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Abstract—Thermal power technology such as the TEG (Thermo-
Electric Generator) arouses significant attention worldwide for waste
heat recovery. Despite the potential benefits of marine application
due to the permanent heat sink from sea water, no significant studies
on this application were to be found. In this study, a test rig has been
designed and built to test the performance of the TEG on engine
operating points. The TEG device is built from commercially
available materials for the sake of possible economical application.
Two types of commercial TEM (thermo electric module) have been
studied separately on the test rig. The engine data were extracted
from a commercial Diesel engine since it shares the same principle in
terms of engine efficiency and exhaust with the marine Diesel engine.
An open circuit water cooling system is used to replicate the sea
water cold source. The characterization tests showed that the
silicium-germanium alloys TEM proved a remarkable reliability on
all engine operating points, with no significant deterioration of
performance even under sever variation in the hot source conditions.
The performance of the bismuth-telluride alloys was 100% better
than the first type of TEM but it showed a deterioration in power
generation when the air temperature exceeds 300 °C. The temperature
distribution on the heat exchange surfaces revealed no useful
combination of these two types of TEM with this tube length, since
the surface temperature difference between both ends is no more than
10 °C. This study exposed the perspective of use of TEG technology
for marine engine exhaust heat recovery. Although the results
suggested non-sufficient power generation from the low cost
commercial TEM used, it provides valuable information about TEG
device optimization, including the design of heat exchanger and the
types of thermo-electric materials.

Keywords—Internal combustion engine application, Seebeck,
thermo-electricity, waste heat recovery.

I. INTRODUCTION

ROUND 55-60% of the fuel energy supplied to internal

combustion engine is wasted as heat in the exhaust and
cooling systems [1], [2]. In this context, recycling and reusing
waste exhaust gas cannot only enhance fuel energy use
efficiency, but also reduce air pollution.
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Among several waste heat recovery technologies such as
turbo-compound [3], bottoming cycles [4], [5], and
turbocharger [6], thermal power technology such as the
thermoelectric generator (TEG) arouses significant attention
worldwide. TEG is a technology for direct conversion of
thermal energy into electrical energy, which has the merits to
be reliable (no moving parts), quiet in operation, compact, and
emission-less [7]. Previous studies have estimated that an
increase of 10% of fuel efficiency can be easily achieved by
converting about 6% of the waste heat into electricity [8],
although some other publications indicate a more realistic gain
of 2-3% [9].

The Seebeck effect, discovered by Thomas Johann Seebeck
in 1821, is the fundamental operating principle of TEG [10].
The energy conversion efficiency of TE devices is measured
by the figure of merit (ZT). Commercial TE materials with
ZT>1 are not available; thus, the conversion efficiency of
current TE materials is less than 5% [11]. Te-based alloys in
combination with Bismuth (Bi), Antimony (Sb), or Selenium
(Se) are referred to as low temperature materials (up to 300
°C), although lead tellurium could be used until far higher
temperature. Currently, research efforts are focused on finding
efficient, non-costly, and  environmental friendly
thermoelectric materials for energy conversion. Silicides,
skutterudites, Sulfides, and half-Heusler materials are very
promising candidates, and silicon-germanium (SiGe) alloys
can be operated at the highest temperatures, up to 1100 °C
[12]. Moreover, in order to achieve the highest average ZT
over the entire operating temperature range of exhaust gases,
different thermoelectric elements could be employed [13].

Since 1914, the possibility of using thermoelectric power
generation to recover some of waste heat energy from
reciprocating engines has been explored and patented [14],
and with the development of novel TE materials, researchers
have paid significant attention in this area over the last 20
years. Zhang et al. [15] studied the best position of the TEG
considering the temperature distribution of the exhaust gas
system of diesel engine. Yu et al. [16] optimized the TEG
output by installing a power conditioning system between the
TEG and the battery pack. Hsu et al. [17] used slopping block
to uniform the thermal distribution in a three-row heat
exchanger which improved the performance of the TEG. Kim
et al. [18] developed a TEG system with the engine coolant of
light-duty vehicles as heat source, and the output power was
about 75 W. In his study, the conventional radiators of the
existing water cooling system were replaced by the TEG
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system [19], [20].

