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a b s t r a c t
This work focuses on the effect of dissimilarity of mass flow rate (m�f) on energy metrics of double 
slope (DS) solar energy-based water purifier (SEBWP) by incorporating N equal partially covered 
photovoltaic thermal (PVT) compound parabolic concentrating collectors (NPVT-CPCs) having 
series connection keeping water depth as 0.14 m. All four kinds of weather conditions for New Delhi 
have been taken for the computation of different parameters. The equations obtained for different 
parameters after solving energy balance equations for all components of the proposed system have 
been fed to mathematical programming done in MATLAB for computing different parameters. The 
computation of different relevant parameters has been performed for various values of m�f while 
keeping N as constant to know the effect of dissimilarity of m�f on the energy metrics for DS type 
SEBWP in active mode. It has been concluded that the value of energy payback time for DS type 
SEBWP in active mode enhances, but life cycle conversion efficiency (LCCE) for the system dimin-
ishes with the enhancement in the value of m�f at a given value of water depth of 0.14 m. Values of 
LCCE taking energy and exergy as a basis have been found to be constant beyond m�f values of 0.10 
and 0.11 kg/s respectively.
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1. Introduction

Energy and fresh water are two basic needs for the 
survival of life on the planet earth. However, energy and 

fresh water are not available in abundance to meet the 
need of human beings as the globe is facing the scarcity of 
both these basic items. The conventional source of energy 
is detrimental to the environment due to the emission of 
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greenhouse gases and hence to human beings and the 
source of conventional energy is limited, too. The solar 
energy technology-based systems which are simple and 
environment friendly have the potential to meet both ener-
gies as well as fresh water needs. The solar energy-based 
water purifier (SEBWP) in active mode involving solar pan-
els can generate 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 
remote locations where sunlight is present in abundance. 
Energy metrics analysis of the solar energy-based sys-
tem is essential because it tells whether the system is 
technically feasible from energy and exergy viewpoints.

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

The active type SEBWP in the forced mode of operation 
can be made self-sustainable by incorporating solar panels. 
Kumar and Tiwari [2] proposed the integration of photo-
voltaic thermal (PVT) with FPC for supplying heat to the 
basin of passive-type SEBWP taking inspiration from the 
work of Kern and Russell [3]. It was reported by Kern and 
Russell [3] that the electrical efficiency of the solar panel got 
increased upon integration of solar panels with solar collec-
tors due to the removal of heat by the fluid passing below 
the panel. Kumar and Tiwari [2] reported the improvement 
in output by 3.5 times over the similar passive type SEBWP 
due to the addition of heat by two collectors in which only 
one of them was integrated with PVT for making the sys-
tem self-sustainable. The work of Kumar and Tiwari [2] 
was extended by Singh et al. [4] for double slope (DS) type 
SEBWP in active mode. Further, Singh et al. [5] and Tiwari 
et al. [6] reported the experimental investigation of SEBWP 
by incorporating two FPCs in which both FPCs were partially 
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]. The heat gain was less because more area of FPCs was 
covered by PVT. Further, active type SEBWP was studied 
under an optimized situation [7–11]. It was reported that 
the DS type SEBWP under optimized conditions by incorpo-
rating N alike PVT-FPCs had 74.66% higher energy payback 
time (ENPBT) over passive type DS-SEBWP. The value of 
the exergoeconomic parameter for single slope type SEBWP 
was found to be 47.37% higher than the passive type single 
slope SEBWP of the same basin area. Sahota and Tiwari [12] 
reported the use of nanofluid in DS type SEBWP in active 
mode for enhancing the fresh water output. Carranza et 
al. [13] have experimentally investigated the performance 

of DS type SEBWP loaded with nanofluid by incorporat-
ing preheating of saline water and concluded that water 
yield increases due to better thermophysical properties 
of nanofluid as compared to the base fluid. Kouadri et al. 
[14] have investigated solar still by incorporating zinc and 
copper oxides for the location of Algeria and compared 
the yield with conventional SEBWP and concluded that 
the water yield was improved by 79.39% due to having 
the better thermophysical characteristic of nanofluid.

