; 2019 for its 

overall efficiency, and 2024 for its resilience against specific 

performance weaknesses. 

A longitudinal review of financial measures reinforces this 

knowledge. The Cash Ratio emerged persistently as a financial 

strength between 2019-2023, signaling the company's solid 

short-term liquidity condition, a strategic imperative in a 

business environment characterized by constant exogenous 

shocks. Meanwhile, the Debt-to-Equity Ratio's status as a top 

strength in 2024 might be a sign of a move towards capital 

restructuring or deleveraging, a testament to adaptive action by 

management to address weaknesses in the balance sheet and 

market pressures. 

On the contrary, ongoing weakness in profitability and 

leverage measures like Financial Leverage Ratio for 2022–

2023 and low Gross/Net Profit Margins in pandemic years 

indicate underlying cost inflexibility and lower operating 

efficiency when revenues are at depressed levels. These are 

reflective of the general structural dynamics of the air transport 

industry in emerging economies, low price power, 

vulnerability to tourism cycles, and substantial exposure to 

fuel prices and exchange rate movements.  

Moreover, the sensitivity analysis conducted in this study 

based on different scenarios—constructed using the criterion 

weights obtained through the Entropy method (equal 

weighting, profitability, liquidity, risk/debt, and efficiency 

priorities)—reveals that the observed variations in the 

rankings of alternative years demonstrate that the model 

exhibits the expected level of sensitivity. The ranking 

differences between scenarios indicate, consistent with the 

nature of multi-criteria decision-making (MCDM) approaches, 

that the evaluation outcomes of alternatives may change when 

criterion priorities are altered. This finding shows that the 

model is responsive to different strategic priority sets and 

provides decision-makers with the ability to analyze which 

years become more advantageous when a particular criterion 

group is prioritized. 

Importantly, the absence of drastic fluctuations in the 

rankings (e.g., no year falling from the top to the bottom 

position) supports the overall stability of the model, while the 

limited and meaningful changes in ranking indicate that the 

model can demonstrate sensitivity to different priorities and 

possesses a flexible structure. These findings also corroborate 

a well-established principle frequently emphasized in the 

MCDM literature: the results of multi-criteria decision-making 

methods largely depend on criterion weights, and therefore, 

sensitivity analyses are critical for assessing both the reliability 

and decision-support potential of these methods (Tanino, 

1999; Pamučar & Ćirović, 2015). 

As a result, this study's conclusions highlight the pivotal 

influence of macro variables, market dynamics in finance, 

investor sentiment, and industry specific factors in 

determining financial performance at the corporation level. 

For decision-makers and stakeholders alike, these findings 

highlight the need for adaptive strategic planning in response 

to ongoing volatility and structural uncertainty. 

However, this research has certain limitations. First, the 

empirical focus indicates TAV Airports Holding listed at 

Borsa Istanbul, making generalizability problematic. The 

limited focus of financial analysis on fifteen major ratios 

means exclusion from analysis of more extensive financial or 

industry indicators might have compromised analytical scope. 

Second, exogenous shocks like sectoral dynamics, 

macroeconomic conditions, and pandemics were not explicitly 

included in the model. Since such variables may have a critical 

contribution to financial performance, one would need to be 

cautious interpreting this result. Third, the research is 

retrospective in nature, entirely reliant upon historical data, 

and not providing any forecast. 

All these findings can provide useful input for decision 

making for researchers, investors, portfolio managers, 

policymakers, and stakeholders within financial markets and 

aviation business in making informed strategic decisions. 

Through determining the firm's strengths and weaknesses in 

finance throughout the review horizon, this work helps shape 

a more balanced, sustainable financial strategy. Within capital 

intensive, extremely volatile sectors like aviation, this 

information holds particular relevance in ensuring financial 

stability, facilitating informed investment choices, and 

creating informed policies within fast-changing economic 

climates. 
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1. Introduction 
 
Air travel is widely considered the safest mode of 

transportation, with an annual average injury rate of 0.01 per 
100 million passenger miles. This contrasts with ground 
transportation, which reports 48 injuries for every 100 million 
passenger miles traveled. (USAFacts Team, 2023). These data 
highlight the aviation industry’s exceptional safety standards, 
achieved through sustained efforts by manufacturers, airlines, 
governments, and regulators. However, perceptions of safety 
often focus on in-flight operations and underestimate critical 
ground operations such as taxiing.  

Taxiing is defined as the movement of an aircraft between 
the runway and the apron, playing a crucial yet overlooked role 
in flight operations. While taxiing may seem like a routine 
process, but due to its dynamic nature and the interactions 
among multiple stakeholders, including pilots, air traffic 
controllers, cabin crew, and passengers, it poses safety 
challenges. At this point, human risk factors interact with 
complexities such as ground traffic and scheduling, 
highlighting the importance of focusing on ground operations 
for safety management. 

The behavior of passengers during taxiing is crucial for 
aviation safety. Despite clear safety instructions, some 
passengers are unable to follow safety protocols—such as not 
fastening seat belts or accessing overhead bins while 

maneuvering —can lead to injuries and operational 
disruptions, especially during sudden stops, sharp turns, or 
unexpected braking, which can frequently occur during 
taxiing.  

Studies on aviation safety have primarily concentrated on 
the takeoff and landing phases, as these are statistically the 
most dangerous phases for accidents and incidents (Hsu et al., 
2010; Zimmermann & Duffy, 2023). Ground movement of 
aircraft, including taxiing, have not received as much attention, 
even though it plays a crucial role in flight safety. Studies 
examining ground collisions—such as push-backs and apron 
accidents—underscore the potential for serious consequences. 
For instance, between 1995 and 2008, a total of 429 
commercial aircraft were involved in ground collisions, 
resulting in 973 fatalities (Wilke et al., 2014). These data 
reinforce the importance of addressing safety risks during all 
phases of flight, including taxiing. 

This study aims to address the gap in the literature by 
examining the risks of reckless passenger movements during 
the taxiing process. Research on how passenger behavior 
influences safety during aircraft maneuvers on the ground 
remains limited even though the operational and technical 
factors of aviation safety are studied in detail (Hollnagel, 2008; 
Reason, 2016). By assessing the risk associated with 
maneuvering on the ground with the participation of pilots, 
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cabin crew, and passengers, this study also aims to provide 
insights for improving safety management practices. 

 

2. Safety, Security and Risk in Aviation 
 

According to the International Civil Aviation Organization 
(ICAO), risk is the assessed potential for adverse 
consequences resulting from a hazard. It is the likelihood that 
the hazard’s potential to cause harm will be realized (ICAO 
Doc 9859). Risk management is the process of identifying, 
assessing, and controlling risks in order to mitigate or 
eliminate them (ICAO, 2013). According to ICAO, safety is 
“the condition where the probability of harm to persons or 
property is reduced and maintained at an acceptable level 
through identification of hazards and management of safety 
risks” (ICAO, 2013). 

By its nature, the aviation system is dynamic and open, 
requiring the continuous assessment and mitigation of hazards 
and risks. Effective safety models can be established by 
eliminating hazards, preventing potential incidents, and 
protecting against threats (Hollnagel, 2008). 

As a global industry, aviation can operate effectively only 
through the consistent implementation of international 
standards, rules, and definitions, as well as the development of 
a shared safety culture (Reason, 2016; Eurocontrol, 2013; 
ICAO, 2018; ICAO, 2022; Hollnagel, 2018). In this regard, 
ICAO has mandated all member states to implement Safety 
Management System (SMS) programs in their aviation 
industries. SMS encompasses the procedures, documentation, 
information systems, and processes used to control and 
enhance organizational safety performance (Gupta et al., 
2022). It is also defined as “promoting a safety culture, 
identifying hazards, taking proactive measures to mitigate 
risks, and ensuring the overall protection performance of 
aviation organizations” (FAA, 2015). 

For SMS to be effectively implemented in the aviation 
system, it is essential to clearly understand errors and 
violations and distinguish between these two concepts. The 
fundamental difference lies in intent: Errors are unintended 
occurrences, whereas violations are deliberate deviations from 
procedures or practices. In aviation safety, errors are defined 
as “actions or inactions by operational personnel or 
organizational structures that deviate from intentions or 
expectations” (Reason, 2016; Wiegmann & Shappell, 2001; 
ICAO, 2013). 

Completely eliminating human errors in aviation is not 
feasible, as these errors stem from factors such as state 
policies, product and service providers, technology, education 
levels, and industry constraints. Hence, the primary goal of 
aviation safety management is to implement measures that 
reduce the likelihood of errors, sustain these measures, and 
minimize the consequences of errors that occur, which require 
errors to be identified, reported, and analyzed. 

A risk management system establishes a risk database to 
assess and quantify risks (Taherdoost, 2021). To eliminate 
risks and ensure safety, it is first necessary to identify these 
risks or bring them to light. This process begins with 
conducting a risk assessment (Aven, 2012). 

Safety risk management emerges as a critical component 
of the safety management system. Safety risk is defined as the 
predicted likelihood and severity of an event or outcome 
resulting from an existing hazard or condition. This outcome 
may range from a full-scale accident to a less severe condition 
termed an “intermediate unsafe event”. Managing safety risks 
involves evaluating the likelihood of potential consequences 
from hazards associated with an organization’s aviation 
activities (Hollnagel, 2008; FAA, 2015; ICAO, 2018). 

Safety risk probability is described as the frequency of an 

adverse event or condition occurring in terms of safety. Table 

1 illustrates a typical safety risk probability table on a five-

point scale. This table provides five categories to describe the 

probability of an unsafe event or condition, accompanied by 

explanations for each category and their corresponding 

numerical values (ICAO, 2018). 

 
Table 1 Safety Risk Probability 

Value Probability Description 

1 Extremely 

improbable 

Almost inconceivable that the event will occur 

2 Improbable Very unlikely to occur (not known to have 

occurred) 

3 Remote Unlikely to occur, but possible (has occurred 

rarely) 

4 Occasional Likely to occur sometimes (has occurred 

infrequently) 

5 Frequent Likely to occur many times (has occurred 

frequently) 

Source:(ICAO,2018). 
 
Once the probability assessment is complete, the next step 

is to determine the risk’s severity by considering the hazard’s 
possible consequences. The severity of the risk is defined as 
the magnitude of harm that could reasonably result from a 
possible consequence of an identified hazard. The severity 
assessment should thoroughly evaluate all potential 
consequences linked to a hazardous situation or object, 
considering the worst-case scenario (Reason, 2016; Hollnagel, 
2008; FAA, 2015; ICAO, 2018). This approach enables the 
prioritization of risks based on the extent of possible damage. 
Table 2 illustrates a safety risk severity matrix within this 
context. 

Table 2 Safety Risk Severity 

Value Severity Description 

A Catastrophic •Equipment destroyedMultiple deaths 

B Hazardous •A large reduction in safety margins, physical 

distress or a workload such that the operators 

cannot be relied upon to perform their tasks 

accurately or completely • Serious injury • 

Major equipment damage 

C Major •A significant reduction in safety margins, a 

reduction in the ability of the operators to 

cope with adverse operating conditions as a 

result of an increase in workload or as a result 

of conditions impairing their efficiency.   

• Serious incident • Injury to persons 

D Minor • Nuisance • Operating limitations • Use of 

emergency procedures  

• Minor incident 

E Negligible •Few consequences 

 
The third step in risk management is determining the 

degree to which a risk can be tolerated. First, it is necessary to 

establish the indices in the risk assessment matrix. For 

example, consider a situation where the probability of the risk 

is rated as “Occasional” (4) and the severity of the safety risk 

is classified as “Hazardous” (B). In this case, the combination 

of probability and severity (4B) creates the risk index (Reason, 

2016; Hollnagel, 2008; Eurocontrol, 2013; FAA, 2015; ICAO, 

2018).  
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Table 3 Risk Assesment Matrix 

Likelihood/ 

Severity 

Risk Matrix 

Catastrophic 

A 

Hazardous 

B 

Major 

C 

Minor 

D 

Negligible 

E 

Frequent 5 5A 5B 5C 5D 5E 

Probable 4 4A 4B 4C 4D 4E 

Remote 3 3A 3B 3C 3D 3E 

Occasional 2   2A 2B 2C 2D 2E 

Extremely 

improbable 1 
1A 1B 1C 1D 1E 

The obtained index should then be transferred to a safety 

risk matrix (Table 4) that defines the tolerance criteria 

(Reason, 2016; Hollnagel, 2008; Eurocontrol, 2013; FAA, 

2015; ICAO, 2018). 

Table 4 Safety Risk Tolerability Matrix 

Tolerability Description 

Assessed 

Risk 

Index 

Suggested 

Criteria 

 

5A, 5B, 

5C, 4A, 

4B, 3A 

 

Unacceptable 

under the 

exising 

circumtances 

5D, 5E, 

4C, 4D, 

4E, 3B, 

3C, 3D, 

2A, 2B, 

2C, 1A 

Acceptable 

based on risk 

mitigation. It 

may require 

managemetn 

decision. 

3E, 2D, 

2E, 1B, 

1C, 1D, 

1E 

Acceptable 

 
Safety risk management is a process that involves the 

evaluation and reduction of safety risks through appropriate 
measures. The primary goal of this process is to analyze the 
risks associated with identified hazards and to develop and 
implement effective and feasible risk mitigation strategies. In 
this regard, safety risk management forms a critical element of 
safety management both at the government level and among 
product or service providers. Conceptually, safety risks can be 
classified as “acceptable,” “tolerable,” or “unacceptable.” This 
classification guides the determination of risk management 
strategies.  

Risks in intolerable zone are unacceptable under any 

circumstances. The probability and/or severity of these risks 

are extremely high and pose a significant safety threat. So, 

immediate intervention is necessary to mitigate intolerable 

risks. Safety risks assessed within the acceptable zone are 

considered acceptable, provided that the organization 

implements appropriate risk reduction strategies. A safety risk 

initially deemed intolerable can be moved into the acceptable 

zone and managed effectively once it is controlled through 

appropriate and effective strategies (ICAO, 2018). 

  
3. Apron, Taxiing Process, and Taxiways 
 
The primary focus of airlines today is to manage safety 

risks effectively. In the ever-evolving aviation industry, 

airlines aim not only to make a profit but also to continue their 

operations safely and securely (Başdemir, 2020). Failure to 

ensure safety and security can result in severe negative 

consequences, such as loss of life, financial damage, and 

reputational damage to airlines and countries (Çoban & İpek, 

2020). The safety and security of flight operations are crucial 

during takeoff and landing and during the aircraft’s 

movements on the ground. 

Aviation accidents encompass events that occur in the air 

and those that occur on the ground. Airport movement areas, 

including ramps, taxiways, runways, and the personnel and 

vehicles involved in-flight services, form a complex system 

(Watnick & Ianniello, 1992). Airports are complex 

transportation systems where hundreds of air and ground 

vehicles operate simultaneously. As a result, airports often 

experience ground traffic congestion, leading to safety and 

security risks in airport ground operations. For example, 

between 1995 and 2008, various ground collisions (such as 

push-back and taxiing) affected 429 commercial aircraft, 

resulting in the deaths of 973 people (Wilke et al., 2014). 

The airport apron is a designated area where aircraft are 

parked, passengers are disembarked, baggage and cargo are 

loaded, fueling takes place, and passengers board the aircraft. 

The apron is typically located next to the terminal building and 

is a critical area for aircraft departure, landing, and taxi 

operations (Isarsoft, 2024). In recent years, the increasing 

demand in the civil aviation sector has led to a continuous rise 

in the number of flights at airports. This has brought 

operational and safety challenges, particularly with the growth 

of aircraft and operations in the apron area. Ensuring apron 

safety has thus become even more crucial (Sun et al., 2024) 

since apron safety plays a significant role in airport 

management. 

In the air transportation system, airports consist of surfaces 

facilitating aircraft ground movements and connecting air and 

ground operations (Blom et al., 2003). One of these surfaces is 

the taxiway. Taxiing is defined as “the movement of an aircraft 

on the surface of an airport, using its own power, excluding 

takeoff and landing” (Skybrary, 2024). Aircraft perform 

maneuvers such as taxiing from the runway to the apron, 

making turns, stopping, braking, and approaching parking 

areas while using taxiways to connect the runway and apron 

(Jiang & Hao, 2024). Taxiing is a critical process for 

maintaining orderly and safe aircraft operations. 

Taxiways are areas that connect the runway with the apron, 

where aircraft move (Jiang & Hao, 2024). Before departure, 

aircraft are pushed back from their parking positions with the 

help of push-back vehicles and follow designated routes, 

guided by air traffic controllers, as they taxi along the 

taxiways. After landing, it is crucial for aircraft to exit the 

runway quickly and enter the taxiways to avoid obstructing 

other aircraft’s takeoffs and landings. This process provides a 

consistent spatial connection between the runway, taxiway, 

and aircraft parking systems. 
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The taxiing process is a complex and dynamic component 

of airport operations. Due to the great number of aircraft in air 

traffic, it is required that these aircraft move at slower speeds 

and in an orderly manner. Any unforeseen delays during such 

operations will create scheduling problems and negatively 

affect the efficiency of operations (Simaiakis et al., 2014). It 

is, therefore, imperative that the concerned parties collaborate 

during the taxiing process (Wilke et al., 2014). Airport ground 

operations, being a complex operation, call for implementing 

a safety management system (Blom et al., 2003). 

 

3.1. Roles and Responsibilities During the Taxiing 
Process 

During taxiing operations, pilots must control the aircraft, 

monitor cockpit instruments, observe external ground 

conditions, and communicate with air traffic controllers to 

avoid any possible conflicts (Blom et al., 2003; FAA, 2015; 

ICAO, 2018). Moreover, pilots and cabin crew follow standard 

operating procedures, which are specifically developed to 

provide safety during abnormal situations (Dekker, 2014; 

Kanki et al., 2019). The performance of these roles requires 

collaboration and effective communication, which are very 

important in an industry that is characterized by inherent 

complexity and risks (Wilke et al., 2014; Hollnagel, 2008). 

Also, cabin crew members ensure passengers comply with 

safety rules, even during taxiing, through pre-flight checks, 

briefing passengers to fasten their seatbelts and properly stow 

their baggage, and intervening as needed (FAA, 2015; ICAO, 

2018). During instances of unexpected braking or other sudden 

movements, cabin crew are expected to act fast and 

communicate with passengers effectively and in a timely 

manner to ensure safety is maintained (Krivonos, 2005; Liu et 

al., 2022). Better control of safety risks, including situational 

awareness and monitoring of passengers during taxiing, is 

possible through constant coordination with the cockpit crew 

(Green et al., 2019). 

Adhering to safety guidelines, ensuring that seatbelts are 

fastened, and correctly stowing their luggage are actions 

through which passengers significantly contribute to 

improving safety and mitigating injuries during the taxiing 

process (FAA, 2020; ICAO, 2018). They must follow 

regulations and avoid prohibited behaviors, such as standing 

up too early (SHGM, 2013). Airlines are responsible for 

fostering passenger awareness through briefings and materials, 

as informed passengers are better equipped to comply with 

safety protocols, reducing risks during ground operations 

(Chang & Liao, 2009; ICAO, 2024). 

 
4. Methodology 

 
This study examined the impact of passengers’ reckless 

behaviors (such as unbuckling seatbelts and standing up) on 
flight safety during the taxiing process of passenger aircraft 
using a qualitative research approach. The study’s primary aim 
was to evaluate the risk perception related to flight safety in 
the aviation sector and to analyze the participants’ views in this 
context systematically. 

Participants were selected through a convenience sampling 
method and volunteered for the study. There was no 
hierarchical or professional connection between the 
participants; the individuals in the study came from diverse 
experience levels within the aviation sector. The study 
involved 30 pilots with at least two years of flying experience, 
25 cabin crew members of varying experience levels, and 20 

passengers with diversified experiences and travel 
frequencies. At the initiation of this research, each participant 
received detailed information on the purpose of the study, 
confidentiality of data, and anonymity principles. Data 
collection was made possible by structured interviews 
formulated within the ICAO risk matrix framework. 
Structured interviews are defined by the standardized delivery 
of questions to the subjects while minimizing their subjectivity 
(Punch, 2013). The interviews were conducted online.  

Qualitative studies aim to understand a particular 
phenomenon in depth and not generalize with respect to the 
results. Hence, the number of participants must keep 
increasing until the saturation point is reached. In other words, 
the number of participants must be increased until data is not 
linked to new information or themes appearing and familiar or 
repeated information is found (Guest et al., 2012). The sample 
size was determined to be suitable depending on the research 
problem as well as the method by observing the homogeneity 
and heterogeneity of the different classes of participants. 

Statistical techniques were systematically reviewed and 
analyzed for the purpose of the data. The average was 
calculated to find the difference in risk perception among cabin 
crew, cockpit crew, and passengers. The data were analyzed 
qualitatively, emphasizing the association of years of 
experience with risk perception. Such methods aim to 
comprehensive assessments of the study while uncovering 
major findings in flight safety in the aviation industry. 

 

5. Findings 
 
Based on the probability and severity categories, the study 

examined risk evaluations conducted by passengers, cabin 
crew, and cockpit crew. While severity was assessed using a 
letter scale (E: 1, D: 2, C: 3, B: 4, A: 5), probability was 
assessed by a number scale ranging from 1 to 5. The results of 
the probability and severity evaluations for the risk 
assessments made by the cabin crew are shown in Table 5. 
Table 5 Cabin Crew Risk Assessment 

Cabin Crew Risk Assessment 

Participant 
Experience 

(Years) 

Probability 

Assessment 

Severity 

Assessment 

P1 1 (Month) 1 D 

P2 2(Month) 2 E 

P3 3 (Month) 2 D 

P4 1 2 C 

P5 2 3 C 

P6 3 3 C 

P7 4 3 C 

P8 4 3 C 

P9 4 3 C 

P10 5 3 C 

P11 5 5 C 

P12 5 3 B 

P13 5 3 B 

P14 6 3 C 

P15 6 5 C 

P16 6 4 C 

P17 6 3 B 

P18 8 4 C 

P19 11 3 C 

P20 11 4 C 

P21 12 3 C 

P22 14 3 C 

K23 14 4 C 

K24 15 3 C 

 

 

K25 16 3 C 
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The Cabin crew rated the probability of risk during taxi as 
moderate, with an average score of 3.00, indicating that the 
risks were “likely” but not frequent. 
The average ratings for severity were 2.96, indicating that the 
perceived impact of these risks was moderate and manageable. 

The cabin crew members’ risk 
perception was greatly influenced by direct interactions with 
passengers and repeated exposure to nonconforming 
behaviors, such as not wearing seatbelts 
or standing up too early. These 
interactions made them more conscious of the potential 
for escalating these actions in the event of sudden braking or 
sharp turns. 

More experienced cabin crew members tended to perceive 
risks as more probable and serious. Their increased exposure 
to previous events likely made them appreciate much better 
how seemingly minor safety infractions can snowball into 
major operational problems. The less experienced the crew 
member was, the lower the risk of perception, a narrower point 
of view given their more limited exposure. This agrees with 
much research where experience enhances hazard recognition 
and awareness, leading to better judgments on the probability 
of consequences. It also underlines that the crew is essential in 
establishing safety measures and mitigating hazards. 
Therefore, their role is very critical in ensuring complete flight 
safety. 

 
Table 6 Cockpit Crew Risk Assessment 

Cockpit Crew Risk Assessment 

Participant 
Experience  

(Years) 

Probability 

Assessment 

Severity 

Assessment 

P1 1 4 C 

P2 2 3 C 

P3 2 4 C 

P4 2 3 B 

P5 2 4 C 

P6 2 2 C 

P7 2 4 D 

P8 2 4 D 

P9 2 2 E 

P10 2 4 C 

P11 2 4 B 

P12 2 2 D 

P13 2 5 C 

P14 2 4 C 

P15 4 3 C 

P16 4 3 B 

P17 4 4 C 

P18 5 4 E 

P19 5 3 D 

P20 8 4 C 

P21 9 3 B 

P22 9 2 D 

P23 10 2 C 

P24 10 5 C 

P25 10 4 C 

P26 10 4 C 

P27 11 3 C 

P28 12 4 C 

P29 14 2 E 

P30 15 3 D 

 
The cockpit crew’s mean risk probability rating was 3.40, 

indicating that this group judged the likelihood of risk higher 
than other groups. Their average severity ratings were 2.77, 

indicating a relatively lower judged potential impact. This 
might be because the cockpit crew heavily relies on advanced 
operational systems, specialized technical knowledge, and 
continuous communication with air traffic controllers, which 
helps them identify and reduce risks effectively. 

More experienced pilots, in particular, were given higher 
ratings regarding the probability and severity of risks than their 
less experienced peers. This is so because such pilots have had 
greater exposure to diverse operating conditions, and their 
ability to anticipate disturbances—technical failures or sudden 
movements—is enhanced. However, the low ratings on the 
part of the cockpit crew indicate a very high level of 
confidence in their ability to control such conditions. That 
means a proactive approach to risk management, emphasizing 
preparation and coordination rather than reaction. Their ratings 
underline the most important issues of technical competence 
and efficient communication in ensuring a strong safety 
culture. 

 
Table 7 Passengers’ Risk Assessment 

 
The highest average severity scores were those of the 

passengers at 3.35, meaning that they are more sensitive to the 
potential consequences of risk. The mean probability 
assessment was found to be 3.20, indicating that, on average, 
people viewed risks as being moderately likely. 

The passenger’s perception of risk was found to be strongly 
influenced by their level of travel experience. Less 
experienced travelers were likely to overestimate the 
likelihood and consequences of an accident, mainly because of 
a lack of understanding of aviation procedures and a poor 
grasp of safety arrangements. Actions such as sudden braking 
during taxiing may be hazardous in the opinion of an 
inexperienced passenger, but for the most part, these are part 
of standard operational procedures and carried out with 
adequate skill. On the other hand, more seasoned travelers 
would render more balanced assessments using their greater 
knowledge of aviation processes and their trust in the systems 
put in place to ensure safety. The greater sensitivity shown by 
less experienced passengers underscores the need for tailored 
safety education. Thorough and engaging safety briefings, 
complemented by readily available pre-flight information, 
may help close the knowledge gap and reduce unease. 

Passengers’ Risk Assessment 

Participant 
Experience 

(Air travel) 

Probability 

Assessment 

Severity 

Assessment 

P1 1 5 B 

P2 1 4 A 

P3 2 3 B 

P4 3 1 B 

P5 3 4 A 

P6 4 1 E 

P7 4 3 D 

P8 7 4 D 

P9 8 4 B 

P10 8 4 C 

P11 8 3 A 

P12 10 3 C 

P13 10 4 C 

P14 10 3 C 

P15 15 3 D 

P16 15 3 C 

P17 15 3 B 

P18 35 3 B 

P19 50 3 D 

P20 50 3 B 
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Encouraging knowledgeable passenger behavior reduces risk 
during taxiing and enhances overall flight safety. 

 

6.  Discussion 
 
The findings of this research reveal the differences in risk 

perception among the passengers, cabin crew, and pilots in the 
taxiing operation and the numerous factors affecting it. The 
likelihood of risk was perceived by the cabin crew as 
moderate, given the proximity of cabin crew to passengers and 
the potential for cabin crew to observe disregard of instructions 
regarding safety. Despite this, the severity ratings were low, 
which shows that they are confident in being able to manage 
these risks through processes in place. This result is consistent 
with the current literature, which places cabin crew as the first 
line of defense in terms of passenger safety management 
(Green et al., 2019; Liu et al., 2022). 

By comparison, the cockpit crew showed a greater 
likelihood of risk but lower severity compared to the other 
groups. This can be explained by the fact that they greatly 
depend on technical expertise, operational controls, and 
contact with air controllers in case of risks. Pilots are able to 
anticipate and counteract operational difficulties, which 
perhaps results in a lower level of perceived severity of the 
risk. This result aligns with earlier studies highlighting pilots' 
systematicity of behavior in risk control (Dekker, 2006; Wilke 
et al., 2014). On the other hand, heightened sensitivity among 
crew members to the possibility of risk exposes sharp 
awareness of possible perturbations, e.g., sudden braking 
while taxiing or equipment malfunction that could escalate if 
appropriate interventions are not undertaken. The passengers, 
on the other hand, demonstrated the highest severity levels, 
depicting that they were very sensitive to the possibility of risk 
consequences while taxiing. This may be due to the fact that 
they were not used to the aviation procedures and safety 
protocols for safe operations. Especially, the inexperienced 
passengers demonstrated a higher tendency of overestimating 
both the probability and severity ratings, whereas the 
experienced passengers had a balanced estimation. This is 
consistent with human factors research literature: one would 
anticipate that exposure and familiarity with complicated 
systems lead to lower perceived risks (Hollnagel, 2008; 
Reason, 2016). The variation in risk perception between these 
groups clearly demonstrates the significant influence 
experience has on attitudes towards safety development. For 
instance, older cabin crew would have been more mature in 
their sense of risks and would perhaps have benefited from 
previous experiences where there had been problems of non-
compliance and emergencies. Likewise, older passengers had 
a more realistic view of risks and seemed to be better informed 
about procedures and safety in the aviation industry.  

The findings also reveal important information on the 
interface of human factors and operational errors that are 
experienced during taxiing. Non-compliance by passengers, 
i.e., not fastening seat belts or attempting to retrieve carry-on 
bags, is a real hazard that needs to be anticipated. Despite 
seemingly innocuous, such actions can indeed exacerbate the 
impact of sudden movements during taxiing, thus the risk of 
injury or disruption. The cabin crew plays a vital role in 
reducing these risks through proper communication strategies, 
vigilance, and compliance with safety protocols. 
Operationally, this research finds the necessity of greater 
coordination between cockpit and cabin crews. Effective 
communication and coordination of risks while taxiing, 
especially in emergency cases, are of the utmost importance. 
Joint training sessions and scenario simulation can augment 

that collaboration to solidify a unified strategy to passenger 
safety. 

These findings have more general implications for the 
development of targeted interventions to improve safety. For 
instance, passenger safety briefings could be made more 
interactive and contextual to encourage better compliance with 
the safety instructions. Additionally, a mobile app or online 
course specifically designed for frequent travelers could be 
used to inform the public about the importance of following 
safety procedures while taxiing. Additionally, airlines may 
purposely emphasize pre-flight briefings to right common 
misconceptions passengers hold, and instill a sense of shared 
responsibility for safety. Finally, this work contributes 
meaningfully to the growing literature on ground operations 
by highlighting the crucial aspect of human factors in aviation 
safety. While technical and procedural safety measures are 
indispensable, the behaviors and perceptions of all the 
stakeholders involved—pilots, cabin crew, and passengers—
are equally crucial in ensuring a safe taxiing process. In such 
cases, human factors can only be dealt with through a holistic 
approach that unites education, training, and system-level 
interventions. In conclusion, study participants’ differences in 
risk perception call for a collaborative and inclusive approach 
to safety management. The aviation industry can further its 
commitment to safety, reduce risks, and raise the overall 
passenger experience by solving the unique challenges 
associated with passenger behavior during taxiing. Table 8 
provides the average probability and severity assessments for 
the cockpit crew, cabin crew, and passenger group. 

 
Table 8 Comparing The Groups 

Group 
Average Probability 

Assessment  

Average Severity 

Assessment 

Cabin Crew 3.00 2.96 

Cockpit Crew 3.40 2.67 

Passenger Group 3.20 3.35 

The cockpit crew perceives the risk probability as higher 
than the other groups. The perception of the cabin crew and 
that of the passenger group are similar. The effects of risks 
were seen to be most severe by the passenger group. This 
means that passengers are most sensitive to the consequences 
of risks. On the other hand, both the cabin and cockpit crews 
assess the severity of risks lower. 

Nevertheless, as can be seen from the ranking of the 
probability score, the cockpit crew assesses the severity as 
lower compared to the other groups. This hints at the 
operational experience and crisis management skills playing a 
relevant role in shaping this perception difference. 

The passenger group scored higher on the probability and 
severity scales than the others. This finding would suggest that 
ignorance of, and lack of experience with, aviation procedures 
may elevate the perceived risk for the passenger group. 
Conversely, the cabin crew seemed to be more balanced in 
both tests and had lower ratings of risk perception when 
compared to the other two groups. That might be because the 
cabin crew is proficient in risk identification and mitigation 
due to their professional responsibilities.  

 

7. Conclusion 
 

This study used qualitative methods to investigate the 
influence of careless passenger behaviors, such as standing up 
or unfastening seat belts, on flight safety during the taxi phase. 
The results demonstrate how cabin and cockpit crew members 
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perceive and assess passenger behaviors as potentially 
threatening flight safety. 

The results of the research show that cabin crew members 
rated the probability of passenger behavior during taxi as 
higher and had a greater perception of the risks involved 
because of their more direct interaction with passengers. On 
the other hand, cockpit crew members rated the operational 
severity of the incident and the event’s probability as higher 
than other groups. Passengers’ risk perception depended on 
their awareness and previous flight experience; passengers 
with less experience generally perceived levels of risk to be 
higher. Although passengers’ judgments of probability and 
severity were generally low, inexperienced passengers were 
found to have a higher risk perception. 

As a result, the contribution of passenger behavior during 
taxiing to flight safety was perceived differently among the 
groups. While the cabin crew and passengers showed a more 
sensitive approach to risks, the cockpit crew, under the 
influence of technical knowledge and operational controls, 
presented a lower perception of risk. In view of the overall risk 
assessments from the participants, the risk is tolerable and may 
be considered acceptable with adequate risk reduction 
measures in place. According to the evaluations provided by 
the participants, the likelihood of the risk materializing was 
deemed “likely,” and it was anticipated that such an 
occurrence would lead to severe accidents and injuries. 

Implications for Practitioners 
Effective communication and educational resources are 

necessary to enhance passenger safety and awareness. Safety 
regulations can be communicated through pre-flight safety 
videos and announcements designed to show their importance 
in aviation safety. Additionally, digital platforms, including 
mobile applications and airline websites, can provide safety 
instructions and awareness materials, especially for frequent 
flyers (Chang & Liao, 2009). Such measures enhance 
passenger compliance and contribute to a stronger safety 
culture in the aviation industry.  