The previous studies for exhaust heat recovery by TEG
mainly focused on automotive applications; however, the
employment of this technology for marine application is far
more interesting. On one hand, the marine Diesel engines
reach around 400-450 °C at turbocharger exhaust,
corresponding to 200-300 °C of hot side thermoelectric
module (TEM) temperature, which is interesting according to
the recent studies on intermediate temperatures TE materials
[21]. In addition, seawater is available in abundance and is an
excellent heat sink. On the other hand, the engine fuel
consumption is a major factor on ship operational costs;
hence, a slight reduction of fuel consumption generates
significant financial savings.

In this study, operating points from a Diesel engine are
simulated on a test bench. The behavior and performance of
two commercial TE materials is investigated by using an
automotive grade heat exchanger. The conversion efficiency is
measured and scaled to predict the performance in marine
application. For this purpose, a model to quantify the wasted
heat recovery is developed.

II. TEG DESCRIPTION

A waste heat recovery thermoelectric conversion system
normally consists of TEM, heat absorbers, and heat sinks,
where heat is transferred from a high-temperature heat source
to the TEM hot junction, and it is rejected to a low-
temperature sink from the TEM cold junction. Based on the
Seebeck effect, the heat supplied at the hot junction causes an
electric current flow in the circuit, and electrical power is
produced. The Seebeck effect is generally dominated by the
contribution from charge carrier diffusion which tends to push
charge carriers towards the cold side of the material until a
compensating voltage has built up. As a result, in p-type
semiconductors, o is positive. Likewise, in n-type
semiconductors, o is negative. In most conductors, however,
the charge carriers exhibit both hole-like and electron-like
behavior and the sign of o wusually depends on the
predominating one. The current flow through the Thermo-
Electric Module can be determined by:

I=aAT/R | +R ) )]

where a(V.K™1) is the Seebeck coefficient, R;(Q) is the
internal resistance of the thermoelectric generator, and Ry ()
is the load resistance. The heat flow to the hot side and heat
flow out of the cold side can be written as:

Q, =KAT+aT, I-12 I’ R, ()
Q,=KAT+aT,1-121* R, 3)

where K consists of many parts of thermal conductance and
thermal resistance. The produced power can be expressed in
two different ways, either by the difference of heat going in
and coming out equations or by applying the Ohm law
equation. A figure of merit, Z, is used to define the

performance of a thermoelectric material. It is derived from
the Seebeck coefficient a(V.K™1), electrical conductivity
o(Siemens.m™1), and thermal conductivity A(W.m 1. K~1)
of the material:

Z=a’c/A 4

The product ZT, whereT = (T, +T.)/2, is a non-
dimensional number that expresses the figure of merit under a
given working temperature. The maximum thermal efficiency
is directly dependent on the figure of merit and the difference
of temperature between the hot (T},) and cold (7}) junctions:

_— VA +ZT) -1 {Th —TC} (5)
max T T
w/(1+ZT)-1+T—° n

h

At the point of maximum thermal efficiency, the load
resistance should be related to the internal resistance of the
thermoelectric generator as:

R, /R, =+(+ZT) (6)

A TE couple is constituted from n-type and p-type
semiconductor thermoelectric legs (e.g. silicon-germanium
SiGe, bismuth-telluride BiTe based alloys) which are
sandwiched between ceramic plates and configured thermally
in parallel and electrically in series. The junctions connecting
the thermoelectric legs between the hot and cold plates are
generally using highly conducting metal (e.g. Copper, Nickel,
Silver). More than one pair of TE couple are normally
assembled together to form TEM.

In this study, a single tube automotive grade TEG device
provided by HotBlock OnBoard (HBOB) is used. For the sake
of building a TEG from commercially available materials, two
types of TEM have been chosen (Table I).

