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Chapter

Recovery of Photovoltaic Module
Heat Using Thermoelectric Effect
Felix A. Farret and Emanuel A. Vieira

Abstract

The growing demand for renewable energy sources, in particular for solar
technologies, requires more detailed studies to increase power and efficiency.
Among them, thermoelectric energy conversion is a well-known technology used
for decades including solar thermal generators (STEG), radioisotope thermoelec-
tric generators (RTG), automotive thermoelectric generators (ATG) and thermo-
electric generators (TEG). This chapter aims to demonstrate that the
thermoelectric effect (Seebeck effect) can be used to harness the thermal energy
retained in photovoltaic panels to increase their overall efficiency with its direct
conversion into electrical energy and vice versa. It is also observed that solar
radiation can be converted directly into electric energy, as in photovoltaic mod-
ules, or yet can be converted directly into electricity, as in thermoelectric mod-
ules. It is emphasised that although the energy conversion by thermoelectric effect
still has low electrical efficiency, this source is characterised by a high degree of
reliability, low maintenance, appreciable durability and absence of moving parts,
and it allows generating electric energy through recovery of the thermal energy
from several industrial processes. At the end of this chapter is presented a case
study related to the thermal energy absorbed by a polycrystalline photovoltaic
module to illustrate their increased efficiency and power in thermoelectric-
photovoltaic cogeneration.

Keywords: photovoltaic-thermoelectric cogeneration, thermal energy,
thermoelectric effect, renewable energy sources, solar energy

1. Introduction

In this chapter, the thermoelectric effect is used to exploit the thermal energy
accumulated in the operation of photovoltaic panels, reversing it into electric
energy. For this, a brief presentation of the thermoelectric effect is made to obtain
an equivalent circuit of a thermoelectric module and its associations (series and
parallel).

Traditionally, the term thermoelectric effect or thermoelectricity involves three
effects that can be identified separately: the Seebeck effect, the Peltier effect and the
Thomson effect. Figure 1 illustrates these three thermoelectric effects.

From the discovery of Alexandro Volta related to the production of electricity by
the mere contact between different metals, the researches on thermoelectricity took
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impulse and began looking for the origin of the thermoelectric effects [1]. These
effects can be reunited as follows:

• Seebeck effect (1822) explaining that an emf is generated by a pair of different
conductors whose ends are not at the same temperature with respect to their
junction.

• Peltier effect (1834) which refers to the release or absorption of heat at the
junction of two different materials when an electric current flows through
from one conductor to the other.

• Joule effect (1840) that relates the production of heat at a given time
whenever the material is carrying electric charges.

• Thomson effect (1856) refers to the production or absorption of heat when
an electric current passes through a circuit made of a single material and under
a temperature difference across its length.

The material properties listed above are used to explain how the thermoelectric
effect is able to produce a direct conversion of a temperature difference into an
electrical voltage and vice versa. On the left side of Figure 1, the thermal Seebeck
effect appears as a temperature gradient on the faces of a thermoelectric module
coupled to a pair of semiconductors, whereby an electric current flows through the
N-P direction of the junction. The Peltier effect represented on the right side of
Figure 1 consists of the production of a temperature gradient across the junction
between two conductors (or semiconductors) of different materials in a closed loop
when subjected to an electric voltage. On the other hand, thermoelectric generators
can act as heat engines, being less bulky and having no moving parts [2].

In principle, the association of the Peltier-Seebeck and Thomson effects may be
thermodynamically reversible, whereas the Joule effect is not reversible. This
nonreversibility of the Joule effect causes many authors to consider the existence of
only two thermoelectric effects.

2. Thermoelectric materials

The application of semiconductor materials in the construction of thermocou-
ples in some special cases has contributed significantly for electricity generation,

Figure 1.
Thermoelectric effect.
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refrigeration and heating, as well as being of interest to theoretical physics based on
the modern science of semiconductors. The energy applications of these thermoel-
ements are mainly in thermoelectric coolers, industrial and domestic heating
devices, thermoelectrically generated sound, ultrasonic generators, vacuum ther-
moelements, space applications in satellite power, marine applications in buoys and
headlights, as well as in medicine applications of cardiac pacemaker feeding.

