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a b s t r a c t
This paper communicates an analysis on the influence of variation of flow rate of fluid (ṁf) and number 
of collectors (N) on energy metrics for N alike PVT flat plate collectors integrated single slope solar 
still (N-PVTFPCSS) at constant water depth for sustainable solar distillation. N-PVTFPCSS has the 
potential to fulfill the sustainable development goal of United Nations. The computation of energy 
metrics for various values of ṁf and N has been done using computer code written in MATLAB-
2015a considering all the four climatic conditions in each month of New Delhi. The evaluation has 
been carried out for a year. It is deduced that value of energy payback time for N-PVTFPCSS at 
given water depth of 0.14 m enhances with the enhancement in ṁf at given N and becomes almost 
constant beyond 0.10 kg/s. The optimum value of N for energy metrics comes out to be 6 from 
energy viewpoint and 8 from exergy viewpoint.

Keywords: Energy metrics; Flow rate of fluid; N; Active solar still; Exergy; PVT

1. Introduction

The analysis of solar still which is solely based on solar 
energy and it does not create any pollutants which may 
harm the environment. The working of solar still is based 
on greenhouse effect. Also, solar still is self-sustainable in 
most of the cases and it can be set up in distant locations 
for providing clean water for numerous purposes including 
drinking for human beings after mixing some minerals to 
distilled water. It can provide clean water to the community 

without disturbing the environment and in this way, it 
helps in achieving the sustainable development goals of 
United Nations. A lot of developments have been carried 
out throughout the world. The active solar still (ACSS) was 
experimented by Rai and Tiwari [1] in 1983 in which one 
flat plate collector (FPC) was included with single slope 
solar still (SS) and it was deduced that output of freshwater 
was higher than the conventional solar still (CSS) because 
of the provision of heat to basin by FPC. However, the 
system was not self-sustainable. So, Kumar and Tiwari [2] 
performed experimental investigation by integrating FPC 
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and PVT for providing heat to basin of SS. The idea was 
taken from the findings reported by Kern and Russell [3]. 
They stated that the electrical efficiency increased due to 
passing of fluid below PVT. Kumar and Tiwari [2] deduced 
an improvement in freshwater yield by 3.5 times as com-
pared to CSS due to the presence of collectors which absorb 
heat from sunlight and transfers the same to basin. This 
work was further lengthened by Singh et al. [4] for dou-
ble slope solar still (DS). Singh et al. [5] and Tiwari et al. 
[6] performed experimental study of SS incorporated with 
two identical PVTFPCs. They found an improvement in 
electrical energy over the system of Kumar and Tiwari [2] 
due to increased area of PVT.

ACSS was investigated for optimized values of flow 
rate of fluid (ṁf) and N at constant water depth [7–11]. It 
was deduced that ACSS of DS form provided an improved 
energy payback time (ENPT) over CSS by 74.66%. The value 
of exergy output per unit cost for ACSS was obtained as 
47.37% more than CSS having same basin area. The use of 
nanofluid was presented by Sahota et al. [12] in ACSS of 
DS kind for boosting the freshwater yield. Carranza et al. 
[13] studied DS having nanofluid and also included the 
preheating of saline water. It was deduced that freshwater 
yield increased because of better thermophysical charac-
teristic of nanofluid over base fluid. Kouadri et al [14] have 
studied ACSS having zinc and copper oxides as nanopar-
ticles in base fluid and deduced that freshwater yield 
was higher by 79.39% than CSS.

Atheaya et al. [15] reported PVT integrated compound 
parabolic concentrator collector (CPC) with the objective 
of getting higher output as concentrator could concentrate 
more solar energy on the receiver surface. This work was 
further lengthened by Tripathi et al. [16] for getting charac-
teristic equations for N similar series connected PVTCPCs. 
Singh and Tiwari [17–19], Gupta et al. [20,21], Singh et al. 
[22,23] and Sharma et al. [24] studied solar stills by incorpo-
rating development of equations and deduced that ACSS of 
DS type performed better than ACSS under optimized val-
ues of ṁf and N at constant value of water depth because of 
improved allocation energy obtained from sunlight in ACSS 
of DS form. Prasad et al. [25], Bharti et al. [26], Singh [27] 
made sensitivity study for ACSS of DS form and deduced 
that the analysis could help the designer and installer of 
solar still as they could have information in advance about 
the effect of input parameters on the output.

