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Nomenclature

A area of the aluminum channel in contact with water (m?)
Ap block surface area (mm?)

Arem TEM surface area (mm?)

D diameter of the cylindrical holes (m)

Feo fuel economy (%)

Fe ateG fuel economy resulting from the power generated by the ATEG (%)
Fegp fuel consumption due to overcome the back pressure (%)
Fem fuel consumption due to increase in weight (%)

g acceleration of gravity (m-s™)

h heat transfer coefficient (W-K™*-m™)

Irem electrical current (A)

ke block thermal conductivity (W-K™-m™)

ke TEM effective thermal conductivity (W-K™-m™)

L height of the cooling channel (mm)

Ly block height (mm)

L1em TEM height (mm)

MATEG ATEG mass (kg)

my exhaust gas mass flow rate (g-s™)

N number of samples in the data series

Parec ATEG electrical output power (W)

P. engine-shaft power (W)

Pn ateG net ATEG electrical output power (W)

Prem TEM electrical output power (W)

Puwp power consumed by the water pump (W)

Q. heat flow on the cold side of the TEM (W)

Qp heat flow on the hot side of the TEM (W)

r ratio of Figure of merit

R, thermal contact resistance (cold side) (m*-K-W™)



Nomenclature

App
&
&

&

il

Necu

e

Subscript
[

max

thermal contact resistance (hot side) (m?-K-W™)
TEM effective internal electrical resistance (Q)
external electrical load resistance (Q)

(Th + To)[2 (K)

TEM cold side temperature (°C)

exhaust gas temperature (°C)

TEM hot side temperature (°C)

coolant temperature (°C)

vehicle velocity (m-s™)

open-circuit voltage (V)

volumetric flow of the ATEG coolant (L-h™)
effective Figure of merit

confidence range

TEM effective Seebeck coefficient (V-K™)
back pressure increase due to the ATEG (Pa)
uncertainty of the equipment

uncertainty of the mean values

total uncertainty of data

ATEG efficiency

efficiency of the alternator

efficiency of the power converter unit
air—fuel equivalence ratio

vehicle rolling resistance

effective electrical resistivity (Q-m)

standard deviation

inlet
maximum conditions

outlet



Nomenclature

Abbreviations
AFR
AFR,
ATEG
CAE
cl
CSHE
EGR
HDV
HexS
HP
HSHE
ICE
OctS
PCU
SI
TEG
TEM
2PP
4SSP

air—fuel ratio

stoichiometric air—fuel ratio

Automotive thermoelectric generator

computer-aided engineering
compression ignition
cold-side heat exchanger
exhaust gas recirculation
heavy-duty vehicle
hexagonal cross-section
heat pipes

hot-side heat exchanger
internal combustion engine
octagonal cross-section
power converter unit

spark ignition
thermoelectric generator
thermoelectric module
two parallel plates

four square section plates
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Abstract

Since the beginnings of the automotive driven with internal combustion engines
all the cycles used in the alternative motors share a thermal characteristic, a
large amount of heat released by the fuel is lost in the form of hot gases that
exits from the exhaust system. This characteristic would not be very relevant in
stationary engines or even in marine propulsion, where by the characteristics of
the site, the installation and above all the mode of operation at almost constant
load of the engine it is possible to recover very efficiently part of this energy and
transform it into a hot fluid in a liquid or vapor state that can be used for other

purposes.

The heat recovering from exhaust gas is a milestone pursued by many
manufacturers and researchers in the automotive field; this research has
intensified in recent years due to the consequences of climate change, and
above all, the Administration pressure on automotive manufacturers regarding

the reduction of pollutant emissions, especially CO2.

A recovery heat system installed in a vehicle must meet certain technical
requirements, should weigh less, it must be compatible with the rest of the
vehicle's systems, it should require little maintenance and, finally, the product

not should be very expensive.

The system proposed in this thesis uses the advantages that thermoelectricity
can provide, a thermoelectric generator can meet the requirements mentioned
above. The scope of application of thermoelectric materials is very large, from
temperature sensors, through portable coolers, to solar power generators. In
general, these applications can be classified according to the direction of the
energy conversion. While the Peltier effect is used in solid-state refrigeration,
the Seebeck effect is responsible for converting the temperature differences

into electrical voltage in energy recovery systems.

The Seebeck effect is what our want to produce in a vehicle when you want to

recover heat energy, because thanks to the thermoelectric materials the
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Abstract

electricity produced can be injected into the vehicle's electric system by
reducing the load of the alternator and therefore the overall consumption of the

thermal engine.

This doctoral thesis addresses aspects that until now had been little explored by
the researchers: (i) the effects on the behavior of the motor when a new system
is introduced in the exhaust line, (ii) the use of software sufficiently powerful to
simulate the integration of the thermoelectric generator into a complete vehicle
and (iii) the experimental quantification of the consumption savings when

thermoelectric generators are incorporated.

The first part of the thesis is divided into three main research lines, the first one
is predominantly experimental and focuses on studying a thermoelectric
generator model (ATEG) that had already been used in previous research
projects. In this part the ATEG is installed in a PSA XUD7 diesel engine and
experimental data are obtained in 7 stationary operating points where the
engine load, the exhaust gas flow rate and the exhaust gas temperature vary,
allowing us to evaluate the thermal and electrical behavior of the generating
system. In a complementary way, in this line it is necessary to build a
thermoelectric module test apparatus since the data provided by the

manufacturers do not coincide with those observed in the experiments.

In the second line of research mainly goal is the work of simulation and
adjustments of thermal parameters. The software used is the GT-Suite, multi-
physical software used by most engine and vehicle manufacturers around the
world. It is the only one that can offer us a specific module of simulation of
thermoelectric generators and that can then be incorporated into the model of a
whole vehicle, including peripheral systems such as alternator, air conditioning,

lubrication system, transmission system and cooling system.

The results of the simulation of the 7 stationary operating points show a very
good correlation with the experimental data, showing a variation of less than 5%

in the data of exhaust gas output temperature, ATEG cooling water temperature
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Abstract

and electric production. The validation of the model is assured.

The advantage of using software of these characteristics where the ATEG model
construction is modular, scalable and parametric allows you to investigate
different configurations of the generator with respect to those of the physical
model. Different flow rates of cooling water, different contact area in the cold-
side exchanger and different hot gas passage diameters in the hot-side
exchanger are studied. On the one hand each of these parameters is optimized
to obtain the maximum electrical power of the ATEG and on the other to
achieve the minimum back pressure to the exhaust gases. The results are
combined using empirical expressions obtained by other researchers and that

configuration is obtained that would result in a minimum consumption.

The research demonstrates what was already suspected and was confirmed by
the research of other members of our research group GREFEMA, the design of
thermoelectric generators cannot focused exclusively on obtaining the
maximum electrical power and that the thermoelectric modules used in the
design should be chosen not depending on the maximum temperature they
support, but on the combination between their conversion efficiency and the

bearable temperature.

The second part of the doctoral thesis has two lines of research, firstly a new
thermoelectric generator that offers lower back pressure, uses more efficient
thermoelectric modules but with lower maximum admissible temperatures and
is tested experimentally on a BMW Xa fuel petrol. Global design aims to reduce
the thermal inertia of the whole. The tests are carried out under various
stationary operating conditions and also following the new WLTC emission
homologation cycle obtaining the thermal and electrical operating parameters
of the new ATEG but above all the consumption of the vehicle with and without
the device. Finally concluding this doctoral thesis, with the experimental results
obtained and with the knowledge acquired in the previous studies of the author
proposes a methodology to evaluate the performance of the ATEG and be able

to predict the expected fuel savings.
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Resum

Des dels inicis de I'automocid propulsada amb motors de combustio interna tots
els cicles emprats en els motors alternatius comparteixen una caracteristica
térmica, una gran quantitat de calor alliberada pel combustible es perd en forma
de gasos calents que surten pel sistema d’escapament. Aquesta caracteristica no
seria tan rellevant en motors estacionaris o els emprats en propulsio maritima,
on per les caracteristiques de I'emplacament, de la instal-lacid i sobretot del
modus de funcionament a carrega quasi constant del motor és possible
recuperar de forma molt eficient part d’aquesta energia i transformar-la en un
fluid calent en estat liquid o vapor que pot ser utilitzat per altres usos termics.
L'aprofitament energétic de la calor residual dels gasos d’escapament és una fita
perseguida per molts fabricants i investigadors en el camp de l'automocid.
Aquesta recerca s'ha intensificat en els Ultims anys motivada per les
consequencies del canvi climatic, i sobretot, per la pressié de les administracions
sobre els fabricants d’automocio pel que fa a la disminucio de les emissions
contaminants, especialment del CO,.

Un sistema d’aprofitament de calor residual instal-lat en un vehicle ha de
complir certs requisits tecnics, ha de pesar poc, ha de ser compatible amb la
resta de sistemes del vehicle, ha de necessitar poc manteniment i finalment ha
d’encarir molt poc el producte.

El sistema proposat en aquesta tesi utilitza els avantatges que pot proporcionar
la termoelectricitat, considerant que un generador termoeléctric pot satisfer els
requisits esmentats anteriorment. L‘ambit d'aplicacid dels materials
termoeléctrics és molt gran, des de sensors de temperatura, passant per
refrigeradors portatils, fins a generadors d'energia solar. En general, aquestes
aplicacions es poden classificar segons la direccié de la conversio energética.
Mentre I'efecte Peltier s'utilitza per refrigeracio en estat solid, |'efecte Seebeck
és responsable de convertir les diferéncies de temperatura en tensid electrica en

sistemes de recuperacio d'energia.
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Resum

L'efecte Seebeck és el que interessa en un vehicle quan es vol recuperar energia
calorifica, doncs gracies als materials termoeléctrics I'electricitat produida es pot
injectar al sistema electric del vehicle reduint la carrega de I'alternador i per tant
el consum global del motor térmic.

Aquesta tesi doctoral aborda aspectes que fins ara havien estat molt poc
explorats pels investigadors : (i) els efectes sobre el comportament del motor
quan s'introdueix un sistema nou a la linia d’escapament, (ii) la utilitzacié de
software suficientment potent per simular la integracié del generador
termoelectric en un vehicle complet, i (iii) la quantificacio experimental de
I'estalvi de consum quan s’incorporen generadors termoeléctrics.

La primera part de la tesi es divideix en tres linies d’investigacid principals, la
primera és predominantment experimental i es centra en estudiar un model de
generador termoeléctric (TEG) que ja havia estat utilitzat en treballs
d'investigacio previs. En aquesta part el TEG s’instal-la en un motor diesel PSA
XUD7 i s'obtenen dades experimentals en 7 punts de funcionament estacionaris
on es varia la carrega del motor, el cabal i la temperatura de gasos
d’escapament, que ens permeten avaluar el comportament térmic i eléctric del
sistema generador. De forma complementaria, durant la investigacio en aquesta
linia es va veure necessaria la construccio d'un aparell de test de moduls
termoelectrics donat que les dades proporcionades pels fabricants no coincidien
amb les observades en els experiments.

En la segona linia d'investigacid predomina el treball de simulacid i ajustos de
parametres termics. El software utilitzat es el GT-Suite, un programari multi-
fisic que fan servir una bona part de fabricants de motors i vehicles a tot el moén.
Es I'Unic que ens pot oferir un modul especific de simulacié de generadors
termoelectrics i que després es pot incorporar al model d'un vehicle sencer,
incloent els sistemes periférics com ara alternador, aire condicionat, sistema de
lubricacio, sistema de transmissio i sistema de refrigeracio.

Els resultats de la simulacio dels 7 punts de funcionament estacionaris mostren
una molt bona correlacié amb les dades experimentals, mostrant una variacid
inferior al 5% en les dades de temperatura de sortida de gasos d'escapament,

temperatura d'aigua de refrigeracio del TEG i produccid electrica. Gracies a
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Resum

I'elevada correlacio entre les dades experimentals i les simulades es considera
que els comportaments térmic i eléctric de les diferents variacions efectuades
sobre el model serien reproduits en un TEG real sempre i quan l'arquitectura
proposada sigui similar a la utilitzada.

L'avantatge d'utilitzar un software d’aquestes caracteristiques on es pot
dissenyar un TEG modulable, escalable i parametritzable permet investigar
diferents configuracions del generador respecte les del model fisic. S’han dut a
estudi diferents variants, cabals d'aigua de refrigeracid, diferent area de
contacte en el bescanviador de cara freda i diferents diametres de pas de gasos
calents en el bescanviador de cara calenta. Per una banda cadascun d'aquests
parametres s'optimitza per a obtenir la maxima poténcia eléctrica del TEG i per
I'altra aconseguir la minima contrapressid als gasos d’escapament. Els resultats
es combinen utilitzant expressions empiriques obtingudes per altres
investigadors i s’obté aquella configuracié que en resultaria un minim consum.
La investigacié demostra el que ja es sospitava i s’estava confirmant gracies a les
investigacions d‘altres membres del nostre grup de recerca GREFEMA, el
disseny de generadors termoeléctrics no pot centrar-se exclusivament en
I'obtencio de la maxima potencia electrica i que els moduls termoeléctrics
emprats en el disseny es poden escollir no tant en funcid de la maxima
temperatura que suporten sind de la combinacio entre la seva eficiencia de
conversid i la temperatura suportable.

La tercera linia d'investigacio d'aquesta primera part pretén obtenir uns millors
resultats gracies a un disseny de TEG radial que es construeix i es prova
experimentalment sobre el mateix motor PSA XUD7. Els resultats experimentals
ens mostren comportaments molt similars als que s’havien observat en I'estudi
anterior, el nivell de contrapressio generada a la linia d’escapament degut a la
incorporaciéo d'un TEG resulta determinant per a obtenir una reduccié de
consum real. Es proposa un parametre adimensional que serveixi per a
determinar la validesa d’un generador termoeléctric si es vol instal-lar en un
vehicle.

La segona part de la tesi doctoral té dues linies d’investigacid, en primer lloc es

construeix i es prova experimentalment sobre un BMW X1 de gasolina un nou
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tipus de generador termoeléctric que ofereix menor contrapressio, utilitza
moduls termoelectrics més eficients amb menors temperatures maximes
admissibles i amb un disseny global que pretén disminuir la inércia térmica del
conjunt. Les proves es realitzen sota varies condicions de funcionament
estacionaries i també seguint el nou cicle d’homologacié d’emissions WLTC
obtenint els parametres termics i electrics de funcionament del nou TEG fent
eémfasi sobretot en el consum del vehicle amb i sense el dispositiu. Finalment,
concloent aquesta tesi doctoral, amb els resultats experimentals obtinguts i amb
els coneixements adquirits en els estudis previs 'autor proposa una metodologia
per a avaluar el rendiment del TEG i poder predir |'estalvi de combustible

esperat.
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Resumen

Desde los inicios de la automocion propulsada con motores de combustion
interna todos los ciclos empleados en los motores alternativos comparten una
caracteristica térmica, una gran cantidad de calor liberado por el combustible se
pierde en forma de gases calientes que salen por el sistema de escape. Esta
caracteristica no seria muy relevante en motores Illamados estacionarios o
incluso en propulsion maritima, donde por las caracteristicas del
emplazamiento, de la instalacion y sobre todo del modo de funcionamiento a
carga casi constante del motor es posible recuperar de forma muy eficiente
parte de esta energia y transformarla en un fluido caliente en estado liquido o
vapor que puede ser utilizado para otros fines.

El aprovechamiento energético del calor residual de los gases de escape es un
hito persequido por muchos fabricantes e investigadores en el campo de la
automocion, esta investigacion se ha intensificado en los Ultimos afios motivada
por las consecuencias del cambio climatico, y sobre todo, por la presion de las
administraciones sobre los fabricantes de automocion en cuanto a la
disminucion de las emisiones contaminantes, especialmente el CO2.

Un sistema de aprovechamiento de calor residual instalado en un vehiculo debe
cumplir ciertos requisitos técnicos, debe pesar poco, debe ser compatible con el
resto de sistemas del vehiculo, debe necesitar poco mantenimiento y finalmente
ha de encarecer muy poco el producto.

El sistema propuesto en esta tesis utiliza las ventajas que puede proporcionar la
termoelectricidad, un generador termoeléctrico puede satisfacer los requisitos
mencionados anteriormente. El ambito de aplicacion de los materiales
termoeléctricos es muy grande, desde sensores de temperatura, pasando por
refrigeradores portatiles, hasta generadores de energia solar. En general, estas
aplicaciones se pueden clasificar segun la direccion de la conversion energética.
Mientras el efecto Peltier se utiliza en refrigeracion en estado solido, el efecto
Seebeck es responsable de convertir las diferencias de temperatura en tension

eléctrica en sistemas de recuperacion de energia.
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Resumen

El efecto Seebeck es el que interesa producir en un vehiculo cuando se quiere
recuperar energia calorifica, pues gracias a los materiales termoeléctricos la
electricidad producida se puede inyectar en el sistema eléctrico del vehiculo
reduciendo la carga del alternador y por tanto el consumo global del motor
térmico.