Specific training of cabin crew is required to prepare them 

with a swift and effective response to emergencies or non-

compliant passengers. Simulator-based training courses must 

enhance situational awareness, communication, and decision-

making in high-stress situations. Moreover, the collaborative 

scenario-based training of the flight deck and cabin crew and 

the provision of common procedures will enhance teamwork 

and coordination for ground operations hazard mitigation 

(Kanki et al., 2019). 

Review and revision of security procedures must also be 

performed regularly to uphold high levels of operational 

safety. Regular checks of passenger communication media 

guarantee that security information is accessible, clear, and 

relevant. Concurrently, the successful deployment of a safety 

management system effectively controls the complexity and 

risk entailed in airport operations (ICAO, 2018). Combined, 

these actions enhance overall airline operation performance by 

improving operational efficiency and safety and advancing 

industry standards 
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1. Introduction  
(Times New Roman 10pt space). 

Nowadays, millions of people use air transportation. The 
industry of aviation in the world has experienced rapid growth, 
especially in the last 20 years. According to a report released 
by Airports Council International (ACI), the number of people 
traveling by air in 2023 was 8.5 billion, and the number of 
flights in the same period was 36.8 million. The total amount 
of cargo carried in 2023 was 102 million tons. It is expected 
that growth in aircraft, passenger and air cargo traffic will 
continue to increase in the coming period. 

Airports and airlines play an important role in globalization 
by connecting cities and countries, contributing to the 
economic growth of a region or country. They also play a key 
role in international trade and tourism. As a result, the 
effectiveness of airport management can have a direct impact 
on a country's competitiveness. Assessing airport performance 
and providing policy suggestions for inefficient airports are 
crucial for enhancing this competitiveness (Özsoy, 2021). 

With this growth and the development of e-commerce, the 
aviation industry is becoming increasingly essential for both 

passenger and cargo transportation. Policymakers and industry 
leaders are consistently seeking better strategies to enhance 
aviation performance. However, airlines are vulnerable to 
market shifts and political or economic changes. For instance, 
many airlines entered the market following the "Open Skies" 
policy introduced in 1987 (Barbara et al., 2022). As a result, 
competition among airlines has intensified. In response, some 
companies have merged or been acquired, while others have 
gone bankrupt. Improving operational efficiency has become 
crucial, but the key question remains: How should 
performance be evaluated in the aviation industry? (Barbara et 
al., 2022). 

Data envelopment analysis (DEA) modeling approach has 
been widely used for performance evaluation in various 
transportation domains, such as public transportation (Chiou 
et al., 2012, Fitzová et al., 2018, Gadepalli and Rayaprolu, 
2020), maritime (Park et al., 2018) and aviation (Barros and 
Dieke, 2007, Huynh et al., 2020, Kottas and Madas, 2018, Min 
and Joo, 2016). 

Existing airports must be operated in a way that can cope 
with this growth. However, operating airports is expensive. 
Therefore, it is of great importance that airports with high 
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operating costs are operated effectively. Because for airports 
to be operated profitably, efficiency must be ensured. Today, 
the competitive conditions that have an effect in every sense 
have brought the issue of how effectively airports are operated 
to the agenda. For this purpose, efficiency analyses of airports 
have been carried out in the past and today. In recent years, 
both the state and the private sector have made intensive 
investments in air transportation in the form of new airport 
construction, expansion of the aircraft fleet, and the entry of 
new companies into the sector. To ensure efficiency, it is 
necessary to conduct regular capacity utilization analyses of 
existing airports to check their efficiency and identify new 
strategies based on the results (Kıyıldı, 2009).  

The high efficiency and effectiveness level of airports is of 
great importance for their sustainability. In this study, the 
relative efficiencies of the top 10 European International 
Airports, which are on the list of the world's busiest airports 
prepared by ACI according to the total number of passengers 
served in 2023, were measured. Since there is more than one 
output variable in the analysis, DEA was used to calculate their 
efficiencies. DEA is a nonparametric mathematical method 
based on linear programming used to calculate the relative 
efficiency of similar decision-making units.  

In this study, firstly the studies conducted in the literature 

are given, then the DEA method and the data used in the 

research are explained and then the efficiency analyses of the 

10 busiest airports in Europe are made. Using the results 

obtained from the analysis, the performance status of existing 

airports is determined and future strategies and policies are 

developed accordingly.  

(Times New Roman 10pt space). 

2. Theoretical Background 
(Times New Roman 10pt space). 

The problem of measuring and improving the efficiency of 
airports has attracted the attention of many researchers 
worldwide, and there are many studies on this topic. DEA, one 
of the nonparametric performance measurement methods that 
has attracted much attention in recent years, is used to measure 
airports' relative efficiency and productivity.  

The first study on airports in the literature was conducted 
by Gillen and Lall (1997). In this study, the efficiency of 
terminal operations and flight operations at 22 major airports 
in the USA were examined from two different perspectives 
using data from 1989 to 1993. Sarkis (2000) studied 44 major 
US airports using data from 1990 to 1994. Martin and Roman 
(2001) used DEA to examine the efficiency of airports in Spain 
before privatization. This study used 1997 data from 39 
airports in Spain. The efficiency of 34 European airports was 
investigated using data between 1995 and 1997 by Pels et al. 
(2001). In the study conducted by Adler and Berechman 
(2001), 26 international airports were examined with data from 
1998. Unlike other studies, DEA and Principal Component 
Analysis (PCA) methods were used together in this study.   

Fernandes and Pacheco (2002) examined the efficiency of 
35 Brazilian airports using data from 1998. In their study, 
various scenario studies were conducted for the years 2002, 
2007, and 2017, and how efficiency would be affected in these 
different scenarios was calculated.  

Bazargan and Vasigh (2003) examined 45 US airports with 
data between 1996 and 2000. Their study also divided the 
airports into 3 different hub sizes and then investigated the 
effect of hub size on efficiency by applying the Mann-Whitney 
test. Yu (2004) studied 14 Taiwanese airports between 1994 
and 2000 by including both environmental factors and 
undesirable outcomes in the efficiency analysis. Yoshida and 
Fujimoto (2004) published a study investigating the efficiency 

of 67 Japanese airports with data from the year 2000 with Tobit 
regression.  

In a study by Peker and Baki (2009), the efficiency of 
Turkish airports was evaluated using based on 2007 data. They 
then analyzed whether the efficiency differences between 
small and large airports were statistically significant using a t-
test. The analysis concluded that larger airports were more 
efficient. Ömürbek et al. (2013) assessed the efficiency of 32 
Turkish airports using the DEA method. The findings revealed 
that among small airports, the most efficient were those based 
on the number of aircraft and passengers, while among 
medium-sized airports, the most efficient ones were identified 
based on factors such as domestic flights, aircraft traffic, 
passenger traffic, and the total of domestic and international 
flights. 

In the study conducted by Avcı and Aktaş (2015), the 
efficiency and productivity of airports in Türkiye were 
analyzed by comparing them with the data of 2013-2014 
according to the winter and summer periods. Based on the 
results, airports with the greatest efficiency were identified 
both in summer and winter.  Bolat et al. (2016) evaluated the 
efficiency of 41 airports in Türkiye using the DEA method and 
found that 19 airports were operating effectively. Then, an 
artificial neural network model was developed that allowed the 
efficiency of existing new airports to be estimated. 

The efficiency of the 20 airports with the highest passenger 
traffic in Europe were evaluated by Altın et al. (2017) using 
data from the period 2010-2015. In the study, the criteria 
weights were determined with the ENTROPI method and then 
the airports were ranked according to their performances with 
the COPRAS and Grey Relational Analysis methods. 
Çınaroğlu and Avcı (2017) investigated the efficiency and 
productivity of major airports in Türkiye using the DEA 
method using data from 2015-2016. According to the analysis 
results, the airports that were fully effective for domestic 
flights in both years were Istanbul Atatürk and Adana airports. 
The Istanbul Atatürk and Antalya airports were found to be 
efficient for international flights in both years. Asker and 
Battal (2017) evaluated 20 airports, which are among the top 
25 airports in the world in terms of passenger traffic, in terms 
of operational efficiency. As a result of the analysis, it was 
seen that 10 of the 20 airports were efficient according to the 
CCR model, while the rest of the airports were below the 
efficiency value. 

Lu et al. (2019) used DEA to measure the efficiency of 27 
Chinese airports from 2014 to 2018. Nine variables were 
determined in this study, including six input variables and 
three output variables. In particular, they proved that the 
integration of the fuzzy MCDM method and DEA approach is 
most suitable to develop a robust and reliable analysis. 

Uludağ (2020) examined the efficiency of airports managed 
by the General Directorate of State Airports Authority (DHMI) 
in Türkiye from 2014 to 2018 using a hybrid approach called 
Weight-Restricted EATWOS, without considering 
satisfactory level, and provided recommendations for 
improvement. The study also evaluated the airports' efficiency 
using the equally weighted EATWOS method, excluding 
satisfactory levels, as well as the input-oriented DEA model 
under the assumption of constant returns to scale. The results 
obtained from the proposed model were then compared to 
those from traditional methods. 

In another article, a study was conducted by Montoya-
Quintero (2022) aiming to evaluate the technical efficiency of 
small regional airports in Colombia using DEA. The article 
aims to evaluate the technical efficiency of small regional 
airports in Colombia as well as to determine their potential 
level of efficiency. 
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Lo Storto and Evangelista (2023) carried out an 
international comparative study to assess the performance of 
national land logistics systems in 28 countries in EU between 
2010 and 2017. The study compared these systems based on 
logistics quality, infrastructure efficiency and environmental 
impact using DEA. 

In this study, the efficiencies of the top 10 European 

International Airports, which are on the list of the world's 

busiest airports prepared by ACI according to the total number 

of passengers served in 2023, were measured with DEA 

(URL1, 2024). In this context, the indicators of the airports 

included in the European main airports statistics for 2023 

prepared by the European Union Against Aircraft Nuisances 

(URL2, 2024) and ACI were integrated into DEA within the 

scope of input and output variables and the relative efficiencies 

of the top 10 European International Airports were focused on. 

In this respect, the study is expected to provide important ideas 

to national and international management units, policymakers, 

and researchers.  

(Times New Roman 10pt space). 

3. Result Research Methodology 
(Times New Roman 10pt space). 

3.1. Method of the Study 
Many methods are used to measure and evaluate the 

effectiveness of Decision Making Units (DMU). In the study, 

efficiency measurements will be made based on multiple 

inputs and outputs, and the DEA MAXDEA 8 package 

program, which is generally used and gives successful results, 

was used in this analysis. In addition, 4 input variables were 

used in the analysis (Surface of The Airport, Cargo Terminal 

Area, Number of Passenger Terminals and Number of 

Runways), and 3 output variables (Number of Flights, Number 

of Passengers and Amount of Cargo). Information and codes 

of the input and output variables determined in the study are 

given in Table 1.  

(Times New Roman 10pt space). 

Table 1. Input and output variables 
Input 

Code 
Inputs 

Output 

Code 
Outputs 

Input_1 
Surface of The 

Airport (ha) 
Output_1 

Number of Flights 

(times) 

Input_2 
Cargo Terminal 

Area (m2) 
Output_2 

Number of 

Passengers (person) 

Input_3 

Number of 

Passenger 

Terminals 

Output_3 
Amount of Cargo 

(ton) 

Input_4 
Number of 

Runways 
  

  

 Input and output variables of the DMUs used in the 

analysis were obtained from the Main European Airports 

Statistics Report. (URL3,2018). 

In selecting input and output variables for the DEA model, we 

conducted a detailed literature review to ensure 

methodological consistency and practical relevance. The 

chosen inputs—airport area, cargo terminal area, number of 

passenger terminals, and number of runways—represent key 

infrastructure elements that influence an airport's ability to 

deliver logistical and transport services. 

• Airport area reflects the total physical capacity available 

for operations. 

• Cargo terminal area is indicative of cargo processing 

potential, a critical aspect of air logistics. 

• Number of passenger terminals relates to the airport's 

ability to handle traveler flow. 

• Number of runways directly impacts aircraft movement 

capacity and scheduling efficiency. 

Output variables include: 

• Number of flights, representing the level of traffic the 

airport handles; 

• Passenger volume, reflecting the human throughput of 

airport services; 

• Cargo volume, which is a direct output of air logistics 

operations. 

These variables align with prior DEA-based airport efficiency 

studies (e.g., Barros & Dieke, 2007; Pels et al., 2001; Adler & 

Berchmnat, 2001) and reflect a balance between resource 

utilization and operational outcomes. 

 

3.2. Selection of Decision-Making Units (DMU) 
 As the Decision Making Unit (DMU), the top 10 European 

International Airports in the list of the world's busiest airports, 

created by ACI according to the total number of passengers 

served in 2023, were included in the study. In the study, Code 

(International Air Transport Association-IATA) was given to 

all DMUs that will form the data set, as explained in Table 2. 

 (Times New Roman 10pt space space). 

Table 2. DMU Codingimes New Roman 10pt space space). 

Code (IATA) DMU 

LHR London Heathrow / England 

IST Istanbul / Türkiye 

CDG Paris Charles de Gaulle / France 

AMS Amsterdam Schiphol / Netherlands 

FRA Frankfurt Main / Germany 

MAD Madrid / Spain 

BCN Barcelona / Spain 

FCO Leonardo da Vinci-Fiumicino / Italy 

 (Times New Roman 10pt space). 

3.3. Selection of decision determining the model 
 DEA is a linear programming method used to measure the 

efficiency of production units. This method is particularly 

effective in situations where there are many inputs and outputs 

and is used to compare the performance of DMUs. 

 The method identifies the DMUs that obtain the maximum 

output using a given set of inputs and calls these units the 

efficient frontier. Other units are compared to this frontier to 

measure their efficiency levels. The main purpose of DEA is 

to evaluate the effectiveness of units and identify areas for 

improvement. 

 There should be a sufficient number of DMUs in DEA. 

Since too many input and output values will weaken the 

efficiency analysis, the number of inputs and outputs should 

not be overdetermined, and analysis should be done according 

to the number of DMUs (Dyson et.al.1990; Boussofianee et 

al., 1991). 

 In the DEA method, it is up to the decision maker whether 

the model will be input-based or output-based. If the decision 

maker wants to measure the same output with the least input, 

should prefer input-oriented models, and if the decision maker 

wants to measure the maximum return with the same amount 

of input, should choose output-oriented models (Charnes et al., 

1978). 
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 The CCR and BCC models can be used to evaluate the 

efficiency of DMUs with DEA. The CCR model developed by 

Charnes, Cooper, and Rhodes is based on the assumption of 

constant returns. In other words, changes in inputs results in 

changes in outputs at the same rate. The BCC model developed 

by Banker, Charnes and Cooper (1984) uses uses the variable 

return assumption. This model is more flexible and takes into 

account economies of scale. 

 While the CCR model calculates the total technical 

efficiency, the BCC model allows calculations to be made by 

separating technical efficiency and scale efficiency (Banker, 

Charnes and Cooper, 1984). The total technical efficiency 

(TE) value is obtained by the CCR model, and the net technical 

efficiency (STE) value is obtained by the BCC model. Scale 

Efficiency (SEE) can be calculated by comparing these values. 

Since the analysis is performed only for the observation set 

consisting of the examined DMUs, it evaluates the relative 

efficiency, not the absolute efficiency as can be calculated in 

engineering and basic sciences (Dyson et al.,1990). 

 DEA can be used in both input and output-focused ways. 

Input-focused DEA questions what the most appropriate 

inputs would be to reach a certain output level. In the output-

focused model, the maximum output combination that can be 

obtained with a certain input combination is analyzed. CCR 

and BCC models can be applied both input and output-

focused. Input-focused CCR and BCC models aim to obtain 

the most appropriate input combination to be used to produce 

a certain output combination. The output-focused CCR and 

BCC model examines to what extent outputs should be 

increased by keeping inputs constant. 

 Since it is desired to measure the maximum return with the 

same input amount, the output-oriented model was used in this 

study. The number of municipalities providing waste services 

in the province and the average amount of waste collected per 

capita are considered to be the factors that cause the amount of 

processed and disposed waste to increase.New Roman 10pt 

space). 

3.4. Selection of decision determining the model 
 According to the information and data mentioned above, 

10 major European International Airports were analyzed 

according to output-oriented CCR and BCC models. 

According to the analysis results, reference sets, effectiveness 

statuses, and improvement tables for the 2021-2023 period 

were given and interpreted. 

 The analyses were conducted using an output-oriented 

model to produce the maximum output given the same input 

criteria and to provide variable returns to scale (Kuah et al., 

2010).  Since this model aims to maximize the outputs to be 

produced in response to the current level of input, it is 

desirable to reach the reference unit level by making 

improvements in the variables in the output set. 

 The important point in interpreting the results is that the 

effectiveness scores determined as a result of the analysis are 

relative (Dyson vd.,1990). An airport's efficiency score of "1" 

does not mean that that airport is efficient. The efficiency 

found here is expressed only within the framework of input 

and output values when compared to other airports. 

 DEA is a powerful tool to evaluate the operational 

efficiency of an airport. This analysis evaluates how efficiently 

the resources (inputs) are used in the operation of an airport 

and how effective the outputs.  This analysis gives us an 

important view of the impact of air logistics and transportation 

on operational efficiency and effectiveness.  

 
4. Finding 
(Times New Roman 10pt space). 

 Within the scope of the study, statistics data regarding the 

input and output variables on the operational efficiency of 10  

major European International Airports over the 2021–2023 

period is shown in Table 3. 

 

Table 3. Efficiency scores of 10 European International Airports over the 2021–2023 period  

Code 

(IATA) 
Name Country Input_1 Input_2 Input_3 Input_4 Output_1 Output_2 Output_3 

AMS 
Amsterdam 

Schiphol 
Netherlands 2.787 375.000 1 6 1.172.652 139.854.407 4.510.358 

BCN Barcelona Spain 1.533 55.800 2 2 776.030 110.424.062 448.207 

CDG 
Paris Charles de 

Gaulle 
France 3.257 500.000 3 4 1.120.099 151.073.125 6.015.609 

FCO 
Leonardo da Vinci-

Fiumicino 
Italy 1.639 46.000 2 3 715.245 81.600.000 458.333 

FRA Frankfurt Main Germany 2.300 353.555 2 3 1.074.308 133.097.934 6.304.951 

IST Istanbul Türkiye 7.650 1.400.000 1 3 1.211.281 177.899.667 7.129.471 

LGW London Gatwick England 678 23.000 2 1 522.571 79.954.314 109.153 

LHR London Heathrow England 1.227 124.000 4 2 1.020.729 160.172.778 4.191.647 

MAD Madrid Spain 3.050 287.466 4 4 958.624 134.989.675 1.733.388 

MUC Münih Germany 1.575 53.000 2 2 740.000 91.255.399 740.600 

  

While evaluating the operational efficiency of 10 largest 

European International Airports with DEA, input-oriented 

CCR and BCC models were used. Output-oriented CCR and 

BCC models examine to what extent outputs should be 

increased by keeping inputs constant. The efficiency values 

obtained as a result of the analysis are given in Table 4. 
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Table 4. DEA application CCR-DEA detailed results 

Airports 
Code 

(IATA) 

Efficiency 

Score 
Benchmark 

Times as a 

Benchmark for 

Another 

Airport 

OUTPUTS 

Output_1 Output_2 Output_3 

Amsterdam 

Schiphol 
AMS 1 AMS (1) 0 1.172.652 139.854.407 4.510.358 

Barcelona BCN 1 BCN (1) 2 776.030 110.424.062 448.207 

Paris Charles de 

Gaulle 
CDG %79,44 

BCN (%23,08); 

FRA (%108,43); 

IST (%4,03); 

LHR (%8,24) 

0 1.476.837 190.164.284 7.572.187 

Leonardo da 

Vinci-Fiumicino 
FCO 1 FCO (1) 0 715.245 81.600.000 458.333 

Frankfurt Main FRA 1 FRA (1) 2 1.074.308 133.097.934 6.304.951 

Istanbul IST 1 IST (1) 2 1.211.281 177.899.667 7.129.471 

London Gatwick LGW 1 LGW (1) 0 522.571 79.954.314 109.153 

London Heathrow LHR 1 LHR (1) 2 1.020.729 160.172.778 4.191.647 

Madrid MAD %61,58 

BCN (%148,96); 

FRA (%24,96); 

IST (%0,43); 

LHR (%12,92) 

0 1.561.481 219.205.967 2.814.800 

Munich MUC 1 MUC (1) 0 740.000 91.255.399 740.600 

 

 

 

 When we examine the airports in Table 4 above in detail; 

According to the input-oriented CCR model, it was determined 

that Amsterdam Schiphol, Barcelona,  Leonardo da Vinci-

Fiumicino, Frankfurt Main, Istanbul,  London Gatwick, 

London Heathrow, and Munich Airports were among the 

airports with effective operational efficiency performances 

with an efficiency rate of "1", while the operational efficiency 

performances of other airports were not effective because their 

efficiency values were less than "1". It can be seen from Table 

4 that the total operational efficiency values of Paris Charles 

de Gaulle and Madrid Airports are quite low compared to other 

airports. 

 Paris Charles de Gaulle is among the inefficient airports 

with an efficiency rate of %79.4. When the reference column 

of the inactive Paris Charles de Gaulle Airport is examined, to 

become effective, without changing its inputs, it increases by 

%23,08 of the outputs of the Barcelona Airport, by %108,43 

of the outputs of the Frankfurt Main Airport, by % 4,03 of the 

outputs of the Istanbul Airport and by %8,24 of the outputs of 

the London Heathrow Airport. It must be increased the number 

of flights to 1,476,837, the number of passengers to 

190,164,284, and the amount of cargo to 7,572,187 tons. 

 Madrid is among the inefficient airports with an efficiency 

rate of %61.6. When the reference column of the inactive 

Madrid Airport is examined, to become effective, without 

changing its inputs, it increases by %148,96 of the outputs of 

the Barcelona Airport, by %24,96 of the outputs of the 

Frankfurt Main Airport, by % 0,43 of the outputs of the 

Istanbul Airport and by %12,92 of the outputs of the London 

Heathrow Airport. It must be increased the number of flights 

to 1.561.481, the number of passengers to 219.205.967, and 

the amount of cargo to 2.814.800 tons. 

 

Table 5. Ineffective Airports' Output Improvement Table  

Airports 
                       Outputs 

Output_1 Output_2 Output_3 

Paris Charles de 

Gaulle 
1.476.837 190.164.284 7.572.187 

Madrid 1.561.481 219.205.967 2.814.800 

 

 Improvements in the outputs of ineffective airports are 

given in Table 5 and the creation of the table is detailed in 

Table 6 for Paris Charles de Gaulle Airport and Table 7 for 

Madrid Airport, 

 

Table 6: Calculation of improvement table for Paris Charles de Gaulle Airport 

Airports 
Efficiency 

Score 

 Outputs 
Benchmark 

Output_1 Output_2 Output_3 

Paris Charles de Gaulle  %79,44 1.476.837 190.164.284 7.572.187 

Barcelona (%23);  

Frankfurt Main (%108) 

Istanbul (%4,03);  

London Heathrow (%8,24) 

Barcelona 1 776.030 110.424.062 448.207 

Frankfurt Main 1 1.074.308 133.097.934 6.304.951 

Istanbul 1 1.211.281 177.899.667 7.129.471 

London Heathrow 1 1.020.729 160.172.778 4.191.647 

Number of Flights: (776.030 x 0, 230804) + (1.074.308 x 

1,084211) + (1.211.281 x 0,04031) + (1.020.729 x 0,082415)  

≅1.476.837 

Number of Passengers: (110.424.062 x 0, 230804) + 

(133.097.934 x 1,084211) + (177.899.667 x 0,04031) + 

(160.172.778 x 0,082415) ≅190.164.284 

Amount of Cargo: (448.207 x 0, 230804) + (6.304.951 x 

1,084211) + (7.129.471 x 0,04031) + (4.191.647 x 0,082415) 

≅7.572.187 
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Table 7. Calculation of Improvement Table for Madrid Airport

Airports 
Efficiency 

Score 

 Outputs 
Benchmark 

Output_1 Output_2 Output_3 

Madrid  % 61,58 1.561.481 219.205.967 2.814.800 

Barcelona (%148,9);  

Frankfurt Main (%24,96); 

Istanbul (%0,43);  

London Heathrow (%12,92) 

Barcelona 1 776.030 110.424.062 448.207 

Frankfurt Main 1 1.074.308 133.097.934 6.304.951 

Istanbul 1 1.211.281 177.899.667 7.129.471 

London Heathrow 1 1.020.729 160.172.778 4.191.647 

Number of Flights: (776.030 x 1,489684) + (1.074.308 x 

0,249687) + (1.211.281 x 0,004377) + (1.020.729 x 

0,129220)  ≅1.561.481 

Number of Passengers: (110.424.062 x 1,489684) + 

(133.097.934 x 0,249687) + (177.899.667 x 0,004377) + 

(160.172.778 x 0,129220) ≅219.205.967 

Amount of Cargo: (448.207 x 1,489684) + (6.304.951 x 

0,249687) + (7.129.471 x 0,004377) + (4.191.647 x 

0,129220) ≅2.814.800 

 

 

Table 8. DEA application BCC-DEA detailed results  

Airports 
Code 

(IATA) 

Efficiency 

Score 
Benchmark 

Times as a 

Benchmark for 

Another Airport 

OUTPUTS 

Output_1 Output_1 Output_1 

Amsterdam 

Schiphol 
AMS 1 AMS (1) 1 1.172.652 139.854.407 4.510.358 

Barcelona BCN 1 BCN (1) 0 776.030 110.424.062 448.207 

Paris Charles de 

Gaulle 
CDG 1 CDG (1) 0 1.476.837 190.164.284 7.572.187 

Leonardo da 

Vinci-Fiumicino 
FCO 1 FCO (1) 0 715.245 81.600.000 458.333 

Frankfurt Main FRA 1 FRA (1) 0 1.074.308 133.097.934 6.304.951 

Istanbul IST 1 IST (1) 1 1.211.281 177.899.667 7.129.471 

London Gatwick LGW 1 LGW (1) 0 522.571 79.954.314 109.153 

London 

Heathrow 
LHR 1 LHR (1) 1 1.020.729 160.172.778 4.191.647 

Madrid MAD %88,03 

AMS (%38,25); 

IST (%5,28); 

LHR (%56,46);  

0 1.088.918 153.337.192 4.468.858 

Munich MUC 1 MUC (1) 0 740.000 91.255.399 740.600 

 When we examine the airports in Table 8 above in detail; 

According to the input-oriented BCC model, Madrid is the 

only ineffective airport with an efficiency rate of %88.03. 

When the reference column of inactive Madrid Airport is 

examined, to be effective, without changing its inputs, it 

increases by %38,25 of the outputs of the Amsterdam Schiphol 

Airport, by % 5,28 of the outputs of the Istanbul Airport, and 

by %56,46 of the outputs of the London Heathrow Airport. It 

must be increased to 1.088.918, the Number of Passengers to 

153.337.192, and the amount of Cargo to 4.468.858 tons. 

 Tables of Technical Efficiency, Pure Technical 

Efficiency, Scale Efficiency, and Returns to Scale according 

to the 10 Airports are given below.  

 

Tablo 9. Technical Efficiency, Pure Technical Efficiency, Scale Efficiency, and Returns to Scale Table 

orts 
Code 

(IATA) 
TE (CRS) PTE (VRS) SE RS 

Amsterdam Schiphol AMS 1 1 1 Constant 

Barcelona BCN 1 1 1 Constant 

Paris Charles de Gaulle CDG %79,44 1 %79,44 Decreasing 

Leonardo da Vinci-

Fiumicino 
FCO 1 1 1 Constant 

Frankfurt Main FRA 1 1 1 Constant 

Istanbul IST 1 1 1 Constant 

London Gatwick LGW 1 1 1 Constant 

London Heathrow LHR 1 1 1 Constant 

Madrid MAD %61,58 %88,03 %69,95 Decreasing 

Munich MUC 1 1 1 Constant 

 As a result of the analysis, total technical efficiency (with 

TE - CCR model), pure technical efficiency (with PTE - BCC 

model), and scale efficiency scores of the municipalities were 

obtained. When we examine Table 9, while 8 of the 10 airports 

(Amsterdam Schiphol, Barcelona, Leonardo da Vinci-

Fiumicino, Frankfurt Main, Istanbul, London Gatwick, 

London Heathrow, and Munich Airports) have total technical 
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efficiency (CCR-Effective), the total technical efficiency 

values of the other 2 airports are below 1 (CCR-Ineffective).  

 9 of the 10 airports (Amsterdam Schiphol, Barcelona, Paris 

Charles de Gaulle, Leonardo da Vinci-Fiumicino, Frankfurt 

Main, Istanbul, London Gatwick, London Heathrow, and 

Munich Airports) have pure technical efficiency (BCC-

Effective), while only one airport (Madrid) have pure technical 

efficiency values below 1 (BCC-Ineffective). Airports with 

both CCR and BCC efficiency scores of "1" obtain output at 

the optimal scale size. These are the airports with a scale 

efficiency score of "1", that is, scale efficient, operating under 

constant returns to scale, and 8 airports in the table 

(Amsterdam Schiphol, Barcelona, Leonardo da Vinci-

Fiumicino, Frankfurt Main, Istanbul, London Gatwick, 

London Heathrow and Munich Airports) achieved optimal size 

output. However, scale inefficiency depends on non-

operational, that is, completely non-management factors, and 

has the characteristics of increasing or decreasing returns to 

scale. 8 airports with increasing returns to scale (Amsterdam 

Schiphol, Barcelona, Leonardo da Vinci-Fiumicino, Frankfurt 

Main, Istanbul, London Gatwick, London Heathrow, and 

Munich Airports) produced less output while they could have 

produced more output with the same input amounts. In other 

words, they are in a position to produce more output by using 

their potential better. 

 According to the CCR model, the airport with the lowest 

score in terms of total efficiency is Madrid Airport with 

61.58%. This province has an inefficiency level of 38.42%, 

which is caused by not being able to use its resources 

efficiently, not reaching the most appropriate output and not 

being able to operate at an appropriate scale. 

 According to the BCC model, the airport with the lowest 

score in terms of pure technical efficiency is Madrid Airport 

with 88.03%. In other words, this province shows that the level 

of output that can be produced with its current resources is 

88.03%. In other words, the inefficiency level due to the 

inability to achieve maximum output with existing resources 

is at 11.97%. 

 Amsterdam Schiphol, Barcelona, Leonardo da Vinci-

Fiumicino, Frankfurt Main, Istanbul, London Gatwick, 

London Heathrow, and Munich Airports have produced the 

optimum output they can produce because they are in an 

efficient "1" state in terms of both total technical efficiency 

and pure technical efficiency. 

While the DEA model focuses on internal operational 

indicators, several external factors may significantly affect 

airport efficiency but are not captured directly in the model due 

to data limitations. These include: 

• Geopolitical events (e.g., Brexit, Russia-Ukraine 

conflict), which influence flight routes, international travel, 

and logistics corridors; 

• Environmental regulations, such as carbon emissions 

limits or noise abatement policies, which can restrict capacity 

utilization; 

• Technological developments, including automation in 

check-in, security, or cargo handling, which can drive 

efficiency gains. 

Recognizing these factors is important when interpreting DEA 

results. Although this study does not include external variables 

in the primary model, future research may adopt a two-stage 

DEA or integrated approach 

 

5. Conclusion and recommendations 
 

 In the application part of the study, according to the 

analysis outputs made with the output-oriented DEA model, 

the efficiency scores for the 2021-2023 period, results such as 

the effective airports and the reference status of these airports 

to other airports, the extent to which the ineffective airports 

can improve by reference to which airports and to what extent 

they should increase their output have been achieved. 

The operational efficiency of 10 major International Airports 

in Europe was measured and evaluated between 2021 and 2023 

using DEA. As a result of this application, it is seen which 

airports' operational efficiency is effective or ineffective. From 

this result, it was concluded that 2 of the 10 major European 

International Airports (Charles de Gaulle and Madrid 

Airports) were inactive in the 2021-2023 period. Two 

inefficient airports could produce more by making better use 

of their potential with the same input quantities, but not less 

during the period. However, many factors cause these 

potentials not to be used well. 
The DEA findings reveal that some major airports, notably 
Madrid and Paris Charles de Gaulle, exhibit lower relative 
efficiency scores. While these results are derived from 
quantitative input-output relationships, several underlying 
factors may contribute to these outcomes: 

• Madrid, for example, has a large physical area but 

comparatively lower cargo output, suggesting potential 

underutilization of resources. 

• Paris Charles de Gaulle may face operational complexity 

and congestion, which can negatively impact throughput 

efficiency. 

In contrast, airports such as Zurich and Amsterdam Schiphol 
score higher in efficiency. These airports may benefit from: 

• Streamlined terminal layouts and centralized operations; 

• Investment in automated systems for passenger and cargo 

handling; 

• More agile governance structures or public-private 

management partnerships. 

These qualitative factors, though not included in the DEA 
model, help contextualize the results. A more detailed multi-
criteria analysis or qualitative case study approach could 
further illuminate why certain airports outperform others 
despite similar infrastructural profiles.imes New Roman 10pt 
space). 
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1. Introduction  
 

The concept of sustainability has become one of the key 

topics discussed in almost all organizations in recent years and 

has been increasingly included in their discourse and actions. 

Increasing environmental, social and economic problems have 

become important within organizations, and these problems, 

which were previously addressed under corporate social 

responsibility, have now become strategically managed 

practices within the concept of sustainability. Practices that 

emerge in the production processes of organizations and harm 

the macro, micro, and internal environments are met with 

reactions from individual, national, and international actors. 

Responding to these reactions drives organizations more 

towards sustainable practices. At the same time, organizations 

aim to reduce costs through sustainability practices. In this 

sense, sustainability initiatives are no longer something 

organizations can afford to ignore. When literature and 

practices are reviewed, three different sustainability 

dimensions are generally encountered: environmental, social 

and economic. Organizations continue their sustainability 

efforts by addressing these three categories. 

