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ABSTRACT

This paper presents an analytical expression for the temperatures of the plant, room air, and solar cell, as well as
the electrical efficiency, for a photo-voltaic thermal (PVT) roof fagcade of a greenhouse integrated semi-
transparent photovoltaic thermal (GiSPVT) system. The expression considers climatic variables such as solar
intensity and ambient air temperature, as well as design parameters such as the area of the PV module, electrical
efficiency under standard test conditions (STC), temperature coefficient, and various heat transfer coefficients.
Using monthly numerical computations for different parameters in Indian climatic conditions, this study evaluates
energy matrices such as energy payback time (EPBT), energy production factor (EPF), and life cycle conversion
efficiency (LCCE) for various solar cell materials, including single-crystalline (c-Si), multi-crystalline (mc-Si),
amorphous (a-Si), copper indium gallium diselenide (CIGS), and cadmium telluride (CdTe), with and without
thermal exergy. Considering that the life span of greenhouse materials varies from 5-30 years for low cost,
medium, and high-tech greenhouses, different solar cell materials are recommended for different life spans of
GiSPVT. Therefore, this study recommends suitable solar cell materials for known greenhouse

designs:

(a) The EPBT and (LCCE considering thermal exergy for c-Si/mc-Si range from approximately 3.5 to 4.5 years
and 13 to 22%, respectively. Consequently, these values render crystalline silicon solar cells highly fitting for

application in high-tech greenhouses with a comparable lifespan.
(b) For the CIGS, the EPBT is 1.17 years with an associated LCCE (including thermal exergy) of 16.44%. This

establishes CIGS as particularly well-suited for deployment in cost-effective greenhouse environments

https://doi.org/10.30501/jree.2023.370499.1500

1. INTRODUCTION

Recently, the energy and food demand has been increasing
significantly throughout the world due to uninterrupted
population growth especially in developing and under-
developing countries (increasing by more than 90 million per
year) (as per internet source, Refl6). Simultaneously, the
agricultural land is also declining due to fast growth of
industrialization (as per internet source_Ref2). Therefore, the
demand for energy and food security per capita has increased
significantly in recent years. In order to meet these
demand/requirements, the existing available land must be
accessible to increase agricultural yield, particularly
vegetables, and electrical power generation on a yearly basis.
One of the concepts introduced for remote rural areas is the
greenhouse integrated semi-transparent photovoltaic (GiSPVT)
system (Yadav et. al., 2022 and Tiwari et. al., 2022), which
combines vegetable production and electricity generation. The
GiSPVT can be used in barren lands to increase productivity in
various ways (Tiwari and Tiwari, 2021 and Deo et.al., 2017).
The mentioned system is a self-sustaining system that is not
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only environmentally-friendly but adaptable to climate change,
especially to cold climates. In addition, the electrical power
generated by the system can be used for cooling a greenhouse
under any hot climatic conditions. Tiwari and Tiwari, 2021
implemented such a unit in Jawahar Nagar (Magupur),
Chilkahar-22 17 01, Ballia (UP), India on barren land with an
effective area of 80x120 square feet and a capacity of 30kWp.
They utilized a single crystalline silicon solar cell with varying
packing factors for the semi-transparent PV module. The
system used a c-Si based semi-transparent PV module as a roof
facade, due to its longer lifespan of 30 years with a reinforced
concrete-cement (RCC) structure, making it a high-tech
greenhouse.

Many attempts have been made so far to increase the electrical
efficiency, stability, and service life of a solar cell to make the
solar photo-voltaic thermal (PVT) system more economical
(Durish et. al., 2007, Virtuani et. al., 2010, Tiwari and Mishra,
2011 and Evans, 1981). Thermal coefficient is one of the
sensitive parameters that affects the electrical performance of a
PV module. As reported in the literature, researchers have
managed to compile electrical efficiency, expected life, specific
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energy densities, and thermal coefficients of different solar cell
materials, namely single-crystalline (c-Si), multi-crystalline
(mc-Si) and amorphous (a-Si), copper indium gallium
diselenide (CIGS), and Cadmium Telluride (CdTe) (Rathore et.
al, 2019, Murali et. al., 2021, Karthicka et. al., 2018, Mishra
and Tiwari, 2013 and Agrawal and Tiwari, 2013). It is also
known that the integration of semitransparent photovoltaic
(PV) module is most suitable for greenhouses of uneven type.
The construction material used for greenhouses has different
life spans, varying from 5 to 30 years (Tiwari, 2003).