The performance of solar collector used in ACSS could 
be improved by using evacuated tubes as convective heat 
loss would be prevented using such tubes. Sampathkumar 
et al. [28] studied ACSS containing evacuated tubular 
collector and stated that the output of clean water was 
improved over CSS having basin area equal to that of 
ACSS by 129% due to collection of heat from sunlight by 
collectors and transferring the same to basin. Singh et al. 
[29] investigated solar desalting unit including evacuated 
tubes (ETs) and working under natural circulation mode. 
They concluded that the exergy efficiency was in the range 
of 0.15% to 8%. Further, a study on ACSS involving ETs 
was carried out in forced mode and an improved perfor-
mance was obtained as compared to natural circulation 
mode because of improved circulation of fluid [30]. Mishra 
et al. [31] developed fundamental equations for evacuated 

tubular collectors (ETCs) which were linked in series. An 
extended version of their work was studied by Singh et al. 
[32] and Singh and Tiwari [33,34]. They reported fundamen-
tal equations development for series connected N-ETCs to 
basin type solar still and compared single and double slope 
ACSS considering exergo-enviro-economic parameters and 
energy metrics. An extended version of the work done by 
Singh et al. was further studied by Issa and Chang [35] in 
which ETCs were linked as mixed mode and concluded that 
the performance was enhanced over passive mode operated 
solar still because of the provision of heat to basin in ACSS. 
Furthermore, Singh and Al-Helal [36], Singh et al. [37] and 
Sharma et al. [38,39] developed fundamental equations 
for ACSS by connecting solar still with N-ETCs as well as  
concentrator integrated ETC.

Patel et al. [40–42] reviewed ACSS involving different 
sorts of collectors and reported the effect of various designs 
of collectors on the performance of ACSS. Further, Singh  
et al. [43] performed short review on ACSS containing nano-
fluid and stated that the performance of nano-fluid loaded 
solar stills was better because of the improved properties 
of nanofluid. A comparison of ETCs integrated solar stills 
in natural and forced modes were carried out by Shankar  
et al. [44]. They reported that the forced mode operated solar 
still was better in terms of carbon credit earned. Sharma et 
al. [45] reviewed renewable energy system loaded with 
nanofluid-based heat transfer by incorporating machine 
learning aspect and concluded that the addition of small 
amount of solid particles on nano size having high thermal 
conductivity enhanced the heat transfer rate and resulted 
in the performance of the system. Said et al. [46] investi-
gated ionic liquid-MXene hybrid nanofluid experimentally 
and concluded that the reported nanofluid could be used 
in solar systems for getting better output. Jeevadason et al. 
[47] reviewed solar still containing nano-fluid from exer-
go-enviro-economic analyses viewpoint and they concluded 
that the nanofluid loaded hybrid solar system performed 
better because of the improved thermophysical prop-
erty. Further, Shoeibi et al. [48] reviewed solar still having 
heat pipe and they concluded that there was a significant 
improvement in the output if heat pipe was used. Said 
et al. [49] studied the evaluation of specific heat capacity 
of nanofluid using machine learning techniques.

The current literature survey reveals that the effect of 
dissimilarity of mass flow rate (ṁf) and number of collectors 
(N) on energy metrics for N alike PVT flat plate collectors 
integrated single slope solar still (N-PVTFPCSS) has not been 
carried out by any investigator all over the world. For know-
ing the effect of ṁf and N on energy metrics of N-PVTFPCSS, 
all 4 types of weather conditions have been taken into 
account. Some works on energy metrics of N-PVTFPCSS 
have been carried out, however, they are different from the 
current work. The difference being that the current work 
focuses on the estimation of variation of ṁf and N on energy 
metrics, whereas, in previous work, energy metrics for the 
ACSS had been carried out at some chosen values of ṁf and N.

