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This paper presents a parametric analysis of power generation from thermoelectric generators
(TEGs). The aim of the parametric analysis is to provide recommendations with respect to the
applications of TEGs. To proceed, the one-dimensional steady-state solution of the heat
diffusion equation is comsidered with various boundary conditions representing real encountered
cases. Four configurations are tested. The first configuration corresponds to the TEG heated
with constant temperature at its lower surface and cooled with a fluid at its upper surface. The
second configuration corresponds to the TEG heated with constant heat flur at its lower surface
and cooled with a fluid at its upper surface. The third configuration corresponds to the TEG
heated with constant heat flux at its lower surface and cooled by a constant temperature at its
upper surface. The fourth configuration corresponds to the TEG heated by a fluid at its lower
surface and cooled by a fluid at its upper surface. It was shown that the most promising
configuration is the fourth ome and temperature differences up to 70 °C can be achieved at
150 ° C heat source. Finally, a new concept is implemented based on configuration four and
tested experimentally.
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1. Introduction

The adverse climate changes being witnessed across the planet together with the ever-
decreasing reserves of primary resources, resulting from rapid growth in energy demand
due to population growth and industrialization, have raised public awareness to the dire
consequences of pollution and inefficient energy usage. Indeed, promoting energy
efficiency [1], energy-saving behaviors and renewable energy systems [2-5] has become an
essential part of the energy policies and strategies in developed countries. In 2007, the
European Council set the following ambitious targets to be achieved by 2020: reducing
emissions of greenhouse gases by 20% with respect to the 1990 levels, improving energy
efficiency with the aim of saving 20% of the European Union energy consumption, and
raising the renewable energy sources share to 20% [6]. It is hence of strategic importance to
optimize energy usage and explore new green energy sources.

An abundant source of energy that remains largely unharvested is waste energy [7], and
especially waste heat [8-10]. Almost one-third of the energy consumed by industry is
released as thermal losses directly to the atmosphere or to cooling systems [11]. These
discharges result from the losses that occur in engineering systems. This waste heat can be
recovered into a useful source of energy.
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Thermoelectric materials allow converting a temperature gradient into electricity.
Although they are not yet efficient enough to be applied industrially on large scale, TEGs
present the advantages of being silent, scalable and reliable [12, 13]. Therefore, a deeper
understanding of the parameters that affect the thermoelectric performance of TEGs is
required for reaching adequate conversion levels.

The present work concerns heat transfer modeling and parametric analysis of the
thermal behaviors of TEG subjected to different boundary conditions. The ultimate aim is
to suggest new applications and/or strategies towards maximizing the temperature gradient
across a TEG and hence its power output. Upon the investigation of four different
configurations, each having different modes and boundary conditions, promising results
were obtained regarding one configuration in which the temperature gradient is formed
between two convection boundaries. A new concept is then implemented based on the
promising configuration and tested experimentally.

The remaining of the paper is organized as follows: section 2 presents the parametric
analysis for the different configurations, section 3 shows the experimental results, and
finally section 4 draws the conclusions.

2. Parametric analysis and recommendations

This section concerns a parametric analysis of the TEG thermal behavior subjected to
several conditions. The aim is to find recommendations as to obtaining significant
temperature gradient through the TEG module.

Although a temperature gradient is the trigger for a TEG to generate power, practically this
gradient is not exactly nor necessarily obtained by fixing the temperatures at the two TEG
surfaces. Moreover, fixing the temperatures at the two surfaces of the TEG requires
external means requiring power. The most common boundary conditions that are
encountered in practice will be exposed and treated below. For each case, the temperature
gradient between the hot and cold surfaces of the TEG will be evaluated at steady state and
parametrically analyzed.

Figure 1 shows schematics of the different configurations that will be tested.

