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a b s t r a c t
This research paper deals with an investigation of effect of mass flow rate (ṁf) variation on pro-
ductivity, exergoeconomic and enviroeconomic parameters of N similar PVT compound parabolic 
concentrators included with double slope solar still keeping water depth as 0.14 m. All the four 
types of weather situation for the climatic condition of New Delhi have been considered for the 
estimation of parameters. All relevant data and equations have been made input to computational 
programme written in MATLAB-2015a for getting values of parameters for different values of ṁf 
keeping N constant to know the effect of dissimilarity of ṁf on productivity, exergoeconomic and 
enviroeconomic parameters for double slope active solar still. It has been concluded that the values 
of productivity and enviroeconomic parameters diminish with the enhancement in the value of 
ṁf at given value of water depth of 0.14 m till ṁf = 0.11 kg/s and then become almost constant.
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1. Introduction

The fresh water is one of the basic needs for the life 
to survive on earth. However, fresh water is not avail-
able in abundance to meet the need of human beings as 
there is scarcity of fresh water throughout the world.  

The purification of water by conventional method needs 
electrical energy and the generation of electrical energy 
emits polluting elements that pollutes the surrounding. 
Hence, conventional energy source is not beneficial for 
the environment because of the of greenhouse gases emis-
sion. The solar energy technology-based systems which 
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are simple and environment friendly has the potential to 
meet both energy as well as freshwater needs. The double 
slope active solar still involving solar panel can generate 
direct current (DC) electric power as well as fresh water. 
This type of solar energy-based system is self-sustainable 
and hence can be installed and operated successfully at the 
remote locations where sunlight is present in abundance. 
The productivity analysis of the solar energy-based system 
is essential because it tells whether the system is technically 
feasible from energy and exergy viewpoints. If the value of 
productivity is more than 100%, the system is feasible.

The solar energy operated water purifier (SEOWP) 
in active mode was reported in 1983 [1] for the first time 
and from that time, many new designs have been reported 
by various researchers around the globe. The active type 
SEOWP means the provision of external source of heat 
to the basin of passive type SEOWP. The external source 
of heat can be made available as solar collectors/industry 
waste heat using heat exchanger or similar other kinds of 
provision can be made. Rai and Tiwari [1] reported the 
enhancement in yield of active type SEOWP by incorporat-
ing one conventional flat plate collector (FPC) over passive 
type SEOWP of the same basin area due to the supply of 
heat to the basin in active mode of operation. This water 
purifier was not self-sustainable as the pump needed some 
electric power for working which was supplied through 
grid.

The active type SEOWP in the forced mode of operation 
can be made self-sustainable by incorporating solar panel. 
Kumar and Tiwari [2] proposed the integration of PVT with 
FPC for supplying heat to basin of passive type SEOWP 
taking inspiration from the work of Kern and Russell [3]. 
It was reported by Kern and Russell that the electrical effi-
ciency of solar panel got increased upon integration of solar 
panel with solar collector due the removal of heat by fluid 
passing below the panel. Kumar and Tiwari reported the 
improvement in output by 3.5 times over the similar passive 
type SEOWP due to the addition of heat by two collectors in 
which only one of them was integrated with PVT for making 
the system self-sustainable. The work of Kumar and Tiwari 
was extended by Singh et al. [4] for double slope (DS) type 
SEOWP in active mode. Further, Singh et al. [5] and Tiwari 
et al. [6] reported the experimental investigation of SEOWP 
by incorporating two FPCs in which both FPCs were par-
tially integrated with PVT. They reported an enhancement 
in DC electrical output; however, the yield of fresh water 
was less as compared to the system reported by Kumar and 
Tiwari [2], It happened since heat gain was less because 
more area of FPCs were covered by PVT. Further, active 
type SEOWP was studied under optimized situation [7–11]. 
It was reported that the DS type SEOWP under optimized 
condition by incorporating N alike PVT-FPCs had 74.66% 
higher energy payback time (ENPBT) over passive type 
DS-SEOWP. The value of exergoeconomic parameter for sin-
gle slope type SEOWP was found to be 47.37% higher than 
the passive type single slope SEOWP of same basin area. 
Sahota and Tiwari [12] reported the use of nanofluid in DS 
type SEOWP in active mode for enhancing the fresh water 
output. Carranza et al. [13] have experimentally investi-
gated the performance of DS type SEOWP loaded with 
nanofluid by incorporating preheating of saline water and 

concluded that water yield increases due to better thermo-
physical properties of nanofluid as compared to base fluid. 
Kouadri et al. [14] have investigated solar still by incorpo-
rating zinc and copper oxides for the location of Algeria and 
compared the yield with conventional SEOWP and con-
cluded that the water yield was improved by 79.39% due 
to having better thermophysical characteristic of nanofluid.

