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ABSTRACT

This work is an experimental approach regarding the opportunity to ex-
ploit Proton Exchange Membrane Fuel Cell (PEMFC) waste heat, using
Thermoelectric Generator (TEG) Modules. The amount of energy reco-
vered by TEG modules can be stored using NiMH batteries, and used
for feeding the PEMFC Stack screens and LED lights once its turns on
"Stand-by" mode. In fact, several combinations are envisaged to depict the
optimal working conditions of the proposed system. The proposed 6A and
15A TEG modules are experienced under a 20A and 30A of load applied
on the PEMFC Stack. A Re-Start mode is then investigated to observe the
system response against such scenarios. The experimental result shows a
promising output voltage rates generated by the TEG modules. At stack
working temperature of 60fC, the 15A TEG voltage is 500 mV and 571
mV under stack load of 20A and 30A respectively. In Re-Start mode, at
same stack temperature, the output voltage is 517 mV.

A numerical approach is employed for the determination of experimental
Seebeck coefficient and the evaluation of the thermoelectric conversion
efficiency, using a one-dimensional (1-D) steady state model. A polynomial
function of the experimental Seebeck coefficient is then deduced.

(©2014-2019 LESI. All rights reserved.

Nomenclature
Abbreviations
PEMFC Polymer Electrolyte Membrane Fuel Cell
TEG Thermoelectric generator
I Electrical Current [A]
Vv Voltage [V]
R Electrical resistance [Ohm]
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Electrical power [W]

Heat flow [W]

Temperature [K]

Thermal conductivity [W/mK]
Thermal transfer coefficient [W/m?K]
Junction number

Figure of merit

NZ = TNO Y

Greek letter
p  Electrical resistivity [Ohm . m]

n  Efficiency
o Seebeck coefficient

Superscripts and subscripts

7 joule heating

n n-type semiconductor
D p-type semiconductor
c cold

h hot

ceram ceramic plate

cp copper tabs

1 internal

e external

L Load

k conduction

1. Introduction

Climate change problem is closely related to the atmospheric pollution sources, which is
a consequence of our daily use of power and heat generated from fossil fuels. The increase
of greenhouse gases emissions lead to think about the development of new solutions to
fight, to brake or even to slow down the global warming phenomena. Among the proposed
solutions is the development of alternative efficient energy generation systems, with large
consideration to the environment-friendly aspects. Several alternative energy generation
systems exist under the name of green and renewable energy. In fact, some technologies
were developed as well as solar thermal, solar photovoltaic panels, wind turbines, hy-
draulic, marine and geothermal power plants. Energy can also be stored under an energy
carrier such as hydrogen to be reused through fuel cells. In order to enhance the efficiency
of some green energy generation systems, the waste heat is then recovered.

Recent research works [1-9] deal with the possibility to exploit free, sustainable and
environment — friendly heat sources, such as solar and geothermal sources. Other research
works focus on the opportunity to benefit from rejected heat of existing systems as well
as boilers, furnaces, wood cookers, automobile gas exhaust or even fuel cells.

Thermoelectric technology offers the possibility to employ waste heat for power ge-
neration ; it is a cost-effective source due to its availability and environment friendly as
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well. Demir et al. [10] proposed a novel hybrid system composed of a Solar thermal, TEG
modules and a PEM Electrolyzer, to generate electricity, fresh water and hydrogen. They
implemented a phase change material to avoid water production fluctuation. Result shows
a TEG modules contribution in the amount of produced electricity by 6.8 % thanks to the
waste heat recovering strategy. Hydrogen production increased by 19.1 % while increasing
the operating temperature.

Recently, Shu et al. [11], developed a 3D numerical model of segmented TEG modules
integrated on the engine exhaust system. A comparison between two configurations of the
modules leads to increase output power by 13.4 % while using thinner exchanger with
multi modules structure to be 78.9 W. More result shows also that fins can alter the
optimal configuration of the modules, the output power is then estimated to be 89.7 W.

Hasani et al. [12] investigated the performances of thermoelectric cooler modules connec-
ted with heat exchanger working with water as thermal fluid, a heat sink and a waste
heat recovered from a 5 kW PEM Fuel Cell. Their experimental result shows a constant
value of 0.04% in the performance of the modules with water temperature beyond 50°C.
They presented also a new correlation to estimate the open circuit voltage in terms of
water inlet temperature.