The output of SEBWP could further be enhanced by 
changing the design of the solar collector which could 
absorb a higher amount of heat from the sun or by chang-
ing 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 
a PVT integrated compound parabolic concentrator collec-
tor (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 SEBWP of basin type by incorporating 
characteristic equations development and concluded that 
SEBWP of double slope type performs better than SEBWP of 
single slope type under optimized conditions of mass flow 
rate and a 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 SEBWP of double slope type from a 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 the solar collector can be enhanced by 
providing evacuated tubes because convection loss does 
not take place through a vacuum. Sampathkumar et al. [28] 
investigated the SEBWP by incorporating an evacuated 
tubular collector and reported an increase of 129% over the 
SEBWP of the same basin area due to the addition of heat 
to the basin by collectors. An investigation of SEBWP in the 
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% to 8%. Further, an investigation 
of SEBWP incorporated with evacuated tubes was done in 
the forced mode of operation by inserting pump between 
collector and basin and reported enhanced fresh water out-
put as compared to the similar system operated in natural 
mode due to better circulation of fluid in the forced mode 
of operation [30]. Mishra et al. [31] reported characteristic 
equation development for N alike series-connected evacu-
ated tubular collector (ETC). The work reported by Mishra 
et al. [31] was further extended by Singh et al. [32–34]. The 
thermal modeling of basin type SEBWP by incorporating 
N alike ETCs was reported by them and comparison was 
also made between single slope active water purifier and DS 
type SEBWP in active mode taking energy, exergy, energy 
metrics, exergoeconomic and enviroeconomic parame-
ters as a basis. Issa and Chang [35] further extended the 
work of Singh et al. by connecting ETCs in a mixed mode 
of operation experimentally and reported enhanced out-
put as compared to a similar setup in passive mode due 
to heat addition by collectors in active mode. Moreover, 
Singh and Al-Helal [36], Singh [37] and Sharma et al. [38,39] 
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reported the development of characteristic equations and 
the observations based on the energy metrics for SEBWP by 
incorporating evacuated tubular collector as well as com-
pound parabolic concentrator integrated evacuated tubular 
collector.

Patel et al. [40–42] have reviewed SEBWP recently by 
incorporating different types of collectors. Further, Singh 
et al. [43] reviewed SEBWP by incorporating different 
types of collectors and loaded with nanofluid with an aim 
to find the effect of nanofluid on the performance of active 
SEBWP. Nanofluid is obtained by mixing a small amount 
of nanoparticles into water. The effect of adding nanopar-
ticles to water in SEBWP is to increase the output (potable 
water and exergy) of SEBWP. The better performance of 
nanofluid-loaded SEBWP than loaded with water is due 
to the possession of better thermo-physical characteris-
tics 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 SEBWP in natural as well 
forced mode and concluded that forced mode is better for 
the environment as higher carbon credit was observed in 
forced mode due to more addition of heat to the basin in the 
case of forced mode. Abdallah et al. [46] have investigated 
spherical and pyramid basin SEBWP and concluded that 
the spherical basin SEBWP gave 57.1% higher water yield 
due to better utilization of solar radiation in the case of the 
spherical basin.

From the current literature survey, it is seen that the 
effect of mass flow rate (m�f) on the energy metrics of DS type 
SEBWP by incorporating N alike PVT-CPCs has not been 
reported by any researchers throughout the globe. The dif-
ference between the earlier reported work and the proposed 
work lies in the fact that energy metrics of active type SEBWP 
was computed at a fixed value of m�f and N; whereas, in the 
proposed work, energy metrics of DS type SEBWP in active 
mode has been computed by varying values of m�f and it has 
been tried to find the optimum values of m�f taking energy 
metrics as a basis.

2. System metaphors

DS type SEBWP by incorporating N alike partly cov-
ered PVT-CPCs shaving series connection has been shown 
in Fig. 1. The specification of system has been revealed 
as Table 1. In the proposed SEBWP, heat is provided by 
N equal partially covered PVT-CPCs and hence works in 
active mode. When sunlight falls on the surface of con-
densing cover, it is transmitted to the water surface after 
reflection and absorption. The transmissivity of the glass is 
about 0.95. So, a major portion of sunlight is transmitted to 
the water surface. Again, after reflection and absorption by 
the water surface, the sunlight is transmitted to the black-
ened surface kept at the bottom of the basin where almost 
all parts of radiation get absorbed. The temperature of 
the 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 the temperature of water rises and evapo-
ration occurs which depends on the temperature difference 
between the water surface and the inside surface of the glass 

cover. The vapor gets condensed through film-wise con-
densation at the inside surface of the glass. The condensed 
water trickles down under gravity and gets collected at 
the channel fixed at the lower side. The fresh water is then 
collected in a jar through a tube connected to the channel.

