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Abstract: Thermoelectric generators harvesting energy from exhaust gases usually present a tempera-
ture mismatch between modules, due to the gradual cooling of the gases along the flow direction. The
way modules that produce unequal voltages are connected has a deep impact on the overall power
output. A further step in the prediction of thermoelectric production is to consider the complete
layout of the thermoelectric modules and not consider them as isolated systems. In this work, a
model to predict the electric behavior of thermoelectric generators for automotive applications at
different points of operation is presented. The model allows testing of serial-parallel connection
configurations. The results present good agreement with experimental data. This model could
be used on similar light duty vehicles with similar engines as the engine used in this work and
using similar configuration of thermoelectric generators. Simulated scenarios considering realistic
operating conditions in a light duty vehicle allow stating that thermoelectric modules interconnection
under heterogenous thermal surface conditions has a significant negative effect (more than 17%) on
electric energy production. Moreover, the proposed model shows the need to protect the electric
circuit of the thermoelectric generator to avoid the negative effect of possible malfunction of some
thermoelectric modules.

Keywords: thermoelectric generator; thermal mismatch; thermal waste energy

1. Introduction

The energy balance of a reciprocating internal combustion engine shows that approx-
imately the third part of the fuel energy intake is wasted as heat through the exhaust
gases [1-3]. Nevertheless, the current trend in new developments is to make engines more
adiabatic, increasing the indicated work and the exhaust flow enthalpy [4,5].

The increase in exhaust enthalpy allows to increase the efficiency of after-treatment
devices [6], and thermal energy recovery for electrical energy production [7-9]. The

Copyright: © 2021 by the authors.
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Several alternatives are available to recover waste thermal energy [10-16], thermoelectric
generators being one of the currently developing technologies.

A thermoelectric module (TEM) is a device composed of n- and p-type semiconductors
Attribution (CC BY) license (https://  that convert a temperature gradient across them in an electric voltage through the Seebeck
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40/). thermoelectric generator (TEG).

This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Energies 2021, 14, 3189. https:/ /doi.org/10.3390/en14113189 https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9890-335X
https://orcid.org/0000-0002-3675-1522
https://orcid.org/0000-0003-2911-4194
https://orcid.org/0000-0001-5485-1327
https://www.mdpi.com/article/10.3390/en14113189?type=check_update&version=1
https://doi.org/10.3390/en14113189
https://doi.org/10.3390/en14113189
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14113189
https://www.mdpi.com/journal/energies

Energies 2021, 14, 3189

20f 15

The electric load connected to the TEG determines the power extracted. For fixed
electric connections among TEMs, the maximum power point tracking (MPPT) method
consists in adjusting the external electric load to maximize the power output.

For automotive applications, TEGs are usually placed in the exhaust system using the
exhaust gas as heat source and external air or cooling water as heat sink. As the exhaust
gas flows through the TEG, its temperature is decreased. This implies that TEMs within
a TEG work under different hot-side temperatures depending on their location, with the
subsequent electric mismatch of TEMs connected in the same electric branch.

Mori et al. [17] affirmed that the incorporation of the TEG to the exhaust system of
a vehicle allows obtaining a fuel saving of 3%, but in their simulations, only electrically
isolated thermoelectric modules were considered, which produces an estimation error. This
occurs with most of the models designed to predict the energy generated by a TEG [18-21].

Another aspect of thermal and electric models that quantify TEG performance is that
thermal mismatch of TEMs in the same electrical branch is not considered [22-25]. Kumar
et al. [24] and Hsiao et al. [25] used models that predict TEG behaviour to investigate the
efficiency of the heat exchangers, and to find the best location of the TEG in a light duty
vehicle, respectively, but in both models, authors did not consider the possible negative
effect of electrically connection of the thermoelectric modules under heterogeneous thermal
conditions. This significantly reduces the accuracy of such models.