In the work of Kwan et al. [13], a Cogeneration Heat and Power scenario using Fuel Cells
is compared with a coupled Thermoelectric — Fuel cells device. The analysis is performed
under exergetic and temperature aspects, while a steady state models for both scenarios
are developed and compared. Result shows the enhanced value of the exergetic efficiency
by up to 2% in the thermoelectric scenario, and recommended values of water flow and
fan speed are set.

Gao et al. [14] developed a numerical model of TEG modules closely connected to
a High Temperature PEMFC via a compact plate—fin heat exchanger. The optimized
configuration of the heat recovery system is found thanks to discretized model. The heat
transfer process and the fluid properties were also discussed.

In this work, authors aim to experience a PEMFC — TEG system for supplementary
power generation. PEMFC has a 1 kW power generated from hydrogen and air, with
auto-humidification option. However, the amount of waste heat is also 1 kW, which justify
the environment-friendly heat source. The TEG modules are set with direct contact to
bipolar plates using Silicone free thermal grease. The amount of energy recovered by
TEG modules can be stored using NiMH batteries, and used for feeding the PEMFC
Stack screens and LED lights once its turns on “Stand-by” mode. A numerical model is
then conducted to evaluate theoretically the amount of heat recovered from the PEMFC
stack and the amount of power generated thanks to the TEG module, the experimental
Seebeck coefficient is then deduced and an experimental polynomial function is set.

2. Thermoelectric technology description

Thermoelectric Generators are technical devices composed of semi-conductor materials
connected with copper junctions. It can be found usually under small dimensions (40 x
40 x 3) mm, it is used to generate voltage while a thermal flux, (heat source), is applied
on one side, and a heat sink from the other side. A thermoelectric generator device is
structured as well as illustrated in Fig.1.
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Fig. 1 — Components of a conventional thermoelectric module

A thermoelectric generator module is composed of a certain number of slabs called
(legs), essentially made of p-type and n-type semiconductors forming thermocouples. All
the legs are electrically connected in series through conductive copper tabs, and thermally
connected in parallel. Two ceramic plates come to sandwich the legs and copper strips
from top and from bottom as well as shown in Fig.2. The role of ceramic plate is to
conduct heat and to insulate current in the same time.
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Fig. 2 — Schematic of p-type and n-type disposition

The use of thermoelectric generator device presents important advantages compared
to other power generation systems. They are silent working and less cumbersome, it
possesses no moving parts and no liquid state or phase change fluids while converting
heat into power. In addition, TEG devices have a long lifetime compared to other similar
technologies.
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The working principle of a TEG module follows four main interdependent effects des-
cribed below.

2.1. Four effects for one technology

Thermoelectric technology consists firstly of Seebeck effect which describes the induc-
tion of voltage, while two different material’s junction is maintained at different tempe-
ratures ; it can be increased as well temperature difference increase.

In second position comes the Peltier effect which describes thermal energy absorption
or dissipation at the connection of two conducting materials with a current flow through
this junction. The thermal energy, heat, is the then absorbed or dissipated following the
direction of current flow.

The Thomson effect is also present in this technology ; it consists on the absorption or
dissipation of thermal energy when electric current flows through a circuit composed of
single material ; with a moderate temperature variation along its length.

Finally, the joule heating effect manifests itself by the material’s thermal energy dissi-
pation with the presence of electrical resistance and electrical current.

2.2. Thermoelectric generator (TEG) module calculations

To find scientific description of the heat-to-power behavior of a thermoelectric generator
module, the best is to follow a one-dimensional (1-D) steady state theoretical model based
on the conservation of energy. Referring to Fig. 2, the p-type leg heat flow can be divided
into three main thermal transfer : (i) heat transferred by conduction from hot side noted
(Qr,in), (ii) heat generated by the joule heating noted (();) and (iii) the heat transferred
by conduction out of the p-type leg noted (Qkout), [15]. The first energy conservation
equation leads to :

Qk,'m - Qk,out + Qj =0 (1)

Working with a differential control volume inside of p-type semiconductor leg gives the
following expression of the energy equation :

Q) —Q(r+dr)+Q; =0 (2)
After using the Taylor expansion, the previous equation becomes :
oQ () [2'017 _
Q(x) — <Q () + o dr | + A—pdm =0 (3)

After simplifications, and with consideration to the Fourier’s law of conduction for
one-dimensional steady state condition, the previous equation takes the following form :