Studies (e.g., Kılıç et al., 2022; Oncioiu et al. 2020; Abdi 

et. al., 2022)    argue that sustainability discourses and 

practices directly or indirectly affect the financial performance 

of organizations. The criteria that show how efficiently and 

effectively an organization uses its financial resources in a 

given period are evaluated as financial performance (Cavlak, 

2021). For this reason, sustainability initiatives, which are 

believed to affect efficiency and productivity, are also 

considered among the influencers of financial performance. 

Although sustainability is considered as an indicator of 

financial performance, it is also considered a way for 

organizations to legitimize themselves within their 

environment (Fahmi et. al., 2022). 

Legitimacy theory, which provides a theoretical foundation 

for understanding organizational behavior within societal 

contexts, posits that organizations continuously seek 

acceptance and approval from their stakeholders by 

conforming to social norms and values (Dowling & Pfeffer, 

1975). This conformity not only ensures survival but also 

enhances organizational reputation and stakeholder trust 

(Suchman, 1995; Bitektine, 2011). Within this framework, 

sustainability practices have gained importance as strategic 

tools for gaining and maintaining legitimacy, especially in 

sectors facing intense environmental scrutiny. 

One of the fundamental steps for organizations to maintain 

their existence on legitimate grounds is to act in accordance 

with the expectations of their stakeholders. From the 

perspective of legitimacy theory, it is suggested that 

organizations seek legitimacy by conforming to social norms 

and values, thereby achieving success. Not complying with 
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social expectations may carry reputational risks. To avoid 

these risks, organizations may act as if they are complying with 

societal expectations. These practices, often referred to as 

greenwashing, can also serve to legitimize the organization. 

The gap between sustainability discourse and actual practice is 

also discussed within the framework of legitimacy theory. 

The purpose of the present study, within the context of 

legitimacy theory, is to examine the effects of the 

environmental sustainability discourses of organizations 

operating in the aviation sector on their financial performance. 

The aviation sector, due to its global nature, struggles with 

both national and international pressures. Environmental 

sustainability significantly impacts the aviation sector and 

imposes responsibilities on the organizations involved.  

Previous research indicates that sustainability efforts not 

only contribute to environmental and social well-being but 

also function as mechanisms to reinforce institutional 

legitimacy, especially in industries with high environmental 

impact (López, Stahler, & Jonsson, 2017). The aviation sector, 

characterized by its substantial environmental footprint, serves 

as a critical context to explore how sustainability discourse 

influences financial outcomes while also shaping corporate 

legitimacy. 

In this context, the study analyzes the impact of 

environmental sustainability discourse on the financial 

performance of organizations operating in the aviation sector. 

The annual and sustainability reports of the top 30 airlines in 

the Skytrax 2024 ranking were examined using content 

analysis, and the data obtained were subjected to statistical 

tests. There are several reasons for selecting 30 companies. 

The top 30 airlines represent the largest and most influential 

actors in the industry. Therefore, it is essential to provide a 

relevant and representative sample to understand general 

trends and sustainability practices in the sector. Moreover, the 

reports of these airlines are generally publicly available and 

detailed, ensuring sufficient and reliable data for content 

analysis. The analysis results show that there is no significant 

relationship between environmental sustainability discourse 

and financial performance. This finding, in line with 

legitimacy theory, suggests that sustainability discourse is 

used as part of corporate legitimacy and reputation strategies 

rather than for financial gain. In addition, it has been found that 

the Skytrax ranking functions as a legitimacy tool shaped by 

factors beyond financial performance, and that the awards 

granted through this ranking are used similarly within 

legitimacy strategies. 

This study contributes to the literature by providing a 

theoretically grounded analysis of environmental 

sustainability discourse and its relationship with financial 

performance specifically within the aviation industry—a 

sector characterized by a significant environmental impact and 

intense regulatory and societal scrutiny. Unlike many previous 

studies that address sustainability in aviation without a solid 

theoretical framework, this research employs legitimacy 

theory to interpret sustainability efforts as strategic actions 

aimed at gaining and maintaining organizational legitimacy. 

This approach helps to reveal that sustainability discourse in 

the aviation sector functions more as a legitimacy and 

reputation strategy than as a direct driver of financial 

performance, highlighting the complex role of sustainability in 

corporate strategy. 

 

 

 

2. Conceptual Review 
 
2.1. Environmental Sustainability 

In order to understand and comprehend the concept of 

sustainability, it is essential to first examine the factors that led 

to the emergence of this concept. The increasing needs of 

humanity with the increase in population, the industrial 

revolution shaped by technological developments and the 

discussions in the supply-demand balance resulting from these 

changes/developments, the strategies that emerged as a result 

of the capitalist class's motivation to maximize profits, have 

led to the uncontrolled consumption of natural resources, while 

causing serious damage to the environment (Tıraş, 2012; 

Bolayır & Eroğlu, 2024; Belli & Çelik, 2022). This rapidly 

increasing destruction brings sustainability discussions to the 

agenda. 

The concept of sustainability, which was not widely 

discussed/discussed until the 1980s, has gained rapid 

momentum in recent years and has become multidimensional, 

based on the protection of forests dating back to 1713 (Şen et. 

al., 2018). 

The concept of sustainability has undergone many changes 

throughout history until it became multidimensional status. 

The concept of sustainability, which first addressed the need 

to manage forests without depletion (Carli, 2010), was 

expanded in scope with the environmental pollution problems 

that emerged as a result of industrialization in the 20th century 

(Bahçeci Başarmak & Görmez, 2019). In 1987, the Brundtland 

Report defined sustainability as "meeting the needs of the 

present generation without endangering the ability of future 

generations to meet their own needs" (WCED, 1987), adding 

a new dimension to the concept. With this definition, 

sustainability is not only an issue related to environmental 

pollution, but is primarily addressed as a development model 

that touches on every issue that may threaten the lives of future 

generations, including economic and social dimensions 

(Redclift, 2005). Development in industry has also made the 

issue of sustainability an issue in the business world. Until the 

1990s, businesses that acted solely for profit were required to 

consider their environmental and social impacts along with 

sustainability (Elkington, 1997). In the 21st Century, the 

United Nations (2015) included poverty, inequality, education, 

health and gender issues in the scope of the concept as a result 

of their studies on sustainability. Today, the concept has 

become universal and has come to the agenda of national and 

international organizations, placing studies such as climate 

change and green energy at the center of the concept of 

sustainability (Rockström et al., 2009). 

When this change in sustainability is examined, although 

there have been many developments from the beginning to the 

present, environmental sustainability has maintained its 

current status. Redclift (2005) mentions environmental 

sustainability as the consumption of natural resources, which 

are scarce resources, in a way that can meet the needs of future 

generations. In another definition that includes clean energy, 

reducing negative impacts on the environment, reducing 

carbon emissions, and turning to clean energy sources are 

presented as the basic elements of environmental sustainability 

(López et al., 2017). Based on these definitions, the aim of 

environmental sustainability is to prevent activities that 

degrade the environment, to use resources efficiently, and to 

work to ensure that ecosystems continue in a healthy way 

(Geng & Doberstein, 2008; Geng et al., 2012).  
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When the literature on environmental sustainability is 

examined, a comprehensive and multidimensional structure 

emerges. Goodland (1995) provides a foundational 

perspective on environmental sustainability by defining it as 

the maintenance of natural capital and ecosystem services. He 

emphasizes the necessity of respecting ecological limits and 

preventing the overuse of environmental sinks. His work laid 

the groundwork for later multidimensional sustainability 

frameworks by linking ecological health with long-term 

human well-being. Following this, Araújo et al. (2023), in their 

systematic literature review, emphasize the critical role of 

environmental innovation in corporate sustainability, 

demonstrating that green innovations significantly enhance 

environmental quality and economic performance. Similarly, 

Barbosa et al. (2021) analyze the conceptual foundations of 

environmental sustainability strategies and their impact on 

international markets. Aldowaish et al. (2022) provide a 

comprehensive overview of the integration of Environmental, 

Social, and Governance (ESG) elements into business models, 

focusing on the incorporation of the environmental component 

into business processes. Yang, Zhang, and Ye (2024) 

empirically examine the scaling of ESG performance and its 

relationship with corporate performance. In et al. (2024) offer 

a bibliometric analysis detailing the theoretical evolution of 

corporate sustainability research from 1973 to 2019, along 

with the impact of ESG on financial performance. 

 
2.2. The Concept of Financial Performance 

Businesses need to analyze their current financial situation 

in order to make decisions in economic, social and 

environmental dimensions. For this analysis, they measure 

their financial performance by calculating various financial 

ratios and applying multi-criteria decision-making methods. 

According to Verboncu and Zalman (as cited in Taouab et 

al., 2019), performance is defined as a specific result obtained 

in the fields of management, marketing and economics, which 

provides competitiveness, efficiency and effectiveness 

features to the structural and procedural components of 

businesses. Performance measurement is the process of 

measuring the effectiveness and efficiency of a business's past 

activities (Neely et al., 2005). According to Moullin (2007), 

performance measurement is the measurement of how well 

businesses are managed and the benefits they provide to their 

stakeholders with whom they have commercial relations. 

Financial performance is the measurement of the results of 

the activities of the companies and the policies they implement 

regarding their monetary situation. By measuring financial 

performance, the risk levels and financial positions of the 

companies can be determined. In addition, it can ensure the 

effective use of resources, the ability to make financing and 

investment decisions, and the correct evaluation of past 

performances (Uygurtürk and Korkmaz, 2012). 

Financial performance is not measured solely through a 

single method; instead, various financial indicators and models 

are utilized in the literature to capture different dimensions of 

organizational success. Commonly used measures include 

Return on Assets (ROA) and Return on Equity (ROE), which 

reflect a company’s ability to generate profit relative to its 

assets or equity (Delen et al., 2013). Tobin’s Q is another 

widely accepted metric, often employed to evaluate a firm's 

market-based performance and future growth potential (Chung 

& Pruitt, 1994). In addition, the Economic Value Added 

(EVA) model, developed by Stern Stewart & Co., is frequently 

used to assess value creation beyond traditional accounting 

profits (Stewart, 1991). Each of these techniques provides a 

different lens for evaluating how effectively an organization 

utilizes its resources to generate financial value. 

 

2.3. Legitimacy Theory 
Legitimacy theory posits that for organizations to gain 

legitimacy in society, they must operate in alignment with 

social values in order to gain legitimacy in society (Dowling 

and Pfeffer, 1975). Organizations must continue to operate in 

accordance with social values in order to survive. It is argued 

that Legitimacy is directly linked to organizational reputation 

and arises from social judgments (Bitektine, 2011). Suchman 

(1995), who discusses how important legitimacy is for the 

survival of organizations, explains legitimacy as the process of 

acceptance by the organization's stakeholders. 

Based on these explanations, it can be seen that the 

acceptance of legitimacy theory by the societies and 

stakeholders around the organizations is a critical factor for 

their long-term success. 

López, R., Stahler, A., & Jonsson, A. (2017), who consider 

sustainability within the framework of legitimacy theory, state 

that environmental sustainability is important for an 

organization to gain legitimacy (López, Stahler, & Jonsson, 

2017). Sustainability, especially with its environmental and 

social dimensions, emerges as an important strategy in 

increasing institutional legitimacy (Suchman, 1995). 

Deegan (2002) theoretically examines how companies' 

social and environmental disclosures help them gain societal 

acceptance and legitimacy. İlter (2022) examines how Koza 

Gold Mining Company uses its corporate social responsibility 

practices as a tool to gain organizational legitimacy, and it also 

touches upon the company's environmental policies. 

 
2.4. Environmental Sustainability Discourses and 
Financial Performance Relationship 

Aydıngülü-Sakalsız et al. (2025) stated in their study of 

251 enterprises that there is no significant relationship between 

the environmental performance of enterprises and their return 

on equity. While a considerable number of studies report no 

relationship between financial performance and sustainability 

performance (e.g. Jha & Rangarajan, 2020; Acar, 2021; 

Özdarak, 2021; Doğukanlı & Borak, 2020; Önder, 2017), there 

are also studies that identify a positive relationship between 

the two (e.g. Bäckström & Karlsson, 2015; Esteban-Sanchez 

et al., 2017; Hu et al., 2018; Ohaka & Obi, 2021; Emir & 

Kıymık, 2021; Düzer, 2018). 

When the studies for the aviation sector are examined, it is 

seen that there is no significant relationship between the 

variables in the studies addressing financial performance and 

sustainability performance. Abdi and Càmara-Turull (2020) 

examined the extent to which environmental, social and 

corporate governance data of companies affect their financial 

performance by using the financial and non-financial data of 

27 airline companies between 2013 and 2019. As a result of 

the research using the panel data analysis method, it was 

determined that the environmental and governance dimensions 

positively affect financial performance, but the social 

dimension affects financial performance to a lesser extent. 

In their study, Şişman and Çankaya (2021) aimed to 

measure the impact of environmental, social and corporate 

governance data on the financial performance of companies by 

using financial and non-financial data of 26 airline companies 

between 2010 and 2017. As a result of the research using the 

panel regression analysis method, it was determined that 
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environmental, social and corporate governance scores had a 

significant relationship only between active stability rates and 

did not have a significant relationship on the financial 

performance of the companies. 

Orazayeva and Arslan (2022) observed the relationship 

between environmental, social and corporate governance data 

and financial performance of companies by using financial and 

non-financial data of 33 airline companies between 2016 and 

2020. As a result of the research, it was determined that 

environmental, social and corporate governance scores did not 

have a significant impact on the financial performance of 

companies. 

Ay et al. (2023) investigated how corporate sustainability 

performance affected financial performance during the covid-

19 pandemic by using financial and non-financial data of 43 

airline companies between 2015 and 2021. As a result of the 

research using panel data analysis method, they determined 

that the financial performance of companies was negatively 

affected during the pandemic, but companies with high 

corporate sustainability performance were less affected by the 

negativities of this period. 

Based on all these explanations, the basic hypothesis of the 

study was developed as follows.  

H1: Environmental sustainability statements by companies 

operating in the aviation sector do not affect their financial 

performance.  

H1a: Environmental sustainability statements by companies 

operating in the aviation sector do not affect their return on 

assets. 

H1b: Environmental sustainability statements by companies 

operating in the aviation sector do not affect their return on 

equity.  

H1c: Environmental sustainability statements by companies 

operating in the aviation sector do not affect their net profit 

margin. 

H1d: Environmental sustainability statements by companies 

operating in the aviation sector do not affect their equity ratio.    

 
3. Methods 

 

This study employs a mixed methods approach to observe 

the relationship between environmental sustainability 

performance and financial performance in the aviation 

industry. Qualitative data were collected through content 

analysis and statistical analysis was performed on these data. 

The sample of the study consists of the top 30 airlines in the 

Skytrax ranking as of 2024. 

The data regarding the environmental sustainability 

discourses were obtained through content analysis of the 

sustainability reports of the companies for the year 2024 on 

their websites. Environmental sustainability is studied in 8 

categories as recycling, energy consumption, emissions, waste 

management, spills, environmental impacts, effluents and 

biodiversity These categories were developed by the Global 

Reporting Initiative (GRI) and serve to measure the 

environmental sustainability performance of the companies 

(Global Reporting Initiative, 2021). The data obtained through 

the content analysis conducted within these categories are 

evaluated for each company and total environmental 

sustainability scores are obtained. 

To measure financial performance, the financial reports of 

the top 30 airlines in the Skytrax 2024 ranking for the year 

2023 were used. These reports were obtained from the 

companies' websites and the Investing.com database. As a 

method, TOPSIS, a multi-criteria decision-making method, 

was applied for ratio analysis and financial performance 

ranking. 

Ratio analysis is defined as "the process of establishing 

mathematical relationships between accounts or groups of 

accounts in order to assess the economic and financial 

structure of the business" (Akdoğan and Tenker, 2007). In the 

study, profitability ratios and financial structure ratios were 

used as a result of observing the studies conducted to measure 

the impact of sustainable performance discourses on financial 

performance. The ratios and calculation formulas used are 

given in the table below. 

 

Table 1. Financial Performance Measurement Variables 
Financial Ratios  Calculation Formulas 

Return on Assets Ratios 

(ROA)  

Net Profit for the Period / Total 

Assets 

Return on Equity Ratios 

(ROE)  

Net Profit for the Period / 

Equities 

Net Profit Margin (NPM) Net Profit for the Period / Net 

Sales 

Equity Ratio (ER)  Equities / Total Assets 

 

TOPSIS (Technique for Order of Preference by Similarity 

to Ideal Solution), a multi-criteria decision-making method, is 

based on identifying the ideal and negative-ideal solutions and 

comparing the distance of each alternative from these 

solutions. It was developed by Hwang and Yoon in 1981 

(Papathanasiou et al., 2018). The method consists of 6 stages. 

These stages are (Ren et al., 2007; Kendirli et al., 2021); 

 

Step 1: Create the decision matrix 

Step 2: Edit the normalized decision matrix 

Step 3: Edit the weighted standard decision matrix 

Step 4: Calculate ideal and negative ideal solutions 

Step 5: Calculate the distance measures between 

alternatives 

Step 6: Calculate the similarity with the ideal solution 

 

4. Findings 
 

The findings regarding the environmental sustainability 

performance, based on the data obtained through the content 

analysis, are presented in Table 2.  

Significant differences are observed among companies in 

terms of environmental sustainability scores. While the highest 

score belongs to Cathay Pacific Airways with 9.75, some 

companies such as Hainan Airlines have very low scores 

(around 0.11), indicating limited environmental sustainability 

activities or discourse. Companies like Cathay Pacific 

Airways, Air France (8.13), Turkish Airlines (7.39), and 

Lufthansa (5.41) demonstrate more comprehensive 

environmental sustainability efforts or communicate more 

actively in this area compared to others. This may indicate that 

these companies place greater importance on their 

environmental responsibilities or are more actively seeking 

legitimacy in this field. On the other hand, some major airlines 

show lower performance in terms of environmental scores. For 

example, Emirates (1.81), Qatar Airways (1.83), and Swiss 

International Air Lines (1.5) have more limited sustainability 

discourse. These data reveal that environmental sustainability 

awareness and practices within the aviation sector are 

heterogeneous across companies; some prioritize 

sustainability more, while others have taken only limited steps 

in this area so far. 
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Table 2. Environmental Sustainability Performance of Airline 

Companies1 

  Business  
Environmental 

Score 

1 Qatar Airways 1 .83 

2 Singapore Airlines 5 .22 

3 Emirates 1 .81 

4 ANA All Nippon Airways 2 .65 

5 Cathay Pacific Airways 9 .75 

6 Japan Airlines 4 .59 

7 Turkish Airlines 7 .39 

8 EVA Air 2 .18 

9 Air France 8 .13 

10 Swiss Inter. Air Lines 1 .5 

11 Korean Air 5 .2 

12 Hainan Airlines 0 .11 

13 British Airways 3 .99 

14 Fiji Airways 0 .27 

15 Iberia 3 .87 

16 Vistara 3 .52 

17 Virgin Atlantic 1 .54 

18 Lufthansa 5 .41 

19 Etihad Airways 4 .25 

20 Delta Air Lines 2 .41 

21 Air New Zealand 3 .64 

22 Finnair 3 .22 

23 Qantas Airways 3 .25 

24 Oman Air 0 .34 

25 KLM Royal Dutch Airlines 4 .35 

26 Bangkok Airways 0 .85 

27 Austrian Airlines 3 .67 

28 Air Canada 0 .61 

29 AirAsia 3 .12 

30 China Southern Airlines 1 .33 

Total 100 

 

In addition, the results of the ratio analysis applied in the 

study, which reflect the financial ratios of the 30 airline 

companies, are presented in Table 3. 

Table 3 shows the key financial ratios of 30 airline 

companies, including Return on Assets (ROA), Return on 

Equity (ROE), Net Profit Margin (NPM), and Equity Ratio 

(ER). These ratios help us understand how profitable and 

financially healthy these companies are. 

ROA measures how effectively a company uses its assets 

to generate profit. We see that companies like Emirates 

(64.1%) and Oman Air (16.0%) have much higher ROA values 

compared to others, suggesting they use their assets more 

efficiently or have strong profitability. On the other hand, 

Virgin Atlantic and China Southern Airlines have ROA values 

——— 
1 "The data sources were obtained from the annual sustainability 

reports and annual reports of the companies included in the study 
sample. These reports were accessed from the companies' official 
websites." 

close to zero, which may indicate low profitability or losses 

during the period. 

 

Table 3. Ratio Analysis Results2 
 Business  ROA ROE NPM ER 

1 Qatar Airways 0 .037 0 .135 0 .076 0 .276 

2 Singapore Airlines 0 .058 0 .148 0 .141 0 .696 

3 Emirates 0 .641 0 .018 0 .010 0 .972 

4 ANA All Nippon Airways 0 .061 0 .165 0 .076 0 .293 

5 Cathay Pacific Airways 0 .043 0 .145 0 .091 0 .345 

6 Japan Airlines 0 .037 0 .109 0 .055 0 .358 

7 Turkish Airlines 0 .037 0 .379 0 .261 0 .435 

8 EVA Air 0 .080 0 .217 0 .122 0 .354 

9 Air France 0 .021 1 .690 0 .004 0 .014 

10 Swiss International Air Lines 0 .039 0 .174 0 .047 0 .214 

11 Korean Air 0 .038 0 .118 0 .611 0 .311 

12 Hainan Airlines 0 .019 0 .224 0 .025 0 .012 

13 British Airways 0 .060 0 .447 0 .081 0 .135 

14 Fiji Airways 0 .033 0 .635 0 .072 0 .052 

15 Iberia 0 .099 0 .883 0 .135 0 .113 

16 Vistara 0 .055 0 .420 0 .110 0 .142 

17 Virgin Atlantic 0 .000 0 .000 0 .000 0 .000 

18 Lufthansa 0 .148 0 .338 0 .433 0 .438 

19 Etihad Airways 0 .058 0 .127 0 .133 0 .454 

20 Delta Air Lines 0 .063 0 .415 0 .079 0 .151 

21 Air New Zealand 0 .015 0 .064 0 .037 0 .230 

22 Finnair 0 .069 0 .441 0 .085 0 .156 

23 Qantas Airways 0 .045 7 .462 0 .078 0 .006 

24 Oman Air 0 .160 0 .285 0 .165 0 .562 

25 KLM Royal Dutch Airlines 0 .056 0 .890 0 .059 0 .063 

26 Bangkok Airways 0 .054 0 .184 0 .143 0 .292 

27 Austrian Airlines 0 .148 0 .338 0 .433 0 .438 

28 Air Canada 0 .075 2 .859 0 .104 0 .026 

29 AirAsia 0 .106 2 .460 0 .132 0 .043 

30 China Southern Airlines 0 .000 0 .000 0 .000 0 .337 

ROE reflects the return shareholders get from their 

investments. Some companies such as Qantas Airways 

(746.2%) and Air Canada (285.9%) show extremely high 

ROE, which might be due to either very high profits or 

operating with low equity levels. However, the sustainability 

of such high ROE figures should be examined carefully. In 

contrast, companies like Virgin Atlantic with zero ROE may 

be experiencing financial difficulties. 

NPM indicates the percentage of revenue that turns into net 

profit. Korean Air stands out with a very high net profit margin 

(61.1%), indicating strong profitability per unit of sales. 

Meanwhile, some airlines like Air France (0.4%) and Virgin 

Atlantic (0%) have very low or zero net profit margins, 

possibly due to higher costs or operational challenges. 

2 The data were obtained from the financial statements published on 
the companies' official websites and from the investing.com 
website. 
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The ER shows the level of debt compared to equity. 

Airlines like Emirates (97.2%) and Oman Air (56.2%) have 

high debt ratios, implying higher financial risk and leverage. 

Conversely, some companies maintain low debt levels, such as 

Air France (1.4%) and Hainan Airlines (1.2%). 

Overall, the financial ratios highlight significant 

differences in profitability, financial structure, and operational 

efficiency among these airlines. These variations may reflect 

different business models, market conditions, or management 

strategies. They also suggest that while some companies 

manage to maintain strong financial performance, others face 

considerable challenges. 

Following this, Table 4 presents the financial performance 

rankings of the airline companies, as determined through the 

application of the TOPSIS method. 

An examination of Table 4 reveals that the Skytrax 

rankings and the financial performance rankings of the 

companies differ. For instance, Qatar Airways, which holds 

the first position in the Skytrax ranking, is placed 18th in terms 

of financial performance. Conversely, Qantas Airways ranks 

first in financial performance but is positioned 23rd in the 

Skytrax rankings. This indicates that while airlines may enjoy 

a strong reputation and positive market and customer 

perception, such esteem does not necessarily correspond with 

superior financial outcomes. 

 

The regression analysis for hypothesis H1 is given in Table 

5. 

Table 5 shows the results of the regression analysis related 

to the hypothesis. The dependent variable, environmental 

sustainability discourse, has no significant effect on the 

independent variable, financial performance. In this case, the 

H1 hypothesis is accepted. 

 

 

 

 

 

 

 

 

Table 4. TOPSIS Results 

Skytrax 

Ranking 
Business Ci 

Performance 

Ranking 

1 Qatar Airways 0 .047 18 

2 Singapore Airlines 0 .261 3 

3 Emirates 0 .422 2 

4 ANA All Nippon Airways 0 .052 16 

5 Cathay Pacific Airways 0 .072 13 

6 Japan Airlines 0 .077 11 

7 Turkish Airlines 0 .113 9 

8 EVA Air 0 .076 12 

9 Air France 0 .041 19 

10 Swiss International Air Lines 0 .028 21 

11 Korean Air 0 .059 15 

12 Hainan Airlines 0 .001 29 

13 British Airways 0 .012 27 

14 Fiji Airways 0 .006 28 

15 Iberia 0 .014 24 

16 Vistara 0 .013 25 

17 Virgin Atlantic 0 .000 30 

18 Lufthansa 0 .114 7 

19 Etihad Airways 0 .122 5 

20 Delta Air Lines 0 .014 23 

21 Air New Zealand 0 .032 20 

22 Finnair 0 .015 22 

23 Qantas Airways 0 .578 1 

24 Oman Air 0 .18 4 

25 KLM Royal Dutch Airlines 0 .012 26 

26 Bangkok Airways 0 .052 17 

27 Austrian Airlines 0 .114 7 

28 Air Canada 0 .116 6 

29 AirAsia 0 .086 10 

30 China Southern Airlines 0 .069 14 

             

Table 5. Effect of Independent Variable on Dependent Variables 

  Dependent Variables 

 Financial Performance 

  ROA ROE NPM ER Cİ 

Independent Variable β t β t β t β t β t 

Environmental Sustainability -0 .153 -0.806 0.019 -0.1 0.254 1.363 0.128 -0.67 0.015 0.079 

F 0 .65 0.01 1.858 0.448 0.006 

R2 0 .024 0 0.064 0.016 0 

* p<0.05 ** p<0.01 

5.  Conclusion and Discussion 
 

This study aimed to examine the impact of environmental 

sustainability discourses on the financial performance of 

airline companies operating in the aviation sector within the 

framework of legitimacy theory. Since this study employs both 

quantitative and qualitative methods, the research design is 

based on a mixed methods approach. The annual and 

sustainability reports of the top 30 airline companies in the 

Skytrax 2024 ranking were evaluated using content analysis; 

the extent to which companies addressed environmental 

sustainability issues is analyzed. 

The financial performance findings of the study have been 

interpreted in relation to key concepts within financial theory, 

such as capital structure, profitability, and market 

performance. For instance, variations in ROA (Return on 

Assets) and ROE (Return on Equity) ratios reflect how 

efficiently companies utilize their assets and equity. Within 

this context, financial theory posits that a high ROE indicates 
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a more efficient use of shareholders' equity, rendering the 

company more attractive to investors. 

However, the lack of statistically significant impact of 

environmental sustainability discourse on financial 

performance in our study suggests that sustainability 

initiatives may not yield immediate financial returns in the 

short term. This finding can be interpreted within financial 

theory as indicating that long-term investments and 

sustainability strategies may gradually generate positive 

effects on market perceptions and investor sentiment, but these 

effects may not be immediately observable in profitability and 

performance metrics. 

As a result of the analyses, the hypotheses developed in the 

study were accepted; in other words, it was concluded that 

environmental sustainability discourses in the aviation sector 

do not have a significant effect on financial performance. All 

the developed hypotheses were supported. This finding 

supports the fundamental assumptions of the legitimacy 

theory. Organizations appear to adopt environmental 

sustainability discourses primarily to maintain their social 

legitimacy rather than to achieve financial gains. Legitimacy 

theory emphasizes that organizations encounter fewer 

problems when they behave in accordance with the 

expectations of their external environment. Environmental 

sustainability is increasingly valued by stakeholders and 

organizational expectations in this regard are increasing. 

However, organizations that wish to maintain their existence 

must exhibit behaviors aligned with the norms established by 

national and international actors. Airlines, shaped by pressures 

from international institutions, invest in environmental 

sustainability initiatives to ensure their survival and to avoid 

sanctions. 

The findings of this study align with a significant portion 

of the existing literature that reports no statistically significant 

relationship between environmental sustainability efforts and 

financial performance. For instance, Aydıngülü-Sakalsız et al. 

(2025) found no significant relationship between 

environmental performance and return on equity in their study 

of 251 enterprises. Similarly, several studies (e.g., Jha & 

Rangarajan, 2020; Acar, 2021; Özdarak, 2021; Doğukanlı & 

Borak, 2020; Önder, 2017) indicate a lack of significant 

association between financial performance and sustainability 

performance. Focusing specifically on the aviation sector, 

previous studies corroborate the mixed evidence. For example, 

Abdi and Càmara-Turull (2020) observed that while 

environmental and governance dimensions positively 

influenced financial performance, the social dimension had a 

limited effect. Meanwhile, Şişman and Çankaya (2021) 

reported that environmental, social, and governance scores 

were only significantly related to active stability rates but did 

not significantly affect overall financial performance. 

Orazayeva and Arslan (2022) similarly found no significant 

impact of ESG scores on financial performance of airline 

companies. Consistent with these findings, this study also 

reveals that environmental sustainability discourses in airline 

companies do not have a significant impact on financial 

performance. 

Consequently, within the framework of legitimacy theory, 

the environmental sustainability discourses of airline 

companies can be evaluated as strategic communication tools 

aimed at preserving corporate legitimacy. 

These results should be interpreted within the limitations 

of the study. The primary limitation is that only the top 30 

airlines on the Skytrax 2024 list were analyzed. Moreover, the 

fact that Skytrax is a private research and rating organization 

raises concerns regarding the objectivity of the rankings, as the 

institution distributes awards based on these evaluations. To 

achieve higher rankings and receive awards, companies may 

shape their sustainability efforts strategically, aiming to 

enhance their perceived legitimacy. Another limitation is that 

the study focused solely on discourses rather than actual 

practices. Additionally, the analysis was restricted to 

environmental sustainability, excluding social and governance 

dimensions. 

Future studies using larger sample sizes would enhance the 

generalizability of the findings. Furthermore, considering the 

private and independent nature of Skytrax, future research 

could incorporate data from alternative ranking or rating 

organizations to establish more robust foundations for the 

results. Lastly, while this study concentrated on the 

environmental sustainability discourses of airline companies, 

future studies could also investigate the alignment between 

discourses and actual practices to provide a more 

comprehensive evaluation. 

Based on the findings of this study, recommendations have 

been proposed for airline companies, industry stakeholders, 

and policymakers. In particular, considering the limited direct 

impact of environmental sustainability practices on financial 

performance in the short term, it is advised that companies 

develop their sustainability strategies with a long-term 

perspective. Furthermore, investing in environmentally 

friendly technologies and operational improvements across the 

industry is essential. Policymakers, on the other hand, should 

focus on establishing regulations and incentive mechanisms 

that support sustainability standards. These recommendations 

aim to enhance both the competitive advantage of companies 

and the reduction of the aviation sector’s environmental 

footprint. 
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1. Introduction  
 

High costs, strong rivalry, and ever-changing market needs 

are challenges that the aviation industry, a significant part of 

the global economy, must contend with (Altuntaş & Kılıç, 

2021).  To address these problems and achieve long-term 

success, aviation companies are putting more emphasis on 

strategic factors like digitization (Meydan, 2023).  Recent 

years have seen a dramatic shift in the aviation industry as a 

result of digitalization's rapid adoption and integration, which 

has improved operational efficiency, competitiveness, 

customer happiness, and employment (Yavaş, 2022).  Türkay 

and Artar (2021) argue that in order to improve aviation 

operations, cater to passengers' demands and experiences, and 

boost non-aeronautical income, the aviation industry must 

increase its use of digital technology.   Aiming to attain a more 

efficient and adaptable structure, aviation corporations are 

utilizing digital tools and enhancing their digital infrastructure 

in response to the rapid acceleration of technological 

breakthroughs.  The necessity for adaptability and quick 

thinking has been accompanied by the benefits of 

digitalization.  Aviation companies must embrace digital 

technologies and have a framework that can swiftly adapt to 

new technology in order to stay ahead of the curve and create 

innovative solutions in the face of unpredictable global 

markets, external crises, and other challenges. 

By automating more of their operational operations, airlines 

want to reduce the likelihood of human mistakes and make 

better use of their resources.  Concurrently, technologies for 

optimizing customer experience that rely on data analytics, 

personalized apps, and AI-enabled services are proliferating.  

Airports are also leading the way in this change, reshaping the 

travel experience for passengers with innovations like 

contactless check-in, facial recognition technology, and self-

service luggage drop-off.  Travelers can enjoy faster and more 

convenient journeys and better security measures thanks to the 

digitization of touchpoints.  Airline transportation is led 

towards a more environmentally and financially sustainable 

future by these advancements (Alıcı, 2023). 
In the contemporary business environment, firms adopt 

agility as a strategic necessity due to the competitive pressure 
brought about by globalization, the need for fast market access, 
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and dynamic market conditions. Agile firms possess the 
capacity to proactively identify market opportunities, 
effectively mobilize their resources, and enhance their 
capacity to continuously create value through product, service, 
and market innovations (Sambamurthy, Bharadwaj, & Grover. 
2003). A study conducted in 2022 revealed that the global 
digital transformation market has attained substantial 
economic value, with an estimated size of 588 billion dollars. 
Projections indicate that this market will reach $3.4 trillion by 
2026. This growth trend is supported by the fact that 74% of 
organizations consider digital transformation a strategic 
priority (Omol, 2024). 

