Journal of Advances in Mathematics and Computer Science

24(5): 1-12, 2017; Article no.JAMCS.32543

Previously known as British Journal of Mathematics & Computer Science
ISSN: 2231-0851

Analytical Modeling of the Thermoelectric Effect in
Photovoltaic Cells: Combined Solar Photovoltaic and
Thermoelectric Generator System (PV+TEG)

Géraud F. Hounkpatin'?, Macaire Agbomahéna®”, Basile B. Kounouhéwa'**,
. . * . . .
Vianou I. Madogni"**, Antoine Vianou® and Cossi N. Awanou'”?

'Département de Physique (FAST) et Formation Doctorale Sciences des Matériaux (FDSM), Université
d’Abomey-Calavi, Bénin.

’Laboratoire de Physique du Rayonnement LPR, FAST-UAC, 01 BP 526 Cotonou, Bénin.

3 Laboratoire de Caractérisation T} hermophysique des Matériaux et Appropriation Energétique

(Labo CTMAE/EPAC/UAC), Abomey-Calavi, Bénin.

“Centre Béninois de la Recherche Scientifique et Technique (CBRST), 03 BP 1665 Cotonou, Bénin.

Authors’ contributions

This work was carried out in collaboration between all authors. All authors read and approved the final
manuscript.

Article Information

DOI: 10.9734/JAMCS/2017/32543

Editor(s):

(1) Junjie Chen, Department of Electrical Engineering, University of Texas at Arlington, USA.
Reviewers:

(1) A. Ayeshamariam, Khadir Mohideen College, India.

(2) Giovanna Scarel, James Madison University, USA.

(3) Mariya Aleksandrova, Technical University Sofia, Bulgaria.

Complete Peer review History: http://www.sciencedomain.org/review-history/21228

Received: 1" March 2017

— ; Accepted: 17" March 2017
| Original Research Article Published: 3" October 2017

Abstract

Aims: Analytical modeling of the combined systems photovoltaic-thermoelectric (PV + TEG). The
advantage of these systems is double:

- On the one hand, they allow to cool the photovoltaic cells (PV), which avoids the loss of electrical
efficiency observed in the devices,

- On the other hand, recover this lost energy in the form of heat, and transform it into electrical
energy thanks to the thermoelectric modules operating in Seebeck mode.

Study Design: Laboratory of Radiation Physics LPR, FAST-UAC, 01 BP 526, Cotonou, Benin.

*Corresponding author: E-mail: madognimadogni@gmail.com;
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Department of Physics (FAST) and Doctoral Formation Materials Science (FDSM), University of
Abomey-Calavi, Benin.

Methodology: We considered the temperature distribution in the semiconductor plate of the
Thermoelectric Generator System (TEG). We resolved the thermal conductivity equation described by:

aT a?T | 8%t | 9T
E—az (ﬁ-i-ﬁ-'-ﬁ) =Q(x,y,2,)
Where a? is the thermal diffusivity, Q(X, y, z) is the heat flow going from the PV to the TEG module
which is dissipated through the latter; using constants variation method. We assumed that the temperature
along the y-axis is considered uniform.

Results: The results obtained show that, the temperature distribution in the form of a traveling wave is
maintained by external heating. This depends on both the hot and cold side temperature and the
temperature span.

Conclusion: The heat flux available at the hot side of the TEG is assumed to be what remains of the
absorbed radiation of the PV power production.

Keywords: Strong sunshine; quantum efficiency; thermoelectric module; Seebeck mode; temperature
distribution; thermal conductivity.

1 Introduction

The major disadvantage of the photovoltaic cells is their low quantum efficiency. Indeed, only a small part
of the power of the incident radiation is converted into electricity. Furthermore, unconverted radiations heat
the photovoltaic panels, which further reduce their efficiency. Cooling systems are integrated at present in
these cells, in order to decrease this temperature and allow a better quantum efficiency of the devices; hence
the idea to realize the combined thermoelectric-photovoltaic systems [1].

