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ABSTRACT

A sensitivity study for N similar partly enclosed with photovoltaic thermal flat 
plate collectors with a series connection (N-PVT-FPCs) has been carried out in 
this research study. The analysis has been done for a typical day of May, wherein 
data for the ambient conditions of New Delhi (India) has been received from 
the India metrological department (IMD), Pune, India. In addition, further 
computational work has been carried out on the MATLAB programme for the 
daily heat gain of N-PVT-FPCs. One-at-a-time (OAT) methodology has been 
used for the sensitivity analysis. From the sensitivity analysis, it has been found 
that the heat gain from the proposed system is more sensitive with respect to the 
number of collectors (N) followed by inclination angle, mass flow rate (MFR) and 
packing factor (PF). The sensitivity figure has been found to be 0.08, 0.17, 0.25 and 
0.94 for daily heat gain of N-PVT-FPCs with respect to PF, MFR, inclination angle 
and N, respectively.
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INTRODUCTION

The recent industrial and domestic developments and 
restrictions are being made by different country’s govern-
ments to emit greenhouse gases. Renewable energies are 

being used rapidly to fulfil the energy demand due to the 
industrial and domestic developments. Solar energy is one 
of the cleanest and abundantly free energies that can be 
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converted either into heat or electricity depending upon 
the application using the collectors or solar cells. A solar 
collector works on the principle of a heat exchanger works; 
the heat is captured from the solar radiation and trans-
ferred to the working fluids (water, air, oil, etc.). A pho-
tovoltaic thermal (PVT) collector can generate electricity 
and heat simultaneously; compared to the photovoltaic 
(PV) module, a PVT can generate more electricity. The 
solar collectors viz. flat plate collectors (FPC), parabolic 
trough collectors (PTC), evacuated tube collectors (ETC) 
and PVT collectors can also be used to fulfil the demand 
for the freshwater by incorporating them with the solar 
stills for the remote areas where the conventional sources of 
energy are not readily available. Solar collectors also being 
used for drying applications and assisting solar desalina-
tion units. Currently, solar collectors are being developed 
for space heating, industrial products, seasoning of timber, 
etc.[1–6].

The use of FPC in the present era of evolving tech-
nology is because of its efficient incident solar radiation 
capturing, lesser complexity, and lesser maintenance of 
the FPC. The operating temperature of FPC is relatively 
low compared to other solar collectors; therefore, the effi-
ciency of such collectors is sub-optimal. The solar collec-
tor’s efficiency decreases as the wind speed increases; this 
is because of the increase in convective heat loss to the 
environment. However, the collector’s efficiency depends 
upon the tilt angle, temperature and flow rates apart from 
the wind velocity [7,8]. The various researchers have pro-
posed different methods that can be used for increasing the 
efficiency of such collectors. The nanoparticles inclusion in 
heat transfer fluids (HTFs) is an important interest in the 
recent year’s development of FPC. The nanofluid enhances 
the thermal behaviour of the HTFs, which ultimately 
enhances the thermal efficiency of collectors. Apart from 
the nanoparticle, the HTF’s mass flow rate (MFR), collec-
tor’s area and operating temperature also affect the effi-
ciency of the FPC [9–11]. Many researchers have reported 
the different methods for improving efficiency and perfor-
mance by changing the different HTFs and some modifi-
cations in collectors (size, shape and orientations). Verma 
and Tiwari [12] reviewed the nanofluid application. They 
concluded that the nanofluids’ specific heat increases as the 
volume fraction decreases, and it strongly depends upon 
the base fluid. The use of nanofluids increases efficiency 
and lowers the sensitivity of collectors. The use of nanopar-
ticles to base fluids are more efficient at the higher MFR, 
and the collector efficiency is directly proportional to the 
concentration of nanofluids [13]. Said et al. [11] studied the 
FPCs with the treated nanofluids; the MFR of the nano-
fluids has been varied in the experimentation and have 
found the exergy and energy efficiency of the collector both 
increasing with an increase in MFR of nanofluids. Ji et al. 
[10] investigated the performance of hybrid PVT with the 
variations in MFR and packing factor (PF) and reported 

that MFR increases are beneficial for the PV cooling, but 
after certain MFR, the thermal efficiency of the collector 
starts decreasing. It has also been reported that there is a 
substantial drop in the thermal efficiency of the collector 
with an increase in PF. Increase in MFR; the peak outlet 
temperature reduces as more solar energy is required to 
heat the same water quantity [14]. Michael and Selvarasan 
[15] studied PV and PVT systems to analyze the environ-
mental effect and economic analysis. The overall efficiency 
found higher by them for the PVT system.  Cooper has 
studied the effect of inclination angle on heat loss from the 
FPC. He found that the total heat loss coefficient increased 
as the inclination increased at a slower rate till 60˚and the 
heat loss coefficient increased rapidly beyond the inclina-
tion of 60˚[16].