Due to different life spans of greenhouse construction, a
suitable solar cell material is required for a given design of a
greenhouse that matches the life of greenhouses based on
energy matrices. Therefore, there is a strong need to study the
effect of different solar cell materials of solar cell on the
performance of GiSPVT system in terms of energy matrices.

To evaluate the energy matrices of the GiSPVT system with
and without thermal exergy, the present study is carried out.
The numerical computations for different solar cell materials in
the GiSPVT system are performed using average temperature
coefficients. The analytical expression for electrical efficiency,
derived in this study in terms of the thermal coefficient of the
PV module, is utilized to calculate the monthly variation of
electrical power produced from the roof face of the GiSPVT
system. The monthly average solar radiation and ambient air
temperature for Indian climatic conditions are used in the
computation. Based on monthly performance, annual electrical
power used to calculate energy matrices has been evaluated. On
the basis of numerical computation, it has been observed that
(i) c-Si base PV module is more practical and economical from
energy point of view for a high-tech greenhouse than other solar
cell materials and (ii) there is not significant variation in energy
matrices by considering thermal exergy. Further, experimental
validation of hourly variation of the plant, the room air, and the
solar cell temperatures has been carried out using the present
thermal model of GiSPVT for a typical day.

2. OPERATING PRINCIPLE OF GREENHOUSE
INTEGRATED SEMI-TRANSPARENT PHOTO-
VOLTAIC THERMAL (GISPVT) SYSTEM

Figure 1 shows the cross-sectional view of an uneven
greenhouse integrated semi-transparent photo-voltaic thermal
(GiSPVT) system, which has been used for the present analysis.
The incident solar radiation on the roof fagade is directly
transmitted through the non-packing area of a semi-transparent
PV module inside the greenhouse | 7,2(1 — £)AgsI(t)], which
is a direct gain. Further, the incident solar radiation falling on
the packing area of a semi-transparent PV module after
transmission from the top glass cover of PV module
[a.tyBARsI(D)]is partially converted into DC  power
[n0T4BARsI(£)]and the remaining is used to heat the solar cell
of PV module, hence an increase in its temperature. After the
increase in the temperature of the solar cell of PV module, there
are indirect top [Up.q(T. —T,)Ags|and bottom losses
[Up, e (T, — T) Ags| to ambient and inside greenhouse through
conduction and convection, as shown in Figures. 2 and 3,
respectively. The solar radiation that enters the GiISPVT room
directly is utilized for photosynthesis or for heating the plants
and the air inside the greenhouse. On the other hand, the
indirect gain to the greenhouse room is only utilized for thermal

heating of the greenhouse air. The electrical efficiency of the
solar cell in the PV module will be at its maximum when there
is @ maximum thermal energy loss from the solar cell to both
the ambient and greenhouse air, which is due to the low
operating temperature range of the solar cell. Thermal
resistance and thermal circuit diagram of the GiSPVT system
are shown in Figures 2 and 3, respectively. The design
parameters and various heat transfer coefficients are given in
Table 1.

Heat loss to ambient from north roof

Indirect gain from back of the solar cell

Heat loss to ambient
from south roof
Direct gain from
transparent space

A
Heat loss to ambient
from side glass walls

Figure 1. Schematic diagram of the greenhouse integrated
semi-transparent photo-voltaic thermal (GiSPVT) system

Direct solar ain fromside walls

Ta

Direct
gain

Direct
gain Cw
1/Uyg

TOO

Figure 2. Thermal resistance diagram of GiSPVT
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Figure 3 Thermal circuit diagram of the GiSPVT system

Table 1. Design parameters of GiSPVT system (Tiwari et al., 2022)
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(iv) The heat capacities (M,C,) of the plant and the water
(M, C,,) are considered the same due to maximum holding
of water in the plants.

