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ABSTRACT

The present study discusses the development of the characteristic equation of a PVT (photovoltaic
thermal)-CPC (compound parabolic concentrator collector) for N = 6 similar fully covered incorpo-
rated with solar distiller unit in a very scientific manner similar to the equation of Hottel-Whillier—
Bliss equation for FPC (flat plate collector). There are certain drawbacks in partially covered PVT
collectors like (a) low thermal behavior because of the high top loss coefficient, (b) higher mainte-
nance of the system, and (c) costly manufacturing. Due to these problems, N = 6 similar fully covered
PVT-CPC incorporated with solar distiller system have been considered in the present study. The
analytical expression for the proposed system has been established by means of scripting equations
for balancing energy for its different elements (present study, case (i)). The instantaneous efficiency
of the proposed system has been computed using a computational program in MATLAB. The system
performance of proposed N = 6 same fully covered PVT-CPC incorporated with solar distiller unit
(double slope-active) is being matched with (case (ii)) N identical Fully covered PVT-FPCs incor-
porated with solar distiller system (double slope-active), (case (iii)) conventional N = 6 same FPC
incorporated with solar still (double slope-passive), and (case (iv)) passive solar still with a dou-
ble slope. During the comparison, it has been observed that instantaneous efficacy is higher in case
(i) when compared with case (ii), and case (iv), but lower than case (iii).

Keywords: Photovoltaic thermal (fully covered) — compound parabolic concentrator; Double slope solar
distiller unit; Characteristic equation

1. Introduction

The solar distiller unit can be broadly categorized as
passive and active. The problem of low output of a passive
system is fully addressed in an active system. The study of

* Corresponding author.

solar still (active) is one the substitute for the energy crisis
and water crisis in the economically developing nation. The
literature study highlights much experimental work carried
out earlier. Zaki et al. [1] was first to report that solar stills
behave in dynamic manner when the mode of circulation
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is natural whereas a pump (motor) was used for uniform
circulation of water in the pipe. There is an increase in the
evaporation rate when heat transfer is increased. As per Rai
and Tiwari [2], when the operation is in forced mode then
the active solar stills give 24% higher yield with one collec-
tor while matching with solar distiller unit (conventional). In
solar distiller unit (active), a pump is connected in the middle
of the inlet of the first collector which is connected in series
with other collectors and the basin.

Basin in solar distiller unit (active) consists of FPC/
evacuated concentrator collector or tube collector/heat
exchanger which is used to supply thermal energy from
other sources. In general, a heat exchanger uses water as
liquid whereas other fluids may also be used as per the
requirement. Abdel-Rehim and Lasheen [3] have worked on
the same by incorporating heat exchanger and solar para-
bolic trough collector on solar still (single slope). Solar still
of conventional type has less output efficiency by 18% when
it was compared with the solar parabolic trough collector
on the distiller system. The improvement is only due to the
increase in the temperature of water in the distiller system
of single slope type (SS) because of an increase in water tem-
perature in the basin. Transportation of heat takes place to
the bottom of SS by circulating the fluid in SS which in turn
also increases the yield. If the rate of heat transfer is doubled
then 9% increase in yield was found [4]. It has been found
that the relation between the production of potable water
and the rate of heat transfer is not linear. In the forced mode
of operation of double slope solar active still, the yield was
found to be 52% higher [5] while comparing the production
with conventional type solar still. When flat plate collector
(FPC) was integrated with solar still having a higher depth
of water, the thermal efficiency, and exergy were found to be
more and also the yield was more because of sensible heat
storage in the water [6]. In European Mediterranean nations,
Calise et al. [7] proposed a technologically advanced frame-
work by using photovoltaic thermal (PVT) collectors for
desalinating hard water. Ibrahim et al. [8] improved the
distiller system with the integration of cooling condensers
outside while comparing with conventional type solar still.
It was found 16.2% rise in yield and 29.7% rise in thermal
efficiency.

Active solar distiller system integrated with FPC can be
made self-sustainable when the distiller is connected with
photovoltaic panel in order to provide thermal energy as
well as electrical energy which can be used for our many
domestic purposes. A hypothetical investigation of such a
framework by Hendrie [9,10] showed that the electrical
energy obtained could be improved by allowing the water
to flow below the PV panel. Guarracino et al. [11] reported
the testing of hybrid PVT solar collectors and concluded
that the thermal response of PVT collector is slower than
that of FPC under dynamic test condition. Mellor et al. [12]
have presented strategies for reducing convective, radia-
tive and electrical losses at elevated temperature. Liang et
al. [13] studied a new type of PVT solar collector containing
graphite experimentally and concluded that the electrical
efficiency of new type collectors was 20.28% higher than the
electrical efficiency of conventional PVT collector because
of better cooling effect. He et al. [14] studied PVT collector
experimentally in natural circulation mode and concluded

that the daily electrical efficiency was around 10%. As per
Kumar and Tiwari [15-18], one partially covered FPCs with
PV module connected (series) with other FPCs when cou-
pled with solar distillation system was found to give an
increase in yield by 3.5 times than solar still (conventional
type). Further, it was stated that the payback time for the
solar unit coupled with FPC (in series) would be between
3.9 and 23.9 y. Singh et al. [19] studied the same and worked
on double slope solar still (active).

