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Current research has led to a significant improvement at the system level of
thermoelectric generators (TEG) for automotive applications. The previously
low power density could be increased considerably up to 267 W/kg and 478 W/
dm3. In addition, the cost–benefit ratio of the technology in the overall system
of the vehicle was improved through intensive optimizations on system level.
The results presented so far are based on measurement data of single ther-
moelectric modules (TEM) and simulation of the TEG system. In this paper
the high simulative increases at the system level, achieved through a holistic
optimization method, are validated by a functional prototype, completely
equipped with TEM. Thereby, a functional prototype has been developed and
built successfully and measured on a hot gas test bench. In the experiment all
TEM show a stable power output and the highest gravimetric power density of
automotive TEG systems known to the authors could be measured. Further
tests will be performed with the functional prototype as described in the
outlook. In addition to the successful tests, the simulation is validated with
the detailed measurement data. After adapting the measurement method of
the TEM for providing more accurate TEM measurement data as input for the
simulation, a suitable match could be achieved between the TEG simulation
and the experiment. In the measurement points performed so far, the accu-
racy of the simulated temperatures reaches more than 95%. The accuracy of
the simulated output power is more than 97%.
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INTRODUCTION

In automotive development, one of the major
challenges is to achieve the required reductions in
CO2 emissions. Various scenario analyses predict
that even in electric vehicle friendly studies, the
proportion of vehicles with combustion engines is
dominant in future vehicle sales. For example, the
prediction of the vehicle sales for 2030 in the study
of Ref. 1 and in the meta-study of Ref. 2 has a share
of more than 80% of vehicles with internal combus-
tion engines, including a large share of hybrid
vehicles. A look at the overall CO2 balance of purely
electric vehicles with a large battery range shows
that in many areas vehicles powered by internal
combustion engines currently has a better CO2

balance.3–6 With the continued use of internal
combustion engines, to whatever extent, it is neces-
sary to investigate all potential technologies for
efficiency improvement. Regardless of whether a
conventional or hybrid vehicle concept is used,
approximately two thirds of the fuels chemical
energy dissipates as waste heat. In particular, the
part of the exhaust gas offers the highest potential
for waste heat recovery due to its high temperature
level. The technology of thermoelectric generators
(TEG) is very promising for waste heat recovery and
under investigation for several years, e.g. at the
DLR—Institute of Vehicle Concepts in Stuttgart
since 2005.7–11

In the latest work, a high increase in gravimetric
and volumetric power density could be achieved.
The cost–benefit ratio could also be significantly
improved by using a modern design method. For
example, the highest power density for automotive
TEG systems was presented in Ref. 12 with 267 W/
kg. Furthermore, in Ref. 12 a cost–benefit ratio of
less than 81 €/(g/km) was achieved using the holistic

design method. In this paper, a functional prototype
based on a concrete TEG optimization is used to
demonstrate that the high increases can also be
proven experimentally.

METHODOLOGY FOR A HOLISTIC TEG
OPTIMIZATION

In order to give an overview of the methodological
procedure, the optimization method is presented in
this chapter. This method was used to design the
TEG system, which is built up as a functional
prototype. Below, an overview of the used holistic
TEG optimization method is shown, and the method
is described in detail in Ref. 12. A comparison
between the optimization for a conventional vehicle
and a hybrid vehicle is also shown in Ref. 12. In,
Ref. 13 a comparison of the potentials for waste heat
recovery in conventional and hybrid vehicles is
shown. Figure 1 shows the holistic method for the
optimization of TEG system. The two primary
objectives presented there are aimed to maximize
the CO2 reduction of the overall system within the
driving cycle WLTC (g/km) and to minimize the
TEG system costs (€).

The simulation is based on a highly integrated
TEG design Thereby multiple functional integra-
tions were performed according to a methodical
procedure. This resulted in reduced number of
components as well as lower weight and costs.

In order to include the holistic aspect, all inter-
actions between vehicle and TEG system are
dynamically calculated and included in the
optimization.