Fluid Fluid
X]AL 3T h "J*[ 3 T.h
L - L o

X T, x. . Fluid
L% > T ,h2

” 0 — Fiuid
qo I, b
(@) (d)
Fig. 1. Schematics of (a) configuration 1, (b) configuration 2, (c) configuration 3, and (d)

configuration 4.
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In configuration one (Figure 1-a), the TEG of thickness L and thermal conductivity Kk is

subjected to a constant temperature 1;, at its hot side and simultaneously cooled by air

having a convective coefficient /1 and temperature 7__.

In configuration two (Figure 1-b), the TEG is subjected to a constant heat flux g 0 at its hot

side and simultaneously cooled by air having a convective coefficient A and

temperature 1 _ .

In configuration three (Figure 1-c), the TEG is heated at its hot side with a constant heat
flux q(; and simultaneously subjected to a constant temperature 7, at its cold side.

In configuration four (Figure 1-d), the TEG is heated at one side with air having a

temperature 7, and convective heat transfer coefficient hl while being simultaneously

cooled with air having a temperature 7., and convective heat transfer coefficient £, at the
other side.

For the different conditions, the TEG is considered as a plane wall and the conduction
through it as one-dimensional and steady. Then, the heat diffusion equation is reduced to:

d’T
dx*

=0 ey

The temperature distribution and the temperature gradient in all configurations can both be
obtained by solving the differential equation of the heat diffusion equation above, but will
vary according to the boundary conditions. In all of the above configurations, integrating
the reduced form of the heat diffusion equation with respect to x yields the below linear

variation dependent on two constants A and B function of the boundary conditions:
T(x)=Ax+B )

Below, the boundary conditions, temperature distributions and temperature differences
corresponding to the four configurations are exposed.

Configuration 1

7(0,¢)=T, (3-a)
4 Wr(L,t)-T_] (3-b)
X x=L
T -T)
T()C)ZTI/LLOX‘FTO (3-¢)
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_ hL(T,-T.)
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Configuration 2
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T(x)=-2 x+7 + WL+ k
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k

Configuration 3

Configuration 4

dT
- kd_ =h(T., -T(0))
X x=0

—k— =h(T(L)-T.,)
x=L
T(x) _ hlhz (Tooz _Too1) >
k(h, +h,)+ hh, L
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" k(hy +hy )+ hyhy L
T = hlhzk(Twl _Tooz)

k(h, +h,)+hh,L

Results for configuration 1
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From equation 3-d, it is obvious that the higher the temperature prescribed at one surface of
the TEG T, the lower the fluid temperature T, and the lower the thermal conductivity of
the TEG, the higher will be the temperature gradient. On the other hand, no direct

conclusions can be made with respect to the thickness L and convective coefficient/2. To
proceed and have clear magnitude orders and recommendations, a parametric analysis with
respect to the mentioned parameters is carried out. Figure 2 shows the variation of the

temperature gradient through the TEG in function of the convective coefficient A for
different thickness L of the TEG. For the set of calculations corresponding to Figure 2, the
temperature at the hot surface 7, is fixed at 150°C, the fluid temperature 7, at 20°C, and
the thermal conductivity of the TEG at 2 W/m.K.

From Figure 2, one can conclude that increasing the convective coefficient and thickness L
will increase the temperature gradient. As illustration and magnitude orders for a thickness
of 1 mm, when the convective heat transfer coefficient increases from 50 to 1500 W/mz.K,
the temperature difference through the TEG increases from 3.2 to 55.7°C. For a thickness
of 10 mm, the temperature difference increases from 26 to 114.7°C when the convective
heat transfer coefficient increases from 50 to 1500 W/m?.K.

120.0

100.0

®
©
o

Temp. Diff. (C)

<L =0.001 m =L =0.002m
=L =0.004 m =L = 0.006 m
L =0.008 m *L=0.01m
0 500 1000 1500
Convective coefficient (W/m2.K)

Fig. 2. Variation of the temperature gradient in function of the convective coefficient for

different TEG thicknesses.

Despite having a relatively high temperature gradient in correspondence with the heat
convective coefficient, this configuration only exists when the convective heat coefficient
reaches very high values (values higher than 1000 W/m® K).