A. Thermoelectric Modules

A MAN Diesel & Turbo marine Diesel engine was selected
for the input conditions of this work, and a typical range of
exhaust temperature and flow values were given by the
company [22]. The exhaust gas temperatures on (5-25 MW)
marine Diesel engines can reach up to 550 °C at the turbine
outlet. However, the slow steaming mode [23], which is
representative of the large ships operating points, is
corresponding to 300-400 °C at the turbine outlet. Hence, the
most compatible materials for Diesel engine applications are
intermediate temperatures TEM. Few TEM suppliers are
currently able to sell small dimensions (less than 25 ¢cm?) and
reliable TEM with skutterudites, magnesium-silicon, of half-
Heusler alloys, at least at a competitive price. Those, using Bi-
Te TEM for low charge operating points of marine engine and
SiGe alloys TEM for the other operating points were the most
interesting solutions for our study. Our choice fell on the
module TECB-79-165 from CIDETE Ingenieros SL for the
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Bi,Tes. It delivers 2.5 W of maximum power (for a AT=200
°C), and can resist up to 219 °C. Our second choice fell on a
SigoGeyo based TEM developed for energy recovery from the
thermal sources above 450 °C. Knowing that it is not the best
compatible with engine exhaust temperatures (550 °C max), it
was chosen because it showed a particular stability (this
material was used for radioisotope thermoelectric generator
(RTG) in satellites and space probes applications) and
interesting performances (Figure of merit around 0.5 at 500-
600 °C). The SigyGeyy based TEM called NEMO [24] from
HBOB SAS has a heat exchange surface of 20 mm x 20 mm.
It delivers a maximum power of 3.7 W (for a AT=500 °C).
Although it contains germanium (a costly element), literature
is showing some interesting studies which reduce the Ge
content to a low percentage in order to lower its cost [25].
Figs. 1 and 2 show the difference in performance and
operating temperatures between the two types of TEM. The
figure of merit of these specific modules from the supplier
data sheet are compared with the best known performance that
exists in the literature [26].
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Fig. 1 Figure of merit for p-type thermoelectric materials

1.2

1 Bi,Te;

Sui=<) P
NA\ P
“ CIDETE
7
e

£ NEMO
\

0 200 400 600 800 1000
Temperature (°C)

- - o=

BigsGeso

Fig. 2 Figure of merit for n-type thermoelectric materials

B. Thermoelectric Generation Device
Fig. 3 shows a description of the TEG device. The hot side

heat exchanger is composed of a stainless steel tube with
internal fins. The tube is mounted between two flanges. The
connection of the tube to the air circuit is made by the
intermediate of a divergent and a convergent manifold. Each
of them is mounted on a flange, screwed to the tube flange,
and sealed with graphite joint. The tube is of “plate & fin”
type in terms of architecture and to the “flat tube & fin” in
terms of heat exchange. The inner fins are of “wavy” design,
and the thickness of heat exchange surface is 1 mm. 270 um
grooves were formed on the heat exchange surface in order to
insert 250 pum (type K) thermocouples, for measuring the
accurate hot side temperature without affecting the thermal
contact between the TEM and the heat exchange surface.

Clamping

] System

Cold Side
Heat Exchanger

Fig. 3 The thermoelectric conversion device used (courtesy of HBOB
SAS and CEA Tech)

The cold side heat exchanger is composed of two cold
plates, ensuring the cooling of the TEM positioned on the
lower and upper side of the tube. The cooling is achieved by
circulating water in a % inch copper tubing network. The heat
is then transmitted to the TEM via aluminum brazed thermal
spreaders, around the copper pipes. Each TEM is individually
cooled by a spreader to ensure the best possible thermal
contact. Each spreader is provided with an imprint on its
outside surface to ensure its coupling with the clamping
system.

The clamping system is individual for each column. It
consists of two plates outfitted with threaded rod, spring, and
nut, allowing to apply individual compressive stress of 17.85
MPa on each TEM on the two sides of the hot side heat
exchanger. Hence, its main objective is to ensure good thermal
contact between the TEM and the heat exchangers.
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Fig. 4 Schematic diagram of the experimental set-up for the steady state condition

TABLEI
THERMOELECTRIC MODULES PROPERTIES (SUPPLIER INFORMATION)
CIDETE HotBlock
Ingenieros OnBoard
Thermoelectric material type Bi,Tes SigoGeag
Physical Properties
Dimensions. mm 20+0.1x20 + 20+ 0.5%x24 +
? 0.1 x3.8+0.01  0.5x7.1+0.05
Flatness, mm 0.02 0.02
Thickness tolerance, mm 0.02 0.05
Number of active couples, pcs 71 12
Thermal Properties
Design Hot Siiice Temperature, 220 530
Design i
Temier(ei?lige,s‘l’(ée 20 80
Thermal conductivity, W/K 0.26 0.53
Heat Flux, W 52
Electric Properties
Power, W 245 3.6+6%
Internal Resistance, Ohm 2.80 0.48 £ 6%
Current, A 0.98 5.53+5%
Opened Circuit Voltage, V 5.00 2.6 +5%
Efficiency, % 3.7 2.6