The relevant interactions between the vehicle and
the TEG system are shown in Fig. 2. The interac-
tions within the cycle are implemented in the
dynamic simulation. Thus, an automated parameter

Fig. 1. Holistic method for TEG optimization.12
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variation can be carried out during the optimization
and the simulation returns the effectively achiev-
able CO2 reduction within the WLTC.

The cost–benefit ratio was defined as the global
objective. This is the ratio between the effective
reached CO2 reductions per km in the WLTC and
the costs. In the European Union there is a penalty
for exceeding a defined fleet consumption. A TEG
system with a cost–benefit ratio of less than 95 €/(g/
km) would be more economical than the imminent
penalty payments.

A direct cost–benefit optimization requires an
automated calculation of the entire system costs.
Therefore, a generic tool was developed which is
determining the weight, installation space and the
system costs of each TEG design.

In order to achieve a balanced TEG design, a
further eight secondary objectives were defined to
evaluate the behavior outside of the WLTC. These
secondary objectives include properties such as
peak performance, thermal stability and exhaust
back pressure.

RESULTS OF THEHOLISTIC OPTIMIZATION

This paper presents a functional prototype of a
TEG for a conventional compact class vehicle.

A Volkswagen Golf with a turbocharged engine
and 1.2 L displacement was selected as the bound-
ary condition for the optimization. Table I shows the
main characteristics of the reference vehicle.

The input for the simulation is data from tests on
the roller dynamometer. For this purpose, the
measured data sets of the WLTC for temperatures
and mass flows of the exhaust gas and coolant are
used. The measured data of the combustion engine
regarding speed, torque and temperatures are also
used.

In the methodical procedure presented in the
previous chapter, an automatized optimization of
the entire TEG system is performed, and thereby all
relevant parameters are varied. The two primary
objectives and the eight secondary objectives are
optimized. The result is a ten-dimensional Pareto
set.

In order to visualize the result, the two primary
objectives are plotted as a Pareto front in Fig. 3. The
ordinate shows the CO2 reduction effectively
achieved in the overall system within the WLTC.
The abscissa specifies the corresponding costs for
the entire TEG system. Each dot in the diagram
represents the result for one set of input parame-
ters. With the optimization algorithm, the optimiza-
tion is continued until there is no significant change
in the 10 objectives.

Further, a resulting design can be selected from
the result set. To visualize the selection a simplifi-
cation to the two primary objectives is charted in
Fig. 4. However, the real selection is based on a
detailed method12 in which the eight secondary
objectives are also taken into account. Thereby, a
resulting design is selected from the ten-dimen-
sional Pareto set with regard to a weighting of the
different objectives.

The visualization in Fig. 5 shows that a CO2

reduction of 2.2% is reachable within the WLTC. If
the best cost–benefit ratio is selected, a CO2 reduc-
tion of 1.9% is achieved.

The resulting design selected from the ten-dimen-
sional Pareto set leads to a CO2 reduction in the
reference vehicle of 2.5 g/km. This design achieves

Fig. 2. Overall system interactions of the TEG system with the
vehicle.12

Table I. Main characteristics of the reference vehicle

Vehicle
type

Battery
capacity ICE

Type of
engine Displacement

Max.
performance

(–) (kWh) (–) (–) (dm3) (kW)

Volkswagen Golf VII Conv. – Turbo (TSI) 4 cyl. in-line 1.197 77

Operating
strategy Transmission

Weight of
vehicle

Year of
launch

Fuel consumption
(measured)

CO2 emissions
(calculated)

(–) (–) (kg) (–) (l/100 km) (g/km)

Volkswagen Golf VII Start–stop Autom. (DSG) 1300 2012 5.63 131.2
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an optimum between system costs and benefits in
the WLTC. In addition, it also shows good values for
the secondary objectives according to their impor-
tance. Calculated with the basic emissions accord-
ing to Table I a CO2 reduction of 1.9% is reached.
Thereby, the overall system interactions, shown in
Fig. 2, are taken into account. In general, CO2

emissions are equivalent to the fuel consumption
due to the chemical composition of the fuel. For this
reason, the fuel reduction achieved in the overall
system within the WLTC is also 1.9%.

