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Abstract: Meeting energy demands while ensuring sustainability is a critical challenge in underdeveloped regions like Yemen. The 

Marib Integrated Power and Cooling Cycle (MIPCC) is proposed as an innovative solution to enhance power generation efficiency and 

reduce environmental impact by utilizing waste heat from the Marib gas turbine plant. This study evaluates the thermodynamic, 

economic, and environmental performance of the MIPCC system, which integrates the Brayton, Rankine, and absorption refrigeration 

cycles for simultaneous power generation and cooling. The results indicate that the MIPCC system significantly improves performance, 

achieving a net power output of 226 MW with energy and exergy efficiencies of 47.91% and 46.26%, respectively. The system reduces 

CO₂ emissions to 403.5 kg/MWh and minimizes the cost of electricity to 70.55 $/MWh, demonstrating both environmental and economic 

viability. Additionally, it provides a cooling capacity of 53.5 MW, making it ideal for hot climates. The MIPCC offers a transformative 

energy solution by maximizing efficiency, lowering emissions, and reducing dependency on fossil fuels. Its application in energy-

deprived areas can enhance energy security and economic growth, making it a scalable model for sustainable power generation in 

regions facing infrastructure and energy challenges. 
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1. Introduction 
Humanity is being dramatically affected by climate 

change, mainly caused by the consumption of fossil fuels. 

As per the International Energy Agency (IEA), the world's 

primary energy supply has increased at an average rate of 

2.5% per year between 1971 and 2017, from 5519 Mtoe 

in 1971 to 13,972 Mtoe in 2017. According to the IEA, in 

2024 alone, there were 37.34 Gt of carbon dioxide 

emissions. At the same time, demand for cooling has risen 

sharply on account of climate change and demographic 

trends. About 20 percent of the world’s electricity is 

consumed for air conditioning and cooling (He et al., 2022; 

Wang et al., 2009). 

A large amount of research has been done to develop 

novel thermodynamic cycles to combat the demand for 

decreasing fossil fuel consumption and lowering the 

production of greenhouse gas emissions. These advanced 

cycles aim to provide power and cooling simultaneously 

with greater efficiency than conventional, separate cycles 

(Kumar et al., 2010). Additionally, several of these 

conceptual systems utilize a low- to medium-temperature 

heat source, such as industrial waste heat or renewable 

energy, to allow for high sustainability and energy 

efficiency. Rostamzadeh et al. (2018) proposed a new 

combined cooling and power cycle that interconnected the 

Kalina cycle with the ejector refrigeration cycle, also 

obtaining a thermal efficiency of 33.65% and cooling 

capacity of 160.6 kW, improving exergy efficiency and 

reducing irreversibility through parametric optimization. 

Yin et al. (2018) proposed a Goswami cycle-ejector 

refrigeration cycle combined cooling and power system 

with a thermal efficiency of 17.49% and exergy efficiency 

of 26.15%, whose performance was affected by absorber 

temperature, boiler temperature, and number of pressure 

stages. Parikhani et al. (2020) also designed a modified 

ammonia-water CCHP system based on the Kalina cycle. 

They obtained the energy and exergy efficiencies of 

49.83% and 27.68%, respectively, and conducted a 

sensitivity analysis to emphasize crucial parameters (like 

evaporation temperature and ammonia concentration) 

for better performance and lower cost. Wang et al. (2019) 

proposed a solar thermal biomass gasification-based 

CCHP system achieving energy and exergy efficiencies of 

56% and 28%, respectively, with a solar-to-biogas energy 

ratio of 0.19, showing its capability to improve biomass 

energy utilization significantly. Talal and Akroot (2024) 

evaluated a solar and Brayton cycle-based polygeneration 

system, achieving energy and exergy efficiencies of 

51.15% and 49.4% for ISCC-ARC and 50.89% and 49.14% 

for ISCC, with specific costs ranging from $69.09/MWh to 
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$79.05/MWh depending on configuration and season. 

Aghaziarati and Aghdam (2021) introduced a solar 

organic Rankine cycle integrated with cascade 

refrigeration for hospitals, achieving energy and exergy 

efficiencies of 89.39% and 8.70%, respectively, with solar 

collectors identified as the primary source of 

irreversibility and cyclohexane and octane providing 

optimal efficiency. Wu et al. (2019) evaluated a novel 

CCHP system combining solar thermal and organic 

Rankine cycle subsystems, achieving a primary energy 

ratio of 60.2% and generating 108 kW, with 12.4% lower 

natural gas consumption compared to conventional 

systems. Wu et al. (2020) proposed a novel CCP system 

combining a regenerative sCO₂ Brayton cycle and 

ammonia-water absorption refrigeration, achieving 

exergy efficiency improvements of 2.29-2.54% and 

thermal efficiency gains of 8.16-18.93%. Nami et al. 

