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ABSTRACT

Water purification through solar still offers the simplest and most cost-effective method of
purifying contaminated water. The solar still yield is affected by climatic parameters and other
design parameters like condensate cover angle, basin water depth, thermal insulation etc. To
further enhance the condensate water yield, a compound parabolic concentrator integrated to
the solar water still is utilized. In this paper, analytical expressions for basin water, cover glass
temperature, and condensate water yield has been determined in terms of climatic and design
parameters for the proposed fully covered photovoltaic thermal-compound parabolic concen-
trator (PVT-CPC) integrated solar still. The active solar still presented here works with natural
mode of circulation. The analytical expressions for glass temperature (T,), Water temperature
(T,), and basin temperature (T,) have been derived on the basis of energy balance for top glass
cover, water mass in the basin and basin liner respectively. Numerical analysis has been per-
formed for climatic conditions of New Delhi and the climatic data is taken from the Indian
Metrological Department (IMD), Pune, India. The temperature values obtained are used to
compute the hourly yield, instantaneous thermal efficiency and overall thermal efficiency of
the proposed active natural still with the help of MATLAB R2015a. Results are compared with
conventional solar distillation system of same physical dimensions operating under same condi-
tions. The proposed active natural still is found to yield 88.4% higher distilled water against the
conventional still. Further, the conventional still is found to exhibit higher instantaneous ther-
mal efficiency throughout the day with a peak value of 45.1% against 13.6% for proposed active
still. Also, an overall thermal efficiency of 24.2% is obtained for conventional still compared to
9.8% for proposed active still.
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1. Introduction fresh water, a sustainable and renewable energy-based
purification system is the only way forward to bridge
this gap. The current global scenario of water scarcity can
be attributed to the small share of fresh water available
on our planet and to a greater extent can be a credited to
the extremely fast-paced human development. The fresh

Water is the key factor for birth and evolution of life
on Earth. With ever-increasing demand-supply gap for
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water available has been converted to unusable form at
a pace that has left many nations in a state of extreme
scarcity and to look for desperate measures to conserve
whatever water is left with them. The solution to the
crisis lies in its conservation, reuse of water for more
than one purpose and recycling. While the former two
are socially dependent and can only be implemented by
mass education, the latter is the only solution available
to engineers. Over the decades the water recycling has
evolved to a great extent and cities worldwide have in
place water harvesting and sewage treatment systems to
conserve and reuse water at large scale. At a relatively
smaller scale, societies have adopted to conserve water
in underground aquifers and tanks for later use. At the
domestic level, membrane purification technologies have
paved their way to most of the homes and commercial
establishments globally. Though reverse osmosis (RO)
being the most widely used water purification method
today, has its own inherent drawbacks and limitations
like every other technology. Intensive energy consump-
tion and reject water disposal are a few of them. Harness-
ing renewable energy sources for water purification is a
technology that has received its due attention in the last
few decades and one such promising technology is water
desalination through solar stills.

Solar stills operate without an externally connected
energy source, are nonpolluting and provide clean water
at zero operating cost of solar energy. The fundamentals
of solar energy, still design modelling and its applica-
tions are presented by Tiwari [1] Though simple, robust
and cost-effective, the solar stills are yet to be commer-
cialized and developed to be a product as in case of RO
technology due to its low daily yield. Ghobeity and Mit-
sos [2] have presented a detailed discussion of challenges
in the design and implementation of solar desalination
systems.

Giwa et al. [3] have reported the solution to make solar
desalination competent with other technologies combined
with other systems at a large scale. Pouyfaucon et al. [4]
have concluded the best solar desalination solutions based
upon the demand for water and a viable solution for devel-
oping markets for the solar still technology. Abdulkareem
et al. [5] have elaborated a detailed study of recent prog-
ress in solar energy utilization for the purpose of water
desalination and energy and economic efficiency of pas-
sive and active stills.