The output of SEOWP could further be enhanced by 
changing the design of solar collector which could absorb 
higher amount of heat from the sun or by changing the 
design of solar still. PVT integrated FPC could gain higher 
heat if some concentrating part was integrated with FPC. 
With this concept in mind, Atheaya et al. [15] proposed 
PVT integrated compound parabolic concentrator collector 
(CPC) and reported its thermal model which was further 
extended by Tripathi et al. [16] for N collectors connected 
in series and loop was opened. Singh and Tiwari [17–19], 
Gupta et al. [20,21], Singh et al. [22,23] and Sharma et al. [24] 
investigated SEOWP of basin type by incorporating charac-
teristic equations development and concluded that SEOWP 
of double slope type performs better than SEOWP of single 
slope type under optimized conditions of mass flow rate 
and number of collectors at 0.14 m water depth due to better 
distribution of solar energy in the case of double slope type. 
Prasad et al. [25], Bharti et al. [26], Singh [27] investigated 
SEOWP of double slope type from sensitivity viewpoint 
and concluded that the sensitivity analysis helps designer 
and installer of solar systems as which parameter should be 
focused more for a particular application.

The heat gain by solar collector can be enhanced by pro-
viding evacuated tubes because convection loss does not 
take place through vacuum. Sampathkumar et al. [28] inves-
tigated the SEOWP by incorporating evacuated tubular col-
lector and reported an increase of 129% over the SEOWP 
of the same basin area due to the addition of heat to the 
basin by collectors. An investigation of SEOWP in natural 
mode of operation by incorporating evacuated tubes was 
done by Singh et al. [29] and reported exergy efficiency 
lying in the range of 0.15–8%. Further, an investigation of 
SEOWP incorporated with evacuated tubes was done in 
forced mode of operation by inserting pump between col-
lector and basin and reported enhanced fresh water output 
as compared to the similar system operated in natural mode 
due to better circulation of fluid in the forced mode of oper-
ation [30]. Mishra et al. [31] reported characteristic equation 
development for N alike series connected ETCs. The work 
reported by Mishra et al. [31] was further extended by Singh 
et al. [32–34]. The thermal modeling of basin type SEOWP 
by incorporating N alike ETCs was reported by them, and 
comparison was also made between single slope active 
water purifier and DS type SEOWP in active mode taking 
energy, exergy, energy metrics, exergoeconomic and envi-
roeconomic parameters as basis. Issa and Chang [35] fur-
ther extended the work of Singh et al. by connecting ETCs 
in mixed mode of operation experimentally and reported 
enhanced output as compared to similar set up in passive 
mode due to heat addition by collectors in active mode. 
Moreover, Singh and Al-Helal [36], Singh et al. [37] and 
Sharma et al. [38,39] reported development of characteristic 
equations and the observations based on the energy metrics 
for SEOWP by incorporating evacuated tubular collector as 
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well as compound parabolic concentrator integrated evacu-
ated tubular collector.

Patel et al. [40–42] have reviewed SEOWP recently by 
incorporating different types of collectors. Further, Singh 
et al. [43] reviewed SEOWP by incorporating different 
types of collectors and loaded with nanofluid with an aim 
to find the effect of nanofluid on the performance of active 
SEOWP. Nanofluid is obtained by mixing a small amount of 
nanoparticles to water. The effect of adding nanoparticles 
to water in SEOWP is to increase the output (potable water 
and exergy) of SEOWP. The better performance of nanofluid 
loaded SEOWP than loaded with water is due to the pos-
session of better thermo-physical characteristic of nanofluid 
as compared to water. Bansal et al. [44] have reported the 
mini review of changing the material of absorber on the 
performance of solar still. Shankar et al. [45] have studied 
ETC integrated SEOWP in natural as well forced mode and 
concluded that forced mode is better for environment as 
higher carbon credit was observed in forced mode due to 
more addition of heat to basin in the case of forced mode. 
Abdallah et al. [46] have investigated spherical and pyra-
mid basin SEOWP and concluded that the spherical basin 
SEOWP gave 57.1% higher water yield due to better uti-
lization of solar radiation in the case of spherical basin.

From the current literature survey, it is seen that the effect 
of mass flow rate(ṁf) on the annual productivity, exergoeco-
nomic and enviroeconomic parameters of DS type SEOWP 
by incorporating N alike PVTCPCs has not been reported by 
any researcher. The difference between the earlier reported 
work and the proposed work lies in the fact that the annual 
productivity, exergoeconomic and enviroeconomic param-
eters active type SEOWP was computed at a fixed value 
of ṁf; whereas, in the proposed work, the annual produc-
tivity, exergoeconomic and enviroeconomic parameters 

of DS type SEOWP in active mode has been estimated by 
varying values of ṁf on the performance parameters.

2. System metaphors

The DS type SEOWP by incorporating N alike partly 
covered PVTCPCs having series connection has been shown 
in Fig. 1 and its specification in Table 1. In the proposed 
SEOWP, heat is provided by N equal partially covered 
PVTCPCs and hence works in active mode. When sunlight 
falls on the surface of condensing cover, it is transmitted to 
water surface after reflection and absorption. The transmit-
tivity of the glass is about 0.95. So, major portion of sun-
light is transmitted to water surface. Again, after reflection 
and absorption by water surface, the sunlight is transmit-
ted to blackened surface kept at the bottom of basin where 
almost all parts of radiation gets absorbed. The tempera-
ture of blackened surface kept at the bottom rises and heat 
is transferred to water from the blackened surface. Water in 
the basin also receives heat from N alike series connected 
collectors. Thus, temperature of water rises, and evapora-
tion occurs which depends on the temperature difference 
between water surface and inside surface of glass cover. 
The vapor gets condensed through film wise condensation 
at the inside surface of glass. The condensed water trickles 
down under the gravity and gets collected at the channel 
fixed at the lower side. The fresh water is then collected in 
jar through tube connected to the channel.

