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This study considers N-photovoltaic thermal-thermo electric cooler (PVT-TEC) air collectors connected in
series for thermal and electrical performance. An improved Hottel-Whiller-Bliss (HWB) equation and mass flow
rate factor were derived for the nth PVT-TEC air collectors. The derivation is based on energy balance equation
for each component of N-photovoltaic thermal-thermo electric cooler (PVT-TEC) air collectors connected in
series. Further, thermal energy and electrical energy from PV module and TEC were analyzed based on a given
design and climatic parameters along with the overall exergy of the proposed system on the hourly and daily
bases. Numerical computations were conducted using MATLAB under Indian climatic conditions. The proposed
thermal model is valid for all climatic and weather conditions. Based on the numerical computations carried out,
the following conclusions were made:

i. The electrical power of PV module decreased with increase in the number of the n*th PVT-TEC air
collectors as the electrical power of TEC increased.

ii. The overall instantaneous exergy efficiency decreased with increase in the number of the nth PVT-TEC

air collectors.

iii. Packing factor of TEC was found to be a very sensitive parameter for optimizing the number of PVT-
TEC air collectors to ensure maximum overall exergy, and it was found to be p_tec=0.5. for N=7

https://doi.org/10.30501/jree.2023.376480.1516

1. INTRODUCTION

Solar energy is freely available, economical, environmentally-
friendly, and sustianable source of energy and it find various
applications in our daily lives. The analysis of a solar energy-
based system basically depends on the operating temperature.
One of the solar energy systems is the thermal system that
operates in the medium temperature range ( 0°C<T<100°C). In
this temperature range, a conventional flat plate water/air
collector is used for water and air heating. The thermal analysis
of conventional Flat Plate Collectors (FPC) has been carried out
based on the first law of thermodynamics (energy
conservation). The FPC enjoys better performance in the forced
mode of operation and requires electrical power. To make FPC
self-sustainable, the glass cover is replaced with a photovoltaic
(PV) module, which is known as a photovoltaic thermal (PVT)
collector (Tiwari et al., 2016; Tiwari & Dubey S., 2010). The
PVT collector provides thermal (low-grade energy) and
electrical power (high-grade energy). Hence, in order to
analyze the PVT collector in the medium temperature range, it
is important to consider both the thermal exergy and electrical
energy concepts based on the second law of thermodynamics.

*Corresponding Author’s Email: prashant@mru.edu.in (P. Bhardwaj)
URL: https://www.jree.ir/article_170019.html

The combination of both gives the overall exergy of the PVT
collector. The exergy analysis is an efficient tool for energy
policy-making in terms of quantity and quality of the energy
sources including destruction unlike energy (Dincer, 2002;
Dincer & Rosen, 2013). Hoseinzadeh et al. carried out
exergoeconomic analysis and optimization of reverse osmosis
(RO) desalination integrated with geothermal energy
(Hoseinzadeh, Yargholi, et al., 2020). The study resulted in a
reduction of the total cost rate by 10%. The multi-effect
desalination (MED) system was also analyzed by Kariman et
al. with negligible exergy destruction (Kariman et al., 2020).
Kariman et al. conducted energetic and exergetic analyses of an
evaporation desalination system integrated with mechanical
vapor recompression circulation (Kariman et al., 2019). They
found that the highest exergy destruction occurred in the boiler
compartment. Recently, Hoseinzadeh et al. have conducted
energy, exergy, and environmental (3E) analyses and
optimization of a Coal-Fired 400 MW Thermal Power and
micro hydro systems for hot climatic conditions (Hoseinzadeh
Ghasemi, et al., 2020; Hoseinzadeh & Heyns, 2020). Jafari et
al. conducted an energy, exergy, and environmental (3E)
optimal location assessment of flat-plate collectors for
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domestic hot water applications in Iran (Jafari et al., 2022).

The classifications of flat plate collectors are summarized as
follows:

Conventional flat plate liquid collectors (FPC) operate
by transmitting solar energy through a glazed surface, which is
then absorbed by a blackened surface to heat the working fluid
beneath it (Badiei et al., 2020; Duffie & Beckman W. A., 2013;
Sarwar et al., 2020). This method provides only thermal energy
and requires grid power for forced mode operation, which
enhances its performance.

Photo-voltaic thermal (PVT) liquid collectors: In PVT
collector, the glass of flat plate collector (FPC) is replaced by
photovoltaic (PV) module. It gives both thermal and electrical
energy to become self-sustained. It also operates in the medium
range of temperatures (Arslan et al., 2020; Chow, 2010;
Dupeyrat et al., 2014; Hocine et al., 2015; Tiwari & Dubey S.,
2010; Zondag et al., 2003).

PVT-CPC collectors: When a compound parabolic
concentrator (CPC) is integrated on top of a photovoltaic
thermal (PVT) collector, the resulting system is called a PVT-
CPC. This configuration allows for a more concentrated solar
energy, resulting in more thermal energy production but lower
electrical power output due to the high operating temperature.
Additionally, PVT-CPC systems are self-sustained and can
operate at higher temperatures compared to traditional PVT
collectors (Atheaya et al., 2016; Cabral et al., 2019; Kosti¢ et
al., 2010; Proell et al., 2017; Tiwari et al., 2018).

PVT-TEC collectors: In this case, the thermo-electric
cooler (TEC) is attached to the back of the absorber of PVT
collector. In addition to PV module, TEC generates for
additional electric power in addition to PV module due to
Peltier effect with temperature difference. It is efficient and
operates at medium temperature range (Dimri et al., 2018;
Huen & Daoud, 2017; Ong et al., 2017; Sudharshan et al., 2016;
Yinetal., 2017; Zhang et al., 2014; Zhu et al., 2016).