Tiwari and Sahota [6] have presented a review of the
energy and economic efficiency of passive and active solar
stills. Also, a detailed description of solar collectors and
thermal modelling of active solar desalination systems is
given by Tiwari and Sahota [7]. Tiwari and Tiwari [8-12]
and Panchal and Patel [13] have reported various inves-
tigations to analyze the effect of different parameters on
still performance. An investigation into the effect of water
and airflow on CPC integrated concentric tubular solar
water desalting system (CPC-CTSS) with a productivity
improvement of 144% by the implementation of cold air
and water flow over the condensing surface is reported by
Arunkumar et al. [14]. A combination of solar stills with
PVT collectors to improve daily yield has been reported
by Mousa and Arabi [15]. They have investigated the per-

formance improvement of a still coupled with a thermal
collector and have reported the effect of parameters like
glass cooling and forced circulation on the performance
of the system.

A numerical simulation to analyze the combination
of a CPC with a conventional still is performed and
reported by Pearce and Denkenberger [16]. Deniz [17]
has presented an energy and exergy efficiency of 48.1%
and 2.76% for a flat plate collector coupled with a still.
Poblete et al. [18] have highlighted the role of a reflec-
tor and basin temperature on the performance of a PVT
combined with a solar still. An experimental investiga-
tion into the productivity enhancement of CPC tubular
solar stills is reported by Arunkumar et al. [19]. Tripathi
and Tiwari [20] have investigated the possibility of yield
improvement through the development of an analytical
expression for N-PVT-CPC to investigate the perfor-
mance of N-PVT -CPC concentrators connected in series
with a still.

2. System description

An active solar still under natural circulation mode
coupled with a fully covered semitransparent photovol-
taic thermal compound parabolic concentrator (PVT-
CPC) as shown in Fig. la is investigated in this work.
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Fig. 1a. Schematic representation of (PVT-CPC) integrated solar
still under natural circulation.
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Fig. 1b. Sectional view of fully covered PVT-CPC collector.
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Fig. 1c. Detailed sectional front view of fully covered PVT-CPC
collector system.

The PV integrated thermal collector with semitranspar-
ent PV module as the cover is combined to the solar still
for active mode operation with natural mode of fluid cir-
culation. The incident radiation reflected from the PVT
concentrator falls on the collector area along with the
direct incident radiation. The total area facing the inci-
dent radiation including reflected from CPC is assigned
as aperture area (A ) and the area of semitransparent
PV module receiving the incident radiation is termed as
receiver area (A_ ). The semitransparent module gener-
ates electrical energy while the radiation passing through
the unpacked area of the module is gained by the absorber
surface and the thermal energy is transferred to the
water flowing in the tubes by natural circulation below
the absorber plate of the PVT module. The temperature
of the flowing water thus increases and this preheated
water ensures the active mode operation of the still. In
this manner, the fully covered PVT-CPC panel harnesses
both the visible and infra-red spectrum of the sunlight
for electrical and thermal energy. The electrical energy so
obtained may be utilized for pump operation in forced
circulation mode or any other suitable application. The
performance characteristics of the above system are com-
pared with a conventional single slope solar still without
PVT collector with the same still dimensions under same
operating conditions.

3. Methodology

The methodology adopted for carrying out the analysis
is described in Fig. 2 .

119
3.1. Thermal modelling
Table 1
Design parameters
Parameter Value Parameter Value
A, 1m? [ 9.17 W/m?K
A 42m? U, 5.58 W/m?K
A, 21 m? h, 100 W/m?
F 097 h, 2.8 W/m?
FF 0.88 o, 09
Kg 0.816 W/m K o, 0.8
L, 0.004 m Uy 4.8 W/m?K
K 0.166 W/m K PF, 0.3783
L, 0.100 m PF, 0.9213
K. 6 W/m K B, 0.89
L, 0.002 m T, 0.95
L, 0.100 m p 0.84
u, 3.47 W/m2K o’ 0.0095
u,, 7.62 W/m2K oy 0.1787
, 8.27 W/m?K ' 0.5861
uLm /m O
C, 4200]/kg K M, 50 kg
\% 411 m/s

3.1.1. Assumptions

For the purpose of simplification of the proposed ana-
lytical model, the following assumptions proposed by
Tiwari et al. [21] were made to arrive at the energy balance
equation of the still components

a. The average temperature of water in the solar still-
basin and PVT-CPC is approximately same.

b. The heat capacity of solar cells, absorber, glass cover,
reflector, and bottom insulation is neglected.

c. Solar still basin is always above the height of PVT-
CPC for natural circulation mode.

d. One dimensional heat conduction is considered for

the present modelling.

e. The present modelling is based upon quasi-steady state.
f. The ohmic losses for the semi-transparent PV mod-
ule is neglected.