Esta tesis doctoral aborda aspectos que hasta ahora habian sido muy poco
explorados por los investigadores: (i) los efectos sobre el comportamiento del
motor cuando se introduce un sistema nuevo en la linea de escape, (ii) la
utilizacion de software suficientemente potente para simular la integracion del
generador termoeléctrico en un vehiculo completo y (iii) la cuantificacion
experimental del ahorro de consumo cuando se incorporan generadores
termoeléctricos.

La primera parte de la tesis se divide en tres lineas de investigacion principales,
la primera es predominantemente experimental y se centra en estudiar un
modelo de generador termoeléctrico (ATEG) que ya habia sido utilizado en
trabajos de investigacion previos. En esta parte el ATEG se instala en un motor
diesel PSA XUD7 y se obtienen datos experimentales en 7 puntos de
funcionamiento estacionarios donde se varia la carga del motor, el caudal de
gases de escape y la temperatura de gases de escape, que nos permiten evaluar
el comportamiento térmico y eléctrico del sistema generador. De forma
complementaria, en esta linea se ve necesaria la construccion de un aparato de
test de mddulos termoeléctricos dado que los datos proporcionados por los
fabricantes no coinciden con los observados en los experimentos.

En la segunda linea de investigacion predomina el trabajo de simulacion y
ajustes de parametros térmicos. El software utilizado es el GT-Suite, un
software multi-fisico que utilizan la mayor parte de fabricantes de motores y
vehiculos en todo el mundo. Es el Unico que nos puede ofrecer un modulo
especifico de simulacion de generadores termoeléctricos y que luego se puede
incorporar al modelo de un vehiculo entero, incluyendo los sistemas periféricos
tales como alternador, aire acondicionado, sistema de lubricacion, sistema de

transmision y sistema de refrigeracion.
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Resumen

Los resultados de la simulacidn de los 7 puntos de funcionamiento estacionarios
muestran una muy buena correlacion con los datos experimentales, mostrando
una variacion inferior al 5% en los datos de temperatura de salida de gases de
escape, temperatura de agua de refrigeracion del ATEG y produccion eléctrica.
La validacion del modelo queda asegurada.

La ventaja de utilizar un software de estas caracteristicas donde la construccion
del modelo del ATEG es modulable, escalable y parametrizable permite
investigar diferentes configuraciones del generador respecto a las del modelo
fisico. Se estudian diferentes caudales de agua de refrigeracion, diferente area
de contacto en el intercambiador de cara fria y diferentes diametros de paso de
gases calientes en el intercambiador de cara caliente. Por un lado cada uno de
estos parametros se optimiza para obtener la maxima potencia eléctrica del TEG
y por el otro consequir la minima contrapresion a los gases de escape. Los
resultados se combinan utilizando expresiones empiricas obtenidas por otros
investigadores y se obtiene aquella configuracidon que resultaria en un minimo
consumo.

La investigacion demuestra lo que ya se sospechaba y se estaba confirmando
gracias a las investigaciones de otros miembros de nuestro grupo de
investigacion GREFEMA, el disefio de generadores termoeléctricos no puede
centrarse exclusivamente en la obtencion de la maxima potencia eléctrica y que
los mddulos termoeléctricos empleados en el disefio se deben escoger no en
funcion de la maxima temperatura que soportan sino de la combinacion entre su
eficiencia de conversion y la temperatura soportable.

La tercera linea de investigacion de esta primera parte pretende obtener
mejores resultados gracias a un disefio de ATEG radial que se construye y se
prueba experimentalmente sobre el mismo motor PSA XUD7. Los resultados
experimentales muestran comportamientos muy similares a los que ya se
habian observado en el estudio anterior, la contrapresion generada en la linea de
escape debido a la incorporacion de un TEG resulta determinante para obtener
una reduccion de consumo real. Se propone un parametro Pn, ATEG / (VgDpbp)
que sirva para determinar la validez de un generador termoeléctrico si se quiere

instalar en un vehiculo.

27



Resumen

La segunda parte de la tesis doctoral tiene dos lineas de investigacidn, en primer
lugar se construye y se prueba experimentalmente sobre un BMW X1 de
gasolina un nuevo generador termoeléctrico que ofrece menor contrapresion,
utiliza modulos termoeléctricos mas eficientes pero con menores temperaturas
maximas admisibles y el disefio global pretende disminuir la inercia térmica del
conjunto. Las pruebas se realizan bajo varias condiciones de funcionamiento
estacionarias y también siguiendo el nuevo ciclo de homologacion de emisiones
WLTC obteniendo los parametros térmicos y eléctricos de funcionamiento del
nuevo ATEG pero sobre todo el consumo del vehiculo con y sin el dispositivo.
Finalmente concluyendo esta tesis doctoral, con los resultados experimentales
obtenidos y con los conocimientos adquiridos en los estudios previos del autor
propone una metodologia para evaluar el rendimiento del ATEG y poder

predecir el ahorro de combustible esperado.
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Chapter 1: Introduction

1.1 Introduction

The mitigation of the effects of the consumption of fossil fuels is one of the main
challenges that humanity is facing. In the European Union, 27% of carbon
dioxide (CO2) emissions come from transport, which is also the main cause of air
pollution in urban areas [1]. A value as high as 70% of these emissions come
from road transport [2]. Therefore, the reduction of the level of emissions of
road vehicles such as Light Duty Vehicles (LDVs), Light Commercial Vehicles
(LCVs), Medium Duty Vehicles (MDVs) and High Duty Vehicles (HDVs) has a
notable influence on public health, air quality and the consequences of climate
change.

Environmental emission control regulations have made a significant change
since 2000 to date with regard to the limits of regulated pollutants: CO2, non-
burned hydrocarbons (HC), nitrogen oxides (NOx) and particulate matter (PMn)
[3]. Manufacturers were able to adapt reasonably well to environmental
regulations until about 2014, which was the time when Euro 6 regulations came
into play in Europe [3]. In comparison with previous norms, the Euro 6
regulations were much stricter in terms of NOx and PMs light particles. This
strongly questioned the long-term strategy planned years ago by many
manufacturers based on downsizing [4], which, for an engine, means obtaining
the same power but with less displacement. A common feature of the
downsizing strategy is the addition of a supercharger in order to overcome the
reduction in displacement. As a consequence, both pressure and temperature
increase within the combustion chamber leading to substantial increases in NOx
emissions. This is only an example of the current struggle between automotive
technology and pollutant emissions.

Although the environmental benefits of stricter standards have been clearly
demonstrated and technologies to achieve these benefits are readily available,
there are still huge discrepancies about the timetables that should be applied in

order to implement the increase of the severity of the emission limit values.
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Among the reasons for postponing the application of these more stringent
emission levels is the additional cost added to the vehicle due to the emission
system control. For example, manufacturers estimate that for a LDV of 2.5 liters
of total swept volume and diesel cycle, the economic cost of placing on the
market a vehicle adapted to Euro 6 from Euro 5 supposes an increment of
approximately 1500 € by unit [5].

It can be understood that vehicle manufacturers are looking for strategies with
low technological cost in order to meet the new emission limits. Just a short
time ago in a session of the "Fondo de Emprendedores" held at the
headquarters of Repsol in Madrid, one of the speakers exposed a really
impressive data: currently, the average cost in research to put on the market a
given model of a LDV that lowers the level of emissions of 1 g / km of CO2 only,
is about 100 million euros. Since emission levels are directly related with fuel
consumption, it is therefore interesting to find a technology that leads to fuel
economy at a reasonable cost, with a fast implementation in the vehicle, a high
compatibility with the rest of the vehicle systems, low maintenance and a low
weight.

In internal combustion engines, approximately two thirds of the thermal energy
of the fuel is lost as residual heat, with 40% of it in the form of exhaust gases [6].
Thus, only a small percentage of the energy provided by the fuel is used
efficiently for the operation of the vehicle when it circulates in an urban or peri-
urban environment although efficiency greatly improves when the vehicle can
circulate to an almost constant load, such as HDVs on highways [7]. Some
studies have shown that it would be possible to reduce fuel consumption by 10%
if the conversion approximately 6% of the heat of exhaust in electrical energy
[10]. As a result, the recovery of the residual heat of the internal combustion
engine (ICE) shows a great potential in the energy saving and the reduction of
emissions.

From the above, the recovery of residual heat from exhaust gases may play an
important role in future strategies to reduce the fuel consumption and, hence,
the pollutant emissions. Unfortunately, automobiles face two inherent

problems: on the one hand, the operation at a variable load, especially on urban
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routes, and, on the other hand, the fact of having a limited space to add novel
technologies focused on maximizing the energy use.

The extraction of heat and/or of mechanical energy from the combustion gases
that circulate through the exhaust system are not difficult tasks. In fact, they
could be considered as simple problems of design of heat exchangers and
turbomachines. For example, we can currently extract mechanical energy with
high efficiency thanks to overcharging systems called turbochargers [8]. In these
systems, and since the operating principle is based on taking advantage of the
high pulse pressure and the high specific volumes of the combustion gases, the
high energy remaining in the combustion gases is useful for the conversion of
heat into electricity. The key question is whether the gain obtained with this
energy recovery exceeds the loss caused by the incorporation of the system into
the engine.

The energy recovery system proposed in this thesis is based on the
thermoelectric effect. This phenomenon can be easily observed in commercial
Thermal Electric Modules (TEMs). TEMs, as presented in Figure 1.1, are solid
state systems that consist of a large number of p-type and n-type
semiconductor elements that are electrically connected in series by metal
interconnections. These semiconductors are physically located between two
electrical insulators formed by ceramic substrates. TEMs can act as refrigerators
(Peltier effect), heaters (Peltier effect), power generators (Seebeck effect) or
thermal sensors (Seebeck effect) depending on its operation mode.

Heat Dissipated
(Cold Side)

P-Type _ Ceramic Substrate
Semiconductor e

Pellets

N-Type -
Semiconductor  paqt Applied

Pellets (Hot Side)

Figure 1.1: Parts of a TEM and the energy flow in Seebeck mode [9]

32



Chapter 1: Introduction

The application for energy use is done by installing an Automotive Thermal
Electric Generator (ATEG) at the exhaust line of the vehicle. A thermoelectric
generator is basically composed of a set of thermoelectric generators (TEGs)
connected electrically in series, parallel or hybrid, and at the same time installed
between two heat exchangers. The Hot Side Heat Exchanger (HSHE) is in charge
of transmitting the heat from the exhaust gases to the warm face of the TEG
and the Cold Side Heat Exchanger (CSHE) transports the heat towards a
dissipation system. Thus, we obtain a temperature difference between the two
faces of the TEGs that form the ATEG. The thermoelectric modules act in the
generation mode and the electrical energy can be injected into the electric
system of the vehicle. This allows the reduction of the operating time of the
alternator and as a consequence a fuel consumption decrease is expected. In
addition, ATEGs do not contain moving parts, are very reliable and silent, and
TEGs are a mature technology. Therefore, converting this residual heat into
electricity through thermoelectric generators seems, in principle, a very
interesting option.

In recent years, numerous studies involving the development of ATEGs have
been carried out in cooperation with several vehicle manufacturers, as described
in Chapters 2 and 3. Most of them are theoretical studies and only a few have
done experimental tests. Although these previous studies claim a great
potential for the ATEG application in vehicles, there is still a substantial lack of
information about its essential purpose: fuel economy. Indeed, most of the
design studies of ATEGs made so far have only focused on generating the
greatest possible amount of electrical energy, leaving the amount of fuel savings
to speculation or simply ignoring it [11-14].

The general belief is that a greater generation of energy directly implies a
greater saving of fuel, what we call "more is better". Based on recent studies
carried out by the Research Group on Fluid, Energy and Environment
(GREFEMA) of the University of Girona (UdG) [15-18], it has been shown that
this statement is not entirely true. In some ATEG designs there is a clear
incompatibility between increasing the electrical power obtained and increasing

the fuel economy, as it is extensively explained in Chapters 2 and 3.
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The main reason is that any system or device placed on the exhaust line of an
alternative internal combustion engine produces an effect that is known by
backpressure. This phenomenon arises due to the difficulty that the device
creates to the exit of hot exhaust gases. The complete exhaust phase of the
engines has two operating modes [6], initially when the exhaust valve opens,
the gas output from the cylinder to the atmosphere is produced by the pressure
difference between the internal gases and the environmental pressure. This is
known as the spontaneous part of the exhaust period. Next, during the piston
stroke between the bottom dead center (BDC) and the top dead center (TDC),
the pressure inside the cylinder is very close to the atmospheric one and,
therefore, the movement of the piston in its BDC-TDC travel pushes the gases
towards the outside. This is known as the mechanical or forced mode of the
exhaust period.

During the spontaneous exhaust period, the elements included in the exhaust
line offer a restriction on the release of gases. In ATEGs, these elements include
the HSHE. The effect on the engine during this period is diverse. In
supercharged engines, the efficiency of the turbocharger is reduced and the
capacity of the cylinder decreases. Therefore, a substantial amount of gases
remains in the cylinder and a too high pressure is maintained inside it [6].

The effect of the backpressure during the period of mechanical exhaust results
in a greater work needed by the piston when it comes to expelling the residual
gases, which also leads to a lower efficiency of this emptying mode.

The deficiency of emptying capacity affects the volumetric performance of the
engine, preventing the correct entry of fresh air and thus limiting the possibility
of burning more fuel. This fact involves a decrease in power and, thus, it implies
a greater fuel consumption.

The backpressure during the period of mechanical exhaust acts against the
movement of the piston and thus reduces the efficiency of exhaust pumping,
which also results in a decrease in power and an increase in fuel consumption.
Chapters 2 and 3 of this thesis show that choosing the best ATEG design is
always a matter of compromise between producing as much electrical energy

and the least possible backpressure. The design parameters of the ATEG such as
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the exchange area, gas velocity, flow rate and coolant temperature or the heat
transfer surface in the HSHE are key to achieve the best compromise. In
addition, the parameters that affect the performance of the TEM such as the
figure of merit ZT, the thermal contact resistance and the maximum admissible
temperature also play an important role. The latter, however, mainly affect the
properties of TEM and, therefore, the amount of electrical generation. The
effects of the backpressure are independent of these factors since it only
depends on the geometrical structure of the device.

From the above, we may conclude that: 1) most of previous studies of ATEGs
have focused on obtaining the maximum power output, 2) the ATEG design that
produces the maximum power output may not be the optimum in terms of
reducing the fuel consumption and 3) the goal of an ATEG is to increase fuel
economy while generating a non-negligible amount of electrical power. Thus, it
was clear that we should analyze ATEG designs not only in terms of power
generation but also in terms of fuel consumption.

The first ATEG design investigated in Chapter 2 is shown in Figure 1.2. It was
installed at the exhaust line of a the XUD7 / K engine in the test bench of the

Thermal Engine Laboratory of the Polytechnic School at the University of

Girona (see Figure 1.2 (a)).

Col.lectors )(
HSHE

CSHE -‘ (b)
TEM's -

g A

Figure 1.2: ATEG engine installed (a). Parts of the ATEG (b)
Figure 1.2 (b) shows the configuration of the ATEG tested according to the

operating parameters specified in Chapter 2. The ATEG configuration is called a

“sandwich type” since all the thermoelectric modules (# 4) located between the
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HSHE (# 2) and the CSHE (# 3) were distributed in two parallel surfaces. The
HSHE consisted of cylindrical holes.

Since the number of parameters involved in the design and subsequent
assessment of the consumption savings of an ATEG installed in a vehicle is so
large, we made use of a simulation tool that was validated with our
experimental data. Simulations in Chapter 2 were carried out with the software
GT-SUITE [20], which is a multi-physical CAE system with a broad
implementation in industries of the automotive sector. GT-SUITE is made up of
a set of libraries whose combination allows the simulation of fluid flows and
their interactions with solid bodies, including the calculation of heat transfer
mechanisms. This software has been used by other researchers in the study of
the behavior of exhaust gases in ICEs analyzing, for example, the effects of the
exhaust gas recirculation system in internal combustion engines, and
investigating a variety of technologies of recovery of residual heat such as
Organic Rankine Cycles (ORC), turbo-compounding and recently ATEGs [18, 21-
23].

GT-SUITE's modeling methodology is based on linking several sub-models each
one focused on solving a specific problem. Using combinations of these sub-
models and libraries, one can build precise models of virtually any vehicle,
including all of their subsystems under stationary or transient conditions,

including homologation cycles.
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Figure 1.3: GT-SUITE model for a complete SUV vehicle

As an example of the GT-SUITE capabilities, Figure 1.3 shows the set of sub-
models that form the complete model of a vehicle. The ATEG system is included
as a part of the sub-model corresponding to the exhaust system and can be
integrated perfectly into the whole set (linked, for example, to the electrical
system). This simulation strategy gives an enormous advantage in terms of
carrying out a global assessment of the consequences of installing an ATEG.
Here, we remark that the evaluation of fuel savings in a vehicle due to the
implementation of an ATEG requires the knowledge of the behavior of the
engine, the dynamics of the transmission system and the energy management
of charging the battery.