The aviation industry's digital transformation is seen as a 

key measure of its capacity to respond to innovation and 

change.  Considering both internal and external variables, the 

industry demonstrates a structure distinct from others, and it 

incorporates cutting-edge digital solutions into its operations 

at a rapid pace.  According to Meydan (2023), the aviation 

industry has emerged as a driving force behind digital 

transformation, with a heavy emphasis on digital applications.  

The idea of agility is also crucial during digital transformation.  

The ability to swiftly react to and adapt to shifting market 

situations is what makes agility such a valuable and vital 

system in contemporary management practices.  One 

advantage of an agile management style is the speed and 

effectiveness with which it can adapt to changing market 

conditions and meet the demands of customers (Karaman, 

2021). Employees' belief in the necessity and feasibility of 

change, as well as their willingness to go in this direction, are 

crucial to the effective implementation of change management 

procedures in organizations.  The transformation of persons is 

generally seen as the primary means via which organizational 

changes can take place, even though these changes typically 

manifest in areas like structures, hierarchy, or technology 

(Çalışkan, 2022).  In this light, it's fair to say that companies' 

abilities to adapt to new circumstances hinge on how well they 

can train their staff to embrace digital transformation and 

agility.  Taking all of this into account, businesses can better 

adjust to changing market conditions and even acquire a 

competitive edge if they cultivate a change-ready workforce or 

hire people with these traits. 

This study examines the mediating role of agility and the 

moderating role of openness to change in the effect of digital 

transformation processes on innovation in airline companies. 

It is known that digitalization practices provide a competitive 

advantage in the sector by increasing the innovation capacity 

of enterprises. However, the high costs of these practices may 

lead to differences in the speed and scope of airline companies' 

adaptation to digital transformation. This situation may require 

the development of strategies different from those of other 

companies, especially for airline companies following a low-

cost plan. The study aims to address the effects of these 

differences on innovation in detail. 

 

2. Theoretical Framework  
 

2.1. Digital Transformation 
Digitalization has grown into a major phenomenon that 

influences nearly every facet of modern life.  By discussing the 

connection between technology and communication, 

McLuhan recognized the consequences of the fast 

proliferation of technology in various fields.  The role of 

technology in the dynamics of organizations across sectors is 

significant.  From this vantage point, it's clear that digital 

transformation processes, quick innovation adaptation, and 

product usage are here to stay.  It is anticipated that all 

employees will embrace this change and cultivate an 

adaptation process within the framework of digital culture if 

technology is utilized in accordance with the goals of the 

industry (Kırdar & Karaoğlu, 2023).  Predicting the precise 

shape of future social structures is challenging due to the rapid 

growth of technology, which calls into question the ability of 

post-Industrial Revolutionary-era systems to handle new 

hazards.  Changes in society are unavoidable since the 

technology for digital transformation tracks the trends in the 

digital economy with lightning speed.  New ideas and 

technology can come into existence because of digital 

transformation, which is happening worldwide and is getting 

faster thanks to the industry 4.0 project (Türkay & Aktar, 

2021). 

Digital transformation denotes the processes of change and 

evolution within organizational cultures, enabling 

organizations to operate more efficiently and effectively in 

response to the demands of the digital era across social 

structures and industries.  Digitalization now extends beyond 

cultures and organizations to cover an ecosystem that includes 

items and machines.  This concept is defined by four 

fundamental elements: demands and mass customization, the 

significance of data and innovative business models, resource 

constraints and sustainability, and a focus on investment and a 

skilled workforce (Başar, 2023). 

Part of a company's strategy for renewal should include 

digital transformation, a process that is always changing.  

Innovation and flexibility are fostered in the ever-changing 

digital ecosystem by combining information, communication, 

and networking technology. This allows for large-scale 

reforms in business models, collaborative approaches, and 

organizational culture.  (Warner & Wager, 2019).  

Embracing technological breakthroughs, digital 

transformation allows firms to acquire a competitive edge and 

boost productivity by completely revamping their labor 

processes, business models, and operational procedures.  The 

shift from analogue to digital workflows and the incorporation 

of IT into every facet of a company's operations constitute this 

transformation.  Through digital transformation, companies 

can create new business models, lower operating expenses, 

and offer clients more personalized services.  In addition to 

boosting individual and company performance, it gives them a 

leg up in the market.  Companies that want to make this change 

must be adaptable and put money into people and their 

education.  The significance of digital technologies grows due 

to this change, which is linked to Industry 4.0, and it becomes 

essential for companies to endure in the long run (Akçay, 

2024). 

Since the 1990s, the airline industry has been undergoing a 

digital transition.  An early driver of digital transformation was 

improving communication between airlines and their 

customers.  In this setting, it is now feasible to access 

information like locations, aircraft routes, and timings through 

online platforms.  Travelers can now make reservations and 

purchase tickets directly through the website.   As a result of 

digitalization's improved communication, the aviation 

industry can do the following: better manage crises and 

disruptions; increase the number of service options and 

diversity; better utilize passenger support in marketing 

processes; facilitate integration with the external environment; 

boost brand value; create an efficient innovation process; 

increase resilience to market fluctuations; increase revenue 
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growth; strengthen brand image; and increase stock values.  

Among the significant outcomes of this process is the growth 

in income from supplementary services (Tamer, Şahin, & 

Kemik, 2024). 

 

2.2. Organizational Agility 
The concept of agility was first introduced in the 1990s to 

describe the ability of production organizations to respond 

quickly to changing customer demands and adapt to these 

changes. In the 2000s, this concept has expanded in meaning 

to include "the ability to anticipate and respond effectively to 

rapidly changing conditions" and "the ability to manage 

complex and interdependent relationships efficiently". Today, 

in an environment where the global economy is constantly 

changing and becoming increasingly complex, it is necessary 

for all organizations, including service sector organizations, 

government agencies and non-profit organizations, to keep 

their agility levels high (Bakan, Sezer, & Kara, 2017).  Agility 

can be defined as an organization’s ability to perceive, 

understand and anticipate changes occurring in the workplace; 

to respond quickly and effectively to sudden and unexpected 

changes; to seize environmental opportunities; and to both 

survive and grow in its environment (Sherehiy, 2008 as cited 

in Önalan, 2023, p.21). 

The capacity of organizations to swiftly and effectively 

react to unanticipated changes in their internal and external 

contexts is known as organizational agility.  For businesses to 

be considered agile, they must be able to respond rapidly and 

efficiently to shifting consumer preferences, technology 

developments, and other external factors to keep up with the 

competition and seize emerging market possibilities (Akkaya 

& Tabak, 2018).  Worley and Lawler (2010) state that 

organizational agility is defined as the ability of an 

organization to outperform expectations in terms of 

production, to successfully navigate unexpected changes, and 

to adjust to variations in internal and external resources 

(Karamolla, 2024). 

The characteristics of organizational agility have been 

categorized in various ways in literature.  Using the taxonomy 

put out by Sharifi and Zhang (2001), this research examines 

the many facets of organizational agility.  These include 

responding, flexibility, speed and competence.  A key 

component in a company's survival and ability to retain its 

competitive advantage is its capacity to adapt to new 

circumstances.  The fast technological advancements in the 

modern day mean that consumer wants and needs are ever 

evolving.  Companies can keep their edge in the market if they 

can react to these changes quickly and correctly.  The ability 

of businesses to react swiftly to signals from their surroundings 

is one way that responsiveness is defined by researchers 

(Zaheer & Zaheer, 1997).  Being able to anticipate and act 

upon changes in one's immediate surroundings is another way 

of putting it (Zhang & Sharifi, 2000). 

According to Shahaei (2008), as stated in Akkaya and 

Tabak (2018, p.188), flexibility is a key component of 

organizational agility. It is the ability of managers to 

successfully assess different processes and alternative ways to 

achieve goals while fostering agility within the firm.  An 

adaptable business is one that can maintain output while 

cutting costs (Kundi & Sharma, 2015).  Firms that can adapt 

to changing circumstances are better able to obtain the 

necessary skills (Nadkarni & Narayanan, 2007) and provide 

customers with a greater range of strategic options (Karamolla, 

2024). 

What we mean when we talk about speed is the capacity to 

finish operations as fast as possible. This includes things like 

being able to launch new products and services onto the 

market, making deliveries promptly, and getting things done 

as soon as possible (Sharifi & Zhang, 1999).  An organization's 

speed is also determined by how quickly it can respond to 

market needs, adjust to changes in new goods, and schedule 

the transfer of products and services.  Plus, it shows how long 

it takes to respond to outside forces (Kuleelung, 2015). 

To be competent, an organization must fully use its 

organizational agility capabilities.  Competence was described 

by Teece et al. (1997) as the ability to restructure 

organizational strategies in response to changes in the 

environment.  The ability of an organization to support and 

balance the components of agility is known as organizational 

competence (Çörekçioğlu, 2024).  One aspect of agility is 

competence, which indicates how well the other three aspects 

speed, flexibility, and responsiveness could collaborate.  The 

capacity of organizations to adjust, update, and reorganize 

their current skill sets in response to shifting internal and 

external environmental situations is a key component of 

competence.  According to Teece, Pisano, and Shuen (1997), 

organizations must not only continue their current activities 

but also enhance their basic capabilities and make them more 

dynamic to acquire a competitive advantage. 

 

2.3.  Organizational Innovation 
Major societal shifts, the economy, and technology are 

currently reshaping international trade.  Innovation, long-term 

growth, industrial competitiveness, and peak performance are 

essential in this setting for organizations to successfully adjust 

to changes (Gemici & Zehir, 2019). 

The constant stream of new ideas in the digital era 

highlights how important it is to incorporate change and 

advancement into every industry.  "Innovation" can indicate 

several things depending on context, however "change" and 

"development" are often used interchangeably.  Sometimes, 

change just means going backwards rather than forwards.  In 

this setting, the word "development" is more closely associated 

with innovation, but it is not a full substitute.  Oğuzhan (2021) 

explains that development usually goes hand in hand with 

ideas like revision and innovation encompasses both subtle 

alterations and significant overhauls.  The Oslo Guidelines 

(OECD, 2005) attempt to establish a common vocabulary in 

the scientific and technological fields, and innovation is 

defined as the introduction of a new or substantially improved 

product, process, marketing strategy, organizational method, 

or external relations, organizational structure, internal 

practices, or business procedures (Çağlıyan, Attar, & Külahlı, 

2021). 

One definition of organizational innovation is the capacity 

of an organization to bring new products or services to market 

or to establish new markets through the integration of 

innovative practices and procedures with strategic alignment.  

The idea here is the organization's ability to innovate as a 

whole and how well that ability meshes with long-term goals 

(Wang & Ahmed, 2004).  Products, services, business 

processes, management, and marketing systems can all benefit 

from organizational innovation, which seeks to adopt new 

ideas for firms and provide more value to consumers.  Business 

survival and competitive advantage depend heavily on new 

strategies, which is why researchers have long concentrated on 

organizational innovation.  Nevertheless, research in this area 

tends to focus on innovation from just one angle, neglecting to 
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incorporate a comprehensive strategy encompassing all 

aspects of innovation (Onağ & Tepeci, 2016). 

2.4. Openness to Change 
Organizations need to be nimble to keep up with the ever-

changing business landscape and keep their competitive edge.  

Uncertainty and worries, such as the fear of failing, may arise 

due to this change since it impacts on the responsibilities that 

employees play.  Some workers may resist change, while 

others may see it as a chance to improve and evolve. A key 

component for the success of organizational change is the level 

of openness to change among employees.  Openness to change 

is influenced by both individual and contextual factors. 

Individual elements include self-esteem, perceived control, 

and optimism. Contextual ones include things like access to 

knowledge, involvement, and social support.  One way to 

make change programs more successful is to encourage 

employees to be open and honest with one another (Wanberg 

& Banas, 2000).  

The absence of a predetermined course of action, the ability 

for both forward and backward movement, and the absence of 

value judgment are all hallmarks of a change process.  

According to Helvacı (2015) and Çağlar (2013), there are 

quantitative and qualitative changes in the overall elements or 

their relationships as compared to the previous scenario, and 

this process happens as a departure from the previous situation 

or behavior.  Managers need certain competencies to 

successfully oversee the change process.  A good change 

manager can see into the future, develop alternatives, have a 

positive outlook, and start the change process rolling.  The 

efficient execution of the change process also depends on self-

management, prioritization, organization, authority sharing, 

identifying important roles and responsibilities, and time 

management (Demirtaş, 2012). To implement organizational 

change, one must forego long-established practices in favor of 

more creative approaches that will allow one to reach one's 

objectives more rapidly.  The majority of organizational 

transformation projects fail, despite the fact that this topic has 

been studied extensively.  Being open to change means being 

ready to help bring about change, having faith that change can 

only bring about good things, and having an inclination to 

adjust to new circumstances.  If you want your planned change 

process to be successful, the authors say you need to be open 

to change.  Put simply, when people are receptive to change, 

organizations have a far better probability of implementing 

change (Canbolat & Karagöz, 2023). 

Openness to change is a notion that several scholars have 

approached and defined in different ways.  Özdemir (2000) 

states that, at its most basic level, being open to change means 

that either an individual or an organization has a structure that 

can accommodate change and shows a willingness to embrace 

it (Kılıç & Yavuz 2021).  A person who is open to change is 

one who welcomes and encourages organizational alterations 

while keeping a positive attitude toward the potential benefits 

of these changes.  To successfully execute planned 

organizational changes, it is crucial to have an open mentality 

(Miller, Johnson & Grau, 1994).  Negative attitudes towards 

change can be attributed to a variety of sources.  Individuals 

face elements including the fear of change and the ambiguity 

around its implications, as well as the concern of losing 

competencies that will be required following the transition.  

Reasons why people fight change include sticking to old 

habits, being afraid of the unknown, not having the right 

abilities for the new environment, and worrying about being 

powerless (Agocs, 1997).    

 

3. Literature Review and Establishment of Research 
Hypotheses 
 

Digital transformation enables organizations to become 

more innovative and efficient by integrating digital 

technologies into their business processes. The literature 

emphasizes that digital transformation has a positive and 

significant effect on organizational innovation, and digital 

transformation triggers organizational innovation by creating 

changes in business models (Şahin, 2023). In addition, Kohli 

& Melville (2018) stated that digital technologies facilitate 

information sharing and increase cooperation among 

employees, supporting the development of innovative ideas. In 

addition, it has been shown that organizations that can 

effectively manage the digital transformation process can 

respond faster to changing customer demands and thus 

increase their capacity to develop innovative solutions. 

Digital transformation increases the ability of organizations 

to adapt to rapidly changing environmental conditions. The 

literature states that digital technologies are critical in 

improving organizational agility. It is said that digital tools 

make decision-making processes more flexible by accelerating 

access to information, and this situation supports agility. It has 

shown that digitalization improves the capacity of 

organizations to respond quickly to changes and increases the 

ability to evaluate market opportunities. These findings 

indicate that digital transformation increases firms' chances to 

maintain their competitive advantage by supporting 

organizational agility (Özdemir, 2023). 

Yılmaz, (2024) indirectly addressed the relationship 

between organisational agility and innovativeness and 

concluded that innovativeness is an important factor that 

shapes individuals' ability to adapt to change and their 

perception of agility. In the study, environmental 

innovativeness stands out as an important factor supporting the 

perception of organisational agility. In this context, it is 

suggested that organisations should create a culture that 

promotes innovation and develop strategies by analysing the 

emotional attitudes of individuals in change management. 

Över (2021) reveals that agile organisations positively impact 

factors such as innovation and employee motivation and that 

this effect strengthens both the internal processes and external 

reputation of organisations. Agile corporate culture offers an 

indispensable structure for modern organisations to survive 

and succeed in a volatile and complex environment. 

The mediating role of organizational agility in the effect of 

digital transformation on organizational innovation is seen. 

Digital transformation enables organizations to increase 

innovation capacity by integrating digital technologies into 

their business processes. The literature states that digital 

transformation encourages organizational innovation by 

creating changes in business models and supports 

collaboration among employees by increasing knowledge 

sharing (Şahin, 2023; Kohli & Melville, 2018). In addition, 

digital transformation also plays a vital role in improving 

organizational agility, which is the ability to adapt to rapidly 

changing environmental conditions. In particular, it has been 

stated that digital technologies make decision-making 

processes flexible by providing fast access to information and 

increasing organizations’ capacity to evaluate market 

opportunities (Özdemir, 2023). 

This positive effect of digital transformation on 

organizational agility is combined with the direct contributions 
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of agility to innovation. Organizational agility is an element 

that strengthens individuals' ability to adapt to change and 

supports innovation (Yılmaz, 2024). All these findings show 

that the mediating role of organizational agility strengthens the 

effect of digital transformation on organizational innovation. 

Organizational agility is a critical factor contributing to 

achieving innovative outputs of the digital transformation 

process. 

In this context, the first hypothesis of the research is 

established as follows. 

H1: Organizational agility has a mediating role in the effect 

of digital transformation on organizational innovation. 

Datta, Rajagopalan, & Zhang, (2003) examined how CEOs' 

openness to change affects their propensity to make strategic 

change in their organisations and analysed the moderating 

effect of industry characteristics on this relationship. 

According to the results, CEOs with a high level of openness 

to change make more incredible strategic changes in their 

organisations; however, this effect varies depending on their 

industry structure. From this point of view, it can be examined 

how openness to change directs the relationship between 

digital transformation and organisational innovation. If the 

organisation's openness to change is high, digital 

transformation is more effective and can support innovation 

processes. However, when openness to change is low, it is 

difficult for digital transformation to transform into 

organisational innovation, and the organisation may tend to 

maintain the status quo. As in the study of Datta et al., the 

effect of openness to change is not decisive alone; contextual 

factors (e.g. industry structure, competitive environment, 

cultural factors) also shape this process. Although the study by 

Datta et al. (2023) does not examine the same variables as the 

current study, it supports the idea that openness to change is a 

critical moderating variable in organisational transformation 

processes. While the survey reveals that the CEO's openness 

to change determines its impact on organisational strategy, 

your current hypothesis questions how it affects the 

relationship between digital transformation and innovation. 

Both studies show that openness to change is not a stand-alone 

effect but can enhance or limit the power of change depending 

on the organisational context and environmental factors. 

In a study conducted by Ayar & Yıldız, (2023), the effect of 

organisational change cynicism on digital transformation was 

examined. The results show that organisational change 

cynicism negatively affects digital transformation. This 

finding implies that being open to change can positively affect 

digital transformation processes and support innovation.  In 

another study, the impact of digital leadership on innovative 

work behaviours and organisational learning was examined. 

The results show that digital leadership positively affects 

innovative work behaviours and organisational learning. This 

finding suggests that leadership and openness to change are 

important in increasing innovation in digital transformation 

processes (Morgül & Ataç, 2024). 

Gökcek, Erin, & Gölbaşı (2022), in a study titled "The 

moderating role of perceived risk in the relationship between 

innovativeness and satisfaction", investigated how the effect 

of perceived risk on consumer satisfaction is shaped by 

innovativeness. According to the study's main findings, 

although innovativeness is a factor that increases customer 

satisfaction, this effect is found to decrease when perceived 

risk is high. In other words, the level of risk perceived by the 

consumer in the online shopping process played a weakening 

role in the effect of innovativeness on customer satisfaction. 

With this approach, it can be considered a factor determining 

the strength of the relationship between openness to change 

and perceived risk. An individual who is open to change may 

also have a high level of perceived risk. The impact of digital 

transformation on organisational innovation may vary 

depending on the level of openness to change within the 

organisation. Suppose employees and managers in an 

organisation are open to change. In that case, digital 

transformation processes can be adopted more quickly, 

innovative practices can be adapted faster, and organisational 

innovativeness can be strengthened. However, when openness 

to change is low, digital transformation processes may find it 

challenging to transform into organisational innovation, just as 

perceived risk dampens customer satisfaction. This is because 

employees' and management's reluctance to adopt new 

technologies, processes and business methods may hinder 

innovation. 

In this context, the second hypothesis of the research was 

established as follows. 

H2: Openness to change has a moderating role in the effect 

of digital transformation on organisational innovativeness. 

 

4. Method and Findings 
 

This section provides an overview of the research model, 

the scales used in the questionnaire, the population and sample 

that made up the research, the demographic findings from the 

data analysis, particularly the findings regarding reliability and 

validity, and the methodology used to develop these findings. 

 

The theoretical model designed for the research is given in 

Figure 1. 

 

 
Figure 1. Research Model 

 

The study used the online survey technique as a data 

collection method. The questionnaire form was created 

through Google Forms and shared with the participants 

through professional platforms like LinkedIn. In addition, to 

reach the target group of the study, white-collar employees 

working in the airline industry, online groups and individual 

networks related to the sector were utilized. The questionnaires 

were prepared in a 5-point Likert scale format, and the 

participants were asked to assign a value ranging from 1 

(strongly disagree) to 5 (strongly agree) to each item. In total, 

data were collected from 421 participants. 

The study used the scale developed by Nadeem, Abedin, 

Cerpa, & Chew (2018) and adapted into Turkish by Sağlam 

(2021) to measure digital transformation levels. The scale 

consists of 8 items in total and evaluates the effects of digital 

transformation on business processes and organizational 

performance. A 10-item scale developed by Erdem, Gökdeniz, 
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& Mert (2011) was used to determine organizational 

innovativeness. This scale is designed to measure the capacity 

of organizations to adopt new ideas and technologies and their 

tendency to create an innovative culture. The 8-item 

organizational agility scale developed by Gürbüz & 

Hatunoğlu, (2022) was used to assess the ability of 

organizations to adapt to rapidly changing environmental 

conditions, flexibility, speed and efficiency. The 7-item scale 

developed by Çalışkan, (2022) was used to measure openness 

to change. This scale assesses individuals' attitudes towards 

change processes and their adaptation capacity.  These scales 

were used as the primary data source to test the study's 

hypotheses and to understand the relationships between digital 

transformation, organizational innovation, agility and 

openness to change. Scale items are presented in Appendix 1. 

The reliability and validity of the scales have been supported 

by previous studies in the literature and were re-evaluated in 

this study through statistical analyses. The data were analyzed 

using SPSS 23 and AMOS 23 software. 

The research population consists of the employees of the 

companies operating in the airline sector in Turkey. The 

convenience sampling method was selected as the sampling 

method. The sample of the research consists of 421 aviation 

employees. For the research, permission was obtained with the 

decision of Kastamonu University Social and Human Sciences 

Scientific Research and Publication Ethics Board dated 

07.01.2025 and numbered 1/50. Research data were collected 

between 15.01.2025-01.03.2025. 

Findings including some demographic information of the 

aviation employees included in the study are presented in 

Table 1 

 

 

Table 1. Demographic Findings 

Gender                  f           % 

Female 179 42.5 

Male 242 57.5 

Age f % 

18-25 38 9 

26-35 150 35.6 

36-45 138 32.8 

46-55 83 19.7 

56 + 12 2.9 

Education f % 

Secondary Education 11 2.6 

Associate degree 52 12.4 

License 267 63.4 

Master / PhD 91 21.6 

Duration of Employment f % 

0-5 years 176 41.8 

5-10 years 158 37.5 

10+ years 87 20.7 

Position f % 

Flight Crew (Pilot/Aircraft Engineer) 10 2.4 

Cabin Crew  131 31.1 

Air Traffic and Flight Operations (Air Traffic Controller / Flight Operations Specialist - Dispatcher / 

Meteorological Specialist 
56 13.3 

Ground Services (Passenger Services / Baggage Services / Apron Officer / Refueling Officer) 87 20.7 

Maintenance and Technical Services (Aircraft Maintenance Technician / Aeronautical Engineer) 65 15.4 

Air Cargo and Logistics (Air Cargo Operation Specialist / Logistics and Warehouse Management) 40 9.5 

Airline Management (Manager / Coordinator / Financial and Administrative Affairs and Human 

Resources) 
32 7.6 

Total 421 100 

     Of the aviation employees participating in the study, 242 

are male and 179 are female.  150 of them are between 26-35, 

138 of them are between 36-45, 83 of them are between 46-55, 

38 of them are between 18-25 and 12 of them are 56 and over. 

267 of them have bachelor's degrees, 91 of them have 

master's/PhD, 52 of them have associate degrees and 11 of 

them have secondary education. When the working period is 

analyzed, 176 of them have been working in the sector for 0-5 

years, 158 for 5-10 years and 87 for more than 10 years. Of the 

aviation employees, 131 work in Cabin Crew, 87 in Ground 

Services, 65 in Maintenance and Technical Services, 56 in Air 

Traffic and Flight Operations, 40 in Air Cargo and Logistics, 

32 in Airline Management and 10 in Flight Crew. 

Prior to evaluating the research hypotheses, the construct 

validity, convergent validity, reliability, and composite 

reliability of the scales included in the study were assessed. To 
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assess construct validity, exploratory component analyses 

were performed, particularly due to the adaption of foreign 

language measures into Turkish. The skewness and kurtosis 

values of the descriptive statistics were analyzed to ascertain 

if the scales satisfy the normal distribution criterion. 

The results of exploratory factor analysis and descriptive 

statistics are presented in Table 2. 

 

 
Table 2. Exploratory Factor Analysis and Descriptive Statistics Finding 

 Digital Transformation Factor Load Skewness Kurtosis Mean Std. Deviation 

DT1 0.785 -0.916 0.494 3.743 0.9835 

DT2 0.871 -0.91 0.465 3.827 0.9884 

DT3 0.805 -0.927 0.383 3.924 0.9899 

DT4 0.865 -0.898 0.36 3.841 0.9956 

DT5 0.813 -0.842 0.13 3.85 0.9923 

DT6 0.778 -0.737 -0.272 3.774 1.0551 

DT7 0.788 -0.883 0.324 3.798 1.0418 

DT8 0.783 -0.834 0.136 3.789 1.0284 

KMO: .939  χ Square:2164.478   df:28 sig.:.000  Tot. Variance Explained: %65.880 

Organizational Agility Factor Load Skewness Kurtosis Mean Std. Deviation 

OA1 0.74 -0.612 -0.292 3.641 1.0175 

OA2 0.77 -0.764 -0.059 3.881 0.9857 

OA3 0.781 -0.869 0.361 3.86 0.9817 

OA4 0.805 -0.77 0.121 3.834 0.9491 

OA5 0.784 -0.898 0.297 3.784 1.0297 

OA6 0.833 -0.759 0.208 3.846 0.9449 

OA7 0.765 -0.861 0.382 3.798 0.9659 

OA8 0.75 -0.79 0.318 3.734 0.9979 

KMO: .913  χ Square:1813.490  df:28 sig.:.000  Tot. Variance Explained: %60.680 

Organizational Innovation Factor Load Skewness Kurtosis Mean Std. Deviation 

OI1 0.776 -0.825 0.09 3.715 1.0069 

OI2 0.79 -0.702 -0.353 3.838 0.9723 

OI3 0.826 -0.636 -0.008 3.767 0.9325 

OI4 0.797 -0.766 0.003 3.667 1.0182 

OI5 0.788 -0.61 -0.447 3.805 0.9437 

OI6 0.737 -0.865 0.359 3.798 0.9806 

OI7 0.813 -0.887 0.443 3.822 0.9557 

OI8 0.79 -0.759 0.186 3.791 0.9279 

KMO: .914  χ Square:1938.855  df:28 sig.:.000  Tot. Variance Explained: %62.403 

 Openness to Change Factor Load Skewness Kurtosis Mean Std. Deviation 

OC1 0.698 -0.866 0.705 3.8741 0.93137 

OC2 0.792 -0.833 1.334 3.8765 0.8389 

OC3 0.81 -0.769 1.272 3.9002 0.82203 

OC4 0.837 -1.005 1.722 4.1116 0.80438 

OC5 0.819 -0.759 0.492 3.9549 0.91306 

OC6 0.794 -0.792 0.441 3.7696 0.95948 

OC7 0.772 -0.859 0.648 3.9026 0.93987 

KMO: ,879  χ Square:1663.659  df:21 sig.:.000  Tot. Variance Explained: %62.409 

As a result of the analysis, factor loading values for all scale 

items were above 0.50. Kaiser-Meyer Olkin Sampling 

Adequacy Test (KMO) value was determined as 0.929 for 

digital transformation, 0.913 for organizational agility, 0.914 

for organizational innovation and 0.879 for openness to 

change. Barlette's Sphericity test was found to be significant 
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since the significance level obtained for the chi-square values 

was less than 0.05. The fact that the KMO values are greater 

than 0.70 and Barlette's test is significant indicates that the 

sample size is sufficient and appropriate for factor analysis. In 

addition, it was determined that the digital transformation scale 

explained 65,880% of the total variance, the organizational 

agility scale explained 60,680% of the total variance, the 

organizational innovativeness scale explained 62,403% of the 

total variance and the openness to change scale explained 

62,409% of the total variance. When the skewness and kurtosis 

values of the scale items were analyzed, it was seen that they 

took values in the range of -2 and +2. Therefore, the data also 

meet the prerequisite of normal distribution for the analysis 

(Meidute-Kavaliauskiene et al., 2021). 

Confirmatory factor analysis was conducted for both 

construct validity, convergent validity and component 

reliability. The goodness of fit values for the scales determined 

as a result of confirmatory factor analysis are reported in Table 

3. 

Table 3.  Scales Goodness of Fit Values 
Scale χ2/df GFI CFI TLI NFI RMSEA 

Acceptable 

Criterion 
≤5 ≥.85 ≥.90 ≥.90 ≥.90 ≤.08 

Digital 

Transformation 
3.244 0.961 0.979 0.971 0.97 0.073 

Organizational 

Agility 
3.531 0.965 0.976 0.961 0.967 0.078 

Organizational 

Innovation 
3.483 0.963 0.977 0.964 0.968 0.077 

Openness to 

Change 
2.706 0.979 0.986 0.971 0.981 0.073 

 

Goodness of fit metrics, including χ2/df, GFI, CFI, TLI, 

NFI, and RMSEA, were determined to meet acceptable values 

by confirmatory factor analysis (Meidute-Kavaliauskiene et 

al., 2021). 

Reliability analysis was conducted after confirmatory factor 

analysis. In addition, average variance explained (AVE) and 

composite reliability (CR) values were calculated to test 

convergent validity. The findings of the validity and reliability 

analyses are presented in Table 4. 

 

Table 4.  Validity and Reliability 

Scale AVE CR 
Cronbach’ 

Alpha 

N of 

Items 

Digital 

Transformation 
0.61 0.98 0.925 8 

Organizational 

Agility 
0.54 0.9 0.907 8 

Organizational 

Innovation 
0.56 0.91 0.913 8 

Openness to 

Change 
0.54 0.89 0.897 7 

 

All scales achieved Cronbach's Alpha coefficient values of 

0.80 or higher as a consequence of the reliability investigation. 

The reliability of the scales is demonstrated by this finding. It 

is recommended that CR values be higher than 0.70 and AVE 

values be higher than 0.50. According to the results, the 

reliability, composite reliability, and convergent validity 

requirements are met by the scales (Hayes, 2018). 

Process Macro test was conducted to test the mediating role 

of organizational agility in the effect of digital transformation 

on organizational innovation. The related method was 

developed by Hayes (2018). The findings of the mediation test 

are given in Figure 2. 

 
 

Figure 2. Mediation Test Findings 

As a result of the Process Macro mediation test, firstly, the 

effect of the independent variable digital transformation, 

which is path a, on the mediating variable organizational 

agility was examined. As a result of the analysis, it was 

determined that the effect was significant. The fact that the 

effect is significant is also understood from the fact that both 

the t value is greater than 1-96 and the lower and upper values 

of the confidence interval do not contain zero values. The R2 

value was found as 0.7589. This value shows that 75.89% of 

organizational agility is explained by digital transformation. 

Then, the effect of the mediating variable, organizational 

agility, which is path b, on the dependent variable, 

organizational innovativeness, was examined. As a result of 

the analysis, it was found that this effect was also significant. 

When the effect of the independent variable digital 

transformation on the dependent variable organizational 

innovativeness was examined, it was found that this effect was 

also significant. The R2 value was obtained as 0.7612. This 

finding shows that 76.12% of organizational innovativeness is 

explained by digital transformation and organizational agility. 

This high level of explanatory power indicates that the 

effect of the variables in the model (especially digital 

transformation and agility) on organisational innovativeness is 

quite strong and that these relationships are consistently 

observed in the sample group. In practical terms, this finding 

suggests that supporting digital transformation strategies in 

airline companies with not only technological but also cultural 

and structural transformation efforts can significantly increase 

innovation capacity. In particular, companies that build agile 

structures and develop an organisational culture that is open to 

change can gain an advantage in sectoral competition by using 

the opportunities offered by digitalisation more efficiently. 

 To examine the significance of the total effects, the effect 

of the independent variable digital transformation, which is 

path c in the absence of mediating organizational agility, on the 

dependent variable organizational innovativeness was 

examined. This effect was also found to be significant. Then, 

to determine the significance of the indirect effects, the results 
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of the indirect effects when the mediator variable 

organizational agility was included in the model were 

examined. Indirect effects were also found to be significant. To 

see the strength of the mediation effect, the effect size (K2) 

value was examined. The value was obtained as 0.5281. Since 

this value is close to 0.25, it is concluded that there is a high 

effect. Therefore, organizational agility has a high mediation 

effect. As a result of the mediation test, hypothesis H1 was 

supported. 

To test the moderating role of openness to change in the 

effect of digital transformation on organizational 

innovativeness, Process Macro analysis was conducted. The 

findings of the analysis are given in Table 5. 