(2019) evaluated a waste-driven combined heat and 

power system integrated with a large-scale absorption 

chiller, achieving a 12% improvement in thermal 

efficiency, a 28.58% exergy efficiency, and an emission 

reduction of 445.935 kg-CO₂/GJ. Salimi et al. (2022) 

highlighted the potential of combined cooling, heating, 

and power (CCHP) systems in reducing energy 

consumption and environmental impacts, particularly in 

sectors like hospitals, airports, and hydrogen production. 

Liao et al. (2019) proposed a novel CCHP-ORC system for 

recovering waste heat in coal-fired plants, achieving 

optimized exergy production rates using R1234ze(E) and 

heptane/R601a as working fluids, with parametric 

analysis showing a 19.4% and 18.3% decline in thermal 

efficiency when condenser temperature rises from 25°C to 

40°C. Aghaei and Saray (2021) optimized a CCHP-Boiler 

system driven by a gas turbine and auxiliary boiler for a 

dairy factory, finding that higher air compressor pressure 

ratios (14.79) improve performance. At the same time, 

optimization reduces the need for an air pre-heater (APH), 

making it unnecessary. Ghorbani et al. (2023) presented a 

geothermal-based CCHP cogeneration system integrating 

Kalina, ejector refrigeration, and organic Rankine cycles, 

achieving an exergy efficiency of 26.55%, thermal 

efficiency of 23.04%, and net output power of 226 kW 

under optimal conditions. Chu et al. (2023) analyzed a 

micro-gas turbine CCHP system with an absorption chiller, 

achieving exergy efficiencies of 19.96% in summer and 

25.13% in winter. 

Despite extensive research on combined cycle systems, 

few studies have focused on solutions tailored for regions 

with energy poverty and outdated infrastructure. The 

Marib Integrated Power and Cooling Cycle (MIPCC) offers 

an innovative approach by integrating Brayton, Rankine, 

and absorption refrigeration cycles to enhance power and 

cooling efficiency under real-world constraints. This study 

bridges a critical gap in energy sustainability by 

demonstrating the economic and environmental 

feasibility of this hybrid system in Yemen’s Marib power 

plant. Addressing Yemen’s energy challenges, the research 

examines Marib’s electricity shortages, exacerbated by 

aging infrastructure and dependence on costly diesel 

generators, which hinder economic growth and daily life. 

The MIPCC presents a novel solution by utilizing waste 

heat to generate electricity, cooling, and heating, 

improving efficiency while lowering costs and CO₂ 

emissions. This approach transitions from conventional 

power generation to a more sustainable, locally adaptive 

model that reduces reliance on unstable energy sources. 

The findings provide actionable insights for addressing 

global energy challenges, promoting cleaner, more 

efficient power solutions. 

 

2. Materials and Methods 
2.1. Model Description 

MIPCC is an innovative energy system which operates to 

improve the efficiency of power generation and effective 

cooling in Marib located in Yemen, as seen in Figure 1. This 

new cycle integrates three thermodynamic processes into 

one: the Brayton cycle, which is the primary cycle by 

which power is generated and, in this case, through gas 

turbines; the Rankine cycle, which accounts for further 

power recovery by additional steam at the expense of 

exhaust gases through steam turbines; and the absorption 

cooling cycle, which acts towards air pre-cooling (before 

entering the gas turbines) and the consequent help to 

satisfy the cooling needs. By effectively using exhaust heat 

and integrating these cycles, the MIPCC recovers energy 

economically, minimizing environmental burden and 

addressing sustainable energy requirements for Marib's 

inhospitable climate. 

In the Brayton cycle, the air is compressed in the axial 

compressors, wherein the air is routed into the 

combustion chamber. Fuel is injected and mixed with air, 

where it burns to create high-temperature and high-

pressure gases. The exhaust gases drive the gas turbines 

and generate mechanical power because of the heat 

energy of the gases. Basically, this cycle shows its primary 

design over power generation in a more effective way, 

with the use of the exhaust gases that are of significant 

thermal energy, which can be used in heat recovery steam 

generation to increase the total energy efficiency. 

The Rankine Cycle absorbs the exhaust gases from the 

Brayton Cycle and moves them to a heat recovery steam 

generator (HRSG) to utilize their heat to create steam. The 

steam expands across three steam turbines: the High-

Pressure Steam Turbine (HPST), Intermediate-Pressure 

Steam Turbine (IPST), and Low-Pressure Steam Turbine 

(LPST), which is used to drive a second generator, 

producing even more electricity. Once expanded, the 

steam is condensed as water in a condenser and pumped 

back into the HRSG using two open feedwater heaters 

(OFWH1 and OFWH2). This setup makes use of the 

Rankine cycle to recover energy from the exhaust gases 

produced by the Brayton cycle to get better power 

generation efficiency ultimately. 

Exhaust gases from HRSG (stream 6) are used by the 

generator of an absorption cooling cycle that runs on a 

lithium bromide-water (LiBr-H2O) solution. Those 
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components include an absorber, solution heat exchanger 

(SHEX), pump (P), evaporator, and condenser. This cycle 

is intended primarily for pre-cooling of the air entering 

the Brayton cycle (stream 10a), while it also adds some 

additional cooling capabilities.  
 