3. Mathematical modeling based on energy balance 
equations

Mathematical modeling of N equal partially covered 
PVT-CPCs integrated to DS type SEBWP means writing 
equations for all its components by equating input energy 
to output energy. Following assumptions presented in Singh 
and Tiwari [17–19], the mathematical modeling can be done 
as follows:

3.1. Heat gain for N equal partially covered PVT-CPCs

The heat gain from N equal partially covered PVT-CPCs 
and temperature at the outlet of the last collector can be writ-
ten as follows [15,16]:
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Here, Tfi  =  Tw. NPVT-CPCs are in a closed-loop in the 
proposed water purifier as the fluid at the outlet of the last 
collector is allowed to flow to the basin of solar still. Hence, 
Two = TfoN.

The electrical efficiency of solar cells (ηcN) of NPVT-CPCs 
can be expressed as [47,48]:

� � �cN cN� � �� ��
�

�
�o o oT T1 	 (3)

Here, ηo stands for efficiency under standard state test 
conditions and TcN stands for the average value of the tem-
perature of the solar cell of NPVT-CPCs.

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

The fundamental equations for different components of 
DS type SEBWP in active mode taking balancing energy as a 
basis can be written as follows:

3.2.1. For the inside surface of glass cover facing east
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where h1wE = hrwgE + hcwgE + hewgE which is called net heat trans-
fer coefficient (NHTC) from the surface of the water to the 
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inside surface of the glass cover and α′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 the inside surface of glass cover facing west
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where h1wW  =  hrwgW  +  hcwgW  +  hewgW which is called NHTC 
from the surface of the water to the inside surface of the 
glass cover which is oriented towards the 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.

3.2.5. For blackened surface placed at the bottom of the basin
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where α′b is the fraction of solar flux absorbed by the basin 
liner.

3.2.6. For water mass in the basin
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On the simplification of Eq. (1) and Eqs. (4)–(9) using 
mathematical concept and proper arrangement of various 
terms, one can obtain the expression for the temperature 
of the water as:
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After finding the value of Tw from Eq. (10), one can pro-
ceed to obtain glass temperature for NPVT-CPC-SEBDSWP 
(SEBDSWP – solar energy based double slope water purifier) 
as follows.

T
A A T

P
w

giE �
�1 2 	 (11)

T
B B T
P

w
giW �

�1 2 	 (12)

T

K
L
T h T

K
L

h

g

g
a

g

g

goE

giE 1gE

1gE

�

�

�

	 (13)

Fig. 1. Schematic diagram of DS type SEBWP integrated with N equal partially covered PVT-CPCs having a series connection.
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The different unknown terms in Eqs. (1)–(14) are given 
in Appendix-A. The fresh water output from NPVT-CPC-
SEBDSWP can be written as:
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4. Experimental validation of solar energy-based double 
slope water purifier by incorporating N alike PVT 
compound parabolic concentrator collectors

4.1. For N alike PVT compound parabolic concentrator collectors

If receiver area is made equal to module area, that is, 
Arm = Arc, N alike partially covered PVT compound parabolic 
concentrator collectors becomes N alike fully covered PVT 
compound parabolic concentrator collectors. The exper-
imental validation of fully covered PVT compound par-
abolic concentrator collectors has been done by Tripathi 
and Tiwari [49]. They validated N alike fully covered PVT 
compound parabolic concentrator collectors taking val-
ues of N, mass flow rate, packing factor and concentration 
ratio as 1, 0.01  kg/s, 0.89, and 2, respectively. The collec-
tion of data was done from 9:00 to 16:00  h on September 
21 and 22, 2015 for solar intensity, ambient air tempera-
ture, tank temperature, cell temperature, and temperature-
dependent electrical efficiency. The statistical analysis 
was carried out and they found the value of coefficient 
of correlation between theoretical and experimental val-
ues as 0.98 for water temperature which represents a fair 
agreement between theoretical and experimental values.