2. Working of N-PVTFPCSS

The set-up of N-PVTFPCSS and its specification has been 
revealed as Fig. 1 and Table 1, respectively. When sunlight 
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falls on the surface of solar still, some part gets reflected, 
some part is absorbed, and the remaining part is transmit-
ted to water surface. At the water surface, some part is again 
reflected, some part is absorbed by water and the remaining 

part is transmitted to the blackened surface where almost 
all radiation gets absorbed. The temperature of blackened 
surface rises and it transmits heat to water. N-PVTFPCs 
connected to basin also provides heat and temperature of 

Fig. 1. Schematic diagram of N-PVTFPCSS.

Table 1
Specifications of N-PVTFPCSS

Solar still of single slope type

Component Specification Component Specification

Length 2 m Orientation South
Width 1 m Thickness of glass cover 0.004 m
Inclination of glass cover 15° kg 0.816 W/m-K
Height of smaller side 0.2 m Thickness of insulation 0.1 m
Material of body GRP Thermal conductivity of insulation 0.166 W/m-K
Material of stand GI Cover material Glass

PVT-FPC collector

Component Specification Component Specification
Type and no of collectors Tube in plate type, N Area of module 0.25 m × 1.0 m
Receiver area of solar water collector 1.0 m × 1.0 m Area of collector 0.75 m × 1.0 m
Collector plate thickness 0.002 F’ 0.968
Thickness of copper tubes 0.00056 m ρ 0.84
Length of each copper tubes 1.0 m τg 0.95
Ki (Wm/K) 0.166 αc 0.9
FF 0.8 βc 0.89
Thickness of insulation 0.1 m αp 0.8
Angle of FPC with horizontal 30° Pipe diameter 0.0125 m
Thickness of toughen glass on FPC 0.004 m DC motor rating 12 V, 24 W
Effective area of collector under glass 0.75 m2
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water rises. Water gets evaporated due to temperature dif-
ference between water surface and the condensing surface. 
The vapor gets condensed at the inside surface of con-
densing cover and trickles down due to gravity. The fresh 
water is then siphoned off to the measuring flask.

3. Fundamental equations used for the analysis of 
N-PVTFPCSS

The fundamental equations used for the analysis of 
N-PVTFPCSS is developed by writing energy balance 
equations for the various components of N-PVTFPCSS fol-
lowed by the simplification of these equations using the 
concept of mathematics. The fundamental equations used 
for the analysis of N-PVTFPCSS are as follows:

The useful heat gain from N-PVTFPCs can be computed 
as [50] as:

Q N A A I t U T TuN m N L N a� � � � � � � �� ��
�

�
�� �c eff fi± Ä

, ,  (1)

In the proposed system, N-PVTFPCs is in closed loop 
with basin of solar still. Water coming from the basin enters 
the first PVTFPC using DC motor pump and the outlet from 
Nth PVTFPC is again allowed to go to the basin for increas-
ing temperature of basin. The temperature of water coming 
out from N-PVTFPC (TfoN) can be estimated as [50]:
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where Tfi = Tw. Eqs. (1) and (2) have many unknown terms 
that has been given in Appendix A.

The electrical efficiency of solar cells (ηcN) for 
N-PVTFPCSS can be written as [51,52]:
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In Eq. (3), ηo represents efficacy for standard condi-
tion, TcN  represents mean temperature of cell. The value 
of TcN  has been estimated using relation reported in 
Shyam et al. [46] taking Tfi = Tw as N-PVTFPCs forms a 
closed loop with basin.

After rearranging energy balance equations for several 
parts of SS and making use of Eq. (1), the relation for water 
temperature (Tw) can be obtained in the form of a function 
of time as [5,6]:
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where Tw0 stands for initial value of Tw, f t1 � �  stands for 
mean value of f1(t) for the considered small time interval.