 

Table 5.  Moderator Effect Analysis Findings 

  B se t p 

 

%95CI 

(LLCI – ULCI) 

Constant 0.337 0.4804 0.7016 0.4834 -1.2812 0.6072 

Digital 

Transformation 
1.0164 0.1267 8.0202 0 0.7673 1.2656 

Openness to 

Change 
0.3101 0.122 2.542 0.0114 0.0703 0.5498 

Interaction 0.0656 0.0321 2.0426 0.0417 0.1288 0.0025 

R square:0.6798 F (3.417):295.0405 p:0.0000 

 

As a result of the moderator analysis, it was found that 

digital transformation, openness to change and the interaction 

variable consisting of the product of both have a significant 

effect on organizational innovativeness at the same time. The 

fact that the effect is significant is understood from the fact that 

both the t value is greater than 1.96 and the lower and upper 

values of the confidence interval do not contain zero values. 

This finding shows that openness to change plays a moderating 

role that changes the effect of digital transformation on 

organizational innovativeness.  

The moderator effect is shown in Figure 3. 

 

 
 

Figure 3. Openness to Change Moderator Effect 

 

Figure 3 shows that as digital transformation increases, 

organizational innovation also increases. At both low and high 

levels of openness to change, high digital transformation 

increases organizational innovation. In the case of high 

openness to change, the slope is greater, i.e. organizations that 

are open to change benefit more from digital transformation. 

Digital transformation promotes organizational innovation. 

Openness to change is a moderating variable that strengthens 

this effect. Organizations that are open to change gain more 

innovation gains from digital transformation. Although digital 

transformation is effective in organizations with low openness 

to change, its impact is more limited. 

As a result of the analysis, H2 hypothesis was supported. 

 

5. Conclusion and Recommendations 
 

According to Türkay and Artar (2021), the significance of 
digital transformation in the aviation industry is steadily 
growing.  Businesses here and around the world are beginning 
to adapt to the new digital landscape.  Companies work hard 
to make the most of the possibilities presented by ICTs so that 
they can meet the ever-evolving demands and expectations of 
their customers.  To reach their growth ambitions, 
organizations are not satisfied with just meeting client 
expectations. They are restructuring their organizational 
structures and reinventing their business processes by 
integrating digital technologies.  A rising number of countries 
and enterprises are participating in the integration process, 
which is opening up new possibilities in the realms of 
technology, digital transformation, and business.  Here, 
companies must know where they are in terms of digital 
transformation if they want to do better; even a rudimentary 
degree of transformation gives companies a leg up in the 
marketplace (Tan, 2023).  Cultural factors like agility, 
flexibility, and openness to change in organizations should 
also be considered during the digitalization process. This is 
especially true for employees and managers, who must be open 
to change for digital transformation to yield innovative 
outputs.  Currently, organizational agility is a key mediator 
that helps bring about quick decision-making processes, 
adaptability, and a competitive edge. 

This research aims to measure the moderating role of 
openness to change mediated by organizational agility in the 
effect of digital transformation processes on organizational 
innovativeness in airline companies. 

Integrating digital technologies into business processes 
contributes to organizations becoming more innovative and 
efficient. In the literature, it is stated that digital transformation 
optimizes processes by creating changes in business models 
and encourages innovation by increasing knowledge sharing 
(Şahin, 2023). Innovation is a critical element for businesses 
to maintain their competitive advantage, and digitalization 
accelerates this process and enables organizations to develop 
innovative approaches. 

Digitalization improves organizations’ agility capabilities 
by enabling them to better adapt to rapidly changing market 
and environmental conditions. Existing studies show that 
digital technologies make decision-making processes flexible 
by accelerating access to information and thus contribute to the 
faster response of organizations to changes (Özdemir, 2023). 
This situation enables firms to gain a flexible and dynamic 
structure in a competitive environment. 

By enhancing the capacity to swiftly react to evolving 
market circumstances and grab fresh opportunities, 
organizational agility bolsters the innovation process.  
According to the research, agile companies boost employee 
motivation, which in turn fosters an environment that is 
conducive to new ideas and inventions (Yılmaz, 2024). It is 
emphasized that agility helps organizations gain a strong 
reputation in the external environment as well as increase 
efficiency in internal processes. 

While digital transformation increases the innovation 
capacity of organizations, organizational agility accelerates 



JAV e-ISSN:2587-1676                                                                                                                                                     9 (2): 454-466 (2025) 

463 

 

this process and creates a more flexible and adaptable 
innovation environment. In the literature, it is stated that the 
integration of digital technologies into business processes 
accelerates the flow of information and facilitates 
organizations to adapt faster to changing environmental 
conditions (Şahin, 2023; Kohli & Melville, 2018). 
Organizational agility enables innovation to be sustainable by 
making it possible to make more effective use of the 
opportunities created by digital transformation. 

Organizations that are open to change encourage innovation 
by managing digital transformation processes more 
effectively. In the literature, it is stated that the openness of 
leaders and employees to change is a critical factor in 
organizational transformation processes (Datta et al., 2003). 
While high openness to change strengthens the positive impact 
of digital transformation on innovation, low openness to 
change may limit innovation by causing organizations to tend 
to maintain their current situation. In addition, it is emphasized 
that leadership approaches and corporate culture are decisive 
in this process and the success of digital transformation largely 
depends on the degree of openness to change within the 
organization (Morgül & Ataç, 2024). 

In this framework, the hypotheses put forward in the 
research comprehensively address the relationships between 
digital transformation, organizational agility, innovation and 
openness to change and provide an important framework for 
understanding how organizations are transformed in 
digitalization processes. 

The research findings revealed that digital transformation 
positively affects organizational innovativeness, and 
organizational agility plays a mediating role in this process. 
Digital transformation can encourage organizations not only to 
make technological investments but also to develop new 
business models by creating an innovative business culture. In 
this direction, it can be seen that businesses that effectively 
manage digital transformation processes invest more in 
innovative strategies to maintain their competitive advantage. 
In addition, it can be said that digitalization not only 
accelerates processes but also creates an environment that 
encourages innovation by increasing the creativity of 
employees. 

The findings show that organizational agility plays a 
positive role in the relationship between digital transformation 
and innovation. It can be seen that firms with high 
organizational agility respond more effectively to changing 
customer expectations by adapting faster to uncertain market 
conditions. Increasing agility is not only limited to making 
business processes flexible but also directly related to 
strengthening communication channels within the 
organization and making decision-making processes faster and 
more effective. This increases the effectiveness of digital 
transformation investments and can support the sustainable 
innovation performance of businesses. 

A restraining element in the relationship between digital 
transformation and organizational innovativeness is readiness 
to change, according to the research. Companies that are more 
adaptable to new ideas and methods are better able to reap the 
benefits of digital transformation. The effect of leadership 
styles and company culture on digital transformation is further 
illustrated by this. The literature stresses that to successfully 
execute innovation, an organizational structure that is 
receptive to change must be in place. However, organizations 
that are resistant to change have less capacity to undergo 
digital transformation and innovate. These results indicate that 
investments in technological infrastructure are important, but 
that organizational culture, staff adaptability, and leadership 

styles are equally crucial to successful digital transformation 
initiatives. 

Both theoretical and practical research can benefit from the 
acquired results. While this helps shed light on the connection 
between digital transformation and innovation in theory, it 
becomes clear that in practice, companies must take 
organizational agility and change readiness into account when 
formulating digital transformation plans. In this light, 
businesses should view digital transformation as a process of 
strategic transformation as much as a process of technological 
adaptation. In addition to providing useful information for 
researchers in the future, the study's results lay the groundwork 
for a thorough investigation of how digital transformation 
techniques affect businesses in the long run. 

In line with the findings of this study, the relationships 
between digital transformation, organizational agility, 
innovativeness and openness to change are discussed in the 
aviation sector and various suggestions are presented for both 
academic studies and stakeholders in the sector. 

The aviation industry stands out with its high safety 
standards, dynamic operational processes and the need to adapt 
quickly to technological developments. In this context, 
effective management of digital transformation processes is 
important in terms of passenger satisfaction, flight safety and 
optimization of logistics processes while increasing 
operational efficiency. The findings of the study show that 
digital transformation increases organizational innovation in 
the aviation sector and agility plays a mediating role in this 
process. Accordingly, organizations operating in the aviation 
sector may need to develop strategies to increase their 
organizational flexibility while investing in digital 
technologies. 

One could argue that the aviation sector places a premium 
on organizational agility, particularly when it comes to 
handling crises, responding to emergencies, and making quick 
decisions. Improved and quicker management of operational 
procedures is a direct result of digitalization's ability to speed 
up the flow of instant data, which in turn improves 
communication among pilots, air traffic controllers, ground 
services, and maintenance teams. Consequently, businesses in 
the aviation industry can boost their agility by making good 
use of digital technologies in HRM, training, and decision-
making, in addition to operational operations. 

The results show that a receptive attitude toward change 
enhances the correlation between digital transformation and 
innovation within organizations. Because of its structure, the 
aviation business must be able to quickly adjust to new 
security procedures, technological developments, and 
international legislation. Hence, the effectiveness of digital 
transformation initiatives can be altered by making workers 
more receptive to new ideas and approaches. Pilots, flight 
attendants, technicians, and air traffic controllers are among 
the most important professionals in the aviation industry. 
Therefore, it's crucial that they take part in ongoing training 
programs to help them adjust to the digital revolution. By 
making it easier for workers to adapt, digital tools like 
simulation-based training, AI-supported decision-making 
systems, and big data analytics can help increase the adoption 
of new solutions. 

Leadership and corporate governance strategies in the 
aviation sector should also be conducive to digital 
transformation for these processes to be effective. To help 
people adjust to transformation processes, senior management 
should create a vision that promotes digitalization and 
innovation. Employees can be better educated about digital 
technologies and less resistant to change if there are 
participatory decision-making mechanisms, technology-based 
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internal communication platforms, and interactive training 
programs. 

More research into the ways digital transformation has 
affected various aviation sector business lines is needed for 
future studies.  Airport operations, flight planning, air traffic 
management, and customer relations are just a few areas that 
have seen digitalization-induced changes that can provide light 
on the industry's future demands.  Human resource 
management strategies in the aviation sector can also benefit 
from more in-depth research on how digital transformation 
processes impact workers' happiness on the job, stress levels, 
and productivity. 

Rules should be developed in accordance with international 
norms and laws if digital transformation activities are to be 
effectively implemented in the aviation sector. The aviation 
industry may speed up its digital transformation processes by 
revising its policies for the use of digital technology and by 
establishing incentive mechanisms to help businesses gain 
access to digital infrastructure. 

Thus, the study's findings are useful for aviation industry 

managers and workers, and they also add to the body of 

scholarly literature. To further advance this area of study and 

aid in the growth of the aviation industry, future studies should 

investigate the far-reaching consequences of digital 

transformation on the industry and the interplay between its 

various players.  

 

Appendix 1 Scale Items 

Digital Transformation 

Our company has the ability to explore and utilize new technologies. 

Digital transformation activities are included in the value creation of 

the company. 

Improvements are made in the organizational structure, processes and 

competencies for digital transformation in our company. 

Our company carries out strategic initiatives to create scalable, 

flexible and value-generating operations to realize digital 

transformation. 

Our company is pursuing strategic initiatives to leverage digital 

information to enable better data optimization. 

Our company continuously carries out strategic initiatives to research 

and follow the applications of digital media and technologies. 

Our company creates its basic strategies digitally within the 

framework of corporate competencies. 

Our company creates intensive interactive digital links with domestic 

and international organizations. 

Organizational Agility 

Our company is constantly looking for new business opportunities. 

Our company looks for new approaches to future market needs. 

Our company reacts quickly to opportunities that arise in customer 

needs. 

Our company reacts quickly to opportunities that arise in the markets. 

Our company reacts quickly to emerging environmental opportunities 

(e.g. new regulations, globalization). 

Our company quickly adapts existing business models to new 

conditions. 

Our company quickly adapts the existing business process to new 

conditions. 

Our company quickly adopts the best practices used by others. 

Organizational Innovation 

Our company attaches great importance to new product/service 

development. 

Our company often tries new ideas and tries to realize them. 

Our company is very creative in finding new methods. 

In our company, sufficient expenditure is made to develop new 

products/services. 

In our company, new ways of doing things better are constantly 

sought. 

In our company, innovation is not considered too risky and innovation 

is not resisted. 

In our company, top management encourages innovation 

development efforts. 

Our company always endeavors to serve with the latest technologies. 

Openness to Change 

I think I am open to changes in my workplace. 

The change will help to improve undesirable situations in the 

organization. 

I think the change will positively affect my performance. 

I think that my organization can achieve the desired goals through 

change. 

I look forward to implementing the changes at my workplace. 

I'll do my best to support change. 

The change will benefit the organization. 

 

Ethical approval 
Yes, Kastamonu University Ethics Committee Commission 

dated 07.01.2025  and numbered 1/50 

  

Conflicts of Interest 
The authors declare that there is no conflict of interest 

regarding the publication of this paper. 
 

Reference 
 

Agocs, C. (1997). Institutionalized Resistance to 

Organizational Change: Denial, Inaction and Repression. 

Journal of Business Ethics, 16, 917-931. 

Akçay, Y. (2024).  The Mediating Role of Innovative Business 

Behavior in the Effect of Digital Transformation 

Perception on Employee Performance, the Regulatory 

Role of Perceived Organizational Support. PhD 

Dissertation, Institute of Social Sciences, Istanbul 

University. Istanbul. 

Akkaya, B., & Tabak, A. (2018 Adaptation to Turkish of 

Organizational Agility Questionnaire: Reliability and 

Validity Study. Journal of Human and Work, 5(2), 185-

206. 

Alıcı, A. (2023). Digitalization and Digital Maturity Models in 

Air Transport. K. Kiracı , & G. Tanrıverdi içinde, Hava 

Taşımacılığı Yönetimi: Teori ve Uygulama (s. 259). 

Detay Yayıncılık 

Altuntaş, M., & Kılıç, E. (2021). Investigation of the 

Relationship Between Airline Transportation and 

Economic Growth: The Case of Turkey. Afyon Kocatepe 

University Journal of Social Sciences, 23(1), 187-202. 

Ayar, M., & Yıldız, D. (2023). The Effect of Organizational 

Change Cynicism on The Digital Transformation of 

Institutions: A Research on Administrative Staff. Journal 

of Economics Business and Political Researches, 8(21), 

421-442. 

Bakan, İ., Sezer, B., & Kara, C. (2017). The Effects of 

Knowledge Management on Organizational Agility and 

Organizational Inertia: An Emprical Study. 

Kahramanmaraş Sütçü İmam University Journal of the 



JAV e-ISSN:2587-1676                                                                                                                                                     9 (2): 454-466 (2025) 

465 

 

Faculty of Economics and Administrative Sciences, 7(1), 

117-138. 

Başar, R. (2023). Current Approaches in Digital 

Transformation: Turkey and World Examples. İ. Ç. 

Tekin içinde, Yönetim Bilişim Sistemleri İşletmelerde 

Dijital Dönüşüm Yönetimi (s. 125-162). Gaziantep: 

Özgür Yayınları. 

Canbolat, M. A., & Karagöz, H. (2023). The Mediating Effect 

of Perceived Inclusiveness in The Effect of Openness of 

Organizational Change on Job Crafting: A Study in The 

Banking Sector. International Journal of Management 

Economics and Business, 19(4), 953-973. 

Çağlar, Ç. (2013). The Relationship Between The Schools’ 

Level of Openness to Change and The Teachers’ Level 

of Organizational Commitment. Adiyaman University 

Journal of Social Sciences, 6(15), 119-150. 

Çağlıyan, V., Attar, M., & Külahlı, S. (2021). The Mediating 

Role of Organizational Learning in The Effect of 

Transformational Leadership on Organizational 

Innovation. Eskişehir Osmangazi University Journal of 

Economics and Administrative Sciences, 16(1), 124-145. 

Çalışkan, A... (2022). Openness Toward Organizational 

Change: A Scale Development Study. Journal of Aksaray 

University Faculty of Economics and Administrative 

Sciences14(2), 191-202. 

Çörekçioğlu, F. (2024). Organizational Agility and Related 

Concepts: A Study. PhD Dissertation, Institute of Social 

Sciences, Istanbul University. Istanbul. 

Datta, D. K., Rajagopalan, N., & Zhang, Y. (2003). New CEO 

Openness to Change and Strategic Persistence: The 

Moderating Role of Industry Characteristics. British 

Journal of Management, 14(2), 101-114. 

Demirtaş, H. (2012). Primary Schools’ Openness to Change. 

İlköğretim Online, 11(1), 18-34. 

Erdem, B., Gökdeniz, A., & Mert, Ö. (2011). The Relationship 

Between Innovation and Organizational Performance: A 

Research in Five-Star Hotels in Antalya Abstract. Dokuz 

Eylul University Journal of the Faculty of Economics and 

Administrative Sciences, 26(2), 77-112. 

Gemici, E., & Zehir, C. (2019). The Relationship Between 

Environmental Turbulence and Organizational 

Innovativeness. Yıldız Social Sciences Institute Journal, 

3(1), 66-83. 

Gökcek, H. A., Erin, S. M., & Gölbaşı, B. T. (2022). The 

Moderating Role of Perceived Risk in the Relationship 

Between Innovation and Satisfaction: An Application on 

Online Shopping. Journal of Management and 

Economics Research, 20(2), 98-120. 

Gürbüz, F. G., & Hatunoğlu, Ş. B. (2022). Assessment of 

Organızatıonal Agılıty: Adaptatıon And Valıdatıon of 

The Scale for Applıcatıon in Türkiye. Journal of 

Management Marketing and Logistics, 9(1), 27-37. 

Helvacı, M. A. (2015). Eğitim Örgütlerinde Değişim 

Yönetimi. Ankara: Nobel Yayınları. 

Hayes A.F. (2018). Introduction to Mediation, Moderation and 

Conditional Process Analysis: A Regression-Based 

Approach (2. Print). New York: The Guilford Press. 

Karaman, F. (2021). Analysis of the Relationship Between 

Leadership, Team Dysfunctions and Agility in Aviation 

Sector. Ph.D. Dissertation, Graduate School of 

Education, Istanbul Sabahattin Zaim University, 

Istanbul. 

Karamolla, T. (2024). The Effects of Organizational Agility 

and Enterprise Social Media on Non-Organizational 

Behaviours: Regulatory Role of Traditionality. Ph.D. 

Dissertation, Institute of Social Sciences, Nevşehir Hacı 

Bektaş Veli University, Nevşehir. 

Kılıç, Y. K. &Yavuz, M. (2021). The Evaluation of Authentic 

Leadership in terms of Trust in Manager and Schools’ 

Levels of Openness to Change. Cukurova University 

Faculty of Education Journal, 50(2), 1033-1068. 

Kırdar, Y., & Karaoğlu, B. O. (2023). Digital Transformation 

in Building a Safety Culture in Aviation. P. Çelikcam, Y. 

Kırdar, H. Pektaş, H. Ö. Pektaş, A. Serttaş, S. K. Dündar, 

& A. Serttaş (Dü.) içinde, Dijital Kültür (s. 21-34). 

Çanakkale: Holistence Publications. 

Kohli, R., & Melville, N. P. (2018). Digital innovation: A 

review and synthesis. Information Systems Journal, 

29(3), 1-40. 

Kuleelung, T. (2015) Organizational Agility and Firm 

Performance: Evidence. The Business and Management 

Review, 7(1), 206-217. 

Kundi, M., & Sharma, S. (2015). Efficiency Analysis and 

Flexibility: A Case Study of Cement Firms in India. 

Global Journal of Flexible Systems Management, 16(3), 

221-234. 

Meidute-Kavaliauskiene, I., Yıldız, B., Çiğdem, Ş., & 

Činčikaitė, R. (2021). The effect of COVID-19 on 

Airline Transportation Services: A Study on Service 

Robot Usage Intention. Sustainability, 13(22), 12571. 

Meydan, C. H. (2023). A Review on Digital Transformation 

Practices in Airline Companies. Journal of Aviation 

Research, 5(1), 65-82. 

Miller, V. D., Johnson, J. R. ve Grau, J. (1994). Antecedents to 

Willingness to Participate in a Planned Organizational 

Change. Journal of Applied Communication Research, 

22, 59-80. 

 Morgül, A. Ü., & Ataç, O. L. (2024). The Mediating Role of 

Organizational Learning in the Relationship Between 

Digital Leadership and Innovation: A Study on Remote 

Workers. JOEEP: Journal of Emerging Economies and 

Policy, 9(Special Issue), 51-65. 

Nadeem, A., Abedin, B., Cerpa, N., & Chew, E. (2018). 

Editorial: Digital Transformation & Digital Business 

Strategy in Electronic Commerce The Role of 

Organizational Capabilities. Journal of Theoretical and 

Applied Electronic Commerce Research, 13(2), 1-13. 

Nadkarni, S., & Narayanan, V. K. (2007). Strategic Schemas, 

Strategic Flexibility, And Firm Performance: The 

Moderating Role of Industry Clockspeed. Strategic 

Management Journal, 28(3), 243-270. 

OECD. (2005). OECD Web Sitesi Annual Reports: 

https://www.oecd.org/content/dam/oecd/en/publications

/reports/2005/04/oecd-annual-report 

2005_g1gh4cc3/annrep-2005-en.pdf Retrieved from 

Oğuzhan, Y. S. (2021). The Effects of Organizational 

Innovation and Creativity on Transformative Leadership 

Perception. OPUS International Journal of Society 

Researches, 17(35), 2155-2178. 

Omol, E. J. (2024). Organizational Digital Transformation: 

From Evolution to Future Trends. Digital Transformation 

and Society, 3 (3), 240–256. 

Onağ, O., & Tepeci, M. (2016). Organizational Learning 

Capability and Its Impact on New Product and Business 

Performance Through Organizational Innovativeness. 

Istanbul Management Journal, 7(80), 80-95. 

Önalan, O. (2023). Organizational Agility and Learning 

Organization Interaction: A Research for University 



JAV e-ISSN:2587-1676                                                                                                                                                     9 (2): 454-466 (2025) 

466 

 

Administrators. Ph.D. Dissertation, Graduate School of 

Educational Sciences, Karabük University, Karabük. 

Över, D. (2021). In Companies: The Relationship Between 

Agility Perception, Corporate Culture, Employee 

Motivation, Innovation, and Employee Feedback. 

Master’s Thesis, Graduate School of Education, 

Bahçeşehir University, Istanbul. 

Özdemir, A. (2023). The Effect of Digital Transformation on 

Organizational Agility. Ph.D. Dissertation, Graduate 

School of Education, Karabük University, Karabük. 

Sağlam, M. (2021). Achieving Digital Transformation as the 

Vision of the Future in Businesses and Turkish 

Adaptation of Digital Transformation Scale. İstanbul 

Ticaret Üniversitesi Sosyal Bilimler Dergisi, 20(40), 

395-420. 

Sambamurthy, V., Bharadwaj, A., & Grover, V. (2003). 

Shaping Agility Through Digital Options: 

Reconceptualizing the Role of Information Technology 

in Contemporary Firms. MIS quarterly, 237-263. 

Shahaei, B. (2008). Paradigm Of Agility, Definitions, Features 

and Concepts. 194th Issue (s. 4-18). Tadbir Publication. 

Sharifi, H., & Zhang, Z. (2001). Agile Manufacturing in 

Practice Application of a Methodology. International 

Journal of Operations & Production Management, 21, 

772-794. 

Sherehiy, B. (2008). Relationships Between Agility Strategy, 

Work Organization and Workforce Agility. Doctor 

Dissertation, University of Louisville. Louisville. 

Şahin, Z. (2023). Analysis of the Effects of Digital 

Transformation on Organizational Innovation: The Case 

of İstanbul Beylikdüzü Organized Industrial Zone. 

İşletme Araştırmaları Dergisi, 15(1), 486-499. 

Tamer, Ş., Şahin, D. R., & Kemik, S. (2024). Digitalization in 

Aviation: An Evaluation on Business Models. 

İnternational Business Congress (s. 201-2017). Kocaeli: 

Proceedings Book. 

Teece, D. j., Pisano, G., & Shuen, A. (1997). Dynamic 

Capabilities and Strategic Management. Strategic 

Management Journal, 18(7), 509-533. 

Türkay, U., & Aktar, O. (2021). Digital Transformation of 

Airports in the Aviation Sector. Working Paper Series, 

2(1), 86-97. 

Wanberg, C. R., & Banas, J. T. (2000). Predictors and 

Outcomes of Openness to Changes in Reorganizing 

Workplace. Journal of Applied Psychology, 85(1), 132-

142. 

Wang, C. L., & Ahmed, P. K. (2004). The Development and 

Validation of the Organisational Innovativeness 

Construct Using Confirmatory Factor Analysis. 

European Journal of Innovation Management, 7(4), 303-

313. 

Warner, K. S., & Wager, M. (2018). Building Dynamic 

Capabilities for Digital Transformation: An Ongoing 

Process of Strategic Renewal. Long Range Planning, 

52(3), 326-349. 

Worley, C., & Lawler, E. E. (2010). Agility And Organization 

Design: A Diagnostic. Organizational Dynamics, 39(2), 

194-204. 

Yavaş, V. (2022). A Content Analysis on the Relationship 

Between Digitalization and Productivity in Aviation. 

Journal of Productivity, 2, 225-237. 

Yılmaz, E. (2024). The Effect of Change Attitude on the 

Perception of Individual Innovativeness and 

Organizational Agility: Research on Technopark 

Employees. Ph.D. Dissertation, Graduate School of 

Education, Karabük University, Karabük. 

Zaheer, A., & Zaheer, S. (1997). Catching the wave: Alertness, 

responsiveness, and market influence in global electronic 

networks. Management Science, 43(11), 1493-1509. 

Zhang, D., & Sharifi, H. (2000). A Methodology for Achieving 

Agility in Manufacturing Organisations. International 

Journal of Operations and Production Management, 

20(4), 496-513. 

 

_________________________________________________ 

Cite this article: Yildiz, B., Mazioglu, V. (2025). The Impact of 

Digital Transformation on Innovativeness in Airline Companies: The 

Role of Agility and Openness to Change. Journal of Aviation, 9(2), 

454-466. 
 

This is an open access article distributed under the terms of the 

Creative Commons Attribution 4.0 International Licence 

 

Copyright © 2025 Journal of Aviation   https://javsci.com - 

http://dergipark.gov.tr/jav 
 

 

https://javsci.com/
http://dergipark.gov.tr/jav
https://creativecommons.org/licenses/by-nc/4.0/


467 

 

 

9 (2): 467-474 (2025) 

 

Journal of Aviation 

https://dergipark.org.tr/en/pub/jav 

e-ISSN 2587-1676 

 

The Level of Concentration at Airports in terms of International 
Freight and Cargo Transportation in Türkiye 

Hakkı Özbaş  
 
1*Tarsus University, Foreign Trade Program, Vocational School, Mersin, Türkiye. (hakkiozbas@tarsus.edu.tr)  

 

1. Introduction 

As part of the global economy, the airline industry now 

serves most of the world through technological developments. 

In addition to its direct operational effects, the airline industry 

is an economic powerhouse with indirect effects on related 

industries such as aircraft manufacturing, fuel demand and the 

tourism sector. One of the most important developments in the 

airline industry has been the use of jet aircraft since the 1950s, 

while the use of wide-body jets in the 1970s was another 

important development (Belobaba, 2009, p. 1). Aircraft size 

increased until 1985, but since then industry growth has been 

driven by new airline fleets and routes rather than aircraft size 

(Swan, 2002, p. 349).  

The Civil Aeronautics Board was established in the United 

States in 1938 to regulate the aviation industry to establish an 

economical, safe and efficient air transport system free from 

unfair and destructive competitive practices, partly as a result 

of the Great Depression of 1929. This power remained with 

the Board for 40 years after its establishment but was 

terminated in 1978 on the grounds that the Board was 

preventing competition (Cook, 1996, p. 33). One of the most 

important steps in the development of civil aviation was the 

Civil Aviation Conference held in Chicago in 1944. It is 

considered to be one of the most successful conferences held 

during the Second World War, as it laid the foundations for the 

International Civil Aviation Organization, an advisory body to 

the United Nations. The conference established a standardized 

form and a final document consisting of a number of technical 

issues for the safe and orderly development of future aviation 

agreements (Mackenzie, 1991, p. 287). As it was felt that it 

would take some time for the 26 governments attending the 

Conference, which took place between 1 November and 7 

December 1944, to ratify the Convention on International Civil 

Aviation, the Provisional International Civil Aviation 

Organization (PICAO) was set up and, in addition to the 

initiatives being taken to establish the International Civil 

Aviation Organization (ICAO), PICAO discussed how to 

achieve international agreement on airlines, airports, 

communications, licensing, meteorology, navigation, search 

and rescue, airworthiness and aircraft registration. On 4 April 

1947, the Convention on International Civil Aviation entered 

into force after being ratified by 26 countries, establishing the 

International Civil Aviation Organization (FAA, 2023). 

Although the concept of "Air Freedom" emerged after this 

Chicago conference, the vast majority of the world's leading 

airlines, with the exception of US companies, remained state-

owned until the early 1980s. One of the main reasons for this 

was that the airline industry was seen as a developing "infant 

industry", and the idea that it should be subsidized by the state 

prevailed. Even in the US, where there are no state-owned 

airlines, there were strict regulations to prevent destructive 

competition until 1978, after which the airline sector, 

especially in the US, was left to the free market (Odoni, 2009, 

p. 25). The transition to a free market in state-owned 
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monopolies or in the government-subsidized sector began 

slowly around the world. In Australia, as the sector developed, 

it was not until the 1990s that the tightly regulated local 

bilateral relationships between the state-owned company and 

the private company were loosened (Borenstein & Rose, 2014, 

p. 27). Similarly, in Europe, a three-step deregulation package 

was implemented in 1987, 1990 and 1993 to open up air 

transport to the free market over a long period of time (Suau-

Sanchez & Burghouwt, 2011, p. 244). With these steps, the 

monopoly market or state-supported sector began to be 

replaced by free market conditions. As a result of this 

deregulation movement, although rival airlines to the existing 

major airlines emerged in the US, most of the smaller 

competitors closed down, were acquired or went bankrupt 

within almost 10 years. As a result, the level of concentration 

in the industry increased and the major carriers reasserted their 

dominance (Goetz & Sutton, 1997, p. 239). During this period, 

the integration of regional airlines through agreements with 

major carriers or acquisitions by major companies led to rapid 

growth in the sector, especially in regional air transport (Oktal 

& Küçükönal, 2007, p. 386). In the early 1990s, the Gulf War, 

company-related bankruptcies, the economic crisis in Asian 

countries in 1998, the September 11 attack, and the pandemic 

that has affected the world since the beginning of 2020 caused 

a decline in demand in the sector. Despite the impact of all 

these negative shocks, the entire sector, including air freight, 

is in a general growth trend (Aydın, 2022, p. 56).  

Following the free market moves in the aviation sector in 

the world, steps have been taken to move to a free market in 

Türkiye. In the USA, where this step was taken first, there 

were 234 companies with air transport certificates operating at 

the beginning of 1987, which decreased to 109 in 1996. 

Although a similar situation occurred in many countries, the 

sector continued to grow. This fulfils the first element of the 

oligopolistic market characteristic of the aviation industry 

(Wensveen, 2007, p. 177). The oligopoly market, which has a 

small number of sellers and a large number of buyers, is the 

most common type of structure in the economic structure 

between the perfectly competitive market and the monopoly 

market (Yıldırım & et al., 2016, p. 113). In air transport, which 

shows the characteristics of an oligopoly market, it is known 

that there are a few companies that hold a large part of the 

market share in each country's market and there is 

concentration in the sector (Yaşar & Gerede, 2018, p. 178). 

In the Turkish aviation sector, although delayed, similar 

processes have emerged with the rest of the world and the 

market structure has similar characteristics to the rest of the 

world. In the Turkish aviation sector, it is known that there is 

market concentration among transportation companies (Kiracı 

et al., 2017, p. 699), i.e. an oligopoly market (Sarıbaş & 

Tekiner, 2015, p. 31), as in the global examples. In 1983, the 

Civil Aviation Law came into force in Turkey as one of the 

important liberalization steps. With this step, an important step 

was taken for the Turkish aviation sector, and the first private 

international airline was established in 1986. The second 

important step in the Turkish aviation sector was observed in 

October 2003, when domestic lines were opened to private 

airlines. (Battal et. al, 2006, p.1). 

After the liberalization steps, developments that will be 

explained in more detail under heading 2 took place. After 

liberalization, many aviation companies were established, but 

most of them ended their activities and the market returned to 

a position close to where it started and took on an oligopolistic 

structure. In parallel with these developments, the number of 

airports in Türkiye and both passenger and cargo capacity have 

increased. During this period, the number of airports in 

Türkiye, domestic and international passenger and cargo 

capacities have increased.  

Commercial airports around the world are classified as 

Level 1, 2, or 3 based on an assessment of the risk that demand 

will significantly exceed the airport's capacity. In recent years, 

approximately 200 (5%) of all airports serving commercial 

passengers worldwide have been classified as Level 3. These 

airports serve nearly half of the world's air passengers, most of 

whom are in Europe (Milioti and Odoni, 2024, p. 1). 

Despite increased waiting times and delays for passengers, 

the "hub and spoke" model has led to the development of level 

3 airports in the aviation sector to increase profitability. In 

terms of airport traffic network management, determining 

certain cities or airports as “hub and spoke” is a situation that 

can cause an oligopoly situation in the aviation market at the 

airport level (Oum, & Tretheway, 1990, p. 380). Therefore, as 

in world examples, it is expected that airports in Turkey are 

concentrated at a certain level in terms of international freight 

and cargo transportation and that this concentration is in 

Istanbul. Although various studies have been conducted on the 

concentration status in Türkiye’s aviation sector, no study has 

been found on the density levels of airports in international 

freight and cargo transportation. The level of concentration is 

attempted to be determined with this study. 

This study aims to determine the current situation of 

concentration in cargo transportation at airports in Türkiye. 

This study is important because it is one of the first studies to 

show how concentration in freight transportation has changed 

after the opening of Istanbul Airport. After analyzing the 

historical development of Turkish aviation in the second 

section, the concept of concentration and measurement 

methods are discussed in the third section. The fourth section 

summarizes the studies in literature, the fifth section presents 

the application and results, and the last section presents the 

conclusion. 