 
 

Figure 1. Marib integrated power and cooling cycle 

(MIPCC). 

The Engineering Equation Solver (EES) program is used to 

calculate thermodynamic properties at each state point 

and simulate the system’s performance, ensuring accurate 

analysis and optimization. The simulation mode's input 

parameters are presented in Table 1, and the analysis of 

the MIPCC system is conducted based on the following 

simplifying assumptions: 

•All processes are considered to operate under steady-

state conditions. 

•Both air and flue gases are treated as ideal gas mixtures. 

•Natural gas is used as the fuel in the combustion 

chamber. 

•A constant isentropic efficiency is assumed for the 

compressors and the turbines, and pumps. 

•The generator and evaporator outlets are assumed to 

produce saturated vapor water. 

•The condenser outlet is assumed to yield saturated 

liquid. 

•Pressure losses in the pipes and heat exchangers are 

considered negligible. 

•All components are assumed to be adiabatic. 

•The lithium bromide (LiBr) solutions in the generator 

and absorber are assumed to be in thermodynamic 

equilibrium with their corresponding temperatures and 

pressures.  

While this study offers valuable insights, it has several 

limitations. Theoretical assumptions, including ideal gas 

behavior and adiabatic components, may not accurately 

reflect real-world inefficiencies. Methodologically, the 

findings rely on simulation data rather than experimental 

validation, underscoring the need for real-world testing 

and pilot studies. Furthermore, the economic feasibility 

assessment is based on estimated cost parameters, which 

are subject to fluctuations due to market dynamics, 

geopolitical factors, and infrastructure challenges, 

requiring further validation for practical implementation 

 

Table 1. Input parameters for the simulation 

Parameter Value 

Gas Turbine Cycle 

Compressor pressure ratio 11 

Ambient pressure  101.3 bar 

Ambient temperature  26 °C 

Air mass flow rate  500 kg/s 

Lower heating value of fuel 50056 kJ/kg 

η𝐺𝑇 90% 

η𝐴𝐶  86% 

Rankine cycle 

HPST inlet pressure 100 bar 

IPST inlet pressure 40 bar 

LPST inlet pressure 10 bar 

Condenser Temperature 40 °C 

η𝑆𝑇 90% 

η𝑃𝑢𝑚𝑝𝑠 85% 

Absorption Refrigeration Cycle 

Outlet temperature of Condenser  39 °C 

Evaporator temperature 5 °C 

Generator temperature  88°C 

Absorber temperature  37°C 

Concentration of weak solution 53% 

Concentration of strong solution 62% 

 

2.2. Thermodynamic Analysis 

The mass, energy, and exergy balance equations for each 

system component are expressed as follows (equations 1-

3) (Noroozian et al., 2017): 

∑𝑚̇𝑖𝑛 = ∑𝑚̇𝑜𝑢𝑡 (1) 

𝑄̇𝑖𝑛 + 𝑊̇𝑖𝑛 + ∑𝑚̇𝑖𝑛ℎin = 𝑄̇𝑜𝑢𝑡 + 𝑊̇𝑜𝑢𝑡 + ∑𝑚̇𝑜𝑢𝑡ℎ𝑜𝑢𝑡 (2) 

∑(𝑚̇𝑒𝑥)𝑖𝑛 + 𝐸̇𝑥𝑄 = ∑(𝑚̇𝑒𝑥)𝑜𝑢𝑡 + 𝐸̇𝑥𝑊 + 𝐸̇𝑥des (3) 

 

The subscripts “i” and “e” indicate the inlet and exit of the 

control volume, respectively. E ̇x_des represents the 

exergy destruction within each component, while “ex” 

corresponds to the exergy of each stream. ĖxW and 

ĖxQ denote the exergies associated with power and heat 

transfer, respectively, and are determined using the 

following equations 4 and 5 (El-Emam and Dincer, 2013): 

ĖxQ = Q̇ (1 −
T0

Ts
) (4) 

ĖxW = Ẇ (5) 
 

The energy performance denoted as ηth, can be estimated 

using the following equations 6 and 7: 

𝑊̇𝑛𝑒𝑡 = ẆGT − ẆAC + ẆHPST + ẆLPST + ẆPumps  (6) 
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ηth =
ẆGT − ẆAC + ẆHPST + ẆLPST + ẆPumps 

Q̇in 

 (7) 

 

The heat input to the cycle (Q̇in ) is determined using the 

following equation 8: 
 

Q̇in = 𝑚̇fuel . LHV. η𝐶𝐶  (8) 
 

Furthermore, the exergy efficiency (ηex) can be calculated 

using the given formula (equation 9), reflecting the 

system's effectiveness in utilizing energy quality: 
 

ηex =  
ẆGT − ẆAC + ẆHPST + ẆLPST + ẆORT + ẆPumps 

Ė3 + ĖQsolar

 (9) 

 