In all the cases mentioned above, the single collector was used.
Furthermore, to increase both thermal energy and electrical
energy, various researchers have analyzed the following
combinations :

All PVT collectors were connected in series:
Increasing the number of PVT collectors results in higher
thermal output but lower electrical power output from the PV
module due to the high temperature of the solar cell (Dubey &
Tiwari, 2008; Li et al., 2020; Ma et al., 2020; Shyam et al.,
2016; Tiwari et al., 2018).

Series and parallel separately: The operating
temperature in the parallel configuration is lower than that in
the series connection for a given total number of PVT
collectors. Therefore, parallel connection is considered more
efficient than series connection in this case (Kotb et al., 2019;
Sharaf & Orhan, 2018; Vega & Cuevas, 2020).

The electrical efficiency of the solar cell in PVT-TEC air
collectors is highly sensitive to the operating temperature
(Evans, 1981; Skoplaki & Palyvos, 2009). When PVT air
collectors are connected in series, the operating temperature of
the PVT collector increases with an increase in the number of
collectors. As a result, the electrical efficiency of the solar cell
in the PVT collector decreases while the electrical efficiency of
the TEC increases. However, this effect has not been
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considered for N-PVT-TEC collectors that are connected in
series.

In this connection, we considered N-PVT-TEC air collectors
connected in only series to evaluate the overall exergy of the
PVT-TEC system which, to the best of our knowledge, has not
been done before. Further, we derived an inproved Hottel-
Wills- Beckman (HWB) equation and calculated the overall
hourly exergy and exergy efficiency of the proposed system.
The proposed system was evaluated based on the varying
numbers of PVT-TEC collectors from n=1 to N. Additionally,
we investigated the effect of the correction factor (CF) on the
mass flow rate factor ( F_(R,n"th)) .

2. WORKING PRINCIPLE OF OPAQUE PV-TEC AIR
COLLECTOR

In the present case, we considered fully covering an opaque PV
module with an air duct below it. The thermo-electrical cooler
(TEC) module is attached to the base of PV module with
packing factor (B_tec<1) less than one, as shown in Fig. 1a and
suggested in (Sudharshan et al., 2016). By using the Eq. 1, the
packing factor of TEC can be calculated.

__ Number of TEC cell area xarea of one TECcell

Btec -

In order to remove thermal energy from the bottom end of PV
and TEC modules, the working fluid was considered as air and
allowed to flow through an air duct. As a result, flowing air is
heated and the bottom of TEC is cooled, giving rise a
temperature difference across TEC that provides electrical
current due to Peltier effect, as mentioned earlier. Therefore,
the total electric power of PVT-TEC is the sum of electrical
power generated from PV module and TEC. The schematic
illustration of the opaque PV-TEC collector with air duct is
shown in Fig. 1(a). To increase the temperature, the outlet of
the first PVT-TEC air collector is connected to the inlet of the
second collector, as shown in Fig.1b. This process continues
until the Nth PVT-TEC air collector is reached. The number of
PVT-TEC air collectors that can be connected in series depends
significantly on the mass flow rate (0.025-0.25 kg/s) required
to achieve the desired outlet air temperature. The design
parameters of the PVT-TEC air collector are given in Table 1.

<1 1
Area of opaque PV modul - ( )

According to Fig. 1a, part of solar radiation is absorbed by solar
cell of PV module [t a,.I(t)bdx] after transmission through
glass cover. Following the process of absorption, the solar cell
of opaque PV module converts into electrical energy
[1sc741(t)bdx] depending upon its electrical efficiency (7).
Further, some portion of the absorbed radiation is directly
transferred to ambient air through the top glass cover of the
opaque PV module [U.(Ts. — T,)bdx] and the remaining is
indirectly transferred to the air flowing below the TEC
[Up ca(Tsc = T)(1 = Brec)bdx]. Moreover, thermal energy is
transferred from the back of solar cells to the top of TEC
[he(Tse = Trectop)Brecbdx] through the packing area of the
TEC. The thermal circuit diagram of the PVVT-TEC air collector
is shown in Figure. 1c.



24
Table 1.Design parameters of the PVT-TEC air collector (Dimri et
al., 2018)
An 0.1332 m? Ktec 1.82 W/mK
0.36 m Ltec 0.004 m
L 0.37m Ki 0.166 W/mK
L+ 0.01m Li 0.100 m
Osc 0.9 Kt 0.02622 W/mK
Tg 0.95 hyt 2.21 Wim2K
Mo 0.15 U 0.62 W/m?K
MNtec 0.08 Utec 435.2 W/im?K
Bo 0.0045/K Utctopa | 4.2118 W/m?K
Ct 1005 J/kgK Utechottoma | 4.1714 W/m2K
e 0.003 kg/s Ut 2.3095 W/m?K
Re | 10*m2K/W hp1 0.3618
Ky | 0.816 W/mK Np2 0.9904
Lg 0.003 m hp3 0.6018
K¢ | 0.033 W/mK (0T)efr 0.7225
L¢ 0.005m (o) etr 0.2382

Glass+EVA
EVA+Tedlar

TEC
Air Inlet, T ——» —_— 7 — Air Outlet, Ty

_ Insulation

Opaque PV-TEC Collector with air duct (it > 0; Ty > T,,)

Figure 1a. Cross-sectional view of the single PVT-TEC air collector

@ 1L PVT-TEC 2" PVT-TEC 3 PVT-TEC N PVT-TFC
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\

Figure 1b. The N-PVT-TEC air collectors connected in series
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Figure 1c. Thermal circuit diagram of the PVT-TEC air collector
(Sudharshan et al., 2016)
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x=0 X X+dx x=L
Ty TdTy
Figure 2. An elemental area of ‘bdx” for flowing air below air duct

3. THERMAL MODELING
The following assumptions are made for thermal modeling:

) The proposed system is in a quasi-steady state
(i) Thermal heat capacity of each component is
neglected

(iii) No temperature stratification along thickness of
each component is needed.