4.2. For solar energy-based double slope water purifier

The experimental validation of solar energy-based dou-
ble slope water purifier has been carried out by Dwivedi and 
Tiwari [50] for New Delhi climatic conditions at different 
water depths taking basin area as 2 m2. They have collected 
data for solar intensity, ambient air temperature, water tem-
perature, condensing cover temperatures, and hourly yield 
for October 2005–September 2006. They evaluated heat trans-
fer coefficients and hourly yield for April 2006 using various 
models namely Kumar and Tiwari [51], Dunkle [52], Adhikari 
et al. [53], Zheng et al. [54], and Clark [55]. They obtained 
the best result for heat transfer coefficient and hourly 
yield using Dunkle’s model. A fair agreement was found 
between experimental and theoretical values of hourly yield 
using Dunkle’s model taking percentage error as the basis.

5. Analysis

For the analysis of the effect of m�f for given N on the 
energy metrics of DS type SEBWP in active mode, 4 climatic 

situations for each month of the year have been taken. 
These climatic situations can be defined by a number of sun-
shine hours (N’) and daily diffuse to daily global irradiation 
ratio (r’) as follows [56].

•	 Clear day (blue sky)	 r’ ≤ 0.25 and N’ ≥ 9 h
•	 Hazy day (fully)	� 0.25 ≤ r’ ≤ 0.50 and 

7 h ≤ N’ ≤ 9 h
•	 Hazy and cloudy (partially)	� 0.50 ≤ r’ ≤ 0.75 and 

5 h ≤ N’ ≤ 7 h
•	 Cloudy day (fully)	 r’ ≥ 0.75 and N’ ≤ 5 h

5.1. Energy analysis

The expression of overall annual energy (Eout) for DS 
type SEBWP in active mode considering 1st law of thermo
dynamics can be expressed as:

E
L P PM m u
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ew�
�� �

�
�� �

3 600 0 38, .
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where Mew is annual potable water output obtained from 
DS type SEBWP 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 (low-grade energy). This fac-
tor is basically the efficacy of power output taken from con-
ventional power plants [57].

The hourly electrical energy (Ėxe) for the solar panel 
used in DS type SEBWP in active mode can be expressed as 
follows:

Ex cNe m b

N
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1
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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. A simi-
lar approach has been used to work out the daily electri-
cal 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 multiplication of electrical energy on daily basis and 
the corresponding value of a number of clear days (n’). 
A similar approach has been used to work out the electrical 
energy on monthly basis for the rest types of climatic situa-
tions, that is, type (b) to type (d). The value of net electrical 
energy on monthly basis has been worked out by summing 
electrical energy values for type (a) to type (d) climatic sit-
uations. 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. A similar approach has been 
followed for the estimation of annual fresh water yield (Mew).

5.2. Exergy analysis

Exergy analysis has been done on the basis of the 1st 
law (energy) and 2nd law (entropy) of thermodynamics. 
The hourly output thermal exergy Ėxout (W) for N-PVT-CPC-
SEBDSWP can be expressed as [58]:
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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. A similar 
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 multiplica-
tion of thermal exergy on daily basis and the corresponding 
value of number of clear days (n’). A similar approach has 
been used to work out the thermal exergy on monthly basis 
for rest types of climatic situations, that is, type (b) to type 
(d). The value of net thermal exergy on monthly basis has 
been worked out by summing thermal exergies values for 
type (a) to type (d) climatic situations. The value of ther-
mal exergy on annual basis has been worked out by the 
summing of thermal energy on monthly basis for 12 months.

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

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

5.3. Energy metrics

Energy metrics include energy payback time, energy 
production factor and life cycle conversion efficacy. The 
discussion of energy metrics for DS type SEBWP in active 
mode is important because it deals with the feasibility as 
well as the performance of the system. The energy pay-
back time tells about the feasibility of DS type SEBWP 
in active mode from an energy viewpoint whereas life 

cycle conversion efficiency tells about the performance 
of the system taking energy as the basis.

5.3.1. Energy payback time

The time period needed to recover the total energy 
exhausted in preparing the materials (embodied energy) 
required for fabrication of NPVT-CPC-SEBDSWP is known 
as ENPBT. Following Tiwari and Mishra [60], it can be 
written as:

ENPBT based on energy
Embodied energy

Annual energy output
in

o

=
( )E

E uut( ) 	 (24)

ENPBT based on exergy
Embodied energy

Annual exergy output
in

e

=
( )E
G xx annual,( ) 	

� (25)

Here, embodied energy means the amount of energy 
used to manufacture the material required for DS type 
SEBWP integrated with N equal partially covered PVT-CPCs. 
The evaluation of embodied energy for DS type SEBWP 
integrated with N equal partially covered PVT-CPCs has 
been presented in Table 6.