III. EXPERIMENTAL TEST RIG AND PROCEDURES

In this study, the power characteristics and behavior of the
TEG on engine operating points were investigated by using a
hot air rig tests. The tests were held under steady state
conditions (the gas flow was purified from impulsive flow).
The air temperature and the flow rate were the variables
representing engine operating points. The experimental setup
of the test rig is shown in Fig. 4. The air supply for simulating
the engine exhaust gas was provided by two air compressors
in parallel. The first is a 75 kW variable speed compressor
(MAVD 1000). The second is a 45 kW compressor (MAVD

700). The compressed air was stored in a tank to ensure a
steady and pulse-free supply. The air flow was transferred to a
dryer and filter to remove water and impurities and an electric
regulating valve (PSL204AMS) was used to control the air
flow. A 144 kW electric heater (Osram-Sylvania) is then used
to increase the temperature of the air which was guided to the
single tube heat exchanger.

A. Instrumentation

The control of the different parameters is made through
Labview® outside the test rig room. The regulating valve is
controlled by using opening percentage, then the flow rate is
measured with a flow meter located downstream the valve.
The minimum opening required for air to circulate is 25%
leading to a minimum airflow of 11 g/s. Furthermore, the
temperature losses in the air circuit have limited the air
temperature at a maximum of 485 °C on the inlet of the hot
side heat exchanger. An open circuit (the potential type of
circuit designed for marine application) water tubing was used
as the heat sink. The city water (temperature ranging from 20
to 24 °C) is used to feed the cooling system. The flow is
maintained constant at 20 g/s by using a gate valve. A flow
meter located downstream of the gate valve measured the flow
rate of the water which was guided afterward to
simultaneously feed the four cold heat exchangers.

Table II represents the sensors installed on the test rig. The
hot side and cold side temperatures as well as the generated
voltage and currents were measured for each TEM. Four types
of K with 250 pm diameters thermocouples were placed
between the external surface of the single tube heat exchanger
and the TEM via micro-grooves on the tube external shell to
measure the hot side temperature. For the cold side
temperature, four, type K with 1 mm diameters thermocouples
were placed between the external surface of the cold side heat
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exchanger and the TEM via micro-grooves. Measurements
were also made upstream and downstream the single tube heat
exchanger to obtain precisely the input/output air pressures
and temperatures. The pressure losses through the heat
exchanger and the dissipated heat through the heat exchanger
are then evaluated. 1.5 mm type K thermocouples were as well
installed on the inlet and outlet of the cooling system to ensure
constant temperature on water inlet and evaluate the heat
dissipated through the cooling system.

TABLEII
TEST RIG INSTRUMENTATION

Symbol Instrumentation
Tse Water outlet temperature
Tee Water inlet temperature
Tea Air inlet temperature
Tsa Air outlet temperature
Tesh Cold side TEM temperature (position low left)
Teeb Cold side TEM temperature (position low right)

Tesh Cold side TEM temperature (position high right)
Tech Cold side TEM temperature (position high left)

Teb Hot side TEM temperature (position low right)
Tsb Hot side TEM temperature (position low left)
Teh Hot side TEM temperature (position high right)
Tsh Hot side TEM temperature (position high left)
Pea Air inlet pressure

Psa Air outlet pressure

UMI TEM 1 voltage
umM2 TEM 2 voltage
UM3 TEM 3 voltage
Um4 TEM 4 voltage
P Generated power
| Generated current

The generated voltage and power were recorded by using a
NI MAX data acquisition system. Two rotary manual selectors
were used for the TEM and load resistance variation. The
TEM were connected separately to the load resistance and the
data acquisition box. It allows isolating the effect of a
malfunctioning TEM during the essays.