(iv) The flow of air is in a stream line.

(v) Design parameters and area (A,,)of each PVT-
TEC air collectors are the same.

3.1 Energy Balance of PVT-TEC Air Collector (Dimri et al.,

2018)
(a) Solar cell of the opaque PV module

Tgascl(t)bdx = Ut,c—a(Tsc — Ty )bdx + ht(Tsc - Ttec,top)ﬁtecbdx

+ Ub,c—a(Tsc - Tf)(l - ﬂtec)bdx
+ 15Tl (t)bdx - (2

where

NumberofTECmodules X AreaofoneTECmodule
AreaofPVmodule/collector

Btec =

(b) For tedlar:

ht(Tsc - Ttec,top).gtecbdx
= Utec (Ttec,top - Ttec,bottom)ﬁtecbdx (3)

(c) For TEC module:

Utec (Ttec,top - Ttec,bottom)ﬁtecbdx
= htf (Ttec,bottom - Tf),Btecbdx
+ NtecUtec (Ttec,top - Ttec,bottom).gtecbdx - (4)

where U, is the overall heat transfer coefficient between TEC
module and tedlar (Figure 1a). The numerical value of U, is
calculated as:

-1

Utec = [R + Lm] - (5)

c
Ktec

where R, is the thermal contact resistance at thermoelectric leg-
electrode interfaces. The literature reports a range of thermal
contact resistance levels that fall within 1 x 10 — 5 x 10
m2Kelvin/W (Zhang et al., 2014). Thermal contact resistance
(R.) is chosen to be 10* m?Kelvin/W in the current study.
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(d) For air flowing below TEC module (Figure 2):

As mentioned above, the air flowing through the air duct
received the rate of thermal energy [htf(Ttec,bottom -
T¢)Brecbdx]and  [Up—q(Tse — Tr)(1 — Brec)bdx] and the
energy balance can be written for the flowing air as follows:

htf(Ttec,bottom - Tf)ﬁtecbdx + Ub,c—a(Tsc - Tf)(l - ﬂtec)bdx

+ Up(Tf — T,)bdx .. (6)

_ (aT)effI(t) + Ut,c—aTa + Ub,c—a(1 - ﬁtec)Tf + htﬁtecTtec,mp
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3.2 Analytical Expression for an Outlet Fluid Temperature

of N-PVT-TEC Air Collector

By adopting the thermal mode proposed by various researchers
(Dimri et al., 2018; Tiwari et al., 2016; Tiwari & Dubey S.,
2010), an expression for solar cell temperature (T,.), TEC top
(Ttec,top). and TEC bottom (Tyec portom) teMperatures can be
obtained via the elimination process in Egs. 1-4 as follows:

T, (7
5 Ut,c—a + Ub,c—a(1 - Btec) + ht.Btec
T _ hpl(ar)effl(t) + Utec,top—aTa + Utec,top—fo + UtecﬁtecTtec,battom (8)
rectop Utec,top—a + Utec,top—f + Utecﬁtec
(af)’effl(t) +(1- ntec)Utec,bottom—aTa +[(1 - ntec)Utec,bottom—f + htfﬁtec]Tf
Tiechottom = NC))

The expressions for (at)err, (@T)ers, Ay hp1s Aepy Upea,

Ub,c—a! Utec,top—a’ Utec,top—f’ Utec,bottom—a! and Utec,bottom—f
are given in Appendix A (Dimri et al., 2018).

By using Egs. (7) — (9), Eq. (6) can be rewritten as follows:

dT,
d—xf+an =f(t) .. (10)

where

a= (Ufu'+ Ub)b’f(t) _ ((XT)m_efbe(t)+Ul_mbTa_

ngcy thpcy '

M — (“T)m—effl(t)+(ufa+ Up)Ta — [(“T)m
U

—eff
a (Ufa+ Up) I(t) + Ta]

Lm

(@D m—efr = [hps(@D)efs + hpy (@D eps + Rpohps (a0 epr +
h;,3((ZT);ff] and UL‘m = (Ufa + Ub)

!

The expressions ofUs,, Uy, hps, hyy, by, and hyare defined in

Appendix A (Dimri et al., 2018)

The solution of Eq. 8 can be obtained through the initial
condition, i.e., T¢|y—q = Tf; (Dimri etal., 2018). The solution
to Eq. (10) is as follows:

T, = [7(0(?]““”” 1(6) + Ta] (1—e™%) + Tje™o - (11)

Lm

By using [Eq.11] and at x=i.e.Tf|x=p = Tfo1, the fluid
temperature at outlet (Tr,,) of the first PVT-TEC air collector
can be calculated as

(at)m- - UmAm
Tor = [+Wl(t) +T.(1—e s
Lm
_ UrmAm

+ Trie ™Y ..(12)

(1 - ntec)Utec,bottom—a + (1 - ntec)Utec,bottom—f + htf.Btec

The above equation is also derived from the referenced study
(Dimri et al., 2018).