Saeedi et al. [20] used mathematical calculation for
mass flow rate and with seven number of collectors for PVT
active SS and obtained ideal values for rate of mass flow as
0.044kg/s. Singh and Tiwari [21-24] and Prasad et al. [25]
performed a theoretical analysis on single slope as well as
double slope solar distillation system when incorporated
with N identical PVT-CPC (compound parabolic concen-
trator) collectors for Delhi climatic condition. It was found
that the double slope set up was better than the single slope
of the same configuration at 0.14 m water depth conditions
of optimization because of higher exergy, energy and low
embodied energy for set up having a double slope. Further,
the researchers proposed that a single slope system having
a water depth greater than 0.31 m, the system could give
better results as compared with the double slope in terms
of daily average yield, thermal efficiency, and overall ther-
mal performance. Singh et al. [26,27] and Singh and Tiwari
[28] reported characteristic equation development for basin
type solar still coupled with evacuated tubular collectors.

Gaur and Tiwari [29] observed that the basin of the solar
distiller system when incorporated with N FPCs having a
water mass of 50 kg, based on exergy effectiveness, number of
collectors should be four. When solar still (single slope) con-
sist of FPC, showering unit as well as external condenser, it
was found an increase in yield from 51% to 148% while relat-
ing it to solar distiller (conventional type) [30]. In research
work done by Rabhi et al. [31] on solar distiller unit (sin-
gle slope) integrated with condenser and pin fins, the yield
was found to be 41.98% more when compared with conven-
tional solar still and also the temperature of the water in
the distiller increases. Sharshir et al. [32] investigated that
solar distillation system of hybrid in nature (humidification—
dehumidification), the yield increases by 200% while relat-
ing it to solar distiller (conventional type).

Navarro et al. [33] reported the analysis of a double slope
solar distiller unit for three materials using the Energy2D
computer program and concluded that heat loss is less when
polyurethane was used. Sharma et al. [34] developed a char-
acteristic equation of concentrator integrated evacuated
tubular collector and coupled with a double slope solar dis-
tiller unit. They concluded that the double slope solar still
coupled with concentrator integrated evacuated tubular
collector performs better than that of double slope solar still
integrated with evacuated tubular collector due to the pres-
ence of concentrator which concentrates the solar energy on
the receiver surface. Haiping et al. [35] studied experimen-
tally a flash tank coupled with low concentrating photovol-
taic hybrid system for getting freshwater and concluded that
the maximum electrical power and freshwater obtained on a
typical day were 447.55 W and 23.65 kg, respectively.

From the current literature survey, it is observed that
the development of characteristic equation, energy, and
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exergy analysis has not been yet explored for a fully covered
PVT-CPC joined with solar distiller (double slope) by any
researcher for same watt peak as PVT-FPC (partly covered)
combined with solar still.

Demerits of the PVT-FPC (partly covered with PVT)/
CPC collector (partly covered with PVT) combined solar still
(double slope) is given below:

* Low thermal behavior due to heat loss from the glazed
portion of the PVI-FPC (partly covered with PVT)/CPC
collector (partly covered with PVT).

* Manufacturing of the system is costly.

¢ System needs high maintenance which requires frequent
cleaning of the top portion of the PV module.

So this paper describes the specific equations for PVT-
CPC collector combined with solar distiller (double slope).

Drawback mentioned above has been fully described for
the equal watt peak. So in this paper, we have developed a
characteristic equation for N identical PVT-CPC which is
fully covered and integrated with double slope solar dis-
tiller unit followed by the computation of energy and exergy.
Further, the developed equation is also suitable for:

e PVT-FPC combined with solar distiller unit (double
slope)

e Conventional FPC integrated with solar distiller unit of
double slope type and

e Passive solar still of double slope type.

2. Modeling methodology

Fig. 1 describes the present work and its specification
has been tabulated in Table 1. The Fig. 2a shows the cut sec-
tion view and representation of N-identical PVT-CPC (fully
covered) combined with a solar distiller unit (double slope).
When collectors are collected in parallel, low-temperature

IPVT-CPC 2™ PVT-CPC  3“PYT-CPC
BvICee
collector collector colleetor
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yield is found to be more and when connected in series for
high temperature the yield is less. In the proposed work,
all the collectors are connected in series with solar still to
increase the temperature of the saline water.

In the present study, the basin water is fed to the inlet
of the first fully covered PVT-CPC by a motor pump. The
output of the fully covered PVT-CPC is fed to the input
of the second PVT-CPC connected in series and so on.
The output of nth connected PVT CPC is fed to the inlet of
the basin. Hence, the temperature of the water in the basin
is increased by many folds. So in this system, the concept
of closed-loop has been described. All collectors connected
in series are inclined to an angle of 30° to achieve the maxi-
mum annual radiation from the sun. The motor pump gets
supply from the PVT system and it always maintains the
uniform circulation of water through the pipeline of the
system.

A glass (reinforced plastic) is fitted at the top of the basin
having an effective area of 2 m? The transparent glass func-
tioning as a condensing cover is inclined at 15° and solar still
is positioned in the east-west direction as shown in Fig. 2a.
The inside and outside portion of solar still has been painted
with black color to absorb maximum solar flux. The joint of
glass with the basin has been sealed with a putty cover. The
basin has been facilitated with the two connections. One at
the side top connected to the outlet of the nth PVT-CPC and
other at the bottom connected to the inlet of the motor pump.
The solar still have another opening at the bottom for clean-
ing purpose and solar still system is placed rigidly on a frame
made of iron (steel).