Converting the energy from the Sun directly to electricity in an efficient way is of great interest. Photovoltaic
devices (PV) can directly convert parts of the solar spectrum, but a significant part is absorbed as heat.
In order to remedy this, a number of combined photovoltaic and heat recovery systems have been
proposed recently. The most simple of these convert the heat energy directly to electrical energy
using a thermoelectric generator (TEG). A number of such combined systems have been studied recently
[2-7].

Coupled PV+TEG systems have also been considered solely from a modeling basis [8-16]. Experimental
realizations of small combined PV and TEG systems have reported a significant increase in performance
compared to that of a PV alone [17-26].

Compared with the single PV or TEG energy producing source, the (PV+TEG) hybrid energy source can
offer some advantages, namely the better energy security due to the use of multiple energy sources, the
higher fuel economy due to the increase of on-board renewable energy, and the higher control flexibility due
to the coordination for charging the same pack of batteries. So the Thermoelectric-Photovoltaic hybrid
energy source is promising for the application to HVs.

The performance of the combined system should be given in terms of both generated electric power and
overall system efficiency by highlighting their dependence on environmental conditions, such as temperature
and radiation, and on physical properties of the used material.

Starting from these considerations the principle of superposition is therefore usable; then the generated
electrical power of the overall system will be the sum of the electric powers generated by both modules.
Under this assumption the overall efficiency of the system can be calculated as the ratio between the sum of
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the generated electric powers by each module, and the power of the input system, i.e. the solar radiation
available to the PV module.

Recently [27] has studied the performance of a combined solar photovoltaic (PV) and thermoelectric
generator (TEG) system, using an analytical model for four different types of commercial PVs and a
commercial bismuth telluride TEG. The TEG is applied directly on the back of the PV, so that the two
devices have the same temperature. The PVs considered are crystalline Si (c-Si), amorphous Si (a-Si),
copper indium gallium (di)selenide (CIGS) and cadmium telluride (CdTe) cells. They have shown that, the
degradation of PV performance with temperature is shown to dominate the increase in power produced by
the TEG, due to the low efficiency of the TEG. For c-Si, CIGS and CdTe PV cells the combined system
produces a lower power and has a lower efficiency than the PV alone, whereas for an a-Si cell the total
system performance may be slightly increased by the TEG.

More recently [28] presents a dynamic theory of the thermoelectric effect that occurs in a uniform unipolar
semiconductor under the influence of a time-dependent temperature distribution. To be specific, the
temperature distribution is chosen as a plane traveling wave of constant amplitude. The dependence of the
thermoelectric current, appearing under these conditions, on the semiconductor properties, as well as on the
parameters of the temperature wave, is studied.

In this paper, we considered the temperature distribution in the semiconductor plate of the Thermoelectric
Generator System (TEG). We resolved the thermal conductivity equation described by:

or_ o (0 ot oy
a @ (axZ + ay? + 622) = Q.20 M
Where a? is the thermal diffusivity, Q(X, y, z, t) is the heat flow going from the PV to the TEG module
which is dissipated through the latter; using constants variation method. We assumed that the temperature
along the y-axis is considered uniform.

The paper is organized as follows. In Section 2, the combined PV and TEG system considered is presented.
Next, the theoretical approach is established. In Section 3, the solving of the thermal conductivity equation is
described. Finally, the conclusion and outlook are listed in Section 4.

2 Materials and Methods

2.1 The studied system

We consider a combined (PV+TEG) system, where the TEG is mounted directly on the back of the PV. The
hot side temperature of the TEG is thus equal to the temperature of the PV, Tpy = Trgeroe- The system is
shined upon by the Sun, with an arbitrary concentration of the light. The studied setup is illustrated in Fig. 1.

We assume that the properties of the PV do not change with solar concentration, but only with temperature.
We note that the cold side of the TEG is assumed to be perfectly cooled to the reference temperature 25°C in
the remainder of this paper. The system operates at room temperature having as input the solar radiation and
as output the total electric power generated by the system. At high solar irradiance the PV module
temperature (Tp.) can reach 50-80°C. These values depend on the site, the type of the integration and of the
period of year considered.