If an outlet of the first PVT-TEC air collector, T, [Eq. 12], is
connected to the inlet of the second PVT-TEC air collector, Triz,
Figure 1b, then the expression of the outlet of the 2" PVT-TEC
will be as follows:

at) ;- - YimAm
()ﬂl(t)+Ta]<1—e ’"f‘f)

T =
fo2 ULm

_UrmAm

+ T " ~(13)

After substituting Tf,, from Eq. 12 into Eq. 13, we get:

ar) m— - Zmfm
Troz = [()ﬂl(t) + Ta] (1 —e >

Uim
_2UimAm

+Tpe ™ - (14)

Now, the outlet of the second PVT-TEC air collector, Ty, will
be the inlet of the third PVT-TEC air collector for series
connection. Then, we have:

ar), _ 2UimdAm
Troz = [(UMM) + Ta] (1 —e v >
Lm

2UmAm

+Tpope ™ ..(15)

Upon solving Eqg.15 as mentioned above, one gets:

ar) m- - Himim
Tros = [—( Imoeff ;) 4 Ta] (1 —e ™ >
ULm

3UrmAm

+Trie ™ ..(16
f
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Similarly, for N-PVT-TEC air collectors connected in series, an
expression for an outlet air temperature at the end of N-PVT-
TEC air collector Ty, can be written as follows:

aT),— - WimAm
Tron = ()ﬂl(t) + Ta] (1 —e )

ULm
_ NUpmAm

+ Tpe Y ..(17a)

The above equation is a new expression for N-PVT-TEC air
collectors connected in series.

3.3 Improved Hottel-Whillier-Bliss (HWB)

Equation

The rate of thermal energy at the n® PVT-TEC air collector will
be as follows:

Quth,nth = mef(Tfon - Tfon—i)

Substituting T,nand Tron—q from Eq. 17a in terms of Tg; into
the above equation, we get:

) (at) - — 2WimAm
Quennen = 10, Cy {[+W1(t) +Ty|(1—e s
Lm
_nUimAm
+ Tfl-e meef }

ar (n—1?ULmAm
{[( Im- effI(t)+T]<1—e mpcs )
Um

(n 1)ULmAm
+The ™9 }

Q _ _ U,’:,,mfm ( )m eff
uth,nth = meCrll—e el U — = I(t)+T,
Lm

M-1)UpmAm
— TfL} mpcy

_UrmAm

. : AT )m—
Quennth = MpCr <1 —e S )CF [()ﬂl(t)
’ Uim

— (T - Ta)] ..(17b)

= (ar)effl(t) + Ut,c—aTa + Ub,c—a(]- - ﬁtec)’l_wf,n”1 + htﬁtecTtec,tOp
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where

_ (‘n—l)ULmAm
CF=e "ff =1 forn =1otherwise < 1 forn>1
The above equation is valid forn < N.

Instantaneous thermal efficiency of the n** PVT-TEC air
collector is given by

Quth,n”‘ iy Cr - e
Ninth = IO, =AmULm 1—e ™5 |CF|(at)m-crf

(Tft a)
= Uim 0 ] ..(17¢)

The above equation is the improved thermal characteristic
equation of the n" PVT-TEC air collector (improved Hottel-
Whillier-Bliss (HWB) equation) that is derived for the first time
to be used for indoor testing under standard test conditions
(STC). For n=1, Eq. 17c is reduced to the following:

O,y tn MeC - UimAm
uthn = Ll 1—e ™ (af)m—eff

r]i,l“ - I(t)Am AmULm
(Tp - Ta)]

T . (17d)

which is  Hottel-Whillier-Bliss (HWB) equation for
conventional PVT-TEC air collector.

3.4 Improved Electrical Analysis

Now, an average fluid temperature of the nt* PVT-TEC air
collector (n < N) can be expressed as follows:

Tfon + Tfon—l

> ..(18)

T in =

For the first PVT-TEC air collector, T¢,p, 1 = Tf;.

At the known hourly numerical values of T‘f nath, average values
of Tse, Teectopr aNd Trecportomcan be determined using the
following equations:

T = ..(19
semt Ut,c—a + Ub,c—a(1 - .Btec) + htﬁtec ( )
_ hpl(a‘[)effl(t) + Utec,top—aTa + Utec,top—fo,nfh + UtecBrecTtechottom (20)
th =
tec.topn Utec,top—a + Utec,top—f + UtecBrec
T = (a'[)’effl(t) +(1- ntec)Utec,bottom—aTa + [(1 - ntec)Utec,bottom—f + htfﬁtec]’rf,nfh 1)
tec,pottomn - ntec)Utec,bottom—a +(1- ntec)Utec,bottom—f + htf.gtec

The efficiency of a PV module of the nt* PVT-TEC air

collector is given as follows (Evans, 1981):

Nntt = Tglo[1 = Bo(Tsenen — To)] .. (22)

where n, is the efficiency of the PV module at Standard Test
Condition (STC), i.e., I(t) = 1000 W/m? and To = 25°C, and f3,
is the temperature thermal expansion coefficient.
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The rate of an electrical energy generated by PV module at the
nt* PVT-TEC air collector for one packing (Bs. = 1) is given
as follows:

Epyptn = Ny pend () A, - (23)

The rate of thermal energy received from the nt* PVT-TEC air
collector using the TEC module for the packing area of

(BrecAm), 1€, Upec (Ttec,top,nth - Ttec,bottom,nth)ﬁtecAm’
when multiplied with n4,., gives an expression for the electrical
energy generated by the TEC module as (Dimri et al., 2018):

ETEc,nth = Utchtec(T_'tec,mp,nrh
- Ttec,bottom,nfh)ﬁtecAm (24)

where 7., is the conversion efficiency from thermal energy
into electrical energy of the TEC module.