3.2 Energy balance of system components

3.2.1. Energy balance for the PVT-CPC collector

The energy balance for the PVT-CPC collector by Tiwari
et al. [21] is presented as follows:
[Incident radiation on PVT collector] = [Heat loss from

the solar cell to ambient from top surface] + [heat trans-
ferred from solar cell to absorber surface through glass] +
[electrical energy generated by the PV cover]
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Chmatic data from Indian Metrological Department (IMD),
Pune, India and design parameter from Table 1 has been
used to calculate the glass and basin temperature from

equations (9) and (11) respectively.

With the help of above calculated temperature and
required parameter, temperature of water in solar
still has been calculated from equation (16)

-

A

The rate of evaporative heat consumption is
calculated from equation (17)

b
\("

.
With the help of above calculated values, the hourly
vield, Instantaneous thermal efficiency and overall
thermal efficiency of the systems
calculated from equations (18), (19), (20), (21) and

have been

All equations are solved by using MATLAB

R2015a.

EERC T

Fig. 2. Methodology adopted for the analysis.

Pasﬂgﬁsmlu = usc,umb (Tsc - Tamb)Arpvt + usc,abs (Tsc - Tahs)A

rpot (1)
+Pﬂschl35cIu Aupvt

The corresponding PV cell temperature can be obtained
from the above equation as

(o), e Ly + Use g Tamp + Usse abs Tt
TSC: 1/eff u sc,amb-am §C,avs—avs (2)

usc,umb + usc,abs

3.2.2. Energy balance for PVT absorber surface

Amount of energy transferred to the absorber surface
through unpacked area of the semi-transparent PV module
is the difference of total incident radiation on receiver area
A, and that converted to electrical energy through packed
area of PV module.

2 ’
pactg (1 - BC)IUAupm + usc,amb (ch - Tamb)Aapvt =F hpf (Tabs - Tw )Aapz,vt

+unb5,mnb (Tabs - umb)Arpvt

@)

Absorber surface temperature can be obtained from the
above equation as

B [(O(T)Z,eff + PF1 ((XT)LEﬁ. ]Iu + uLzTgmb + F’hprw

Tps = 4
abs ULZ +Flhpf ( )

The temperature dependent electrical efficiency of the
solar cell of the photovoltaic module is given by Evans [22];
Schott [23] and Tiwari et al. [24] as follows:

Nse = Mo [1 - BO (Tsc = Tamp ):I (5)

Using Eqns. (1), (2) and (4), one can obtain the analyti-
cal expression of temperature dependent solar cell electrical
efficiency for fully covered PVT-CPC collector operating
under constant collection temperature mode as follows:

POt BicCl (g + Upo + PRUsg )+ (U s (0), o 1)
T (F Iy Usc amty + Use U2 + Use, 12
+F’hpfusf,nbsTw -Ty (usc,nmb + usc,nbs)(ph;ﬂf + ULZ)
(usc,nmh + usv,nbs)(F/hpf + uLZ)

Mo| 1-Bo

(6)

| ToPopeB.Cly (Fhyp +Uypp + PRU, )
(usc,mnb + usc,abs)(F’hpf + uLZ)

Now, using Eq. (6), the electrical efficiency and energy
of PV module of fully covered PVT-CPC collectors can be
estimated as follows:

N = Tngcnsc (7a)
and,
Eel = nmpAapvtIu (7b)

Further, following Tiwari [1], the energy balance equa-
tion for glass cover of solar still can be written as follows:

3.3. Energy balance for glass cover of still

[The incident solar radiation over glass + equivalent
heat transfer from water to glass] = [Heat loss from glass to
ambient by convection]

ag/l (t) + Iy (Tw - Tg) =hy (Tg - Tumb) 8)

From the above Eq. (8), the equation for temperature of
the glass is obtained as follows:
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T = o'l (t) + hlew + hzTamb

g (hlw + h2) (9)

3.4. Energy balance for still basin liner

The net energy as absorbed by the basin can be pre-
sented as the sum of the heat transferred to basin water and
heat loss through bottom insulation.

ot 1(t) = Iy (Ty = Top) + By (Ty = Ty ) (10)