Results for configurations 2 and 3

Looking at equations 4-d and 5-d of configurations 2 and 3, it is obvious that the higher the
heat flux q(; at one of the surfaces of the TEG, the larger the thickness of the TEG L, and

the lower the TEG thermal conductivity k, the higher will be the temperature gradient
through the TEG module.

Therefore, configurations two and three are dependent on three parameters. The first is the
heat flux, which in most applications is obtained from the solar radiation and can be
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approximated by a constant value, thus nothing can be improved regarding it when existent
as boundary condition. The two other remaining parameters which both can be improved
are the thermal conductivity and the thickness of the TEG. This improvement is linked to
the design of the TEG. So the optimization of the temperature gradient in configurations
two and three depends on the dimensions and physical properties of the thermoelectric
generator and slightly on the boundary condition (application). On the other hand, it is
recommended to use TEG in configurations two and three when high heat fluxes are

present. Indeed for typical values of kof 1 W/m.K and L of 5 mm, temperature gradients
higher than 10°C will be obtained for heat fluxes starting from 2000 W/m”.

Results for configuration 4

From equation 6-d, it is obvious that the temperature gradient through the TEG
increases when the temperature difference between the hot and cold fluids 7., —7, ,
increases and when the thermal conductivity of the TEG decreases. On the other hand, no
direct conclusions can be made with respect to the convective coefficients h1 and hz. To

proceed and have clear magnitude orders and recommendations, a parametric analysis with
respect to the mentioned parameters is carried out. Figure 3 shows the variation of the

temperature gradient through the TEG in function of the convective coefficient h2 for
different values of the convective coefficient h1- For the set of calculations corresponding
to Figure 3, the temperature at the hot fluid 7 _,is fixed at 150°C, the temperature of the

cold fluid Tmz at 20°C, the thickness of the TEG module at 3 mm, and the thermal
conductivity of the TEG at 2 W/m.K.

80.0 —-h1=50 Wm2.K -&h1=100W/m2.K

—-h1=200 Wm2.K -<h1 =400 Wm2.K
70.0 = =¢h1=800 W/m2.K -e-h1=1000 W/m2.K

G —+h1=1200 W/m2.K —h1 = 1500 W/m2.K
£ 600
] = R
Q I R
c 500 P e
[ ) -2
S
Q 400
=
O 300
S g
£ 200 g
(<)) P
F 100 g
0.0
0 500 1000 1500
h2 (W/m2.K)
Fig. 3. Variation of the temperature gradient in function of the convective coefficients of
the hot and cold fluids.

From Figure 3, one can conclude that increasing the convective coefficients of the hot
and cold fluids increases the temperature difference across the TEG. As illustration, for a

convective coefficient h1 of 50 W/m>.K and when the convective heat transfer coefficient

h2 increases from 20 to 1500 W/m”.K, the temperature difference through the TEG
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increases from 2.7 to 8.8°C. For a convective coefficient h1 of 1500 W/m*K, the
temperature difference increases from 3.7 to 68.8°C when the convective heat transfer
coefficient h2 increases from 20 to 1500 W/m>.K.

A remarkable feature in the curves of Figure 3 is that for many values of the convective

coefficient hl , the temperature difference becomes almost constant or slightly varies when

the convective coefficient h2 increases. This means that the choice of the two fluid flow
configurations in practice should be selected taking into consideration the couple of values
of h; and h,that do not correspond to the constant or slightly varying regions of the

curves.
Such configuration can be promising since up to relatively high values of convective
heat coefficients, the temperature gradient obtained is of significant value and can be used

in generating power for different applications.

Table 1 finally summarizes the different recommendations given with each of the four
configurations.

Table 1. Summary of recommendations.

Config. Details Recommendations
1 ] - The thickness of the TEG, the
X, —> ;Iu'r? temperature prescribed at the hot
—
L - surface of the TEG, and the
O}W convective coefficient should be
high;

T0 - The fluid temperature at the cold
side and the thermal conductivity of
the TEG should be low.