The total rate of electrical energy (Eel,nm) generated by the
nt"opaque PV-TEC air collector can be calculated by adding
electrical energy generated by PV module, EPV‘nm, according
to Eq.15, and the electrical energy generated by the TEC

module, E.. .tn, according to Eq.17.

TEC,n

..(25a)

Egnth = Epy pen + Eqpepen

The improved total rate of electrical energy, E,_, generated
by the n-opaque PV-TEC air collector can be evaluated as

N
Eqn = Z E gy ntn
i=1

The overall instantaneous total electrical efficiency of the nt"
opaque PV-TEC air collector can be obtained as follows:

..(25b)

E g pth
: = : . (2
Tielnt Al (D) (26)

3.5 Overall Instantaneous Thermal Efficiency

The rate of useful thermal energy gained from the N-opaque
PV-TEC air collector is calculated as follows:

Quen-n = mecr (Tron — Tri) ..(27a)
Substituting T,y from Eq. 17a into Eq. 27a, we get:
_NUpmAm
Quth-n = Tycr <1 —e > [(arl)hﬂl(t)
m
—(nf—nﬂ ..(27h)

Further, the overall instantaneous thermal efficiency, 1; ., iS
defined as follows:

).s the mec — MimAm\ (@),
Mithon = Qu,th N — fef 1—e ey ( )m eff
’ NApI(t) NAp,
_ (Tfi - Ta)
I(t)

ULm

27

or,
(5~ T.)
Nith-n = Fry [(aT)m—eff —Upm %] ..(27¢)
where
. NUpmAm
mecC -—
ff mec
Foy=—"—""—|1—¢ fer
RN NAmU“n< )

Here, N=1 Eq. 27c is exactly the same as Eq. 17d.

Eq. 27c is the improved characteristic equation for the N-
PVT_TEC air collector, derived for the first time, and it is
similar to those derived by Hottel-Whillier-Bliss (HWB) for the
flat plate collector (Duffie & Beckman W. A., 2013; Tiwari et
al., 2016).

With reference to (Bejan, 1978; Cengel & Boles, 2015; Ouyang
& Li, 2016), the exergy of hourly thermal energyEx, ;,_y
(high-grade energy) obtained from the N-opaque PV-TEC air
collector can be calculated through the following expression:

EXyn-n = mycy [(TfoN ~Tp) = (Ta
(TfoN +273)

27
+273)in (Tr; + 273)

. (28)

From Eqs. 25b and 28, the overall hourly exergy, Ex,,,_y of the
N-opaque PV-TEC air collectors is written as:

Exou—N = Eel—N + Exu,th—N - (29)

The overall hourly instantaneous exergy efficiency,n; op—ex
,Ex,,, of N-opaque PV-TEC air collectors is written as:

] _ EXoy_n
nt,ov—ex—N NAMI(t)

- (30)

Here, N varies from 1 to N=12

Of note, the packing factor of the TEC module is taken as unity
(Btec = 1) in the numerical calculations for the N- opaque PV-
TEC air collector.

4 METHODOLOGY FOR NUMERICAL COMPUTATION
The following methodology is developed:

Step 1: The input design and climatic parameters presented in
Table 1 and Figure 3 are considered.

Step 2: First, the hourly variation of average fluid (Tf,nm) is
determined according to Eq. 18 with help of Eqg. 17 and then,
the average solar cell (T, ,en), TECtop (T, 14y ntn), @Nd TEC
bottom (T',,. ,orromnth) @re calculated using Eg. 19, Eq. 20,
and Eq. 21, réspectiVer, at the 12th air collector.

Step 3: Upon determining the hourly variation of average solar
cell temperature (T,.), as outlined in Step 2, electrical
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efficiency (1, ,, ,en ) at 1st, 3rd, 5th, 7th, 9", and 12th PVT-TEC
air collectors is evaluated.

Step 4: After determining average solar ceII(TSC,nm)using Eq.
19, TEC t0p(Tyeeiopntn) Using EQ. 20, and TEC
bottom(T ;. porromnth) USING Eq.21 at 12th air collector from
Step 2, the hourly variations of electrical energy from PV
module (E,, ,cn) using Eq. 23 and TEC (Eqgc ) using Eq.
24 at 1st, 3rd, 5th, 7th, 9™, and 12th PVT-TEC air collectors are
calculated.

Step 5: Hourly variation of total electrical energy(l:'"el‘nm) is
calculated using Eq. 25a, which is the sum of electrical energy
from PV and TEC, as outlined in Step 4, at the 1st, 3rd, 5th, 7th,
9", and 12th PVT-TEC air collectors.

Step 6: Eq. 28 is used to compute hourly variation of the overall
hourly exergy, Ex,, of N-opaque PV-TEC air collector at the
1st, 3rd, 5th, 7th, 9™, and 12th PVT-TEC air collectors.

Step 7: Variations of the instantaneous thermal efficiency
(m; ,tn) Using Eq. 16c and total electrical efficiency (n; ,; ,en)

using Eq. 26 with % are determined at the 1st, 3rd, 5th,

7th, 9™ and 12th PVT-TEC air collectors.

Step 8: Hourly variation of total exergy, Eq. 29 and its
efficiency, Eq. 30 for N=1.3.5.7.9 and 12 are calculated.