(v) Across thickness of conducting, insulating and air
materials, there is no temperature gradient.

(vi) Heat capacity of each material of GiSPVT is negligible,
except the heat capacity of plant.

(vii) All walls are covered by movable insulating curtains.

(viii) The inside ground temperature is assumed to be equal to
ambient temperature, i.e., Too = T,.

Based on the above assumptions and following Figures. 2 and
3, the basic energy balance for each component of uneven
GiSPVT is written as follows:

(@) For semi-transparent south PV roof
ach.BARSI(t) =Utca (Te — Tg)Ags + Ub,cr(Tc — T )Ags +
N0TgBArsI (L) 1)

The values of electrical efficiency under standard test condition
(STC), energy density, temperature coefficient, and embodied
energy for different solar cell materials are given in Table 2.
(b) For GiSPVT room air

Uper(Te = T)Aps + by (Ty = T )Ap = T, A U(T, = T))  (2)

3. THERMAL AND ELECTRICAL ANALYSIS OF THE
SYSTEM
The following assumptions are considered to develop energy

balance equation for each component of the GiSPVT system:

(i) The analysis has been carried out in a quasi-steady state
condition.

(i) No electrical losses have been considered between two
solar cells of PV module due to low electrical resistance of
copper material.

(iii) Ethyl Vinyl Acetate (EVA) has about 100% transmittivity.

Numerical Numerical insi i
Parameters Parameters © For plant inside GISPVT
values values Yhe1 Ak Uk(Too = Tw) + 142(1 — P ApsI () + 14 X3, A; I =
dr,
A 0.71m? No of PV 168 MGy PTI hy (Tp - Tr)AP ?3)
module where 7, 213-=1 A; I;=0. All solar radiation exposed walls are
Aw(glass Ag = . either opaque walls of un-even GiSPVT or insulated glass walls,
37.12 Upar 3.5084 W/m2°C o
wall) and the north roof takes zero value as per last assumption vii.
AsAy = 44.6227 Ut ca 9.1794 W/m2°C Following (Tiwari et al., 2022) and some algebraic
A 83.9785m7 a 09 simplification, the solution to Eq. 3 can be obtained
below:
Ags 245.05m? B 0.22,05,0.8 [ o . |
_ {TgZ(1_ﬂ)"'PFZ(aT)eff}ARSI(t)+TgZj:1Aj1_] — _ -at
Awpe = Awpw | 0.1219 7, 0.95 Tp= { [0 watTie, ArUr] + Ta} A—e™)+
Awps = Aw 297.87m? o 0.15 Tpoe ™" “
0 where T, is the initial plant temperature att = 0,a =
Cy 4192 Ikg’C | (ar)esy 0.2179 X
[(UA)wa+ER=14kUx] and
Vi (100-535)m® | (aT)mess 85.9006 My, C
hiA,
PF 0.3822 0.98 PF, =
! Y 27 Ay + UpgrAgs + Y1 AU
PF2 0.7805 Too 25C Now, the average water temperature can be determined as
(UA)ya 1375.5 Up,er 5.6789 W/m2°C follows:
E . E = _ 1.t _ (lmg* Q=B+ PRy (@) e p)ARsI(B)+Tg £3-1 Aj | —} _
U; 3.5 W/m2°C Uk 1-3Wim2°'C T, =1 Tydt = { T AT +To{(1

)+ Ty (5)

After evaluating hourly variation of T, from Eq. 5 from a given
design and climatic parameters, the hourly average variation of
room air and solar cell temperatures is obtained using the

following equations as: T, =
(@0) e fARsI (D) +[Ura1 ARsTa+h1ApTp+ Y7, AiUiT|
[Ura1Ars+h14p+35, AU -
(“T)effARSm [UralARS+EL$=1 AiUi] I
[Ura1Ars+h1Ap+35, AU [UraiAps+h1Ap+3i, AU;] @
h14p -
[UralARS+h1AP+Zi5=1 A,-U,-] Tp (6)

and
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Tgﬁ(ac_rlo)l(t)"’ut,caTia*' Up,erTr _