Some recent works have managed to reduce this trend [26-30], but these have not been
validated under realistic working temperatures inherent to a TEG working for a light-duty
vehicle. Cozar et al. [29] stated that there is an optimum number of TEMs from which
an increase of the number of TEMs diminishes the power output. Montecucco et al. [30]
proved, using three TEMs, that the loss in power output due to the thermal mismatch of
the modules could be up to the 13%, but the test conditions were not representative of
automotive operation.

Most electrical models and electrical mismatch analyses are tested under arbitrary
working conditions. Taking a further step, in this work, the influence of electrical mismatch
in a TEG working under realistic automotive operation conditions is presented. The TEG
is installed in a light-duty diesel engine working in the most used part of its engine map
during urban an extra-urban driving.

The approach followed comprises a CFD (Computational Fluid Dynamics) model
to feed surface temperatures from exhaust flow inlet conditions coupled with an electric
model. Once validated, the influence in power output of the different scenarios was studied:
(i) thermal mismatch in TEMs in the same electrical branch, (ii) malfunction of TEMs, and
(iii) variation in the number of TEMs in a branch.

This work provides an insight into the electrical operation of TEGs under realistic
operation temperatures for out-of-design conditions and could help in the design process
for new prototypes.

2. TEG Modelling

The computational approach is based on two stages: the first is a CFD model that
calculates the three-dimensional heat transfer from the exhaust gases to the thermoelectric
modules and the second models the electric performance of the interconnected modules
(see Figure 1).
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Figure 1. General view of the thermoelectric model block diagram.

2.1. CFD Model

The first part of the model consists of a three-dimensional CFD model. The simulation
includes all the parts involved in the heat transfer process to the modules: the exhaust
gas, the hot-side heat exchanger, the thermoelectric modules, and the cooling circuit (see
Figure 2). From these simulations, a surface temperature distribution in the hot and the
cold sides (see Figure 3) are obtained and fed to the second part of the model. More
information about the equations solved and the numerical schemes in this part of the
model can be found in Fernandez-Yafiez et al.’s report [31].

(a)

(b)

Figure 2. CFD simulation domain: (a) gas-side heat exchanger and (b) the whole TEG system.
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Figure 3. (a) 3-D reconstruction of the internal flow and the thermoelectric modules and (b) normalized temperature in
upper-surface modules.

2.2. Electrical Model
2.2.1. Determination of Electrical Parameters

The electrical model needs a characterization of the thermoelectric modules in terms
of open circuit voltage (V) and internal resistance (R;,;). From the information provided
by the manufacturer (Figure 4), second order polynomial relationships with hot side
temperature (T7,) were obtained for both parameters (Equations (1) and (2)).
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Rint = b1Ty* + by Ty, + bs )
15 . &
==t | = em30
120 : 60k = Tc= soc

55k

Open Circuit Voltage (V)

Matched Load Resistance (Ohm)

S0k
3L 45¢
0 . . . 10 - : - . L :
50 100 150 200 250 300 50 100 150 200 250 300
T, (°O) T), (°C)
() (b)
15 10
w— Output Voltage
E 12 e Output Power - 8 9
@ g
g s B
2 B 1° =
= g
1 o
5. 6 I~ 14 2
2 =
o S
3k 12
| i | i 1 i 1 0
0.0 05 1.0 1.5 20 2.5
Output Current (A)

(c)

Figure 4. TEM manufacturer datasheet: (a) open circuit voltage vs. Tj, under various T¢, (b) matched load resistance vs. Ty,
under various T, and (c) output power and output voltage vs. current under Tj, = 300 °C and T, = 30 °C.
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The coefficients ay, ay, a3, b1, by, and bz depend on the cold side temperature and are
presented in Table 1. From the TEM surface temperatures of the cold and hot side, the open
circuit voltage and the internal resistance were obtained.