When the solar radiation falls on the top surface of the
glass cover (installed over the solar steel), a part of solar flux
is reflected, another absorbed and remaining radiation is
transmitted to the basin water. An upper surface of the water
further reflects a part of solar flux, another absorbed, and rest
of the flux is transmitted to the bottom of the basin. So, the
radiation received by the basin liner will, in turn, increase

Distilled Water

Saline water

N*PVT-CPC
collector
Outlet
TfON

Glazing surface

Absorber plate

DC motor
pump

O

Insulator

Inlet, Ty

Fig. 1. Schematic diagram of proposed N identical fully covered PVT-CPC integrated double slope solar distiller unit.
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Table 1
Specifications of N identical fully covered PVT-CPC integrated double slope solar distiller
Double slope solar still
Component Specification Component Specification
Length 2m Material of body GRP
Width 1m Material of stand GI
Inclination of east glass cover 15° Cover material Glass
Inclination of west glass cover 15° Orientation East-West
Height of smaller side 0.2m L, 0.1m
K, 0.816 W/m-K K 0.166 W/m-K
L, 0.004 m
Fully covered PVT-CPC collector
Component Specification Component Specification
Type and no of collectors Tube in plate type, N Aperture area 2 m?
Receiver area of solar water collector 1.0mx1.0m Aperture area of collector 1.0mx2.0m
Collector plate thickness 0.002 a, 0.8
Thickness of copper tubes 0.00056 m FF 0.85
Length of each copper tubes 1.0m Receiver area of collector 1.0mx1.0m
Angle of CPC with Horizontal 30° F” 0.968
DC motor rating 12V,24 W p 0.84
B, 0.22 T, 0.95
Pipe diameter 0.0125 m a, 0.9
@) X

Solar cell

T

Inlet

LAbsorber plate

A4

Tfol

Air gap
Outlet

4—\

|
;| Insulation

Cut section of metallic tubes

»!

e L

Solar cell

Fig. 2. (a) Cross-section side view of proposed fully covered PVI-CPC collector. (b) Cut section XX’ front view of fully covered

PVT-CPC collector.
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the temperature of the saline water in addition to the heated
water received from the output of N PVT-CPC. Now, the pro-
cess of evaporation takes place inside the basin due to the
temperature difference between the bottom/inner surface of
the glass cover and the saline water in the basin. The evap-
orated water starts condensing at the inner portion of the
condensing cover which further drops down and collected
in a container placed externally.

To analyze the system, we consider the subsequent
assumptions given as below:

* Quasi-steady-state conditions are considered for the pro-
posed active distillation system.

e Between the two solar cells, the ohmic losses are
ignored.

e Temperature gradient remains unchanged around the PV

module as well as insulating material used.

The heat flow in one direction has been considered.

There is no vapor leakage in solar distiller.

The basin has a fixed level of saline water.

The evaporation gets condensed upon the bottom surface

of the condensing cover.

2.1. Equations for different components of the proposed system
2.1.1. Energy balance equations for solar cell of PV module

When the solar radiation are incident on the solar cell of
the PV module, a part of solar flux is reflected, another part
absorbed and the rest of solar flux is transmitted through it
to the plate. A part of solar flux absorbed by the solar cell is
converted into DC electrical power by the photovoltaic effect.
Other part of absorbed solar flux is wastage to the surround-
ings and the rest of the solar flux is transferred to the collec-
tors. Following is the energy balance equation for the solar
cell of the PV module.

po 2B, Ay = U (T-T,)+ U (T.-T,) |4, +pn, LA, ()

The term (pochﬁEIhAam) in the left-hand side of Eq. (1)
describes the rate of beam radiation falling on the solar cell
and the first term [U,_(T — T)]A_ in right-hand side of the
expression shows the rate of heat loss from solar cell to the
atmosphere, the second term [UtCP(TC - T)JA_, shows the
rate of heat transfer from the solar cell to absorber plate and
the third term pn [, A express conversion of solar radiation
into direct current.

Eg. (1) can be rewritten in terms of T as follows:

(ot) I,+UT,+U_T
T = leff ca a P P (2)
‘ u. +u
tca tep

2.1.2. Energy balance equation for absorber plate

The heat transfer from plate to fluid is specified by
indirect gain (solar cell to plate through convection and
radiation) as well as direct gain (through the non-packing
area of the module). It has been described by the following
equation:

pa, v (1-B,),A,, +U,, (T.-T,)A

b” “am c P

=Fh,(T,-T,)A,, +U,,(T,-T)A, ©)

m

The first term [pa pt? (1 - B )], A, ] and the second term
[U (T, - T)A_ ] on the left side of Eq. (3) shows the direct
gain (through non-packing area) as well as indirect gain to
the plate.

The subsequent terms [F ’hpf(Tp -TA, U (T, -T)A, ]
on the right side of the Eq. (3) shows the rate of heat transfer
(plate to fluid) and the heat loss (plate to surrounding) per
unit time, respectively.

Egs. (2) and (3) can be rewritten in term of T, (plate
temperature) as follows:

T = |:((x‘r)2€“ +PR ((X'T)leff:|1b +U,T, + hprf @
! (UL2 + hpf)

Appendix-A contains (at),, (at),,» PF, U, hpf, Urp, u.,,
and Utpa.

2.1.3. Water/fluid flowing through the pipe

The heat transfer from absorber plate to fluid is carried
away through the pipe. So the energy balance equation (refer-
ring to Fig. 2a) for flowing fluid has been written as follows:

T, ,
i, C,—Ldx = Fh(T,~T, )b dx ()

dT,
The first term [m fC fdfdxj on the left side of Eq. (5)
X

shows heat transported to water per unit time, the term
[F ’hpf(T - T)) bdx] shows heat transfer from absorber plate to
water/fluid per unit time.