3. Mathematical modeling based on energy balance 
equations

Mathematical modeling of N equal partially covered 
PVTCPCs integrated to DS type SEOWP means writing 

Fig. 1. Schematic diagram of DS type SEOWP integrated with N equal partailly covered PVTCPCs having series connection [17].
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equations for all its components by equating input energy 
to output energy. Following assumptions presented in 
Singh and Tiwari [19], the mathematical modeling can be 
done as follows:

3.1. The heat gain for N equal partially covered PVTCPCs

The heat gain from N equal partially covered PVTCPCs 
and temperature at the outlet of last collector can be 
written as follows [13,14]:
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Here, Tfi = Tw. NPVTCPCs are in closed loop in the pro-
posed water purifier as the fluid at the outlet of last col-
lector is allowed to flow to the basin of solar still. Hence,  
Two = TfoN.

The electrical efficiency of solar cells (ηcN) of NPVTCPCs 
can be expressed as [47,48]

� � �cN cN� � �� ��
�

�
�o o oT T1  (3)

Here, ηo stands for efficiency under standard state test con-
dition and TcN stands for average value of temperature of 
solar cell of NPVTCPCs.

3.2. Mathematical equation based on equating input and output 
energies for DS type SEOWP in active mode

The fundamental equations for different components of 
DS type SEOWP in active mode taking balancing energy as 
basis can be written as follows:
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where h1wE = hrwgE + hcwgE + hewgE which is called net heat 
transfer coefficient (NHTC) from surface of water to inside 
surface of glass cover and ��g  represents the fraction of 
solar flux absorbed by the glass cover.

3.2.2. For outside surface of glass cover facing east
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where h1gE = hrgE + hcgE or h1gE = 5.7 + 3.8 V

3.2.3. For inside surface of glass cover facing west
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where h1wW = hrwgE + hcwgE + hewgE which is called NHTC from 
surface of water to inside surface of glass cover which 
is oriented towards east.

3.2.4. For outside surface of glass cover facing west
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where h1gW = hrgW + hcgW or h1gW = 5.7 + 3.8 V

3.3.3. For blackened surface placed at the bottom of basin
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where ��g is the fraction of solar flux absorbed by basin liner.

3.3.4. For water mass in basin
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On simplification of Eq. (1) and Eqs. (4)–(9) using 
mathematical concept and proper arrangement of various 
terms, one can obtain the expression for temperature of 
water as
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After finding the value of Tw from Eq. (10), one can 
proceed to obtain glass temperature for NPVTCPC 
integrated DS type SEOWP as follows.
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The different unknown terms in Eqs. (1)–(14) are given 
in appendix-A. The fresh water output from NPVTCPC 
integrated DS type SEOWP can be written as:
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4. Analysis

For the analysis of the effect of ṁf and N on the productiv-
ity, exergoeconomic and enviroeconomic parameters of DS 
type SEOWP in active mode, 4 climatic situations for each 
month of year have been taken. These climatic situations can 
be defined by number of sunshine hours (N′) and daily dif-
fuse to daily global irradiation ratio (r′) as follows:

(a) Clear day (blue sky) r′ ≤ 0.25 and N′ ≥ 9 h
(b) Hazy day (fully)  0.25 ≤ r′ ≤ 0.50 and 

7 h ≤ N′ ≤ 9 h
(c) Hazy and cloudy (partially)   0.50 ≤ r′ ≤ 0.75 and 

5 h ≤ N′ ≤ 7 h
(d) Cloudy day (fully) r′ ≥ 0.75 and N′ ≤ 5 h

4.1. Energy analysis

The expression of overall annual energy (Eout) for DS 
type SEOWP in active mode considering first law of ther-
modynamics can be expressed as:

E
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where Mew is annual potable water output obtained from 
DS type SEOWP in active mode, Pm is yearly electrical 
power received from PVT, Pu is yearly electrical power uti-
lized by pump and L is latent heat. Here, factor 0.38 which 
is present in the denominator converts electrical energy 
(high grade energy) into heat (a low grade energy). This 
factor is basically the efficacy of power output taken from 
conventional power plant [49].

The hourly electrical energy (Ėxe) for the solar panel 
used in DS type SEOWP in active mode can be expressed 
as follows:
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Eq. (17) can be used for evaluating daily electrical exergy 
of type (a) climatic situation by summing the hourly value 
of 10 h because the solar flux exists for 10 h only. The sim-
ilar approach has been used to work out the daily electrical 

energy for rest types of climatic situation, that is, type (b) to 
type (d). The value of electrical energy on monthly basis for 
type (a) climatic situation has been evaluated as the multipli-
cation of electrical energy on daily basis and the correspond-
ing value of number of clear days (n′). The similar approach 
has been used to work out the electrical energy on monthly 
basis for rest types of climatic situation that is, type (b) to 
type (d). The value of net electrical energy on monthly basis 
has been worked out by summing electrical energies val-
ues for type (a) to type (d) climatic situations. The value of 
electrical energy (Pm) on annual basis has been worked out 
by the summing of electrical energy on monthly basis for 
12 months. The similar approach has been followed for the 
evaluation of annual fresh water yielding (Mew).