From Eq. (10). the expression for temperature of the

basin is obtained as follows:

_ oyl (t)+ Tyhye + My Top
hlw + hb

T, (11)

3.5. Energy balance equation for water mass passing through
active still

: drT,
Qu + h3 (Tb _Tw) = chwd_;.)'*' hw (Tw _Tg)

Where Q, is the useful heat gain due to PVT-CPC as
given by Tiwari et al. [21] as follows:

(12)

Qu = Arpvtvat [PFZ (Ow)mgﬁr Iy = Uy (Tz - Tumb) (13)

The resultant equation in the following form can be
obtained as follows:

Do 1 ar,, =af(t) (14)
a_LI+(LIA)eﬂ

where ——chw

and
ol (t)+(at) . 1, +(U+(UA)eff )T,

e Z (0] U0+ () T .

MyCy
on solving the differential Eq. (14), the temperature of water
in the solar still is obtained as
il
a

|:1 - exp(—aAt)] + Ty exp(—aAt) (16)

where T, is temperature of basin water att = 0 and £(t) is
average value of f(t) for time interval 0 to t.

The rate of heat consumption in evaporation and hourly
yield can be obtained from

qew =heyp (Tw - Tg) 17)

oo\ Ty = T,
m MX%OOkg /m? (18)

ew =

Further, the instantaneous thermal efficiency for con-
ventional solar still (when, Q, =0) can be obtained as fol-
lows:

Ni, conventional = % (19)

The instantaneous thermal efficiency for active solar
still under natural mode can be obtained as follows:

o Qe
nz,uctzve,natuml I(l’) + IuAapvt (20)

The overall daily thermal efficiency for the conventional
solar still with unit area under natural mode for the sunshine
period between 8:00 h to 17:00 h can be obtained as follows:

[Overall daily thermal efficiency] = [Sum total of heat
consumption in evaporation for 24 h] / [Sum total of inci-
dent radiation on still for sunshine hours]

24
. qew
i=1 (21)

No, conventional = 10
210
i=

Also, the overall daily thermal efficiency for the active
solar still under natural mode for sunshine period between
8:00 h to 17:00 h can be obtained as follows:

[Overall daily thermal efficiency] = [Sum total of heat
consumption in evaporation for 24 h] / [Sum total of inci-
dent radiation on still for sunshine hours] + [(Sum total
of incident radiation on PVT-CPC collector for sunshine
hours) X (Aperture area of PVT-CPC collector)]

24
i=1qew

10 10
10+ 3 Al 0

The unknown expressions in the above model are given
in the Appendix.

(22)

No, active, natural =

4. Results and discussion

The discussion over the results obtained by the analysis
are presented under the following heads:

4.1. Climatic and environmental parameters

Hourly variation of incident solar radiation and ambi-
ent temperature for a typical day of the month of March for
New Delhi is shown in Fig. 3. The highest ambient tempera-
ture of 28.9°C occurs at 17:00 h for a corresponding incident
radiation of 285.21 W/m?though the highest incident radi-
ation of 933.33 W/m? is recorded at 13:00 h.

4.2. Electrical power output from semitransparent PV module
of PVT-CPC collector

The PVT-CPC integrated with solar still is fully covered
with a semitransparent PV module that generates electrical
power. The PV module is integrated into the PVT collector
as shown in Fig. 1a, 1b, and 1c. The packed area of the mod-
ule generates electrical power while the unpacked area per-
mits the thermal energy to the collector absorber and hence
to the water flowing into the tubes. Hourly variation of elec-
trical power output from this module is presented in Fig. 4.
The Peak power output of 272.2 W is obtained at noon hours
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Fig. 3. Hourly variation of incident solar radiation and ambient
temperature.

while the minimum energy output is obtained at 8:00 h and
17:00 h corresponding to minimum incident radiation.

4.3. PV module efficiency with respect to cell temperature

Fig. 5 Shows hourly variation of electrical efficiency
of semitransparent PV module covering the PVT system
for corresponding cell temperatures. The relation between
the electrical performance of a PV cell and temperature is a
well-established phenomenon and the results shown for this
case agree with the previous reported literature [25]. The peak
electrical efficiency is found to be 14.3% occurring at 8:00 h
corresponding to an incident radiation value of 283.9 W/m?
and a cell temperature of 39.7°C whereas the minimum effi-
ciency is calculated to be 9.9% occurring at 13:00 h for a corre-
sponding maximum incident radiation of 933.33 W/m? and a
resultant cell temperature of 104.6°C. The changes in irradia-
tion directly affect the short-circuit and output current of the
solar cell junctions [25]. The output voltage of the PV modules
decreases drastically with rise in ambient temperature.