Modifying Eq. (5) with the help of Eq. (2) as well as Eq. (4)

1t fC%dx =bF[1PE, (az),  ~U,, (T,~T,)]dx ©)

The value of collector efficiency factor (F') can be evalu-
ated by Duffie and Beckman [36] and Tiwari [37].
Initial condition is considered to obtain solution for

Eq. (6)is T;l,_,=T; and can be expressed as:

0

PE (at) I —bF’
Tf _ 2( )meff by Tn 1-exp bl—j ume +
u,. titc

-bF'U,  x
T, exp| ———tn® @)

Hence, the output fluid temperature of the first collector
is given below:

PE, (at I _F
Tm _ 2 ( )m,eff b i Tﬂ 1- exp F ng Arm N
u 1 fC

Lm f
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In the same way, the temperature of the water at the
second collector output will be in relations to input water
temperature is given as:

PE (ar I _E'
T = 72( )m/eff 1T |1 —exp “FU A ngAfm +
fo2 u a mfcf

Lm

—F' A

8b
i C, (8b)

Here, assumptions made are as follows:

e PVT collectors have same area

* U, overall heat transfer coefficient (plate to ambient)
is same
As, T, =T, water temperature at the inlet of the second

PVT-CPC is equal to the outlet water temperature of first
PVT-CPC. As all N collectors are connected in series as
stated earlier, T, , can be further rewritten as:

Tz —[(H)Z(%Iﬁgnwn .

u,,. ey
2)(A F, U
T{l—()(ﬁ’;f‘é’;)“‘“ (8¢)
where,
_m Gl [ FULA,
(A E )— 1-exp (8d)
R I A i, C,

Appendix-A defines the various term used in the
Egs. (1)—(8d). It has already been explained that all PVT-CPC
are connected in series. It means water outlet of first PVT-CPC
is fed to the input of the second PVT-CPC and water output
of second PVT-CPC is fed to the inlet of third PVIT-CPC and
so on. The output water of nth PVT-CPC is circulated to the
basin through the pipe. So the temperature of water at the
outlet is written below:

PF
]}ON — [( )il(at)meff Ib 4 ’1‘1'1
Lm

T;i|:1_ N(Avr.xFRm)uLm :| (9)
1, Cy

{N(AWFRm)uLm }L

1,y

For N identical fully covered PVT-CPCs, the useful heat
gain (Q,,) can be expressed as:

QuN = mfcf (TfoN _Tﬁ) (10)
Using Egs. (9) and (10), QuN can be expressed as:

Qo =N(A,F, )| (PF), (0x)_ 1,-U,, (T, - T.)] )

An analytical expression by Evans [38] and Schott [39] for
electrical solar cells efficiency (1) is as follows:

Nen :nu[l_ﬁo (iN _To):| (12)

where 1) = efficiency (standard test condition)
T, = average temperature of solar cell
The electrical energy (varied hourly) can be written as:

E.‘elec = Ath (t)Z(BCTgngN) (13)

2.2. Energy balance equation for different parts of the active solar
still (double slope)

2.2.1. Bottom portion of the glass cover facing towards east

When sunlight incidents on the upper portion of the
glass cover surface from eastern side, a part of radiant flux
is reflected back, another gets absorbed and the rest of the
solar flux is transported to basin water. The bottom surface
of glass cover also gets heat energy from the upper surface
of the water by a process of evaporation, convection, and
radiation. Due to difference in temperature between water
and bottom surface of glass, then the loss of heat occurs to
the condensing cover (bottom portion to upper portion by
the process of conduction). Thus, the equation defines the
energy balance for the bottom portion of the condensing
cover as follows:

a:qISE (t) AgE + hle (Tu - TgiE )% - ha ( giE TgiW ) AgE
K
= fg (TgiE - TgoE ) AgE (14)
g

The first term of Eq. (14) on LHS signifies the rate at
which the solar energy is being absorbed by glass cover
facing east, the second term of Eq. (14) on LHS signifies the
amount of heat received from the water surface by the pro-
cess of convection, radiation, and evaporation and the third
term signifies the rate of heat loss to glass cover facing west
from glass cover facing east. The term on right-hand side
of the Eq. (14) shows loss of energy from bottom to upper
portion of glass (facing east) through the transmission.

2.2.2. Upper portion of condensing cover (facing east)

The upper portion of the condensing cover (facing east)
gets the solar energy through conduction from glass cover
inner surface facing east and loss of heat occurs through con-
vection and radiation, to ambient by glass cover facing east.
Hence, the equation of energy balance for glass cover outer
surface facing east can be expressed as:

=

fg(Tgi - TgoE)AgE = hlgE (TgoE -T, ) AgE (15)
3

where h, . denotes total HTC to ambient through the process
of convection and radiation from glass cover outer surface
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facing east. The expression of Eq. (15) on LHS signifies heat
transferred from glass cover inner surface facing east to glass
cover outer surface facing east. The term on the left-hand
side of the equation signifies the transfer of heat through
conduction from bottom surface of the condensing cover
to a top portion facing towards east. The term on the right-
hand side equation signifies the loss of heat from the top sur-
face of glass (facing east) to the surrounding atmosphere by
conduction and radiation.

2.2.3. Glass cover inner surface (facing towards west)

When sunlight incident on the upper portion of the glass
cover surface from the western side, a part of radiant flux
is reflected back, another gets absorbed and the rest of the
solar flux is transported to basin water. The bottom portion
of condensing cover gets heat energy from the upper por-
tion of the water by a process of evaporation, convection,
and radiation. Loss of heat occurs from the bottom portion to
upper portion of the condensing cover through conduction.
Thus, the equation defines the energy balance for the bottom
portion of the condensing cover as follows:

a;glsw (t)AgW + hlwW (Tw - TgiW) Azb + hEW (TgiE - TgiW)AgE
K
= ?:’(Tgiw - TgoW)AgW (16)

The term [, (1)A,, ] on LHS of Eq. (16) signifies absorp-
tivity of radiation flux f)y condensing cover (facing west); the

A
giw)zb} of Eq. (16) on left hand side
signifies energy obtained by condensing cover (facing west)
from the fluid in the basin. The third term [hEW(Tg.lE Ty Ayl

on left hand side of Eq. (16) defines the energy gain by the
glass cover facing west from glass cover facing east. The term

next term {hlww (Tw -T

K

{LS(TQW -Tow ) Agw} on right-hand side of Eq. (16) shows the
g

heat loss from the bottom portion of the glass cover (facing

west) to its upper portion by a process of conduction.