For the sake of completeness, the principle of direct conversion of thermal
energy into electricity is also widely used today in temperature measurements by
means of thermocouples or thermo-junctions based on metals or metal alloys. In
this particular, Table 1 shows the Seebeck coefficient for some metal alloys and
semiconductors used to make thermoelectric modules on a commercial scale.

The economical and practical applications of thermoelectric materials depend on
the characteristics of the available thermoelements, their efficiency, temperatures
involved in the operation, stability of operation and costs involving raw materials in
the final preparation. As a rule, it should be noted that the thermal cycle of a
thermoelectric generation differs from others because it consists essentially of a
solid-state phenomenon where the thermal energy is converted directly into electric
energy. This direct conversion has made possible the construction of simple devices
such as transducers or power sources, which have practically no maintenance and
no moving parts, which makes them highly interesting in exact sciences.

The thermoelectric materials can be made of conductors, semiconductors and
insulators. In a more careful classification, it is necessary to take into account the
microscopic characteristics referring to the electron behaviour in the valence layer
of the material by action of an electric field [3]. A thermoelectric material with high
electrical conductivity, high Seebeck coefficient and low thermal conductivity can
be considered a good thermoelectric material [4].

It should be said at this stage that the efficiency of a thermoelectric device
depends both on the operating temperature of the materials and on the characteris-
tics of these materials, which can be expressed by the figure of merit given in
Eq. (1).

Semiconductor Seebeck coefficient (μV/°C)

Bi2Te3 (P-type) �230

Bi2xSbxTe3 (P-type) 300

Sb2Te3 (P-type) 185

PbTe �180

Pb3Ge39Se58 1670

Pb6Ge36Se58 1410

Pb9Ge33Se58 �1360

Pb13Ge29Se58 �1710

Pb15Ge37Se58 �1990

SnBi4Te7 120

SnBi3Sb1Te7 151

SnBi2:5Sb1:5Te7 110

SnBi2Sb2Te7 90

PbBi4Te7 �53

Table 1.
Seebeck coefficients for metal alloys and semiconductors.
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Z ¼
α
2

σκ
(1)

where:
α is the Seebeck coefficient.
σ is the electric conductivity.
κ is the thermal conductivity.
Z is the figure of merit.
Eq. (2) relates the figure of merit to temperature. However, the figure of merit

does not have a constant behaviour as the temperature varies [1], but it can also be

expressed in a dimensionless form ZT [4]:

ZT ¼
α
2

σκ

� �

T (2)

where:

T is the average temperature between the faces (hot and cold).

ZT is the figure of merit dependent on temperature.

3. Thermoelectric module

A “modern” thermoelectric converter essentially consists of a series of thermo-
electric semiconductors of N-type and P-type materials alternately connected. It is
noticeable that these semiconductor elements are electrically connected in series
and thermally in parallel by a series of metal contacts placed at each two ceramic
plates (Figure 2a).

A typical thermoelectric device consists of two ceramic substrates (alumina)
(Figure 2a), which serves both as base and electrical insulation, for thermoelements
(e.g. bismuth telluride) electrically connected in series and thermally in parallel as
in the case of ceramics [1]:

Tmax ¼ 0:5Z � T (3)

Conventional thermoelectric devices have various specifications according to
the type of application. The dimensions commonly range from 3 to 5 mm in thick-
ness and from 56 to 60 mm in lateral length. The faces exposed to the outside have a
square geometry. The maximum rate of heat pumping varies from 1 to 125 W [5].

Figure 2.
Thermoelectric module: (a) single TEG and (b) multistage TEG.
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The maximum temperature difference between the hot and cold sides can reach 70°
C. Typical thermoelectric modules contain from 3 to 127 thermocouples.