Tiwari et al. [17] reported the PVT-FPC integrated 
with double slope solar still and concluded that it could 
be an effective solution for fulfilling the daily freshwater 
demand and electrical supply. Singh [18] done the com-
putational analysis of N-PVT-FPC with integrating to 
double slope solar still. He reported the four collectors are 
optimum for the climatic condition of Delhi, India. A fur-
ther study by Singh et al. [19] investigated the effect of the 
N similar partly enclosed with photovoltaic thermal flat 
plate collectors having a series connection on the perfor-
mance of the single-slope solar still. Raju and Narayana 
[20] experimentally investigated the effect of the number 
of FPCs connected in series on the performance of the 
solar still. The results indicate that the two collectors give 
optimum results compared to the three collectors in the 
series.

The contemporary literature survey shows that the sen-
sitive analysis of N similar partly enclosed with photovol-
taic thermal flat plate collectors having a series connection 
(N-PVT-FPCs) shown in Figure 1 has not been reported by 
any researcher yet. Therefore, the present work is focused 
on the effect of MFR, inclination angle with the horizontal, 
PF, ambient temperature, wind speed on the output of the 
N-PVT-FPCs. The following are the foremost aims of the 
present work:

i. To explore the effect of MFR variations in the heat 
gain of N-PVT-FPCs connected in series, keeping 
remaining input parameters constant.

ii. To study the effect of heat gain via N-PVT-FPCs by 
changing the enclosed area keeping the remaining 
input parameters constant.

iii. To investigate the heat gain of N-PVT-FPCs by 
varying PF keeping remaining input parameters 
constant.

iv. To investigate the dissimilarities of the inclination 
angle of collectors with the horizontal on the daily 
heat gain of the proposed system. For this analysis, 
the global solar radiation data has been used to cor-
respond to different angles while all other param-
eters are kept constant.
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SYSTEM DESCRIPTION AND MATHEMATICAL 
MODEL

Figure 1 illustrates the geometrical reorientations 
of N similar partly enclosed with photovoltaic thermal 
flat plate collectors with a series connection (N-PVT-
FPCs). The in-series linking has been chosen because 
it provides high temperature (such as solar desalination 
units, biogas plants etc.) at lower discharge. However, 
the parallel connection may use for low-temperature 
applications (domestic use, laboratory etc.) with high 
discharge. Sometimes the mixed connection is chosen 
for medium temperature applications (such as water 
heating, air heating etc.). The output of the 1stcollector is 
the input to the 2nd collector and so on up to the Nth col-
lector. The present study focuses on the collectors con-
nected in series to obtain the higher heat gain. Table 1 
displays the specifications of N similar partly enclosed 
with photovoltaic thermal flat plate collectors having a 
series connection.

The mathematical modelling of N-PVT-FPC means to 
write different system component equations of N-PVT-FPC 

by equating input heat to output heat for the particular 
component followed by solving these equations to find the 
expression for unknown parameters by way of some known 
parameters like solar intensity, the surrounding tempera-
ture, heat transfer coefficients and some known constants. 
The equations further can be written as by equating input 
heat to output heat:

For Solar Cells of Semitransparent PV Module:
A semitransparent PV module covers the bottom part 

of the absorber of FPC, and the higher part is covered by a 
glass cover, as shown in Figure 2. Therefore, the equation by 
the method of equating input heat to output heat for a solar 
cell of PV can be written as:

 αcτgβcI(t)Wdx = [Utc,a(Tc – Ta) +  
 Utc,p(Tc – Tp)]Wdx + ηcτgβcI(t)Wdx (1)

It should be noted in equation (1) that the electrical effi-
ciency of the semitransparent PV module is

 ηm = ηcτgβc  (2)

The expression for solar cell temperature from equation 
(1) can be found as

 Tc = 
(ατ)1,effI(t) + Utc,aTa + Utc,pTp

Utc,aTa + Utc,p

 (3)

The electrical efficiency of the cell can be written as:

 ηc = η0{1 – β0(Tc – T0)} = 

 

η0 1 – β0 Ta – T0 +  

αcτgβcI(t) + Utc,p(Tp – Ta)
Utc,a + Utc,p

1 + 
βcβ0τgI(t)
Utc,a + Utc,p

 (4)

Figure 1. N similar partly enclosed with photovoltaic thermal flat plate collectors having series connection.