2.2.4. Upper portion of the glass cover (facing west)

The upper portion of the glass cover (facing west)
receives heat through conduction from glass cover inner
surface facing west and heat is lost through convection and
radiation, to ambient by glass cover facing west. Hence, the
equation of energy balance for glass cover outer surface fac-
ing west can be expressed as:

K

= (Tgiw B TgoW ) Agw = hlgW (TgoW -T, )Agw

L 17)

where I, denotes total HTC to ambient through the process
of convection and radiation from glass cover outer surface
facing west. The term on the left-hand side of Eq. (17) sig-
nify the transfer of heat through conduction from the bottom
surface of the condensing cover to top portion facing towards

west. The term on the right-hand side equation signifies the
loss of heat from top surface of glass (facing west) to the
surrounding atmosphere by conduction and radiation.

2.2.5. Energy balance equation for the basin liner

The basin liner of the solar still has been painted with
black color to absorb the maximum solar radiation transmit-
ted by upper portion of the water to the basin liner. The basin
liner, in turn, raises the water temperature by a process of
convection. The heat loss also takes place from the bottom as
well as a side portion of the basin liner to the surroundings
through insulation.

Ab _h

O'“;;(ISE(f)"' Isw(t)) 2 ~ ow (Tb _Tw)Ab +hba (Tb _Ta)Ab (18)

The first term {QL(ISE (t)+ISW(t))/H of Eq. (18) on left-

hand side signifies the rate at which the basin liner absorbs
solar energy. The first term [k, (T, — T )A,] of Eq. (18) on
right-hand side defines the transfer of heat (basin liner to
water) and the heat loss basin liner to ambient is defined by
the next term [h, (T, — T )A,] of the equation.

2.2.6. Energy balance equation for the mass of basin water

There is a direct heat gain by the water mass from the
sun as well as from the basin liner. There is also indirect
energy received by the mass of water from outlets of the nth
PVT-CPC collector. So the heat gain by the water mass in the
basin increases the difference of the temperature between
basin water and the inner surface of both the condensing
cover (east and west) and causing the process of evaporation
to take place. The following equation defines the gain and
loss of heat energy by the mass of basin water.

(M€ = (1 (1) g (1)), 22 (1, -,

Ay =y (T, ~ Ty )% Iy (T, = T )% +Q.,, (19)

Here, Q , = the rate thermal energy (output nth collector
PVT-CPCs) as defined in Eq. (11). The term on the left-hand
side of Eq. (19) signifies how the water mass gains the heat.

. . A . .
The first term {(ISE (£)+ I, (t))aw 2”} of Eq. (19) in the right-

hand side signifies the absorptivity of heat by the mass of the
water, the next term [k, (T, - T )A,] of Eq. (19) signifies heat
convection to mass of the water from basin liner. The next

w g

A
term {hle (T1 Tm);} of Eq. (19) on the right-hand side of

Eq. (19) signifies the loss of heat to the bottom portion of con-
densing cover (facing east) from the mass of the water, and

the term {hl W (T -T ) Iz" } of signifies the rate at which the

w giWw

heat is lost to glass cover inner surface facing west from water
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mass and the fifth term [QL,N]of Eq. (19) on RHS signifies the
rate of heat gain from collectors.
Eq. (19) can be written as:

K‘l
?(Tgi]‘: - TgoE ) AgE = ucE (TgiE - T;l )AgE (20)
8
where,
KS
? hl oE
u, = K: (20a)
T +h o

Using Egs. (14) and (20), one can get:

o T (£) Age + i (T, TblE) g (T = T ) Ay =
Us (T~ T.) 4, e
Similarly, using Egs. (16) and (17), one can get:
Ab
OLglsw( )AgW +hy (T ngw) +hy ( &iE TgiW) AgW =
Uy (T =T, ) A (22)
where,
KS
?hlgw
ch = K: h (223)
T Fihgw
L, ®
Using Egs. (21) and (22), one can get:
C,+C+T, (h ib +h i j— T [hl A by UcEA&E]
TgiW = A
My 2+ U gy Ay (23)
Eq. (23) can further be rearranged using T as:
A r
Tw [uchgW - hle ;j - Cl - Cl +
A,
TgiE (hle 2 + UCEAgEJ
(’Tw - Tng ) = h A[ u A (24)
-+
TwW 2
Eq. (23) can also be rearranged using T, as:
A A
TgiE(hlezb+h1ww Zb +U Az +U A, ]
G- C; - Tw (hmnz % + hlwW ?j
(TgiE - TgiW ) = (25)

A
h LU, Ay

1wW 2

where C, and C; are given in Appendix-A.
Using Egs. (22)—(25), TgiE can be evaluated as:

_A+BT,
giE — H

(26)

Expressions for A, B, and H are specified in Appendix-A.
Putting the value of T . in Eq. (23) and rearranging
gi
various terms, one can get the expression for T, as

A'+B'T,
gw = H (27)
Expressions for A" and B’ are given in Appendix-A.
Eq. (18) can be expressed as:

A
2h, (T, —Tw)j’ =ajh,A, (ISE (£)+ Iy (t))—UbAh (T,-T,) (28)

bw

Using Egs. (19) and (26)—(28), one can get the following
differential equation:

dT,
Sl =f(t) (29)

where,

E,)+ My (B +Ey)+ Hy, | (30)

1wE

(K + o ) g (8)+(Kyy +a,)

e o 2] o

N(A,Fe ) (PE), (o), 1, (1)

Expressions for various terms used Egs. (30) and (31) are
given in Appendix-A.