Tgﬁ(ac_no)l(t)"'ut,cara +
Ub,cr+Ut,ca

Ub,cr+ Ut,ca

Y_'CZ

U CT T

Ub,crI:'Ut,ca Tr (7)
Equations 4-7 are applicable to most of blue sky clear climatic
conditions and itis used to evaluate  (a) monthly average
variation of plant, solar cell, and room air temperatures in the
present study and (b) daily hourly variation of plant, solar cell,
and room air temperatures for given hourly solar intensity and
ambient air temperature for experimental validation.

Substituting Eqg. 6 into Eq. 7, we can:

,17 _ Tgﬁ(ac_no)l(t)"'ut,caT_a Up,cr (aT)effARsm
¢ Ub,cr+Ut,ca Ub,cr+Ut,ca [UralARS+h1AP+ZiS=1AiUi]
[UraiArs+3i, AiVi] = h14p &=
5 at 5 Tp
[Ura1ARs+h1Ap+E7_; AiU;] [Ura1ARs+h1Ap+¥3_, AiU]

or,

’fc _ TgB@c—1o)I()+UtcaTa Up,cr (@T) eppARsI(E)
Ub,cr+Ut,ca Ub,cr+Ut,ca [UralARS+h1AP+Zi5:1 Aiui]
Ub,cr [UralARS+2i5:1AiUi] T Ub,cr
Ub,cr+Ut,ca [UrELlARS+h1AP+Zi5=1AiUi] a Ub,cr+Ut,ca

h1Ap 7
[Ura1Ars+h14p+Ei, AU P

®)

Now, substituting an expression for T,, from Eq. 5 into Eq. 8,

one gets
T. = TgB@c—1o)I(0)+U¢cqTq Up,cr (@r) eppARsI(E)
Ub,er+Utca UpertUtca  |UrarArs+hlAp+Yi, AU
Ub,cr [UralARS+2i5:1AiUi] T Ub,cr
UpertUtca  |Ura1Ars+h1Ap+3i, AU ¢ UpcrtUpca
h14p [{[{rg2(1—B)+PFz(ar)eff}ARsm+rgZ§=1Aj17]+
[Ura1ARs+h1Ap+E3_; AiU;] (VA wa+Ei=1 ArUk]
— _p—at _,—at
Ta}(l_lzt )+T1’01:t ] ®)

The above thermal model for GiSPVT room air and solar cell
temperature for a typical day of Ballia (UP),  India has been
validated experimentally (Tiwari, et al, 2022).

4. ELECTRICAL POWER OF GISPVT

For known analytical expression of monthly average solar cell
temperature (T,), Eq. 8, an analytical ~ expression of monthly
average instantaneous electrical efficiency of PV module
(1mi), Evans (1981), of the un-even GiSPVT can be obtained
as follows:

_ _ T‘gﬁ(“c—no)@‘*l}t,caﬁ Up,cr
nmi B Tgno [1 - BO ( Up,crtUtca Ub,crtUtca

(aT)effARSm Up,cr [UralARS+2i5=1AiUi] T
[UralARS+h1AP+ZiS=1AiUi] Up,ertUtca [UralARS+h1AP+Zi5=1AiUi] a

Up,cr
Up,crtUtca
h14p [{[{rg2(1—B)+PFz(ar)eff}ARsﬁ+rgZ§=1A/17]+

[Ura1Ars+h1Ap+Ei; AiUi] (A wa+Ek=s AicU]

T_a} (1-225) + 7o 1‘;—”] - 25)] (10)

at

Eq. 10 can be used to determine the average monthly PV module
efficiency for the numerical value of n, and g, for different solar
cell materials, as given in Table 2.