There are multistage (cascade) thermoelectric devices designed to meet the
requirements of large temperature differentials (ΔT can reach 130°C). The lowest
achievable temperature is <�100°C for multistage devices [5].

There are thermoelectric modules made up of several layers known as multistage
thermoelectric modules (see Figure 2b). The maximum temperature difference
obtained between the interfaces of each layer in a multistage thermoelectric module
is given by Eq. (3).

4. Equivalent circuit of thermoelectric modules

Section 1 explained how the Seebeck effect could generate an electrical voltage
from a temperature difference between the junction of two distinct semiconductor
materials and the ends of them. Eq. (4) states that the higher the temperature
differences between the thermoelectric junctions, the greater the electric potential
generated [6]:

V ¼ Nj

ð

T2

T1

α2 Tð Þ � α1 Tð Þ½ �dt (4)

where:
Nj is the number of junctions for identical thermoelectric pairs.
T1 and T2 are the temperatures at the extremes of the material pair.
α1 and α2 are the Seebeck coefficients of the semiconductor materials.
The equivalent electrical circuit of a thermoelectric module can be seen in

Figure 3a, where the output voltage V i across the terminals of a no-load module is
given by Eq. (5). As this circuit is not connected to any load, it does not circulate
electrical current through it:

V i ¼ α ∆T (5)

Figure 3.
Equivalent electric circuit: (a) open circuit and (b) circuit with load.
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where:
V i is the input source voltage.
α is the absolute coefficient of Seebeck.
∆T is the temperature difference between faces of the thermoelectric module.
When a load RL is connected across the circuit terminals of Figure 3b, a current

IL will flow through it according Eq. (6):

IL ¼
V i

Ri þ RL
(6)

It is shown in Figure 3b that the load voltage VL can be defined as the total
voltage generated minus the internal voltage drops in the module, as in Eq. (7) [7]:

VL ¼ V i � ILRi (7)

Eq. (7) can then be rewritten in terms of temperature difference and the Seebeck
coefficient by replacing IL given by Eq. (6) and Vi given by Eq. (5). The load voltage
VL can be rewritten as a function of the temperature and the Seebeck coefficient as
in Eq. (8):

VL ¼ α ∆T �
α ∆T

Ri þ RL
Ri (8)

The power generated by a thermoelectric module is a function of the generated
voltage as given by Eq. (9):

PL ¼
V2

iRL

Ri þ RLð Þ2
(9)

The power dissipated in the load can also be expressed as a function of the temper-
ature difference across the faces of the thermoelectric module, according to Eq. (10):

PL ¼
α
2
∆T2

� �

RL

Ri þ RLð Þ2
(10)

Mathematically, the maximum power in the load PL,max is obtained by deriving the
expression of electric power in relation to RL and equalling to zero according to Eq. (11):

V2
i Ri þ RLð Þ � 2 RLV

2
i

Ri þ RLð Þ2
¼ 0 (11)

Based on the identity of Eq. (11), it is concluded that RL ¼ Ri, both nonzero
resistors. The internal resistance Ri of each thermoelectric module is obtained by the
algebraic sum of the internal thermal resistances of the metallic material of the
junction with the sum of resistances of the N-P junctions and with the thermal
resistance of the physical contacts [8].

By making Ri ¼ RL ¼ Rmax,pot and replacing everything in Eq. (10), the maxi-
mum power is given as a function of temperature by Eq. (12) [9]:

PL,max ¼
α
2
∆T2

4 Rmax,pot
(12)

It should be noted that the performance of a thermoelectric module can be
characterised by the Seebeck coefficient, the internal resistance and the thermal
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conductance [7]. The thermal conductance of the thermoelectric module is given as
a function of the thermal conductance of each P-N junction. As the P-N elements
have equal volumes, the thermal conductance will be the same for both semicon-
ductors, and it is expressed by Eq. (13) [7]:

K ¼ 2
kAj

l
(13)

where:
Aj is the area of each thermoelectric junction.
κ is the thermal conductivity.
l is the thermoelectric module length.