B. Tests Protocol

The tests were conducted by using the engine operating
points to evaluate the performance of the Bi;Te; and SigyGeao
TEM integrated in a TEG device. The engine used as a
reference for the study was a commercial automotive Diesel
engine with a displacement of 1.5 L, and its specifications are
presented in Table III. The engine data sheet was used to
characterize its operating points. The flow rate and
temperature of the engine exhaust gas on each operating points
were replicated on the hot air test rig. During the tests, the
flow rate and the temperature of the water remained constant.
Only the effects of temperature and flow rate variations of the
hot air were studied. The characterization of the SiggGe,o TEM
was limited to 56 engine operating points due logistic
constraints (maximum reachable temperature 485 °C,
maximum reachable flow 43 g/s). The characterization of the
Bi,Te; TEM was limited to 36 engine operating points due to
safety constraints due to telluride toxic emissions above 400

°C, although the safety temperature specified by the supplier
for guaranteed performance is limited to 219 °C. An example
of 5 engine operating point’s characteristics and test rig
conditions is presented in Table IV.

TABLE III
ENGINE SPECIFICATIONS USED FOR THE TEST RIG
Model Diesel engine
Displacement 1461 cm’
Cylinder bore 76 mm
Piston stroke 80.5 mm
Compression ratio 15.2:1

Maximum power (hp) 68 at 4000 r/min

Maximum torque (N.m) 200 at 2000 r/min
TABLEIV
EXAMPLE OF TEST RESULTS ON THE HOT AIR RIG FOR 5 POINTS
Engine operating points Tests rig
Speed  Torque Turbine outlet Exhaust gas Air Air flow
(t/min) (N.m) Temperature  flow rate  temperature rate (g/s)
0 (g/s) 0
1000 45 243.7 13.88 244 13.9
1250 0 129.3 16.4 129 16.4
1500 15 167.5 18.1 168 18
1750 40 276.4 21.19 276 21.2
2500 75 358.29 45.19 358 45

The TEMs were connected independently to an external
variable resistor load, and the output voltage was measured via
data acquisition box. Flexible copper wires were used for the
connections between the TEM and the variable load resistor.
Power generated by the TEM can be calculated by using the
voltage and resistor values. All data readings for computer
processing were made at thermal equilibrium condition, when
temperature fluctuation was less than 1°C over 5 min. The
variation of the load resistor and TEM selector was made
manually as shown in Fig. 5.

“ * v f S

Fig. 5 Photograph of the TEG device equipped with manual load and
TEM selector

The main target of the experiment was generated power and
TEG efficiency. The generated power was measured by using
voltage values with resistors of different values connected in
series to the external circuit. Four values of resistors were
tested over the experiment (R;= 7.87 Q, R,=3.87 Q, R;= 1.52
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Q and Ry= 0.2 Q). These values represent the boundary
conditions of internal resistance variations with temperature
since the maximum power mode is considered when the load
resistance is equal to the TEM internal resistance. The
calculation of these values took into consideration the data
sheet of the TEM provided by the manufacturer and the
electrical resistance of the electrical wires. While the electrical
resistance of the wires had no remarkable influence on the
load resistance calculation for the Bi,Te; TEM since it
represents between 0.08 and 0.1% of the TEM internal
resistance, it was taken into consideration for the SigyGe,, load
resistance calculation since it represents between 1 and 2% of
the TEM internal resistance. The TEG total generated power
was calculated by adding the power generated by each TEM
loaded simultaneously and not by connecting the TEM in
series and applying the load resistance. This assumption for
the total generated power was used for the calculation of the
TEG efficiency.