The model in Figure 1.3 was used to integrate the ATEG described in Figure 1.2
in a vehicle. Although the model worked correctly, the simulation time in our
computer facilities was extremely long (several weeks for a simulation of a
single engine load operating point) due to the limited number of available

licensees. Therefore, we opted to execute the ATEG model in "island" mode in
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Chapter 2 (i.e., exhaust gas system). Under these conditions, simulations were
faster and showed a very remarkable match with experimental data
(temperatures, voltage, electrical current and power). Unfortunately, the
“island” mode does not permit to evaluate fuel savings so these values were
obtained after applying formulas extracted from [15-16]. The analysis was done
varying different geometrical parameters of the ATEG.

Results from Chapter 2 indicated that backpressure effects were very important
in HSHE with cylindrical holes, finally leading to negative fuel savings in almost
all of the feasible geometrical configurations. In addition, temperatures at the
hot side of the TEMs could be substantially high during some engine regimes
and this could damage them.

Therefore, the next step was to design an ATEG that overcome the issues
detected in Chapter 2. In chapter 3 we developed a new concept of ATEG
specifically designed to work with low temperature TEMs. This radial ATEG
allowed the use of environmental friendly TEMs (without Pb) and at the same
time reduce the thermal stress of the device. On the other hand, the HSHE of
this radial ATEG used fins instead of cylindrical holes in order to decrease the
backpressure values. This new radial generator was experimentally tested in our
test bench with the same engine used in Chapter 2 (XUD7 / K engine type).

Figure 1.4 shows the thermoelectric device installed in the test engine.

Figure 1.4: Radial ATEG XUD7/K engine installed.
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We selected 8 engine load stationary regimes that were representative of the
expected working points. Experimental data were used to validate a numerical
model that, now, was based on Computational Fluid Dynamics (CFD) technique.
The CFD chosen was ANSYS-CFX®, commercial finite volume software that has
the ability to correctly simulate the heat transfer between fluid flows and solid
parts in complex 3D geometries. In comparison, GT-SUITE software (used in
Chapter 2) adopts a 1D strategy that is suitable in simple geometries (such as
the case of heat exchangers in cylindrical holes) but not so in relatively complex
ones as in the radial ATEG where exhaust gases may circulate through the
center of the duct without being in contact with the fins of the heat exchanger.

The ANSYS-CFX® model developed in Chapter 3 was initially validated with our
experimental data. Then, we modified some of the design parameters of the
radial ATEG in order to investigate their effects on the electrical power output
and fuel savings. The simulation technique reduced a lot the time spend in the
analysis of alternative designs and allowed us to carry out sensitivity analyses of

the main parameters that form the ATEG.

The global results found in Chapter 3 confirmed that a study of feasibility of an
ATEG must implicitly accept two requirements: 1) electric output power above a
given threshold value and 2) fuel savings above a given threshold value. The
fulfilment of the last condition (fuel economy) implies, almost certainly, to
satisfy the first one (achieve a minimum value of the electrical power). However,
fulfilling the first condition (power) does not necessarily imply achieving a
maximum of fuel savings. In comparison with Chapter 2, the ATEG design
developed in Chapter 3 behaved much better with substantially smaller values of
backpressure and, in some designs, generating fuel savings in few of the 8
operational points analyzed. Although the finned geometry employed in the hot
heat exchanger was definitely a better option than the cylindrical holes of
Chapter 2, the size of the radial ATEG was quite big and it did not include any
active control of the exhaust gases in order to improve the power obtained.
Besides that, a simulation of two radial ATEGs in series configuration along the

exhaust pipe revealed a low efficiency in the total energy recovered, so this
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configuration made sense with ATEGs with very few TEMs only. In addition, our
previous studies did not integrate the electrical power into the car’s electrical
system.

Therefore Chapter 4 developed a new version of an ATEG aimed to overcome
the problems detected in Chapters 2 and 3 taking advantage of the learnings
gained from the previous experiences. We also searched for the integration of
the ATEG into the car’s electrical system since it has been estimated that with
the technology currently available, an ATEG could reduce consumption by 1.5%
[15] by means of reducing the alternator demand (which is responsible of the 3%
- 11% of the total fuel consumption in a vehicle [5]). Thus, we tested a new ATEG
whose generated power was injected into the electric energy management
system of the vehicle.

The new ATEG design incorporated two fundamental design elements that we
had already described above. On the one hand, the use of TEMs that works at a
lower temperature on the hot side and have a better thermal-electric conversion
performance. On the other hand, a hot heat exchanger design that offers a
lower backpressure. This new design allowed the operation within the range of
maximum energy conversion of the TEM, because it incorporated a by-pass
system with a valve that graduated the flow at the exhaust gases. The valve
operation depended on the value of the hot side TEM temperature. At the same
time, the by-pass system derived all the gas flow through the center of the
device in case that the hot side TEM temperature reached its upper limit, thus

avoiding the destruction of the modules.

Figure 1.5: New prototype of ATEG tested at IDIADA.
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The device was installed in a vehicle of the SUV category, a BMW X1 sDrive18i. It
was tested at the facilities of IDIADA Automotive Technology S.A. The results of
the tests carried out in 4 stationary operating points showed that the ATEG
presented in chapter 4 achieved a maximum fuel savings value of 0.72%. The
positive values of the fuel economy were obtained in the range of 4 to 70 mbar
of backpressure value, with a generation of electrical energy of 30 W and above.

From the experimental results, we were able to develop an analytical model for
predicting the fuel economy provided by a given ATEG in terms of key design
parameters. This model allows to easily obtaining the optimum design point
that corresponds to the situation when the fuel economy of the vehicle reaches
its maximum value. This model makes use of very interesting correlation
between backpressure values and fuel savings, being validated with the

experimental data here obtained.

1.2 Objectives

Until now, most of the previous researches on ATEGs have been focused on
electrical power generation. However, the automotive sector seeks fuel savings,
which is not necessarily correlated with electrical output power. Therefore, the
main objective of the present thesis is to investigate the feasibility of ATEGs as
devices to reduce the fuel consumption in automobiles.

This main objective has been pursued by 1) developing ATEG prototypes of
increasing complexity that resolve the main drawbacks of the preceding studies
and 2) proposing a general method to predict the capabilities of an ATEG to
reduce the fuel consumption.

Thus, the first specific objective of this doctoral thesis has been to thoroughly
study an ATEG with a hot side heat exchanger consisting of cylindrical holes in
order to determine its capabilities not only in terms of power generation but
also on fuel savings. In this case, we have focused on studying the thermal
behavior, the fluid flow dynamics, the electrical output power and the variation
of the fuel consumption of the ATEG prototype. Experimental data have been

obtained from an experimental test on a XUD7 / K diesel engine.
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The first specific objective has also included the validation of a 1D model of the
ATEG developed with GT-SUITE software, which is a widely employed code in
the automobile sector. The possibility to use GT-SUITE as a simulation tool of
the ATEG device opens the possibility to carry out any change of the prototype
with the aim of increasing the electrical generation and, particularly, the fuel
economy.

The main drawbacks of the first ATEG developed have been 1) the high
backpressure values reached and 2) the uncontrolled temperatures reached at
the hot side of the thermoelectric modules (that can seriously damage the
device and compromised its durability). Therefore, the second specific objective
is to project and to build an ATEG with a different design than the first
cylindrical prototype, which has a lower backpressure and also that it can work
with lower temperature TEM modules. This new radial device has also been
tested on the test bench with the same engine. Since the flow dynamics
involved complex 3D features, the software used to simulate the behavior of this
ATEG is ANSYS-CFX.

From the previous developments of an ATEG, the final specific objective is
twofold: 1) to provide a method of calculation of the consumption of vehicles
associated with the incorporation of an ATEG system in order to be able to
discern if its installation is feasible and 2) to use specialized programs of
simulation, to improve existing devices and to provide design recommendations

for new ATEG devices.
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1.3 Thesis organization

The background, objectives and organization of this thesis are included in
Chapter 1. Then, as this thesis has been prepared as a compendium of
publications reviewed by experts, Chapters 2, 3 and 4 contain a copy of the
following published articles:

(i) “Effects of Design Parameters on Fuel Economy and Output Power in an
Automotive Thermoelectric Generator”.

(ii) “Power and Fuel Economy of a Radial Automotive Thermoelectric
Generator: Experimental and Numerical Studies”.

(iii) “Validation of a fuel economy prediction method based on

thermoelectric energy recovery for mid-size vehicles”.

All of them follow a single thematic unit related to the study of the field of
thermoelectricity applied to the automotive sector. The focus of this field is
from an applied point of view, trying not only to understand the phenomenon in
depth, but also to optimize it in each of its final applications. This thesis is
introduced into two branches of this field, such as heat flow control and energy
recovery in vehicles equipped with internal combustion engines.

The first article explores the possibilities of the use of specialized software for
the resolution of one of the least studied fields on the subject, the actual saving
of consumption and all the parameters involved.

The second article also focuses in the recovery of the residual heat of the
automobile in order to increase fuel economy. Using the knowledge of previous
studies, a radial ATEG was installed and tested on the test bench in a diesel-
fueled combustion engine. Here the use of CFD-3D simulation software is also
revealed as an important tool to obtain reliable results on reduction of
consumption in the vehicle. Different virtual device configurations are studied in
this chapter, with some of them implying reductions in fuel consumption.

The last article published (iii) is the logical result of the two previous ones. All the
investigations carried out can be shaped and validated in a study that carries out
a real experimentation in a vehicle where the energy produced by an ATEG of
The last generation can be injected into the vehicle's electrical system. This
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vehicle, also of last generation with regard to motorization and management of
the intelligent charge of the battery, is a perfect platform to test our theories
and investigations carried out until now.

Finally, Chapter 5 corresponds to the results and discussion section whereas the

conclusions are found in Chapters 6.
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Abstract: The need for more sustainable mobility promoted research into the use of waste heat to
reduce emissions and fuel consumption. As such, thermoelectric generation is a promising technique
thanks to its robustness and simplicity. Automotive thermoelectric generators (ATEGs) are installed
in the tailpipe and convert heat directly into electricity. Previous works on ATEGs mainly focused on
extracting the maximum amount of electrical power. However, the back pressure caused by the ATEG
heavily influences fuel consumption. Here, an ATEG numerical model was first validated with
experimental data and then applied to investigate the effects that modifying the main ATEG design
parameters had on both fuel economy and output power. The cooling flow rate and the geometrical
dimensions of the heat exchanger on the hot side and the cold side of the ATEG were varied. The
design that produced the maximum output power differed from that which maximized fuel economy.
Back pressure was the most limiting factor in attaining fuel savings. Back pressure values lower than
5mbar led to a <0.2% increase in fuel consumption. In the ATEG design analyzed here, the generation
of electrical output power reduced fuel consumption by a maximum of 0.5%.

Keywords: thermoelectric generator; ATEG; waste heat recovery; fuel economy

1. Introduction

Approximately 60% of the primary energy consumed in an internal combustion engine (ICE) is
dissipated through the exhaust gases and the cooling system [1]. If 6% of the exhaust heat were
converted into electricity, fuel consumption would be reduced by 10% [2]. Therefore, policies toward
greener and more sustainable mobility are actively promoting research programs into increasing fuel
savings through heat recuperation [3]. This strategy is especially important when dealing with heavy-
duty vehicles because, for long-distance transport, ICEs will continue to be the main powertrain for
the mid-term future.

Among different waste heat recovery techniques, thermoelectric generators (TEGs) have many
advantages: light weight, simple structure, high reliability, and quiet operation. The core of a TEG is
composed of thermoelectric modules (TEMs) that directly convert heat flow rate into electric power.
Heat exchangers found on both the hot and cold sides of the TEMs guarantee heat transfer. TEGs
installed in ICEs use one heat exchanger that absorbs heat from the exhaust gases and another that
delivers it either to the engine coolant fluid or to an independent cooling system.

Automotive thermoelectric generators (ATEGs) are TEGs built into road vehicles. ATEGs are an
optimistic prospect as waste heat recovery systems [4]. Several vehicle manufacturers cooperated
with researchers to study the potential ATEGs have in terms of fuel savings and emission reductions

(e.g., the heavy-duty vehicle data in Table 1). The additional supply of energy from ATEGs to the
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vehicle’s electrical system shortens alternator demand time and this reduces the engine torque
employed to move auxiliaries. Therefore, fuel consumption is expected to decrease. Consequently,
experimental tests on ATEGs mainly focused on the amount of electrical power that is generated
(Table 1, References [5-17], listed in order of engine displacement, from smallest to greatest). A
detailed discussion of the major findings of these previous studies, including the main gaps detected
in the state of the art, is outlined in a separate section (Section 2).

Table 1. Exhaust gas temperature at automative thermoelectric generator (ATEG) inlet T, coolant
temperature at ATEG inlet Twi, ATEG mass marec, ATEG electrical output power Parec, and fuel
economy Fe attributable to the ATEG at its best performance point in experimental studies.

ATEG Number Tgi Twi MATEG Parzc Fe

Engine!  osign?  of TEMs'  (°C) €0 (kg) W) %) Reference
14LSI 2pPpP 12 709 74 7 111 51
1.6LSI 2PP 80 719 50 137 1.1* 6]
1.8LCI Radial 10 540 28 4.8 40 0.0* [71
1.8LCI 2PP 12 526 34 7 64 0.0* Present
19LCI  4SSP 8 127 7 30 (8]
20LSI 20 650 25 266 91
20LSI HexS 18 611 80 99 [10]
3.0LSI HP 8 350 30 38 [11]
3.7LCI 6 650 30 42 [12]
39LCI 2PP 240 290 80 200 618 [13]
53LSI 2rpP 16 550 88 40 177 20+15 [14]
6.6 LCI 2PP 4 200 10 8 [15]
HDV CI 2PP 224 80 416 [16]
14 L CI OctS 72 1068 [17]

18I = spark ignition; CI = compression ignition; HDV = heavy-duty vehicle (engine not specified). 2
2PP =two parallel plates; 4SSP = four square section plates; HexS = hexagonal section; OctS = octagonal

section; HP = heat pipes. *TEM = thermoelectric module. *Data obtained from numerical calculations

However, other factors also affect fuel savings, the most important one being the increase in back
pressure caused by the partial blockage of the flow of exhaust gases due to the heat absorber [18]. As
a result, engine efficiency decreases because extra mechanical energy is required to overcome this
restriction. Since the main purpose of an ATEG is to increase fuel savings, the best ATEG design will
be found in a compromise between high power generation and low back pressure.

Experimental results rarely provide information on fuel economy due to the inherent difficulties
in measuring it accurately enough to be conclusive (see, e.g., Table 1). Nevertheless, Karri et al. [19]
proposed a simplified method of calculating the expected fuel economy of an ATEG, and this can be
used to estimate the fuel savings in laboratory tests or simulations.

Thus, determining how the main design parameters of an ATEG can modify fuel consumption
is of great interest. Hence, the objective of the present work was to analyze what effect changing the
hot- and cold-side exchange areas and the coolant flow rate have on both output power and fuel
economy for different engine operating points. The final target was to provide a design rule for
ATEGs, focused on maximizing fuel savings rather than output power.

The structure of the paper is as follows: Section 2 discusses the relevant literature in more detail.
Section 3 describes the experimental study of an ATEG installed in an engine test bench. The
numerical model of the ATEG is detailed in Section 4, where laboratory data were employed to
validate it. The results of the numerical model obtained by varying the main design parameters of
the ATEG are shown and discussed in Section 5. Finally, the main conclusions of the present work
are listed in Section 6.

2. Thermoelectric Generators

Electrical generation by thermoelectricity has many fields of application [20]. TEGs were used
as reliable sources of electrical energy in extreme environments [21] and in remote areas for off-grid
micro generation [22]. Very recently, novel designs increased the energy efficiency of solar TEGs that
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include solar concentrators with flat-plate micro-channel heat pipes [23]. This technology
significantly reduces the cost of previous higher-performing solar TEG layouts [24]. These
thermoelectric energy converters can be successfully integrated into photovoltaic panels [25], as well
as low-temperature thermal solar collectors [26], as devices to harness dissipated heat, transform it
into electrical energy and, hence, increase the system’s overall efficiency.

However, it is in ICEs where TEGs are expected to play a major role as waste heat recovery
devices [20]. Although there are some studies on TEGs in continuous combustion ICEs [27], the
principal application is focused on reciprocating ICEs in automobiles. Studies on ATEGs are carried
out both numerically and experimentally. The latter requires engine test benches and prototypes with
designs that may be far from the optimum. Therefore, many efforts are devoted to providing
information on how to improve ATEG design.

In their laboratory experiment, Fernandez-Yafez et al. [6] used an optimized internal geometry
of the hot-side heat exchanger, concluding that, among the four geometries analyzed, the flat plate
with straight fins had the highest heat transfer ratio vs. back pressure values [28]. However, when
this design was installed in the exhaust of a 1.6-L spark ignition (SI) engine, it generated excessive
losses (>1 kW at engine speed >3500 rpm). As expected, these power losses behaved with a quadratic
growth in terms of engine speed; thus, the authors proposed a partial by-pass as the most effective
strategy of reducing back pressure values while maintaining a reasonably high value of ATEG energy
generation [6]. A similar conclusion was drawn by Massaguer et al. [5], who employed the same
ATEG design as the one used in the present paper, but in a 1.4-L spark ignition engine instead of the
1.8-L compression ignition engine tested here.