4.4. Temperature variation in still components

A graphical representation of the hourly temperature
variation of still components for the proposed active natural
and conventional systems is presented in Fig. 6. The curves
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Fig. 4. Hourly variation of electrical power output from semi-
transparent PV module.
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Fig. 5. Hourly variation of electrical efficiency of solar module
covering the PVT system for corresponding cell temperature.

correspond to temperature variations of key components
across 24 h. The highest temperature difference between
basin and glass for both systems is found to occur between
12:00 h to 16:00 h with peak temperature difference of 18.9°C
and 14.7°C for active natural and conventional system at
13:00 h respectively. It is found to result in peak hourly yield
for both the systems also to occur during same period with
peak yield obtained at 14:00 h as illustrated in Fig. 7. This
highlights the critical role of higher basin and glass tempera-
ture difference for obtaining a higher yield for both systems.

4.5. Comparison of daily hourly yield variation

A comparison of the hourly yield of the conventional
solar still and the proposed active natural still is presented
in Fig. 7. The hourly yield of the proposed active natural
still is significantly higher than the conventional still during
sunshine hours of 8:00 h to 17:00 h. Also, the total yield of
4.9 kg/d for proposed active natural circulation system is
found to be 88.4% higher than the total yield of 2.6 kg/d
for conventional still. The high-temperature operation [14]
of CPC systems integrated to still and natural circulation of
water in the basin results in higher distillate yield for pro-
posed active natural circulation system as compared to the
conventional system throughout the day.

4.6. Comparison of instantaneous thermal efficiency variation

A comparison of variation in instantaneous thermal effi-
ciency of proposed active natural still against conventional
still is presented in Fig. 8. The comparison period under con-
sideration is sunshine hours between 8:00 h to 17:00 h. The
instantaneous thermal efficiency for conventional still is found
to be higher than the proposed active still throughout the day.
At the start of the day at 8:00 h, the instantaneous thermal effi-
ciency value of the order of 4.3% is obtained for conventional
still against 1.4% for proposed active still. A continuous rise
in instantaneous thermal efficiency value for both the stills is
observed till the end of the sunshine period at 17:00 h.

With decline in incident radiation after 13:00 h, high yield
output corresponding to the reduced instantaneous solar
input is obtained towards evening, hence the peak instanta-
neous thermal efficiency for both the stills is found to occur
at 17:00 h. With peak instantaneous thermal efficiency value
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Fig. 6. Hourly variation of component temperature for conven-
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Fig. 7. Daily hourly yield variation for conventional and active
natural solar still.
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Fig. 8. Instantaneous thermal efficiency variation for conven-
tional and active natural solar still.

of 13.6% at 17:00 h, the proposed active still is 69.8% less effi-
cient than the conventional still with 45.1% instantaneous
thermal efficiency value. The conventional still is found to
exhibit a comparatively higher increment in instantaneous
thermal efficiency value after 13:00 h. The total area receiving
the incident radiation for proposed active still is 5.2 times the
area of conventional still. The smaller total glass area of con-

ventional still compared to large total glass area of proposed
active still intercepting the radiation. This can be credited
to a sharper rise in instantaneous thermal efficiency value
corresponding to a smaller change in incident radiation for
conventional still. Larger solar interception area along with
higher operational temperature leading to higher top and
bottom losses together can be credited to a lower instanta-
neous efficiency trend for proposed active still.

The overall thermal efficiency calculated for 24 h for
conventional still was found to be 24.2% against 9.8% for
proposed active still. Compared to proposed active still, the
conventional still offers a higher instantaneous and over-
all thermal efficiency but smaller value of hourly and total
daily yield.

5. Conclusions

The following key findings were made by the analysis:

1. The PVT- CPC integrated active solar still under nat-
ural circulation was found to produce 4.9 kg of dis-
tilled water per day, that is 88.4% higher yield than
the conventional still.