Here, Ė3  denotes the exergy of the fuel supplied to the 

cycle's combustion chamber (CC). The rate of cooling load 

is determined using the following equation 10: 
 

𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑄̇𝐸𝑣𝑎𝑝 −  𝑚̇1(ℎ15𝑎 − ℎ1) (10) 

 
2.3. Exergoeconomic and Environmental Analysis 

The exergy costing process involves formulating cost 

balance equation 11 separately for each component of the 

system, as outlined below (Akroot and Al Shammre, 

2024): 
 

∑(𝑐e𝐸̇𝑥e)
k

+ 𝑐w,k𝑊̇k = 𝑐Q,k𝐸̇𝑥Q,k + ∑(𝑐i𝐸̇𝑥i)k
+ 𝑍̇k (11) 

 

From the above equation, it can be concluded that the cost 

rates of the exergy streams leaving each component are 

equal to the cost rates of the entering exergy streams, 

combined with the investment cost rate needed for the 

component's operation. In equation 11, “c” represents the 

unit cost of each exergy stream, while the capital 

investment cost rate, Z ̇_k, is calculated using equation 12 

(Yang et al., 2024): 
 

Żk =
Zk CRF φ

N
 

(12) 

 

In this context, Zk represents the purchase cost of the k-th 

component, while ϕ signifies the maintenance factor. N 

corresponds to the system's annual operating hours, and 

the Capital Recovery Factor (CRF) is calculated using 

equation 13 (Nourpour et al., 2023): 
 

C R F =
(i(1 + i)n)

((1 + i)n − 1)
 

(13) 

 

The system's interest rate is set at i=10%, with an 

operational lifespan of n=20 years. Furthermore, the 

maintenance factor (ϕ) is assumed to be 1.06, and the 

annual operating hours (N) are specified as 2000 hours. 

Finally, the CO2 emission rate (𝜀CO2) is calculated using the 

equation 14 provided below (Alfaris et al., 2024): 
 

𝜀CO2 =
ṁCO2

Ẇnet 

× 100 (14) 

 

3. Results and Discussion 
Table 2 validates the results of the present study by 

comparing them with reference data for gas turbine and 

absorption refrigeration cycles, along with calculated 

errors. The table shows minimal errors across all 

parameters, indicating that the present study's results are 

highly consistent with reference data. The highest error is 

0.92% for the exhaust temperature. 

Table 3 highlights the key performance metrics of the 

MIPCC system, offering insights into its power generation, 

efficiency, and cooling capabilities. The results reveal that 

the system delivers a net power output of 226 MW, 

showcasing its ability to generate substantial power even 

after accounting for energy consumption by auxiliary 

components like pumps and compressors. With an energy 

efficiency of 47.91%, nearly half of the input energy is 

effectively converted into useful work, while the exergy 

efficiency of 46.26% reflects the system’s effectiveness in 

minimizing energy losses and utilizing available 

resources. Additionally, the system provides a cooling 

capacity of 53.5 MW, underscoring its capability to deliver 

both power and cooling services. The coefficient of 

performance (COP) is 0.808, indicating how efficiently the 

system uses energy to produce cooling relative to its input 

power. The findings highlight the system's ability to 

balance affordability and environmental impact 

effectively. With a cost of 70.55 $/MWh and CO2 emissions 

of 403.5 kg/MWh, the system proves to be both cost-

efficient and environmentally sustainable. 

 

Table 2. Validation of Present Study Results with Reference Data for Gas Turbine and Absorption Refrigeration Cycle(Al-

Attab, 2014; Jain et al., 2015) 
 

Parameter Present study Reference Error (%) 

 Gas Turbine Cycle(Al-Attab, 2014) 

Power output (MW) 

 
163.1 163 0.06 

Exhaust temperature 546 541 0.92 

Exhaust mass flow 509.4 509 0.08 

Efficiency 34.9 34.7 0.58 

 Absorption Refrigeration Cycle (Jain et al., 2015) 

Heat load in evaporator (kW) 62.15 61.63 0.84 

Heat load in generator(kW) 76.78 76.98 0.26 

Heat load in absorber (kW) 73.44 73.32 0.16 

COP 0.752 0.749 0.4 
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Table 3. Performance Parameters of the MIPCC System 

Parameter Unit Value 

Power supplied to AC MW 163.9 

Power output of GTs MW 320.7 

Power output of HPST MW 16.481 

Power output of IPST MW 17.795 

Power output of LPST MW 35.812 

Power supplied to P1 kW 65.5 

Power supplied to P2, kW 227.6 

Power supplied to P3 kW 535.7 

Net power MW 226 

Overall energy efficiency % 47.91 

Overall exergy efficiency % 46.26 

Cooling capacity MW 53.5 

COP - 0.808 

CO2 emission kg/MWh 403.5 

Cost of electricity $/MWh 70.55 
 

Figure 2 considers the interplay of various system 

parameters for the MIPCC system as the pressure ratio 

(PR) increases, focusing on how these changes affect the 

work outputs and cooling load. The findings present that 

the WBC initially increases with rising PR, peaking around 

PR = 9-10 before starting to decline. At PR = 6, WBC is 146.4 

MW, increases to 156.8 MW at PR = 10, and then drops to 

148.4 MW at PR = 18. The decline in higher PR values is 

attributed to the increased power consumption of the air 

compressor, which outweighs the gains in turbine work 

output. The WRC decreases steadily as the PR increases, 

dropping from 98.35 MW at PR = 6 to 50.37 MW at PR = 

18. This decline is directly linked to the reduction in the 

turbine exhaust temperature (T5), which feeds the HRSG. 