Figure 2. Sectional side view of a PV coupled (bottom 
portion) single glaze FPC.
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For Blackened Absorber Plate of FPC:
The equation based on equating input heat to output 

heat for absorber plate of FPC can be written as:

 αp(1 – βc)τg
2I(t)Wdx + Utc,p(Tc – Tp) 

 Wdx = F'hp,f(Tp – Tf)Wdx (5)

From equation (5), the expression for plate temperature 
can be expressed as:

 Tp = 
(ατ)2,eff I(t) + PF1(ατ)1,effI(t) + UL1Ta + F'hp,fTf

UL1 + F'hp,f

 (6)

For an Absorber Pipe Water Flow:
When PV is coupled at the lower part of the collector, 

the direction of water flow is shown in Figure. 1. The equa-
tion by equating input heat to output heat for absorber pipe 
of FPC can be written as:

 ṁfCf 
dTf

dx
 dx = F'hp,f(Tp – Tf)Wdx (7)

Using equation (6), the equation (7) can be expressed as,

 ṁfCf 
dTf

dx
 dx = F'[PF2(ατ)m,effI(t) – UL,m(Tf – Ta)]Wdx  (8)

By reshuffling and both side integration of equation (8)
along with taking boundary conditions, namely, at Tf |x = 0 = 
Tfi and at Tf |x = L • = Tfo, one gets,
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Here, the exit of water at the end of the PV module-
absorber arrangement becomes inlet to glass-absorber 
arrangement. Such a collector has referred to as a photovol-
taic thermal (PVT) water collector, and Tfo1 is the final exit 
temperature of water from the PVT water collector.

Water Outlet Temperature at The Exit of Collector:
Adapting Duffie and Beckman [21] and Tiwari [22], the 

equation for water outlet temperature at the exit of conven-
tional FPC can be written as,
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Here, Tfi1 = Tfo, the equation for final exit temperature 
from the first PVT hybrid flat plate collector can be written 
as,
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Table 1. Specification of N similar partly enclosed with photovoltaic thermal flat plate collectors having series connection

PVT-FPC collector

Particular Specification Particular Specification

Number of collector/Type N/Tube in plate type Module area 0.25 m × 1.0 m
Receiver Area (solar water collector) 1.0 m × 1.0 m Collector area 0.75 m × 1.0 m 

The thickness of collector plates 0.002m  F' 0.968
Copper tube thickness 0.00056 m ρ 0.84
Length of each Copper Tubes 1.0 m τg 0.95
Insulation thickness 0.1 m αc 0.9
Toughened glass thickness (on FPC) 0.004 m βc 0.89

FPC Angle (with Horizontal) 30o αp 0.8
Diameter of pipe 0.0125 m FF 0.8
Collector effective area under glass  0.75 m2 Collector area (under PV module) 0.25 m2

DC motor rating 12 V, 24W

ατ

ατ

ατ

ατ
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Equation (11) can be rearranged as
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Similarly, the exit water temperature at the exit of the 
second PVT hybrid collector can be written as,
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Here Tfi2 = Tfo1; therefore, equation (13) can be rear-
ranged as

 Tfo2 = 
(AFR(ατ))1

ṁfCf 

 I(t)(1 + Kk) +  

 
(AFRUL)1

ṁfCf 

T(a) (1 + Kk) + TfiKk
2 (14)

Similarly, the outlet water temperature at the exit of the 
Nth PVT hybrid collector can be represented as,

 TfoN = 
{AFR(ατ)}1

ṁfCf  

 
1–KK

N

1–Kk  

I(t) + 

 
{AFRUL}1

ṁfCf  

 
1–KK

N

1–Kk  

 Ta + TfiKK
N (15)