Table 2  Specifications of various silicon and non-silicon-based PV
modules (Durisch et al., 2007; Virtuani et al. 2010; Tiwari and Mishra,
2007)

PV Specifi | (Ein) of
PV Average
. module | Expecte ¢
Different o . energy | module temp.
efficienc d life : e
Solar cell n density , coefficie
materials y % (YF;’\;) En | An=0.7 nt
" mo (KWh | 1m? | p(CY
) m?) | (kWh)
c-Si
(Single- 16 30 1190 | 8449 | 000535
crystalline
)
mc-Si
(Mult- 14 30 910 6461 | 0.00425
crystalline
silicon)
nc-Si
(Nano-
crystalline 12 25 610 433.1 0.0036
-Silicon)
a-Si
(Amorpho 6 20 378 268.38 0.00115
us silicon)
CdTe
(Cadmium 8 15 266 188.86 0.00205
Telluride)
CIGS
(Copper
indium 10 5 245 17.395 0.00335
gallium
selenide)

4.1.1 Monthly Average Electrical Output

By using the monthly average value of PV module electrical
efficiency (77,,;) obtained from Eg. 10 for monthly electrical
energy, Epmonenry in KWh is given as

Emonthly (kWh) =
NmiXI() XAy xNumber of PV modulexNxnumber of days in month (11)
1000

where N is the number of sunshine hours in a day and varies
from January to December for a given location.

4.1.2 The Yearly Electrical Output

Yearly electrical output of monthly electrical energy from
January to December can be obtained by

Eyearly(kWh) = 211<2:1 Emonthly,k (12)
4.2 Thermal Energy of GiSPVT

The average monthly thermal energy can be obtained as

follows:
_ chw(Tw,monthly_Ta)
Qu,monthly,th(KWh) - W

numberof days in a given month (13a)

X 24 X

where Ty, monthly IS monthly variation of water temperature
obtained from Eg. 5.

The average monthly thermal exergy, Qyu monthly,th-ex, Can be
determined using Eq. 13a as follows:

_ chw(Tw,monthly_Ta)
Qu,monthly,th—ex(KWh) - 1000x3600 X 24 %

number of days in month (13b)

The average yearly thermal exergy, Qumonthiy,cn(KWh), is
given by
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_ Mpcp(Tw,monthly_Ta)
Qu,monthly,th (KWh) = 1000x3600 X 24 %

number of days in a given month (13c)

The average yearly thermal exergy, Qy yearty,ch. IS given by

M, C,X24X365

Qu,yearly,th(KWh) = m [(Tw,max - Tw,min) -

(T, F 273)lnM] (14)

Twmint273

where Ty, max and T, i Can be obtained from monthly
variation from analytical expression o water temperature (T,,,)
using Eq. 5 for the given climatic and design parameters.

Total yearly exergy of GiSPVT can be respectively written
using Egs. 11 and 16b as follows:

EXT,yearly =Eyear1y(kWh) + Qu,yearly,th(KWh (15)
5. ENERGY MATRICES

The energy payback time, the energy production factor, and the
life cycle conversion efficiency are three main energy matrices.
In the following subsection, without thermal exergy and with
thermal exergy, these matrices have been assessed for various
solar cell materials

5.1 Energy Payback Time (EPBT)
(2) Without Thermal Exergy

Now, the total embodied energy (Ej;, ) of semitransparent roof
of GiSPVT can be evaluated as

Eint =

The number of semitransparent PV modules in south roof x

an area of one PV module (m?) x embodied energy E;,(kWh)

(16)

Here, the embodied energy for a given design of GiSPVT
system is constant for different solar cell materials.

The embodied energy, E;,(kWh), for the PV module of 0.71
m? for different solar cell materials is given in Table 2.

Then energy payback time (EPBT) of the GiSPVT system is
calculated as follows:

EPBT = L3 1 @a7)

yearly

The numerical values of E,.4,,,, and E;;, + can be considered for

different solar cell materials using Eqgs. 11 and 15, respectively.
In this case, we will analyze the GISPVT system without
thermal exergy. If EPBT is much less than the expected life of
the semi-transparent PV roof system, then thePV system will
be considered economical; otherwise, it is rejected.