2 X __, Fluid - The thickness of the TEG and the
s T h heat flux prescribed at the hot
L{ W surface of the TEG should be high;
(] - The thermal conductivity of the
" TEG should be low.
q
3 x T - The thickness of the TEG and the
0 heat flux prescribed at the hot
L][ L surface of the TEG should be high;
0 - The thermal conductivity of the
q " TEG should be low.
0
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Fluid - The thickness of the TEG, the
XJ*[ T he temperature of the hot fluid, the
[ A ——

TEG. k l L convective coefficients of the hot

. and cold sides should be high;
— Fluid
Twl h1

0
- The thermal conductivity of the

TEG and the temperature of the
cold fluid should be low.

As conclusion, the most promising configuration is configuration 4 provided that the
designer selects the appropriate couple of convective heat transfer coefficients since it has
the most promising magnitude orders and corresponds at the same time to real
configurations that can be encountered in engineering practice. All the configurations can
be more promising if the thermal conductivity of the TEG can be lowered and its thickness
increased which is related to the enhancement of the design of the TEG itself.
Configurations 2 and 3 can be also promising if the applications involve high and extreme
heat fluxes. Configuration 1 can also be more promising for applications where high
temperatures are present.

The following section will be devoted to the implementation of configuration 4 in a real
case and corresponding tests and thermal behaviors.

3. Experimental results

The study presented in the previous section has shown that configuration 4 presents the
higher gradient of temperature for the same conditions. As an application, a system that is
heated by solar energy can be suggested, where the hot fluid is heated by solar rays,
whereas cold fluid is water (or other fluid) at ambient temperature. In the frame of this
paper this system will be simulated experimentally by a prototype (see Figure 4).

Thot Fluid
h hot

Epoxy Laye¥r-{-

Teold Fluid
h cold

Hot Fluid Tank

Cold Fluid Tank

Fig. 4. Prototype simulating TEG undergoing heating and cooling by convection

It is constructed of two boxes that are separated by a layer of epoxy representing the TEG
and having the same physical characteristics, that is to say the same thickness and almost
the same conductivity. The boxes contain the hot and cold fluids, which are respectively oil
and water. To measure the temperature difference thermo-couples are installed on the upper
and lower surfaces of the epoxy layer. The tanks are insulated to decrease the heat loss with
the surroundings. For simplicity, the oil is heated by an electrical heater.
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120
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Fig. 5. Variation of temperature difference in function of time

Figure 5 presents the variations of temperature at the upper and lower surfaces of the epoxy
layer with time as well as the variation of the temperature gradient. The experiment is
carried out over 25 minutes. The hot temperature varies from 25°C to 110°C. The cold
temperature is almost constant and increases from 25°C to 30°C. The temperature
difference in its turn increases with time to reach a maximum of 80°C. The electrical power
that may be obtained when the TEG undergoes a temperature difference depends on the
characteristics of the TEG. If a maximum power voltage of 0.025 V per 1°C of temperature
difference is considered, the obtained variation of the voltage for the above-mentioned time
duration is between 0 and 2 V as shown in Figure 6.

Voltage [V]
[y
[ n

o
n

0 5 10 15 20 25

Time [min]

Fig. 6. Variation of voltage in function of time

4. Conclusions

A parametric analysis concerning TEG is presented. A mathematical model is proposed to
simulate the thermal behavior of TEG. Several configurations were considered. It was
shown that the configuration with hot and cold fluid on the top and bottom of TEG offers
the highest temperature difference. An experimental study is carried out as a proof of
concept. The results showed that a temperature difference of 80°C could be obtained when
the hot fluid reaches 110°C and the cold fluid is initially at 25°C. The obtained voltage
depends on the characteristics of utilized TEG. For such a temperature difference, an
average voltage of 2V can be obtained.
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