In the search for a methodology to correctly include the properties of the hot heat exchanger,
Stobart et al. [8] validated a numerical model of an ATEG with experimental data and tested it under
different conditions to develop a simplified model. The results showed different power production
from the TEMs depending on the non-uniform heat flux received, as already noted by Li et al. [29].
These uneven values of absorbed heat flux occur in the direction of the exhaust flow because of the
decrease in available exhaust gas energy and on a perpendicular plane to the direction of the exhaust
flow due to the non-symmetrical design of the ATEG. Thus, although the plate-fin heat exchanger
configuration for the heat absorber on the hot side appears as the preferred one in many studies [8,9],
the temperature distribution at the flat surface in contact with the TEMs is far from being uniform
[28]. Therefore, ATEG designs with cross-sectional areas of regular polygons were proposed (squared
[8], hexagonal [10], and octagonal [17]).

The design of the heat exchanger must not only provide a high heat transfer, but also a low
pressure drop. Kim et al. [10] determined that the pressure drop through a hexagonal cross-sectional
ATEG with a finned hot heat exchanger was mainly due to the flow diversion at the ATEG inlet and
outlet, causing more than 80% of the total energy loss at high engine regimes. Very low pressure
drops can be achieved when heat pipes instead of fins are used as heat absorbers [11]. Orr et al. [11]
recorded pressure differences of only 135 Pa through the ATEG at the maximum engine load (4000
rpm and mass flow rate not specified). However, the volume limitations of an assembly using heat
pipes limit the application of this solution for high-output-power devices since tens or even hundreds
of TEMs would be required.

Haidar and Ghojel [12] identified the relevance of the thermal contact resistance between TEMs’
hot and cold sides and their corresponding heat exchangers. The use of thermal spreaders, as well as
practical constraints in terms of the location where the ATEG can be effectively mounted in the
engine, may reduce the available temperature anticipated on the hot side [12]. A strategy intended to
maintain the uniformity of the working conditions for each one of the TEMs that forms an ATEG
consists of dividing the whole system into identical subassemblies that are mounted in parallel along
the exhaust line [13]. Wang et al. [13] applied this methodology to build an ATEG with four plate
heat exchangers, each one with 60 TEMs. They reported that the inner structure that provided the
best heat transfer with the lowest pressure drop, was the one that used dimples instead of fins.
However, small differences in the manifold length, assembly, etc. may cause large variations in the
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exhaust mass flow rate and exhaust gas temperature between each one of the four identical
subATEGs, clearly compromising the overall performance of the system.

In addition to the hot heat exchanger, the design of the cold-side heat exchanger is also critical
for reaching high electrical output power values. Thacher et al. [14] experimentally found that
decreasing the cold-side temperature from 90 to 30 °C resulted in a 25% increase in electrical power.
They also found that, when using the engine’s own cooling system, the extra load added for cooling
the ATEG was not significant [14]. These authors reported experimentally derived fuel savings,
although the scatter of these experimental data was substantial (see Table 1).

Installing ATEGs in the exhaust gas recirculation (EGR) system (rather than in the exhaust pipe
past the after-treatment system) is one alternative to recovering heat. Lan et al. [15] analyzed this
possibility in a large displacement engine. In heavy-duty vehicles, ATEGs can be installed in both
exhaust and EGR systems [16,30], with a combined output power of 1 kW in a system fully integrated
into the electronic controls of the vehicle. However, fuel savings were not reported.

The above analyses of previous experiments clearly indicate that ATEG performance is highly
dependent on the design of both the hot and cold side heat exchangers. That said, very few studies
addressed the issue of developing a tool to optimize these designs. In some cases, a set of alternative
options (i.e., heat exchanger designs) were predefined and analyzed by comprehensive numerical
models [28]. Studies exclusively focused on simulations were also carried out (e.g., References [31-
33]), although the numerical models developed are difficult to implement in a real ATEG
environment (e.g., including feedback from the electric vehicle system, with the engine response to
back pressure, etc.), thereby becoming, in some cases, mere academic studies.

Indeed, any methodology aimed at improving ATEG design should be focused on facilitating
its implementation for the key players in the automotive sector. For this reason, some research groups
validate models developed with the software solutions widely employed by vehicle manufacturers
and automotive suppliers. This is also the aim of the present paper which develops a procedure using
the GT-SUITE software (version 2018, Gamma Technologies LLC., Westmont, IL, USA) [34]. The
methodology describes how to correctly define the ATEG device within the GT-SUITE environment
and makes it possible to automatize the search for key design parameters that maximize fuel savings
and/or electrical output power. We point out that, in contrast to the studies mentioned above that
analyze several real ATEG design alternatives, our methodology fixes the design and searches for the
values of the parameters that will meet our target. Here, these key design parameters correspond to
the main geometrical dimensions of an ATEG with cylindrical holes in the hot heat exchanger
(diameter) and a rectangular cross-sectional wavy channel in the cold heat exchanger (channel
height), and to the coolant flow rate.

3. Experimental Analysis

3.1. Automotive Thermoelectric Generator

The ATEG employed in our study was previously tested in experimental studies with a spark
ignition engine under stationary [18] and normalized driving cycle conditions [5]. These previous
studies led to the development of an analytical method to assess the variation in fuel consumption
when an ATEG is installed in a vehicle [18]. However, the ATEG used in References [5,18] might have
been working in far from optimum conditions since there was no information on how changes to its
key design parameters would affect its performance. Therefore, our objective was to validate a
numerical model of the ATEG to improve its design by investigating the consequences of varying the
most relevant design parameters, as described next.

The heat absorber or hot-side heat exchanger (HSHE) of this ATEG consisted of a 210 = 140 = 15
mm (length x width x height) copper plate with six cylindrical holes 12 mm in diameter (#1 in Figure
1a). A total of 12 commercial TEMs (TELBP1-12656-0.45, Thermonamic Electronics Corp., Ltd.,
Nanchang, China)—six TEMs each for the upper and lower faces of the heat absorber (2 in Figure
la)—were installed in the ATEG. On each face, the six TEMs were distributed in two rows (aligned
with the direction of the exhaust gases) and three columns (perpendicular to the direction of the
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exhaust gases). The dimensions of a single TEM were 56 x 56 mm (length x width) with a total surface
area of Area = 3136 mm? and total height of Lrzar =5 mm. Each TEM was formed by 116 small legs of
thermoelectric material (PbTe and BiTe based). These TEMs can cope with hot-side temperatures of
360 °C and, occasionally, of 400 °C.

The cold side of the TEMs was in contact with an aluminum block or cold-side heat exchanger
(CSHE; #3 in Figure 1a), that acted as a heat sink since water flowed in a wavy path within it (Figure
1b). The rectangular cross-sectional area of the water channel was 12 x 10 mm (height x width). Both
the upper and lower cooling blocks were clamped together to provide the pressure required on the
faces of the TEMSs (1.27 MPa). Since the TEMs used a graphite sheet on both the cold and hot sides,

no additional thermal interface material was required to improve heat transfer.

(a) 3 (b)
N o
. ‘-.*‘— &

\w

\

3

_TJ

WATER IN

Figure 1. (a) Main elements of the automative thermoelectric generator (ATEG; slightly modified from
Reference [5]); (b) water channel path.

The HSHE was connected to the circular cross-sectional area of the exhaust pipes (50 mm in
diameter) by expansion and contraction elements (¥4 in Figure 1a) very similar to those employed in
other types of ATEGs whose designs are based on TEMs located on two parallel plates (e.g,
References [6,13,15]). The overall dimensions of the ATEG were 440 x 200 x 20 mm (length x width =
height) and a total weight of 7 kg. The electrical connection of all the TEMs was in series as this was
expected to provide higher electrical power output than in parallel [35]. The effect of using electrical
hybrid connections was not analyzed here.

3.2. Experimental Set-Up

We used the same experimental set-up employed by Reference [35], who analyzed an ATEG
formed by a single TEM. In essence, a PSA XUD7 version K (Peugeot S.A., Rueil-Malmaison, France)
(an in-line four-cylinder 1.8-L naturally aspirated diesel engine of 44 kW of nominal power) was
connected to a Schenck W130 dynamometer (Figure 2). The ATEG was installed very close to the
exhaust manifold and in front of the muffler to ensure high temperature gases at the ATEG inlet
(Figure 3). The engine coolant temperature was between 80 °C and 90 °C under regular functioning.
The high temperature employed as a cooling flow in the CSHE would substantially reduce the
performance of the ATEG. Therefore, to cool the ATEG we designed an independent closed-circuit
water system with a 200-L tank and an electric pump. The range of flow rates varied from 140 to 580
L/h depending on the case tested. The series electrical configuration of the TEMs was connected to a
variable external load resistance in order to attain the maximum output power.

We monitored the following information: engine torque, engine speed (rpm), exhaust mass flow
rate, exhaust gas temperature at both ATEG inlet and outlet, water cooling volumetric flow rate,
water cooling temperatures at both ATEG inlet and outlet, ambient temperature, ATEG output
voltage, and output current (see Figure 2).
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Figure 2. Schematic diagram of the laboratory set-up.

Temperatures were measured with type-K thermocouples using a National Instruments (NI)
Compact RIO system with 9211 modules. Electrical information was also measured by an NI
Compact RIO with 9215 (voltage) and 9227 (current) modules. Data were processed with LabVIEW
software (version 2016, National Instruments, Austin, TX, USA). Engine torque, speed, and
temperature were monitored with a Sportdevices SP4 unit. The mass flow rate of exhaust gases was
calculated as the sum of the mass flow of air at the intake manifold plus the mass flow of consumed
fuel. The volumetric flow rate of air at the inlet of the engine was measured with a calibrated Tecner
TG40 nozzle installed at the inlet of a 200-L-capacity tank that damped the pulsating signal of the
engine intake. The conversion of volumetric flow rate to mass flow rate used the air density calculated
with the ideal gas law. At each stationary regime, the mass flow rate of fuel was obtained after
measuring the time span needed to consume 30 cm? of net fuel (injected minus returned) in a
calibrated measuring cylinder. The variation of fuel density with temperature was previously
obtained with a thermostatic bath at different temperatures and a densimeter.
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Figure 3. ATEG installed in the engine test bench.

The experimental uncertainty and the accuracy of the equipment used in the experimental tests
followed the procedure detailed in Reference [35]. In essence, we assumed that the total uncertainty
of a measured variable was the sum of an uncertainty related to the recorded time series plus an
uncertainty related to the accuracy of the equipment.

Once the system reached stationary conditions, data were acquired during a time interval of 60
s minimum. Averaged values of the variables measured for these time series were calculated, and the
uncertainty related to the mean values &; was expressed as

[«
& = iZaJ,rz \/—N} (1)

where z4/; was the confidence range (here chosen as 95%), o was the standard deviation of the data
series, and N was the number of samples in the data series.
On the other hand, the uncertainty of the equipment &, was obtained from

& = Z ‘% Ax, (2)

where Y corresponded to the indirect variable, x referred to the direct measured variable, and Ax
was the accuracy of the equipment in the measurement of the x variable.
Thus, the total uncertainty of data &, followed

g = /€2 + €2, (3)

The accuracy of the experimental equipment is listed in Table 2.

Table 2. Accuracy of the experimental equipment. NI— National Instruments.

Equipment Accuracy Ref.
Current (NI 9227) *(169.7 mA + 5% of reading) [36]
Voltage (NI 9215) +£(85.3 mV + 1.05% of reading) [36]
Temperature (NI 9211) +0.6°C [36]
Type K thermocouple +1.5°C [37]
Sensus 405 S water meter +0.05L [38]

Manometer +10 Pa

Fuel Calibrated volume cylinder +0.5 cm?

3.3. Experimental Cases

Seven different engine operating points were investigated (see Table 3). These points were
chosen according to the purpose of the present research, i.e., to investigate the effects of changing the
main geometrical parameters of the ATEG and, also, the volumetric flow rate of the ATEG coolant
(V). Since we tested a single ATEG, the objective was to experimentally obtain points varying the
flow rate of the cooling water at different engine-shaft power P. values. Thus, cases 1 to 3
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corresponded to Pe ~ 18 kW with different values of ¥, ranging from the maximum (580 L/h) to
almost the minimum (160 L/h). Cases 4 to 5 had Pe =~ 22 kW and V;, ranging from 580 L/h to 140 L/h,
respectively. Finally, cases 6 to 7 had Pe~ 25 kW and 'i;’w ranging from 580 L/h to 180 L/h, respectively.
Cases with Pe values lower than 18 kW were not tested since they were expected to provide low
electrical output power [18]. Values of flow rate and temperature at the inlet of the ATEG for both
the exhaust gases and coolant water, as well as air—fuel ratio, were later used as boundary conditions
at the inlet of the ATEG in the numerical model. For each one of the seven different engine operating
points, the external electrical resistance was tuned to achieve the maximum output power.

Table 3. Experimental data for engine regime, torque, exhaust gas mass flow rate i, exhaust gas
temperature at ATEG inlet Tgi, water cooling volumetric flow rate V},, water coolant temperature at

ATEG inlet Tw: and air-fuel equivalence ratio A.

Regime Torque Ty, Tyi V, Twi
- (rpm) (N-m) s) ©0) (L/h) ) ‘1
1 2500 69.9+0.1 43.4+03 4447420 580+3 26.4+20 1.68
2 2500 67.3+0.1 428+03 428.7+ 2.0 280+3 312120 1.68
3 2500 71.9x0.1 43.0+03 4501+ 21 160+ 3 336+ 20 1.63
4 2800 751101 46.1+03 5216+ 21 580+3 296+ 2.0 1.50
5 2600 82.2£0.1 44.4+03 5474120 140+ 3 334120 1.43
6 3000 79.2+0.1 483+ 03 598.8 + 2.0 580+ 3 28.0+ 2.0 1.34
7 3200 76.1+0.1 51.0+03 598.5+ 2.0 180+ 3 345120 1.36

3.4. Effective Thermal and Electrial Properties of the Thermoelectric Modules

The numerical model described in Section 4 adopted the strategy of interpreting each TEM as a
single body with effective thermal and electrical properties. Therefore, we required the values of the
effective Seebeck coefficient, the effective internal resistance, and the effective thermal conductivity.
These effective properties were obtained with the test rig of thermoelectric modules that is
schematically shown in Figure 4a.

(a) w0

387

Figure 4. (a) Schematic drawing of the test rig of thermoelectric modules (TEMs; dimensions in mm);
(b) test rig of TEMs in the laboratory.

In essence, the test rig consisted of a 400-W cartridge heater inserted into a 56 x 56 x 30 mm
(length x width = height) bronze rectangular prism that was immersed inside a 200 x 200 x 150 mm
(length = width x height) block filled with sheets of calcium silicate (#3 in Figure 4a). This thermal-
insulating material has a thermal conductivity of only 0.072 W-mK"! at 200 °C and guarantees
thermal stability up to 1000 °C. An additional 56 x 56 x 36 mm (length x width x height) rectangular
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bronze prism was placed on the top side of the bronze heated by the cartridge. This supplementary
bronze block acted to delimit the path of the heat flow. The thermal conductivity of this block was ks
=86.5 W-m1-K1 (C54400 85% Cu, 5% Sn, 5% Pb, 5% Zn composition). In this block, we inserted two
K-type thermocouples vertically separated by a distance Ly = 30 mm. Since the lateral sides of this
block were in contact with thermal-insulating sheets of calcium silicate, we approximated the vertical
heat flow Qx through this element as
0 = kb’:‘b Tb’ (@)
b

where Av (= 56 x 56 mm) was the cross-sectional area of the block, and AT}, was the temperature
difference between the two abovementioned thermocouples.

The upper face of the bronze block was in contact with the hot side of the TEM being tested (see
Figures 4a-b). The cold side of the TEM was in contact with a 56 x 56 x 30 mm (length » width =
height) aluminum block. The upper side of this aluminum block was, at the same time, in contact

with a water heat exchanger. This heat sink was pressed against the TEM with a vertical screw (Figure
4a). A load cell (LCM305, Omega Engineering Ltd; #2 in Figure 4a) measured the force applied. Frame
elements, including the vertical guide bars (#1 in Figure 4a) and the base plate (#4 in Figure 4a), were
made of stainless steel.

The hot- (Tx) and cold-side (T¢) temperatures of the TEM were measured with thin K-type
thermocouples 0.2 mm in diameter and located between the upper face of the supplementary bronze
element and the TEM's hot side, and between the lower face of the aluminum block and the TEM's
cold side, respectively. To ensure a uniform contact between surfaces, thermocouples were inserted
in slits made of 0.2-mm-thick brass sheets with a 56 x 56 mm cross-sectional area.