 
2. Historical Development of Turkish Aviation 

The first steps towards civil aviation in Türkiye were taken 

by foreign initiatives, with the Italian civil aviation company 

being the first to be granted a concession to carry out air 

transport activities (Yalçınkaya, 2019, p. 407). The first step 

towards national civil aviation activities in Türkiye was taken 

with the establishment of the Turkish Aeronautical Society in 

1925. The Turkish Machinist School was established to train 

the personnel needed for Turkish aviation. The Turkish 

Aeronautical Society became a member of the International 

Aviation Federation in 1929. The name of the society was 

changed to Turkish Aeronautical Association in 1935 (THK, 

2024).  

In parallel with the organisation of economic policy on the 

basis of statism from the 1930s, the State Airways 

Administration was established in 1933 to carry out national 

air transport activities (Gerede & Orhan, 2015, p. 167). In 

1933, Turkish Airlines had a total capacity of 28 seats with 5 

planes, but in 1980 it managed to increase the number of 

planes to 26 (Bakırcı, 2012, p. 345).   

In parallel with the economic policies implemented by Türkiye 

and the developments in the world aviation sector, the Turkish 

aviation sector has abandoned its statist approach since the 

1980s. Since then, private companies have been established in 

air transportation and competition has started in the sector 
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(Aydın, 2022, p. 57). After the Aviation Law of 1983, the 

aviation sector was opened to private companies, but 

restrictive regulations were reintroduced in the following 

periods. Twenty-two private airlines entered the market 

between 1983 and 1992, but most of them withdrew from the 

market within a short period of time (Gerede & Orhan, 2015, 

p. 173). In 1992, market entry was made relatively more 

difficult with the changes made in 1992, and in 1996, new 

regulations were implemented that made market entry more 

difficult (Gerede, 2010, pp. 69-70). Until 2003, only Turkish 

Airlines operated domestic flights. The total capacity of 150 

wide-body aircraft registered in the Turkish Registry Office 

was 25,114 seats and 896,865 tons of cargo. After 2003, with 

the change in aviation policy, private companies were opened 

to the sector, competition increased, service quality and 

capacity increased, and significant improvements in prices 

were experienced in favor of passengers (Çetin & Benk, 2010, 

p. 202).  

In 2003, following the deregulation of the sector, significant 

developments took place in the sector. While the turnover and 

employment figures of the sector in 2003 were TL 3.06 billion 

($2.2 billion) and 65,000 respectively, these figures will be TL 

668.06 billion ($35.7 billion) and 262,000 in 2022. In 2003, 

188 thousand tons of cargo were transported on domestic 

routes and 775 thousand tons on international routes, while 

these figures will increase to 853 thousand and 3,357 thousand 

tons in 2023. The number of airports increased from 26 in 2003 

to 57 in 2023. The number of countries flown to has increased 

from 50 to 130 and the number of destinations from 60 to 343 

(DGCA, 2023).  

3. Concentration and Measurement Methods 

According to the intensity of competition in goods and 

services markets, markets are divided into perfectly 

competitive markets, oligopoly markets and monopoly 

markets. Accordingly, markets are shaped as markets with 

many buyers/sellers and markets with a single buyer/seller. 

Market concentration is defined as a small number of firms 

holding all or most of the total market share. Market structures 

may differ from country to country, depending on government 

policies and the dynamics of individual sectors. For example, 

while it is more likely to observe market structures close to 

perfect competition in road transportation worldwide, it is 

more likely to observe imperfect competition in air 

transportation due to different regulations, policies, capital 

requirements, etc. 

Having the ability to accurately measure, monitor, and 

compare the competitive intensity of an economy or industry 

provides a holistic perspective and is therefore extremely 

valuable to policymakers who want to understand how 

competitive the markets within their economy or industry are 

(Pike, 2018, p. 4). 

Concentration, which indicates the intensity of competition 

in the market, can be measured by various methods. In 

particular, the calculation of market concentration indices such 

as the Herfindahl-Hirschman index (HHI) is considered as a 

starting point for assessing the state of market competitiveness 

(Sung, 2014, p. 3037). In the report prepared by the OECD 

(2018), the HHI method is recommended as an important 

determinant of concentration level (Pike, 2018). In addition to 

the HHI, the Concentration Index (CRn) is also frequently 

used in the literature (Naldi & Flamini, 2014, p. 1). Apart from 

these two indices, various indices such as Entropy Index, Gini 

Index, Hall-Tideman Index, Rosenbluth Index, The Hannah-

Key Index, Comprehensive Concentration Index, etc. have 

been developed (Ildırar & Kıral, 2018; Tatlı, 2018, p. 65). 

4. Literature Review 

There is a rich national and international literature on 

market concentration. It has been observed that the indices 

used in a significant number of studies are mostly HHI and 

CRn methods. On the other hand, although there is a large 

literature on concentration, studies on air transport are more 

limited. Since the literature on the airline industry is limited, 

the literature on concentration in the airline industry is 

reviewed first, followed by the studies on concentration in 

other industries.  

Barret (2000) examined the impact of privatization, 

commercialization and market entry of new airports on factors 

such as the availability of airports in Ireland, the United 

Kingdom, France, Italy, Sweden, Norway, Belgium and 

Germany, aiming to stimulate local and regional development. 

The study found that the gains from airport competition were 

significant and that lower fares were financed by both more 

efficient airlines and airports. The relationship between market 

concentration and ticket prices in the airline industry was 

analyzed by Hernandez and Wiggins (2008) using HHI and 

various statistical methods, and it was observed that in markets 

with increasing concentration, business seats became cheaper, 

but the price of economy seats increased, while the opposite 

relationship was observed in markets with decreasing 

concentration.  

Costa et al. (2010) compared two existing methods for 

calculating the number of hub airports in Brazil. However, due 

to significant discrepancies between the two methods, they 

developed a new model based on the Herfindahl–Hirschman 

Index (HHI) to determine the number of hubs in a given 

network. The HHI-based analysis revealed an increase in 

congestion. This concentration, combined with the significant 

increase in domestic flights in recent years, has put pressure on 

existing airport infrastructure, particularly at major airports 

within the country. Johnston and Ozment (2011) used CRn and 

HHI methods in their study, in which they examined the 

market concentration of the US airline industry and the 

corresponding use of scale economies by firms. According to 

the results obtained for the two indices, it was found that the 

concentration, size and number of airlines increased, and it was 

concluded that this situation is an indicator of economies of 

scale.  

Using panel data analysis, Bilotkach and Lakew (2014) 

examined the effect of airport concentration (as measured by 

the Herfindahl-Hirschman Index, or HHI) on average airfares 

from 1993 to 2009. They found that, for the subset of large and 

medium-sized hub airports, the concentration of routes 

originating from an airport was the strongest determinant of 

price levels, while it did not significantly affect prices in the 

subsample of small hub airports. Pacheco et. al (2015) used the 

HHI and the Lorenz curve to examine concentration in the 

Brazilian international air travel market between 1999 and 

2012. Although the increase in concentration in Latin America 

and the Caribbean led to a decrease in the concentration of 

flights to the European market due to the entry of foreign 

companies, no significant change was found between 1999 and 

2012 when evaluating the market concentration as a whole.  

Yaşar and Kiracı (2017) examined the market structure and 

the level of competition in the world aviation market for the 
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years 2006-2015, by dividing air transportation into 7 different 

markets using the CRn and HHI methods. The study concludes 

that the world market has a highly competitive structure 

compared to other markets, but market concentration has 

increased in a significant part of the markets over the 10-year 

period. A similar study was conducted by Kiracı et al. (2017) 

to determine the concentration rate in the market of the five 

largest airports operating in Turkey. In this context, the 

number of passengers and cargo amounts of the airlines using 

these airports were examined using the HHI and CRn methods 

for the period 2012-2015, and it was found that the airports 

were far from a competitive structure. Grosche et al. (2020) 

examined the market concentration in the airline industry in 

Germany using the service quality index (QSI) and HHI 

method. It was found that market concentration in the German 

airline market increased as a result of the collapse of Air Berlin 

and the dominance of the Lufthansa Group in German air 

transport.  

Peng and Lu (2022) calculated the effects of three global 

airline alliances on airport concentrations in 10 Asian 

countries separately for round-trip passengers and transfer 

passengers using the Herfindahl-Hirschman index (HHI) and 

Entropy Index (EI). The selected airports generally exhibited 

stronger internal cooperation (higher concentration) in transfer 

markets, while some airports showed significant internal 

competition in round-trip traffic. Adrangi and Hamilton (2023) 

examined the role of market concentration in the U.S. airline 

industry and found that decreasing market concentration 

improves competitiveness and increases firm profitability.  

Yaşar (2023) used the data from 28 airports in Turkey 

between 2007 and 2018 to determine the number of airlines at 

the airport, the factors influencing market demand, and to 

reveal the market structure and its changes using the HHI 

method. It was observed that monopoly still persisted, 

especially at airports where concentration was high, but over 

time, with the entry of other airlines into the market, access to 

monopoly and monopolistic markets was achieved, leading to 

an increasingly permanent structure. Milioti and Odoni (2024) 

examined the effect of airport size on market concentration. 

They used a sample of 157 airports that serve 88% of European 

passengers and categorized the airports into three levels. The 

researchers then used the HHI index to analyze the data. They 

found that market concentration was highest in Level 1 and 

large Level 3 airport clusters. Within Level 3, market 

concentration was prevalent in the super-large airport sub-

cluster. 

Ha and Seo (2013) used the HHI method to calculate the 

concentration of South Korea's maritime transportation sector 

between 1992 and 2004 and found that the Korean market has 

become more competitive, but the concentration level of the 

global maritime market has increased. Sung (2014) measured 

the concentration in mobile telecommunications markets in 24 

OECD countries using the HHI method. The OECD (2018) 

report measured the concentration in seed markets using the 

HHI method and the four-firm concentration ratio (CR4) 

methods and found that the concentration in the market 

increased.  

Önder (2016) used Entropy and Rosenbluth, CRm and HHI 

methods on the Turkish food sector for the period 1997-2014 

and found that there is a high concentration in the sector and 

that the sector is close to an oligopoly market. Ildırar and Kıral 

(2018) examined the concentration in Türkiye's automotive 

sector using CRm and HHI methods and concluded that there 

is a competitive structure in the imported vehicle sector where 

domestic firms in the sector are close to monopolistic 

competition.  

Bakhtiari (2021) analyzes the changing structure of market 

concentration in Australia from 2002 to 2017 using the HHI 

method. They found that although market concentration has 

gradually increased, concentration has decreased in some 

sectors, and there has been strong productivity growth in 

sectors where concentration has increased. Amiti and Heise 

(2021) analyze the level of concentration of local firms in the 

US market between 1992 and 2012.  They find that although 

the level of concentration among local firms has increased, the 

penetration of foreign firms has reduced overall market 

concentration and even caused the largest local firms in the US 

market to lose sales.  

Koltay et. al (2023) analyzed concentration in European 

economies using a dataset of over 17,000 firms in 5 countries 

representing 80% of European economies between 1998 and 

2019 and found that there has been a moderate increase in 

market concentration over the last two decades, a shift towards 

oligopolistic structure in highly concentrated sectors and an 

increase in aggregate firm profitability. Kwon, et. al (2024) 

analyzed the state of concentration in the US economy using a 

100-year data set. As a result, concentration has increased over 

the last 100 years, and this is consistent with the long-term 

trend of stronger economies of scale. 

5. Method, Data Set and Findings 
 

5.1. Method 

This study uses the Herfindahl-Hirschman index, which is 

the most widely used index in the literature (Ginevičius & 

Čirba, 2009, p. 192) and is reported to be more successful 

against measurement errors in the OECD (2018) report. The 

HHI is preferred both because it takes into account the market 

shares of all firms and because it is sensitive to firms with high 

market shares. The HHI takes on values between 0 and 10,000 

as the industry moves from perfect competition to a 

monopolistic structure. The index value approaches zero as the 

number of firms increases and their market shares converge. 

HHI is calculated by summing the squares of the sales/market 

shares of the firms in the market (Naldi & Flamini, 2014, p. 3; 

Ildırar & Kıral, 2018, p. 98). The HHI is expressed as in 

Equation 1 (Ginevičius & Čirba, 2009, p. 192; Önder, 2016, p. 

196; Špička, 2016, p. 8): 

 

𝐻𝐻𝐼 =  ∑ 𝑃𝑖
2𝑛

𝑖=1    (1) 

HHI is the degree of concentration, n is the number of 

units, and P2 is the square of the unit's share of the total. If the 

HHI value is lower than 1000, it is considered an 

"unconcentrated market", if it is between 1000 and 1800, it is 

considered a "moderately concentrated market", and if it is 

higher than 1800, it is considered a "highly concentrated 

market" (USDOJ, 2025; Ildırar & Kıral, 2018, p. 99; Tatlı, 

2018, p. 72). Špička (2016) defined the HHI value as 

"competitive market" if it is lower than 1000, "unconcentrated 

market" if it is between 1000 and 1500, "moderately 

concentrated market" if it is between 1500 and 2500, and 

"highly concentrated market" if it is higher than 2500. 

 

5.2. Dataset 

In this study, the concentration of international freight 

traffic in Türkiye is calculated using the HHI method for the 

18-year period 2007-2024 by using a dataset that includes all 
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airports in Türkiye where freight (baggage, cargo and mail) is 

transported on international flights. The dataset was first 

produced by DHMI (2025) for the year 2008 and is published 

monthly on their website. In the data published for the years 

2007-2012, all cargo was presented under a single heading, but 

since 2013, cargo loads have been presented under a separate 

heading. In addition, for the years 2007 and 2008, only the data 

of the airports belonging to the State Airports Authority were 

provided, so these years could not be included in the study. 

Therefore, in this study, the HHI values for all loads for the 

period 2009-2024 and the HHI values for cargo loads for the 

period 2013-2024 are calculated separately. In 2009, 46 

airports are actively used in Türkiye, while in 2024, 58 airports 

are used. Although international freight and cargo traffic is 

reported as 0 for some airports in the relevant years, it is 

included in the study. Of the 58 airports, 50 are operated by 

DHMI, 7 are operated by private companies, and 1 is operated 

by a university (DHMI, 2025). 

 

Table 1. Concentration level of Turkish airports in international freight transport (2009-2024) 

Years 

Airports 

Total* Atatürk İstanbul  Sabiha 

Gökçen 
Esenboğa Adnan 

Mendere

s 

Antalya Dalaman Milas-

Bodrum 
Adana 

2009 3006 0 50 6 6 610 10.9 4.4 0.4 3695 

2010 2941 0.0 56 5.9 6.8 634 9.7 3.4 0.6 3659 

2011 3116 0.0 48.3 4.8 6.7 637 6.8 2.9 0.4 3824 

2012 4193 0.0 40.9 3.5 6.7 293 6.6 2.9 0.4 4547 

2013 4355 0.0 54.7 2.7 5.8 246 5.6 2.1 0.2 4673 

2014 4581 0.0 66.0 2.2 4.9 209 4.5 1.5 0.2 4871 

2015 4843 77.5 0.0 1.9 4.7 166 3.7 1.0 0.3 5099 

2016 5880 82.4 0.0 1.4 3.3 56.1 1.3 0.3 0.3 6025 

2017 5838 0.0 64.3 1.7 3.6 78.9 1.3 0.2 0.1 5988 

2018 5665 0.0 57.6 1.5 2.9 105 1.7 0.4 0.1 5835 

2019 1077 1725 54.3 1.5 3.4 125 1.8 0.6 0.2 2988 

2020 1732 1903 34.8 1.0 1.4 18.8 0.4 0.1 0.1 3692 

2021 937 2533 40.1 0.9 1.9 58.9 0.2 0.2 0.2 3572 

2022 3.0 5450 52.8 1.1 3.8 103 1.6 0.5 0.1 5617 

2023 0.0 5553 59.0 1.5 3.8 114 1.7 0.4 0.1 5734 

2024 0.0 5610 65.0 1.4 3.6 101 1.8 0.4 0.0 5783 

*Index data for airports not included in the table are also included in the total.  

5.3. Findings 

The HHI values for all freight for the period 2009-2024 are 

shown in Table 1 and the HHI values for freight for the period 

2013-2024 are shown in Table 2. In the tables, airports with 

values greater than 0 for more than 5 periods are included and 

other airports are not listed.  

The concentration levels calculated according to the HHI 

for international freight transportation at Turkish airports are 

shown in Table 1. It can be seen that there is a very high level 

of concentration for all periods analyzed. From 2009 to 2018, 

the concentration was particularly concentrated on Atatürk 

Airport. With the active operation of Istanbul Airport and 

Atatürk Airport in 2019, 2020 and 2021, there was a 

significant improvement in the level of congestion, but very 

high levels of congestion continued. From 2019, Atatürk 

Airport was closed for domestic and international passenger 

traffic (DHMI, 2025), but cargo traffic continued until 2021.  

 

Table 2. Concentration level of Turkish airports in international cargo transport (2013-2024) 

Years 

Airports 

Total* Atatürk İstanbul  Sabiha Gökçen Esenboğa Adnan 

Menderes 

Antalya 

2013 8610.3 0.0 21.6 0.2 0.1 0.1 8634.1 

2014 8578.5 0.0 22.3 0.8 0.1 0.1 8602.9 

2015 8646.7 0.0 31.0 0.3 0.2 0.1 8678.2 

2016 8664.4 0.0 34.8 0.0 0.1 0.1 8699.5 

2017 8680.9 0.0 31.9 0.0 0.5 0.0 8713.4 

2018 8934.8 0.0 22.8 0.0 0.1 0.0 8957.8 

2019 3144.2 1558.8 12.8 0.1 0.1 0.0 4716.0 

2020 3642.6 1306.9 6.8 0.2 0.1 0.0 4956.6 

2021 2551.2 2126.0 6.7 0.1 0.0 0.0 4684.1 

2022 13.7 8592.5 6.2 0.1 0.1 0.1 8612.7 

2023 0.0 9307.1 8.2 0.0 0.0 0.1 9315.4 

2024 0.0 9397.7 6.6 0.0 0.0 0.1 9404.4 

*Index data for airports not included in the table are also included in the total.  
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In 2022, there was insignificant cargo traffic and 

international cargo traffic shifted to Istanbul Airport. In 2009, 

Antalya Airport was important for international freight 

transportation, but the level of concentration decreased with a 

downward trend until 2024. It is understood that low level of 

transportation is carried out in other airports. From the relevant 

years, it is observed that the center of international freight 

transportation is Istanbul, and this concentration was in 

Atatürk Airport until 2019 and gradually shifted to Istanbul 

Airport from 2019. 
The levels of density calculated according to the HHI for 

international freight traffic at Turkish airports are shown in Table 2. 

Very high levels of congestion were observed in all relevant years. 

As in the case of freight transportation, the density levels decreased 

relatively in 2019, 2020 and 2021 due to the simultaneous use of 

Atatürk and Istanbul airports, but the very high-density levels 

persisted. 

 
6. Conclusion 

The liberalization movements implemented in the aviation 

sector have increased competition. However, in the existing 

literature, it is frequently reported that although the aviation 

sector initially entered a highly competitive process with low 

concentration with liberalization steps, after a certain period of 

time the sector transitioned towards an oligopolistic market 

structure. Following the liberalization measures implemented 

in the Turkish aviation sector since the 1980s, many 

companies entered the sector but later exited the sector or 

merged. As a result, the degree of concentration in the Turkish 

aviation sector has increased in line with global trends. 

The fact that strategic alliances between airline companies 

are common in the airline industry (Chao and Kao, 2015, p. 

29), large airports are generally in a competitive position in 

business relations with their own networks (Choo et al. 2018, 

p. 67), the proximity of a central airport creates significant 

structural advantages for the economy from a macro and local 

perspective (Song and Ma, 2006, 2015), taking advantage of 

economies of scale, reducing the number of routes, the positive 

effect of more frequent flights on demand, and attempts to 

reduce costs by combining personnel, maintenance, and 

operational activities trigger firms to create a hub-and-spoke 

system in the aviation sector (Çiftçi &Şevkli, 2015, p. 191). 

All these situations experienced in the aviation sector bring 

about an increase in congestion at airports. 

This study analyzes the concentration level of airports in 

the context of international freight and cargo transportation 

within the Turkish aviation sector. The findings reveal a 

concentration trend that has emerged similarly across airports 

at the firm level in the aviation sector. In the context of 

international freight and cargo transportation, it has been 

determined that airports in Türkiye have reached a high level 

of concentration, leading to a market structure that is far from 

competition and close to monopoly. Initially observed at 

Ataturk Airport, this concentration transitioned to Istanbul 

Airport in 2019, which has become the central hub for 

international air freight and cargo transportation in Türkiye. 

Given the nature of the aviation sector, numerous studies 

worldwide have determined that elevated levels of competition 

are not viable in the long term. The sector is undergoing a 

transition towards an oligopoly market structure. The primary 

factor contributing to this phenomenon is the fact that firms 

have chosen Istanbul airport as a hub in line with government 

policy to achieve economies of scale and increase their 

profitability through this mechanism. Given the applicability 

of this phenomenon to airports, a certain level of concentration 

is expected, particularly in the Istanbul region, which accounts 

for approximately 25% of Türkiye's exports and 50% of its 

imports.  

The inadequacy of the cargo infrastructure at Istanbul 

Ataturk Airport and the fact that most of the cargo operations 

in the Turkish air cargo sector are carried out from there have 

been shown as the main reasons preventing the Turkish air 

cargo sector from reaching its potential, which could have a 

higher volume in the market (Tanrıverdi & Lezki, 2021, p. 1). 

A notable factor contributing to this concentration is the 

substantial cargo capacity of Istanbul Airport, which is 

estimated to be 3 million tons, and its significantly larger 

terminal area, measuring 1.4 million square meters, in 

comparison to that of Atatürk Airport. This has led to a notable 

concentration of cargo and freight transportation activities 

within Istanbul Airport (K Kılıç & Turgut, 2019, p. 155).  

As a trade and transit center with the advantage of its 

strategic geographical location, Istanbul has managed to 

gradually strengthen its role in Turkey and the world in terms 

of passenger and cargo networks. Factors such as its 

geopolitical location, high infrastructure capacity, access to 

human resources, and the ability to fly to many commercial 

points of the world in short periods of time support Istanbul's 

important position in the Turkish aviation sector (Tanrıverdi & 

Lezki, 2021, p. 1). 

As of 2024, Turkey ranks 6th in Europe with an average 

daily flights per day, while the Istanbul Airport ranked 7th in 

the World Passenger Traffic ranking and the 1st with 1401 

flights in the European passenger traffic ranking (DHMI, 

2025; p. 27-29). Although Istanbul's economy and Istanbul 

airport have a high potential and capacity in the aviation 

sector; In addition to creating risks related to market dynamics 

such as lower competition and high condensation, lower 

service quality and higher prices, it is thought that this situation 

may cause serious problems for Istanbul's current 

infrastructure and urban planning. 

This concentration, particularly with regard to Istanbul 

Airport, has the potential to further exacerbate Istanbul's 

already substantial traffic congestion by imposing a 

considerable strain on the city's road network due to the 

airport's logistics and transportation operations. This has the 

potential to impede the efficient and timely movement of cargo 

and freight, as well as exerting a negative impact on urban 

transportation. 

However, a study for a US airport also found that a 10% 

increase in airport-level HHI resulted in a 1.05–1.3% increase 

in average airfares for flights departing from an airport 

(Bilotkach &Lakew, 2014, 295. 

Furthermore, given Istanbul's high earthquake risk, the fact 

that all critical air transportation infrastructure is concentrated 

in a single geographical area creates the risk of a complete 

collapse of the logistics system in the event of a major disaster. 

This predicament engenders a grave vulnerability with respect 

to the provision of post-disaster emergency aid, the 

transportation of materials, and the uninterrupted continuity of 

foreign trade. Considering these concerns, it is imperative that 

Türkiye adopts strategies aimed at enhancing regional 

diversity in international air cargo and freight transportation. 

This will not only ensure the country's continued 

competitiveness in the global marketplace but also bolster its 

resilience in the face of crises. 

It is also important to evaluate this situation in terms of 

Turkey's high tourism potential. Because as of 2024, more than 
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62 million tourists have entered Turkey, including 9 million 

Turkish citizens living abroad, contributing approximately 60 

billion dollars to tourism. Out of around 53 million foreign 

tourists, 40 million used air transport. According to the border 

gates where tourists entered, Istanbul hosted 35% of the total 

tourists, while 30% entered through Antalya (KTB, 2025). 

When it is taken into account in the international cargo 

category class in the goods they bring with them, it is possible 

to say that a city like Antalya is in a more suitable position for 

transportation from point to point. Indeed, in the study by 

Çiftçi and Şevkli (2015) aimed at determining an alternative 

hub center to Istanbul, it was identified that Antalya would be 

a good choice for a new hub and spoke system in Turkey. 

In light of these findings, diversifying airport infrastructure 

on a regional scale and establishing alternative logistics 

centers for international freight and cargo transportation are of 

strategic importance. This is essential to maintain 

competitiveness and to reduce urban traffic and disaster risks. 

Future studies and policy recommendations should address the 

market structure of airports not only from an economic 

perspective but also considering the vulnerabilities of 

metropolises like Istanbul, which will play a critical role in the 

sustainable development of the Turkish aviation sector. 

Additionally, it is believed that efforts to identify alternative 

points to Istanbul as a hub and to determine airports suitable 

for point-to-point transportation should be increased, and new 

policy proposals should be developed based on the results 

obtained. 
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1. Introduction  
 
Sustainability, therefore, involves living the present 

moment by taking into account past experiences and 
evaluating the present from the perspective of the future while 
living the present moment (Chopra et al., 2021). The concept 
of sustainability aims to raise global awareness of the finite 
nature of resources and the need for their judicious use (Goni 
et al., 2021). The development of environmental awareness 
within the ecosystem in which living things in the universe 
exist is a positive development that will be reflected in 
sustainability. While the initial sensitivity to negative 
externalities emerged as a consequence of environmental 
awareness with this approach, it was superseded by the 
approach consisting of the three criteria of sustainability over 
time: social, environmental and economic components (Zeng 
et al., 2022). In accordance with the "Triple Bottom Line" 
theory, as pioneered by John Elkington in 1997, the absence of 
any one of these three components, namely social, 
environmental and economic dimensions, will jeopardise 
sustainability (Farooq et al., 2021). When sustainability is 
evaluated in three dimensions, it has been demonstrated to 
provide benefits for sectors, society, and humanity (Abdullahi 
et al., 2021). The present study identifies two principal reasons 
for the intense movement towards sustainable development. 
The primary objective is to enhance societal cognizance of 
sustainable development as a reactive measure to escalating 
environmental challenges (Smuts & Van der Merwe, 2022). 

This phenomenon is becoming increasingly evident in the 
context of scarcity of resources, aggravation of social 
problems and increasing global responsibilities of humanity. 
The second strand focuses on developments in the financial 
sector in the context of sustainability. Responsible investors 
and various sectors that wish to contribute to the solution of 
global problems have emerged and have engaged in activities 
to create long-term trust demand in response to low interest 
rates, cyclical risks, and financial instability (Kumar et al., 
2022). 

The objectives of sustainable development are articulated 
in the United Nations document. In accordance with these 
objectives, numerous international organizations and states 
have formulated plans for the transition to the new model 
(Halkos & Gkampoura, 2021). Moreover, in recent years, in 
the context of special obligations that impose restrictions on 
the realization of private sector investments, there have been 
more dynamic voluntary efforts to promote sustainable 
development (Del Río Castro et al., 2021). Such investments 
are designated as responsible investments (Fichter et al., 
2023). According to the United Nations-supported Principles 
for Responsible Investment initiative, the total value of assets 
under management of responsible institutional investors 
increased from $6.5 trillion in 2006 to $103.4 trillion in 2023 
(Chen & Chen, 2024). The observed rise in these figures is 
regarded as pivotal to the sustainable development model, 
particularly with the incorporation of environmental, social, 
and governance standards (ObinnaIwuanyanwu et al., 2024). 
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Digitalization, which gained significant momentum in the 
2010s and has been identified as a key factor in global 
transformation, is being introduced as a tool that will 
accelerate the sustainability transformation. The advent of 
cloud computing has been instrumental in democratizing 
access to services by virtue of the reduction in digital 
infrastructure costs that it has engendered. The advent of 
artificial intelligence and machine learning has precipitated a 
paradigm shift in various sectors, thereby engendering novel 
capabilities (Lichtenthaler, 2021). With regard to the role of 
digital technology in promoting sustainability, the Internet of 
Things (IoT), underpinned by 5G, is anticipated to make a 
significant contribution to this field. This is predicated on the 
integration of billions of devices, thereby enhancing the 
intelligence of environments across homes, workplaces and 
industrial facilities (Mondejar et al., 2021). The acceleration of 
this transition to the digital age was particularly marked in the 
period following the pandemic (Sá et al., 2021). Multinational 
companies that will contribute to sustainability are facing new 
pressures that cause them to fundamentally review how to 
benefit from digitalization and sustainability while fulfilling 
their mission. Firstly, it is important to acknowledge that 
international companies are confronted with a multifaceted 
geopolitical environment. In order to enhance sustainability 
and alleviate pressures, it is imperative that these companies 
engage in digital global cooperation (Baka et al., 2024). 

Despite the recent acceleration in the field of sustainability 
studies, there are still some challenges ahead. These challenges 
vary across the continents of Europe, Asia, Africa, the Middle 
East, and Oceania. Europe has been identified as the continent 
that has contributed the most to sustainability and made the 
most progress (Filho et al., 2024). There has been an increase 
in national strategies for sustainable development in various 
regions of Europe (Steurer & Martinuzzi, 2005). When 
sustainability studies are evaluated in terms of the South-
Eastern European region, certain challenges are brought to the 
fore. In particular, rigid political structures, weak legal 
systems, weak institutions, and traditional governance are 
obstacles to progress towards sustainable development 
(Nguyen et al., 2020). In Western European countries such as 
Denmark, Germany, Finland, and Norway, significant 
progress has been made towards sustainable development 
(Bose & Khan, 2022). 

The aviation industry's present-day objective is the 
sustainable operation of aircraft (Afonso et al., 2023). The 
concept of carbon-neutral flying has garnered increased 
interest as a means of addressing the global climate 
emergency. Air pollution represents a significant concern for 
the aviation industry (Abrantes et al., 2021). Despite the 
aviation industry's contribution to global carbon emissions 
being significantly lower than that of road transport (2.1% 
compared to 11%), its impact is of greater global significance 
due to contrails created by jet engines (Kärcher, 2016). Ritchie 
(2024) posits that by 2024, the emission contribution from 
aviation will increase to 2.5%, thereby adding 918 million 
metric tons of oxygen to the atmosphere (Ritchie & Roser, 
2024). This rate increases with each additional aircraft entering 
service. It is recommended that manufacturers allocate 
resources to the development of aircraft that are characterised 
by reduced noise levels and enhanced fuel efficiency. 
Furthermore, the development of new energy sources such as 
solar energy, hydrogen cells, and algae is imperative (Bwapwa 
et al., 2017). Each sector has its own consumption models that 
increase emissions. As sustainability became imperative for a 
habitable world, certain measures and alterations in the 
consumption models of the sectors revealed the obligations 
that must be undertaken (Crippa et al., 2021). In this particular 

context, notably in 2015, the United Nations adopted the "17 
Sustainable Development Goals" as a reference point (Besiou 
et al., 2021). It is imperative for Turkey to adhere to its 
sustainability obligations in the aviation sector by aligning 
with international agreements (Raman et al., 2024). The 
implementation of action plans to be developed in the 
sustainability studies in the aviation sector in Turkey can be 
realised with the roadmap to be followed by public and private 
authorities (Sharno & Hiloidhari, 2024). 

The present study underscores the significance of 
contributing to the field by examining sustainability in the 
aviation field within the scope of literature and illuminating 
future studies. A literature analysis was conducted for this 
purpose, with studies addressing the concept of sustainability 
in the aviation field being examined using specific criteria and 
a bibliometric method. Given the paucity of studies originating 
from Turkey, it is anticipated that the present study will 
contribute to the extant literature by addressing sustainability 
– a significant issue in all sectors, including aviation – in a 
comprehensive manner in terms of the environmental, 
economic and social dimensions. 

The objective of the present study is to address the existing 

lacunae in the field by conducting a comprehensive 

examination of studies that address sustainability in the 

aviation sector, within the ambit of international literature. 

Furthermore, it is anticipated that the study will identify 

deficiencies in the extant international literature and provide a 

framework for future studies. In this respect, while 

sustainability continues to be a major problem in the aviation 

field, green aviation policies with environmental measures 

within the framework of stakeholder theory are foreseen as a 

solution to this problem. The examination of sustainability 

studies in the aviation field in the international context will 

inform the readers. The study data were obtained from the Web 

of Science database. In the context of data collection, the 

concepts of "sustainability" and "aviation" were searched and 

the results were analysed. The filtering system was utilised to 

analyse a total of 404 articles written in English and published 

between 2010 and 2023 in the Social Sciences Citation Index 

(SSCI). 

 

2. Theoretical Framework 
 

 2.1. Sustainability 
The definition of sustainability is a complex concept for 

many researchers to comprehend. According to established 

literature on the subject, sustainability can be defined as a 

philosophical approach or practice that guides the efficient use 

of resources in order to ensure that they are available and 

sufficient to meet the needs of present and future generations 

(Logachev & Zhukova, 2024). Sustainability also refers to the 

decisions regarding the allocation and use of resources for 

economic and non-economic activities in order to achieve 

responsible economic, social, and environmental results 

(Ajibo & Kaime, 2025). The initial definition of sustainable 

development was established in the United Nations report 

entitled "Our Common Future", also known as the "Brundtland 

Report of the World Commission on Environment and 

Development" in 1987. In this report, sustainable development 

is defined as the rational consumption of resources used today, 

and as being socially, environmentally and economically 

sensitive, with a view to leaving a more habitable world to 

future generations (Pelikánová, 2025).   In recent years, the 

concept of sustainability has become a global focus of 

attention. In the context of mounting pressure to address 
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climate change and the imperative to reduce CO2 emissions, 

global investment in research and development, and 

communication has become imperative (Axon & James, 

2018). 