We assume that the photons provided from the Sun are either converted directly into electrical energy, with
fraction npy, converted into heat, ¢, or not absorbed, 7,5, such that

Npy + N1 + Mpon = 100% @)
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Fig. 1. An illustration of the system considered. a- Equivalent system; current generator, b- the
incoming solar radiation hits the PV, which heats up from parts of the radiation. This heat is
transferred through the TEG, to the cold side [27]

The fraction of non-absorbed photons is taken to be constant.
Npy = UTref( 1+ :B(TPV,O - T) ) 3
where 17, ; is the reference temperature, typically 25°C, and S is the temperature coefficient [29-30].

The efficiency of a TEG is generally a nonlinear function of temperature since the thermoelectric material
properties vary nonlinearly with temperature. In the case when the material properties do not depend on
temperature an analytic expression for the efficiency can be derived. This depends on both the hot and cold
side temperature and the temperature span. However, this assumption is not applicable for actual
thermoelectric materials [27].

The heat flux available at the hot side of the TEG is assumed to be what remains of the absorbed radiation of
the PV power production:

Qrec (T) = QSolar(l - nPV(T) - nnon) 4

The total electrical power produced is the sum of the power produced by the PV and by the TEG:

Piot(T) = Qso1arpy(T) + Qrge(TN7ee(T) )]

The maximum total power produced by the combined PV and TEG system can then be obtained. The
efficiency of a coupled PV and TEG system are given as.

Npvarec(T) = Npy(T) + 76 (T)(L = 1py (T) — Non ) (6)

An amorphous Si (a-Si) solar photovoltaic (PV) and a commercially available bismuth telluride (CdTe)
(TEG) is the combined (PV+TEG) system considered in this study.
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2.2 Method: Boundary conditions (BCs)

The Boundary conditions (BCs) for equation (1) in the geometry under consideration are as follows. If the
upper surface of the sample (Z = 0) is illuminated with light of intensity I = I,(1 + cos®) , completely
absorbed in an infinity thin near-surface layer of the sample without photocarrier generation, the appropriate
(BCs) are as follows:

arl _ _goh
ozl = . (1 + cos®) @)

where: the thermal conductivity of the semiconductor, g,: the heating efficiency of the semiconductor by the
light.

On the opposite side of the sample (z = h), which is the interface with the substrate serving as the thermostat,
the BC is written in the form [28].

aT _ _X _
= TEa-Ty) ®)
where y : is the surface thermal conductivity.

Along the x axis, we have:

oT

oz

_ar

z=0  0zlz=p ©)

These boundary conditions are exploited to solve the equation (1).

3 Results and Discussion

3.1 Resolution of homogeneous equation

The temperature homogeneous distribution in the combined (PV+TEG) system is described by the thermal
conductivity equation (10).

T (T2 Ty
a4 ax2+ay2+azz =0 (10)

The homogeneous solution of equation (10) will be expressed in the form of
T(x,z,t) = A1 (2)sin® + A,(z)cos® + A;(z) (11)

Substituting equation (11) in (equation (1), one obtains the system of equations for the temperature wave
amplitudes A;(z) - A5(2).

A1(2) = K2 A1 (2) + 5 4,(2) = 0 (12)
Ay(2) — k?A,(2) — %Al(z) =0 (13)
Ai(2) =0 (14)
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with boundary condition (BC), we have:

45(0) = 0, 4,(0) = A3(0) = — %2 (15)
Aip () = =7 A1, (R) (16)
Az(h) = =3 (45 (W) = Ty) a7

The general solution to the system of equations (12)-(14) has the following form:

A,(2) = 98B cosp’az | GtiGs oo kez | GGy Gy Raz
2 a 2kq a
4 O i o (18)
2k; a
C;+1C kiz Cy+IC k,z  a(Cy+1C kyz
4,0 =BG gtz GG Gl aGat Gy Ll
2 a 2 a 2k,
a(C4+lC2) 3 g
+ %, sinh ) (19)
A3(2) = Csz + C4 (20)