The TEM was electrically connected to an external variable resistance. Voltage and current were
acquired with the same instruments as those described in Section 3.2. Results were obtained for a
load pressure equal to 1.27 MPa in ambient conditions (equivalent to 3983 N force and equal to that
applied in the ATEG) and a Tr temperature range from 140 °C to 226 °C and for T. from 38 °C to 70
°C, expected to be similar to those obtained in the ATEG once installed in the engine test bench.
Maximum electrical output power data were reported by suitably tuning the value of the external
load resistance.

From the data obtained with the test rig, the effective Seebeck coefficient a, of the TEM was
calculated as
_ Voc
ST T

T

(5)

where Vi was the open-circuit voltage.
On the other hand, the effective thermal conductivity k. of the TEM was calculated as
Lyem Qn
© = Zrpn (T —T.)' (6)
rem(Th — T)
where Lrea (= 5 mm) was the total height of the TEM, and Arem (= 3136 mm?) was its cross-sectional
area.

Finally, the effective internal electrical resistance R;, was calculated as
Ve =1 R
Rig — oc ; TEM L, (7)
TEM

where Irgy was the electrical current of the TEM when the external load resistance was R;.
4. Numerical Model

4.1. Simulation Set-Up

Simulations were performed using the GT-SUITE software, which is a multi-physics CAE
system widely used in the automotive sector [34]. GT-SUITE is composed of a set of libraries whose
combination allows fluid flows and their interactions with solid bodies, including heat transfer
mechanisms, to be simulated. This software was used to study the behavior of exhaust gases in ICEs,
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analyzing, for example, the effects the exhaust gas recirculation system has on internal combustion
engines [39], and investigating waste heat recovery technologies such as the Organic Rankine Cycle
[40], turbocompounding [41], and ATEGs [35].

GT-SUITE's modeling methodology is based on linking several submodels, each one focused on
solving a specific problem. Figure 5 shows the schematic diagram of the whole model developed to
reproduce our ATEG.

<=

M T -
M el Lt |

Figure 5. Block diagram of the ATEG model containing two cold-side heat exchangers (CSHEs), 12
TEMs, thermal connections (blue lines), flow connections (red lines), electrical connections (green
lines), and the hot-side heat exchanger (HSHE).

The copper heat exchanger was divided into three thermal masses connected in series. Thus,
each thermal mass corresponded to the part of the heat exchanger assigned to the four TEMs located
in the same column (see Figure 1). This method of segmenting the hot heat exchanger along the
exhaust flow direction allowed us to correctly simulate the disparity of cold- and hot-side
temperatures among TEMs, one of the main drawbacks observed in ATEG designs. The surfaces of
these thermal masses were appropriately connected to (1) the exhaust gases through six cylindrical
surfaces, (2) the hot sides of TEMs, and (3) the ambient (see Figure 6). Heat transfer via conduction
and convection was assumed and the external surface (contact with the environment) used a heat
transfer coefficient i = 25 W-m2K [42]. It also included losses via radiation with a gray body
emissivity of the thermal mass surface equal to 0.9. The Colburn analogy was used for heat transfer
via convection in fluids [42].
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Figure 6. Block diagram of thermal mass #1 of the HSHE including exhaust gas channels (red) and
thermal connections (blue).

TEMs were modeled by assuming them to be uniform bodies with the effective thermal and
electrical properties obtained in Section 3.4. Thus, we avoided the task of simulating each and every
thermoelement that formed the TEM. The hot side of each TEM was in contact with the corresponding
thermal mass of the copper heat absorber or HSHE, whereas the cold side was in contact with the
water heat sink or CSHE (Figure 7). The thermal connection between thermal masses and the TEMs’
hot side and between water heat sink and the TEMs’ cold side applied constant values for the thermal
contact resistances Rr and R, respectively. These values were chosen as Ri=5 x 104 m*K-W and R«
=3 x 10 m*K-W-" in agreement with those used in similar ATEGs [5]. Changes of Rr and Rc with
respect to temperature were not expected to substantially vary the results, as concluded in Reference
[35], nor would they alter the conclusions of the present study.

2 2

]

O}
6]

Figure 7. Block diagram of electrical and thermal connections of TEMs (1), indicating the thermal contact
resistances (2), electrical node junctions (3), ground connection (4), and electrical load resistance (5).

The cold side of each TEM was in contact with heat sink zones corresponding to different water
paths (see Figure 8a). To model this effect, we divided the heat sink into 24 sections depending on
their location with respect to the TEMs below. Each one of these sections was thermally connected to
the corresponding region of the aluminum heat sink that, at the same time, was thermally connected
to the cold side of the pertaining TEM (adding a thermal contact resistance R. as mentioned
previously; see Figure 8b).
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Figure 8. Example of a thermal connection between the CSHE and the TEMs. (a) Dashed lines enclose
the example zone; (b) block diagram with connections within the example zone.

To correctly reproduce the experimental conditions, simulations used water as the coolant and
the product of a combustion reaction as the exhaust gases. The latter assumption better represented
actual laboratory conditions than imposing air as exhaust gases, as commonly adopted in other
numerical models of ATEGs [7,18]. A complete combustion reaction of diesel fuel with an air—fuel
ratio (AFR) higher than that of stoichiometric conditions (AFRs) was implemented and properties
such as dynamical viscosity, thermal conductivity, specific heat, etc., as a function of the temperature
of the mixed gas were used in the calculations. The actual air-fuel equivalence ratio values (4 =
AFR/AFR:) for each experimental point were deduced from measurements, giving lean conditions (4
>1) in all of the engine operation points analyzed (see Table 3).

The electrical behavior of the ATEG was also simulated with GT-SUITE by electrically
connecting all TEMs in a series configuration to an external electrical load resistance Ri. Effective
values of the Seebeck coefficient, the thermal conductivity, and the internal resistance of each TEM
followed those obtained in Section 3.4, and are listed in Table 4. The effective figure of merit was
calculated as ZT, = a2T/(pck,) where T = (T, 4+ T.)/2 and the effective electrical resistivity p, =
ArpmRei/Lrpy. ZT, was obtained for illustrative purposes only since the model did not require this
value.

Table 4. Effective values of Seebeck coefficient (ex), thermal conductivity (k), internal electrical

resistance (R«), and figure of merit (Z7T¢) as a function of cold- (T¢) and hot-side (T1) TEM temperatures.

T: Th a ke Rei
(°C) (°C) (VK1) (W-m™-K™1) (Q) ZT.
38 140 0.0255 3.17 0.759 0.157
39 160 0.0263 294 0.781 0.180
42 180 0.0272 2.90 0.814 0.192
50 160 0.0267 3.00 0.806 0.179
51 170 0.0274 3.02 0.838 0.183
55 181 0.0280 2.97 0.829 0.199
55 201 0.0280 2.84 0.834 0.212
65 201 0.0279 2.87 0.787 0.214
65 226 0.0296 2.73 0.922 0.232
70 140 0.0261 3.15 0.729 0.179
70 160 0.0267 3.11 0.760 0.186

The thermal and the electrical effective properties of each TEM as a function of temperature were
determined by extrapolating the data of Table 4. This mathematical procedure was carried out by the
GT-SUITE software, in which data were introduced in tabular form. Thermal properties of aluminum
and copper as a function of temperature were taken into account using the own engineering libraries
of the software.
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The model took into account the coupling between the thermal and the electrical phenomena.
Thus, the heat flow on the cold side of the TEM, Q. , corresponded to that on the hot side, @y , minus
the generated electrical power Prgy:

Qc = Qn — Prem, (8)
and both the cold and hot heat flows were calculated as
ko Arg 1
Qe = @ Iypm T + ——2(Tp = T.) — E"%‘EMR:'& (9)
TEM
ke Arem 1
Qn = ¢ IrpuTh + — (T —To) + EF%EMRim (10)
TEM

where [rem was the current flowing through the TEM, and was the same as that of the whole ATEG
since the electrical connections were in pure series. The sum of the electrical power of all individual
TEMs gave the total power generated by the ATEG Parec.

In Equations (9)—(10), the first term corresponds to the Seebeck contribution (ie. the
thermoelectric effect), the second to Fourier’s law, and the last to Joule heating. The Thomson effect
was neglected since its contribution was expected to be of minor importance in comparison to the
other three terms [35].

The global boundary conditions of the simulation were the following: exhaust gas at ATEG inlet,
fixed temperature and mass flow rate (see Table 3); exhaust gas at ATEG outlet, fixed pressure (set to
the atmospheric one); cooling water at ATEG inlet, fixed temperature and volumetric flow rate of
cooling water (Table 3); cooling water at ATEG outlet, fixed pressure (set to the atmospheric one);
fixed ambient temperature at 24°C. The value of the external electrical load resistance was tuned to
maximize a goal function (in this case, the electrical output power of the ATEG to validate the model).
The optimization procedure is explained in Reference [35].

4.2. Model Validation

The results from the model were compared with the experimentally measured values. For the
thermal behavior, the prediction of the temperature at the outlet of both fluid flows (exhaust gas and
water cooling) is shown in Figure 9. Simulation results coincided with the experimental values
(within their uncertainty ranges) with small discrepancies only in the water outlet temperature for
cases 5 (<1.5%) and 7 (<5%). The agreement of the simulations with the exhaust gas temperature
measured at the ATEG outlet was quite remarkable since the experimental cases covered a broad
range of values (i.e., gas temperature at ATEG inlet from 428 °C to 599 °C). Therefore, the results
indicated that the model correctly predicted the heat transfer in the ATEG (i.e., from the exhaust gas
to the water cooling).
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Figure 9. Experimental and simulated results of (a) water cooling temperature at ATEG outlet (Tw.),
and (b) exhaust gas temperature at ATEG outlet (Tg0), for those cases listed in Table 3.

The conversion of heat into electricity by the TEMs' effective properties mentioned above also
reproduced very well the electrical values obtained experimentally (Figure 10). The simulated voltage
and current values matched the laboratory data within their uncertainty ranges. Note that the highest
voltage values (>23 V) were obtained at very demanding engine speeds. The agreement of the results
with the measured data confirmed the validity of the methodology implemented for determining the
external resistance load that would maximize the output power.
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Figure 10. Experimental and simulated results of (a) ATEG voltage, and (b) ATEG current.
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The electrical output power of the whole ATEG Parec simulated by GT-SUITE for the cases listed
in Table 3 were compared with the experimental ones (Figure 11). Case 6 obtained the maximum
power value, reaching up to 64 W. This meant an average power production per TEM equal to 5.3 W.
Since voltage and current were already well predicted by the model, simulated output power
production followed the values observed. The trend obtained in the experimental cases was also
replicated by the model.
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Figure 11. Experimental and simulated results of the electrical output power of the ATEG (Parec) for
the cases listed in Table 3.

Thus, we accepted that our methodology correctly predicted the behavior of our ATEG (in both
the thermal and electrical behavior). That said, in fuel consumption analysis, it is critical to correctly
determine the energy losses through the ATEG. Indeed, the increase in the upstream pressure once
the ATEG is installed in the exhaust (or, equivalently, the head losses experienced by the exhaust gas
when moving through the ATEG) becomes one of the main ATEG design parameters [6,10,13]. These
head losses can be directly related to the back pressure, which is defined as the pressure difference
between the ATEG inlet (upstream, high pressure) and the ATEG outlet (downstream, low pressure).

(a) (b)

sk M - .
| @ Numerical
B ool
e '
2 &
-3 ‘ .
3 :
g wf
"
20 e
i : : ;
20 30 40 50 B0

Exhaust mass flow rate (g/s)

Figure 12. (a) Experimental and simulated results of back pressure obtained at the flow bench; (b)
only the HSHE plus contraction and expansion cones of the ATEG were needed in the test.

Thus, an additional validation was required if the model were to be used as a tool to investigate
the effect the ATEG has on fuel consumption. Due to laboratory limitations, pressure differences
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through the ATEG could not be measured on the engine test bench. However, back pressure values
were experimentally obtained when the ATEG was disassembled from the exhaust pipe and installed
in a flow bench (Saenz D640). Seven different amounts of air mass flow rates and air temperatures
were pumped through, and the results of the back pressure values were recorded (Figure 12).
Simulations of the ATEG were carried out without a cooling system, but with the ATEG conditions
at the inlet of the exhaust pipe the same as those applied in the flow bench. Results also matched the
measured values within their uncertainty ranges, which implied that the flow dynamics of the
exhaust gas in terms of energy losses (i.e., back pressure) were also being correctly simulated by the
model (Figure 12a).

5. Results and Discussion

Our objective was to investigate the performance of our ATEG (output power and fuel economy)
having changed the main design parameters of its heat exchangers (HSHE and CSHE). For a fixed
distribution of TEMs (i.e., 12 TEMs and specified values for the temperature and mass flow rate of
the exhaust gases), the main design parameter of the HSHE is the diameter of the cylindrical holes
(D), since length is determined by the dimensions of the TEMs. On the other hand, the main design
parameters for the CSHE are the volumetric flow rate of cooling water and the value of the cross-
sectional area of the water channel. The consequences of modifying these parameters are shown next.

5.1. Water Heat Sink: Effects of Changing the Geometry and Flow Rate

The height of the cooling channel L in the water heat sink was varied from 8 mm to 30 mm while
the width (= 10 mm) was kept constant. This meant a variation from 80 mm? to 300 mm?in the cross-
sectional area of the water channel. We also investigated the effects of changing the volumetric flow
rate of the cooling water, V;,, varying it from 140 L/h up to 580 L/h. This represented an average water
velocity within the channel ranging from 0.13 m/s (case with Vw =140 L/h and L = 30 mm) to 2.01 m/s
(case with ¥, =580 L/h and L =8 mm). Note that not all the combinations of ¥, and L implied turbulent
conditions. However, being based on the Colburn analogy, the calculations for the convective heat
transfer assumed different equations depending on the flow regime (see Reference [42]).

Simulations for L ranged between 8 and 30 mm with 1-mm increments and, for Vw, they ranged
between 140 and 580 L/h with 20-L/h increments taking the boundary conditions of the maximum
output power case achieved in the experimental test (case 6 in Table 3 but with a variable ;). For
each one of the configurations (L and V) simulated, the model applied a numerical algorithm to find
the maximum output power by suitably varying the external load resistance, Re. In Figure 13, the
degree of intensity of the convective heat transfer between the heat sink’s aluminum block and the
cooling water flowing in its interior was analyzed by calculating the convective heat transfer
coefficient, h, and the area of the aluminum channel in contact with the water, A. This hA product
(which is, indeed, the inverse of the thermal resistance) was evaluated by taking h as the value
calculated at the end of the water channel path. Results shown in Figure 13b confirmed that the
maximum heat transfer was achieved with the maximum flow rate and minimum height, thereby
maximizing the flow velocity. Although hA substantially varied in the range of flow rates and water
channel heights analyzed, its influence on the maximum electrical power extracted from the exhaust
gases (Figure 13a) was not important until its value was below 2.70 W-K (thermal resistance equal
to 0.37 K-W-1; electrical output power of 57.5 W in comparison with the maximum obtained of 63.9
W). The CSHE had a remarkable impact on the reduction in output power as hA further decreased
(at low flow rates and high cross-sectional areas of the water channel) and, consequently, the thermal
resistance increased. A similar behavior was observed in Reference [43] when the behavior of a TEG
designed for a different purpose (it used hot water instead of exhaust gases as the main heat source)
was experimentally studied.
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Figure 13. (a) Contours of electrical output power (Prec) normalized to the maximum value obtained
(Pre6/PrEG max; PreGmar = 63.9 W); (b) contours of the product of the convective heat transfer multiplied
by the area of the CSHE channel in contact with the water (hA) normalized to the maximum value
obtained (HA/hAwa; hAmar = 9.54 W-K-1) as a function of the water coolant flow rate ¥}, and height of

the coolant channel L. All other conditions are as in case 6 in Table 3.

While the results above focused on the power output, the final target of installing an ATEG in a
vehicle is in fact to reduce fuel consumption. The Parec value generated charges the battery of the
vehicle. As previously mentioned, this reduces the time demand on the vehicle’s electrical generator
(i.e., the alternator) and, consequently, increases fuel economy. Nevertheless, because of the effect of
the back pressure, due to the pressure increase upstream, the ATEG increases fuel consumption with
respect to the pristine conditions of the vehicle. In addition, the ATEG has a non-negligible mass that
should be added to the total mass of the vehicle. This weight increase also leads to increases in fuel
consumption.