T, I?p
kyA, dep dx + App dz =0 (4)

The integral form of this equation gives :
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x d2T T [2p
kA—pd:c+/ Ldr =0 (5)
/0 TP da? o A
After integration, the following equation is found :
dT, dT, I*p
kA, | =2, — =2 Py =
P~ p ( dr ‘ dr |0) + Ap Z 0 (6)

Using the boundary conditions for resolving this equation gives :

=0 — T,(0) =T (7)
Then
dT,
kpApd_;‘O =@y (O> (8)

T heat transferred by conduction in the p-type leg is then @), (0), the following equation
is obtained :

Ly AT Ly I2), Ly
k,A,—Ldx + Pardy = — Q, (0)dz 9
| ha S [T " o,0 )

After integrating, the equation becomes :

_f2ppL_}2j

kpAp (T, (L) — T,,(0)) + A, 2

= _Qp (0) Lp (10)

Considering again the following boundary conditions :

r=0 — T,(0) =1, (11)
And
=1L, = T,(Ly) = Tc (12)

The Fourier heat conduction equation becomes :

_ kpAp 1ppr 2
Qu(0) = P8 (T = To) = 57 (13)

The heat balance in steady state in the hot side at T}, can be expressed as follows :

Qn = CQpn+ Qnp (14)

Where @), , and @), , are p-type and n-type heat flows absorbed respectively at the hot
junction, they can be defined with the Peltier Heat, the Joule Heating and the Fourier’s
law of conduction as follows :

25



B. Abderezzak et al. / Med. J. Model. Simul. 11 (2019) 020-035

1p,L, k,A
= o, IT, — -2 L2124+ 222 (T, — T, 1
Qp.n Qpllp 2 A, + L, (Th ) (15)
And
1poLn o  knA,
nh = —opITy, — =——1 T, —T. 16
@np = —anlTjy = 5 == 1"+ =7 (Th — T¢) (16)

Where A, k, L and p are respectively the cross sectional area, thermal conductivity,
length and electrical resistivity of p-type and n-type semiconductor legs, the heat balance
at hot side becomes :

_ L (oply | puln o kpAp | knAn
Qn = (o — an)IT _2<Ap + A I“ + L, + I (Ty, — T¢) (17)

The expression of the heat rejected at the cold junction of p-type and n-type legs can
be derived using the same previous method. The following expression is obtained :

1 L L, A nAp
Q. = (ay — an)IT. — 5 (ﬂzpp y Oal ) P (’“pL_f + ’“Ln ) (T, ~T)  (18)
As it can be observed, the thermoelectric generator is function of heat absorbed from
the hot side and that rejected on the cold side, the flow of current in the electrical circuit
with load resistor, the induced voltage and power output. For more simple form of the
two previous equations, a suggestion has been made as follows :
- For Seebeck coefficient

a=a,— o, (19)

- For electrical resistance

ppr ann
_ 2
i A A, (20)
- And for thermal conductance :
k,A k., A
K=_f?r_ , "mn 21
L, L, (21)

For N number of semiconductor thermocouples, the expressions of heat flows through
respectively the hot and the cold junction becomes :

Qn =N [OJTh - %RIQ + K (T), — TC)} (22)
And
Q.= N [OJTC + %RIQ + K (T, — Tc)] (23)
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The difference between the absorbed and rejected heat at hot and cold junction res-
pectively, seems to be the best approximation of the power generated, the expression
becomes :

P=Qu—Qc=Nlal (T, ~T.) — RI| (24)

The first derivation of the previous power expression leads to the optimal current ge-
nerated form, after first derivation with respect to the current, the following expression
is obtained :

dP
— = Nla(T, —T.) — 2RI] (25)
dl

The expression of the optimal current is then obtained by equating the previous equation

to zero, it becomes :

« (Th — TC)
2R

The current, the output power and voltage induced in the thermoelectric generators
can be reorganized as the following combination of thermocouples presented in Fig.2.