Table 1. Polynomial coefficients of V,c and R;;;.

ve=a1 Ty, +a, T +az3 Riy=b1Ty?+b, Ty +b3
Teo1q (CO) ay as as by by b3
30 —3.994 x 107° 6.364 x 1072 -1.913 —2x107° 1.06 x 1072 3.886
50 —6.057 x 1072 7.218 x 1072 —3.925 —2x1075 1.15 x 1072 4.0053
80 —1.052 x 10~* 8.819 x 1072 —6.962 —2x1075 1.11 x 1072 42755
100 —8.483 x 107° 7.907 x 1072 —7.509 —1x107° 1.05 x 1072 4.4514

2.2.2. TEG Electrical Model

A thermoelectric module can be electrically modeled as a voltage source (V) con-
nected in series to an internal resistance (R;;;;) [32,33], as Figure 5 shows inside the rectangle
with dashed lines.

Internal Resistance

R int

=
g
peoT [eu1aixyg

Thermoelectric Module

Figure 5. Electrical model of thermoelectric module.

The electrical model of a TEM connected to an external load (Rj,;) can be math-
ematically written from Equation (3). The electrical current in the circuit is inversely
proportional to the sum of the external load and the internal resistance of the TEM, as
Equation (4) describes.

Vloud = Voc — Rint-Iloud (3)
Ve
Logs = 5— 55— 4
o Rload + Rint
Pioad = Ifoag-Rioad 5)

It has been demonstrated, theoretically and experimentally, that the point of maximum
power occurs when the external load voltage is equal to half of the voltage value under
open circuit [32]. It is possible to connect the TEMs in series, parallel, or in a mixed way
(Figure 6) according to the needs of the external load connected to the TEG.
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Figure 6. Electrical model diagram of TEMs: (a) in series—parallel configuration under heterogeneous thermal surface

conditions and (b) its equivalent circuit.

the thermoelectric modules following the Equations (6) and (7).

Applying both the Kirchhoff law and the Thevenin theorem, it is possible to calculate
Ve and R;y; of the whole thermoelectric generator according to the electrical parameters of

Voc =

3. Experimental Setup

3.1. Experimental Installation

of the exhaust gases.

]':1 Zf:l Ril’lt,‘j ]‘:] f:‘l Rintij

Riyt = <

21>_1

X .
=1 Ei:l Rmtij

(6)

@)

Figure 7 shows a general view of the installation used for the experimental validation
of the TEG electrical model presented in the previous section. As the figure shows, the TEG
was installed along the exhaust pipe downstream of the diesel oxidation catalyst (DOC)
and upstream of the mulffler. The reason for this was to avoid the negative influence on the
operation of this post-treatment device and to take advantage of the full exergy potential

In this figure, the DOC is located at the hidden side of the picture. The exhaust duct,
connecting the DOC to the TEG, was thermally insulated to provide the highest possible
thermal energy at the TEG inlet.
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Figure 7. (a) Engine test bench and (b) the thermoelectric generator coupled to the exhaust pipe.

As the source for thermal energy, a Euro 3 Diesel engine was used. The main char-
acteristics of the engine are presented in Table 2. This engine does not have particulate
matter trap nor selective catalytic reactor (SCR), but counts with a DOC. In any case, it is
recommendable to install the TEG always downstream of the post-treatment devices to
avoid disturbance on their light-off processes.

Table 2. Tested engine.

Engine Type and Model Diesel, NISSAN YD22
Pollutant standard Euro 3
Maximum effective power (kW) 82 kW (at 4000 min—1)
Maximum effective torque (Nm) 248 Nm (at 2000 min 1)
Number of cylinders 4, in line
Cylinder diameter (mm) 86.5
Stroke (mm) 94
Displaced volume (L) 22
Compression ratio 16.7
Injection system High pressure with common rail

200 bar at ralenti (750 min~1)

Fuel injection pressures 1600 bar at max power (4000 min~—1)

EGR system External, high pressure and hot
Maximum EGR rate (%) Up to 25

Turbocharger regulated with waste gate and

Supecharging system including intercooler
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3.2. Thermoelectric Generator

Thermoelectric generators used in vehicles are usually located in the exhaust system
to take advantage of the residual heat carried by the exhaust gases (heat source) and the
cooling water of the engine or the air (heat sink). They are essentially made up of three
elements: (i) a heat exchanger in contact with the exhaust gases, (ii) thermoelectric modules
that take advantage of the temperature gradient between their two faces to convert thermal
energy into electrical energy, and (iii) a water-cooling circuit.