The impact of these three effects on fuel efficiency were estimated by Karri et al. [19], who
proposed the following equations to estimate fuel economy resulting from the power generated by
the ATEG (F ¢ argc), the increase in fuel consumption due to the power required to overcome the back
pressure generated by the ATEG (F, gp) , and the increase in fuel consumption because of the increase
in weight of the vehicle (F, ,,):

Fearee (%) = 100]”_6;: Py.arzG) (11)
NG Fe
V.4
Fopp(%) = —100-2=P, (12)
» Pg
rm ;
Fom(%) = ~100 2 2ATECS, 13)
e

where npcy (= 0.84; see Reference [19]) is the efficiency of the power converter unit (PCU), which is
a direct-current to direct-current converter to match the output voltage of the alternator, ns (= 0.5;
see Reference [19]) is the efficiency of the mechanical to electrical conversion of the alternator, P, is
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the engine-shaft power (torque multiplied by the engine regime in Table 3,), Py arg is the net power
produced by the ATEG (ATEG generation minus power required for pumping the water in the ATEG
cooling system), V; is the volumetric flow rate of exhaust gases, Apy, is the back pressure increase
due to the installation of the ATEG, £ is the vehicle rolling resistance, v is the vehicle velocity
(calculated from the transmission ratio, axle ratio, and tire diameter), myrg; is the mass of the ATEG,
and g is the acceleration of gravity.
The total value of the fuel economy F. was calculated as
Fo = Fearec + Fepp + Fem (14)
where the terms F, gp and F,.,, were negative values; thus, their contribution was to increase fuel
consumption.
The value of Py, 4rg in Equation (11) was obtained with the equation
Pn,ATF.‘G = Parpc — Pwru (15)
where R,, was the power consumed by the water pump of the ATEG's independent cooling system.
This value was calculated by multiplying the water coolant volumetric flow rate by the head losses
of the water cooling circuit (or, equivalently, the pressure drop through the cooling system). Since
we used a water tank as a cold reservoir, there was no need to calculate extra energy losses different
from those produced by the flow of water within the piping system and the CSHE. The values of the
power pump were in the order of Ry, <5 W, which agreed with the coolant pumping power used in
Reference [19] for similar flow rate values.
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180 280 . 380 480 50
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Figure 14. Contours of changes in fuel economy (F:) relative to the maximum value (Fe/Fema =1; Fema
= -7.01%) as a function of water coolant flow rate ¥, and height of coolant channel L. All other

conditions as in case 6 of Table 3.

The effect that changing the flow rate of coolant water and the height of the water cooling channel
has on fuel consumption is shown in Figure 14 for engine operating conditions as in case 6 in Table 3.
Note that values had relative changes with respect to the maximum fuel economy achieved, which was
negative (= -7.01%) due to the considerable influence the back pressure term has. This meant that all
the cases reported in Figure 14 produced an increase in fuel consumption higher than 7.01% in
comparison with the base non-ATEG engine situation working under the same conditions as case 6.
Since the back pressure value was independent of the heat sink design, the variation in fuel economy
shown in Figure 14 was influenced by two terms only: (1) the positive effect due to the output power
generated, and (2) the negative effect resulting from the increase in mass. Figure 14 clearly indicates
that the way to improve fuel economy with the heat sink design is to enhance heat transfer (Figure 13b)
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and, consequently, electrical output power (Figure 13a). Thus, the target would be to reduce the water
channel height and to increase the volumetric flow of cooling water. However, this combination
increased the flow velocity and, because of the major head losses by friction, pump power Bup. This
effect penalized situations in which the electrical output power P4pggwas not very high (L above 20 mm
and low flow rates V,) and the pumping power, Py, , played a relevant role in the value of Py, srg-
Thus, in contrast to the trend observed at high Pyrgs, we observed that an increase in L implied a
reduction in Ry, and, therefore, better fuel efficiency (see, e.g., the trend of contour lines in Figure 14
at ¥, =180 L/h with higher fuel consumption at L = 23 mm than at L =28 mm).

There are other techniques aimed at increasing the performance of thermoelectric generators
which focus on improving heat transfer on the cold side, for instance, the use of nano fluid coolant
[44]. However, as our objective was twofold (to focus on the effects of the structure (the geometry)
and the flow rate), the option above was not analyzed here.

5.2. Heat Absorber: Effects of Changing the Diameter of the Cylindrical Holes

Previous results confirmed that back pressure is the main limiting factor to determining ATEG
performance in terms of fuel consumption. Thus, actions intended to reduce the back pressure values
should be focused on improving the design of the heat absorber. In our ATEG, the heat absorber was
a copper block with six cylindrical holes of 12 mm inner diameter (Figure 1). As pointed out by other
authors, this type of geometry generates more back pressure than heat absorbers based on fins, for
example, Reference [7]. However, heat exchangers with cylindrical holes have some advantages over
fin heat absorbers since the latter have constraints related to the type of material being used and the
geometrical dimensions of the fin (minimum available fin spacing and fin thickness depending on
the manufacturing techniques). The above implies that the cost of a fin-type heat absorber becomes
higher than that with cylindrical holes. This is a very important issue when devices have to be mass
produced. In addition, although not employed here, there are several passive methods to enhance
heat transfer in heat absorbers with cylindrical holes such as, for example, inserting helical elements
[45]. From the above, our goal was to investigate the potential heat absorbers with cylindrical holes
had as heat transfer devices for the hot part of ATEGs, and how fuel consumption may be improved
by changing a key design parameter: the diameter of the cylindrical hole.

The value of the convective heat transfer coefficient, i, multiplied by the exchange area, A,
between the six inner cylindrical holes and the exhaust gas was calculated for different designs by
varying the diameter D of the holes from 8 mm to 20 mm. Results with engine load operating
conditions that gave the maximum Parec value in the laboratory experiment (case 6 in Table 3) and
with a low regime case (th, =24.1 g/s, Tgi = 454.8 °C, Twi =20 °C, and V, =580 L/h, as in Reference
[7]) are shown in Figure 15a. The trend of hA as a function of D followed the same behavior as in
Figure 13b. Heat transfer was enhanced when the diameter of the holes was reduced because the
increment in flow velocity increased the value of h which, in turn, clearly compensated for the small
decrease in the exchange surface area A. Varying the convective thermal resistance modified the
power output (as observed in Figure 15b). High values of hA led to high values of Parec. Furthermore,
the heat flow extracted from the exhaust gases can be approximated as @ = hA(Tp, — Ty), where Tha
and Ty are the temperatures of the heat absorber and exhaust gases, respectively. Thus, the
Pyreg/(hA) ratio can be understood as a measure of an energy conversion efficiency term of the
ATEG multiplied by (Thq — T). For high values of D (>15 mm), Pyrgg/(hA) for both regimes was
almost constant, especially in the low regime case, thus indicating a constant conversion efficiency 7.
This coefficient was evaluated as 5 = Parec/Qn. For an engine operating point as in case 6, the
maximum power attained with D =8 mm was 73 W, whereas, with D =20 mm, the ATEG produced
45 W. For the low regime case, Pyrp; ranged from 26 W (D =8 mm) to 11 W (D = 20 mm). The
maximum ATEG conversion efficiency was achieved with D =8 mm, reaching 7 =1.68% under the
same conditions as case 6 and only 7 =1.1% in the low regime case. The minimum ATEG conversion
efficiency corresponded to simulations using D = 20 mm, with values equal to 7 = 1.30% for case 6
and 757 = 0.65% for the low regime case.
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Figure 15. (a) Convective heat transfer coefficient multiplied by the contact area of gases with the heat
absorber, (b) electrical output power, and (c) back pressure as a function of the diameter of the
cylindrical holes for high (case 6 in Table 3) and low (see text) engine regime conditions.

However, the main effect that changing the diameter of the cylinders had was on the back
pressure values (Figure 15¢). The Apip values changed by almost two orders of magnitude (Apy = 955
mbar at D =8 mm in comparison with Apyy = 17 mbar at D = 20 mm; case 6). The behavior of Apip as a
function of D almost perfectly fitted a power trend. Thus, the strategy of reducing the size of the
diameters of the cylinders to increase heat transfer and, hence, electrical output power heavily
penalized the back pressure. For example, a 14% increase in Pyrgs implied anincrease in Apyp =449%
(from D =12 mm to D =8 mm, case 6). Therefore, this action had dramatic consequences on the fuel
economy values (Figure 16).

Individual contributions to the total fuel economy F. (Equation (14)) are shown in Figure 16. The
impact of Pyrge on fuel consumption (Equation (11); Figure 16a) as a function of D, followed the
trend observed in Figure 15b for the electrical output power. However, the differences between both
cases (high- and low-load engine regimes) were not as important as in Figure 15b because the engine-
shaft power in the low regime case was only 12.4 kW (24.9 kW in case 6). The effect of the power
generated by the ATEG led to maximum fuel savings of 0.48% (D = 8 mm, case 6) and 0.37% (D =8
mm, low regime). The contribution to the fuel economy (in %) due to the electric power generated
was in the order of one-quarter of the value of the thermodynamic efficiency of the ATEG device.
However, the consequences of the increasing back pressure at the exhaust pipe caused a massive
increase in fuel consumption Fesr (Figure 16b), almost two orders of magnitude more important than
the fuel savings from Fearzc (Figure 16a) with an ATEG design that used D =8 mm.
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Figure 16. (a) Fuel economy (%) due to the electrical power generated by the ATEG (Equation (11)),
(b) fuel economy (%) due to the back pressure created by the ATEG (Equation (12)), () fuel economy
(%) due to the increase in vehicle mass (Equation (13)), and (d) overall fuel economy (%) (Equation
(14)) as a function of the diameter of the cylindrical holes for high (case 6 in Table 3) and low (see text)
engine regime conditions.

Values of less than a 1% increase in fuel consumption due to Feer were only obtained in designs
that offered a back pressure level below 23 mbar (designs with D > 18 mm evaluated under case 6
conditions, and designs with D > 12 mm in the low regime case). With our design, values of back
pressure as low as 5 mbar were attained with D =18 mm in the low regime situation (Fezr = -0.19%).

On the other hand, the effect of the increase in vehicle mass due to the installation of the ATEG
implied an increase in fuel consumption in the order of 22% of the Feares value, varying slightly with
D (Figure 16c¢). Values of Fem approached zero as D increased, because less material was required to
build the ATEG's heat absorber; thus, maree decreased. Despite its low contribution to the overall fuel
economy provided by the ATEG (Figure 16d), this term may be a critical contribution when Fepr is in
the order of Fearzc. This was the case for the low regime condition at D =20 mm, since Fearze = 0.15%,
Fesr = -0.12%, and Fem = -0.06%, resulting in an overall fuel savings of F.=-0.03%. However, under
stationary conditions (as in the laboratory experiment) the contribution of Fen is neglected and the
very same design would produce a positive fuel economy value (Fe= 0.03%).

5.3. Configurations with Maximum Power and Maximum Fuel Economy
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From the previous analyses, the back pressure emerged as the constraining factor for reaching
fuel savings. However, the strategy to continuously reduce the back pressure may lead to designs
that greatly reduce the amount of heat transferred to the ATEG, thus eventually obtaining very low
electrical output power values. Although this may certainly imply positive numerical values of fuel
economy, these savings are fictitious, since the amount of power injected into the system is so low
that there is no sense in installing a whole ATEG device. This would be, for example, the case of the
F:=0.03% case discussed above.

Thus, an ATEG feasibility study must implicitly accept two requisites: (1) electrical output
power above a given threshold value (e.g., Pare¢ > 100 W), and (2) fuel savings above a given threshold
value (e.g., Fe > 3%). Fulfilling the latter condition (fuel economy) would almost certainly imply
achieving the first one (power). However, as we saw above, fulfilling the first condition (power) does
not imply achieving minimum fuel savings.

Therefore, an interesting tool to assess the adequacy of the ATEG consisted of plots of output
power and fuel savings corresponding to designs that maximized both terms (Figure 17 and 18).
Obviously, output power values obtained with design parameters that maximized fuel economy (D
=20 mm, V,= 580 L/h, L = 8 mm) became smaller than those corresponding to the design that
maximized output power (D =8 mm, V,= 580 L/h, L =8 mm) (Figure 17). The experimental design
approached either the condition of Pa7eG.me or of Femer depending on the cooling flow rate used in the
test and, therefore, on the amount of heat flow transferred. Cases with low heat flow yielded low
output power, similar to those attained with a heat absorber whose cylindrical holes were of a higher
diameter (Fema case). All in all, the differences in Parec between the designs at Parzgme and at Fema
were less than 44% with respect to the values of the Parze.m design.

80 T 1 1 1 I T 1
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g | A & 0
2 apnl m *
g 40: O L
o | A A
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Figure 17. Output power of the ATEG obtained with the design that maximizes output power
(PATEG mar), the design that maximizes fuel economy (Fema), and the design tested in the laboratory
(Experimental) for the operational conditions given in Table 3.

However, differences in fuel consumption values for both designs were much higher (Figure
18). Note that all values in Figure 18 provided negative values of F, meaning that not one
combination of the design parameters studied led to fuel savings. In contrast with output power, fuel
economy was much more sensitive to the main ATEG design parameters and, particularly, to the
design of the heat absorber. The reason is that back pressure was the dominant term when calculating
fuel economy values.

70



Chapter 2. Effects of design parameters on fuel economy and
output power in an automotive thermoelectric generator

Energies 2018, 11, 3274 23 of 28

o9 9 9 9 9% &
| a O 0 o .
O
10 - =
S
w® L A A A &
20 A .
1 pATEG.max A
[0 Experimental A
’ FB."\B:(
_30 L L L 1 1 | 1
1 2 3 4 5 6 7
Case

Figure 18. Fuel economy obtained with the design that maximizes output power (Parec.mu), the design
that maximizes fuel economy (Fema), and the design tested in the laboratory (Experimental) for the
operational conditions outlined in Table 3.

From Figure 18, we observed that the variability of the fuel consumption among the cases
analyzed was not as high as among the output power values. For the Parecma design, for example,
Paree =70 W for case 6 and Pare = 30 W for case 2 (133% variation with respect to the latter case),
whereas F. = -24% for case 6 and F.=-17% for case 1 (41% variation with respect to the latter case). A
similar effect was observed for the Femn design. Thus, an initial estimation of the effect that back
pressure values have on the fuel consumption does not require an evaluation of all the engine’s
operational points.

In addition to the effects of the structural design, improvements in ATEG performance can also
be obtained by adopting state-of-the-art electronic techniques to maximize power generation in
transient behaviors (e.g., maximum power point tracking control [46]). Finally, the ongoing research
into new thermoelectric materials is expected to substantially increase the actual values of figure of
merit in commercial modules in future years [47-48]. Thus, it is interesting to provide a simple tool
to determine the increment of the actual ZT. value in order to have positive fuel savings. This was
carried out by analyzing data of Figure 16. Each one of the three terms that contributed to the fuel
economy could be expressed with equations of the form Fy sz (%) = ¢,D? + ¢,D + ¢3, Fopp(%) =
c,e?, and F,,,(%) = cgD? + ¢;D + ¢y with ¢y,...,cg constants. For case 6, the values of the
coefficients were ¢; =0 m?2, ¢; = —0.0156 m™, ¢3 = 0.603, ¢, = —254.6, ¢5 = —0.2948 m!, ¢z =
1.21 % 10* m=2, c; =—1.01x 10° m, and cg = —0.1132, giving a square correlation coefficient
greater than 0.998 in all of the three fits. F, ppq(%) was directly proportional to Parec when
neglecting the contribution of the increase of pumping power of the cooling water (11), and, hence,
to ZTe by assuming no changes in the thermal and in the electrical conductivity of TEMs. Thus, the
condition 7F, argg + Fepp + Fen = 0 would provide the ratio r of the new figure of merit to the actual
one needed to reach a null variation in fuel consumption. For D = 20 mm in case 6, positive fuel
savings would be achieved for r > 2.6 (i.e.,, TEMs 260% more efficient than the actual ones), implying
an electrical output power equal to 118 W.

6. Conclusions

A numerical model of an ATEG based on the GT-SUITE software was developed. The model
was validated with experimental data and correctly predicted the electrical output power and the
back pressure. The model was used to study the consequences of modifying the cooling flow rate and
the cross-sectional areas of (1) hot gases conduits in the heat absorber, and (2) water flow in the heat
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sink. Output power and fuel economy values were reported for different engine operating points.
The main conclusions were as follows:

1.  Engine operating points of maximum output power did not coincide with those of maximum
fuel economy.

2. Designs that maximized output power differed substantially from those that maximized fuel
savings.

3. While an increase in the cooling flow rate enhanced the output power, it also increased the
power required to pump the cooling flow. Therefore, a compromise between gaining generated
power and the loss of power needed to drive the water pump must be made. From the design
point, a maximum value of flow velocity in the cooling system should be imposed to assure that
energy losses are not excessive. Changes in the cross-sectional area of the water cooling channel
had a similar effect. From the initial layout, a reduction in flow rate was preferred over an
increase in the cross-sectional area of the channel, since the former implied greater decrements
of the required pumping power.

4. The design of the heat absorber was critical in two opposing aspects: (1) to maximize the heat
transfer, and (2) to minimize the back pressure. The back pressure was the main limiting factor
in determining success in terms of fuel economy:. Its value may vary several orders of magnitude
depending on the type of heat absorber design. In order to have increments in fuel consumption
<0.2% due to the effect of the back pressure, a value lower than 5 mbar should be attained.

5. A heat absorber with cylindrical holes is not a recommended geometry since it leads to large
back pressure values. For this type of heat absorber, the main three terms that contributed to
fuel savings could be analytically expressed as a function of the diameter of the cylindrical holes
with a high degree of accuracy. The analytical equations could be used to determine the
minimum efficiency of the thermoelectric modules (figure of merit) in order to obtain positive
fuel savings.