The lower T5 results in reduced heat transfer to the HRSG, 

thereby limiting the work output of the Rankine cycle. The 

Wnet is the sum of the Brayton and Rankine cycles, 

reflecting the combined contributions of both cycles. As 

the PR increases, Wnet decreases from 244.8 MW at PR = 6 

to 198.7 MW at PR = 18. This reduction is primarily caused 

by two factors: the increased power consumption of the 

air compressor at higher PR values, which reduces WBC, 

and the steady decline in WRC due to lower thermal energy 

entering the HRSG, driven by a decrease in turbine 

exhaust temperature. The cooling load (Qcooling) decreases 

steadily as the PR increases, dropping from 57.46 MW at 

PR = 6 to 50.2 MW at PR = 18. This reduction is directly 

linked to the decline in T6. As T6 decreases, the generator's 

heat energy is reduced, lowering the cooling load, as less 

energy needs to be dissipated. The rate of decrease is 

more gradual at lower PR values (PR = 6-10) but becomes 

more pronounced at higher PR values (PR = 11-18), 

indicating a stronger influence of reduced thermal input at 

elevated PR levels. This aligns with the reduction in 

turbine exhaust temperature (T5). 
 

 
 

Figure 2. Variation of work net and Cooling Load with 
Pressure Ratio (PR) in the MIPCC System. 
 
Figure 3 provides insights into the performance of the 

MIPCC system, focusing on key parameters such as CO2 

emissions (εsystem and εBC), efficiencies (ηI and ηII), and the 

specific cost of energy (Celectricity). The results indicate that 

the reduction in CO2 emissions in the MIPCC system is 

primarily driven by two factors: the contribution of the 

Rankine cycle, which recovers waste heat from the 

Brayton cycle's exhaust, and the cooling of ambient air 

before it enters the Brayton cycle. This pre-cooling 

process enhances Brayton cycle efficiency, reduces fuel 

consumption, and lowers emissions. CO2 emissions for the 

MIPCC system decrease steadily with increasing PR, from 

419.6 kg CO2/MWh at PR = 6 to 402.5 kg CO2/MWh at PR 

= 18. Compared to the standalone Brayton cycle, the 

MIPCC system achieves significant emission reductions, 

with the Rankine cycle and cooling mechanisms playing 

essential roles in optimizing fuel utilization and overall 

environmental performance. At lower PR values (PR = 6-

9), emissions decrease more substantially, reaching up to 

41.3%, due to greater waste heat recovery and a more 

pronounced cooling effect. However, at higher PR values 

(PR > 12), the percentage drops to 27.1% as the Brayton 

cycle's inherent efficiency improves, reducing the relative 

impact of the Rankine cycle and cooling.  

The overall efficiencies of the MIPCC system, represented 

by the first-law efficiency (ηI) and second-law (exergy) 

efficiency (ηII), are crucial for evaluating the system's 

thermodynamic performance. At lower pressure ratios 

(PR = 6), ηI is 44.55%, benefiting from improved heat 

transfer and reduced irreversibilities. As PR increases, ηI 

reaches a peak of 46.48% at PR = 12 due to the balanced 

contributions of the Brayton and Rankine cycles, which 

optimize thermal energy utilization and work output. 

However, at higher PR values (PR > 12), increased 

compressor work reduces the fraction of input energy 

converted into useful work, causing ηI to decline slightly 

to 46.25% at PR = 18. The second-law efficiency (ηII) 

follows a similar trend, starting at 46.14% at PR = 6 and 

peaking at 48.08% at PR = 12, primarily due to the 

Rankine cycle's role in recovering waste heat and 

minimizing irreversibilities. At higher PR values (PR > 12), 

ηII decreases slightly to 47.9%, as exergy destruction 

becomes more significant in components like the 

compressor and heat exchangers. The PR range of 9-12 is 
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identified as the optimal operating range, balancing the 

contributions of the Brayton and Rankine cycles while 

maintaining high efficiency and minimizing losses. 