Step 9: Finally, the impacts of TEC packing factor S;.. (0,0.5
and 1) on the hourly variation of total exergy, Eq. 28, and
efficiency, Eq. 30, for N= 7 are evaluated.

Step 10: Results for Tiechotom are compared with the
experimental findings of Dimri N. et al. (Dimri et al., 2018) to
validate the viability of the proposed model, as shown in Figure
12

5 RESULTS AND DISCUSSION

The hourly variation of average fluid(T _(f,n"th )), solar
cell(T _(sc,n*th )), TEC top(T _(tec,top,n*th )), and TEC
bottom (T _(tec,bottom,n”th )) at the 2nd and 12th air collectors
for design parameters given in Table 1 and climatic parameters
given in Figure 3 are shown in Figure 4. Of note, the average
solar cell temperature, T _(sc,nth ), is maximum at the 2nd
PVT-TEC air collector and minimum at the 12nd PVT-TEC air
collector. This indicates that inlet temperature of PVT-TEC in
a series connection plays a notable role to determine thermal
energy, electrical energy from PV module, and TEC of PVT-
TEC air collector. This trend occurs after the 4th PVT-TEC air
collector. Such observations have not been yet reported. It is
further clear that solar cell temperature is maximum and the
bottom of TEC material is minimum at the 12th PVT=TEC air
collector (Figure 4b), compared to the 2nd PVT-TEC air
collector (Figure 4a). In this case, electrical power from (i) solar
cell, which depends only on solar cell temperature [Eq. 22], and
(if) TEC, which depends on difference of top and bottom
temperatures, will be produced [Eq. 24]. Further, the
temperature of the top surface of TEC is higher than the bottom

temperature of TEC, as shown in all the nth PVT-TEC air
collectors in Figure 4.
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= 3100 %
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500.00 27.00
400.00 25.00
8:24AM 10148 AM  1:12PM 3:36 PM 6:00 PM
Time
—e—|(t) —&—Ta
Figure 3. Hourly variation of solar intensity and ambient air
temperature for a typical day of summer climatic conditions
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Figure 4a Hourly variation of average ﬂUid(Tf’nth) (Eq. 18), solar
cell(T g pen) (EQ. 19), TEC t0p(T 1o top t#) (EQ. 20), and TEC
bottom(T . portomnth) (EQ.19) at the 12" air collector for n®* =
2andn < 4
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Figure 4b. Hourly variation of average fluid (Tf,nm) (Eq. 18), solar
cell (T ) (EQ. 19), TEC t0p (T o ropntn) (EQ. 20), and TEC
bottom (T ;ec portomntr) (EQ.21) at the 12™ air collector
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Figure 5. Hourly variation of average solar cell
temperature(T, ,en) (Eq.19) and electrical efficiency (1; o nen )
(Eqg. 22) at the 1%, 39, 51 7t 9th and 12t PVT-TEC air collectors

Figure 5 shows the hourly variation of average solar cell
temperature(T,_ .x), Eq. 19, and electrical efficiency (7, ,, e
), Eq. 22, at the 1%, 3¢ 5% 7 9ot and 12" PVT-TEC air
collectors. One can infer from Figure 5 that as the value of n in
the n PVT-TEC air collector increases, the average solar cell
temperature(T,) increases, but increment in the average solar
cell temperature(Ty.) slows down, especially after the 5MPVT-
TEC air collector. Further, the electrical efficiency (n; . ,tn )
decreases as the value of n in the nt" PVT-TEC air collector
increases due to the higher operating temperature per
expectation. In this case, the decrement in electrical efficiency
(M; gy ntr ) is Observed after the 5" PVT-TEC air collector.
Therefore, it can be stated that the number of optimum PVT-
TEC air collectors is five for design parameters shown in Table
1.
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Figure 6a. Hourly variation of electrical energy from PV
module (Epy ), EQ. 23, and TEC (Eqgc ,um), Eq. 24, at the 1%, 379,
5th 7th oth ‘and 12t PVT-TEC air collectors
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Figure 6b. Daily electrical energy from Opaque PV and TEC for
different nth PV-TEC air collectors

Now, Figure 6a shows the hourly variation of electrical energy
in W from PV module (EPV,nth)' Eq. 23, and electrical energy
from TEC (Epgc ), EQ. 24, from the 1% to 12" PVT-TEC air
collectors. Figure 6b shows the daily electrical energy from PV
and TEC for different n" PVT-TEC air collectors. It is
noteworthy that the hourly and daily electrical energy from PV
decreases with an increase in the number of nth PVT-TEC air
collectors due to high thermal losses, as illustrated in Figure 5.
However, the hourly and daily electrical energy from TEC
increases because it depends on the difference in temperature
between the top and bottom of the TEC, as shown in Figure 6.
This difference increases as the number of the n PVT-TEC
increases. Therefore, in this case, the n" PVT-TEC air collector
must be optimized for maximum electrical energy from PV as
well as TEC. Further, one can conclude that both electrical
energies from PV as well as TEC are approximately the same
at the 5" PVT-TEC air collector.
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Figure 7. Hourly variation of total electrical energy(Eel‘nth), Eqg. 23a
at 1st, 31, 5t 7th gth and 12 PVT-TEC air collector

In order to observe the hourly variation of total electrical energy
in W for different n PVT-TEC air collectors, Figure 7 is
generated. It can be observed that the total electrical energy
increases with an increase in the number of n" PVT-TEC air
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collectors, unlike electrical energy from photo-voltaic module.
In this case, increment in the total electrical energy is also
reduced after the 5" PVT-TEC air collector and one can
observe that the 5" PVT-TEC air collector is again optimum for
given design parameters presented in Table 1. This
optimization is only conducted from electrical energy point of
view.
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Figure 8. Hourly variation of the overall hourly thermal exergy,
Exoy—n» EQ. 29, of N-opaque PV-TEC air collector at the 1%t, 31, 5t
7t 9t and 121 PVT-TEC air collectors