Once Tw has been known and it can be evaluated mak-
ing use of Eq. (4), temperature of inner and outer surface 
of glass cover (Tgi and Tgo) can be presented as:
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After knowing the relations for Tw and Tgi, one can find 
the hourly clean water production (ṁew) as:
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Here, L is latent heat and its value has been considered 
as 2,400 kJ/kg-K in the current work.

The relation for electrical energy Exe� �  produced by 
N-PVTFPCSS can be given as follows:
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4. Analysis

The climatic condition used for the analysis of 
N-PVTFPCSS can be characterized by number of sunshine 
hours (N′) and ratio of daily diffuse to daily global irra-
diation (r′) [53]. If values of r′ and N′ are respectively less 
than or equal to 0.25 and greater than or equal to 9 h, the 
climate is known as clear day. If the range of r′ is from 0.25 
to 0.5 and the range of N′ is from 7 h to 9 h, the climate is 
known as hazy day. If the range of r′ is from 0.50 to 0.75 
and the range of N′ is from 5 h to 7 h, the climate is known 
as hazy and cloudy. If values of r′ and N′ are respectively 
greater than or equal to 0.25 and less than or equal to 9 h, the 
climate is known as cloudy.

4.1. Energy and exergy computations

The expression of yearly overall energy (Eout) and yearly 
overall exergy (Gex,annual) for N-PVTFPCSS considering 1st 
and 2nd laws of thermodynamics can be written as:

E
M L P Pm u

out
ew�
�� �

�
�� �

3600 0 38.
 (9)

G h
A

T T T

T
T

b

w a

w

gi

ex annual ewg

gi

,

( )

ln
( )� � �

�� � � �

�
�

�� �
�

2

273

273
273

��
�

��

�
�
�

��

�

�

�
�
�
�
�

�

�












� �� �P Pm u  (10)

where Mew is annual freshwater yield, Pm is annual electri-
cal power generated, Pu represents yearly consumption of 
pump and L represents latent heat. The factor 0.38 [51] in 
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Eq. (9) changes electrical energy into heat. The first term 
on right hand side of Eq. (10) has been taken from Nag 
[54]. The evaporative heat transfer coefficient (hewg) can be 
estimated as:
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4.2. Energy metrics estimation

It is an important part for solar energy-oriented systems 
because energy metrics gives information about the viability 
of N-PVTFPCSS from energy as well as exergy consideration. 
The term energy metrics comprises of three terms namely 
energy payback time (ENPT), energy production factor 
(EPRF) and life cycle conversion efficiency (LICCE). Energy 
metrics considers the entire life of the system while evalu-
ating different parameters. The embodied energy includes 
energy as well as exergy and the exergy part is much higher. 
Lower value of embodied energy should be selected for 
the system to be economical. For the calculation of embod-
ied energy, energy density of all the components needs to 
be focused. The embodied energy of the component can 
be computed as the product of mass of the component and 
energy density of that component’s material. Then, the addi-
tion of embodied energies for all components of the renew-
able energy system results in the embodied energy of the  
system.

4.2.1. ENPT estimation

The time needed to retrieve the embodied energy of the 
renewable energy system is known as ENPT. Its value can 
be computed based on energy and exergy both. Here, one 
should note that exergy based ENPT has greater value than 
energy based ENPT because exergy represents the qual-
ity of energy and hence the value of exergy is much lower 
than the value of energy output. Lower the value of ENPT, 
better is the system as less time will be required to achieve 
the breakeven point and it will also result in the higher 
amount of carbon credited. ENPT for N-PVTFPCSS can be  
computed as [57]:
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The value of hourly exergy rate can be estimated as 
follows:
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4.2.2. EPRF estimation

EPRF is the reciprocal of ENPT. Values of EPRF for 
N-PVTFPCSS can be computed as:
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4.2.3. LICCE estimation

It gives an idea about the net output of the solar energy 
system with respect to solar energy falling on the system. 
It is distinct from efficiency. The difference lies in the fact 
that LICCE deems the whole life of N-PVTFPCSS. Its ideal 
value is one. Higher the value of LICCE, better is the system. 
The value of LICCE can be computed as:
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Annual energy
Annual solar exergyenergy

in�
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n E

n
 (20)
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n E
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5. Solution procedure

The solution procedure for knowing the effect of vari-
ation of ṁf and N on energy metrics of N-PVTFPCSS 
are as follows:

Step I

The required input data for solar flux on horizontal 
surface and ambient temperature has been accessed from 
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IMD Pune, India. The value of solar flux on the inclined sur-
face has been estimated using Liu and Jordan formula by 
computer code in MATLAB.