The heat absorbed _Q h and the heat removed _Q c are expressed by Eqs. (14) and
(15) [7]:

_Q h ¼ α ILTh þ K Th � Tcð Þ �
1

2
I2LRi (14)

_Q c ¼ α ILTc þ K Th � Tcð Þ �
1

2
I2LRi (15)

where:
Th is the temperature of the hot face of the thermoelectric pair.
Tc is the temperature of the cold face of the thermoelectric.
α ILTh is the heat rate of the thermoelectric module.
α ILTc is the heat rate of the thermoelectric module.
1
2 I

2
LRi is the power dissipated.

K Th � Tcð Þ is the heat pumping between two thermal reservoirs.
The efficiency of the thermoelectric module can be obtained from the ratio of

the electric output power PL and the heat received in the thermoelectric module
according to Eq. (16):

ηTEG ¼
PL

_Q q

(16)

According to [10], the heat transferred through the module determines the
thermoelectric efficiency. Therefore, the thickness of the module is the parameter
that most affects the efficiency which is expressed as in Eq. (17):

ηTEG ¼
I2LRLwt

κ ATEGΔT
(17)

where:
wt is the thickness of the thermoelectric module.
ATEG is the face area of the thermoelectric module.

5. Association of thermoelectric modules

The arrangement of connections between thermoelectric modules resembles
that of the photovoltaic modules, which can be arranged in series or in parallel. If
the objective is to increase the electrical voltage across the thermoelectric modules,
the series connection must be used. If the aim is to increase the current through
the modules, they must be connected in parallel. A third option is a mixed
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series-parallel arrangement that provides an increase in power either by the increase
in voltage or current or both. In this way, the load current generated by the associ-
ation of the thermoelectric modules is represented by Eq. (18) [10]:

IL ¼
Ns α ∆T
NsRi

NP
þ RL

(18)

where:
Ns and Np are, respectively, the number thermoelectric modules in series and

parallel.
The voltage generated across the load by an arrangement of thermoelectric

modules is given by Eq. (19) [10]:

VL ¼ RL
Ns α ΔT
NsRi

NP
þ RL

 !

(19)

The maximum thermoelectric power occurs when the internal resistance Ri is
equal to the load resistance RL, and it is given by Eq. (20) [10]:

PL,max ¼
NT α Th � Tcð Þ½ �2

4 Ri
(20)

where:
NT is the total number of modules.
With Eq. (21) it is possible to determine the heat input in the thermoelectric

generator in watts [10]:

_Qw ¼ NT
α ThIL
NT

� 0:5Ri
IL
NP

� �2

þ k Th � Tcð Þ

" #

(21)

where:
NT is the total number of thermoelectric modules.
The efficiency of the thermoelectric generator is given by Eq. (22), which relates

the maximum power generated with the array of modules and the amount of heat
that had been absorbed by the array [10]:

ηTEG ¼
PL,max

_Qw

(22)

6. Layer temperatures in the photovoltaic modules

The determination of the temperature in a photovoltaic module is of great
importance for thermoelectric generation. For this, a Ross model was developed to
simplify the determination of temperature in a photovoltaic cell located between
the layers of the photovoltaic modules caused by the ambient temperature and solar
radiation as shown in Figure 4.

Ross determined the temperature coefficients for photovoltaic cells according to
the residential installation form (Table 2) [11, 12].

From the Ross observation, the temperature of the photovoltaic cell can be
determined with Eq. (23) [11, 12]:
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TCell ¼ TambKSGi (23)

where:
Tamb is the ambient temperature.
KS is the coefficient of Ross.
Gi is solar radiation.
The mechanism of heat transfer between layers that cause the temperature

difference between the photovoltaic cell and the polyvinyl fluoride layer, which
commercial trade mark is Tedlar®, occurs by conduction and can be expressed by
Eq. (24) [13]:

TCell � TTedlar ¼
_Q

∑Rthemal
(24)

where:
∑Rthermal is the sum of the thermal resistances of the photovoltaic cell.
_Q is the useful energy of solar radiation.
TTedlar is the temperature of Tedlar®.
Tcell is the temperature of the photovoltaic cell.
Table 3 lists the thickness of the photovoltaic module layers with the thermal

conductivities of each constituent. The thermal resistance between the Glass-
Tedlar® layers is determined then by Eq. (25) [13]:

∑Rthemal ¼
dGlass
kGlass

þ
dEVA
kEVA

þ
dTedlar
kTedlar

(25)

Figure 4.
Layers of a photovoltaic module.