2. The instantaneous thermal efficiency value for the
conventional system was found to be higher than
that of the proposed active still throughout the day.
The peak instantaneous thermal efficiency values for
conventional and proposed active still were found to
be 45.1% and 13.6% respectively, both occurring at
17:00 h.

3. The overall thermal efficiency value for conventional
and proposed active still was calculated for 24 h. The
conventional still was found to be 146.9% more effi-
cient than proposed active still.

4. The proposed active still with 5.2 times larger area
intercepting the incident radiation exhibited consid-
erably higher yield than conventional still through-
out the day and is better suited for conditions where
yield is the first priority compared to floor space.

5. In case of proposed active solar still, apart from
enhanced daily yield, electrical power is the added
benefit which can be used to drive motor for forced
mode or any other suitable application.

Symbols

A, — Basin area

Amt —  Area of aperture for PVT-CPC collector
(m?)

AW —  Area of receiver of PVT-CPC collector (m?)

b, —  Width of receiver (m)

b, —  Width of aperture area (m)

C, —  Specific heat of Water (J/kg K)

F —  Factor of efficiency for PVT collector

h, —  Coefficient of heat transfer for space
between glazing and absorber surface
(W/m2K)

h’; —  Coefficient of heat transfer of bottom of

PVT-CPC and ambient (W/m?K)
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m,amb

S

g.amb

<

sc,amb

S

sc,abs

<

abs,amb

I <

ew, conventional

m

ew, active,natural

Greek

R

Ao oo™

K.N. Mishra et al. / Desalination and Water Treatment 156 (2019) 117-125

Coefficient of heat transfer from top
surface of PVT-CPC (W/m?K)
Coefficient of heat transfer from PVT-
CPC absorber surface to water (W/m?K)
Useful solar radiation intensity (W /m?)
Total Incident solar radiation intensity
(W/m?)

Thermal conductivity of glass cover
(W/mK)

Thermal conductivity of the bottom
insulation (W/m K)

Thermal conductivity of absorber sur-
face (W/m K)

Thickness of glass cover (m)

Length of receiver of semitransparent
PV module (m)

Length of aperture of semitransparent
PV module (m)

Thickness of bottom insulation (m)
Thickness of absorber surface (m)
Mass flow rate of fluid (kg/m?)
Penalty factor due to glass cover of
semitransparent PV module

Penalty factor due to absorber surface
below PV module

Penalty factor due to glass covers for
collector covered by glazing

The rate of useful thermal energy (W)
Ambient temperature (°C)

Cell temperature (°C)

Basin water temperature in solar still
(°C)

Temperature of water in circulation (°C)
Inlet temperature of water (°C)

Outlet temperature of water (°C)
Surface temperature of absorber in
PVT collector (°C)

Reference cell temperature for opti-
mum cell efficiency i.e. 25°C

Overall heat loss coefficient from mod-
ule to ambient (W/m?K)

Overall heat loss coefficient from glaz-
ing to ambient (W/m?K)

Overall heat loss coefficient from cell to
ambient (W/m?K)

Opverall heat loss coefficient from cell to
absorber surface (W/m?K)

Overall heat loss coefficient from
absorber to ambient (W/m?K)

Air velocity (m/s)

Daily hourly yield per hour for conven-
tional still (kg/h)

Daily hourly yield per hour for pro-
posed still (kg/h)

Absorptivity

Packing factor

Temperature coefficient of efficiency
Reflectivity

Transmissivity

n
n;
(o7)

eff

—  Efficiency

— Instantaneous thermal efficiency

— Product of effective absorptivity and
transmittivity

Subscripts

— Ambient

—  Solar cell/collector
—  Effective

—  Fluid

—  Inlet fluid

—  Outlet fluid

— Glass

—  Module

—  Absorber

—  Electrical
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The following unknown terms were used in presented

thermal modeling.
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Arpv = brLrpvt;Aapvt =b,L

apot 1

Aapvt

A

rpot

(Ow)l,eff = (asc - nsc)pTgBC;

(OL‘C) = POlgpsT 2 (1 - Bsc )C;
2,eff g

(oct)m,eﬁ = [PFl (on)lleff + (O(T)Z,effj|’.

(UA)gjf = Arpvtulpvt;

(ow)eﬁ, = Ayt PF> (O‘T)meff ;