Step II

Eq. (7) has been used for the computation of hourly fresh 
water yielding for various values of ṁf and N followed by 
gross energy computation using Eq. (9). Further, Eq. (10) 
has been used for the computation of gross exergy out-
put from the system.

Step III

Eqs. (15) and (16) have been used for the estimation of 
ENPT followed by the estimation of EPRF using Eqs. (18) 
and (19). Further, LICCE has been estimated using Eqs. (20) 
and (21).

6. Results and discussion

All needed information and expressions have been pro-
vided input to the computational code written in MATLAB 
2015a. Data accessed from IMD Pune for the horizon-
tal surface has also been obtained for the inclined surface 
taking Liu and Jordan formula into consideration using 
computer code in MATLAB. The output so obtained has 
been depicted as Figs. 2–10 and Tables 2 and 3.

Eq. (7) has been used to estimate the hourly fresh water 
yielding followed by the calculation of daily, monthly 
and yearly fresh water yielding. During the calculation of 
monthly clean water production for various values of ṁf 
and N, four different kinds of weather situations mentioned 
in analysis section have been used. After evaluation of net 
monthly yield, yearly yield for different values of ṁf and 
N has been estimated as the addition of monthly yield for 
12 months and they have been presented as Fig. 2. Further, 
Eq. (9) has been used to estimate values of annual total 
energy output for various values of ṁf and N for system 
under consideration. For evaluating these values, computer 
code written in MATLAB 2015a has been used and they 
have been presented as Fig. 3.

Eq. (10) has been used to estimate values of annual gross 
exergy output for various values of ṁf and N for the system 
under consideration. For evaluating these values, computer 
code written in MATLAB 2015a has been used and they 
have been presented as Fig. 4. It can be seen in Fig. 4 that the 
value of gross exergy output diminishes with the increase 

in value of ṁf and value of gross exergy output ceases to 
vary beyond ṁf = 0.01 kg/s. The reason behind the diminish 
in the value of gross exergy can be attributed to less time 
available for gaining heat from sunlight for the fluid pass-
ing through tubes of collector at increased speed. When the 
speed becomes further higher, the fluid just glides through 
collector without absorbing heat and no further heat is 
added to the basin water.

The estimation of embodied energy for several compo-
nents of system has been depicted as Table 2. The embodied 
energy has been evaluated for the particular component 
as the multiplication of energy density of the material 
of that component and the mass of the component. This 
way, embodied energy for all components has been eval-
uated and finally embodied energies for all components 
have been added for getting the embodied energy for 
N-PVTFPCSS. The calculation of the amount of solar energy 
striking the surface of intended system has been depicted as 
Table 3. It is observed that value of solar energy increases 
with the increases in the value of N because area of the sys-
tem increases with the increase in the value of N. Based on 
the literature review, it has been assumed that the intended 
system works properly for 30 y.

The variation of ENPT on the basis of energy with ṁf for 
N-PVTFPCSS at different N has been depicted in Fig. 5. One 
can clearly see in Fig. 5 that value of ENPT for the intended 
system increases as value of ṁf is increased at given N. It 
is also observed that value of ENPT almost ceases to vary 

Fig. 2. Variation of yearly clean water production with ṁf and 
N for N-PVTFPCSS.