4.2. Exergy analysis

Exergy analysis has been done based on first law (energy) 
and second law (entropy) of thermodynamics. The hourly 
output thermal exergy Ėxout(W) for NPVTCPC integrated 
DS type SEOWP can be expressed as [50]
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Eq. (18) can be used for evaluating daily thermal exergy 
of type (a) climatic situation by summing the hourly value 
of 10 h because the solar flux exists for 10 h only. The sim-
ilar approach has been used to work out the daily thermal 
exergy for rest types of climatic situation, that is, type (b) to 
type (d). The value of thermal exergy on monthly basis for 
type (a) climatic situation has been evaluated as the multipli-
cation of thermal exergy on daily basis and the correspond-
ing value of number of clear days (n′). The similar approach 
has been used to work out the thermal exergy on monthly 
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basis for rest types of climatic situation, that is, type (b) to 
type (d). The value of net thermal exergy on monthly basis 
has been worked out by summing thermal exergies val-
ues for type (a) to type (d) climatic situations. The value of 
thermal exergy on annual basis has been worked out by the 
summing of thermal exergy on monthly basis for 12 months.

The value of yearly overall annual exergy gain (Gex,annual) 
for DS type SEOWP in active mode has been expressed 
as follows:

G P Pm uex annual outEx, � � �� �  (23)

4.3. Exergoeconomic analysis

The value of exergoeconomic parameter has been esti-
mated using first and second laws of thermodynamics. 
This relationship means that the system is constructed 
in such a way that it achieves an overall optimum design 
by efficiently balancing the exergy and economic parame-
ters. The exergoeconomic parameter relates either exergy 
loss or exergy gain with uniform end of year annual cost 
(UEOYAC). In the case of exergy gain, the objective is 
maximization type, whereas, in the case of exergy loss, 
the objective is minimization type. The exergoeconomic 
parameter can be estimated as:

Exergoeconomic parameter
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SEOWP integrated

=

wwith
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The value of annual exergy gain for SEOWP of double 
slope type integrated with N similar PVTCPCs can be esti-
mated using Eq. (23). The value of UEOYAC for SEOWP of 
double slope type integrated with N alike PVTCPCs can be 
estimated as [53]:

UEOYAC PC CRF MC CRF SV SFF� � � � � �  (25)

where PC, SV, CRF, SFF and MC stand for present cost, sal-
vage value, capital recovery factor, sinking fund factor and 
maintenance cost in that order. The value of MC may be 
estimated as the multiplication of PC with maintenance cost 
factor that is normally considered as 0.1. The value of CRF 
which is used for converting PC into UEOYAC and can be 
expressed as:

CRF �
� �� �
�� � �

i i

i

n

n

1

1 1
 (26)
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SFF is applied for converting SV into UEOYAC. In this 
case, i and n stand for the rate of interest and system life, 
respectively.

The value of PC for a SEOWP of double slope type 
integrated with NPVTCPCs with a 30-year life span can be 
calculated as
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where

PI Cost of solar still Cost of PVTCPCs Fabrication cost� � �  (29)

The cost of fabrication also involves piping and labor. 
Values of UEOYAC have been evaluated using Eq. (25).

4.4. Enviroeconomic analysis

It provides economic incentive for controlling envi-
ronmental pollution so that the emission of pollutants can 
be reduced and motivates individual to apply renewable 
energy technology which does not affects the environment. 
It can be estimated as:

Enviroeconmic parameter
Annual energy out

Embodieenergy( ) = ( ) ×
−n dd energy
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 (30)
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( )( )0 002.  
 (31)

CRP stands for carbon dioxide reduction price which 
can be taken as $14.5.

4.5. Productivity

Productivity gives the relation between output and 
input and it is different from efficiency in the sense that 
the value of productivity should always be more than 100% 
whereas the value of efficiency should be less than 100%. 
Higher the pruductivity better will be the living stan-
dard of persons because higher productivity means more 
products are available for use. It is also expressed as the 
ratio of effectiveness and efficiency. The value of annual 
productivity for SEOWP of double slope type integrated 
with PVTCPCs can be estimated as [54–57]:

Productivity

Output from SEOWP integrated
with NPVTCPCs

Input pro
=

vvided to SEOWP integrated
with NPVTCPCs

× 100
 

 (32)

Here, output from SEOWP of single slope type inte-
grated with ETCs represents the annual fresh water pro-
duced from the system. This output can be expresse in 
terms of rupees by multiplying the amount of annual fresh 
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water in kg with unit cost (Rs./kg) of fresh water sold in 
the market. Hence, output from SEOWP of DS type inte-
grated with NPVTCPCs in terms of Rs. can be written as

Output from DS type SEOWP integrated with PVTCPCs
Annual yield S= ( ) × eelling price of water

Annual electric output Selling pr

( )  +

( ) × iice of electricity( )   
 (33)

Input provided to SEOWP of double slope type inte-
grated with N similar PVTCPCs will be UEOYAC and it 
can be estimated using Eq. (31). The productivity has been 
evaluated using Eq. (26) and has been presnted in Table 5.