Where k? = a?k? +iw; k3 = a’k? — iw C,_g are the integration constants.
When g |k1,2| <« 1 (For a thermally thin sample), equation (18) and equation (19) become:

A (z2) =C, +Cyz and A,(2) =C3+ Cyuz (21)
Substituting equation (20) and equation (21) in equation (15), one obtains:

;=0 and C, = Cs = —2° (22)

The integration constants C; and C, are calculated, substituting equation (21) in equation (16), we obtain:

€, =0 and C; = %};m (23)

Cg is determined, substituting equation (20) in equation (17). We have:

Co = Ty — 2020 (24)

Once the integration constants have been determined, we have substituted equation (20) and equation (21) in
equation (11), and we obtained the following temperature distribution in the thermally thin sample by:

K+xh

T(x,z,t) =T, —M(z Y

p ) (1 + cos®) (25)

When the semiconductor is weakly coupled to the substrate, we have (yh < k), and the temperature
distribution is given as follows:

T(x,2,t) = To + 222 (1 + cos®) (26)
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3.2 Resolution of inhomogeneous equation

The temperature inhomogeneous distribution in the combined (PV+TEG) system is described by the thermal

conductivity equation

aT 2 (62T a%T 62T)
— = —+=+—=)=0xy,z2t
ot 9x2 + dy? + 9z2 Qx,y,2,0)

where Q(x,y,2z,t) = Goe P? + Iy(1 + cos®) :
The general form of the particular solution is given by:

Q(x,y,2,t) = A(2)e P? + B(2)sin® + C(z)cos® + D(z)

We have sought the constants A(z), B(z), C(z) and D(z) by the following transformations:

Z—f = wB(2)cos® — wc(z)sin®

Z_i = kB(2)cos® — kC(z)sin®

020
0x?2

92Q

oy

= —k?B(z)sin® — k?C(z)cos®

‘;—i = A'(2)e P? — A(z)Be P? + B'(2)sin® — C'(z)cos® + D'(z)

27

(28)

(29)

(30)

(€1

(32)

ZZTS =A"(2)e F? — A'(2)pe P — A'(2)BeP? — A(2) % F? + B"(2)sin® — C"(z)cos® + D" (z)

22Q
9z2

= (A"(2) - 24'(2)B — A(z)B?)e P% + B"(z)sin® — C"(z)cos® + D"(z)
By identification, we have:

A'(2) =24/ (2)B — A(2)B* = G,

B'(z) — k?B(2) + aKZC(z) =1,

C'(2) — k%C(z) — :—ZB(Z) =0

D'(x)=-%

D'(z) = —% and D'(z) = —%Z +6

D(z) = —z%zz +6z+y

(33)

(34)

(35)

(36)

(37

(38)

(39

(40)
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We determine the constants § et y, using the boundary Conditions (15) and (17):

D'(2) = —;—(;Z + 6 therefore D'(0) =6
D'(0) =6 =—%°

k
We posed:
' __X _ _ X 1 2 Gol
D'(h) = —X[D(h) —To] = D(z) = %[~ p2 = 2o p 1y — 7,
That to say D'(h) = —%h—%

By combining equation (42) and equation (43), we have:

X Io h2 goloh ] Io Jolo
—A[_top2_golop )= _lop g
k[ 2a2 PR 0 a? k

Then y=T0+1_02h2+9010h+1_02h+9010
2a k xa X
And we obtain:

D(z) = — % 72 —‘%TIOZ+(TO +Z%h2 +%h+%h+gj{l)

2a?
The constant B (z) is given by:

+iC kiz | Cy—iC kyz | Cp+iC kiz
B(z)=T3€osh%+%cosh%+ %cosh%+
1

Cp—iCy
2k,

We search now C (z):

We identified C*’(z) to I, from (equation (37).