Table 2
Embodied energy computation for N-PVTFPCSS

Component Embodied energy

N = 2 N = 4 N = 6 N = 8 N = 10 N = 12

Solar still of single slope type 1,737.79 1,737.79 1,737.79 1,737.79 1,737.79 1,737.79
Flat plate collector 1,104.96 2,209.92 3,314.88 4,419.84 5,524.8 6,629.76
PVT 490 980 1470 1,960 2,450 2,940
Others 20 20 20 20 20 20
Total (kWh) 3,352.75 4,947.71 6,542.67 8,137.63 9,732.59 11,327.55
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beyond 0.10 kg/s. It has been found to occur because water 
flowing through collector does not find time to absorb 
energy at enhanced value of ṁf. It is further observed that 
the optimum value of N for N-PVTFPCSS from energy 
based ENPT is 6 as the value of ENPT becomes either con-
stant beyond N = 6 or increases. The variation of EPRF on the 
basis of energy with ṁf for N-PVTFPCSS at different N has 
been revealed as Fig. 6. The expression of EPRF is reciprocal 
of ENPT. So, higher the value of EPRF better is the system. 
The optimum value of N from EPRF viewpoint comes out 
to be 6 as the value of EPRF beyond N = 6 remains either 
constant or diminish. It is further observed from Fig. 6 that 

the value of EPRF diminishes with the enhancement in ṁf 
value because water does not get sufficient time to absorb 
heat from solar energy while passing through collectors. 
Beyond ṁf = 0.1 kg/s, the value of EPRF remains almost 
constant because heated water does not get further heated 
due to very low value of temperature difference between 
water flowing through collector tubes and its surroundings.

The variation of LICCE on the basis of energy with 
ṁf for N-PVTFPCSS at different N has been depicted in 
Fig. 7. It is seen in Fig. 7 that value of LICCE lessens as 
the value of ṁf increase as diminished energy output is 
obtained which further happens due to diminished heat 
addition by collector to the basin of solar still at enhanced 
values of ṁf because water flowing through collector does 
not find time to collect heat from solar energy. Beyond 

Table 3
Solar energy computation for N-PVTFPCSS for life span of 30 y

Component Solar energy

N = 2 N = 4 N = 6 N = 8 N = 10 N = 12

Solar still of single slope type 116,882.7 116,882.7 116,882.7 116,882.7 116,882.7 116,882.7
PVTFPC 222,671.5 445,343.1 668,014.6 890,686.1 1,113,358 1,336,029
Solar energy (kWh) 339,554.2 562,225.8 784,897.3 1,007,569 1,230,240 1,452,912

Fig. 3. Dissimilarity of annual gross energy output with ṁf 
and N for N-PVTFPCSS.

Fig. 4. Dissimilarity of annual gross exergy with ṁf and N for 
N-PVTFPCSS.
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Fig. 5. Dissimilarity of ENPT based on energy with ṁf and N 
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ṁf = 0.10 kg/s, values of LICCE based on energy become 
almost constant due to similar behavior in energy output 
obtained from the system at enhanced values of ṁf. It is seen 
in Fig. 7 that the optimal value of N is 6 because value of 
LICCE remains either constant or diminishes beyond N = 6.

The variation of ENPT on the basis of exergy with ṁf 
for N-PVTFPCSS at different N has been depicted in Fig. 8. 
One can see in Fig. 8 that the value of exergy based ENPT 
for N-PVTFPCSS enhances with the increase in value of 
ṁf at given N and the value of exergy based ENPT for 
N-PVTFPCSS becomes almost constant beyond 0.10 kg/s. 
It occurs because exergy gain diminishes with the enhance-
ment in value of ṁf which further happens due to lower 
temperature of water in the basin at enhanced values of 
ṁf as heat absorbed by water flowing through collector is 
diminished with the enhancement in value of ṁf. It is fur-
ther observed that the optimal value of N for N-PVTFPCSS 
from exergy based ENPT viewpoint is 8 as the value of 
exergy based ENPT becomes constant beyond N = 8.