IV. RESULTS AND DISCUSSIONS

Two test campaigns were carried out on the test rig to
determine whether one or both of these TEMs can be applied
in a real engine. These two tests shared the same heat
exchanger, dimensions, the same number of TEMs, and same
cooling and clamping system. Fig. 6 shows the hot and cold
side temperatures of the TEM positioned on the inlet and
outlet of the heat exchanger according to the air inlet
temperatures. As can be seen from Fig. 6, the temperature
from inlet air temperatures (corresponding to the turbine outlet
temperature in a Diesel engine) was measured from around
108 °C to a maximum of around 485 °C. On the other hand,
the temperature on the heat exchange surface between the hot
side heat exchanger and the TEM placed on the exhaust gas
inlet was measured from around 82 °C to a maximum of
around 468 °C which is different than reported values in
literature as it will be discussed later, due to sonic nozzle in
the heat exchanger. This temperature was 3 — 8 °C higher than
the hot side temperature of the TEM placed on the exhaust gas
outlet. This gap tends to increase with increasing the air inlet
temperature.
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The temperature of the heat exchange surface between the
cold side heat exchanger and the TEM placed on the air inlet
was measured from around 17 °C to a maximum of 40 °C for
a water inlet temperature of 15 °C. The temperature difference
between this last and the one corresponding to the TEM place
on air outlet was less than 1 °C, which is more than the
uncertainty of the thermocouples installed. This leads a
difference between the hot and cold sides temperature of the
TEM from around 65 °C to 430 °C.

Figs. 7 and 8 show the generated power (P) of Bi,Te; and
SigyGeyy modules according to the generated voltage (V). The
voltage has tendencies to increase with increasing the load
resistance (R) in both TEM. For Bi,Te; modules the maximum
TEG generation power output is achieved when the load
resistance is equal to 3.87 Q. Hence for the SigyGeyy modules,
it is achieved when the load resistance is equal to 0.2 Q. The
present result agrees with the maximum power transfer theory.
The maximum power conversion occurs when the load resistor
equals the internal resistance, which is in this case 2-3 Q for
the Bi,Te; TEM and 0.03-0.13 for the SigyGe,g TEM. The
generated power is obtained by using (7) which justifies the
hyperbolic shape of the curve.

P=U’/R (7)
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Figs. 9 and 10 show the performances of the thermoelectric
module according to the TEM hot side temperature. Since
each engine operating point has different temperature and flow
rate, it was not possible to represent the performance
according to the temperature of the high temperature source
obtained from rig test device.

During the tests, the flow and temperature of the water were
maintained constant, so the low temperature source has nearly
no effect on the temperature difference between the hot and
cold side of the module. As can be seen from the figures,
when the difference between the high temperature source and
the low temperature source increased, the power increased.
This characteristic is obtained when the electricity is generated
by a temperature difference in a thermoelectric element. A
maximum output of 1.9 W was achieved by the Bi,Te; module
for TEM hot side temperature around 312 °C corresponding to
air inlet temperature of 362 °C. During the tests, the
performance of the Bi,Te; modules was greatly impaired when
the TEM hot side temperature exceeded 210 °C. Furthermore,
the performances of some modules deteriorated in comparison
with those seen on the same temperature range before
exceeding this temperature. This might have been caused by
durability issues (brazing damage). The actual allowable
safety temperature of Bi2Te3 TEM used in this study is
around 219 °C (as indicated by CIDETE Ingenieros SL in the
product description), but Bi,Te; TEMs with higher operating
temperature are also available [27] (320 °C in continuous
operation), although the maximum temperature without TEM
encapsulation has always to be limited to around 400 °C due
to possible toxic gas formation. However, for engine operating
points case, since the temperature of the exhaust gas under
most loads is higher than 210 °C, we exceeded the allowable
temperature which may have gradually impaired the
performance of Bi,Te; TEM.
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Fig. 9 Bi,Tes: TEM hot side temperature (°C) vs. TEM Generated
power (W) on maximum power mode

The SigyGeyy TEM showed remarkable stability throughout
the test. A maximum power output of 1.3 W was achieved for
an inlet air temperature of 485 °C and a flow rate of 43 g/s.
The power produced by the SigyGe,o TEM is lower than that

produced by the Bi,Te; TEM as shown in Fig. 11, which is
normal since the optimal performance of the SigyGe,g TEM is
reached for a hot side temperature of around 800 °C,
corresponding to air temperature of 900 °C. As it is clearly
illustrated in Fig. 11, the SigyGe,p modules may not have the
best performance on these engine operating points, but it can
get us further in the tests to provide stable performance on all
engine operating points.
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The conversion efficiency was determined by combining
test results and an estimate calculation. Since it was not
possible with our current test configuration to measure the
heat evacuated by each TEM, the heat evacuated through the
TEG was calculated by using the measured temperatures on
the inlet and outlet of the single tube heat exchanger and by

applying (8):