Expressions for (A FR UL)1, (A FR (ατ))1 and Kk have been 
given in appendix-A

The rate at which useful heat output from an in series 
connected N-alike photovoltaic thermal (PVT) hybrid flat 
plate collector can be written as,

 Qu,N = ṁfCf(TfoN – Tfi)  (16)

Putting the value of TfoN from equation (15) into equa-
tion (16) and rearranging, one can express Q̇u,N as:

 Q̇u,N = [(ατ)eff,NI(t) – UL,N(Tfi – Ta)](Am + Ac)N (17)

SENSITIVITY ANALYSIS

The input parameters (PF, collector area, mass flow 
rate, inclination angle) on the output parameter by keeping 

certain assumptions have been analyzed. The main aim of 
the study is to understand the relationship between input 
and output parameters. Sensitivity usually defined in terms 
of the percentage change in output parameter to the per-
centage change in input parameter, which is the ratio of 
output to the input. Several techniques are available for the 
sensitivity analysis of a system, but here we have chosen a 
simplified technique for the study; this analysis involves 
the changing parameters one-at-a-time (OTA) to see the 
effects of changing parameters [23]. The output parameter 
of N-PVT-FPCs has been calculated by varying a parameter 
while letting the remaining parameters constant. Several 
input parameters, out of which the solar intensity, wind 
speed, and ambient temperatures, are extremely reliant 
on the weather, so these cannot be supervised; apart from 
these, other parameters are monitored. Therefore, variation 
in output with respect to variation in input (say PF) while 
all remaining parameters are keeping as constant. In this 
manner, all others monitored input parameters effect has 
been computed and plotted.

METHODOLOGY

The sensitivity analysis of N-PVT-FPCs connected in 
series has been done by employing the subsequent stepwise 
methodology:

Step-: I: The initial input parameter such as solar flux 
intensity, ambient temperature, wind speed from the cli-
matic condition of New Delhi has been obtained from the 
Indian Meteorological Department (IMD), Pune, India. 
The solar flux intensity for the 30˚ northern latitude has 
been computed by Liu and Jordan (1960) [24]; this formula 
has been further incorporated in MATLAB for solar flux 
intensity computation.

Step-II: The (ατ)eff,N and UL,N have calculated from equa-
tion (2) and then hourly and total heat gain values com-
puted from equation (1).

Step-III: The heat gain computed by changing the one 
input variable and keeping all other variables constant. The 
computed results have been further being plotted on the 
graph.

Step-IV: Step III has been repeated by varying all 
the input variables (OAT), except the solar flux intensity 
and ambient temperature, as they are dependent on the 
weather.

Step-V: The percentage change in the heat gain of 
N-PVT-FPCs corresponding to change in input variables 
has been computed. The corresponding change in the ratio 
of these two variables gives the sensitivity figure.

Step-VI: Step V has been repeated for all the input vari-
ables, and the results, which have been obtained, are plotted.

The following flow chart can help for a better under-
standing of the methodology as well as the sensitiv-
ity analysis, which have been carried out in the present 
study:

ατ

ατ
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RESULTS AND DISCUSSION 

The sensitivity analysis has been carried out by feed-
ing the different input parameters into the MATLAB 
software. OTA method has been used throughout the 
analysis for the projected system. The solar flux intensity 
and ambient temperature have been taken from the IMD 
Pune, India, for the typical day of May, which shown in 
Figure 3. The results obtained in the present study have 
been plotted in Figures 4 to 12. The sensitivity figure of 
daily heat gain of N-PVT-FPCs with respect to PF, MFR, 
N and inclination of FPC with horizontal has been shown 
in Table 2.

Figure 4 shows the variation of daily heat gain of N-PVT-
FPCs for the constant values of N=10 and MFR=0.06 kg/s. 
It can be seen from Figure 4 that the daily heat gain of the 
proposed system starts decreasing with the increase in PF, 
but at a prolonged rate, this is happening because lesser 
module surface area selected in the proposed system. Figure 
5 shows the sensitivity with respect to PF for the daily heat 
gain of N-PVT-FPCs. It is evident from Figure 5 that the 
proposed system is having significantly less sensitivity with 
respect to the PF.