6. The maximization of fuel savings cannot only rely on reducing back pressure values because
this would result in trivial designs with very low back pressure and very low heat transfer being
proposed. The feasibility of an ATEG requires a minimum value of electrical output power
generated and this value should be kept as a constraint in the minimization study of the back
pressure values.

Finally, it is worth noting that the present study had several limitations that can be resolved with
future research. For example, the electrical connections were fixed in a series configuration since this
was expected to provide the maximum output power. However, further investigation is required to
determine whether or not hybrid (series/parallel) electrical configurations produce more electrical
output power, especially in large ATEGs [35]. On the other hand, the fuel consumption calculations
relied on analytical expressions that may deviate from observed data. Indeed, the goal of our ongoing
research is to fully integrate the ATEG model into a complete simulation of a car within the GT-SUITE
software and to validate its predictions with laboratory data. This full-vehicle model (including the
ATEG) would provide very relevant information about the viability of this technology.

Author Contributions: M.C. conducted the experimental study including the entire set-up of the engine test
bench and the flow bench. M.C. and [.R.C. conducted the detailed modeling and the validation study. M.C,,
E.M., and T.P. carried out the analyses of the results. M.C., A.M., and T.P. wrote the paper.

Acknowledgments: This work was partially funded by the University of Girona under the grant MPCUdG2016-
4. The authors gratefully acknowledge the technical support provided by Sergi Saus and Jordi Vicens.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; the collection, analyses, or interpretation of data; the writing of the manuscript, or in the decision to
publish the results.

Nomenclature
A area of the aluminum channel in contact with the water (m?)
Ab block surface area (mm?2)
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ATEM TEM surface area (mm?)
D diameter of the cylindrical holes (m)
F. fuel economy (%)
Featte fuel economy resulting from the power generated by the ATEG (%)
Fenr fuel consumption (<0) due to overcome the back pressure (%)
Fem fuel consumption due to increase in weight (%)
g acceleration of gravity (m-s2)
h heat transfer coefficient (W-K1-m2)
Item electrical current (A)
ko block thermal conductivity (W-K-1-m1)
ke TEM effective thermal conductivity (W-K--m1)
L height of the cooling channel (mm)
Ly block height (mm)
Lrem TEM height (mm)
ATEG ATEG mass (kg)
Tty exhaust gas mass flow rate (g-s1)
N number of samples in the data series
Parec ATEG electrical output power (W)
P. engine-shaft power (W)
Pratec net ATEG electrical output power (W)
Prem TEM electrical output power (W)
Pup power consumed by the water pump (W)
Q- heat flow on the cold side of the TEM (W)
(o} heat flow on the hot side of the TEM (W)
r ratio of figure of merits
Re thermal contact resistance (cold side) (m2K-W-1)
Ru thermal contact resistance (hot side) (m?-K-W-1)
Rie TEM effective internal electrical resistance (Q2)
Re external electrical load resistance (Q)
T (Tn+ To)/2 (K)
T. TEM cold side temperature (°C)
Tg exhaust gas temperature (°C)
Th TEM hot side temperature (°C)
Tw coolant temperature (°C)
v vehicle velocity (m-s1)
Ve open-circuit voltage (V)
Vi volumetric flow of the ATEG coolant (L-h™)
ZT. effective figure of merit
Zaf2 confidence range
e TEM effective Seebeck coefficient (V-K1)
Apip back pressure increase due to the ATEG (Pa)
& uncertainty of the equipment
& uncertainty of the mean values
a total uncertainty of data
n ATEG efficiency
e efficiency of the alternator
necu efficiency of the power converter unit
A air-fuel equivalence ratio
£ vehicle rolling resistance
P effective electrical resistivity (€2-m)
o standard deviation
Subscripts
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i inlet
max maximum conditions
o outlet

Abbreviations
AFR air—fuel ratio
AFRs stoichiometric air-fuel ratio
ATEG Automotive thermoelectric generator
CAE computer-aided engineering
CI compression ignition
CSHE cold-side heat exchanger
EGR exhaust gas recirculation
HDV heavy-duty vehicle
HexS hexagonal cross-section
HP heat pipes
HSHE hot-side heat exchanger
ICE internal combustion engine
QOctS octagonal cross-section
PCU power converter unit
SI spark ignition
TEG thermoelectric generator
TEM thermoelectric module
2PP two parallel plates
455pP four square section plates
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Abstract: Recent developments of high performance thermoelectric (TE) materials have increased
the interest of using this technology to directly convert waste heat into electricity. In the automotive
sector, many automotive thermoelectric generators (ATEGs) designs use TE modules (TEMs) with
high hot side temperatures to cope with high engine load regimes. Here, we develop a new concept
of a radial ATEG that is specifically designed to work with low temperature TEMs, which enables
the use of Pb-free modules and reduces the thermal stress of the device. A prototype is built and
tested at different regimes in an engine test bench. A numerical model of the ATEG is developed and
validated. The consequences of modifying (1) the exchange area between the heat absorber and the
exhaust gases and (2) the effective figure of merit of TEMs on the electrical output power and fuel
economy are investigated by means of simulations. Results indicate that the maximum fuel economy
(1.3%) is not attained at the point of maximum output power (228 W). In terms of fuel economy, the
back pressure at the exhaust penalizes high mass flow regimes. We use a dimensionless parameter to
analyze the potential of the ATEG for reducing fuel consumption.

Keywords: thermoelectric generator; ATEG; waste heat recovery; fuel economy

1. Introduction

Transport contributes to more than 20% of carbon dioxide (CO;) emissions worldwide [1].
In Europe, this contribution rises up to 27%, becoming the biggest source of carbon emissions and the
main cause of air pollution in cities [2]. Since road transport accounts for more than 70% of all transport
emissions, the European Union (EU) has defined green (i.e., low-emission) mobility as one of the main
challenges of our society [3]. The transition to a low-carbon mobility involves a strategy with several
priority actions. One of them is the development of more efficient vehicles that use internal combustion
engines (ICEs), since this technology is not expected to decline at mid-term in long-distance transport
with heavy-duty vehicles [4].

In ICEs, approximately 1/3 of the consumed primary energy is lost through the exhaust gases [5].
Several technologies aim to recover part of this waste heat to reduce fuel consumption. The most
promising ones are organic Rankine cycles (ORCs) and automotive thermoelectric generators (ATEGs) [6].

ATEGs are devices located at the exhaust pipe, and they consist of commercial thermoelectric
modules (TEMs) sandwiched between heat absorbers (in contact with exhaust gases) and heat sinks
(in contact either with air or with liquid coolant) with the purpose of maintaining a given temperature
difference or, equivalently, a heat flux, across them. TEMSs directly convert this heat into electricity.
The electrical energy generated is stored in batteries and shortens the time of alternator demand.
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As a consequence, the engine torque that is intended to drive the alternator reduces, and therefore,
fuel consumption diminishes.

On the other hand, the heat absorbers of the ATEG may be circular tubes [7], straight fins [8-11],
dimples [12], phase-change pipes [13], etc., and, to some extent, all of them increase the pressure
upstream of the exhaust pipe. This back pressure alters the regular functioning of the engine and
increases the fuel consumption. This effect may eventually counterbalance the energy savings
produced by electrical generation. However, many previous studies on ATEGs have focused only on
maximizing ATEG electrical output power, ignoring the effect of the back pressure, and consequently,
overestimating its performance.

Table 1 lists very recent experimental studies of ATEGs. The most common design employed
in ATEGs distributes commercial TEMs in a way where their hot side surfaces are in contact with
longitudinal (with respect to the flow direction) plates that contour the perimeter of the device
cross-section (rectangular [7,8,10,12-14], square [11] or hexagonal [9]). The main problem of this layout
is the high temperature that is achieved during a driving cycle, since hot gases at full load regimes may
exceed 500 °C. Since the maximum allowable hot side temperature in bismute telluride TEMs is on the
order of 250 °C, several authors have devised mechanisms to avoid damaging TEMs, which are mainly
focused on bypassing the ATEG [8,10]. Alternative designs may involve heat pipes [13], so TEMs can
be easily assembled without interfering with the exhaust manifold, or cylindrical non-commercial
TEMs mounted in a transversal plane inside the exhaust system [15].

Table 1. Exhaust gas temperature at automotive thermoelectric generators (ATEG) inlet T, ;, coolant
temperature at ATEG inlet T,.;, ATEG mass marpc, ATEG electrical output power Parpg, ATEG
backpressure Apy, and fuel economy F. due to the ATEG at the best performance point in recent
experimental studies.

X ATEG Ter Ter Heat maree Parec B Fe
Engine ! Design 2 ¥1EMs ["xé] (°Q) Absorber (kg) w) ?';af (%) Bsterynce
14 LSl 2PP 12 709 74 Circular tubes 7 111 3653 [71
HDV 2PP 224 80 Fins 416 [8]
20LsI HexS 18 611 80 Fins 99 2100 9]
16LSI 2PP 80 719 50 Fins 137 318 1:]1.* [10]
19LCI 455P 8 427 7 Radial fins 30 149 [11]
39LC 2PP 240 290 80 Fins/dims 200 618 1348 [12]
3.0LsI HP 8 350 30 Heat pipes 38 135 [13]
6.6 LClI 2PP 4 200 10 8 [14]
18LCI Radial 10 540 28 Fins 48 40 524* 0.0* Present

1g]= Spark ignition; CI = Compression ignition; HDV = heavy |:|1.|l),r vehicle (engine not specificd),' 2 2PP = two
parallel plates; 455P = four square section plates; HexS = hexagonal section; HP = heat pipes; * Data obtained from
numerical calculations.

Maximum values of fuel economy due to ATEGs are commonly not reported (see Table 1),
although values on the order of 1% have been estimated [10]. These are slightly lower values than those
claimed by using ORCs (up to 7% [16]), although back pressure and weight effects in real on-vehicle
tests may substantially reduce this figure, even leading to increments in fuel consumption [17].
In comparison with ORCs, ATEGs possess the advantages of being simpler, lighter, and more silent,
compact, and reliable [6].

Thus, the research in ATEGs is in constant development. Especially in recent years, when ongoing
research on new bulk thermoelectric materials has led to a continuous increase of the values of the
figure of merit (ZT) that determines the potential to convert heat into electricity. However, there still
exists a gap between the efficiency of these bulk materials and commercial TEMs, which are formed by
hundreds of p-type and n-type thermoelectric legs, electrically conductive junctions, and electrically
isolating plates [18]. TEMs also suffer from thermal stress due to the continuous exposure to low
and high temperature cycles [18]. This applies not only to each individual component of the TEM,
but also to the overall module because of the mismatch in the thermal expansion coefficient of the
materials used. Thus, in order to avoid TEM failure and to assure long-term mechanical stability, the
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temperature variations applied to the TEM should be minimized [19]. However, and in order (1) to
extract the maximum available heat of exhaust gases, and (2) to avoid not being overheated, some
previous ATEG designs use high temperature TEMs (nominal hot side temperature on the order of
500 °C) [7]. These high temperature TEMs often use Pb in the semiconductors, unable to be present in
commercial devices due to environmental reasons.

Thus, the purpose of the present paper aims to address the two issues regarding ATEGs that have
been stated above: (1) to develop a novel ATEG design able to work with low temperature Pb-free
commercial TEMs, and (2) to analyze the ATEG performance in terms of fuel consumption rather than
on electrical output power.

The design consists of a radial ATEG whose main novelty is that the TEMs are not faced towards
the exhaust pipe, but they are distributed in a transversal plane to the flow. This layout avoids the
overheating of TEMs in high engine load regimes without adding any mechanical part, and allows us
to use low-temperature TEMSs. This radial ATEG is explained in detail in Section 2, where we also carry
out an experimental study in an engine test bench. Section 3 describes and validates the numerical
model that is used to simulate the ATEG. Numerical simulations under different scenarios (changes
in TEMs performance and in fin dimensions of the heat absorbers) are analyzed in Section 4, which
also includes a discussion focused on the fuel economy. Finally, the main conclusions are found in
Section 5.

2. Experimental Analysis

2.1. Radial ATEG

The radial ATEG mounts five identical cooling-TEM-heat absorber units (see Figure 1). The core
of each unit is the heat absorber. It is made of a single block of copper with 15 precision machined fins
at one end (Figure 1a). These fins are 1 mm thick and 30 mm long. The fin height is 10 mm in all fins
except in fins #1 and #15 (5 mm high) and #2 and #14 (7.5 mm high), in order to avoid interferences
with neighbor units. The heat absorbers were custom made by a local machining company according
to our requirements. These copper units are inserted in a pentagonal pipe after applying a sealant at
its contact base (Figure 1b). The total system of five copper heat absorbers accounts for an exchange
surface area with the exhaust gases equal to A, = 418 cm?. Each one of the heat absorbers is milled to
0.5 mm depth in a 40 x 46 mm surface area in both upstream and downstream faces for housing low
temperature thermoelectric modules (H-199-14-06-L2, Crystal LTD [20]). Thermal grease was applied
at both hot and cold sides of the TEMs for improving the heat transfer. The cold side of each TEM was
in contact with a 40 x 40 mm BXQINLENX water heat sink. Two aluminum rings clamped together
the water heat sinks located at both opposite faces, finally exerting on the TEMs a pressure that was
equal to 0.9 MPa (Figure 1c).

Heat
absorbers

| individual water
heat sinks

Figure 1. (a) Copper heat absorber (note the milling to insert the thermocouple); (b) radial distribution
of the copper heat absorbers; (c) final assembly of the radial TEG including 5 heat absorbers,
10 individual water heat sinks and 10 TE modules (TEMs). For dimensions, see text.
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Due to water pump limitations, each row of five water heat sinks are hydraulically connected in
series. All 10 TEMs are electrically connected in series, since this connection is expected to produce
higher output power than either parallel or hybrid ones [21]. The total weight of the system, including
the 50 mm diameter pipes at both ATEG inlet and outlet, is only 4.8 kg. In addition, the system was
very compact, with an overall diameter of 20 cm (excluding water pipes) and a length of 20 cm.

In comparison with other ATEGs, this design has several advantages. First, all TEMs possess a
very similar temperature difference, since all of them absorb energy at the same point. Small differences
appear due to the hydraulic connection in series but, as will be observed next, these are of low relevance.
Thus, the external electrical load resistance can be tuned to match the optimum value that is valid for
all TEMs. Second, the use of high volume heat absorbers avoids the overheating of TEMs without using
any mechanical system. This allows us to use economic, free-Pb, low temperature TEMs. At the same
point, this implies a high heat capacity of the heat absorbers, preventing fast fluctuations from being
obtained in the output power as the regime changes in transient cycles. Finally, the radial distribution
facilitates the individual monitoring of TEMs and their removal in case of malfunction.

2.2. Experimental Set Up

The engine test bench uses a PSA XUD7 1.8 L diesel engine connected to a Schenck W130
dynamometer (Figure 2). Water initially at 19 °C from an external reservoir of 400 L capacity was
used for cooling the ATEG. The flow rate was 4.4 liters/minute per each row of five water heat
sinks that were hydraulically connected in series. In an ICE, the engine coolant temperature under
regular functioning is in the order of 80 °C. This implies that our testing conditions were equivalent to
include an independent cooling system for the ATEG in the case of being installed in a road vehicle.
This strategy may be more suitable than redesigning the engine cooling system (radiator and pump) in
order to operate with engine coolant, since the use of low temperature coolant for the heat sinks located
at TEMs cold side is expected to substantially increase the electrical output power [22]. As already
commented, the TEMs are electrically connected in series with a variable external load resistance.

Data from the dynamometer, ICE, and ATEG were simultaneously recorded. Exhaust gas
temperatures at the ATEG inlet and outlet, the cold and hot side temperatures of TEM #1 (at water
inlet) and #5 (at water outlet), the water temperatures at the ATEG inlet and outlet, and the ambient
temperature were acquired with type K thermocouples by a National Instruments (NI) Compact RIO
system with 9211 modules. In the electrical circuit, voltage and current were acquired by a NI Compact
RIO with 9215 and 9227 modules. These data were processed with LabVIEW software.

(a} | Data acquisition  gjactrical load (b)
| |s~.rstem resistance

Internal
combustion

;Nater tank &

Figure 2. (a) Schematic laboratory set up; (b) TEG installed at the exhaust pipe.

The treatment of the experimental uncertainty and the accuracy of the equipment used in the
experimental tests are described in detail in [21], where a similar laboratory layout was applied in the
study of an ATEG with a single TEM. As a summary, the total uncertainty was calculated from the
uncertainty of the data series ¢, recorded by the data acquisition system:

82



Chapter 3 : Power and Fuel Economy of a Radial Automotive Thermoelectric Generator:
Experimental and Numerical Studies

Energies 2018, 11, 2720 5of 21

o
€ds = £Zap2—=, 1)
a/f m
where z, /; is the confidence range, ¢ is the standard deviation and N is the number of samples, and
the uncertainty of the equipment ¢.4:

Y
Eeq = Z O
where Y corresponds to the indirect value, x refers to the direct measured value, and Ax is the accuracy
of the equipment in the measurement of the x value. Table 2 lists the main Ax values of our equipment.