Pth = Qair x Cpair x (Tea _Tsa) (8)

This evacuated heat includes also the heat flux emitted from
the cold blocks and heat loss by radiation. Considering the last
two to be relatively negligible, we assume that the entire heat
is evacuated through the TEM. Hence, the conversion
efficiency is then calculated by using (9):
n=~P

elec / Pth (9)
Fig. 12 shows the conversion efficiency of the TEG with
each Bi,Te; and SigyGe,y TEM. Since no measurement has
been made for the 4 TEM charged with exactly the same load
resistance, the generated power of a single TEM was
multiplied by 4 to represent the generated electrical power of
the TEG. The TEG conversion efficiency reached around a
maximum of 1%, using Bi,Te; TEM and around 0.5 % using
SigyGeyy TEM. The lower performance of the SigyGeyg TEM is
justified since the optimum operating range of these modules
is 400-800 °C, and the temperature range during our tests was
108-468 °C. Moreover, the conversion efficiency is relatively
low for both types of modules since it is calculated assuming
that all the heat is evacuated through the TEM, knowing that
the TEMs fill only 13% of the available heat exchange
surface. So, covering the available surface of the heat
exchanger with more TEMs may give higher conversion
efficiency. Fig. 12 does not show any clear trend for the
conversion efficiency of the TEG according to inlet air
temperature variation, since all operating points were
measured with different flow rates, which affect eventually the
heat transferred through the heat exchanger and the conversion
efficiency. Hence, it is globally seen in the Fig. 12 that
conversion efficiency increases with the air inlet temperature
and that it is higher while using the CIDETE TEM then when
using NEMO TEM, which is consistent with literature [28].
For possible marine engine application, the pressure losses
through the heat exchanger have been measured and
evaluated. Pressure losses of 30 mbar are considered as the
maximum acceptable value for any energy recovery system
installed on marine engine exhaust since high pressure losses
result in an increase of fuel consumption and even engine
malfunction beyond 60 mbar [22]. Fig. 13 shows the pressure
drop through the single tube heat exchanger. Two pressure
measuring sensors were installed on the inlet and the outlet of
the heat exchanger to measure the pressure losses. It reached a
maximum of 1.7 bars for a flow rate of 40.5 g/s with air
temperature around 362 °C and a minimum of 237 mbar for a
hot gas temperature of 108 °C. It must be noted that a sonic
nozzle is noticed for air flow rate higher than 44 g/s. Such

high pressure drop is clearly indicated that the current TEG is
undersized for the diesel engine application targeted in this
study.
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Fig. 13 TEG device pressure drop

V.CONCLUSION

This tests campaign allowed characterizing the TEG on 36
engine operating points using the Bi;Te; TEM from CIDETE
Ingenieros SL and 56 operating points for the Si80Ge20 TEM
from HBOB SAS. The tests aimed at comparing the
performance of the TEM on engine operating points and at
studying the possibility of the application of these TEM and
this TEG to a real marine Diesel engine.

The results showed a higher performance (power and
conversion efficiency) of the Bi,Te; TEM compared to the
SigoGeyy TEM, on same operating points. The possibility of
integrating these Bi;Te; TEM on a marine Diesel engine is
uncertain because they are not designed to support
temperature higher than 207 °C, which is relatively low for
exhaust gas temperature. However, finding other commercial
Bi,Te; TEM which supports higher temperatures will be
interesting for completing this study. The SigGeyy TEM
showed remarkable performance stability and durability on all
engine operating points. However, most of operating points
were outside their optimum operating range, giving low
conversion efficiency. Hence, their single use is certainly
nonproductive for a Diesel engine application.

The possibility of the combination of these two TEMs for a
better performance and wide application have been also
studied. While using SigoGe,o TEM on the inlet air side of the
heat exchanger (where we have the highest temperatures) and
Bi,Te; TEM on the air outlet side of the heat exchanger is a
good idea, it was not relevant for this heat exchanger since the
results showed that the temperature difference between the
inlet and the outlet end of the heat exchanger is not more than
10 °C. So, a longer tube heat exchanger is needed for this type
of application. Furthermore, the too high pressure drop
measured on this TEG, indicates that a redesign is needed to
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fit better with the engine exhaust conditions (flow rates).
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