The variation in the daily heat gain with respect to MFR 
for fixed values of PF=0.8 and N=10 has been plotted on 



J Ther Eng, Vol. 9, No. 1, pp. 33–44, January 2023 39

For the constant value of MFR=0.06 kg/s and PF=0.8, 
Figure 8 shows the variation of N on the heat gain of the 
N-PVT-FPCs. As the number of collectors increases the 
heat gain increase because of the increase in the heat col-
lection area. However, when the numbers of collectors 
increase, the system’s cost also increases; such consider-
ation should be taken into account while designing and 
installing said systems. The sensitivity of the proposed 
system is higher for the lesser values of N and lower 
for higher values of N, and can be seen in Figure 9. It is 
because of the lower values of N, the difference of tem-
perature between the absorber plate of the PVT-FPCs 
collectors and the flowing fluid is higher; however, the 
temperature of each collector is the same because of the 
identical collectors, which leads to higher temperature 

the graph and shown in Figure 6. The heat gain increases 
as the MFR of fluid increases in the proposed system; this 
is because MFR is directly proportional to the heat gain; 
henceforth, the heat gain by the collector increases. The 
sensitivity of the MFR has been represented in Figure 7 and 
can be understood from this plot; the heat gain of N-PVT-
FPCs is more sensitive when the system is at a lower MFR 
and vice versa. This is because, at lower MFR, the fluid has 
enough time to absorb the heat from the absorber plate; 
therefore, the fluid temperature increases instead of increas-
ing the collector heat gain. After a certain value of MFR, 
i.e. 0.06 kg/s, the collector’s heat gain increment becomes 
insignificant because of the steady-state achieved between 
the absorber plate and fluid flow.

Figure 3. Hourly variation of global radiation and ambient 
air temperature for a typical day in the month of May. Figure 4. Variation in daily heat gain of N-PVT-FPCs with 

PF.

Figure 5. Sensitivity with respect to PF for the daily heat 
gain.

Figure 6. Variation in daily heat gain of N-PVT-FPCs with 
MFR.
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the latitude of the place (New Delhi) is around 28.61˚; 
therefore, in this analysis (except the effect of inclina-
tion), the inclination angle has been chosen of 30˚. Figure 
11 represents the sensitivity of the proposed system with 
respect to inclination angle; the system shows less sensi-
tivity at higher inclination compared to lower one this is 
due to the fact that solar radiation received by the system 
is higher at the lower inclination while it comes to higher 
inclination the radiation received by the system has fewer 
variations.

The comparative study of the proposed N-PVT-FPCs 
system has been shown in Figure 12. The sensitivity has 
been plotted by changing one of these viz: PF, MFR and 

difference at lower N values and vice versa for higher val-
ues of N.

The dissimilarity in daily heat gain with respect to the 
inclination angle of FPCs for the constant PF, MFR and N 
has been shown in Figure 10. It can be seen from Figure 10 
that as the inclination angle from the horizontal increases, 
the daily heat gain of the proposed system decreases this 
is because of the total decrease in global solar radiation 
falling over the N-PVT-FPCs surface.  However, the 
daily heat gain decreases with the inclination angle, but 
the inclination angle should be equal to the latitude of 
the place where the system has been installed. For this 
inclination angle, the system will receive maximum solar 
radiation throughout the year [25-27].  As our analysis, 

Figure 7. Sensitivity with respect to MFR for the daily heat 
gain

Figure 8.Variation in daily heat gain of N-PVT-FPCs with N.
Figure 10. Variation in daily heat gain of N-PVT-FPCs with 
inclination angle.

Figure 9. Sensitivity with respect to N for the daily heat 
gain.
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the sensitivity figure, which has been represented in Table 
2 of the proposed system with respects to PF, MFR and 
N. The average value of the sensitivity figure has been 
found 0.08, 0.17, 0.25 and 0.94 for daily heat gain w.r.t. 
PF, MFR, inclination angle and N respectively. The higher 
value of the slope represents the higher sensitiveness of 
the system.