5.3.2. Energy production factor

It gives the overall performance of the proposed DS 
type SEBWP integrated with N equal partially covered 
PVT-CPCs in forced mode and can be expressed as the 
ratio of energy/exergy output obtained from the system to 
embodied energy. Obviously, it is the opposite of ENPBT 
and ideal value on an annual basis is normally considered 
as unity. As per Tiwari and Mishra [60], energy production 
factor (ENPF) for NPVT-CPC-SEBDSWP on per year basis 
can be expressed as:

ENPF based on energy out

in

=
E
E

	 (26)

ENPF based on exergy ex annual

in

=
G
E
, 	 (27)

Here, Eout is the overall energy output taking year as the 
basis at given values of m�f and N, Ein is embodied energy for 
DS type SEBWP integrated with N equal partially covered 
PVT-CPCs in forced mode at considered values of m�f and 
N and Gex,annual is overall exergy output taking year as the 
basis at given values of m�f and N.

5.3.3. Life cycle conversion efficiency

It signifies the overall output of DS type SEBWP inte-
grated with N equal partially covered PVT-CPCs in forced 
mode with regard to sunlight falling on the surface of DS 
type SEBWP integrated with N equal partially covered PVT-
CPCs in forced mode for the life span of the system. The ideal 
value of life cycle conversion efficiency (LCCE) for DS type 
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SEBWP integrated with N equal partially covered PVT-CPCs 
in forced mode is considered as 1. The superior the assess-
ment of LCCE, the system is considered superior. As per 
Tiwari and Mishra [60], LCCE for DS type SEBWP integrated 
with N equal partially covered PVT-CPCs in forced mode 
can be expressed as:

LCCE based on energy out in

sol

�
� �
�

E n E
E n

	 (28)

LCCE based on exergy
Annual solar exergy

ex,annual in�
� �

� ��
G n E

n
	 (29)

Here Esol is the value of sunlight falling on the surface 
of the system on yearly basis and n is the life span of system.

6. Methodology

The methodology to investigate the effect of m�f at 
given N on the energy metrics of DS type SEBWP inte-
grated with N equal partially covered PVT-CPCs 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 the inclined plane has been evaluated using Liu 
and Jordan formula by the 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 m�f at given N has been carried 
out with the help of Eq. (15) followed by the computa-
tion of potable water yielding on a per year basis.

Step III

The computation for exergy on the basis of per hour for 
different values of m�f 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.

Step IV

The calculation for gross energy output values at var-
ious values of m�f for given N has been performed using 
Eq. (16) followed by calculation for gross energy output on 
per year basis.

Step V

The calculation for gross exergy output values at various 
values of m�f for given N has been performed using Eq. (23) 
followed by calculation for gross exergy output on per year 
basis.

Table 1
Specifications of DS type SEBWP integrated with N equal partially covered PVT-CPCs

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 30° 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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Fig. 2. Flow chart of the methodology followed for the estimation of energy metrics at different values of m�f.

Step VI

The computation for energy payback time at differ-
ent values of m�f for given of N has been performed with the 
help of Eqs. (24) and (25) taking energy and exergy as basis 
respectively. The computation for energy production factor at 
different values of m�f for given N has been carried out using 
Eqs. (26) and (27) on an energy and exergy basis respectively.

Step VII

The computation for life cycle conversion efficiency at 
different values of m�f for given N has been carried out taking 

the help of Eqs. (28) and (29) on the basis of energy and 
exergy respectively.

Flow chart of the methodology followed for the esti-
mation of energy metrics at different values of m�f has 
been depicted in Fig. 2 for better understanding of the 
methodology.

7. Results and discussion

The required data and all relevant equations have been 
fed to the computational program written in MATLAB. 
Data on the horizontal surface has been taken from 
IMD Pune India. Data on the inclined surface has been 
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evaluated using Liu and Jordan formula with the help of 
MATLAB. The output of the program has been presented 
in Figs. 3–7 and Tables 2–7.

Table 2 represents the computation of yearly fresh 
water yield for NPVT-CPC-SEBDSWP at m�f = 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 m�f has been evaluated 
and presented as Fig. 3. It is observed from Fig. 3 that the 
values of yield decrease as the value of m�f increases. It 
happens because the water flowing through tubes of the 
collector gets less time to absorb heat at a higher value 
of m�f. The value of yield based on year decreases as the 
value of m�f increases and then it becomes almost constant 
because, after a certain value of m�f, heat absorbed by water 
is very small as water flowing through tubes does not get 
time due to increased speed and the system behaves as 
working in passive mode.