In this context, a new life cycle assessment was conducted 

for the purpose of establishing a sustainable future, with the 

United Nations' 2030 sustainable development goals serving 

as a reference point. In 2015, the United Nations (UN) 

established 17 Sustainable Development Goals (SDGs) 

encompassing environmental, economic, and social domains 

(Bouraima et al., 2024). The Sustainable Development Goals 

(SDGs) are a continuation of the Millennium Development 

Goals (MDGs), which concentrated on the reduction of global 

poverty. The SDGs represent a seminal achievement in the 

realm of sustainable development, as the inaugural sustainable 

development framework to be endorsed at the international 

level. A notable aspect of the SDGs is its universal application, 

extending not only to developing countries but to all states. 

The SDGs function not only as a framework but also as a 

conduit for communication, facilitating the reporting of 

implementation outcomes (Zickafoose et al., 2024). The 17 

sustainable development goals, comprising 169 targets and 

232 sub-objectives, are centred on a set of criteria deemed to 

be of particular importance for achieving development 

(Muhamad et al., 2024). In comparison with the MDGs, the 

SDGs are characterized by enhanced levels of detail. For 

instance, the 8th MDG focuses on the reduction of hunger, 

while the 17th SDG focuses on achieving 'zero' hunger and 

poverty. While the MDGs concentrate on widespread 

challenges, the SDGs aim to address current and future 

challenges (Jong & Vijge, 2021). The 17 Sustainable 

Development Goals are presented in Figure 1. 

 
Figure 1.  UN 17 Sustainable Development Goals (Huan et 

al., 2021)   

 
The three main components of sustainability commitment 

are social, environmental, and economic. From an ecological 
perspective, the increasing impact of human activity on 
ecosystems has resulted in environmental degradation, which 
has become one of the most significant problems of the current 
era. Consequently, sustainability emerged as a pivotal factor in 
ensuring environmental balance (Yadav et al., 2021). The 
significance of sustainability is evidenced by endeavours to 
safeguard the environment and natural resources, thereby 
enhancing global quality of life. It is evident that all companies 
endeavour to adopt sustainability practices with the objective 
of safeguarding resources and generating value from their 
utilization (Mugwanya et al., 2021). 

In the 2023 study by Shaban and Barakat, the argument 

was made that sustainability benefits investment returns and 

financial performance by creating value and thus ensuring 

earnings stability. The implementation of sustainability 

practices, both social and economic, has been demonstrated to 

engender financial savings, which in turn can be utilised to 

support economic activities and contribute to local 

investments (Hysa et al., 2020). Furthermore, the existence of 

well-developed development plans has been demonstrated to 

enhance their appeal to investors (Di Vaio et al., 2022). The 

development of effective sustainability strategies has been 

demonstrated to result in a reduction of costs associated with 

personal aspects of consumer health. Strategies devised with 

the objective of sustainability have been shown to engender an 

enhancement in employee productivity (Albizzati et al., 2024). 

Moreover, these strategies have been demonstrated to 

represent a more favorable progression with regard to the 

environment, production and research. 

 

2.2. Sustainability in the Aviation Sector 
Industries in developing economies worldwide are 

endeavouring to substantially curtail greenhouse gas emissions 
by embracing sustainable carbon neutral development 
practices (Kholif, 2024). As with many other sectors, the 
airline sector also has sustainability obligations (Karaman & 
Atalik, 2024). The global emissions of greenhouse gases 
resulting from aviation activities had been increasing on a 
continuous basis until 2019. Specifically, between 1960 and 
2018, the total emission of CO2 amounted to 1,034 Mt, with 
an accelerated rate of 6.8 times (Lee et al., 2021). In 
comparison to the late 1990s, the aviation industry has reduced 
its carbon footprint by 50% (Hu et al., 2022). The civil aviation 
sector is a significant contributor to greenhouse gas emissions, 
accounting for approximately 2% of the global emissions 
volume. However, this contribution is lower than that of 
electricity and heat production, which contribute to 25% of 
greenhouse gas emissions, and agriculture, forestry and other 
sectors, which contribute to about 24% of total emissions 
(Mayor & Tol, 2010). 

As García-Olivares et al. (2020) demonstrate, sustainable 
practices in the aviation sector include the use of renewable 
fuel alternatives and new technologies such as zero-emission 
engine designs, particulate filters, lead traces and cirrus clouds. 
Despite the efforts of various sectors to reduce carbon 
emissions in the fight against global warming, it is projected 
that greenhouse gas emissions will increase substantially in the 
coming years due to the expansion of the airline industry (Z. 
Wang et al., 2019). The aviation industry has set itself a series 
of objectives with a view to reducing carbon emissions by 
2050. These include the promotion of economic growth 
through the utilization of clean, sustainable energy sources and 
the improvement of climate conditions. The promotion of 
development through the creation of a corporate image that 
aligns with sustainable development goals in the global 
aviation sector has been shown to encourage sustainable 
operations (M Kıoğlu & Güngör, 2024). The reduction of the 
carbon footprint in the airline industry is a challenging process, 
primarily due to the significant contributions of air travel to 
the economy, both in terms of passenger travel and the 
transportation of goods (Hadi-Vencheh et al., 2018). On the 
one hand, there is the demand for economic vitality, and on the 
other hand, there are the obligations to reduce carbon 
emissions, both of which continue to be important issues to be 
considered in terms of sustainability concerns for the aviation 
sector (Rostami et al., 2025). 

The introduction of radical changes to the aviation sector 
necessitates continuous monitoring of aviation emissions, eco-
efficiency and operational sustainability (Vela-García et al., 
2020). The aviation industry's primary focus in the realm of 
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sustainability is biofuels, which boast minimal emission rates. 
In particular, the aviation sector is expected to achieve 
sustainable growth in the short and medium term by 
commercializing the limitation of harmful fuels. It is 
anticipated that a maximum emission reduction of 85% will be 
attained when the sector is fully operational with biofuels 
(Rafique et al., 2009). The utilization of biofuels in the aviation 
sector constitutes a technological transition that encompasses 
not only technological limitations but also constraints in terms 
of user applications, infrastructure, and social perceptions 
(Stephy et al., 2025). 

In addition to the issue of fuel emissions, the issue of noise 

pollution caused by aircraft must be considered in the context 

of environmental problems (Falk & Hagsten, 2020). Correia et 

al. (2013) found that the rate of hospitalisation due to 

cardiovascular disease, as well as the mortality rate from the 

same condition, increased by an average of 3.5% for every 10-

decibel increase in noise levels at airports. While the aviation 

sector is responsible for 13% of carbon emissions from all 

transportation sources, nitrogen oxide emissions, which 

increase the net effect of ozone concentrations by 

approximately 24%, account for 5% of total emissions (Prussi 

et al., 2025). Consequently, it is estimated that carbon 

emissions in the aviation sector in 2050 will be seven to eight 

times higher than in 1990 (Koutsandreas & Keppo, 2025). 

These problems increase the external costs of the aviation 

industry and affect subsidies (Dray et al., 2022). The 

emergence of the green aviation industry can be attributed to 

the pressing environmental concerns that have been identified 

(Qiu et al., 2021). The concept of green aviation encompasses 

the notion of a green image, stakeholder participation, and the 

implementation of sustainable development practices. These 

practices are instrumental in facilitating the sustainable 

development of society and the economy. In the context of the 

aviation industry, the concept of green aviation signifies a 

development paradigm that prioritises environmental 

sustainability. The objective of green aviation is to minimise 

the adverse environmental impacts associated with the 

industry, with a focus on energy conservation and 

environmental protection (Platzer, 2023). 
The sustainable development of the green aviation industry 

is contingent upon the protection of the ecological 
environment and the rational utilization of resources (Kelly & 
Allan, 2006). In accordance with the stakeholder theory, 
corporate entities are responsible for the creation of value for 
shareholders, whilst concomitantly increasing their profits. It 
is asserted that, during this process, other stakeholders are also 
included in the value. In accordance with the stakeholder 
theory, businesses can maximise value with internal and 
external stakeholders with a sense of social responsibility 
(Schaltegger et al., 2019). 

The phenomenon of healthy growth in the field of 

sustainability in the aviation sector is not only a phenomenon 

dependent on the aviation sector itself. This is also a process 

that can be achieved with the participation of all sectors 

(Rogachuk & Okolie, 2024). It is hypothesised that the field of 

sustainability research will become more efficient and 

effective when it is based on stakeholder participation and 

management theory. It is predicted that the aviation sector will 

be able to reduce its difficulties in sustainability by 

implementing sustainability practices within the framework of 

this theory, with both stakeholder management and 

stakeholder participation (Grosbois & Fennell, 2022). 

 

 

3. Method 
 
3.1. Research Design 

  A significant challenge confronting the aviation sector 
pertains to the deleterious environmental impacts emanating 
from aviation-related activities, which impede sustainability 
objectives. In this direction, a bibliometric analysis was 
conducted by reviewing studies in the Web of Science 
database on sustainability activities in the aviation sector. The 
study's research design comprised a review of 404 English-
language articles published between 2010 and 2023, as listed 
in the Social Sciences Citation Index (SSCI). Utilising the 
bibliometric BibTeX format, visual network structures were 
developed. The objective of this study is twofold: firstly, to 
provide a contribution to the reader, and secondly, to the 
existing literature. 

A significant challenge confronting the aviation sector 

pertains to the deleterious environmental impacts emanating 

from aviation-related activities, which are detrimental to 

sustainability. In this direction, a bibliometric analysis was 

conducted by reviewing studies in the Web of Science 

database on sustainability activities in the aviation sector. The 

study's research design comprised a review of 404 English-

language articles published between 2010 and 2023, as 

indexed by the Social Sciences Citation Index (SSCI). 

Utilizing the bibliometric BibTeX format, visual network 

structures were developed. The objective of this study is 

twofold: firstly, to provide a contribution to the reader, and 

secondly, to the existing literature on the subject. 

 

3.2. Universe and Sample 
1,046 studies were accessed in the Web of Science 

database. The studies were filtered based on the review criteria 

and 404 English articles included in the Social Sciences 

Citation Index (SSCI) index that were published between 2010 

and 2023 were selected. Information on the articles selected in 

the study universe is presented in Table 1. 

Table 1. Information on Articles 
Variables Data Results 

BASIC INFORMATION ON 

DATA 
  

Time period 2010-2023 

Resources (Journals Books etc.) 97 97 

Documents 404 

Annual growth rate % 24.72 

Average document age 3.2 

Average number of citations per 

document 
12.88 

References 1 

DOCUMENT CONTENT   

Keywords 985 

Author Keywords 1664 

AUTHORS   

Authors 1199 

Authors of single-author documents 24 

AUTHOR COLLABORATION   

Single-authored documents 24 

Co-authors per document 3.48 

International co-authorship % 26.98 

DOCUMENT TYPE   

Article 404 

Article; Book chapter 1 

Article; Early access 8 

Article; Presentation 14 

Book Review 1 
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3.3. Data Analysis 
      The bibliometric analysis technique has been demonstrated 

to facilitate the identification of alterations in the quantity and 

quality of numerous studies in the literature, thereby enabling 

the revelation of the significance of the data through its 

structuring on a specific subject (Saltik, 2020). The present 

study employs an analytical approach to explore the trends 

associated with the research topics, the determination of 

competent names, the underlying theory, and the applications 

pertinent to this field. In this particular context, the study 

employed bibliometric analysis as a methodological approach 

for data analysis. In bibliometric analysis, information is 

grouped in two techniques. The initial approach is of an 

evaluative nature, while the subsequent one is relational in 

essence. The evaluative technique employed involves the 

utilization of a range of criteria, including the performance of 

the authors, the comparison of academic studies, the number 

of cited articles, the total number of citations, and citations per  

author. The relational technique involves determining the 

interactions between scientific studies. Specifically, keywords, 

co-authorship status, co-citations, and multiple author analysis 

are encompassed within the relational technique 

(Benckendorff and Zehrer, 2013: 126). The data obtained from 

the review was analysed using Biblimetrix, an extension of the 

R 4.2.2 package program, in the BibTeX structure of the WoS 

database. 

 

4. Findings 
    

 Bibliometric analysis is an analytical method used to 

qualitatively evaluate quantitative indicators by analyzing a 

large number of interactions and to visualize these 

interpretations (Van Eck and Waltman, 2010). 

 

4.1. Findings Regarding Journals 
 A total of 404 articles was be analyzed and the distribution 

of articles by year is visualized in Figure 2. 

 

 
Figure 2. Article Distribution Between 2010-2023 

 
The collected data covers the last 13 years. The examination 

of the distribution of 404 articles by year showed that the years 
with the most publications were 2021 with 77 articles and 2022 
with 84. The 84 studies published in 2022 constitute 21% of 
the total number of publications. 
Bradford's law of scattering refers to the distribution of 
literature on a subject by journals (Garfield, 1980: 476). As a 
result of the studies conducted on the law in 1934, the articles 
in scientific journals published on a certain subject were 
ranked according to their productivity, which means that the 
articles were ranked according to a core group within the 

journals in which they were published, and divided into groups 
and regions. (Bradford, 1934; Hertzel, 1987: 175). The data 
prepared in line with Bradford's law of scattering according to 
the productivity ranking are presented in Table 2.  

 

Table 2. Journal Table of Bradford Law of Scattering 

Journal Name Frequency 
Cumulative 

Frequency 
Region 

Sustainability 217 217 1 

Journal Of Air Transport 

Management 26 243 2 

Journal Of Air Transport 

Management 12 255 2 

Transport Policy 8 263 2 

Journal Of Sustainable 

Tourism 7 270 2 

Transportation research 

part transport and 

environment 7 277 2 

Energies 5 282 3 

Technology in society 5 287 3 

Aircraft Engineering and 

Aerospace Technology 4 291 3 

Business Strategy and 

The Environment 4 295 3 

 

Bradford's law of scattering is aimed at obtaining efficient 

information about a subject by focusing on journals that have 

made the most basic and core evaluations about a particular 

subject. Thus, a reader will avoid unnecessary and time-

consuming research thanks to Bradford's law of scattering. 

(Thelwall, 2008). 

Table 3. h/g/m Index Table of Published Journals 

Journal Name 
h 

Index 

g 

Index 

m 

Index 

Total 

Citation 

Number of 

Publication 

Sustainability 18 25 1.636 1196 217 

Journal Of Air 

Transport 

Management 

12 25 0.857 638 26 

Journal Of Cleaner 

Production 

10 12 1.429 512 12 

Transport Policy 6 8 0.6 138 8 

Journal Of 

Sustainable 

Tourism 

5 7 0.455 139 7 

Transportation 

research part 

transport and 

environment 

4 4 0.8 46 4 

Energies 4 5 0.8 49 5 

Technology in 

society 

4 7 0.333 56 7 

Aircraft 

Engineering and 

Aerospace 

Technology 

3 4 0.5 29 4 

Business Strategy 

and The 

Environment 

3 5 0.333 102 5 

Although the quantitative nature of the publication is an 

important indicator for the authors, the number of citations 

received for the publication and its change over time are 
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important criteria in the evaluation of the quality of the 

publications. In this context, as seen in the table, the 

Sustainability journal ranks first with its h index 18, g index 

25 and m index 1,636, total citation number 1196 and 

publication number 217. 

4.2. Findings Regarding Authors 

    Although a determination can be made by using different 

analysis programs in the evaluation of the productivity of 

authors, one of the most commonly used methods today is 

Lotka's Law. The author productivity table according to the 

Lotka's Law is presented below in table 4. 

 

Table 4. Author Productivity Distribution According to 

Lotka's Law 

Documents Written Number of Authors Authors' Ratio 

1 1041 0.888 

2 126 0.105 

3 20 0.017 

4 7 0.006 

5 4 0.003 

6 1 0.001 

 

The number of authors who published one article was 1041. 

When this number is compared to the total number of authors, 

which was 1199, it constitutes 86.6%. The number of authors 

who published two articles was 126, the number of authors 

who published three articles was 20, the number of authors 

who published four articles was seven, the number of authors 

who published five articles was four, and the number of 

authors who published six articles was one. This is represented 

in Figure 3 according to Lotka's Law. 

The productivity of authors and journals is evaluated based 

on various criteria. Table 5 visualizes the h/m/g indexes, which 

are the productivity of authors regarding the studies they 

wrote.  

 
Figure 3. Lotka’s Law Distribution 

Table 5. Distribution of Authors' Productivity According to 

h/g/m Indexes 

Author 

h 

index 

g 

index 

m 

index 

Total 

Citation 
Total 

Publication 

Number 

Budd L. 4 4     0.4 92 4 

Gosling, S. 4 4  0.264 267 4 

Huijuan J. 4 4    0.35 211 4 

Rice S. 4 4     0.8 38 4 

Di Minico 

P. 
3 3    0.75 18 3 

Forsyth P. 3 3    0.21 54 4 

Sun S. 3 3    0.23 88 4 

O'Connell 

J.F. 
3 3   .275 41 4 

Tuo Y. 3 3    0.11 72 4 

Yang X. 3 4     0.3 59 4 

Although evaluating the productivity of authors based solely 

on the number of publications is not a sufficient criterion, it is 

an important criterion to include the citations received in this 

evaluation. The number of articles and the citations received 

over time are given in terms of productivity in Figure 4. 

 

Figure 4. Productivity of Authors Over Time 

As seen in the figure, the most productive author was Bud L. 

who published four articles between 2014 and 2020. The 

author received the most citations in 2014 with 68 citations. 

The other authors in the figure also had high citation numbers. 

During the productivity phase of the articles, authors can write 

an article as a single author or with multiple authors. In single-

authored articles, the author's effort in the creation phase of the 

work is much greater, while in multi-authored works, the work 
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creation phase is carried out with a division of labor. The 

impact of authors per article is given in Table 6. 

Table 6. Contribution of Authors Per Article 

Author Number of Articles Author Contribution Per Article 

Zhang N 6 2.5 

Huijuan J 5 1.67 

Wang J 5 1.88 

Wang Y 5 1.06 

Zhang Y 5 1.15 

Budd L 4 1.25 

Chen J 4 1.04 

Gosling, 

S 
4 1.42 

Li Y 4 1.3 

Rice S 4 1.17 

 

The author who stood out as an individual contribution was 

Zhang N. As seen in the table, the number of articles of Zhang 

N. was six and the ratio was 2.50. Hıgham J. and Wang J. 

followed Zhang N., respectively. 

4.3. Analysis of Words 
While analyzing the words, they are subjected to a number 

of classifications. This classification guides the researchers 

and the new studies to be conducted. The findings regarding 

the most repeated words are given in Figure 5. 

 

Figure 5. Most Repeated Keywords 

The word cloud created for a better understanding of the 

weight and status of the topic and words is presented in Figure 

5. As seen in the figure, the most repeated word was “impact” 

with 51 times, and “aviation” came in second place with 49 

times.  

The visualized word cluster for understanding the density of 

the words and the status of the topic is presented in Figure 6. 

 

Figure 6. Word Cloud of Keywords 

The relationships between the words are divided under two 

groups. In the first group, the words “impact”, “emissions”, 

“transport”, “airlines” are in the center, while in the second 

group, whereas the words “aviation”, “sustainability”, 

“climate change” and “management” are in the center in the 

second group. The distribution of the words is presented in 

Figure 7. 

 
 

Figure 7. Co-occurrence Network of Keywords 

When words are classified thematically, it is possible to get an 

idea about weight and interaction thanks to the clustering that 

occurs. The thematic analysis is presented in Figure 8. 

 

Figure 8. Thematic Clustering According to Keywords 

In the thematic network structure, growth represents 58.45 in 

the central position and perception represents 57.62. Aviation 

and sustainability are in the same cluster but have a lesser 

value in terms of impact. 

4.4. Annual Average Citation Findings 

According to the annual citation analysis, it provides an 

idea about the national long-term academic impact and citation 

dynamics of the time of selected publications by presenting the 

annual average citations of articles published between 2010 

and 2023. This situation is shown in table 7. 
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Table 7. Avarege Citations per Year 

Year MeanTCperArt N MeanTCperYear CitableYears 

2010 28 3 1.75 16 

2011 37.75 12 2.52 15 

2012 57 3 4.07 14 

2013 41.6 5 3.2 13 

2014 37.7 10 3.14 12 

2015 24.5 6 2.23 11 

2016 27.91 11 2.79 10 

2017 21.22 18 2.36 9 

2018 18.15 27 2.27 8 

2019 18.18 45 2.6 7 

2020 20.66 50 3.44 6 

2021 6.21 77 1.24 5 

2022 2.76 84 0.69 4 

2023 0.43 53 0.14 3 

When table 7 is examined, the table presents the average 

number of citations per year (MeanTCperYear) for articles 

published between 2010 and 2023. The data reveals significant 

fluctuations in citation performance over the years. Articles 

published in 2012 achieved the highest annual citation average 

with 4.07 citations per year, indicating a strong and sustained 

academic impact. During the 2010–2014 period, the average 

annual citations consistently remained above 3, suggesting that 

publications from these years had considerable long-term 

scholarly influence. A moderate decline is observed between 

2015 and 2019, with annual citation averages ranging from 

approximately 2.2 to 2.7, reflecting a more modest impact. In 

2020, a noticeable rise occurred, with the average reaching 

3.44 citations per year, implying that publications from this 

year quickly gained academic attention. From 2021 onwards, 

a sharp decrease in MeanTCperYear values is evident, with the 

2023 average falling to 0.14. This decline is expected and 

should not be interpreted as a lack of impact. Instead, it reflects 

the shorter time window for citation accumulation, as shown 

in the CitableYears column. For example, papers from 2023 

have had only 3 years to gather citations. 

4.5. Source Productivity Analysis 

The journals that contributed the most to the studies are 

shown in table 8 according to the number of articles published. 

According to table 8, the sustainability journal stands out 

as the most influential source with 217 articles, playing a role 

in academic discussions on sustainable practices and policies. 

This journal is followed by the Air Transport Management 

Journal with 26 articles that highlight a strong research focus 

on sustainability in transportation. Other important journals 

such as the Cleaner Production Journal (12 articles) and 

Transportation Policy (8 articles) also make important 

contributions by intersecting interests and transportation 

methods. 

 

 

 

Table 8. Most Relevant Sources 
Number Journal Articles 

1 SUSTAINABILITY 217 

2 JOURNAL OF AIR TRANSPORT 

MANAGEMENT 

26 

3 JOURNAL OF CLEANER 

PRODUCTION 

12 

4 TRANSPORT POLICY 8 

5 JOURNAL OF SUSTAINABLE 

TOURISM 

7 

6 TRANSPORTATION RESEARCH PART 

D: TRANSPORT AND ENVIRONMENT 

7 

7 ENERGIES 5 

8 TECHNOLOGY IN SOCIETY 5 

9 AIRCRAFT ENGINEERING AND 

AEROSPACE TECHNOLOGY 

4 

10 BUSINESS STRATEGY AND THE 

ENVIRONMENT 

4 

11 ECONOMIC RESEARCH EKONOMSKA 

ISTRAZIVANJA 

4 

12 ENERGY POLICY 4 

13 INTERNATIONAL JOURNAL OF 

SUSTAINABLE TRANSPORTATION 

4 

14 

15  

NATURE SUSTAINABILITY                

TRANSPORTATION RESEARCH PART 

A: POLICY AND PRACTICE 

4 

3 

4.6. Institutional Contribution Analysis 
The academic institutions that have contributed the most to 

the field on which the studies focused are shown in table 9. 

Table 9. Most Relevant Affiliations 

Most Relevant Affiliations Articles 

Civil Aviation University of China 31 

Beihang University 25 

Nanjing University of Aeronautics and 

Astronautics 
23 

Civil Aviation Flight University of China 22 

 

In table 9, Civil Aviation University of China stands out as the 

institution that produces the most publications with a total of 

31 articles. Beihang University (25 articles), Nanjing 

University of Aeronautics and Astronautics (23 articles) and 

Civil Aviation Flight University of China (22 articles) follow. 

These results clearly show that universities based in China are 

in a dominant position in the literature on the subject. This 

shows that the research topic has academic interest not only 

regionally but also globally. The publication performance of 

aviation and transportation-focused universities, especially in 

the Asian continent, reveals how the topic overlaps with 

regional priorities. 

4.7. Analysis of Sustainability and Aviation Publications 
Addressed in Turkey Between 2010-2023 

It is seen that the publications in the fields of aviation and 

sustainability in Turkey are quantitatively insufficient. Table 

10 presents academic studies published by researchers from 

Turkey in the field of aviation and sustainability between 2010 

and 2023. 
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Table 10. Sustainability and Aviation Publications Addressed in Turkey (2010–2023) 

Number Title Authors Journal Year 

1 

Analyzing the EU ETS, Challenges and Opportunities 

for Reducing Greenhouse Gas Emissions from the 

Aviation Industry in Europe 

Aksu, Bülent; İlk, Asiye K. SUSTAINABILITY 2023 

2 
A Comparative Study between Paper and Paperless 

Aircraft Maintenance: A Case Study 

İsmailoğlu, E.; Esuankal, E.A.; 

Karaman, K. 
SUSTAINABILITY 2022 

3 

Using multi-criteria performance measurement 

models to evaluate the financial, operational and 

environmental sustainability of airlines 

Tanrıverdi, S.; Yıldız, B.; Aksu, B. 

JOURNAL OF AIR 

TRANSPORT 

MANAGEMENT 

2021 

4 

Realizing Green Airport Performance through Green 

Management Intelligence, Airport Reputation, 

Biospheric Value, and Eco Design 

Yıldız, B.; Aksu, B.; Topcuoğlu, 

A.K.; Ozipınar, C.K. 
SUSTAINABILITY 2020 

When table 10 is evaluated, only four articles were published 

by researchers from Turkey on sustainability in the aviation 

sector between 2010-2023. These publications are generally 

concentrated in the last four years (2020-2023) and it is seen 

that Turkey has made a limited contribution to the international 

literature on sustainable aviation. The most cited study was the 

article published in 2023 and evaluated the EU Emissions 

Trading System, while other studies focused on narrower 

themes (e.g. paperless maintenance processes or multi-criteria 

performance assessment). Most of the publications were 

published in the journal Sustainability, which shows that the 

subject is evaluated within the multidisciplinary sustainability 

framework. 

 

5. Conclusion  

The present study investigates the current status of 

scientific studies on sustainability issues in the aviation field. 

The importance of sustainability studies in the aviation field is 

well-documented, and yet this area continues to present 

significant challenges. Research in the aviation field has been 

approached through the lens of relational and evaluative 

effects. The interactions between studies conducted with 

relational terms are targeted as keywords, co-authorship, 

citations and multiple author relationships. Evaluative effects 

are defined as criteria such as the performance of authors, the 

comparison of academic studies, the number of cited articles 

and the number of citations per author. An examination of the 

literature on sustainability in the aviation field reveals a 

paucity of studies on Turkey, particularly with regard to 

relational and evaluative effects. This phenomenon is 

exemplified by a set of four articles at the SSCI level in 

Turkey. It is an irrefutable fact that scientific studies to be 

conducted on sustainability will be beneficial in preventing 

negative global effects such as climate change and global 

warming. In this context, it is hypothesised that an increase in 

international studies on sustainability in Turkey will serve as a 

roadmap, particularly with regard to reducing emissions from 

aviation activities, and will also contribute to global efforts in 

this regard. The paucity of international publications 

representing Turkey is attributable to the authors' lack of 

interest in sustainability. A comprehensive analysis of 404 

scientific studies on sustainability in aviation revealed that the 

year 2022 witnessed the highest number of publications, with 

a total of 84 studies. The total number of citations is 5202. 

A significant proportion of studies on the concept have been 

published in the Sustainability Journal. In order to reduce 

emissions from aviation activities around the world and in 

Turkey, it is essential to take into account the international 

agreements made in recent years. These agreements serve as a 

reference point and establish obligations that countries must 

fulfil. A retrospective analysis of international reports reveals 

a clear emphasis on the concept of sustainability as a form of 

change, a notion first articulated in the Brundtland Report. As 

Borowy (2021) argue, environmental concerns are prioritised 

in decision-making processes that consider multiple purposes. 

The conference that placed significant emphasis on 

environmental issues was the "Rio Conference" in 1992. At the 

Rio conference, the environment and economy were 

considered holistically, and an action plan entitled "Agenda 

21" was formulated (Morin et al., 2024). The World Summit 

on Sustainable Development, which was held with 

considerable participation in 2002, focused on two 

fundamental documents: the Action Plan and the Political 

Declaration (Waldt, 2024). In 2015, the "17 Sustainable 

Development Goals" were established by member countries of 

the United Nations. These objectives pertain to targets that are 

expected to contribute to sustainability, with the measures and 

improvements to be taken in every area of life (Zakari et al., 

2022). It is asserted that the realisation of sustainable practices 

is contingent upon the incorporation of extant international 

accords encompassing a broad spectrum of issues, including 

climate change, global warming, the alleviation of poverty, the 

enhancement of health conditions, and the reduction of 

emissions, as a fundamental framework for sustainable 

development (Q. Wang & Huang, 2021). The present study 

emphasises the importance of sustainability practices in the 

field of aviation within the framework of international 

agreements in Turkey, and the contribution of the 

dissemination of international scientific research to theory. 
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1. Introduction  
 

Tourism plays a significant role in the development of 

countries through its economic (Bull, 1991; Çolak & Batman, 

2021), cultural (Murphy, 1985; Smith, 1989), and social 

(Sharpley, 2018; Avcıkurt, 2023) dimensions. However, the 

equitable distribution of these multifaceted contributions 

across all regions is only possible through robust infrastructure 

and effective transportation planning (Kozak et al., 2010; 

Kavaklı & Karakaş, 2022). Enhancing transportation 

connectivity between tourist destinations encourages the 

balanced distribution of tourism demand and supports the 

sustainable development of the tourism sector.  

In countries like Türkiye, which possess high tourism 

potential, strategic planning efforts have been undertaken to 

prevent the concentration of tourism activity in certain regions 

and to ensure the dispersion of tourist flows across wider 

geographies. Within this context, Tourism Development 

Corridors were established under the scope of the Türkiye 

Tourism Strategy 2023, aiming to achieve transportation 

integration among thematic destinations and promote regional 

development (Ministry of Culture and Tourism, 2007). These 

strategically designed corridors not only seek to diversify the 

tourism product portfolio but also aim to contribute to local 

economies and broaden the distribution of tourism revenues. 

The success of these tourism corridors is closely tied to the 

quality of transportation infrastructure. In this regard, air 

transport and the performance of airports have become key 

determinants of destinations’ competitiveness in the 

international tourism market (Dobruszkes, 2013; Graham, 

2018). 

The aim of this study is to analyze the performance of 

airports located within Türkiye’s Tourism Development 

Corridors. In this context, performance indicators of the 

relevant airports—such as terminal capacity, flight traffic, 

passenger volume, and number of employees—were evaluated 

using data published by the General Directorate of State 

Airports Authority (DHMI) for the period 2020–2023. Based 

on the findings obtained, strategic recommendations were 

proposed. 

In the existing literature, there are many studies on airport 

performance evaluation (Martin & Roman, 2001; Sarkis, 

2000; Yu, 2010; Özsoy & Örkcü, 2021). These studies are 

generally based on technical efficiency, capacity utilisation 

and operational outputs. However, there is no study that 

integrates airport performance with tourism planning, 

especially at the spatial level. However, air transport plays a 

pivotal role in development of tourism destinations 
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(Dobruszkes, 2013; Graham, 2018) and the efficiency of 

transport infrastructure directly shapes tourism flows (Hall & 

Page; 2014). In this context, Tourism Development Corridors 

developed by the Ministry of Culture and Tourism aim to 

support regional development by providing transport 

integration between thematic destinations (Ministry of Culture 

and Tourism, 2007). Considering this strategic approach, this 

study's analysis of airport performance at the scale of tourism 

corridors fills the gap in the literature and makes a unique 

contribution to regional tourism policies. 

 

2. Literature Review 
 
2.1. Tourism Corridors 

Tourism corridors are spatial planning tools aimed at 

enhancing tourism mobility by connecting geographically 

proximate or thematically related destinations (Sharpley & 

Sharpley, 1997; Ministry of Culture and Tourism, 2007). This 

approach not only fosters cooperation among destinations but 

also enables tourists to explore a broader range of areas. Rather 

than promoting isolated destinations, offering multi-point 

routes contributes to the diversification of tourism experiences 

and supports the spatial dispersion of tourism activity (Page & 

Getz, 1997). Examples from Europe and the Americas 

demonstrate the success of this strategy. The Camino de 

Santiago, originally established for religious purposes, has 

evolved into a multidimensional route supporting the 

development of cultural tourism (Council of Europe, n.d.). 

Under the Council of Europe’s “Cultural Routes Programme,” 

thematic itineraries such as the Viking Routes, Olive Tree 

Route, Mozart Route, and the Roman Emperors and Danube 

Wine Route offer integrated tourism experiences across 

history, culture, and nature. Similarly, Australia’s Queensland 

Heritage Trails Network illustrates the economic impact of 

tourism in rural areas (Meyer, 2004; Cook, n.d.). In Türkiye, 

the Olive, Winter, Faith, Silk Road, Western Black Sea 

Coastal, Highland, and Trakya Cultural corridors were 

established under the leadership of the Ministry of Culture and 

Tourism to revitalize regional tourism and diversify tourism 

revenues. These corridors aim to ensure the sustainability of 

both touristic and economic activity by connecting 

destinations under specific thematic umbrellas (Ministry of 

Culture and Tourism, 2007). 

 
2.2. Air Transportation and the Tourism Nexus 

The relationship between tourism and transportation plays 

a critical role, particularly in shaping tourist mobility. Hall and 

Page (2014) outline four fundamental functions of 

transportation in tourism: facilitating access to destinations, 

enabling intra-destination mobility, increasing accessibility to 

attractions, and integrating transport as an element of the 

tourism experience itself. Within this framework, air transport 

is considered indispensable, especially for international and 

long-distance tourism flows (Duval, 2013; Graham, 2018). 