The specific cost of energy (Celectricity) in the MIPCC system 

shows a distinct trend: it decreases initially with 

increasing pressure ratio (PR), reaching a minimum of 

69.92 $/MWh at PR = 9, and then rises steadily to 77.33 

$/MWh at PR = 18. The system operates less efficiently at 

low PR values due to lower Brayton cycle efficiency and 

limited energy recovery from the Rankine cycle, resulting 

in higher energy costs. The system achieves optimal 

performance at moderate PR values (PR = 9-12), with high 

thermal efficiency (ηI) and effective waste heat recovery, 

minimizing Celectricity. However, at high PR values (PR = 13-

18), the specific cost increases due to higher compressor 

power consumption, reduced contributions from the 

Rankine cycle caused by lower turbine exhaust 

temperatures, and increased system irreversibilities. To 

minimize Celectricity, the system should operate within the 

optimal PR range of 9-12, enhance the Rankine cycle’s 

heat recovery capabilities, and reduce compressor 

irreversibilities. 
 

 
 

Figure 3. Impact of pressure ratio (PR) on CO2 emissions, 
overall efficiencies, and specific cost of energy for the 
MIPCC system. 
 
Figure 4 highlights the influence of varying gas turbine 

inlet temperature (GTIT) on the MIPCC system 

performance metrics. The results reflect significant trends 

in the network (Wnet), Brayton cycle work (WBC), Rankine 

cycle work (WRC), and cooling load (Qcooling). The findings 

reveal that increasing GTIT enhances overall system 

performance by boosting work outputs from both the 

Brayton and Rankine cycles while providing higher 

cooling capacity. As the GTIT increases, the Wnet improves 

significantly, rising from 117.4 MW at GTIT=1100K to 

315.2 MW at GTIT=1600K. This enhancement is driven by 

the greater energy supplied to the gas turbine, boosting 

WBC, which increases from 87.73 MW to 224.5 MW. 

Simultaneously, the WRC exhibits consistent growth, rising 

from 29.71 MW to 115.5 MW, as the elevated GTIT 

increases the exhaust temperature and heat energy 

supplied to the HRSG. The Qcooling grows with T4, ranging 

from 45.21 MW to 59.5 MW. 
 

 
 

Figure 4. Effect of Gas Turbine Inlet Temperature (GTIT) 
on Work Outputs and Cooling Capacity in the MIPCC 
System. 
 

Figure 5 demonstrates that increasing GTIT enhances the 

performance of the MIPCC system across key metrics, 

including efficiencies, emissions, and economic cost. 

Operating within the GTIT range of 1450-1500 K achieves 

the best balance between thermodynamic efficiency, 

environmental sustainability, and economic viability. The 

results showed that the MIPCC system’s lower CO2 

emissions are a direct result of the Rankine cycle’s ability 

to utilize waste heat and the additional contribution of the 

absorption cycle. Together, these processes reduce the 

amount of exhaust gases released into the atmosphere, 

significantly improving efficiency and reducing 

environmental impact. Without these integrations, the 

exhaust from the Brayton cycle would result in higher 

direct emissions. The system's emissions (εsystem) steadily 

decrease as GTIT increases, dropping from 478.2 kg 

CO2/MWh at GTIT = 1100 K to 371 kg CO2/MWh at GTIT = 

1600 K. In comparison, the Brayton cycle's emissions (εBC

) are consistently higher, decreasing from 665.6 kg 

CO2/MWh at GTIT = 1100 K to 569.6 kg CO2/MWh at GTIT 

= 1600 K. These trends demonstrate superior efficiency 

and reduce the environmental impact of the MIPCC system 

compared to the standalone Brayton cycle, as the 

integration of the Rankine cycle enables better utilization 

of waste heat and reduced fuel consumption. The system's 

second-law efficiency (ηII) increases with the GTIT, rising 

from 38.32% at GTIT = 1100 K to 50.56% at GTIT = 1600 

K. This improvement reflects reduced irreversibilities, 

particularly in the HRSG and Rankine cycle, as waste heat 

from the Brayton cycle is effectively converted into 

additional work, minimizing exergy destruction. Similarly, 

the first-law efficiency (ηI) also rises, from 39.68% at GTIT 

= 1100 K to 52.46% at GTIT = 1600 K. Enhanced thermal 

efficiency ensures less energy is wasted as heat, requiring 

less fuel for the same energy output. The specific cost of 

energy (Celectricity) decreases initially as the gas turbine 

inlet temperature (GTIT) increases, reaching its lowest 

value of 63 $/MWh at GTIT = 1450 K. However, at higher 

GTIT values, it begins to rise slightly. This trend is 

influenced by increased operational and maintenance 

demands, as well as greater thermal stress and exergy 

destruction at elevated GTIT levels, resulting in a higher 

cost per unit of energy. 
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Figure 5. Impact of gas turbine inlet temperature (GTIT) 
on CO2 emissions, overall efficiencies, and specific cost of 
energy for the MIPCC system. 
 