N as per OAT. The sensitivity analysis found that the 
number of collectors is more sensitive, followed by the 
MFR and PF. Therefore, selecting the number of collec-
tors is the most important parameter while choosing 
the N-PVT-FPCs for installation. Therefore, one should 
take care of these points while designing such a system 
for collector heat gain. The slope of the curve provides 

Table 2: Computation of sensitivity figure of daily heat gain of N-PVT-FPCs with respect to PF, MFR, N and inclination 
angle

% 
change 
in the 
input 
variable

% change in 
daily heat 
gain w.r.t. 
PF

Sensitivity 
figure for 
daily heat 
gain w.r.t. 
PF

% change in 
daily heat 
gain w.r.t. 
MFR

Sensitivity 
figure for 
daily heat 
gain w.r.t. 
MFR

% change 
in daily 
heat gain 
w.r.t. N

Sensitivity 
figure for 
daily heat 
gain w.r.t. 
N

% change 
in daily 
heat gain 
w.r.t. 
inclination 
angle

Sensitivity 
figure for 
daily heat 
gain w.r.t. 
inclination 
angle 

100 1.82 0.02 34.32 0.34 97.55 0.98 2.99 0.03
50 1.85 0.04 11.42 0.23 48.17 0.96 3.68 0.07
33.33 1.89 0.06 5.75 0.17 31.71 0.95 4.41 0.13
25 1.92 0.08 3.48 0.14 23.49 0.94 5.19 0.20
20 1.96 0.10 2.33 0.12 18.56 0.93 6.04 0.30
16.67 1.99 0.12 1.67 0.10 15.27 0.92 6.99 0.42
14.28 2.03 0.14 1.26 0.09 12.92 0.90 8.06 0.56

The average 
value of 
sensitivity 
figure for 
daily heat 
gain w.r.t. PF

0.08

The average 
value of 
sensitivity 
figure for 
daily heat 
gain w.r.t. 
MFR

0.17

The average 
value of 
sensitivity 
figure for 
daily heat 
gain w.r.t. N

0.94

The average 
value of 
sensitivity 
figure for 
daily heat 
gain w.r.t. 
inclination 
angle

0.25

Figure 12. Comparative sensitivity of N-PVT-FPCs with 
respect to input variables (PF/MFR/N/Inclination).Figure 11. Sensitivity with respect to inclination angle for 

the daily heat gain.



J Ther Eng, Vol. 9, No. 1, pp. 33–44, January 202342

CONCLUSIONS

The sensitivity analysis of N identical partly covered 
collectors (attached in series) have been performed in this 
study. The obtainable conclusions from the study are as 
follows:

i. The daily heat gain of N-PVT-FPCs decreases as 
the PF factor increases, but the rate of decrement is 
lesser.

ii. The daily heat gain of the N-PVT-FPCs starts 
increasing when the MFR increases, but beyond the 
MFR of 0.06 kg/s, the increment in the heat gain is 
not very significant.

iii. With the increase in the numbers of collectors, the 
heat gain of the proposed system increases.

iv. With the increase in the angle of inclination, the 
daily heart gain decreases of the proposed system.

v. The sensitivity analysis of the N-PVT-FPCs indicates 
that the system is more sensitive w.r.t. N followed by 
inclination, MFR and PF. The average value of the 
sensitivity figure has been found to be 0.94, 0.25, 0.17 
and 0.08 w.r.t. N, MFR and PF, respectively.

Abbreviations
PVT photovoltaic thermal
PV photovoltaic
FPC flat plate collectors
PTC parabolic trough collectors
ETC evacuated tube collectors
HTFs heat transfer fluids
MFR mass flow rate
N-PVT-FPCs N identical partly covered flat plate collectors
N Numbers of collector
PF packing factor
OTA one-at-a-time

Nomenclature
Am Module area, m2

Ac Collector area, m2

F’  Efficiency factor (flat plate collector), 
dimensionless

FR Heat removal factor, dimensionless
PF1 Penalty factor first(dimensionless)
PF2 Penalty factor second(dimensionless)
I(t) Incident solar intensity, W/m2

Ic(t) Incident solar intensity on collector, W/m2

K Thermal conductivity, W/m-K
ṁ f

  Rate of flow of water mass in the collector, kg/s
Lg Thickness of glass cover, m
c

f
. specific heat of water

T Inlet water temperature
Qu Rate of useful energy transfer, kW
Ut c a  Total heat transfer coefficient from the solar 

cell to ambient (via glass cover), W/m2-K
Utc,p  Total heat transfer coefficient from the solar 

cell to plate (via glass cover), W/m2-K

UL,m  An overall heat transfer coefficient from 
blackened surface to ambient, W/m2-K

Subscripts
a Ambient
c Solar cell
eff Effective
w Water in solar still
g Glass 
f Water in flat plate collector
fi Water at Inlet of FPC
fo Water at the outlet of FPC
m Module
N Number of collectors

Greek Letters
α Absorptivity
(ατ)eff  Product of effective absorptivity and 

transmittivity
β Packing factor
η Efficiency
τ Transmittivity

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the 
findings of this study are available within the article. Raw 
data that support the finding of this study are available from 
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest 
with respect to the research, authorship, and/or publication 
of this article.