The variation of EPRF on the basis of exergy with 
ṁf for N-PVTFPCSS at different N has been revealed as 
Fig. 9. The exergy based EPRF is reciprocal of exergy based 
ENPT. So, higher the value of exergy based EPRF better is 
the system. The optimal value of N has been obtained as 8 
from viewpoint of EPRF based on exergy because value of 
EPRF beyond N = 8 remains constant. It is further observed 

from Fig. 8 that the value of EPRF based on exergy dimin-
ishes with the increase in ṁf value because time avail-
able for water to absorb heat is low and hence water is 
not able to absorb heat from solar energy while passing 
through collectors which results in lower temperature rise 
of water in basin and hence lower exergy output. Beyond 
ṁf = 0.1 kg/s, the value of exergy based EPRF remains 
almost constant because heated water does not get further 
heated due to very low value of temperature difference 
between water flowing through collector tubes and its  
surroundings.

The variation of LICCE on the basis of exergy with ṁf 
for N-PVTFPCSS at different N has been depicted in Fig. 10. 
One can see in Fig. 10 that the value of LICCE based on 
exergy decreases with the increase in ṁf value for all val-
ues of N and value of LICCE based on exergy becomes 
almost constant beyond ṁf = 0.10 kg/s. It is also clear from 
Fig. 10 that the system is not feasible from exergy view-
point for N ≤ 2 as the value of exergy based LICCE comes 
out to be negative. The optimum value of N from exer-
gy-based LICCE viewpoint comes out to be 8 as the value 
of exergy based LICCE beyond N = 8 become almost con-
stant. It occurs due to the fact that the heated water does 
not get further heated due to lower temperature differ-
ence between water flowing through collectors and the  
surroundings.
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Fig. 7. Variation of LICCE based on energy with ṁf and N for 
N-PVTFPCSS.
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7. Conclusions

The current research focuses on finding out the effect of 
variation of ṁf and N on energy matrices of N-PVTFPCSS 
considering all four kinds of weathers. Based on the 
current research, the following conclusions can be drawn:

• The value of ENPT based on energy and exergy has 
been found to diminish with the increase in values of ṁf 
and it becomes almost constant beyond ṁf = 0.10 kg/s. 
The optimum value of N has been obtained as 6 and 
8 respectively for energy and exergy based ENPT.

• The value of EPRF based on energy and exergy has 
been found to diminish with the increase in values of ṁf 
and it becomes almost constant beyond ṁf = 0.10 kg/s. 
The optimum value of N has been obtained as 6 and 8 
respectively for energy and exergy based ENPT.

• From the viewpoint of exergy based LICCE, it is found 
that N-PVTFPCSS is not feasible if N ≤ 2. The optimal 
value of N has been obtained as 6 for energy based 
LICCE and 8 for exergy based LICCE.

8. Recommendations

Results of the system will be very useful for the designer 
and installer of the system as the effect of mass flow rate and 
number of collectors on the performance will be known in 
advance to them. The effect of geographical location on the 
performance of the active solar still has not been reported. 
Authors would like to work upon the effect of geograph-
ical location on the performance of the active solar still 
and the same will be reported in the next research paper. 
The effect of hybrid nanofluid has also not been reported.

Symbols

Am — Area covered by PV module, m2

Ac — Area covered by glass, m2

Ag — Area of glass cover, m2

Ab — Area of basin, m2

L — Latent heat, J/kg
Lg — Thickness of glass cover, m
Kg — Thermal conductivity of glass, W/m-K
I(t) — Global radiation falling on collector, W/m2

Ta — Ambient temperature, °C
Li — Thickness of insulation, m
Ki —  Thermal conductivity of insulation, 

W/m-K
αc — Absorptivity of the solar cell
ṁf — Mass flow rate of water, kg/s
τg — Transmissivity of the glass, fraction
Cf/Cw — Specific heat of water, J/kg-K
βo — Temperature coefficient of efficiency, K–1

Lc — Length of collector covered by glass
Lm — Length of collector covered by PV module
ηc — Solar cell efficiency
ηm — PV module efficiency
ηcN —  Temperature dependent electrical effi-

ciency of solar cells of a NPVTFPCs
b — Breath of collector, m
(ατ)eff —  Product of effective absorptivity and 

transmittivity

F′ — Collector efficiency factor
Tc — Solar cell temperature, °C
Tp — Absorber plate temperature, °C
Lp — Thickness of absorber plate, m
Kp —  Thermal conductivity of absorber plate, 