Figure 6 illustrates the effect of HPSTIT (High-Pressure 

Steam Turbine Inlet Temperature) on key performance 

metrics of the MIPCC system, including the Brayton Cycle 

work (WBC), Rankine Cycle work (WRC), network (Wnet), 

and cooling capacity (Qcooling). The results show that the 

WBC remains constant at 156.8 MW across all HPSTITs, as 

it is independent of the inlet temperature and primarily 

relies on turbine and compressor performance. In 

contrast, the WRC decreases slightly as HPSTIT drops, 

declining from 69.31 MW at HPSTIT = 800 K to 67.67 MW 

at HPSTIT = 620 K. This reduction occurs because lower 

HPSTIT reduces the thermal energy supplied to the high-

pressure steam turbine, resulting in diminished heat 

recovery from the HRSG and, consequently, lower power 

generation in the Rankine cycle. Wnet slightly decreases 

from 226.1 MW at HPSTIT = 800 K to 224.4 MW at HPSTIT 

= 620 K. The combined contributions of the Brayton and 

Rankine cycles influence the network. Since WBC remains 

constant, the decrease in Wnet is directly linked to the 

reduction in WRC as HPSTIT decreases. The Qcooling 

decreases consistently as HPSTIT decreases, dropping 

from 53.5 MW at HPSTIT = 800 K to 45.17 MW at HPSTIT 

= 620 K. When HPSTIT increases, the generator inlet 

temperature rises, leading to greater heat input to the 

generator and a higher cooling load. Conversely, a lower 

HPSTIT reduces the thermal energy supplied to the 

generator, resulting in a decreased cooling load. 
 

 
 

Figure 6. Effect of HPSTIT (High-Pressure Steam Turbine 
Inlet Temperature) on Work Outputs and Cooling Capacity 
in the MIPCC System. 
 

Figure 7 shows how the HPSTIT influences the key 

performance metrics of the MIPCC system, such as CO2 

emissions (εsystem and εBC), first-law efficiency (ηI), second-

law efficiency (ηII), specific cost of energy (Celectricity). The 

results present a slight increase in the system's CO2 

emissions (εsystem) as HPSTIT decreases primarily due to 

the reduced performance of the Rankine cycle in 

recovering waste heat from the Brayton cycle exhaust. At 

higher HPSTIT values, the Rankine cycle operates more 

efficiently because the higher inlet temperature provides 

greater thermal energy for steam expansion in the turbine, 

enabling the Rankine cycle to generate more work. This 

reduces CO2 emissions. As HPSTIT decreases, the thermal 

energy available for the Rankine cycle diminishes, 

resulting in less work being produced. This forces the 

system to rely more heavily on the Brayton cycle to meet 

the required power output. Since the Brayton cycle has 

higher specific CO2 emissions and operates independently 

of HPSTIT, the overall system's CO2 emissions increase 

slightly due to the reduced contribution from the Rankine 

cycle. In contrast, the Brayton cycle’s CO2 emissions (εBC) 

remain constant at 593.8 kg CO2/MWh because the 

Brayton cycle’s fuel consumption is independent of the 

HPSTIT and solely depends on its own thermodynamic 

conditions, such as the gas turbine inlet temperature and 

compressor work. The second-law efficiency (ηII) 

decreases slightly as the HPSTIT decreases, ranging from 

46.27% at HPSTIT = 800 K to 45.93% at HPSTIT = 620 K. 

At higher HPSTIT, the Rankine cycle has greater thermal 

energy input, enabling it to recover more waste heat from 

the Brayton cycle's exhaust. This leads to more efficient 

conversion of thermal energy into work, reducing 

irreversibilities and improving ηII. As HPSTIT decreases, 

the thermal energy entering the high-pressure steam 

turbine is reduced, limiting the Rankine cycle’s ability to 

recover waste heat effectively. This increases the relative 

irreversibilities in the system, causing a slight decline in 

ηII. Similarly, the first-law efficiency (ηI) marginally 

decreases, from 47.92% at HPSTIT = 800 K to 47.57% at 

HPSTIT = 620 K, as the reduced thermal energy supplied 

to the steam turbine limits its power generation capacity, 

slightly lowering the overall efficiency of the system. The 

specific cost of energy (Celectricity) increases as the HPSTIT 

decreases, rising from 70.49 $/MWh at HPSTIT = 800 K to 

73.31 $/MWh at HPSTIT = 620 K. This trend is driven by 

the reduced contribution of the Rankine cycle to the 

overall power output at lower HPSTIT, which raises the 

specific cost of energy. 
 

 
 

Figure 7. Effect of high-pressure steam turbine inlet 
temperature (HPSTIT) on system efficiency, CO2 
emissions, and specific energy cost in the MIPCC system. 
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Figure 8 demonstrates how the HPSTIP (High-Pressure 

Steam Turbine Inlet Pressure) affects the work output and 

cooling capacity in the MIPCC system. The findings reveal 

that the WBC remains constant at 156.8 MW across all 

HPSTIP, as its performance is unaffected by changes in 

HPSTIP, being determined solely by the gas turbine and 

compressor. In contrast, the WRC steadily increases with 

higher HPSTIP, rising from 64.36 MW at 60 bar to 72.63 

MW at 150 bar. This improvement is due to enhanced 

thermodynamic efficiency in the Rankine cycle, as the 

higher pressure allows steam to expand more effectively 

in the turbine, generating greater output and contributing 

significantly to overall system performance. 