Table 3 represents the computation of yearly thermal 
exergy for NPVT-CPC-SEBDSWP at m�f  =  0.02  kg/s and 
N = 4. The water depth has been taken as 0.14 m. Similarly, 
thermal exergy at other values of m�f 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 m�f increases. 

It happens because the water flowing through tubes of col-
lector gets less time to absorb heat at a higher value of m�f 
which results in less rise in temperature of the water. The 
value of thermal exergy based on year decreases as the 
value of m�f increases and then it becomes almost constant 
because, after certain value of m�f, heat absorbed by water is 
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very small as water flowing through tubes does not get time 
due to increased speed and the system behaves as working 
in passive mode.

Table 4 represents the computation of yearly electrical 
exergy for NPVT-CPC-SEBDSWP at m�f = 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 m�f has been evaluated and 
presented as Fig. 5. It is observed from Fig. 5 that the val-
ues of electrical exergy increase as the value of m�f increases. 
It happens because the water flowing through tubes of col-
lector takes away the higher amount of heat from PVT at a 
higher value of m�f which results in a decrease in tempera-
ture of the solar cell. Due to decreased temperature rise of 
the solar cell, better efficiency is obtained and hence higher 
electrical energy output. It is also observed that the value of 
electrical exergy output becomes almost constant after a cer-
tain value of m�f and then it becomes almost constant. It has 
been found to occur because water is not able to take away 
heat from PVT at a very high velocity of water because water 
does not have time to consume water.

Figs. 6 and 7 represent the variation of yearly energy and 
yearly exergy respectively with different values of m�f. It is 
observed from Fig. 6 that the yearly gross energy decreases 
as the value of m�f increases due to a similar variation in 
yearly fresh water yield. The variation in yearly yield and 
yearly electrical exergy is opposite; however, the decrease in 
yearly fresh water yield overcome the increases in electrical 
energy with the increase in value of m�f. Similar variation has 
been observed in thermal exergy.

Table 5 represents the computation of embodied energy 
for the proposed system and Table 6 represents the evalua-
tion of ENPBT and ENPF on the basis of energy as well as 
exergy. It is observed from Table 6 that the value of ENPBT 
based on energy decreases as the value of m�f increases and 
after 0.11 kg/s the value of ENPBT based on energy becomes 
almost constant. It happens because of a similar varia-
tion in gross energy output. The value of ENPBT based 
on exergy has a similar variation.

Table 7 represents the calculation of life cycle conversion 
efficiency on the basis of energy as well as exergy at N = 4, 
water depth  =  0.14  m for different values of m�f for NPVT-
CPC-SEBDSWP. It is observed from Table 7 that the value of 
LCCE decreases as the value of m�f increases and it becomes 
almost constant after m�f = 0.10 kg/s. It means the optimum 
value of LCCE based on energy for NPVT-CPC-SEBDSWP 
is obtained at m�f = 0.10 kg/s. Similarly, the optimum value 
of LCCE based on exergy for NPVT-CPC-SEBDSWP is 
obtained at m�f = 0.11 kg/s.
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Table 5
Embodied energy for DS type SEBWP integrated with N equal 
partially covered PVT-CPCs at m�f  =  0.02 kg/s, N  =  4 and water 
depth = 0.14 m

Name of component Embodied energy (kWh)

Single slope solar still 1,737.79
CPC collector (N = 4) 3,279.42
PV (glass to glass) (N = 7) 979.55
Others 22
Total (kWh) 6,018.76
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8. Conclusions

The analysis for NPVT-CPC-SEBDSWP has been done 
considering all four kinds of atmospheric situations to know 
the effect of m�f at given N on energy metrics of the system. 
Based on the current research study, the following conclu-
sions have been made:

•	 The value of ENPBT increases with the increase in m�f 
and it becomes almost constant after m�f = 0.12 kg/s.

•	 The value of ENPF increases with the increase in m�f 
and it becomes almost constant after m�f = 0.12 kg/s.