C'(z2)=-lyz+¢
C(2) =_7lozz+ez+19

where C'(0) =¢= —%

as faras C'(h) = —)—IEC(h) = —Ioh—%= —%(—%"hz +£h+19)

—lopz g Sy g = Ky gl
2 k X X
and
9=l Sh 49y lop2y goloy
X X 2 k

=l 2 _ golo kp yGolo _Top2  doho
C(Z)—ZZ kz+10xh+x+ 2h+kh

koz
cosh ==
a

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)
(49)

(50)

(51

(52)

(53)

(54)
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We search A (2):
A'(2) = 24'(2)B — A(2)B* = Gy
Oneposes y =A"(z);y =A(2) ety = A(2)
we have y — 2By — %y =0

The characteristic equation of equation (56) is given by:
r2—=2Br—p%=0
A=4B% —4B? =0
r=p

The homogeneous solution of equation (56) is given by
Y = (C + Cyz)e”

The particular solution of equation (55) is:

_ Go

yp - B?
General solution of equation (55) is expressed by:

Go

y=yn+y =(C, +Cz)ef? + 5

Identifying y to A(z), we have:
A@) = (€ + e + 25

where ef? = cosh fz + sin Bz

Therefore  A(z) = (C, + C,z) (cosh Bz + sin fz) + %

The general solution of equation (1) becomes:

K+xh
X

T(x,z,t) =T, —%(2

For yh < k

T(x,z,t) =T, + 9°T’°(1 + cos®) + A(z)e % + B(2)sin® + C(2)cos® + D(z)
where the constants A(z), B(z), C(z) and D(z) are determined above.

3.3 Maximum temperature of combined (PV + TEG) system

The efficiency as a function of temperature span is given by [20].

Nreg = aAT? + SAT

Where a = —1.21(5) * 107K "2 and & = 4.87(7) * 10~*K~? for a cold side temperature of 25°C.

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

) (1 + cos®) + A(2)e % + B(z)sin® + C(2)cos® + D(z)  (63)

(64)

(65)
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From equation (65), equation (4) and equation (5), we deducted the temperature at which the total power
output is maximum. This is given by [27].

1
Tmax = (iZTCaﬂnPV,D + 2Trefaﬁ77PV,o + ﬁgnPV,o + 2‘9”771071 +
4aBnpy,o

2anpy, t 2a + (4‘T02a2ﬁ2(77pv,o)2 — 8T¢ * refazﬁz(npv,o)z +
4Tref2“252(ﬁpv,o)2 - 4TCU‘525(77PV,0)2 + 4Trefaﬁz‘§(77PV,o)2 -
8Tca2577non77pv,o - 8Tca2ﬁ(77pv,o)2 + 8Trefa2ﬁnnon77PV,o +
8Tref“2ﬂ(77pv,o)2 + ﬁz‘gz(npv,o)z + 8Tc“2ﬁ77pv,o - 8Trefazﬁ77PV,o +

2 2
80‘52(77PV,0) + 4“55(77PV,0) +4a?(Myon)? + 8“277non77pv,o +

2 3
4a2(nPV,o) - 4’aﬁ577PV,0 - 8a277non - 8“2771317,0 + 4’0[2) ) (66)

The total power produced by the (PV +TEG) system can then be found using equation (5) and the solution
for the optimum temperature given in the expression above equation (66).

4 Conclusions and Outlook

The performance of a combined solar photovoltaic (PV) and thermoelectric generator (TEG) system is
examined, using an analytical model to study the temperature distribution in the semiconductor plate of the
Thermoelectric Generator System (TEG). An amorphous Si (a-Si) solar photovoltaic (PV) and a
commercially available bismuth telluride (CdTe) (TEG) is the combined (PV+TEG) system considered in
this work.

We resolved the thermal conductivity equation, using constants variation method. We assumed that the
temperature along the y-axis is considered uniform.

Our results reveal that, the temperature distribution in the form of a traveling wave is maintained by external
heating. This depends on both the hot and cold side temperature and the temperature span.

The heat flux Q(x, y, z, t) available at the hot side of the TEG is assumed to be what remains of the absorbed
radiation of the PV power production. The efficiency is directly proportional to the produced power, with the
proportionally factor being Qg,;4-- The maximum operating temperature of a BiTe TEG is indicated.

Future work can be about:
1) - Extensions to the model;

2) - Improvement of the analytical results;
3) - Compare experimental results with those obtained analytically.
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