Type of PV installation Ross coefficient

Integrated into the roof 0.058

Small distance to the roof (<10 cm) 0.036

Great distance to the roof (>10 cm) 0.027

Free 0.020

Table 2.
Ross coefficients, KS.
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where:
dGlass is the thickness of the glass.
dEVA is the thickness of the ethylene vinyl acetate (EVA).
dTedlar is the thickness of the Tedlar®
kGlass is the thermal conductivity of the glass.
kEVA is the thermal conductivity of the ethylene vinyl acetate (EVA).
kTedlar is the thermal conductivity of the Tedlar®.
By knowing the approximate temperature of the photovoltaic cell and isolating

the term Tedlar® in Eq. (24), the temperature at the lower surface of the Tedlar®
layer is estimated by Eq. (26) [13]:

TTedlar ¼ TCell �
_Q

dGlass
kGlass

þ dEVA
kEVA

þ dTedlar
kTedlar

" #

(26)

7. Temperature of the absorption plate and its occupation in the
thermoelectric area

Much of the radiation on photovoltaic panels is absorbed as heat flowing
through the constituent layers. To calculate the temperature of the absorption plate,
the parameters shown in Table 4 take into account the dimensions of the photo-
voltaic plate. The internal temperature of the plate is determined by Eq. (27)
[13, 14].

The temperature on the hot side of the thermoelectric module is considered to be
the internal temperature of the absorption plate given by Eq. (28):

Tint,board ¼ TTedlar �
LA

κAAA
(27)

where:
LA is the thickness of the absorption plate.
kA is the thermal conductivity of the absorption plate.

Description Values

Layer thickness of EVA, dEVA 0.5 mm

Layer thickness of Glass, dGlass 0.4 mm

Layer thickness of Tedlar®, dTedlar 0.15 mm

Thermal conductivity of EVA, kEVA 0.34 W/m2 K

Thermal conductivity of Glass, kGlass 1.0 W/m2 K

Thermal conductivity of Tedlar®, kTedlar 0.167 W/m2 K

Table 3.
PV layer thicknesses and thermal conductivity of some elements [6].

Definition Values

Thickness, LA 0.005 m

Thermal conductivity, kA 237 W=m2°C�1

Absorption plate area, AA 0.0643 m2

Table 4.
Characteristics of the absorption plate.
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AA is the area of the plate that absorbs heat.
TTedlar is the temperature of Tedlar®.
Tint,board is the internal temperature of the absorption plate.
The area occupied by thermoelectric modules is a limiting factor for determining

the size of the thermoelectric conversion. To estimate the area that the thermoelec-
tric system will occupy, one can use Eq. (28):

AT ¼ w ℓ NT (28)

where:
AT is the total area of the TEG module.
w is the width of the TEG.
ℓ is the length of the TEG.

8. Determination of the power obtained from a TEG

The power generated by a TEG depends on the internal temperature in the
thermoelectric absorption plate, which is an essential parameter for determining the
thermoelectric energy generated. Therefore, using Eq. (18) for the considered
parameters, the load current can be expressed by Eq. (29):

IRL
¼

Nsα Tint,board � Tambð Þ
NsRi

NP
þ RL

(29)

Reordering Eq. (19) for the data parameters, the load voltage is finally deter-
mined by Eq. (30):

Vc ¼ RL
Nsα Tint,board � Tambð Þ

NsRi

NP
þ RL

" #

(30)