5. Methodology

The methodology to investigate the effect of ṁf and N on 
productivity, exergoeconoimic and enviroeconomic param-
eters of DS type SEOWP integrated with N equal partially 
covered PVTCPCs in forced mode are as follows:

• Step I: Taking the value of solar flux on the horizontal 
plane from IMD located at Pune in India, the value of 
solar flux on inclined plane has been evaluated using 
Liu and Jordan formula [58] by computational program 
in MATLAB. The data for surrounding temperature 
has been accessed from IMD situated at Pune in India.

• Step II: The computation for potable water yielding per 
hour basis for different values of ṁf at given N has been 
carried out with the help of Eq. (15) followed by the 
computation of potable water yielding on per year basis.

• Step III: The calculation for gross energy output val-
ues at various values of ṁf for given N have been per-
formed using Eq. (16) followed by calculation for gross 
energy output on per year basis.

• Step IV: The computation for exergy on the basis of per 
hour for different values of ṁf at given N has been carried 
out with the help of Eqs. (17) and (18) followed by the 
calculation for exergy on per year basis. Further, gross 
exergy has been evaluated using Eq. (23).

• Step V: The exergoeconomic parametetr, enviroeconomic 
parameter on the basis of energy as well as exergy and 
productivity have been estimated using Eqs. (24), (30), 
(31) and (32) in that order.

The flow chart for better understanding of meth-
odology followed for the estimation of dissimilarity of 
mass flow rate on the performance of DS type SEOWP by 
incorporating N alike PVTCPCs has been revealed as Fig. 2.

6. Results and discussion

The required data and all relevant equations have been 
fed to computational program written in MATLAB. Data on 
the horizontal surface has been taken from IMD Pune India. 

Table 1
Specifications of DS type SEOWP integrated with N equal partially covered PVTCPCs

Component Specification Component Specification

Double slope active solar still

Length 2 m Orientation East-west
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-CPC collector

Type and no. of collectors Tube in plate type, N Aperture area 2 m2

Receiver area of solar water collector 1.0 m × 1.0 m Aperture area of module 0.5 m × 2.0 m
Collector plate thickness 0.002 Aperture area of receiver 0.75 m × 2.0 m
Thickness of copper tubes 0.00056 m Receiver area of module 0.25 m × 1.0 m
Length of each copper tubes 1.0 m Receiver area of collector 0.75 m × 1.0 m
Ki (Wm–1 K–1) 0.166 F′ 0.968
FF 0.8 ρ 0.84
Thickness of insulation 0.1 m τg 0.95
Angle of CPC with Horizontal 30o αc 0.9
Thickness of toughen glass on CPC 0.004 m βc 0.89
Effective area of collector under glass 0.75 m2 αp 0.8
Pipe diameter 0.0125 m Effective area of collector under PV 

module
0.25 m2

DC motor rating 12 V, 24 W
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Data on the inclined surface has been evaluated using Liu 
and Jordan formula [58] with the help of MATLAB. The 
output of programme has been presented in Figs. 3–7 and 
Tables 2–7.

Table 2 represents the computation of yearly fresh 
water yield for NPVTCPC-SEOWP-DS at ṁf = 0.02 kg/s and 
N = 4. The water depth has been taken as 0.14 m. Similarly, 
fresh water yield at other values of ṁf has been evaluated 
and presented as Fig. 3. It is observed from Fig. 3 that the 
value of yield decreases as the value of ṁf increases. It hap-
pens because water flowing through tubes of collector gets 
less time to absorb heat at higher value of ṁf. The value of 
yield based on year decreases as the value of ṁf increases 
and then it becomes almost constant because after certain 
value of ṁf, heat absorbed by water is very small as water 
flowing through tubes does not get time to absorb heat 
from solar flux due to increased speed and the system 
behaves as working in passive mode.

Table 3 represents the computation of yearly thermal 
exergy for NPVTCPC-SEOWP-DS at ṁf = 0.02 kg/s and 
N = 4. The water depth has been taken as 0.14 m. Similarly, 
thermal exergy at other values of ṁf has been evaluated and 
presented as Fig. 4. It is observed from Fig. 4 that the value 
of thermal exergy decreases as the value of ṁf increases. 
It happens because water flowing through tubes of collec-
tor gets less time to absorb heat at higher value of ṁf which 
result in less rise in temperature of water. The value of 

thermal exergy based on year decreases as the value of ṁf 
increases and then it becomes almost constant because after 
certain value of ṁf, heat absorbed by water is very small as 
water flowing through tubes does not get time to absorb 
heat due to increased speed and the system behaves as 
working in passive mode.