The hourly variations of the overall hourly exergy, Ex,,,_y, Of
the opaque PV-TEC air collector, Eq. 27, at the 1%, 37, 5t 7t
9t and 12" PVT-TEC air collectors are shown in Figure 8. This
figure illustrates that the overall exergy of the system increases
with an increase in the number of nth PVT-TEC air collectors.
However, the increment in the exergy becomes less significant
compared to the total electrical energy, which is shown in
Figure 7. Hence, the optimization of PVT air collector with
respect to the overall thermal exergy is different from the earlier
one, i.e., with respect to electrical energy (Figure 7).
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Figure 9a. Variation of instantaneous thermal efficiency (n; ) Eq.
17¢ with % atthe 1%, 3¢, 51, 7t g and 12 PVT-TEC air
collectors
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Figure 9b. Variation of instantaneous thermal efficiency (1; n—n)

Eqg. 27c with (T'; (;)T) for N =1,3,5,7, 9, and 12 PVT-TEC air

collectors

Figures 9a and 9b show the thermal characteristic curves for the
nth and N PVT-TEC air collectors, respectively, which were
drawn using Egs. 17c and 27c. It can be observed that as n and
N increase, the instantaneous thermal efficiency decreases due
to an increase in operating temperature, resulting in higher
thermal energy losses, as expected. It was also noted that the
variation in both cases is marginal, possibly due to the
considered mass flow rate of 0.003 kg/s as shown in Table 1.
However, for n=N=1, the instantaneous thermal efficiency is
approximately the same, but for higher values of n and N, the
instantaneous efficiency is higher for the N case. This is due to
the fact that the total thermal energy in this case becomes
higher.
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The hourly variation of the total exergy in watts and exergy
efficiency in fractions for N =1, 3,5, 7, 9, and 12 PVT-TEC
air collectors is shown in Figure 10. It can be observed that
electrical energy does not play a significant role in comparison
to overall thermal exergy, as shown in Figure 7, due to its
smaller value. Therefore, the exergy characteristic curve has a
higher numerical value and variation in comparison to the
thermal characteristic curve, as depicted in Figure 9.
Furthermore, the exergy efficiency curve also increases up to
the 5th PVT-TEC air collector and then begins to decrease.
Hence, it can be concluded that the optimum value of n is five.
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Figure 11. Effect of TEC packing factor S;.. (0,0.5 and 1) on the
hourly variation of the total exergy (Eq. 29) and efficiency (Eq. 30)
forN=7

The effect of TEC packing factor Brc On the hourly variation of
total exergy for N=7 has been plotted in Figurell, considering
B_tec values ranging from O to 1 (i.e., 0, 0.5, and 1). The results
indicate that the hourly exergy is maximum for a packing factor
of 0.5. Therefore, it can be concluded that the optimum value
of the TEC packing factor in the case of PVT-TEC air collectors
is 0.5. In this case, the temperature of the PV module and the
temperature difference between the top and bottom of the TEC
will determine the maximum electrical energy that can be
obtained from the TEC.

6 EXPERIMENTAL VALIDATION

Equation 7 aims to ensure the experimental validation of
Ttecpottom TOr the 1% PVT-TEC air collector based on the
design and climatic parameters derived from the study of Dimri
et. al. (Dimri et al., 2018). The hourly variation in the bottom
temperature of TEC is shown in Figure 12 along with the
experimental hourly variation obtained from Dimri et al. (Dimri
et al., 2018). One can infer that there is reasonable agreement
between theoretical results obtained by the present model and
experimental value of Dimri et al. (Dimri et al., 2018).
Accordingly, other hourly temperature variations can be
validated by using the present model.
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Figure 12. Comparison between the results for Ttec-hottom and the

experimental studies (Dimri et al., 2018)

7 CONCLUSIONS

Based on the present study on the N-PVT-TEC air collectors
connected in series, the following conclusions were drawn:

(a) The trend in hourly variation of average solar cell
temperature (T ,») and air fluid temperature
changed after the 4th PVT-TEC air collector, (T ,»),
while the trends in the top and bottom temperatures of TEC
remained the same, as shown in Figure 4.

(b) The daily electrical energy from PV module decreased
following an increase in the number of the n PVT-
TEC air collectors, unlike while electrical power from
TEC, as shown in Figure 6b

(c) The optimum number of PVT-TEC air collectors was
found to be five for the design parameters given in
Table 1.

(d) The optimum packing factor of TEC was determined
as 0.5 for maximum exergy and its efficiency, as given
in Figure 11.
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APPENDIX A

The following relations are used in thermal modeling of opaque
photovoltaic integrated thermoelectric cooler (PV-TEC)
collector.