The maximum power of the thermoelectric generation given by Eq. (31) occurs
when the internal resistance Ri is equal to the load resistance RL:

PL,max ¼
NT α Tint,board � Tambð Þ½ �2

4 RL
(31)

9. Case study

In this case study, the steps used in the laboratory of CEESP-UFSM to determine
the production capacity of a small photovoltaic-thermoelectric cogeneration assem-
bly are shown. The temperature estimation used as input parameter the data of the
automatic meteorological station of the National Institute of Meteorology (INMET)
for the city of Santa Maria-RS, Brazil, in the period of January 17, 2018–January 23,
2018. The same methodological procedure of this case study can be used to any
other location by taking into account the historical temperature data of the place.

In the simulations performed for this section, the reference photovoltaic module
is the YL010P-17B 1/13 from the manufacturer YINGLI SOLAR with the character-
istics described in Table 5. As a prototype, the parameters of this TEGmodule using
the bismuth telluride thermoelectric element are listed in Table 6. From the data of
solar radiation, ambient temperature and wind speed, it was possible to estimate
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with Eq. (23) the temperature of the photovoltaic cell. The temperature of the
Tedlar® layer is given by Eq. (26) with the thermal flow directed to the thermo-
electric generator. With this, the load power generated by the thermoelectric mod-
ules is determined with Eq. (31) with the modules subjected to a positive
temperature gradient, i.e. the temperature of the Tedlar® layer is higher than the
ambient temperature.

The thermoelectric microgenerator used in this case study is composed of three
parts, absorption plate, thermoelectric modules and heat sink, as shown in Figure 5
considering the dimensions and the internal temperature of the photovoltaic plate.
A thin layer of thermal paste was used to improve the heat transfer between the
photovoltaic module and the constituent layers of the thermoelectric
microgenerator. The electrical connections of the thermoelectric microgenerator are
shown in Figure 6 where the thermoelectric modules are arranged in series in a
total of six modules which in turn are connected in parallel with the photovoltaic
module.

Figure 7 is the record of temperatures measured in the week between January
17, 2018, and January 23, 2018. The blue line data represents the temperature of the
photovoltaic cell, and the red line represents the ambient temperature. Notice that
there is a significant difference between the ambient temperature and the temper-
ature of the photovoltaic cell. With this, heat reduces the efficiency of the photo-
voltaic cells but has a reasonable potential for thermoelectric cogeneration. The
internal temperature of the absorption plate is the same as the hot surface of the

Description Values

Rated voltage 17.1 V

Rated current 0.59 A

Open circuit voltage 24.8 V

Short circuit current 0.65 A

Peak power 10 � 5% Wp

Conversion efficiency 11.1%

External module area 0.09 m2

Table 5.
Data of the photovoltaic modules, YL010P-17B 1/13.

Description Values

Maximum voltage 15.4 V

Maximum current 10.5 A

Internal resistance 1.24 Ω

Maximum temperature variation 67°C

Seebeck coefficient 0.02875 V/K

Thermoelectric junctions 127 pairs

Width, w 40 mm

Length, ℓ 40 mm

Thickness 3.9 mm

Table 6.
Parameters of the thermoelectric module.
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Figure 5.
Layer distribution of the PV-TEG system.

Figure 6.
General diagram of PV-TEG cogeneration.

Figure 7.
Temperatures of the photovoltaic cell and the environment.
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thermoelectric modules and is calculated by Eq. (27). The average temperature
estimated for the absorber plate is 0.0002°C which is lower than the temperature of
the Tedlar® layer given by Eq. (26).

The area of the heat-absorbing plate corresponds to 71.44% of the area of the
photovoltaic panel, which is 0.09 m2. Figure 8 shows the temperature variation in
the photovoltaic cell, the temperature of the absorber plate and the ambient tem-
perature. In this figure, the theoretical temperature of the absorber plate is slightly
less than the temperature of the photovoltaic cell and is also significantly higher
than the ambient temperature. The greater is the difference between these param-
eters, the greater is the thermoelectric generation as specified by Eq. (31). The most
important parameter for increasing thermoelectric generation is the temperature
difference between the hot side and the cold side of the module. The average
temperature difference between the TEG surfaces in the practical tests was 23.88°C
for the given period. This estimation considered that the heat sink temperature was
maintained at 5°C above room temperature.