The TEG tested in this work (see Figure 7b), which adopts this same configuration,
houses in its central part and along its entire length the modified section of the exhaust pipe
(shown in Figure 8a). On the two faces of said modified section, 80 commercial thermoelec-
tric modules of bismuth telluride (BipTe3) are placed, 40 on each face (Figure 8b). The cold
sides of the thermoelectric modules are cooled with two water heat exchangers, one for
each side of the TEG. In this work, following the trend in more recent studies [17,18,34,35],
the water temperature was set to 50 °C, as this is a realistic temperature that could be
achieved with external convection and no extra energy cost.

Figure 8. Modified section of the exhaust pipe (a) and locations of 40 TEMs on each face (b).

As heat is removed from the exhaust gases, the temperature of the exhaust gases
decreases along the direction of the flow. This implies that TEMs from the same TEG
operate under different hot side temperatures depending on their location. In other words,
the temperature of each of the 80 modules of the TEG will be different and, therefore, its
electrical output as well. This thermal mismatch causes uneven operation of the TEMs
connected on the same branch. Furthermore, the way the TEMs are electrically connected
to each other greatly affects the power output of the entire TEG system.

For this reason, since there is still no prediction model for the thermoelectric behavior
of the TEMs, it is important to electrically characterize each of the thermoelectric modules.
Figure 9 shows an example of the qualitative results of the electrical characterization at half
engine load (2400 rpm, 110 Nm). TEMs are colored from red to blue, i.e., from hottest to
coldest. Obviously, the direction of the exhaust gas flow is from left to right.

These results reveal a temperature distribution pattern throughout the TEG. To limit
the negative effect of thermal mismatch on power generation, TEMs were classified by
temperature proximity into four different groups with modules connected in series, as
shown in the diagram in Figure %b.
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Figure 9. (a) Thermoelectric modules are numbered (#1-#40) from hotter to colder and (b) diagram of the electrical
connection of the TEG modules used in this work.

3.3. Test Plan
The test plan was defined in correspondence with the following circumstances:

e  The engine used in this work is equipped in different vehicle models which have been
homologated according to the past New European Driving Cycle (NEDC) normative.
e Nowadays light-duty vehicles must be homologated following the new World-wide
Harmonized Light-Duty Vehicles Test Procedures (WLTP).
Both effective torque and power of the brake used in the test bench were limited.
Previous results were published in the following references [7,31,36,37].

The test plan was according to the engine operating modes selected and using the
longitudinal dynamic equations of a vehicle [38]. By means of the data of the vehicle speed
profile and the gearbox position each instant of the NEDC, each vehicle operation point
was translated to the respective engine operation mode.

According to these results, a great number of steady-state engine modes was obtained,
which are presented on the effective torque—engine speed map (Figure 10b). In black, those
modes translated from the NEDC and, in grey, those translated from the WLTP (Figure 10a)
are presented.

140 250
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2 6o | A\ w\ W Al | 200 - 1
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Figure 10. (a) Examples of the vehicle speed profiles under WLTP and NEDC certification cycles and (b) steady state
operating modes translated by means of longitudinal dynamic equations for a vehicle.
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The obtained results gave us the possibility to define some steady-state test modes,
located on that part of the engine torque—engine speed map, with representativeness of
both the urban and extra-urban driving. The modes selected were determined according to
a previous work of experiment design [39].

In Table 3, torque and engine speed of the engine modes tested are shown. Nomencla-
ture A, B,C, D, E, E G, H, and I also correspond to the test plans with objectives of other
works [40,41]. These modes are presented in Figure 10b with red dots.