ETHICS

There are no ethical issues with the publication of this 
manuscript.

REFERENCES

 [1] Oztop HF, Bayrak F, Hepbasli A. Energetic and exer-
getic aspects of solar air heating (solar collector) 
systems. Renew Sustain Energy Rev 2013;21:59–83. 
[CrossRef]

 [2] Pandey KM, Chaurasiya R. A review on analysis 
and development of solar flat plate collector. Renew 
Sustain Energy Rev 2017;67:641–650. [CrossRef]

 [3] Gurupatham SK, Manikandan GK, Fahad F. 
Harnessing and storing solar thermal energy using 

https://doi.org/10.1016/j.rser.2012.12.019
https://doi.org/10.1016/j.rser.2016.09.078


J Ther Eng, Vol. 9, No. 1, pp. 33–44, January 2023 43

phase change material (PCM) in a small flat plate 
collector. J Therm Eng 2020;6:511–520. [CrossRef]

 [4] Hajibeigy MT, Walvekar R, CV A. Mathematical 
modelling, simulation analysis of a photovoltaic 
thermal system. J Therm Eng 2021;7:291–306. 
[CrossRef]

 [5] Patel RV, Bharti K, Singh G, Mittal G, Singh DB, 
Yadav A. Comparative investigation of double slope 
solar still by incorporating different types of collec-
tors: A mini review. Mater Today Proc 2021;38:300–
304. [CrossRef]

 [6] Patel RV, Singh G, Bharti K, Kumar R, Singh DB. A 
mini review on single slope solar desalination unit 
augmented with different types of collectors. Mater 
Today Proc 2021;38:204–210. [CrossRef]

 [7] Irshad M, Yadav A, Singh R, Kumar A. Mathematical 
modelling and performance analysis of single pass 
flat plate solar collector. IOP ConfSer Mater Sci Eng 
2018;404:012051. [CrossRef]

 [8] Singh S, Kumar A, Yadav A. Experimental investi-
gation of thermal performance evaluation of solar 
flat plate collector. Mater Today Proc 2020;24:1533–
1540. [CrossRef]

 [9] Asirvatham LG, Roy S, Kunhappan D, Cephas E, 
Wongwises S. Heat transfer performance of sil-
ver/water nanofluid in a solar flat-plate collector. J 
Therm Eng 2015;1:104–112. [CrossRef]

[10] Ji J, Han J, Chow T, Yi H, Lu J, He W, et al. Effect of 
fluid flow and packing factor on energy performance 
of a wall-mounted hybrid photovoltaic/water-heat-
ing collector system. Energy Build 2006;38:1380–
1387. [CrossRef]

[11] Said Z, Saidur R, Sabiha MA, Hepbasli A, Rahim 
NA. Energy and exergy efficiency of a flat plate solar 
collector using pH treated Al2O3 nanofluid. J Clean 
Prod 2016;112:3915–3926. [CrossRef]

[12] Verma SK, Tiwari AK. Progress of nanofluid appli-
cation in solar collectors : A review. Energy Convers 
Manag 2015;100:324–346. [CrossRef]

[13] Bozorgan N, Shafahi M. Performance evaluation of 
nanofluids in solar energy: A review of the recent 
literature. Micro Nano Syst Lett 2015;3:5. [CrossRef]

[14] Hamed M, Fellah A, Brahim AB. Parametric sensi-
tivity studies on the performance of a flat plate solar 
collector in transient behavior. Energy Convers 
Manag 2014;78:938–947. [CrossRef]

[15] Michael JJ, Selvarasan I. Economic analysis and 
environmental impact of flat plate roof mounted 
solar energy systems. Sol Energy 2017;142:159–170. 
[CrossRef]

[16] Cooper PI. The effect of inclination on the heat 
loss from flat-plate solar collectors. Sol Energy 
1981;27:413–420. [CrossRef]