Figure 9 is an estimate of the thermoelectric generation calculated for the period
from January 17, 2018, to January 23, 2018.

The total thermoelectric generation estimated with the data used in this section
is 96.86W for a 1-week period accounting for 71 hours of electricity generation. The
temperature variation between the absorber plate and the TEG ambient tempera-
ture was always positive. During this period, the estimated average of hourly energy
production in the TEG microgenerator was 1.37 Wh.

Figure 10 shows the theoretical electricity either in the photovoltaic module or
in the TEG module during the period considered in this section. Soon after, the
power of the thermoelectric generator was estimated using Eqs. (23)–(31). The total
theoretical energy generated in the photovoltaic module was 479 W, and the total
energy generated in the TEG module was 96.86 W.

It is important to mention at this point that both generation profiles shown in
Figure 10 have the same shape a part of their scales. This is due to the fact that there
is a proportional correlation between incident solar irradiance and the bottom surface
of the photovoltaic module where the TEGs are connected to the absorber plate.

Table 7 shows the theoretical electricity generated by the cogeneration system
described in this case study. This shows that after coupling the TEG module to the
photovoltaic panel, the total electric energy generated had an increase of 20.2%
when compared to the photovoltaic system without cogeneration.

Figure 8.
Temperatures of (a) PV-cell, (b) inner face of the absorption plate, and (c) ambient.

14

Renewable Energy - Resources, Challenges and Applications



10. Conclusion

This chapter analyses the use of thermoelectric generators in photovoltaic
cogeneration to exploit the residual thermal energy in a direct, renewable, viable,

Figure 10.
Energy generation profiles: (a) PV module with cogeneration, (b) TEG module, and (c) PV module without
cogeneration.

Electric power

PV module without cogeneration 388.14 W

PV module with cogeneration 479 W

TEG module 96.86 W

PV + TEG cogeneration 575.86 W

Table 7.
Total theoretical electric power along a week.

Figure 9.
Estimation of the TEG energy.
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efficient and sustainable way. It shows that the capture of the residual energy by the
Seebeck effect for cogeneration of electric energy can be useful and efficient in
several fields of human activities concerning its easy application, low weight,
reduced size and simplicity of operation.

A thermoelectric generator operates noninvasively, indirectly taking advantage
of the thermal energy of other systems where it is inserted without negative inter-
ference in the process. Another characteristic of the thermoelectric generators is
their modularity, which allows the expansion of cogeneration to match certain
output power or to change their way in association with other thermoelectric
modules.

Even if the thermoelectric generation is still limited to low temperature gradi-
ents (ΔT < 25°C), it can be seen that this technology will have benefits when
associated with photovoltaic systems. This is due to the increase of the heat transfer
from photovoltaic modules to the environment, at the same time, generating an
additional amount of electric energy in the TEG module without increasing any
further conversion area exposed to the sun.

The heat transfer technique used in the case study described in this chapter
shows that it is possible to exploit the residual thermal energy of a photovoltaic
module to improve its own performance. This has been suggested as a practical way
to improve thermoelectric cogeneration (Seebeck effect) with photovoltaic modules
(PV-TEG) and to increase energy efficiency of other associated hybrid systems.

The possibilities of thermoelectric-photovoltaic cogeneration are still greatly
reduced by the limitations imposed by their low temperature gradients and effi-
ciency. An improvement can be expected, for example, with a significant increase
in the number of interconnected thermoelectric modules. Another point is that
there is a limitation in the contact area between the thermocouples and the bottom
surface of the photovoltaic module. Of course, this would increase the assembly cost
and complexity of the generator, which could only be justified in particular cases
that would not allow any other alternatives.
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