The results are based on the measured input data
of the reference vehicle in the WLTC. The measured
time-dependent profiles for temperatures and mass
flows of the exhaust gas and coolant are used. In a
further step, the maximum performance of the cost–
benefit optimized TEG is analyzed. For this

purpose, the load point of the vehicle is increased
in the simulation until the maximum local TEM hot
side temperature of 600�C is reached. A coolant
temperature of 20�C is used only for the examina-
tion of the maximum performance. This corresponds
to the temperature in the cooling system during a
drive at low ambient temperatures. However, the
simulation of the WLTC described above is com-
puted with the measured time-dependent tempera-
ture profiles of the cycle as input, which are
measured at an ambient temperature of 20�C. As a
result from the analysis of the rated power, a
maximum peak power of 726 W is reached. The
resulting design presented above is also presented
in Ref. 7.

However, the functional prototype described in
the following chapter is based on an earlier devel-
opment. This development represents a preliminary
stage of the optimization, which is executed with the
same holistic method, but in an earlier version. The
same reference vehicle is used for both versions of
the design. The preliminary design, which is built as
functional prototype, is presented in Ref. 8. It has a
rated power of 526 W.

The increase of the values between two optimiza-
tion stages shows that intensive optimization can
lead to significant improvements. These have not
yet been completely exploited, and further increases
are expected for the future. The increases achieved
within the context of this work are also shown in
Fig. 12 on the basis of the gravimetric power density
and in Ref. 12 on the basis of the volumetric power
density.

VALIDATION BY A FUNCTIONAL
PROTOTYPE

Based on the shown results, a functional proto-
type is built in order to confirm these data and to
validate the CFD simulation. The geometry of the
hot gas heat exchangers is given by the previously
explained optimization. The structural design of the
prototype is specified by the highly integrated TEG
design. The basic structure of the highly integrated
TEG design is shown in Fig. 5. It is based on a cross-
flow heat exchanger system.

Figure 6 shows the housing and the principle
construction of the highly integrated TEG design.

Many components of the highly integrated TEG
design have several functions. As an example the
housing fulfills multiple functions, such as the
provision of the inert gas atmosphere, the guidance
of the coolant and the integration of the power
electronics. This leads to fewer required components
and results in less weight and lower costs which has
a direct impact on the power density and on the
cost–benefit ratio.

The inert gas atmosphere is used to protect the
thermoelectric half-Heusler modules from degener-
ation. However, this also means that the measure-
ment technology needs a gas tight bushing system.

Fig. 3. Result of the TEG optimization—Pareto front of the two
primary objectives.

Fig. 4. Pareto front of the two primary objectives.

Fig. 5. Cross-flow heat exchanger system.12
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Therefore, an additional measurement box is
needed as shown in Fig. 9. In order to thermally
measure the prototype, 58 type K thermocouples are
integrated into the prototype. Of course, these are
only intended for the measurements and not
required for the operation of the TEG system itself.

The majority of thermocouples are used to mea-
sure the surface temperature of the heat exchang-
ers. These temperatures are analogous to the TEM
hot and cold side temperatures on the outside of the
thermal interface. Therefore, the heat exchangers
are prepared with slots in which the thermocouples
are inserted. In this way, the surface temperatures
of the heat exchangers are measured directly with-
out influencing the temperature profile by integrat-
ing the thermocouples. The schematic Fig. 7 shows
the hot gas heat exchanger with the measuring
points in flow direction. P2* and P5* are mirrored
points to check the symmetry. In the evaluation
they are averaged together with the corresponding
points on the opposite side (P2 and P5). In addition,
the integration of the thermocouples in the proto-
type can be seen in Fig. 7.

Figure 8 shows the functional prototype which
includes the TEG-core, the power electronics and
the additional measurement, the measurement box
and the gas-tight cable bushing. The power elec-
tronics contains four independent MPPT with one
DC/DC converter each, to optimally convert the
electrical energy.

Figure 9 shows the functional prototype where
the additional measurement is highlighted. The not
highlighted components also correspond to the
volume that is necessary for the installation of the
TEG into a vehicle.