5.2 Energy Production Factor (EPF)

The energy production factor (EPF) is the whole life of
GiSPVT system which depends on annual electrical
energy [Eyearty|, life of PV system, and embodied energy
(Ein,) and it is defined as follows:

EyearlyXLife of PV system

EPF = >1 (18)

Ein,T

Further, the numerical value of EPF should be as maximum as
possible along with minimum energy payback time (EPBT).
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5.3  Life Cycle Conversion Efficiency (LCCE)

The life cycle conversion efficiency (LCCE) depends on annual
electrical energy [Eyeary|, life of PV system, and embodied
energy (E;, r) along with annual solar radiation and it is defined
as follows:

EyearlyXLife of PV system—Ej, T

LCCE = Yearly solar radiationxLife of PV system (19)
Here,

Yearly  solar  radiation  on roof  (kWh) =
number of PV modulexarea of PV module XZ}-; IjX11hr (20)

1000
Itis to be seen that among all the cases considered for different

solar cell materials, the GiSPVT system will be economically
viable from an energy standpoint if the following criteria are
met:
* EPBT should be minimized;
* EPF should be maximized;
+ LCCE should be maximized.
(a) With Thermal Exergy
In this case, a yearly electrical energy in Eqg. 12 is replaced by
total exergy, Exr yeqriy, in EQ. 15. Thus, the above conditions
should be met.

6. METHODOLOGY TO ESTIMATE THE ENERGY
MATRICES OF GISPVT SYSTEM

As shown in the flow chart in Figure 4, the numerical
computation is adopted as follows:

Step 1: Equations 9-12 are directly used to compute
monthly average (i) solar cell temperature, T, (ii)
instantaneous PV module electrical efficiency, 1,,;, (iii) the
electrical energy, Ey;oneny, and (iv) yearly electrical energy,
Eyeariy, based on the data given in Table 1 and Figure 5. The
results are summarized in Figures 6-9.

Step 2: Equation 5 is employed to compute the monthly
average water temperature, [T,,], Figure 6.

Step 3: After determining the monthly average water
temperature [T,] using Eq.5, Egs. 13-14 are used to
evaluate the monthly thermal
energy, Qu monthiy,cn, the monthly thermal exergy,

Qu,monthly,th—ex’ and the yearly exergy' Qu,yearly,th-

Step 4: Equation 6 is used to compute the average monthly
GiSPVT room air based on [T,,] data given in Step 2, Figure
13.

Step 5: After determining Eyeany(kWh) in Step 1 and
Quyearty,n(KWh) in  Step 3, the total yearly
exergy(Extyearly) can be evaluated through Eq. 15, Figure
14.

Step 6: Equations 17-19 are utilized to compute energy
matrices of the GiSPVT system based on the data given in
Steps 1-4, Table 3.
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7. RESULTS AND DISCUSSION 2
Numerical computations were conducted using Matlab based E7
on the methodology outlined in Section 6, and using the design =
parameters listed in Table 1 and climatic parameters shown in 5"
(=]
Figure 5. The observed decreasing trend in monthly solar s
- . . 65
radiation from May to December can be attributed to the
changing weather conditions from summer to rainy and then w0
winter conditions. During these periods, there is an intermittent ¥
cloudy condition and there is variation in sunshine hours. The Jam  Feb Mach Aprl Mey Jwme kil Aug Sept Oct Nov Dec
N . Month of a year
average solar cell temperature of each material, as shown in
Figure 6, indicates that there is not much difference between Figure 6. Average monthly variation of solar cell temperature for

temperatures of each individual solar cell. It may be due to the
negligible heat capacity of solar cell material (assumption vi).