Table 4 represents the computation of yearly electrical 
exergy for NPVTCPC-SEOWP-DS at ṁf = 0.02 kg/s and N = 4. 
The water depth has been taken as 0.14 m. Similarly, elec-
trical exergy at other values of ṁf has been evaluated and 
presented as Fig. 5. It is observed from Fig. 5 that the value 
of electrical exergy increases as the value of ṁf increases. It 
happens because water flowing through tubes of collector 
takes away higher amount of heat from PVT at higher value 
of ṁf which results in decrease in temperature of solar cell. 
Due to decreased temperature rise of solar cell, better effi-
ciency is obtained and hence higher electrical exergy output. 
It is also observed that the value of electrical exergy output 
becomes almost constant after certain value of ṁf and then it 
becomes almost constant. It has been found to occur because 
water is not able to take away heat from PVT at very high 
velocity of water because water does not have time to con-
sume water.

Figs. 6 and 7 represent the variation of yearly gross energy 
and yearly gross exergy respectively with different values of 
ṁf for NPVTCPC-SEOWP = DS at water depth of 0.14 m and 
N = 4. It is observed from Fig. 5 that the yearly gross energy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The data for solar radiation on horizontal surface and surrounding temperature have been accessed from IMD 
situated at Pune in India. The value of solar flux on inclined plane has been evaluated using Liu and Jordan 

formula [58] by computational program in MATLAB-2015a. 

The calculation for gross energy output values at various values of ̇ for given N have been performed using 

equation (16) followed by calculation for gross energy output on per year basis. 

The computation for exergy on the basis of per hour for different values of ̇  at given N has been carried out 

with the help of equations (17) and (18) followed by the calculation for exergies on per year basis. 

The exergoeconomic parameter has been estimated using equations (24) and (25). 

The enviroeconomic parameter on the basis of energy as well as exergy has been estimated using equations 

(30) and (31) in that order. 

The computation for potable water yielding per hour basis for different values of ̇  at given N has been 

carried out with the help of equation (15) followed by the computation of potable water yielding on per year 

basis. 

Start 

End 

The value of gross exergy has been evaluated using equation (23). 

The value of annual productivity has been estimated using equation (32). 

Fig. 2. Flow chart representing the methodology followed for the estimation of dissimilarity of mass flow rate on the performance 
of DS type SEOWP by incorporating N alike PVTCPCs.
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decreases as the value of ṁf increases due to similar variation 
in yearly fresh water yield. It is observed from Eq. (16) that 
the value of gross energy output depends on energy output 
due water yielding and electrical exergy. The variation in 
energy and electrical exergy is opposite; however, decrease in 
energy output obtained due to water yielding overcomes the 

increase in electrical exergy output with the increase in the 
value of ṁf. Hence, gross energy decreases with the increase 
in ṁf. It is observed from Fig. 7 that yearly gross exergy 
decreases as the value of ṁf increases. It happens because 
the variation in yearly thermal exergy and yearly electrical 
exergy is opposite; however, the decrease in yearly thermal 
exergy overcome the increases in electrical energy/energy 
with the increase in value of ṁf.

Table 5 represents the capital investment for NPVTCPC-
SEOWP-DS based on the price of components in the local 
market and Table 6 presents the estimation of UEOYAC for 
NPVTCPC-SEOWP-DS at N = 4 and water depth of 0.14 m. 
The interest rate has been considered as 2%, 5% and 10%. 
The interest depends on the policy of banking system. 
The life span of NPVTCPC-SEOWP-DS has been consid-
ered as 30 year. The smallest value of UEOYAC has been 
obtained corresponding to 2% interest rate and 30 year life 
span. It has been so obtained because the interest rate of 2% 
is minimum. Table 7 represents the estimation of exergoeco-
nomic parameter and enviroeconomic parameter for various 
values of ṁf for NPVTCPC-SEOWP-DS at N = 4 and water 
depth of 0.14. Further, Fig. 8 represents the variation of 
exergoeconomic parameter graphically with ṁf considering 
different rate of interest for UEOYAC for DS type SEOWP by 
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incorporating N equal partially covered PVTCPCs at N = 4. 
It has been observed from Table 7 and Fig. 8 that the value 
of exergoeconomic parameter decreases as the value of ṁf is 
increased till 0.11 kg/s and then becomes almost constant. 
It happens due to similar variation in gross exergy as the 
value of UEOYAC remains same. Similar variation has been 
observed in the value of enviroeconomic parameter. It has 
been observed that the value of exergoeconomic param-
eter decreases as the rate of interest is increased because 
increase in rate of interest increases the value of UEOYAC 

and exergorconomic parameter is inversely proportional to 
UEOYAC.

Table 8 presents the estimation of annual productivity 
for various values of ṁf for SEOWP of double slope type 
incorporated with N similar partially covered PVTCPCs 
at N = 4 and water depth of 0.14. Further, Fig. 9 represents 
the variation of enviroeconomic parameter and annual 
productivity graphically with ṁf for DS type SEOWP by 
incorporating N equal partially covered PVTCPCs at 
N = 4. It has been observed from Table 8 and Fig. 9 that 

Table 4
Computation of yearly electrical exergy for DS type SEOWP integrated with N equal partially covered PVTCPCs at ṁf = 0.02 kg/s, 
N = 4 and water depth = 0.14 m

Daily 
exergy 
(kWh)

Days 
(Kind a) 
(kWh)

Monthly 
exergy 
(Kind a) 
(kWh)