Using Eq. (29) one gets the differential equation as
follows:

T :m( e )+ T e (32)

w a w0

where T represents the value of T at t =0 and f(t) rep-
resents the average value of f(t) between time interval 0 and ¢.
The evaporative heat transfer rate expressed as:

ew = |:hewE (Tw Ty ) ey (T ~Tyw )A ] (33)

Appendix-A contains all the terms used in the equation.
The value of the hourly yield is given below:

4, %3,600

i, = 34
it = (34)
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For the proposed system, the instantaneous thermal
efficiency (n,) expressed as:

- Gy
VT NALL(t )+ Agelee (£)+ AT (£)
[ (T Tg|E)+heww(T ~To )4,

(35)

NAamIb( )+A EISE( )+ Aglsy ()

The definition of the instantaneous efficiency assumes
that there are no dynamic effects and that no energy is stored
in the collector which has a very fast thermal response.
Substituting the value of T, from Eq. (26) and T, from

8l gi
Eq. (27) in Eq. (35), one can get:

(oAt I A

ewE

n, = [AhJ [{hewE (H-B)+h,(H-B)|T,

B TNAL ) A+ Al 0]

gE" SE

(36)

Expressions for A, A, B, B,
Appendix-A.

In Eq. (36), substituting the value of T from Eq. (32) and
rearranging, one can get:

and H are given in

[A] -
= H {NAamIb( )+AgEISE( )+A8WISW( )}
@(1_€,M)+ 37)

{Pe (B, +Ey)+ o (E1+ )1
T.e™
(Kt ()l () e B
— + —
1E~ S TW=SW a heWW(E;‘FE;)

Substituting values of f(t) and a in Eq. (37) and
rearranging, one can get:

[AJ :
M= H {NAamI;,( )JrAgEISE( )+AgWISW( )}

h we(E +E)+h,, W(E;+E;)}

H +H,

Km )+(1<1W +ocwb)lsw(t)+

T} Mmﬁumwwn

(1 eia‘ lE SE( )+K{WISE( )}eat
+(T0 - H’ +H, )e ™

(38)

w0

Expressions for E, E, E,
Appendix-A.

r r ’ 3 3
E, K, and K], are given in
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Eq. (38) can further be expressed as:

XYy, = (Kl () + Ky Iy (£) e .
— {NAamlb( )+AgEISE( )+A(gwlsw § 3} )
(H;1+H;1){NAath( )+A::ISE( £+ A (£)}
where,

X

11

) (2 ) (o), 0

awb

~ hewE(El+E2)+h€wW(E{+E;)'P :(A
7 1g H

b]eatl_
H;, +H,,
(K + ot ) g (£)+(Kyyy + o ) Iy (£) +

(1)

= (o, +2a;h, ) H

Expressions for H, H,
In Eq. (39):

and H, are given in Appendix-A.

11’

IfA, =A_;p=1I1(t)=I(t), we can get the solution for the
same number of completely covered PVT-FPC connected
with distiller system (double slope).

IfA,_=A., p=1 I() =It); and B is zero. Under this
condition, we can get the solution for same number of
FPCs connected with distiller system (double slope).

If A =0, then we can get a typical equation for passive
double slope solar still.

2.3. Methods for solution of the equations

Step i: Knowing the value of T, T 0E7. and T oW and the
obtained average values I(t), I and T, water tempera-
ture (T ) can be calculated for climatic conditions and
design parameters from Eq. (32). After evaluating T from
Eq. (32), values of T, and T, have been computed using
Egs. (26) and (27), respectlvely Then, values of T . and
T, has been calculated with the help of Egs. (15) and
(17) respectively.

Step ii: Since T, =T (as calculated in step 1), so T; , can be
evaluated using Eq. (9) and T, (average water tempera-

T+T

foN

2
Step iii: T can be calculated from Eq. (4) [after evaluat-
ing T, from step-ii], trailed by the calculation of (T )by
using Eq (2) and n_, will be evaluated with the help
of Eq. (12).
Step iv: Using Eq. (13) we can find the hourly DC electri-
cal power (Eelec) as well as the entire heat transfer coeffi-
cient. Then, the hourly yield (7 ) can be obtained using
Eq. (34).
Step v: By using Eq. (39), 1, (instantaneous efficiency) can
be calculated.

ture) can be obtained as T
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3. Experimental validation of N alike fully covered PVT-
CPCs integrated double slope solar distiller unit

3.1. For N identical fully covered PVT-CPCs connected in series

Tripathi and Tiwari [40] have validated fully covered
PVT-CPC collector taking values of N, mass flow rate, pack-
ing factor and concentration ratio as 1, 0.01 kg/s, 0.89, and
2, respectively. They collected data from 9:00 to 16:00 h on
September 21 and 22, 2015. Data was collected for solar
intensity, ambient air temperature, tank temperature, cell
temperature, and temperature-dependent electrical effi-
ciency. They performed the statistical analysis and found
the value of correlation coefficient between theoretical and
experimental values as 0.98 for water temperature which
represents a fair agreement between theoretical and experi-
mental values.

3.2. For double slope solar distiller unit

Dwivedi and Tiwari [41] have performed the experimen-
tal validation of double slope passive solar still for New Delhi
climatic condition at different water depths taking basin area
as 2 m? They have collected data for solar intensity, ambi-
ent air temperature, water temperature, condensing cover
temperatures, and hourly yield for October 2005-September
2006. They evaluated heat transfer coefficients and hourly
yield for April 2006 using various models namely Kumar
and Tiwari [42], Dunkle [43], Chen et al. [44], Adhikari
et al. [45], Zheng et al. [46], and Clark [47]. 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.