different solar cell materials

The solar cell temperature is maximum in summer (92°C) and » N e
minimum in winter (30°C) as per expectation. Further, the —t+—meSi

instantaneous electrical efficiency of the solar cell is minimum i‘a‘;s‘

in summer and maximum in winter as per conclusion given by A CIGS

various authors (Figure 7). However, Figure 8 shows that the

[
:
T
Q
="
<
=)

average monthly variation of electrical energy is maximum for
c-Si solar cells and minimum for CdTe solar cells. These
decreasing trends result from decrease in electrical efficiency
of solar cell materials, as given in Table 2. It should be noted
that there is a decrease in monthly electrical energy during the
months between March and May, and August and September
due to changes in the solar radiation values, as shown in Figure
5 for partially cloudy conditions during these months.
However, the yearly electrical energy for c-Si and a-Si solar SJan F;b March April My Jume Ty Aug Seot Olct N(‘)v e
cells is maximum (2000 kwh) and minimum (750 kwh), Month of a year

respectively, as shown in Figure 9.

(

Monthly average efficiency (%)
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Figure 7. Average monthly variation of electrical efficiency of the
solar cell for different solar cell materials
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Figure 8. Average monthly variation of electrical energy of solar cell
for different solar cell materials

According to Figure 10, the average monthly variation of
GiSPVT water/plant temperature is similar for most solar cell
materials, with only the crystalline silicon (c-Si) cells showing
slightly higher temperatures. The temperature is maximum
(46.5°C) in May due to longer clear days and sunshine hours.
Further, the monthly variation of thermal energy based on the
first law of thermodynamics is shown in Figure 11 and the
monthly exergy based on the second law of thermodynamics is
shown in Figure 12. There is a change in variation due to the
destruction that takes place in the second law of

thermodynamics, unlike the first law of thermodynamics.
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Figure 9. Yearly electrical energy of solar cell for different solar cell
materials
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Figure 10. An average monthly variation of GiSPVT water
temperature for different solar cell materials
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Figure 11. An average monthly variation of thermal energy of
GiSPVT for different solar cell materials
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Figure 12. An average monthly variation of thermal exergy of
GiSPVT for different solar cell materials
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An average monthly variation of GiSPVT room air temperature
for different solar cell materials is shown in Figure 13, which
is lower than the solar cell temperature (Figure 13) and higher
than water temperature (Figure 10). The results are consistent
with our expectation, with similar trends observed in Figures
13 and 14.

Equation 15 is used to evaluate the total exergy, which includes
yearly electrical energy and thermal exergy of GiSPVT system
for different solar cell materials, as shown in Figure 14. It can
be seen that the total exergy for c-Si solar cell is maximum and
minimum for mc-Si solar cell. Both c¢-Si solar cell and mc-Si
solar cell are most suitable for high-tech uneven-type
greenhouse construction.

75 b : -

20k dre]

Room temperature (°C)

551 B

50 B

Jan Feb March April May June July Aug Sept Oct Nov Dec
Month of a year

Figure 13. An average monthly variation of GiSPVT room air
temperature for different solar cell materials

Energy matrices namely energy payback time (EPBT), energy
production factor (EPF), and life cycle conversion efficiency
(LCCE) are calculated using Egs. 17-19 with and without
thermal exergy. The results for yearly exergy with and without
thermal exergy obtained in Figures. 5-14 are used and the
results are obtained for energy matrices and given in Table 3.
In addition to energy matrices, we have also evaluated the
difference between the life of a semitransparent PV module and
its energy payback time (EPBT). This is very important in
making decisions about economic viability of a PV module for
each material. Here, one can observe that the CIGS solar cell
has a minimum energy payback time of 2.52 years; however,
the life of CIGS solar cell is 5 years. This means that it can work
more than 2.48 years in addition to its EPBT of 2.52 years. This
indicates that the CIGS PV module should be replaced every
five years. Therefore, the CIGS PV module is most suitable for
low-cost greenhouses. Although c¢-Si and mc-Si solar cell
materials have the same lifespan of 30 years, the difference
between their energy payback time (EPBT) and the lifespan of
the PV module is 22.04 and 23.33 years, respectively.
Furthermore, since the mc-Si solar cell has a shorter energy
payback time of 6.67 years, it is preferred over all other solar
cell materials for the manufacturing of PV modules and is even
more preferable for high-tech greenhouses. As can be implied,
There is an improvement of 3 years in the difference between
the life of the PV module and the energy payback time by
considering thermal exergy in evaluating energy matrices.
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Figure 14. An average monthly variation of total exergy of GiSPVT
for different solar cell materials