Because of cooperation between Yamaha and the
DLR Institute of Vehicle Concepts,14 it is possible to
use highly efficient half-Heusler modules for the
optimization. With a Yamaha, there is a measured
efficiency of up to 7% at a hot side temperature of
550�C and a cold side temperature of 80�C. The used
optimization also improves the thermoelectric mod-
ules, so that Yamaha developed modules especially
for this prototype according to the DLR specifica-
tions. The modules used for the prototype are shown
in Fig. 10.

The functional prototype has been tested on the
test bench of the DLR Institute for Vehicle

Concepts. This test bench replicates the three
relevant subsystems of the vehicle. A hot gas
generator reproduces the exhaust system of the
vehicle. It generates temperatures up to 1200�C and
mass flows up to 1000 kg/h dynamically. An exper-
imental cooling system has been developed and
integrated into the test bench to reproduce the
vehicle’s cooling system. Thus, a precise control of
the coolant temperature and volume flow can be
performed. In order to model the electrical system of
the vehicle, several electrical loads are available.

Ten operating points (OP) with different hot gas
temperatures and mass flows has been measured.
The mass flow of the hot gas was varied between
36 kg/h and 143 kg/h, and the temperature between
279�C and 672�C. The peak power of the functional
prototype has not yet been measured in order to
avoid thermally critical ranges for the time being.

The different operating points are also simulated
with the CFD simulation which is included in the
holistic overall system optimization. Thus, the
simulation is directly comparable with the mea-
sured values and can be validated.

RESULTS OF THE FUNCTIONAL
PROTOTYPE

In the experiments carried out so far, the entire
structure and all thermoelectric modules have sur-
vived. The measurement results also show that the
function of the new heat exchangers is given and the
desired temperatures could be achieved at the TEM.
In comparison between experiment and simulation,
the average hot side temperature has a deviation of
6.3% and the cold side temperature deviates by
3.4%. This ensures thermal consistency. Further,
however, the comparison shows a significant devi-
ation in the electrical output power with a deviation
of up to 30%.

Based on these data, a further study was carried
out and the deviation was concluded with the
assumption that the TEM efficiency used in the
simulation did not match the functional model.

The simulation, as already described, was based
on measurement data from a TEM test bench of
Yamaha. In this context the measuring technique of
the TEM was examined and improved further by
Yamaha. As result the measurement data of the
modules could be re-evaluated. Then again the new
TEM data for efficiency and thermal resistance
were integrated into the simulation. The results of
this simulation is described below and based on
these new module data without a modification of the
TEM itself. The module design is still the original
from 2017.

Table II shows an exemplary selection of operat-
ing points with the simulated and measured aver-
age hot and cold side temperatures as well as the
electrical power. The average value is calculated
over all measuring points for the hot, respectively,
cold side. The electrical power is measured without

Fig. 6. Highly integrated TEG design.12
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using the power electronics of the TEG; therefore, a
more precise power potentiostat is used.

The comparison of the values in Table II shows
that the measured values are achieved in the
simulation with an accuracy of 95% related to the
temperature and an accuracy of 97% for the elec-
trical power. The average deviation over all ten
operating points is 1.5% for the hot side, 3.5% for
the cold side and 4.0% for the electrical output
power.

To validate the CFD simulation, the temperature
profile in flow direction is used. For this purpose,
the measuring points are averaged in accordance
with their position, as shown in Fig. 7. These
averaged measuring points are compared with the
temperature profile of the CFD simulation. Fig-
ure 11 shows an exemplary profile for the operating
point 5.

The solid lines show the simulated temperatures,
the dots show the measuring points for the hot side
and the cold side. For the hot side, the quantitative
temperature profile fits very well. The qualitative
match between simulation and measurement is
shown above in Table II. The measuring points P2
and P5 deviate slightly from the simulated temper-
ature profile on the hot side. Figure 7 shows that
the measuring points P2 and P5 are located further
away from the center of the heat exchanger. The
CFD simulation calculates a flow channel exactly in
the middle of the heat exchanger. Therefore, the
deviation of the measuring points MP2 and MP5 is
also plausible.

The simulation of the cold side shows a slightly
lower accuracy. The reason for this is seen in a
simplified modeling of the coolant heat exchanger in
the simulation model. However, as can be seen in
Table II, the influence on the simulated electrical
output power is marginal.