Accordingly, the influence of air transportation on tourism is 

not limited to physical access but is further reinforced by the 

structural and functional characteristics of airports. 
Airports are not merely transportation hubs; they also 

directly affect the attractiveness of tourist destinations through 

service quality, accessibility, and the overall passenger 

experience (Kasarda & Lindsay, 2011). The quality of airport 

infrastructure shapes the operational choices of airlines while 

providing passengers with comfort, speed, and ease of access 

(Dobruszkes, 2013). In particular, low-cost carriers (LCCs) 

contribute to the spatial expansion of tourism by making 

lesser-known destinations more accessible (Yıldırım & Köse, 

2022). 
The literature frequently emphasizes the impact of airports 

on regional development (Green, 2007; Halpern & Graham, 

2013; Güngör & İlban, 2020). While Duval (2013) explores 

the economic and logistical effects of airports on tourism 

destinations, Page (2004) highlights their direct influence on 

tourist experience. Halpern & Graham (2013) further define 

airports as strategic development tools for tourism 

destinations. From this perspective, airport integration also 

plays a critical role in facilitating access to intra-destination 

attractions once tourists arrive. These findings have been 

intergrated to support the framework of this study, particulary 

in terms of quantitive indicator selection. 

 
2.3. Tourism Development Corridors and Airports in 

Türkiye  
With its rich cultural heritage, geographical diversity, and 

natural beauty, Türkiye holds a prominent position as a global 

tourism destination. However, to distribute this potential more 

evenly across regions and ensure the sustainable management 

of tourism, spatial planning strategies are essential. In this 

regard, the Tourism Development Corridors initiated by the 

Ministry of Culture and Tourism aim to diversify regional 

tourism and strengthen inter-destination linkages (Ministry of 

Culture & Tourism, 2007). 
Each corridor covers geographically proximate regions 

under a specific theme, offering thematic tourism routes and 

aligning with local development objectives. The seven main 

tourism development corridors in Türkiye are as follows: 

Olive Corridor: Encompassing Bursa, Balıkesir, and 

Çanakkale provinces, this corridor emphasizes gastronomy 

and cultural heritage. 

Winter Corridor: Consisting of Erzurum, Erzincan, Ağrı, 

and Kars, it supports winter and ski tourism. 

Faith Corridor: Covers regions rich in religious tourism 

potential, such as Mersin, Hatay, Gaziantep, Şanlıurfa, and 

Mardin. 

Silk Road Corridor: Centered around Ankara Esenboğa 

Airport, this route integrates historical trade and cultural 

pathways with modern tourism. 

Western Black Sea Coastal Corridor: Extending from 

Şile to Sinop, it focuses on coastal tourism and natural 

landscapes. 

Highland Corridor: Spanning from Samsun to Artvin, 

this corridor supports nature and highland tourism. 

Trakya Cultural Corridor: Covering Edirne and its 

surroundings, it offers tourism routes centered on history, 

culture, and gastronomy. 
The effectiveness of these tourism corridors is highly 

dependent on the quality of transportation infrastructure. In 

particular, air transport enhances the visibility and 

accessibility of destinations within these thematic corridors, 

thereby increasing tourist mobility and revealing the full 

tourism potential of the regions (Bahar & Kozak, 2018). 
The airports associated with these tourism corridors in 

Türkiye are as follows: 

Olive Corridor: Çanakkale, Balıkesir Koca Seyit, and 

Bursa Yenişehir Airports. 

Winter Corridor: Erzurum, Erzincan Yıldırım Akbulut, 

Ağrı Ahmed-i Hani, and Kars Harakani Airports. 

Faith Corridor: Hatay, Gaziantep Oğuzeli, Şanlıurfa 

GAP, and Mardin Airports. 

Silk Road Corridor: Ankara Esenboğa Airport. 
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Western Black Sea Coastal Corridor: Zonguldak 

Çaycuma Airport. 

Highland Corridor: Samsun Çarşamba, Ordu-Giresun, 

Trabzon, and Rize-Artvin Airports. 

Trakya Cultural Corridor: Tekirdağ Çorlu Airport. 
The accessibility provided by these airports not only 

facilitates tourists’ arrival at destinations but also plays a 

strategic role in the sustainability of regional tourism (Bahar 

& Kozak, 2018). The performance of airports is a key 

determinant in the effective functioning of corridors and in 

unlocking regional tourism potential. Therefore, strengthening 

air transport infrastructure, increasing the number of direct 

flights, and developing integrated transportation systems are 

critical to the success of corridor strategies (Duval, 2013; 

Halpern & Graham, 2013). 

3. Materials and Methods 
 

In this study, the activity reports of the General Directorate 

of State Airports Authority (DHMI) for the period 2020–2023 

were examined, and seven criteria were determined. A total of 

18 airports located within Türkiye’s Tourism Development 

Corridors were evaluated using the CILOS and AROMAN 

methods. The CILOS method was employed to determine the 

weights of the criteria, while the AROMAN method was 

utilized to rank the tourism development corridors. The criteria 

evaluated in the study, the airports, and the respective corridors 

to which these airports belong are presented in Table 1.

Table 1. Criteria and Alternatives Used in the Study 

Tourism Development Corridors                 Airports IATA Code Criteria 

Olive Corridor Bursa Yenişehir Airport YEI Terminal Area 

 Çanakkale Airport CKZ Distance to City Center 

 Balıkesir Koca Seyit Airport BZI Commercial Aircraft Traffic 

 
Erzincan Yıldırım Akbulut 

Airport 
ERC Number of Passengers 

Winter Corridor Erzurum Airport ERZ Freight Traffic 

 Ağrı Ahmed-i Hani Airport AJI Cargo Traffic 

 Kars Harakani Airport KYS Number of Employees 

 Hatay Airport HTY  

Faith Corridor Gaziantep Oğuzeli Airport GZT  

 Şanlıurfa GAP Airport GNY  

 Mardin Airport MQM  

Silk Road Corridor Ankara Esenboğa Airport ESB  

Western Black Sea Coastal Corridor Zonguldak Çaycuma Airport QNQ  

 Samsun Çarşamba Airport SZF  

Plateau Corridor Ordu-Giresun Airport OGU  

 Trabzon Airport TZX  

 Rize-Artvin Havalimanı RZV  

Trakya Cultural Corridor Tekirdağ Çorlu Airport TEQ  

3.1. CILOS (Criterion Impact Loss) Method 
The recently introduced CILOS (Criterion Impact Loss) 

method is employed to determine the comparative impact loss 
experienced by other evaluation criteria when a particular 
criterion is regarded as the most significant (Mazman İtik & 

Sel, 2021). This method focuses on the loss of effectiveness 
among criteria, and its procedural steps are outlined as follows 
(Çilek, 2023; Macit, 2023): 

 

 

Step 1: Construction of the Initial Decision Matrix 

The decision matrix is constructed in accordance with Equation (1). 

A =  [𝑎𝑖𝑗]
𝑚∗𝑛

= [

x11 x12     … x1n

x21 x22     … x2n

⋮ ⋮          ⋮ ⋮
xm1 xm2     … xmn

], 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … 𝑛.                 (1) 

 

 

Step 2: Conversion of Cost-Oriented Criteria into Benefit-

Oriented Criteria 

Since all criteria are required to be benefit-oriented in this 

method, any cost-oriented criteria must be converted into 

benefit-oriented ones using Equation (2) (Podvezko et al., 

2020). 

𝑎𝑖𝑗 =
min 𝑎𝑖𝑗

𝑎𝑖𝑗
                           (2) 

 

Step 3: Normalization Calculation 

If any cost-oriented criteria existed in the initial decision 

matrix, they were previously converted into benefit-oriented 

criteria using Equation (2). Each element of the resulting 
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decision matrix is then normalized using Equation (3), thus 

producing the normalized decision matrix. 

 

𝑥𝑖𝑗 =
𝑎𝑖𝑗

∑ 𝑎𝑖𝑗
𝑛
𝑖=1

          (3) 

 

Step 4: Construction of the S Criterion Square Matrix 

The maximum value of each criterion in the normalized 

decision matrix is calculated using Equation (4). The rows 

containing these maximum values are then combined to form 

the S square matrix. 

 

𝑠𝑗 = 𝑚𝑎𝑥𝑖𝑞𝑖𝑗 = 𝑠𝑘
𝑖𝑗

            𝑖, 𝑗 ∈ {1, 2, ..., n}        (4) 

To formulate the S square matrix, the maximum value of 

the j-th criterion taken from the decision matrix with k₁ rows 

corresponds to   sₖᵢʲ. 𝑠𝑖𝑗 = 𝑠𝑘
𝑖𝑗

 𝑣𝑒 𝑠𝑖𝑗 = 𝑠𝑗 

Step 5: Construction of the Relative P Loss Matrix 

Using the data obtained in the fourth step of the method, 

each element of the relative loss matrix is calculated using 

Equation (5), resulting in the formation of the P matrix. Here, 

pᵢⱼ represents the relative impact loss of the j-th criterion. 

 

𝑝𝑖𝑗 =
𝑠𝑗𝑗−𝑠𝑖𝑗

𝑠𝑗𝑗
, 𝑝𝑖𝑖 = 0,      𝑖, 𝑗 ∈  {1, 2, . . . , 𝑛}            (5) 

 

Step 6: Construction of the F Matrix 

The F matrix is constructed by applying the format of 

Equation (6) to the elements of the relative P loss matrix. 

 

𝐹 = [

− ∑ 𝑝𝑖1
𝑚
𝑖=1 𝑝12 …                     𝑝1𝑚

𝑝21

⋮
− ∑ 𝑝𝑖2

𝑚
𝑖=1

⋮

⋯  
⋮                    

𝑝2𝑚

⋮
𝑝𝑚1 𝑝𝑚2 ⋯       − ∑ 𝑝𝑖𝑚

𝑚
𝑖=1

]         (6) 

 

Step 7: Solving the Linear Equation System 

In the final step of the method, the linear equation 

presented in Equation (7) is solved to obtain the W weight 

vector, which contains the normalized weight elements (w₁, w₂, 

…, wₘ) corresponding to the criteria. 

 

𝐹 . 𝑊𝑇 = 0                      (7) 

 

3.2. AROMAN Method 
The AROMAN method was introduced into the literature 

by Bošković et al. (2023). Unlike other multi-criteria decision-

making (MCDM) methods, this approach combines the 

normalized data obtained from a two-step normalization 

process and generates an averaged matrix from the resulting 

normalized values. The key advantage of this method lies in 

the application of dual normalization, which enhances the 

objectivity of the results (Bošković et al., 2023a; Bošković et 

al., 2023b). Furthermore, the method offers a robust and 

practical alternative for ranking by avoiding complex formulas 

and computations (Kara et al., 2024). The procedural steps of 

the method are outlined below (Bakır & İnce, 2024; Macit, 

2023): 

Step 1: Construction of the Initial Decision Matrix 

In this step, the decision matrix is formed using Equation 

(1). 

 

Step 2: Normalization of the Decision Matrix 

Using Equations (8) and (9), both linear normalization for 

benefit criteria and vector normalization for cost criteria are 

applied accordingly. 

Step 2.1: Linear Normalization 

𝑡𝑖𝑗 =
𝑥𝑖𝑗−𝑥𝑚𝑖𝑛

𝑥𝑚𝑎𝑘−𝑥𝑚𝑖𝑛
, 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.         (8) 

Step 2.2: Vector Normalization 

𝑡𝑖𝑗
∗ =  

𝑥𝑖𝑗

√∑ 𝑥𝑖𝑗
2𝑚

𝑖=1

, 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.         (9) 

Step 2.3: Construction of the Combined and Averaged 

Normalization Matrix 

In this step, an arithmetic mean is utilized to merge the 

normalized values obtained from Equations (8) and (9) by 

applying Equation (10). The parameter β appearing in this 

formulation represents a weighting factor that ranges between 

0 and 1. Bošković et al. (2023b) recommend using a value of 

0.5 for the β parameter. 

 

𝑡𝑖𝑗
𝑛𝑜𝑟𝑚 =

𝛽𝑡𝑖𝑗+(1−𝛽)𝑡𝑖𝑗
∗

2
, 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.  (10) 

 

Step 3: Weighting the Combined and Averaged Normalized 

Matrix 

The elements of the normalized matrix obtained in Step 2.3 

are multiplied by the corresponding criterion weights using 

Equation (11). 

 

�̂�𝑖𝑗 = 𝑊𝑖𝑗 × 𝑡𝑖𝑗
𝑛𝑜𝑟𝑚, 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.    (11) 

 

Step 4: Aggregation of Weighted Normalized Values for 

Benefit (Aᵢ) and Cost (Lᵢ) Criteria 

In this step of the method, the weighted normalized values 

related to the criteria are aggregated using Equation (12) for 

benefit-oriented criteria and Equation (13) for cost-oriented 

criteria. 

 

𝐿𝑖 = ∑ �̂�𝑖𝑗
(min)𝑛

𝑗=1 , 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.      (12) 

𝐴𝑖 = ∑ �̂�𝑖𝑗
(mak)𝑛

𝑗=1 , 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.     (13) 

 

Step 5: Exponentiation of Aᵢ and Lᵢ Values by the Power of λ 

In the formula, the parameter λ represents the coefficient 

reflecting the type of criterion. In other words, λ denotes the 

ratio of cost-oriented criteria to the total number of criteria. In 

this study, seven criteria were used, three of which are cost-

oriented; thus, the value of λ is 3/7. The corresponding 

operations are carried out using Equations (14) and (15), 

respectively. 

 

𝐿𝑖
^ = 𝐿𝑖

 = (∑ �̂�𝑖𝑗
(min)𝑛

𝑗=1 )

, 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.  (14) 

 

𝐴𝑖
^ = 𝐴𝑖

1− = (∑ �̂�𝑖𝑗
(mak)𝑛

𝑗=1 )
1−

, 𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.            

(15) 

 

Step 6: Final Ranking of the Alternatives 

In the final step of the method, the Rᵢ value is calculated 

using Equation (16). The obtained Rᵢ value reflects the benefit 
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score of each alternative. Accordingly, the alternative with the 

highest Rᵢ value is considered the most optimal option. 

 

𝑅𝑖 =  𝐿𝑖
  +  𝐴𝑖

(1−)
= 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛.       (16) 

 

4. Findings 
 

This section presents the findings obtained through the 

implementation of the integrated methods applied in the study, 

following a step-by-step approach. 

4.1. Findings from the CILOS Method Analysis 
The first step of the method, the construction of the 

decision matrix, was performed in accordance with Equation 

(1). The resulting decision matrix is presented in Table 2. The 

same decision matrix was used for both the CILOS and 

AROMAN methods. While constructing the matrix, the annual 

averages of the relevant criteria for each airport during the 

period 2020–2023 were calculated. Some studies using multi-

criteria decision-making methods and average values are as 

follows; Temizel & Bayçelebi (2016) analysed the financial 

ratios of enterprises operating in the textile manufacturing 

sector using for year averages. Avcı & Çınaroğlu (2018) used 

five year averages of financial ratios of airline companies. 

Akçakanat et al. (2018) worked with six year averages in their 

research evaluating banks. Subsequently, the data were 

organized according to the tourism development corridors, 

which constitute the core focus of the study, and an average 

decision matrix was obtained accordingly. 
 

Table 2. Initial Decision Matrix 
Tourism Corridors Terminal 

Area 

Distance to 

City 

Center 

Commercial 

Aircraft 

Traffic 

Passenger 

Traffic 

Freight 

Traffic 

Cargo 

Traffic 

Number of 

Employees 

Olive Corridor 15785.33 47.33 14534.83 154350.33 1386.83 11.36 168.83 

Winter Corridor 24926.00 9.13 3505.50 455082.75 4118.81 54.63 123.94 

Faith Corridor 37245.06 24.00 8373.88 981564.31 9932.19 403.19 160.50 

Silk Road Corridor 182000.00 28.00 70434.00 8205673.25 87537.50 12211.50 772.00 

Western Black Sea Coastal 

Corridor 

1430.00 8.00 895.50 75976.50 1422.25 0.50 10.00 

Plateau Corridor 21038.67 30.30 12496.43 1459040.07 14637.07 346.79 174.27 

Trakya Cultural Corridor 6521.00 51.00 24529.00 27115.00 2592.25 1059.50 158.00 

Since terminal area, distance to the city center, and number 

of employees in Table 2 are cost-oriented criteria, they were 

converted into benefit-oriented criteria using Equation (2). The 

decision matrix resulting from this transformation is presented 

in Table 3.

 

Table 3. Decision Matrix After Cost-to-Benefit Criteria Transformation 
 min→max min→max max max max max min→max 

Tourism Corridors Terminal 

Area 

Distance to 

City Center 

Commercial 

Aircraft 

Traffic 

Passenger 

Traffic 

Freight 

Traffic 

Cargo 

Traffic 

Number of 

Employees 

Olive Corridor 0.091 0.169 14534.833 154350.333 1386.833 11.358 0.059 

Winter Corridor 0.057 0.877 3505.500 455082.750 4118.813 54.625 0.081 

Faith Corridor 0.038 0.333 8373.875 981564.313 9932.188 403.188 0.062 

Silk Road Corridor 0.008 0.286 70434.000 8205673.250 87537.500 12211.500 0.013 

Western Black Sea 

Coastal Corridor 

1.000 1.000 895.500 75976.500 1422.250 0.500 1.000 

Plateau Corridor 0.068 0.264 12496.429 1459040.071 14637.071 346.786 0.057 

Trakya Cultural Corridor 0.219 0.157 24529.000 27115.000 2592.250 1059.500 0.063 

 

Based on the decision matrix presented in Table 3, 

normalization was performed using the formula defined in 

Equation (3), and the resulting normalized decision matrix is 

shown in Table 4. 
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Table 4. Normalized Decision Matrix 
Tourism Corridors Terminal 

Area 

Distance to 

City Center 

Commercial 

Aircraft 

Traffic 

Passenger 

Traffic 

Freight 

Traffic 

Cargo 

Traffic 

Number of 

Employees 

Olive Corridor 0.061 0.055 0.108 0.014 0.011 0.001 0.044 

Winter Corridor 0.039 0.284 0.026 0.040 0.034 0.004 0.060 

Faith Corridor 0.026 0.108 0.062 0.086 0.082 0.029 0.047 

Silk Road Corridor 0.005 0.093 0.523 0.722 0.720 0.867 0.010 

Western Black Sea 

Coastal Corridor 

0.675 0.324 0.007 0.007 0.012 0.000 0.749 

Plateau Corridor 0.046 0.086 0.093 0.128 0.120 0.025 0.043 

Trakya Cultural 

Corridor 

0.148 0.051 0.182 0.002 0.021 0.075 0.047 

 

Each element in the normalized decision matrix was 

processed using Equation (4) to determine the maximum 

values for each criterion. The rows containing these maximum 

values were then combined to form the S square matrix, which 

is presented in Table 5. 

 

Table 5. S Criterion Square Matrix 
Criterions Terminal 

Area 

Distance to 

City Center 

Commercial 

Aircraft 

Traffic 

Passenger 

Traffic 

Freight 

Traffic 

Cargo 

Traffic 

Number of 

Employees 

Terminal Area 0.675 0.324 0.007 0.007 0.012 0.000 0.749 

Distance to City Center 0.675 0.324 0.007 0.007 0.012 0.000 0.749 

Commercial Aircraft 

Traffic 

0.005 0.093 0.523 0.722 0.720 0.867 0.010 

Passenger Volume 0.005 0.093 0.523 0.722 0.720 0.867 0.010 

Freight Traffic 0.005 0.093 0.523 0.722 0.720 0.867 0.010 

Cargo Traffic 0.005 0.093 0.523 0.722 0.720 0.867 0.010 

Number of Employees 0.675 0.324 0.007 0.007 0.012 0.000 0.749 

 

Following the construction of the S criterion square matrix 

presented in Table 5, Equation (5) was employed in the fourth 

step of the method to generate the relative P loss matrix, which 

is provided in Table 6. 

 

Table 6. Construction of the Relative P Loss Matrix 
Criterions Terminal 

Area 

Distance to 

City Center 

Commercial 

Aircraft 

Traffic 

Passenger 

Traffic 

Freight 

Traffic 

Cargo 

Traffic 

Number 

of 

Employees 

Terminal Area 0.000 0.000 0.987 0.991 0.984 1.000 0.000 

Distance to City Center 0.000 0.000 0.987 0.991 0.984 1.000 0.000 

Commercial Aircraft 

Traffic 

0.992 0.714 0.000 0.000 0.000 0.000 0.987 

Passenger Traffic 0.992 0.714 0.000 0.000 0.000 0.000 0.987 

Freight Traffic 0.992 0.714 0.000 0.000 0.000 0.000 0.987 

Cargo Traffic 0.992 0.714 0.000 0.000 0.000 0.000 0.987 

Number of Employees 0.000 0.000 0.987 0.991 0.984 1.000 0.000 

 

The elements of the relative P matrix were transformed 

according to the format of Equation (6) to construct the F 

matrix, which is presented in Table 7. Furthermore, based on 

the F matrix in Table 7, the linear equation system defined in 

Equation (7) was solved, and the weights of the criteria were 

determined accordingly. 
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Table 7. F Matrix and the Derived Weight Values 

Criterions Terminal Area 
Distance to 

City Center 

Commercial 

Aircraft 

Traffic 

Passenger 

Traffic 

Freight 

Traffic 

Cargo 

Traffic 

Number of 

Employees 

Terminal Area -3.969 0.000 0.987 0.991 0.984 1.000 0.000 

Distance to City Center 0.000 -2.857 0.987 0.991 0.984 1.000 0.000 

Commercial Aircraft Traffic 0.992 0.714 -2.962 0.000 0.000 0.000 0.987 

Passenger Traffic 0.992 0.714 0.000 -2.972 0.000 0.000 0.987 

Freight Traffic 0.992 0.714 0.000 0.000 -2.951 0.000 0.987 

Cargo Traffic 0.992 0.714 0.000 0.000 0.000 -3.000 0.987 

Number of Employees 0.000 0.000 0.987 0.991 0.984 1.000 -3.948 

𝐰𝐣 0.1351 0.1877 0.1358 0.1353 0.1363 0.1341 0.1358 

 

Upon examining Table 7, it was determined that the 

criterion “distance to the city center” holds the highest level of 

importance compared to the other criteria, with a weight value 

of 0.1847. The obtained criterion weights were subsequently 

integrated into the AROMAN method and used in the ranking 

of the alternatives. 

 

4.2. Findings from the AROMAN Method Analysis 
The initial phase of the method, the construction of the 

decision matrix, is presented in Table 2. In the second step, the 

decision matrix was normalized. At this stage, two distinct 

normalization procedures were applied: linear normalization, 

performed using Equation (8), and vector normalization, 

applied using Equation (9). The results from both 

normalization techniques were then combined using Equation 

(10). The resulting Combined and Averaged Normalization 

Matrix is presented in Table 8. 

Table 8. Combined and Averaged Normalization Matrix 

Tourism Corridors 
Terminal 

Area 

Distance to 

City Center 

Commercial 

Aircraft 

Traffic 

Passenger 

Traffic 

Freight 

Traffic 

Cargo 

Traffic 

Number of 

Employees 

Olive Corridor 0.0407 0.2776 0.0937 0.0092 0.0078 0.0005 0.0994 

Winter Corridor 0.0654 0.0535 0.0226 0.0271 0.0230 00022 0.0730 

Faith Corridor 0.0988 0.1408 0.0540 0.0584 0.0555 0.0164 0.0945 

Silk Road Corridor 0.4902 0.1642 0.4541 0.4881 0.4892 0.4977 0.4546 

Western Black Sea Coastal 

Corridor 
0.0019 0.0469 0.0058 0.0045 0.0079 0.0000 0.0059 

Plateau Corridor 0.0549 0.1777 0.0806 0.0868 0.0818 0.0141 0.1026 

Trakya Cultural Corridor 0.0157 0.2991 0.1582 0.0016 0.0145 0.0432 0.0930 

 

Equation (11) was used to weight the values in Table 8. In 

this weighting process, the criterion weights obtained from the 

CILOS method were employed. The results of the weighting 

of the Combined and Averaged Normalization Matrix are 

presented in Table 9. 

 

Table 9. Weighting of the Combined and Averaged Normalized Matrix 

Tourism Corridors Terminal Area 
Distance to 

City Center 

Commercial 

Aircraft 

Traffic 

Passenger 

Traffic 

Freight 

Traffic 

Cargo 

Traffic 

Number of 

Employees 

Olive Corridor 0.0055 0.0521 0.0127 0.0012 0.0011 0.0001 0.0135 

Winter Corridor 0.0088 0.0100 0.0031 0.0037 0.0031 0.0003 0.0099 

Faith Corridor 0.0133 0.0264 0.0073 0.0079 0.0076 0.0022 0.0128 

Silk Road Corridor 0.0662 0.0308 0.0617 0.0660 0.0667 0.0667 0.0617 

Western Black Sea Coastal 

Corridor 
0.0003 0.0088 0.0008 0.0006 0.0011 0.0000 0.0008 

Plateau Corridor 0.0074 0.0334 0.0109 0.0117 0.0111 0.0019 0.0139 

Trakya Cultural Corridor 0.0021 0.0561 0.0215 0.0002 0.0020 0.0058 0.0126 
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In the fourth step of the method, the values of Aᵢ (for 

benefit-oriented criteria) and Lᵢ (for cost-oriented criteria) 

were calculated using Equation (12) and Equation (13), 

respectively. The obtained Aᵢ and Lᵢ values were then 

exponentiated using Equation (14) for benefit criteria and 

Equation (15) for cost criteria, according to the power of λ. 

Finally, the final ranking of the alternatives was determined 

using Equation (16). The corresponding values are presented 

in Table 10. 

 

Table 10. Values of Lᵢ, Aᵢ, Lᵢ^λ, Aᵢ^λ, and Rᵢ 

Tourism Corridors 𝐋𝐢 𝐀𝐢 𝐋𝐢
^ 𝐀𝐢

^ 𝐑𝐢 

Olive Corridor 3.9878 2.3222 1.8090 1.6184 3.4275 

Winter Corridor 3.9881 2.2556 1.8091 1.5917 3.4008 

Faith Corridor 3.9899 2.3310 1.8094 1.6219 3.4313 

Silk Road Corridor 3.9943 2.5000 1.8103 1.6880 3.4984 

Western Black Sea Coastal Corridor 3.9855 1.9886 1.8086 1.4811 3.2898 

Plateau Corridor 3.9907 2.3170 1.8096 1.6163 3.4259 

Trakya Cultural Corridor 3.9885 2.2792 1.8092 1.6012 3.4104 

 

An analysis of the obtained Rᵢ values revealed that the Silk 

Road Corridor, with a score of 3.4984, emerged as the most 

optimal alternative among the corridors. In contrast, the 

Western Black Sea Coastal Corridor was found to have a 

comparatively lower performance score than the other 

alternatives. 

This study evaluated the airports located within Türkiye’s 

Tourism Development Corridors. In Türkiye, there are seven 

designated tourism development corridors, within which 18 

airports are situated. Based on the criteria identified through 

the review of the 2020–2023 activity reports published by the 

General Directorate of State Airports Authority (DHMI), 

relevant datasets were compiled. Since the study includes 

multiple criteria and multiple alternatives, the data were 

analyzed using multi-criteria decision-making (MCDM) 

methods. The CILOS method was utilized to determine the 

weight of each criterion, and these weights were then 

integrated into the AROMAN method to rank the alternatives, 

i.e., the tourism corridors. 

According to the findings obtained from the CILOS 

method, “distance to the city center” was identified as the most 

important criterion, while “cargo traffic” was found to be the 

least significant. The overall ranking of criteria from most to 

least important is as follows, Table 11: 

 

Table 11. The Relative Importance of the Criteria 
Rank Criteria Weight 

1 Distance to the City 0.1877 

2 Freight Traffic 0.1363 

3 Number of Employees 0.1358 

4 Commercial Aircraft Traffic 0.1358 

5 Passenger Volume 0.1353 

6 Terminal Area 0.1351 

7 Cargo Traffic 0.1341 

After determining the criterion weights, they were 

integrated into the AROMAN method to rank the tourism 

development corridors. The resulting order of performance 

among the corridors is as follows, Table 12: 

 

 

Table 12. Ranking of Alternatives 
Rank Alternatives Weight 

1 Silk Road Corridor 3.4984 

2 Faith Corridor 3.4313 

3 Olive Corridor 3.4275 

4 Plateau Corridor 3.4259 

5 Trakya Cultural Corridor 3.4104 

6 Winter Corridor 3.4008 

7 Western Black Sea Coastal Corridor 3.2898 

 

The superior performance of the Silk Road Corridor can be 

primarily attributed to the proximity of the airport to the city 

center, which emerged as the most significant criterion. While 

this finding may appear to contradictory to conventional 

expectations regarding tourism-related airport preferences, it 

highlights the weight of the accessibility in the analysed 

MCDM framework. Especially for tourists who prioritise 

comfort and convenience, access time and ease of ground 

transport may influence airport selection, even if total travel 

time is not be primary concern (Kasarda & Lindsay, 2011; 

Halpern & Graham, 2013; Graham, 2018). 

In addition to its proximity, the airport’s accessibility to 

other transportation modes and its function as a transit hub are 

also believed to have contributed. Therefore, a passenger or 

tourist arriving at Ankara Esenboğa Airport likely prefers this 

location due to the ease of reaching other corridors or 

destinations. 

In contrast, the Western Black Sea Coastal Corridor 

showed lower performance compared to other corridors, which 

may be explained by its geographical characteristics. The 

perpendicular orientation of mountains to the coastline 

impedes access via certain modes of transportation. It is also 

known that airport construction in this region has occasionally 

required land reclamation from the sea, a method that increases 

construction costs and is therefore not commonly preferred. 

5. Conclusion 
 

5.1. Theoretical Contrubitions 
This study supports existing literature emphasizing the 

critical role of transportation infrastructure in the success of 

tourism development corridors (Kozak et al., 2010; Graham, 

2018; Halpern & Graham, 2013). The physical and operational 

characteristics of airports (e.g., passenger volume, flight 
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traffic, terminal capacity) were empirically tested using 

MCDM techniques in relation to tourism mobility. Notably, 

distance from the airport to the city center was found to be 

more influential than many traditional performance indicators. 

This finding aligns with studies highlighting the impact of 

accessibility on tourist preferences (Hall & Page, 2014; 

Kasarda & Lindsay, 2011). 

Moreover, although variables such as passenger numbers 

and commercial flight frequency are frequently prioritized in 

airport performance assessments (Graham, 2018; Green, 

2007), this study offers a critical perspective by identifying 

distance to the city as a more heavily weighted criterion. It 

contributes a novel dimension to the debate by suggesting that 

ease of access to tourist destinations may outweigh the 

physical capacity of an airport. Accordingly, spatial 

integration is emphasized as a key variable in tourism 

planning. 

From a methodological perspective, the combined use of 

CILOS and AROMAN—both advanced MCDM techniques—

introduces an innovative approach to tourism and 

transportation research. These methods are rarely applied 

together in tourism studies, and as such, the present research 

not only assesses airport performance but also provides a 

quantitative, systematic, and transparent framework for 

strategic tourism decision-making. The study offers a 

reconceptualized framework that reexamines the tourism–

transportation relationship on both spatial and operational 

levels, thereby addressing conceptual gaps in the literature. 

 

5.2. Practical Contrubitions 
By emphasizing the critical role of airport performance in 

the effectiveness of tourism development corridors, this study 

yields important insights for transport and tourism policy-

making. The analysis revealed that distance to the city center 

is the most decisive criterion, indicating that airport 

accessibility directly influences tourist choices. Therefore, 

enhancing intra-destination transport links and facilitating 

easier access to airports is a strategic necessity for improving 

regional tourism mobility. 

The variation in corridor performance also indicates a 

regional disparity in transportation infrastructure, suggesting 

that some routes may require significant improvement. In this 

regard, the study offers a data-driven framework for 

policymakers to reassess investment priorities and supports 

strategic planning aimed at reinforcing transport–tourism 

integration. 
 
6. Limitations and Directions for Future Research 

 

This study has certain methodological and data-related 

limitations. First, the dataset used in the analysis was limited 

to the activity reports published by DHMI for the 2020–2023 

period. As data for 2024 were not yet available, they could not 

be included in the study, which limits the interpretation of the 

results in terms of recent developments. 

Moreover, provinces such as Ardahan, Mersin, Sakarya, 

Bolu, Karabük, Bartın, Kırklareli, and Edirne, which are part 

of the tourism development corridors but do not host active 

airports, were excluded from the analysis. Furthermore, major 

airports such as Antalya, Dalaman, Bodrum, İzmir Adnan 

Menderes, Istanbul Airpot and Sabiha Gökçen Airport, which 

are significant tourism gateways, were not included in the 

analysis since they are not explicitly associated with the 

corridors defined int he Türkiye Tourism Strategy 2023. This 

is a conscious limitation of the study, aligned with the 

objective of evaluating corridor-based airport performance. 

However, this point opens space for further research that 

compares corridor-integrated and high-capacity tourism 

airports. This exclusion may have impacted the 

representativeness of the geographic scope in corridor-based 

comparisons. 

The criteria selection process was based on the airport 

performance evaluation model proposed by Kiracı and 

Durmuşçelebi (2022). However, due to the unavailability of 

income and expenditure data for Zonguldak Çaycuma Airport 

during 2020–2023, financial indicators were not included for 

this airport. This exclusion was due to the airport being 

operated by a private entity under DHMI supervision, which 

limits the public availability of financial data. 

Regarding the Rize–Artvin Airport, only complete data for 

2022 and 2023 were accessible. Limited data for 2021 (e.g., 

terminal area, distance to the city center, number of 

employees) were included, while the airport was not yet 

operational in 2020, rendering data for that year unavailable. 

Future research may extend the time frame of the analysis 

and incorporate qualitative variables such as passenger 

satisfaction, service quality, and environmental sustainability. 

In addition, adopting mixed-method approaches that include 

stakeholder perspectives could provide a more holistic 

evaluation of airport performance in terms of socio-economic 

and environmental dimensions. 
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