(aT)eff =Tyg (asc — Nsc)

(aT),eff =(1- ntec)hplhpz (af)eff

Upoaq = Ly 4 B
t,c—a — Kg ho

h, = 5.7 + 3.8V



32
K

he = —-
t Lt

TR L
bc—a — Kt hi
h;=28+3V;V=1m/s

heBrec

h =
Pl Ut,c—a + Ub,c—a(l - ﬁtec) + htﬁtec

U — htﬁtec Ut,c—a
tectop=a Ut,c—a + Ub,c—a(l - ﬁtec) + htﬁtec

U — htﬁtchb,c—a(l - ﬁtec)
tectop=/ Utc—a + Upc—a(l = Brec) + heBrec

_ Utgcﬁtgc
Utec,top—a t Utec,top—f + UtecBrec

hpZ

Utecﬁtec Utec,top—a

Utec,pottom—a =
’ Utec,top—a t Utec,top—f + UtecBrec

Utecﬁtec Utec,top—f

Utec bottom—f =
’ Utec,top—a + Utec,top-f T+ UtecPtec

The heat transfer coefficient from the bottom-end of TEC

module to fluid (hy) flowing below it, considering laminar flow,
is calculated as:

ht.Btec Ub,c—a(1 - .Btec)Utec,top—a
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Kf Kf 11

hip = TNu =T X (0.332)RezPrs
_ 0.02622

037 ) .

X (1.10846 x 10%)20.7083 = 2.21W /m?K

x (0.332)

where Nu is Nusselt number, Pr is Prandtl number, and Re is
Reynold number. Reynold number (Re) is obtained as follows:

VL el 0.003 x 0.37
v bLpv 036X 0.01 x 1.774 x (15.68 x 1076)
=1.10846 x 10*

Re =

The constants used in Eqgs. are defined as:
v, = [ ]

Pk hy
Ufa = Ufa,l + Ufa,z + Ufa,3 + Ufa,4

Ufa,l
_ htfﬁtec(l - ntec)Utec,bottom—a
htfﬁtec + (1 - ntec)Utec,bottam—a + (1 - 77tec)Utec,bottom—f

Ut,c—a Ub,c—a(1 - .Btec)
Ut,c—a + Ub,c—a(l - ,Btec) + htﬁtec

Ufa,Z =

U 3 =
ra [Ut,c—a + Upe—a(1 = Brec) + htﬁtec] [Utec,top—a + Utectop—5 + Utec.gtec]
U _ ht.Btchb,c—a(1 - .Btec)Utethec(l B ntec)Utec,bottom—a
4
ra [Ut,c—a + Ub,c—a(]- - ﬁtec) + htﬁtec][utec,top—a + Utec,top—f + Utecﬁtec] [htfﬁtec + (1 - ntec)Utec,bottom—a + (1 - ntec)UteC,bottom—f]
h
h tfﬁtec

3 —
v htfﬁtec + (1 - ntec)Utec,bottom—a + (1 - ntec)Utec,bottom—f

Ub,c—a (1 — ﬁtec)

h, 1=

P Ut,c—a + Ub,c—a(l - ﬁtec) + htﬁtec
n _ htﬁtchb,c—a(l - ﬁtec)

pz —

[Ut,c—a + Upe-a(1 = Brec) + htﬁtec] [Utec,top—a + Utectop—5 + Utecﬁtec]

ho. = htﬁtchb,c—a(l B Btec)Utethec

r3 =

[Ut,c—a + Ub,c—a(l - ﬁtec) + htﬁtec] [Utec,top—a + Utec,top—f + Utec.Btec] [htfﬁtec + (1 - r]tec)UteC,bottom—a + (1 - Tltec)Utec,bottom—f]
NOMENCLATURE Li Thickness of insulation (m)
L¢ Thickness of fluid/air column in the duct (m)

An Aea of module (m?) hy heat transfer coefficient from back of solar cells to the
L Length of collector (m) top end of TEC module (W/m?K)
b Breadth of collector (m) i Heat transfer coefficient from the bottom-end of TEC
Ct Specific heat of fluid (J/kgK) module to fluid (W/m?K)
dx Elemental length (m) Uica Overall heat transfer coefficient from top of solar cells
I(t) Global solar radiation (W/m?) to ambient through glass cover (W/m?K)
m Mass flow rate of fluid (kg/s) Uy Overall heat transfer coefficient from bottom of
Ky Thermal conductivity of glass (W/mK) insulation to ambient (W/m?2K)
Kt Thermal conductivity of tedlar (W/mK) Utec.top-a Overall heat transfer coefficient from top-end of TEC
Kiec Thermal conductivity of TEC module (W/mK) module to ambient (W/m?K)
Ki Thermal conductivity of insulation (W/mK) Utec pottom-a Overall heat transfer coefficient from bottom-end of
Ks Thermal conductivity of fluid/air (W/mK) TEC module to ambient (W/m?K)
Lg Thickness of glass cover (m) Untec top-f Overall heat transfer coefficient from top-end of TEC
L Thickness of tedlar (m) module to fluid (W/m?K)

Ltec Thickness of TEC module (m)
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Usec, pottom-f Overall heat transfer coefficient from bottom-end of
TEC module to fluid (W/m?K)
Usa Overall heat transfer coefficient from fluid to ambient
(W/m?K)
Ubca Overall heat transfer coefficient from bottom of solar
cells to ambient through tedlar (W/m?K)
hp First penalty factor due to glass cover
hp2 Second penalty factor due to tedlar
3 Third penalty factor due to TEC module
7o Solar cell efficiency at standard test condition, i.e.
1(t)=1000 W/m? and To=25°C
Ttec Conversion efficiency from thermal energy to
electricalenergy of TEC module
Lo Temperature coefficient of solar cell efficiency (K—1)
Greek letters
o Absorptivity
B Packing factor
T Transmittivity
n Efficiency
(o7)est Product of effective absorptivity and transmittivity
Subscripts
a Ambient
eff Effective
f Fluid
fi Fluid inlet
fo Fluid outlet
g Glass
m Module
sc Solar cell
tec TEC module
t Tedlar
i Insulation
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