This configuration has a close dependence with the external resistance load noted RL,
the expressions of the current, output power and voltage induced becomes :

(26)

Iopt =

I:a(Th—TC)

)
R+ Ry, (27)
And
T, —T.)\>
p—pyp? =g, (= To) 2
2 RL( R+ R, (28)
And
Q(Th—TC)
V=R I=R, |t "¢ )
L L< R+ Ry > (29)

As an optimization, R needs to be equal the p-type and n-type total internal electrical
resistance of the semiconductor legs. At this stage, the thermoelectric generator efficiency
can be easily defined as :

_ L
O

The maximum efficiency delivered by the thermoelectric generator is function of the
figure of merit parameter Z of both p-type and n-type semiconductors, and the average
temperature between hot and cold sides T, it is expressed as follows :

1 (30)
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toe = (1= 71 V14271 (31)

T V1+2ZT + 2

The figure of merit Z characterizes the thermoelectric materials of p-type and n-type
semiconductor legs. It gives an approximation about the ability of the thermoelectric
materials to convert heat into electrical power. It is generally expressed as follows :

042

7 -
pk

(32)

When designing TEG’s, the semiconductor leg geometry and the thermoelectric ma-
terial properties must satisfy the following equation in order to enhance the figure of
merit :

AE)L% _ knp,

(33)

For technical and economical manufacturing considerations, p-type and n-type semi-
conductor legs should be with the same geometry. Moreover, the thermoelectric properties
should be the same. In general, the best thermoelectric material should have low electrical
resistivity and low thermal conductivity while it needs a higher Seebeck coefficient.

2.3. Equivalent thermal resistance network

The Thermoelectric generator module is presented in Fig.1 and zoomed with details
in Fig.2, represents a heat transfer area composed of connected layers : p-type and n-
type semiconductor legs, copper strips, ceramic plates, thermal grease, heat sink and
fans. These layers are described in Fig. 3. A better described thermal network helps to
determine the heat transfer rate through these previous layers. A complete temperature
level of the thermal resistance network for the employed TEG module is presented in Fig.
4.

Where :

Reeram,hs Reeram,c : Ceramic plate thermal resistance respectively for hot and cold side,

T ceramhs Lecerampy, Liceram,cs Leceram,c Internal and external temperatures of hot and
cold ceramic plate respectively,

Ty, T, : Temperature of respectively hot and cold junction (p-type and n-type legs),

Tomp : Ambient temperature,

Repn, Repe : Thermal resistance of copper strip at respectively hot and cold side,

Ry : Thermal resistance of semiconductor legs (p-type and n-type),

Rymp : Ambient air thermal resistance under forced convection.

Rp¢ :'Thermal grease resistance

3. The PEMFC-TEG experimental approach

As well as presented in Fig. 3 and Fig. 4, a silicone free thermal grease is used to fix the
12715 and 12706 thermoelectric module on the top of the bipolar plate of a 1 kW PEM
Fuel Cell fed by pure hydrogen and humidified air.
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Fig. 3 — Schematic of the experienced PEMFC-TEG system
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Fig. 4 — Equivalent thermal resistance network

The experimental work is presented in Fig. 5 and Fig. 6; it follows three main steps :
(i) TEG packaging with heat sink and thermal insulation, (ii) PEMFC-TEG fixation and
(iii) Electrical and data acquisition connections. Table 1 summarizes the TEG package
elements properties.
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TEG modules fixed on bottom of ~ Thermal Insulation ~ Fan fixed on top of Heat
Heat Sink Sink

Fig. 5 — Preparation of the PEMFC-TEG experimental approach

The general view of the experimental work is summarized in the following figure 6.

Data Data logging

Electrical  pp\EC Stack at ;
measurement supervising and with memory
controlling disk

Fig. 6 — Electrical and data connections

And the thermoelectric module properties are illustrated in Table 1 :

Table 1 — TEG module package Elements properties

Elements Properties

Heat sink Aluminium (30 x 15 x 8)

TEC 12706 127 junction supporting up to 6 Amps
TEC 12715 127 junction supporting up to 15 Amps
Extraction fan ®=10cm; P=15 W

Thermal insulation | Adhesive polyurethane insulator

For the calculations, authors preferred to use the following real values of semiconductors
and geometry.
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Table 2 — TEG semiconductor values and geometry

Elements | Values

Pn = Py 1x107° Q. m

A, =4, 0.41 x 0.41 .107% m?
L,=1L, 2x 103 m

ky, =k, 1.6 W/mK

3.1. The experimental process and results

In order to explore the existing potential of exploiting waste heat from PEMFC into
power via a proposed TEG package, authors lunched an experimental campaign. Three
scenarios are envisaged : (i) PEMFC stack under a load of 20 A, (ii) PEMFC stack under
load of 30 A and (iii) PEMFC stack under 30A with Re-start mode after shut-down period.
Both thermoelectric modules (6A and 15 A) are experienced ; data are supervised in real
time, and collected for display purpose. Experimental Result in Fig. 7 and Fig. 8 shows a
non-negligible voltage delivered from the 6A TEG module and much more important for
that generated from 15A TEG module.
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Fig. 7 — Voltage generated under 20A load for PEMFC Stack
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Fig. 8 — Voltage generated under 30A load for PEMFC Stack

For the 6A TEG module, the evolution in the generated voltage is from 32mV to 94
mV while stack temperature vary from 22°C to 61°C. For the same temperature range,
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but in the case of 15A TEG module, the evolution is more important, it vary from 60mV
to 505mV.