Based on these results, the simulation model is
classified as validated. The simulated average hot
and cold side temperatures matches at different

Fig. 7. Heat exchanger with the used measuring points in flow direction and integration concept of the thermocouples to measure the surface
temperatures of the heat exchangers.

Fig. 9. Functional TEG prototype with additional measurement
highlighted.

Fig. 10. Half-Heusler thermoelectric module. Reprinted from Ref. 14
under CC License BY 3.0.

Fig. 8. Functional TEG prototype.
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operating points with the measurement, as well as
the electrical output power. The simulated temper-
ature profile in flow direction also coincides with the
measured values.

By adapting and optimizing the geometry of the
modules and by using improved half-Heusler mate-
rial,15 it also appears possible to produce modules
with an efficiency of over 7%. Thus, the first
simulation results of 526 W8 for the tested design
and 726 W7,12 for the current development stage are
considered to be achievable.

CONCLUSIONS AND OUTLOOK

The holistic TEG optimization is presented using
the example of a conventional vehicle. A functional
prototype is built and measured. With this data the
CFD simulation is validated. It is shown that the
accuracy of the simulation is more than 95% for the
temperatures. In addition, it is shown that the
highly integrated TEG design can be successfully
implemented. This design could be built with all
planned conventional manufacturing methods. All
thermoelectric modules within the prototype endure
the measurements. The modules have the same
internal resistance after assembly and measure-
ment. Thus, after the measurement campaign, all
thermoelectric modules are still functional. This
confirms that the thermomechanical stresses are
within the limits. The protective inert gas atmo-
sphere is successfully created and maintained dur-
ing the measurements. The power electronics are
cooled during the entire measurement. This shows
that the integration of the power electronics into the
design can be realized.

The measurement of the peak power is still
pending. Nevertheless, the existing measurement
data show that this TEG-prototype already has the
highest measured power density known by the
authors for a TEG system designed for vehicle
application.

Figure 12 shows that the gravimetric power den-
sity in various TEG projects remained in a similar
range over years. In 2015 the highly integrated
design and holistic overall system optimization
similar to this work in a previous version is realized
for the first time.20 The presented functional proto-
type is based on simulated data presented in Ref. 8.
With further optimization the power density could
be increased to 242 W/kg.12 The functional proto-
type of this work is intended to validate the
simulative achieved power density. Up to the time
of publication only partial load points have been
measured. After a modification of the hot gas test
bench it is planned to realize further measure-
ments. Thereby, also an evaluation in a long-term
test is planned.

In order to determine the power density achieved
with this functional prototype, a measurement of
the maximum peak power is required. As described,
this will be done in the future. To the current state
the achieved power density was, therefore, extrap-
olated on the basis of the measured partial load
points. As shown in Fig. 12, about 70% of the

Table II. Exemplary operating points (OP) from the measurements

Hot side temperature average (�C) Cold side temperature average (�C) Electrical power (W)

Measured Simulated Measured Simulated Measured Simulated

OP 05 247.95 247.53 44.82 42.59 67.31 69.5
OP 06 252.46 259.5 42.81 44.24 74.43 76.66
OP 07 308.8 311.15 50.45 51.62 113.18 111.28
OP 08 299.98 306.09 49.63 50.70 104.9 107.74
OP 10 449.04 445.59 66.8 70.55 236.47 231.53

Fig. 11. Temperature profile for the operating point 5.

Fig. 12. Development of the gravimetric and volumetric power
density for TEG over the years. (References: [1],16,17 [2],17 [3],18

[4],19 [5],20 [6] Simulation data that corresponds to the functional
prototype of this work,8 [7],12[8],12 [9] Measurement results of the
functional prototype in this work).
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simulated power density could be achieved. By the
changes in the measuring technique of the TEM,
which provided the input for the simulation, this
deviation could be methodically detected. Taking
these changes into account, the accuracy of the
simulated output power is more than 97% compared
to the functional prototype. As a result, the simu-
lation method could be validated through the func-
tional prototype. Moreover, it appears possible to
achieve the original efficiency of the TEM with
different changes in material and design. Therefore,
the values achieved in the simulation will be
classified as realizable.
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