Consequently, the Wnet of the system also increases with 

HPSTIP, growing from 221.1 MW at 60 bar to 229.4 MW at 

150 bar, reflecting the direct impact of the Rankine cycle's 

enhanced output. Conversely, the cooling capacity 

(Qcooling) decreases with increasing HPSTIP, from 56.18 

MW at 60 bar to 51.2 MW at 150 bar, as higher HPSTIP 

leads to more efficient energy conversion in the Rankine 

cycle, reducing the amount of heat that needs to be 

rejected as waste, and lowering the heat enters to the 

generator.  
 

 
 

Figure 8. Effect of HPSTIP (High-pressure steam turbine 
inlet pressure) on work outputs and cooling capacity in 
the MIPCC system. 
 

Figure 9 illustrates how variations in HPSTIP impact key 

performance metrics of the MIPCC power plant, including 

CO2 emissions (εsystem and εBC), system efficiencies (ηII and 

ηI), and the specific cost of energy (Celectricity). The system’s 

CO2 emissions decrease as HPSTIP increases, from 412.3 

kg CO2/MWh at HPSTIP = 60 bar to 397.7 kg CO2/MWh at 

HPSTIP = 150 bar. As HPSTIP increases, the Rankine cycle 

becomes more efficient due to improved steam expansion 

in the turbine. This allows the system to recover more 

waste heat and generate more power without additional 

fuel consumption, reducing CO2 emissions per unit of 

energy produced. εBC remains constant at 593.8 kg 

CO2/MWh across all HPSTIP values. The Brayton cycle's 

emissions are solely determined by its fuel consumption, 

which is unaffected by changes in HPSTIP. ηII improves 

steadily from 45.26% at HPSTIP = 60 bar to 46.95% at 

HPSTIP = 150 bar. The second-law efficiency reflects the 

system's ability to minimize irreversibilities and 

effectively utilize available exergy. Higher HPSTIP 

enhances steam expansion in the turbine, improving 

energy recovery in the Rankine cycle and reducing exergy 

losses. This leads to a gradual improvement in ηII. ηI 

increases from 46.87% at HPSTIP = 60 bar to 48.62% at 

HPSTIP = 150 bar. Higher HPSTIP improves the 

thermodynamic performance of the Rankine cycle, 

increasing its contribution to the total work output and 

enhancing the system's overall thermal efficiency. Celectricity 

decreases from 73.28 $/MWh at HPSTIP = 60 bar to 68.81 

$/MWh at HPSTIP = 150 bar. As HPSTIP increases, the 

Rankine cycle generates more power due to better energy 

recovery from the steam turbine. This reduces operational 

costs, resulting in a lower specific cost of energy. 
 

 
 

Figure 9. Effect of high-pressure steam turbine inlet 
pressure (HPSTIP) on system efficiency, CO2 emissions, 
and specific energy cost in the MIPCC system. 
 

6. Conclusion 
This study addresses Yemen's pressing energy challenges 

by investigating the Marib integrated power and cooling 

cycle (MIPCC), centered around the Marib power plant, as 

a potential future solution. The proposed system enhances 

power generation and cooling efficiency by utilizing waste 

heat from the gas turbine exhaust. Using a simulation-

based approach, the system's performance was validated 

against reference data, with cooling loads and efficiencies 

systematically evaluated to ensure optimal performance. 

The main findings of the study are as follows:C 

 The MIPCC system makes efficient use of waste 

heat, leading to a 47.91% improvement in 

energy efficiency and a 46.26% boost in exergy 

efficiency compared to standalone systems. 

 CO2 emissions were significantly reduced to 

403.5 kg/MWh, and the specific cost of 

electricity dropped to 70.55 $/MWh, 

demonstrating the system’s environmental and 

economic benefits. 

 The system provides a cooling capacity of 53.5 

MW with a COP of 0.808, ensuring reliable 

cooling performance even under harsh 

conditions. 

 The Rankine cycle’s use of waste heat proved to 

be a key driver for improving efficiency and 

power output, outperforming other standalone 

configurations. 

 Compared to traditional setups, the MIPCC 

system achieved lower emissions, and higher 



Black Sea Journal of Engineering and Science 

BSJ Eng Sci / Abdulrazzak AKROOT  822 
 

power generation, making it a more sustainable 

and efficient option. 

 The economic analysis showed a promising 

payback period, confirming the system’s 

viability as a practical solution to Yemen’s 

energy shortages. 

Overall, the MIPCC system provides a sustainable, 

efficient, and cost-effective solution for enhancing energy 

stability in regions with similar challenges. Future 

research should focus on experimental validation to 

confirm simulation results, optimizing thermodynamic 

and economic performance for large-scale deployment, 

and integrating renewable energy sources like solar or 

biomass to improve sustainability. Additionally, a 

comprehensive techno-economic assessment across 

diverse geographical locations with varying climates and 

resource availability will be crucial for broader 

applicability and long-term feasibility. 
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