Daily 
exergy 
(kWh)

Days 
(Kind b)

Monthly 
exergy 
(Kind b) 
(kWh)

Daily 
exergy 
(kWh)

Days 
(Kind c)

Monthly 
exergy 
(Kind c) 
(kWh)

Daily 
exergy 
(kWh)

Days 
(Kind d)

Monthly 
exergy 
(Kind d) 
(kWh)

Gross 
monthly 
exergy 
(kWh)

0.646 3 1.939 0.596 8 4.769 0.309 11 3.397 0.124 9 1.114 11.219
0.616 3 1.849 0.600 4 2.401 0.299 12 3.588 0.108 9 0.968 8.807
0.597 5 2.984 0.609 6 3.652 0.339 12 4.069 0.210 8 1.677 12.381
0.566 4 2.264 0.567 7 3.967 0.301 14 4.215 0.256 5 1.279 11.724
0.523 4 2.092 0.432 9 3.890 0.317 12 3.801 0.195 6 1.173 10.956
0.670 3 2.010 0.456 4 1.825 0.284 14 3.976 0.139 6 0.833 8.644
0.495 2 0.990 0.415 3 1.244 0.302 10 3.020 0.122 17 2.077 7.331
0.510 2 1.020 0.461 3 1.382 0.262 7 1.833 0.142 19 2.689 6.924
0.561 7 3.927 0.512 3 1.536 0.337 10 3.373 0.155 10 1.547 10.383
0.552 5 2.760 0.443 10 4.435 0.342 13 4.452 0.145 3 0.434 12.081
0.546 6 3.277 0.396 10 3.959 0.211 12 2.534 0.184 2 0.368 10.138
0.588 3 1.763 0.516 7 3.611 0.337 13 4.376 0.127 8 1.013 10.763

Yearly electrical exergy output (kWh) 121.3501

Table 5
Capital investment for SEOWP of DS type incorporated with N similar PVT-CPCs for N = 4

S. No. Parameter Cost (D)

1 Cost of solar still 19,183
2 Cost of N identical PVT collectors @10,500 each 42,000
3 Cost of motor and pump 1,000
4 Fabrication cost 6,000
5 Salvage value of the system after 30 years, if inflation remains @ 4% in India, 

[using present value of scrap material sold in Indian market]
21,790

Table 6
Estimation of UEOYAC for SEOWP of DS type incorporated with N similar partially covered PVTCPCs at N = 4

n i Ps M Ss FCR,i,n FSR,i,n UEOYAC

Yr. % C C C Fraction Fraction C

30 2 69,676.32 6,967.63 21,790 0.03182 0.01182 2,181.253
30 5 69,173.80 6,917.38 21,790 0.05478 0.00478 4,064.119
30 10 68,717.19 6,871.72 21,790 0.10086 0.00086 7,605.158
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the value of annual productivity decreases as the value 
of ṁf is increased. It happens because annual productiv-
ity depends on annual water yielding as well as annual 
electrical power output. The variation in annual water 
yielding and annual electrical power are opposite in 
nature; however, the decrease in revenue due to decrease 
in annual water yielding overcomes the increase in rev-
enue due to increase in electrical power output which 
results in the decrease in annual productivity with the 

increase in the value of ṁf. It is further observed that the 
value of annual productivity decreases at the fast rate 
till water depth of 0.11 m and then it becomes almost  
constant.

7. Conclusions

The analysis for NPVTCPC-SEOWP-DS has been done 
considering all four kinds of atmospheric situations to 

Table 7
Computation of exergoeconomic and enviroeconomic parameter for SEOWP of DS type incorporated with N similar partially covered 
PVTCPCs at N = 4

Mass flow 
rate

Gross 
energy

Gross 
exergy

UEOYAC Exergoeconomic 
parameter

Embodied 
energy

Enviroeconomic 
parameter 
(energy basis)

Enviroeconomic 
parameter 
(exergy basis)

kg/s kWh kWh C C kWh $ $

0.02 3,444.99 939.70 2,181.25 0.431 6,018.76 2,822.59 642.99
0.03 2,936.49 696.69 2,181.25 0.319 6,018.76 2,380.20 431.58
0.04 2,646.97 569.59 2,181.25 0.261 6,018.76 2,128.32 321.00
0.05 2,489.55 494.50 2,181.25 0.227 6,018.76 1,991.36 255.67
0.06 2,339.83 460.70 2,181.25 0.211 6,018.76 1,861.10 226.26
0.07 2,232.22 425.47 2,181.25 0.195 6,018.76 1,767.48 195.61
0.08 2,145.49 399.68 2,181.25 0.183 6,018.76 1,692.03 173.18
0.09 2,073.37 380.05 2,181.25 0.174 6,018.76 1,629.28 156.10
0.10 2,016.75 364.60 2,181.25 0.167 6,018.76 1,580.02 142.66
0.11 1,966.17 340.97 2,181.25 0.156 6,018.76 1,536.02 122.10
0.12 1,925.28 331.19 2,181.25 0.152 6,018.76 1,500.45 113.59
0.13 1,890.20 323.03 2,181.25 0.148 6,018.76 1,469.93 106.49
0.14 1,860.37 312.13 2,181.25 0.143 6,018.76 1,443.97 97.01
0.15 1,833.17 308.18 2,181.25 0.141 6,018.76 1,420.31 93.57