Table 3. Engine performance (torque and engine speed) in tested operating modes.

n, Engine Speed (min—1) Me, Effective Torque (Nm)
10 60 110
1000 A B
1700 D E F
2400 G

As can be seen in Figure 10b, the operating modes chosen on the effective torque—
engine speed map mainly cover the lower left quadrant of this map. These points are
mainly located in the zone of the engine map which characterizes the urban driving of
the vehicle.

4. Result and Discussion
4.1. Model Validation

To evaluate the TEG electrical model, the chosen engine operating modes lie on the
part of the torque—engine speed map commonly used under urban driving, as can be
seen in Figure 10a. The model presented in this work (see Table 4) has been validated
by comparison of the measured and calculated parameters by the model under the same
operating conditions.

Table 4. Experimental values vs. theoretical values.

Engine Operating Mode A G E H C F I
Measured 0.30 3.40 10.20 25.80 15.70 31.70 56.70
Electrical output power (W)
Calculated 0.35 3.94 11.78 27.02 16.56 32.77 58.20
Relative error (%) 16.67 15.88 15.49 4.73 5.48 3.38 2.65
RMSE (W) 1.10

As can be seen in Table 4, the relative error between the calculated and measured
values is smaller as the engine load increases. This means that the model is more accurate in
engine operating modes where the TEG generates more electrical energy, since the relative
proportion of electrical energy losses becomes lower.

4.2. Simulated Scenarios

Results were obtained by simulation of three possible scenarios: (i) thermal mismatch
among thermoelectric modules in the same electrical branch, (ii) malfunction of some
modules, and (iii) variation of the number of modules in a branch.

4.2.1. Scenario 1

Figure 11 shows the different groups of TEMs studied. In this scenario, the obtained
electrical energy produced by each group of TEMs interconnected between them is com-
pared to the sum of the electric energy generated by each TEM of each group but electrically
disconnected between them. The objective of this comparison was to assess the effect of
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TEM connection under different cases of different thermal conditions (due to the position
of the TEMs in respect to the hot surface and the operating mode of the engine).

o NN

o o N o

Voltage (V)

N

w

EEEECCL
Sy || ]

Configuration 2 Configuration

o .

-

=]
—_
(O8]

Configuratio

Figure 11. Connection configurations of different groups of TEMs.

Table 5 shows the results of the calculation of the difference in electrical energy
produced, comparing the different connection configurations presented in Figure 10. The
results are shown for the three modes with the highest production of the thermoelectric
generator (Modes F, I and H, see Figure 10b).

Table 5. Relative differences of the electric energy losses from each configuration presented in Figure 11 and under three of
the engine operating modes.

Relative Differences of the Electric Power Produced by Each Configuration Comparing

Mode Me (Nm) n(min—1) Two Situations: Energy Produced by the Interconnected TEMs vs. the Sum of the
Energy Produced by These TEMs Disconnected between Them (%)
il 1] ] | H e
WL EEEES L
EEN EEENNNND
[ [ || | [ EEEEC
W] ] ] ] B0 EEEn ElEeeEn
Configuration 1 Configuration 2 Configuration 3
1 110 2400 -0.27 -3.17 —-8.97
F 110 1700 —0.44 =5.01 -12.18
H 60 2400 —0.71 —7.57 —17.55

Considering the results obtained in mode I and each of the studied configurations, it
is possible to observe that the electrical connection of the TEMs, under thermal mismatch
conditions, has a negative effect on the production of electrical energy of the TEMs together
(all TEMs are electrically connected to the same load) compared to the sum of the energies
generated by each of these same TEMs when they are electrically disconnected from each
other (individually controlled). The greater the difference in the temperature of the hot
surface to which each TEM is exposed, the lower the energy produced by the interconnected
set with respect to the same TEMs but disconnected from each other.

This thermal mismatch is generated, mainly for two reasons:

e  The temperature of the exhaust gases decreases along the flow direction as the heat is
transmitted from the gas to the duct wall;
e  Thedistribution of the gas flow inside the exchanger section where the TEMs are placed.