W/m-K
Tfi — Fluid temperature at collector inlet, °C
Tf — Temperature of fluid in collector, °C
PF1 —  Penalty factor due to the glass covers of 

module
PF2 —  Penalty factor due to plate below the 

module
PF3 —  Penalty factor due to the absorption plate 

for the glazed portion
PFc —  Penalty factor due to the glass covers for 

the glazed portion
β — Packing factor of the module
ηo — Efficiency at standard test condition
TfoN —  Outlet water temperature at the end of 

Nth PVTFPC water collector, °C
hi —  Heat transfer coefficient for space between 

the glazing and absorption plate, W/m2-K
h′i —  Heat transfer coefficient from bottom of 

PVT to ambient, W/m2-K
ho —  Heat transfer coefficient from top of PVT 

to ambient, W/m2-K
Utca —  Overall heat transfer coefficient from cell 

to ambient, W/m2-K
Utcp —  Overall heat transfer coefficient from cell 

to plate, W/m2-K
hpf —  Heat transfer coefficient from blackened 

plate to fluid, W/m2-K
Utpa —  Overall heat transfer coefficient from plate 

to ambient, W/m2-K
ULm —  Overall heat transfer coefficient from mod-

ule to ambient, W/m2-K
ULc —  Overall heat transfer coefficient from glaz-

ing to ambient, W/m2-K
Pm —  Annual power generated from photovol-

taic module, kWh
Pu — Annual power utilized by pump, kWh
Є — Emissivity
α′ — Absorptivity
Ex  — Hourly exergy, W

IS(t) —  Solar intensity on glass cover of solar still 
of single slope type, W/m2

Tgi —  Glass temperature at inner surface of glass 
cover, °C

hrwg —  Radiative heat transfer coefficient from 
water to inner surface of glass cover, W/
m2-K

hcwg —  Convective heat transfer coefficient from 
water to inner surface of glass cover, W/
m2-K

hewg —  Evaporative heat transfer coefficient, W/
m2-K

Mw — Mass of water in basin, kg
ṁew —  Mass of distillate from of double slope 

solar still, kg
a — Clear days, blue sky
b — Hazy days, fully
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c — Hazy and cloudy days, partially
d — Cloudy days, fully
QuN  —  Rate of useful thermal output from N 

identical partially (25%) covered PVTFPC 
water collectors connected in series, kWh

Gex,annual — Annual exergy gain, kWh
ln — Natural logarithm
SS — Single slope
t — Time, h
Ts — Temperature of sun, °C
Tw — Temperature of water in basin, °C
Ta — Ambient temperature, °C
Two — Water temperature at t = 0, °C
TCN  — Average solar cell temperature
Eout —  Overall annual energy available from 

PVT-CPC solar distillation system, kWh
N — Number of PVTFPC water collector
Ein — Embodied energy, kWh
FPC — Flat plate collector
PVT — Photovoltaic thermal
GRP — Glass reinforced plastic
ACSS — Active solar still
DS — Double slope solar still
PVTFPC — Photovoltaic thermal flat plate collector
ENPT — Energy payback time
ET — Evacuated tube
ETC — Evacuated tubular collector
ρ — Reflectivity
N-PVTFPCSS —  N identical PVTFPC integrated single 

slope solar still
FF — Fill factor
Tgo — Temperature at outer surface of glass, °C
EPRF — Energy production factor
LICCE — Life cycle conversion efficiency
N′ — Number of sunshine hours
TEPB — Energy payback time
FEP — Energy production factor
ηLCC — Life cycle conversion efficiency
r′ —  Daily diffuse to daily global irradiation 

ratio

Subscripts

g — Glass
w — Water
in — Incoming
out — Outgoing
eff — Effective
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Appendix

Expressions for various terms used in Eqs. (1)–(9) are as 
follows.
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