[17] Tiwari GN, Yadav JK, Singh DB, Al-Helal IM, 
Abdel-Ghany AM. Exergoeconomic and enviro-
economic analyses of partially covered photovoltaic 
flat plate collector active solar distillation system. 
Desalination 2015;367:186–196. [CrossRef]

[18] Singh DB. Exergoeconomic and enviroeconomic 
analyses of N identical photovoltaic thermal 
integrated double slope solar still. Int J Exergy 
2017;23:347. [CrossRef]

[19] Singh DB, Kumar N, Kumar S, Dwivedi VK, Yadav 
JK, Tiwari GN. Enhancement in exergoeconomic 
and enviroeconomic parameters for single slope 
solar still by incorporating N identical partially 
covered photovoltaic collectors. J Sol Energy Eng 
2018;140:051002. [CrossRef]

[20] Raju VR, Narayana RL. Effect of flat plate collec-
tors in series on performance of active solar still for 
Indian coastal climatic condition. J King Saud Univ 
Eng Sci 2018;30:78–85. [CrossRef]

[21] Duffie JA, Beckman WA. Solar Engineering of 
Thermal Processes. 4th ed. New York: John Wiley & 
Sons; 2013. [CrossRef]

[22] Dubey S, Tiwari GN. Analysis of PV/T flat plate 
water collectors connected in series. Sol Energy 
2009;83:1485–1498. [CrossRef]

[23] Hamby DM. A review of techniques for param-
eter sensitivity analysis of environmental models. 
Environ Monit Assess 1994;32:135–154. [CrossRef]

[24] Liu BYH, Jordan RC. The interrelationship and 
characteristic distribution of direct, diffuse and total 
solar radiation. Sol Energy 1960;4:1–19. [CrossRef]

[25] El-Sebaii AA, Al-Hazmi FS, Al-Ghamdi AA, 
Yaghmour SJ. Global, direct and diffuse solar radia-
tion on horizontal and tilted surfaces in Jeddah, 
Saudi Arabia. Appl Energy 2010;87:568–576. [CrossRef]

[26] Patel RVP, Kumar A. Experimental investigation of 
double slope solar still for the climatic condition 
of Sultanpur. Int J Eng Technol 2017;9:4019–4033. 
[CrossRef]

[27] Misra S, Patel RV, Kumar A, Yadav A, Patel V. Effect 
of climatic conditions and water depth on yield 
of single slope solar still. In: Acharya SK, Mishra 
DP, editors. Current Advances in Mechanical 
Engineering Select Proceedings of ICRAMERD 
2020; 2020 Jul 24-26; Bhubaneswar: Springer; 2020. 
pp. 137–147. [CrossRef]

https://doi.org/10.18186/thermal.764178
https://doi.org/10.18186/thermal.850645
https://doi.org/10.1016/j.matpr.2020.07.338
https://doi.org/10.1016/j.matpr.2020.06.580
https://doi.org/10.1088/1757-899X/404/1/012051
https://doi.org/10.1016/j.matpr.2020.04.473
https://doi.org/10.18186/jte.29475
https://doi.org/10.1016/j.enbuild.2006.02.010
https://doi.org/10.1016/j.jclepro.2015.07.115
https://doi.org/10.1016/j.enconman.2015.04.071
https://doi.org/10.1186/s40486-015-0014-2
https://doi.org/10.1016/j.enconman.2013.09.044
https://doi.org/10.1016/j.solener.2016.12.019
https://doi.org/10.1016/0038-092X(81)90006-2
https://doi.org/10.1016/j.desal.2015.04.010
https://doi.org/10.1504/IJEX.2017.086170
https://doi.org/10.1115/1.4039632
https://doi.org/10.1016/j.jksues.2015.12.008
https://doi.org/10.1002/9781118671603
https://doi.org/10.1016/j.solener.2009.04.002
https://doi.org/10.1007/BF00547132
https://doi.org/10.1016/0038-092X(60)90062-1
https://doi.org/10.1016/j.apenergy.2009.06.032
https://doi.org/10.21817/ijet/2017/v9i6/170906309
https://doi.org/10.1007/978-981-33-4795-3_14


J Ther Eng, Vol. 9, No. 1, pp. 33–44, January 202344

APPENDIX-A

Expressions for different terms used in equations (1) to 
(17) are as follows.

(ατ)1,eff = τg(αc – ηc) βc; (ατ)2,eff = αp(1 – βc) τg
2; PF1 = 
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