This assumes that TEMs operate under substantially different hot side temperatures
depending on their location.

However, there are two other possible reasons that motivate a decrease in electrical
energy production due to superficial thermal differences:

e  The variability of the electrothermal performance of the TEMs;
e  The mechanical clamping pressure of each TEM.
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4.2.2. Scenario 2

Inadequate mounting pressure for TEMs, continuous operation under extreme thermal
conditions, or the presence of manufacturing defects are sufficient causes for a TEM to stop
working properly.

This second scenario simulates the situation in which a TEM malfunctions and stops
producing electrical power. However, its internal resistance continues to consume energy,
due to the Joule effect. In this case, the energy loss due to the malfunction of a single
thermoelectric module, as presented in Figure 12, is very important, compared to the
case where all the TEMs work correctly. Hence, there is a need to incorporate protective
electronic components, for example, bypass diodes, to prevent the passage of electric
current through faulty TEMs to prevent them from becoming electrical charges. The
result showing a reduction of 24% in the electrical energy produced has been obtained for
configuration 1 and in operating mode L.

TEM electrical power outputis zero

TEM internal resistance is different
from zero

(b)

Figure 12. Connection configurations of different groups of TEMs.

4.2.3. Scenario 3

The third scenario tries to determine the most suitable electrical configuration for the
TEG tested in terms of the number of TEMs for each electrical branch. There are several
options that go from connecting in series all the TEMs of the TEG to the option in which
each of the TEMs is controlled individually.

In Figure 13, three possible situations are exemplified:

a. All the TEMs available in the TEG are electrically connected in series.

b.  Two groups of TEMs are constituted whose temperatures are as homogeneous as
possible and each group is connected (separately) to its adjusted electrical load to
achieve the maximum electrical power.

C. Four groups of TEMs are constituted with temperatures as homogeneous as possible
among them and each group is connected (separately) to its adjusted electrical load
to achieve the maximum electrical power.

d.  Then, the electrical power generated in options b) and c) are compared with the
electrical power achieved by the TEG in the configuration of option a) to verify the
degree of improvement in the performance of the TEG.

All TEMs in series 2 TEMs groups 4 TEMs groups

EEN
LI
L[]
C1Cd
L]

[ |

L]
]

Electrical power output +8.53 % +11.73 %

(a) (b) ()

Figure 13. Comparison of the electric energy generated by the TEG depending on the connection of the TEMs: (a) all TEMs

in series, (b) 2 TEM groups, and (c) 4 TEM groups.
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According to the results provided in Figure 13, the greater the number of groups of
interconnected TEMs and the lower the number of TEMs in each electrical branch, the
greater the electrical energy recovered by the TEG. For two groups of TEMs, an increase in
electrical energy produced of more than 8% is calculated, while for four groups, an increase
of almost 12% is calculated. However, these improvements make the control circuit more
complicated and expensive due to the increase in the number of converters required. The
most suitable configuration for this type of TEG is to find a balance between the number of
converters and the number of TEMs connected to each converter. This will be the main
objective of the next research work of the authors of this study.

5. Conclusions

In this work, a simple but effective model has been developed. The model can predict
the electrical behavior of a thermoelectric generator when its electrically interconnected
modules are exposed to non-uniform hot surfaces.

Before connecting the TEMs electrically, it is important to characterize each one of the
modules individually to detect temperature mismatches between the TEMs or malfunction
of any of them.

The simulation of several scenarios allows to state that: (i) the power lost by mis-
matched conditions can be very significant, (ii) it is necessary to protect the electrical circuit
against the malfunction of some TEMs, and (iii) a balance must be found between the
number of MPPT converters and the number of TEG modules connected to each converter.

The results show that the electrical interconnection between modules will depend on
a problem to be solved before: the uniformity of the temperature to which the hot face of
the interconnected modules is exposed in the generator.
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