•	 The value of life cycle conversion efficiency based on 

energy decreases with the increase in m�f and it becomes 
almost constant after m�f = 0.10 kg/s. Similarly, the value 
of life cycle conversion efficiency based on exergy 
decreases with the increase in m�f and it becomes almost 
constant after m�f = 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

Table 6
Computation of energy payback time and ENPF for DS type SEBWP integrated with N equal partially covered PVT-CPCs at N = 4

Mass 
flow rate

Gross  
energy

Gross  
exergy

Embodied  
energy

ENPBT based  
on energy

ENPBT based  
on exergy

ENPF based  
on energy

ENPF based 
on exergy

kg/s kWh kWh kWh Year Year Per year Per year

0.02 3,444.99 939.70 6,018.76 1.75 6.40 0.572 0.156
0.03 2,936.49 696.69 6,018.76 2.05 8.64 0.488 0.116
0.04 2,646.97 569.59 6,018.76 2.27 10.57 0.440 0.095
0.05 2,489.55 494.50 6,018.76 2.42 12.17 0.414 0.082
0.06 2,339.83 460.70 6,018.76 2.57 13.06 0.389 0.077
0.07 2,232.22 425.47 6,018.76 2.70 14.15 0.371 0.071
0.08 2,145.49 399.68 6,018.76 2.81 15.06 0.356 0.066
0.09 2,073.37 380.05 6,018.76 2.90 15.84 0.344 0.063
0.10 2,016.75 364.60 6,018.76 2.98 16.51 0.335 0.061
0.11 1,966.17 340.97 6,018.76 3.06 17.65 0.327 0.057
0.12 1,925.28 331.19 6,018.76 3.13 18.17 0.320 0.055
0.13 1,890.20 323.03 6,018.76 3.18 18.63 0.314 0.054
0.14 1,860.37 312.13 6,018.76 3.24 19.28 0.309 0.052
0.15 1,833.17 308.18 6,018.76 3.28 19.53 0.305 0.051

Table 7
Computation of LCCE for DS type SEBWP integrated with N equal partially covered PVT-CPCs at N = 4

Mass flow  
rate

Gross  
energy

Gross  
exergy

Embodied  
energy

Solar  
energy

Solar  
exergy

LCCE based  
on energy

LCCE based 
on exergy

kg/s kWh kWh kWh kWh kWh Fraction Fraction

0.02 3,444.99 939.70 6,018.76 579,567.99 538,998.2 0.17 0.0411
0.03 2,936.49 696.69 6,018.76 579,567.99 538,998.2 0.14 0.0276
0.04 2,646.97 569.59 6,018.76 579,567.99 538,998.2 0.13 0.0205
0.05 2,489.55 494.50 6,018.76 579,567.99 538,998.2 0.12 0.0164
0.06 2,339.83 460.70 6,018.76 579,567.99 538,998.2 0.11 0.0145
0.07 2,232.22 425.47 6,018.76 579,567.99 538,998.2 0.11 0.0125
0.08 2,145.49 399.68 6,018.76 579,567.99 538,998.2 0.10 0.0111
0.09 2,073.37 380.05 6,018.76 579,567.99 538,998.2 0.10 0.0100
0.10 2,016.75 364.60 6,018.76 579,567.99 538,998.2 0.09 0.0091
0.11 1,966.17 340.97 6,018.76 579,567.99 538,998.2 0.09 0.0078
0.12 1,925.28 331.19 6,018.76 579,567.99 538,998.2 0.09 0.0073
0.13 1,890.20 323.03 6,018.76 579,567.99 538,998.2 0.09 0.0068
0.14 1,860.37 312.13 6,018.76 579,567.99 538,998.2 0.09 0.0062
0.15 1,833.17 308.18 6,018.76 579,567.99 538,998.2 0.08 0.0060
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AgE	 —	 Area of the east glass cover, m2

Ab	 —	 Area of the basin, m2

AgW	 —	 Area of the 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
m�f	 —	 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 efficiency 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 

transmissivity
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 the 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 the 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 the 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 the 

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 module 
to ambient, W/m2-K

ULc	 —	� Overall heat transfer coefficient from glassing 
to ambient, W/m2-K

Pm	 —	� Annual power generated from the 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 the inner surface of the 
east glass cover, °C

TgiW	 —	� Glass temperature at the inner surface of the 
west glass cover, °C

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

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

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

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

Mw	 —	 Mass of water in basin, kg
m�ew	 —	� Mass of distillate form of double slope solar 

still, kg
Mew	 —	 Annual yield from solar distillation system, kg
a	 —	 Clear days, blue sky
b	 —	 Hazy days, fully
c	 —	 Hazy and cloudy days, partially
d	 —	 Cloudy days, fully
QuN	 —	� The rate of useful thermal output from N 