4. Results and discussion

The instantaneous efficiency was obtained out for a spe-
cific day in May. The subsequent data (ambient temperature
(T), Beam radiation (I,), and Global radiation (I(t))) has been
shown on an hourly basis in Fig. 3. The average velocity of
air for the May month is 4.02 m/s. The information about
solar radiation and ambient temperature has been col-
lected from meteorological sections, Pune (India). For the
inclined surface of 30° latitude of the northern hemisphere,
the global radiation I(t) and beam radiation I, have been cal-
culated with the help of the Liu and Jordan technique and

—+—Global radiation Beam radiation Ambient air temperature
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Fig. 3. Hourly variation of intensity and ambient air temperature
for a typical day in the month of May.

MATLAB. The instantaneous efficiency for different spec-
ifications, that is, total no. of collectors (N) = 6, mass flow
rate = 0.03 kg/s, and water depth = 0.14 m has been calcu-
lated. A comparison study has been made among the results
of all the three cases (j, ii, iii, and iv).

Fig. 4 shows the module and cell efficiency variation
on an hourly basis. Module efficiency was found to be less
than the efficiency of the cell for the same packing factor,
that is, 0.22. The value of watt peak of fully covered PVT-
CPC as well as partly covered connected with distiller sys-
tem (double slope) remains the same as the number of solar
cells and ultimately solar cells area is the same because
watt peak remains the same. It is observed from Fig. 4 that
the cell as well as module efficiency decreases first and
then increases. The solar cell efficiency has been found to
be higher in the morning as well as evening. It happens
because solar cell temperature is lower in the morning as
well as evening due to lower solar intensity. Due to com-
paratively lower temperatures of solar cells, the emission of
electrons is less and collisions among electrons are also less
resulting in the higher current generation and hence higher
solar cell efficiency. At noon, solar cell efficiency, as well as
module efficiency, has been found to be comparatively lower
due to higher solar intensities as evident from Figs. 3 and
4. It happens because solar cell temperature is higher due
to higher amount of heat available from sun. Due to com-
paratively higher solar cell temperature, emission of elec-
trons is higher resulting in more collisions among electrons.
Due to increased collisions, the current output decreases
and hence decreased efficiency is found.

Fig. 5 displays an hourly variation of different tempera-
ture for number of collectors (N) = 6, mf = 0.03 kg/s, water
depth = 0.14 m. The temperature of water from the outlet
of the Nth collector (T, ) is higher than the temperature of
water in the solar still because of the uniform circulation
of the basin water through the pipe by the motor in the
closed-loop system. During the circulation of water through
pipes of collectors, water gains heat. When solar radiation
impinges on the surface of the first collector, some part is
reflected by glass surface, some part is absorbed by the glass
surface and the remaining part is transmitted to the solar
cell. The solar cell converts some part of radiation coming
to it into electrical energy, some part of the radiation is lost
to surrounding and the remaining part of the radiation
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Fig. 4. Hourly variation of cell and module efficiencies.
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Fig. 5. Hourly variation of temperature of double slope solar still
integrated with N fully covered PVT-CPC collector connected in
series for an archetypal day of May (N = 6).

is transmitted to the absorber plate. The absorber plate
receives indirect radiation through the solar cell and direct
radiation through gap between solar cells. The temperature
of absorber plate rises due to absorption of both direct and
indirect radiation. The absorber plate transmits heat energy
to water flowing through tube by heat transfer mechanism.
Hence, the temperature of water flowing through the first
collector rises due heat gain. The hot water coming out of
the first collector is allowed to flow into the second collector
as collectors are connected in series. Hot water while pass-
ing through second collector gains heat and temperature
of water further rises. In this way, heat is gained by water
while passing through subsequent collectors. At the end of
Nith collector, the temperature of water at the outlet of Nth
collector is much higher than the temperature at the inlet
of first collector. The temperature of water at the outlet of
Nth collector is even higher than the temperature of water
in the basin due to heat gain in series connected collectors.
The temperature of water T in the tank is also found to
be more than the temperature of the glass/condensing cover
for the corresponding value (as condensing cover loses heat
to the surroundings through the process of convection,
radiation, and conduction). Water in the basin receives heat
from the collector, direct solar radiation and indirectly from
basin liner. For the subsequent value of collectors (N) = 6,
mf= 0.03 kg/s, depth of water in the basin = 0.14 m, the heat
transfer coefficient (on an hourly basis) has been reflected
in Fig. 6 for the typical day in the month of May. It has been
found that the evaporative heat transfer coefficient is more
than convective, as well as the radiative heat transfer coeffi-
cient as the process of evaporation rate, is higher than con-
vective and radiative process. The evaporative heat transfer
coefficient is higher at 4 pm due to low value of difference
in temperature between (T, — (TgiE/TgiW)). It is noted that
convective and radiative heat transfer coefficients are lost
to the system whereas evaporative heat transfer coefficient
are beneficial to the system (i.e., results in more output).
Fig. 7 reflects the change in instantaneous efficiency
(n,) on an hourly basis for the proposed system at N = 6,
m,= 0.03kg/s and water depth = 0.14 m for a typical day
in the month of May and a comparison study has been
made among the system of different cases (i, ii, iii, and iv).
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Fig. 6. Hourly variation of heat transfer coefficient of dou-
ble slope solar still integrated with N identical fully covered
PVT-CPC collector connected in series for an archetypal day of
May (N = 6).
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Fig. 7. Comparison of hourly variation of instantaneous effi-
ciency of double slope solar distiller unit integrated with N-PVT-
CPC/N-PVT-FPC/N-FPC and passive solar still an archetypal
day of May (N =6).