Table 8
Estimation of annual productivity for SEOWP of DS type incorporated with N similar partially covered PVTCPCs at N = 4

Mass flow  
rate

Annual  
yield

Selling price  
of water

Annual electrical  
energy

Selling price  
of electricity

UEOYAC Annual 
productivity

kg/s kg C kWh kWh C %

0.02 4,688.46 5 121.35 4 2,181.25 1096.97
0.03 3,922.84 5 122.08 4 2,181.25 921.60
0.04 3,486.98 5 122.48 4 2,181.25 821.76
0.05 3,249.89 5 122.72 4 2,181.25 767.46
0.06 3,024.64 5 122.89 4 2,181.25 715.86
0.07 2,862.74 5 123.02 4 2,181.25 678.77
0.08 2,732.27 5 123.11 4 2,181.25 648.89
0.09 2,623.78 5 123.19 4 2,181.25 624.03
0.10 2,538.61 5 123.25 4 2,181.25 604.51
0.11 2,462.54 5 123.30 4 2,181.25 587.09
0.12 2,401.03 5 123.34 4 2,181.25 572.99
0.13 2,348.27 5 123.38 4 2,181.25 560.91
0.14 2,303.40 5 123.41 4 2,181.25 550.63
0.15 2,262.50 5 123.44 4 2,181.25 541.26
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know the effect of ṁf on productivity, exergoeconomic and 
enviroeconomic parameters. Based on the current research 
study, the following conclusions have been made:

• The value of exergoeconomic parameter decreases with 
the increases in ṁf and it becomes almost constant after 
ṁf = 0.11 kg/s.

• The enviroeconomic parameter has been found to dimin-
ish with the increases in ṁf and it becomes almost con-
stant after ṁf = 0.12 kg/s.

• The value of productivity has been found to be more than 
100% corresponding to all values of ṁf which represent 
the feasibility of system for all values of ṁf. Further, pro-
ductivity of NPVTCPC- SEOWP-DS diminishes with the 
increase in the value of ṁf and it becomes almost constant 
after ṁf = 0.11 kg/s.

Symbols

Arm — Area of receiver covered by PV module, m2

Arc — Area of receiver covered by glass, m2

Aam — Area of aperture covered by PV module, m2

Aac — Area of aperture covered by glass, m2

AgE — Area of east glass cover, m2

Ab — Area of basin, m2

AgW — Area of west glass cover, m2

L — Latent heat, J/kg
Lg — Thickness of glass cover, m
Kg — Thermal conductivity of glass, W/m-K
Ib(t) — Beam radiation, 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

Lr — Total length of receiver area, m
La — Total length of aperture area, m
Lrc — Length of receiver covered by glass
Lrm — Length of receiver covered by PV module
Lac — Length of aperture covered by glass
Lam — Length of aperture covered by PV module
ηc — Solar cell efficiency
ηm — PV module efficiency
ηcN — Temperature dependent electrical effi-

ciency of solar cells of a number, (N) of 
PVT-CPC water collectors

br — Breath of receiver, m
bo — Breath of aperture, 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 PVT-CPC 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
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Fig. 8. Variation of exergoeconomic parameter with ṁf consider-
ing different rate of interest for UEOYAC for DS type SEOWP by 
incorporating N equal partially covered PVTCPCs at N = 4.
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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 
module to ambient, W/m2-K

ULc — Overall heat transfer coefficient from 
glassing 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
Ėx — Hourly exergy, W
I(t) — Global solar intensity, W/m2

ISE(t) — Solar intensity on east glass cover, W/m2

ISW(t) — Solar intensity on west glass cover, W/m2

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

TgiW — Glass temperature at inner surface of west 
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

hewgE — Evaporative heat transfer coefficient for 
east side, W/m2-K

hewgW — Evaporative heat transfer coefficient for 
west side, W/m2-K

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

solar still, kg
Mew — Annual yield from solar distillation sys-

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

identical partially (25%) covered PVT-
CPC water collectors connected in series, 
kWh

N — Life of PVTCPC active solar distillation 
system, year

I — Rate of interest, %
Gex,annual — Overall annual exergy gain, kWh
ln — Natural logarithm
DS — Double slope
t — Time, h
R — Reflectivity
SEOWP — Solar energy operated water purifier
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

Ex — Daily exergy, kWh
Exm — Monthly exergy, kWh
N — Number of PVTCPC water collector
θ — Angle of inclination of glass cover with 

horizontal
NPVTCPC — N equal partially covered PVT compound 

parabolic concentrating collectors
FPC — Flat plate collector
PVT — Photovoltaic thermal
CPC — Compound parabolic concentrator
N′ — Number of sunshine hours
r′ — Daily diffuse to daily global irradiation 

ratio

Subscripts

g — Glass
w — Water
E — East
W — West
in — Incoming
out — Outgoing
eff — Effective
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Appendix-A

Expressions for various terms used in Eqs. (1) and (2) are 
as follows.
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Expressions for various terms used in Eqs. (4)–(15) are as 
follows.
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