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

N	 —	� Life of PVT-CPC active solar distillation 
system, year

I	 —	 Rate of interest, %
Gex,annual	—	 Annual exergy gain, kWh
ln	 —	 Natural logarithm
DS	 —	 Double slope
T	 —	 Time, h
R	 —	 Reflectivity
SEBWP	—	 Solar energy-based water purifier
Ts	 —	 Temperature of sun, °C
Tw	 —	 Temperature of water in the 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
Y	 —	 Daily yield, kg
M	 —	 Monthly yield, kg
Ex	 —	 Daily exergy, kWh
Exm	 —	 Monthly exergy, kWh
N	 —	 Number of PVT-CPC water collector
Ein	 —	 Embodied energy, kWh
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ENPF	 —	 Energy production factor, fraction
ENPBT	 —	 Energy payback time, y
LCCE	 —	 Life cycle conversion efficiency
θ	 —	� Angle of inclination of glass cover with 

horizontal
NPVT-CPC	 —	� 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

Subscript

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.

a
M C

m C K U A
h P A A

P
h P B A

P
w w

f f k
N

b b
b

b

=
−( ) + +

−( )
+

−( )






1 1

2

2

1 2

1 2



wE

wW












;

f t
M C

h A I t I t
K
K

A
w w

w
b b

k
N

k

( ) =

′
+ ′







( ) + ( )( ) +
−( )
−( )

1

2
1
11

α
α SE SW

FF AFI t
K
K

U U A T

h A

R b
k
N

k
R L b b aατ( )( ) ( ) +

−( )
−( ) ( ) +













+

1 1

1

1
1

wE 11 1 1

2
+



































h B
P

AbwW

A RU A R h A1 1 1 2� �gE EW gW

A h U
A

h h
Ab b

2 1 2 2 2
= +WE EW 1wW

P U U
h
A

h
A

Ab= −








1 2

2

2
EW

gE
1wW gW

U
h A h A U A

A

b
c

1

1 2�
� �wE EW gE gaE gE

gW

,

U
h A h A U A

A

b
c

2

1 2�
� �wW EW gW gaW gW

gE

,

B
R P A h A

U A1
2 1

2

�
�� �EW gW

gE

B

A h A A

U A

b

2

1 2

2

2�
�Ph wW EW gW

gE

R I t U Tg c a1 � � � � �� SE gaE,

R I t U Tg c a2 � � � � �� SW gaW,

h T T

T T

EW giE giW

giE giW

= × × + + +( )





+ +

( )−0 034 5 67 10 273 2738 2 2
. .

5546 

U

K
L
h

K
L

h
U

K
L
h

K
L

h
c

g

g

g

g

c

g

g

g

g

, ,; ;gaE

gE

gE

gaW

gW

gW

=
+

=
+

1

1

1

1

h V h V1 15 7 3 8 5 7 3 8gE gW= + = +. . ; . . ;

h h h h1wE rwgE cwgE ewgE� � �

h h h h1wW rwgW cwgW ewgW� � �

h h
P P
T Te c
w

w
, ,. ;wgE wgE

giE

giE

= ×
−
−













−16 273 10 3

h T T
P P T

Pc w
w w

w
, .

.wgE giE
giE= −( ) +

−( ) +( )
× −












0 884
273

268 9 103 

1
3

;

h T T
P P T

Pc w
w w

w
, .

.wgW giW
giW= −( ) +

−( ) +( )
× −












0 884
273

268 9 103 

1
3

P
Tw
w

= −
+









exp 25 317 5 144

273
. , ;



43D.B. Singh et al. / Desalination and Water Treatment 231 (2021) 27–43

P
TgiE
giE

exp= −
+













25 317 5 144
273

. , ;

P
TgiW
giW

exp= −
+













25 317 5 144
273

. , ;

h T T

T T

w

w

rwgE giE

giE

= × ×( ) +( ) + +( )





+ +

−0 82 5 67 10 273 273

5

8 2 2
. .

446  ;

h T T

T T

w

w

rwgW giW

giW

= × ×( ) +( ) + +( )





+ +

−0 82 5 67 10 273 273

5

8 2 2
. .

446  ;


	_GoBack