The cold side of the TEG temperature is maintained at ambient temperature thanks
to the conduction and forced convection heat transfer, the evolution of this temperature
during the experiment running time is presented in Fig. 9.
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| | L
60 =T stack :__‘/y-"'-.
— =fll=T rold (TEG)
£ so0 /
g
-
£ 40
H et
£ a0
=
g -g-u-E-0
20 gl B~
10

o

50 100 150 200 250 300 350
Stack Running Time [s]

Fig. 9 — Comparison between stack temperature and TEG cold side (30A load)

In fact, the huge dimension of the aluminum made heat sink compared to the TEG
dimensions is very useful for quick and effective heat extraction.

After 15 minutes shut-down of the stack, authors experienced the Re-start mode, results
are drawn in Fig. 10.
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. 600 - —

= B ———
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200

i
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100 Tﬁﬁﬂ_. ~¢
0 ]

60 65 70
Stack temperature [*C]

Fig. 10 — Voltage generated under 30A load for PEMFC Stack with Re-start mode

According to these results, a small gain is observed in voltage in the Re-start mode for
both 6A and 15A TEG, it is mainly due to the pre-heated phase of the PEMFC stack,

the running time is then shortened.

3.2. Experimental determination of Seebeck Coefficient

As known, Seebeck coefficient describes the rate to transform heat into power ; however
it is unknown in this experimental approach which conducts authors to an experimental
characterization. Following the previous one-dimensional (1-D) model, the seebeck coeffi-
cient can be deduced experimentally with consideration to hot side temperature taken as
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the stack temperature, and the cold side temperature taken as contact temperature bet-

ween heat sink and TEG module. Table 2 summarizes the values of employed parameters.
In addition, the generated voltage is the third known parameter for this experimental

determination, the following graphic illustrated in Fig. 11 is then developed.

0,08 — | 0,04
0.07 . «e e+ Seeheck coef L 0,035
= 006 ~—f— Efficiency /./"7 .
£ 0.03 e oo /r*. 0025 &
% . o ¥ e g * L g
S 004 e 002 -8
= . E
B 0,03 0,015
@ 0,02 0,01
0,01 0,003
0 1 0

0 3 10 13 20 15 30 33 40
TEG's hot and cold side Temperature difference

Fig. 11 — Efficiency and experimental Seebeck Coefficient

From this figure, we can observe the close dependence of Seebeck coefficient to the
temperature difference between cold and hot side. A stable value of 0.5 is then observed.

Numerically speaking, a polynomial function of Seebeck coefficient with temperature
difference is then sorted from the experimental evolution as follows :

a=3x10"°- AT? —0.0017 - AT + 0, 0651 (34)

The thermoelectric conversion efficiency is also drawn in the same previous figure, it
represents a linear evolution to attend the value of 0.035 % with temperature difference
of 40°C, this matches approximately the value of 60°C in the stack temperature.

4. Conclusions and future works

This research work is based on both numerical and experimental approach of a cou-
pled PEMFC-TEG system. The main purpose is to exploit the existing waste heat into
power thanks to thermoelectric generators modules. The amount of voltage generated is
important in the case of the 15A thermoelectric generator module. The experience is then
remade under Re-start mode, and a small gain in the generated voltage is observed. The
heat sink temperature is memorized during the running time of the experience, the utili-
zation of big dimensions with finned aluminum heat sink and forced convection leads to
a stable cold side temperature. A numerical approach is employed for the determination
of experimental Seebeck coefficient and the evaluation of the thermoelectric conversion
efficiency.

The generated voltage is very valuable when used for energy storage using NiMH bat-
teries, and reused for feeding the PEMFC Stack screens and LED lights once its turns on
“Stand-by” mode. Future work deals with the concretization of such system.
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