8. EXPERIMENTAL VALIDATION

Equations 5-7 are utilized to compute hourly plant, room air,
and solar cell temperatures for design parameters given in
Table 2 and the hourly data of solar radiation and ambient air
temperature determined by (Tiwari et al., 2021). The results are
summarized in Figure 15. It is quite clear that the hourly solar
cell temperature is higher than GiSPVT room air and the plant
temperatures, as expected. Further, the results of Figure 15 are
consistent with the results reported in Figures 6, 10, and 13 for
monthly variation.

35
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30 temperature
—¥— Measured Solar cell
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Figure 15. Experimental observation of hourly variation of plant,

room air, and solar cell temperatures by the present model for each
temperature adopted from (Tiwari,.et al, 2022)

9. CONCLUSIONS AND RECOMMENDATIONS

Based on the present study, the following conclusions and
recommendations have been made:

(i) The analytical expression for the solar cell temperature and
electrical efficiency of the photovoltaic thermal (PVT) roof
facade of GiSPVT was derived in terms of design and
climatic parameters, which is applicable to all weather
conditions.

(if) The performance of energy matrices of various solar cell
materials was assessed to determine their suitability for
different types of greenhouses, namely low-cost, medium-
tech and high-tech greenhouses.



(iii)

(iv)

v)
(vi)
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The comparison among various solar cells material was
made for EPBT, EPF, and LCCE on the basis of annual
thermal energy (first law of thermodynamics) and exergy
(second law of thermodynamics).

The mc-Si semitransparent PV module was the most
suitable choice among the considered solar cell materials
for the high-tech GiSPVT system, owing to its longer
lifespan and higher life cycle conversion efficiency .

The CIGS was most suitable for low-cost greenhouses.

It is recommended that the experimental validation of the
present thermal model be carried out by considering
different solar cell materials for low-cost as well as high-
tech uneven greenhouses.
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NOMENCLATURE

A; Glass walls/ north roof area (m?); i=1 (east wall), 2 (south wall), 3

(west wall), 4 (north wall) and 5 (north roof)

A; Glass walls area (m?); j=1 (east wall), 2 (south wall) and 3 (west wall),

Ay The water pond walls area (m?); 1(east wall), 2 (south wall), 3 (west

wall), 4 (north wall) and 5 (base of water pond)

Ags Area of south semi-transparent PV module roof (m?)’

A, The water surface area (m?)

Cy Specific heat of water, (J/kg’C)

h, Total heat transfer coefficient from water surface of pond to Un-
even CE greenhouse room air (W/m?°C)

I(t) Solar radiation received by south semi-transparent PV module
roof (W/m?)

Ij Solar radiation received by glass walls (W/m?); j=1(east wall), 2
(south wall) and 3 (west wall)

M,, Mass of water in the pond below un-even CE greenhouse (kg)

Q. The hourly thermal energy of water pond (W/m? )

T, Ambient air temperature ('C)

T, Solar cell temperature ('C)

T, Un-even CE greenhouse room air temperature ('C)

Ty The temperature of water in pond ('C)

Up cr An overall bottom heat transfer coefficient from back of solar cell
to un-even CE greenhouse room air through glass cover (W/m?°C)

U; An overall bottom heat transfer coefficient from un-even CE
greenhouse room air to ambient air temperature through window
glass cover (W/m?°C)

Uy An overall bottom heat transfer coefficient from water pond of un-
even CE greenhouse room to ground temperature through RCC
walls/base of pond (W/m?°C)

Uetr An overall effective top heat transfer coefficient from water pond
of un-even CE greenhouse room to an ambient air temperature
through semi-transparent PV roof (W/m?°C)

Upca An overall top heat transfer coefficient from top of solar cell to
ambient air temperature through top glass cover of south semi-
transparent PV module roof (W/m?°C)
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