Considering the case (i), the value of instantaneous effi-
ciency (1),) is more than case (ii) because of the induction of
CPC collectors (which is designed efficiently to collect and
concentrate the distant light energy) which in turn increases
the temperature of the water outlet from the Nth collector
(T, n)- Further, it is noted that instantaneous efficiency of
conventional N = 6 same FPC incorporated with solar still
(double slope-passive) is higher than Fully covered PVT-
CPC connected with distiller system (double slope) because
of the FPCs having more heat exchanging area in absence
of PV module. Also, some portion of solar radiation fall-
ing on the surface of fully covered PVT-FPC is converted
into electrical energy; whereas, solar radiation is not con-
verted into electrical energy in the case of conventional
FPC due to the absence of PV. Hence, heat gain by water
flowing through conventional FPCs is higher than the heat
gain by water flowing through fully covered PVT-FPC. So
more heat is transported to the water circulated through the
tubes underneath the collector which in turn increase the

temperature of the outlet water from Nth collector (T, ).
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The instantaneous efficiency for case (iv) has been found
to be lowest. It happens because, there is no external heat
source connected to solar distiller as solar distiller is in pas-
sive mode. It works on direct heat gain from solar radiation
due to the absence of heat source like collector and hence
temperature of water in the basin is much lower than other
cases resulting in lower distillate production and hence
efficiency is lower.

5. Conclusions

The thermal modeling consisting of equating input
energy to output energy for different components of the
proposed N alike fully covered PVT-CPCs integrated active
distillation system (double slope) has been performed.
The various equations obtained from thermal modeling of
the proposed system have been solved for getting analyti-
cal characteristic equation for the proposed system. The
developed analytical equation for N identical fully covered
series-connected PVT-CPCs integrated active distiller sys-
tem (double slope) is also applicable to same number of fully
covered PVT-FPCs connected with distiller system (double
slope), conventional type N identical FPCs connected with
solar still (double slope), and passive solar still (double
slope). The characteristic curves for various systems namely
(case (iv)) passive solar still of double slope type, (case (iii))
conventional FPCs integrated with solar still (double slope),
(case (ii) fully covered PVT-FPCs connected with distiller
system (double slope), and (case i) PVT-CPCs integrated
with solar still (double slope) have been plotted using a com-
putational program written in MATLAB. Comparison for
different cases has been done. Based on the comparison, it
has been concluded that instantaneous efficiency for the pro-
posed system in case (i) is less than case (iii) whereas more
than case (ii) and case (iv).
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Nomenclature

— Area of receiver covered by PV module, m?
A — Area of aperture covered by PV module, m?
A — Area of glass cover, m?

A — Area of basin, m?

A — Area of east class cover

A — Area of west class cover

b — Breath of receiver, m

b — Breath of aperture, m

CO/CZU —  Specific heat of water, J/kg-K

F’ — Collector efficiency factor

h; — Heat transfer coefficient from bottom of PVT to
ambient, W/m2-K

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

h — Heat transfer coefficient from blackened plate

to fluid, W/m?2-K

Nl

o

I~

~

I~

I~
s

E}

o
3

oL

Radiative heat transfer coefficient from water
to inner surface of east glass cover, W/m?-K
Radiative heat transfer coefficient from water
to inner surface of west glass cover, W/m?-K
Convective heat transfer coefficient from water
to inner surface of east glass cover, W/m?-K
Convective heat transfer coefficient from water
to inner surface of west glass cover, W/m?-K
Evaporative heat transfer coefficient from
water to inner surface of east glass cover,
W/m?2-K

Evaporative heat transfer coefficient from
water to inner surface of west glass cover,
W/m?2-K

Beam radiation, W/m?

Total radiation

Solar radiation impinging on glass cover
facing east

Solar radiation impinging on glass cover
facing west

Thermal conductivity of insulation, W/m-K
Thermal conductivity of glass cover, W/m-K
Thermal conductivity of absorption plate,
W/m-K

Latent heat, J/kg

Thickness of insulation, m

Thickness of glass cover, m

Total length of receiver area, m

Total length of aperture area, m

Length of receiver covered by PV module
Length of aperture covered by PV module
Thickness of absorption plate, m

Mass flow rate of water, kg/s

Penalty factor due to plate below the module
Left-hand side

Right-hand side

Fluid temperature at collector inlet, °C
Temperature of fluid in collector, °C

Ambient temperature, °C

Outlet water temperature at the end of Nth
PVT-CPC water collector, °C

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

Glass temperature at inner surface of west
glass cover, °C

Glass temperature at outer surface of east glass
cover, °C

Glass temperature at outer surface of west
glass cover, °C

Rate of useful thermal output from N identical
fully covered PVT-CPC water collectors con-
nected in series, kWh

Time, h

Temperature of water in basin at time ¢, °C
Ambient temperature, °C

Water temperature at t =0, °C

Average solar cell temperature

Overall heat transfer coefficient from module
to ambient, W/m?K

Overall heat transfer coefficient from cell to
ambient, W/m?2-K
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Uy, — Opverall heat transfer coefficient from solar cell
to absorber plate

u,. — Opverall heat transfer coefficient from solar cell
to ambient

U,, — Opverall heat transfer coefficient from absorber
plate to ambient

N — Number of PVT-CPC water collector

Greek Letters

a, — Absorptivity of the solar cell

p — Reflectivity

T, — Transmissivity of the glass (fraction)

By — Temperature coefficient of efficiency (K™)

n, — Solar cell efficiency

um — PV module efficiency

(at),, — Product of effective absorptivity and
transmittivity

B — Packing factor of the module

o — Efficiency at standard test condition

c — Emissivity

o — Absorptivity

Subscripts

g — Glass

w — Water

in — Incoming

out — Outgoing

eff — Effective
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