Ax, @)

Table 2. Accuracy of the experimental equipment.

Equipment Accuracy Reference

Current (N19227) +(169.7 mA + 5% of reading) [23]
Voltage (NI 9215) +(85.3 mV + 1.05% of reading) [23]
Temperature (N19211) +0.6°C [23]
Type K thermocouple +15°C [24]
Sensus 405 S water meter +0.05L [25]

Manometer + 10 Pa

Calibrated volume cylinder + 10 cm?

Thus, the total uncertainty of data g1, follows:
Erotal = 5(21',- ok E%q . (3)

2.3. Experimental Cases

Eight different engine operating points were tested (see Figure 3). These points cover a broad
working zone. Points 1 to 3 corresponded to scenarios at three different loads at a turning velocity
equal to 1500 rpm; points 4 to 6 at a turning velocity of 2000 rpm, and points 7 and 8 at a turning
velocity of 2500 rpm. Note that the exhaust mass flow rate was almost constant in points with equal
turning velocity (see Table 3). In terms of load, almost no-load conditions were applied in points 1
and 4. An intermediate load were applied in points 2, 5 and 7, and a heavy load in points 3, 6 and 8.
The temperature of the exhaust gases at the ATEG inlet was basically a function of the load applied to
the engine. For each one of the eight different regimes, the external electrical resistance was tuned to
achieve the maximum output power.

Table 3. Experimental data of torque, exhaust gas mass flow rate i, temperature of the exhaust gas at

ATEG inlet T ;, temperature of water coolant at ATEG inlet T, ;, and ambient temperature T,

Case Regime (rpm)  Torque (N m) titg (g/s) Tgp (°C) Te1 (°C) Tt (°C)
1 1500 214+ 0.1 241 +06 1585 + 1.6 191+ 1.6 200+ 1.6
2 1500 50.0 £ 0.1 240+ 0.6 259.7 £ 1.6 202+ 1.6 209 + 1.6
3 1500 79.1 £ 0.1 241 +0.7 4548 + 1.6 203+ 1.6 234+ 1.6
4 2200 144 £ 0.1 345+04 1595+ 1.6 218£16 246 £ 1.6
5 2200 450+ 0.1 342+ 05 2829+ 1.6 222+ 1.6 255+ 1.6
6 2200 723 +0.1 341 +0.7 5105+ 1.6 229+ 1.6 276 + 1.6
7 2700 433 +01 447 £ 04 285.8 + 1.6 251+ 1.6 277 £ 1.6
8 2700 762+ 0.1 448 £0.7 539.1 £ 1.6 248+ 1.6 294+ 1.6
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Figure 3. Exhaust gas temperature at ATEG inlet as a function of the exhaust mass flow rate for the
eight experimental points analyzed.

3. Numerical Model

3.1. Simulation Set Up

A numerical model is developed in order to provide results when some of the design parameters
of the radial ATEG are changed. The simulation technique reduced costs and time in the analysis
of alternative designs, and it allowed us to carry out sensitivity studies to variations in the main
properties of the ATEG elements. The commercial computational fluid dynamics (CFD) software
ANSYS-CFX® was used, since it has the capability to correctly simulate the heat transfer between
fluid flows and solid parts. Several researchers have applied this software to successfully predict heat
transfer problems involving both fluid and solids (e.g., [26]).

The computational domain consisted of one-fifth of the whole radial ATEG, since it takes
advantage of radial symmetry conditions (Figure 4). Six solids and two fluids were involved in
the simulation. For the sake of simplicity, Figure 4a shows the solid elements only, namely: the heat
absorber (copper), pipe (steel), seal (aluminum), two identical heat sinks (aluminum), two identical
rings (aluminum), and two TEMs. The fluids were liquid water that flowed in the heat sinks and
air (ideal gas law) that simulated the exhaust gases. The latter approximation is common in studies
of ATEGs (e.g., [27]), since it is known to produce small discrepancies in comparison with the real
exhaust flow behavior. A schematic drawing of the main heat flow path is shown in Figure 4b, where
we included both the conduction and convection processes.

The actual radial ATEG tested in the engine bench did not strictly possess a radial symmetry, since
rows of five water heat sinks (all upstream and all downstream ones) were connected in series due to
water pump limitations. However, the experimental values of both hot and cold side temperatures
at the first and last (#5) TEMs were very similar (see Section 3.2), which confirmed the validity of
simulating one-fifth of the entire device only. On the other hand, the longitudinal dimension of
the domain was chosen so as to reproduce the experimental ATEG from the position of the inlet
temperature sensor to the position of the outlet temperature sensor (Figures 1 and 2). Simulations
with a pipe that was 50 mm longer at the exit have been also carried out. In the latter model, hot and
cold side TEM temperatures and pressure changes across the ATEG differed less than 0.7% and 0.3%,
respectively, in comparison with the results of the reference case. Therefore, the conclusions were
expected to be independent of the simulation domain.
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Figure 4. (a) Visualization of the domain applied in the simulations (solid parts only); (b) schematic
drawing of the heat flow path.
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The mesh was created with ANSYS-Meshing®. Quadrilaterals with 1 mm maximum length were
used to mesh the heat absorber, rings, and seal. TEMs were meshed with quadrilaterals of 0.5 mm
maximum length. Tetrahedrons were used to mesh complex geometries such as the pipe (1 mm
maximum length) and, especially, the heat sinks (0.6 mm maximum length), since they contained five
small inner passages. Fluids were also meshed with tetrahedrons of 0.5 mm maximum length for
water, and of 0.7 mm maximum length for the exhaust gas. In the latter case, a refiner mesh near the
fins of the heat absorber was defined (0.2 mm maximum length). Four layers of prisms were created in
contact with the solid surface (Figure 5). A total number of 8.8 x 10° elements were needed to mesh
all the domains, with 6.5 x 10° elements dedicated to the gas subdomain. The maximum skewness
and aspect ratio values were 0.89 and 23.3, respectively. This was equivalent to 44 x 10° elements for
the entire ATEG device. Several coarser meshes were also simulated to evaluate the sensitivity of the
results to changes in the mesh, as explained in Section 3.2. The finer mesh provided a wall-normal
resolution y+ less than 5 (<15 for the coarser mesh), which agreed with the criterion employed in [12].

gas outlet

=>

gas inlet

=

Figure 5. Mesh and non-wall boundaries with a different color scheme than in Figure 4 for a better
visualization. (a) Frontal view; (b) longitudinal view.

Boundary conditions fixed the values of mass flow and temperature at both gas and water
inlet surfaces. These values corresponded to the experimental data obtained in the previous section.
Constant pressure was set at both the water and gas outlets. All other boundaries were defined
as either symmetrical or smooth walls. Heat transfer was allowed in all surfaces (see Figure 4b).
Contact thermal resistances R. were added between the heat absorber and the TEM hot side, and
between the TEM cold side and the heat sink. A constant value of R; = 10~* m? K W~! was assumed,
since it was representative of solid/solid interfaces [28] and similar values have satisfactorily been
used in other studies of ATEGs [7]. Convection to the ambient air was allowed in all bodies, using
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a convective heat transfer coefficient for natural convection h. = 2 W m~2 K~! [28]. The effect of
including radiative fluxes in the simulation was analyzed, and it produces modifications in hot and
cold side TEM temperatures less than 1%. Therefore, radiation was ignored since it substantially
slowed down the calculation time and its inclusion did not alter the main conclusions of our research.

Heat transfer by conduction uses the thermal conductivity of solid and fluid elements. Here,
each one of the TEMs was included as a single solid, so that effective thermal and electrical properties
for the whole module were used. The effective thermal conductivity of the whole TEM was used in
order to correctly capture the thermal behavior of the ATEG in the simulation process. The effective
thermoelectric properties of the whole TEM (essentially the effective Seebeck coefficient) were not
included in the simulations. This property was used in the analytical calculation of the maximum
output power that the ATEG design could provide. This is a common strategy that is adopted to
numerically analyze the behavior of large scale ATEGs [11,12,21]. Note that each individual TEM is
formed by hundredths of p-type and n-type semiconductors that are connected in series with small
sheets of copper that act as junctions of two dissimilar thermoelements and that are packed with two
electrically isolating ceramic plates. The simulation of a single TEM taking into account all of these
components would involve domains with characteristic sizes that differ in more than three orders of
magnitude, and therefore, it would require very high computational resources.

Here, the effective thermal conductivity of the whole TEM k,, has been extracted by using the
manufacturer’s datasheet of output power that is generated at a matched electrical load, expressing it
as a function of temperature differences at both hot T, and cold T sides of the TEM (AT = T, — T¢),
being ke, = —1.455 x 1074AT? + 0.0674AT + 0.0269.

Both exhaust gases and cooling water flow regimes are turbulent. The RNG k-¢ turbulence model
with 10% turbulence intensity at the inlet of exhaust gases and 5% turbulence intensity at water inlets
has been adopted. High resolution schemes for both advection and turbulence are chosen, with a
convergence criterion of RMS residuals of less than 1075

The previous set up of the CFD model simulates heat transfer and flow behaviors only. Electrical
output power Purig of the ATEG is calculated by assuming optimum conditions:

a.2AT?
Parec = n iR, 4)

where 1 (=10) is the number of TEMs, a, is the effective Seebeck coefficient, and R; corresponds to the
electrical load resistance that, per unit TEM, maximizes the output power. In Equation (4), we implicitly
assume small variations among the AT measured in each individual TEM, since they are thermally
connected in parallel. Due to the series connection of the water cooling system in the experimental
study, there exist some deviations in the individual values of AT, although these are smaller than 5%
for all regimes. On the other hand, the effective Seebeck coefficient &, employed in the calculation
of the output power is chosen to match the experimental value determined from Equation (4). Thus,
measured TEM hot and cold side temperature differences AT, electrical load resistance R;, and output
power P from the eight experimental cases detailed in Table 3 when substituted into Equation (4)
provide values of the effective Seebeck coefficient. The mean value of these experimentally found
effective Seebeck coefficients is a, = 0.052 V K~! with a standard deviation equal to 0.003 V K.
The conversion of simulated AT into the power generated by the ATEG applies Equation (4) with
a TEM-effective Seebeck coefficient that is equal to the mean value experimentally estimated from
laboratory data (x, = 0.052V K1) and an internal resistance per TEM that is equal to the value at
nominal conditions indicated by the manufacturer (R; = 1.86 (). This value agrees with the average
external resistance Reyp (divided by the number of TEMs of the ATEG) that is experimentally obtained
when it is tuned to achieve the maximum output power in the engine bench (the average value for
all eight experimental cases is Rexp = 1.96 () with a standard deviation of 0.20 ). Indeed, both the
effective Seebeck coefficient and the TEM internal resistance are slightly temperature-dependent within
the temperature range that is observed in cases 1 to 8. However, we applied constant values of «, and
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R; in Equation (4), since these temperature dependences were not provided by the manufacturer, and
as in other studies with similar temperature ranges, they are expected to have little effect on the results
(see, e.g., [12]). In our comparative analyses, this assumption did not invalidate the conclusions.

3.2. Model Validation

Experimental points 1 to 9 (Figure 3) were simulated with a set up that applies the boundary
conditions detailed in Table 3. For fluids flows, the output results to compare with laboratory data were
temperatures of exhaust gases at the ATEG outlet (T;,,) and of the water coolant at the ATEG outlet
(Tw,0). Since we studied one-fifth of the radial ATEG, the simulated value of Ty, was multiplied by five
in order to properly perform the comparison with measurements. For the solid bodies, temperatures
predicted at both TEMs hot (T}) and cold (T.) sides were compared with the experimental data
(Figure 6).

From Figure 6, we observed that temperatures of both water and exhaust gases were very well
reproduced by the model. It was very remarkable that the agreement of these temperatures was
reached under very different engine operating points (ranging from low rpm at almost no load to high
rpm and very high loads). On the other hand, hot and cold side TEM temperatures were also very
well predicted in most of the cases.

36 T T T T T T T T T T — 600

a ——— b
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Figure 6. Experimental and simulated temperatures of (a) water at the ATEG outlet; (b) exhaust gas at
the ATEG outlet; (c) cold side TEM and (d) hot side TEM for the regimes shown in Table 3.

Figure 7 compares the electrical output parameters calculated from simulations with those
obtained experimentally. Note that the voltage and current obtained from the numerical model
correctly reproduced the laboratory data, with a maximum in voltage and current for Case 8.
This corresponds to the point with maximum turning velocity and engine load (Table 3), implying a
very high temperature of the exhaust gases (Figure 6). In this case, the experimental output power
obtained was 40 W at a TEM hot side temperature equal to 158 °C, and at TEM cold side temperature
46 °C. These temperature conditions almost coincided with the optimum performance point exposed
in the manufacturer’s datasheet (T), = 150 °C, AT = 100 °C), from which an output power production
of 10.9 W per module was expected at the matched resistance load. However, the laboratory data
produced 4 W per module only. The reason for such a discrepancy on the TEMs performance could
not be attributed to a mismatch in the working conditions of the modules, since TEM #1 (located at
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coolant inlet) is at Tj, = 160 °C and AT = 115 °C and TEM #5 (located at coolant outlet) is at T}, = 155 °C
and AT =108 °C. The small difference in the TEM working conditions could not be responsible for
reducing the expected power by more than half. In addition, the external resistance was tuned to reach
the maximum output power during each stationary regime. The difference may be a consequence of
the clamping force that was set to be equal to 1500 N per module, equivalent to a pressure of 0.9 MPa.
This conservative value was chosen in order to prevent cracks in the module, especially in the zone that
was free of semiconductor pellets where the electrical wires were soldered. This was observed to be the
most fragile region of the TEM, since the inlet and outlet hoses of the individual water cooling pressed
on it once we had assembled the ATEG. At higher loads (2000 N, as recommended in 40 x 40 mm
TEMs by some manufacturers), some of the TEMs cracked and they had to be replaced, and the ATEG
reassembled with a more conservative clamping load. However, this did not affect the validation
procedure, since numerical calculations of the output power applied an effective Seebeck coefficient
that was extracted from the experimental data.

We also carried out a grid independence study. The results shown here corresponded to the finer
mesh (8.8 x 10° elements). However, simulations with coarser grids (6.4 x 10°,5.1 x 10°, 4.2 x 109,
and 3.7 x 10° elements) have been obtained. This has allowed us to calculate the Grid Convergence
Index GClp,ep; for the main variables in the system by applying the methodology detailed in [29]. In a
numerical simulation of fluid flows, the GClfinep; index is accepted as an indicator of the discretization
error. The mesh independency study gave: GClgpez = 2.7% (order p = 0.4) for T}, GClgper = 6.7%
(order p = 1.0) for Tc, and GClgnep = 1.2% (order p = 3.4) for Apap.

From the above, and since the output power simulated for all cases agreed with laboratory data
within the uncertainty range of the experiment (Figure 7), we accepted that the model was suitable to
carry out comparative analyses of the ATEG performance when some of its design parameters were
changed, as in Section 4.
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Figure 7. Experimental and simulated values of (a) ATEG voltage; (b) ATEG current; and (c) ATEG
output power for the regimes shown in Table 3.

4. Results and Discussion

The continuous research for developing ATEGs faces two challenging tasks: (1) the design of
heat exchangers that increase the heat transfer without penalizing the fuel consumption, and (2) the
improvement of the heat-to—electricity conversion rate of thermoelectric materials. Here, we analyzed
the effects of modifying both the heat exchanger and the efficiency of the thermoelectric modules.
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Each one of the five heat absorbers that form the ATEG tested in the engine bench used straight
fins that were 1 mm wide with a total surface area Ay,o = 418 cm? (Figure 1). In the present comparative
analysis, we increased the surface area of the heat absorber by increasing the height of the fins while
maintaining the width (=1 mm) and the fin-to-fin distance (=1 mm). Figure 8 shows the four cases
analyzed that correspond to heat absorbers with an effective increase in the surface area of the heat
absorber equal to 20%, 40%, and 60% with respect to Ay o.

On the other hand, the effective figure of merit ZT, of the TEM module was calculated with the
following equation:

_ &’T
" peke !

ZT, ®)
where T is the average temperature of Tj, and T, and pe is the TEM-effective electrical resistivity, with
all previous data calculated at nominal conditions. Following the manufacturer’s datasheet, at nominal
conditions, T = 373.15 K, pe = 0.902 Om, ke = 5.33 WK ! m~! and a, = 0.090 V K. This gives a value
of the effective figure of merit ZT, = 0.63. However, under laboratory conditions, the actual effective
Seebeck coefficient is a, = 0.052 V K1, as already discussed at the end of Section 3.1. In this case, the
effective figure of merit of the TEMs, once installed in our ATEG, was ZT, = 0.21 only, being three
times smaller than the expected value. Since we applied the effective value of the Seebeck coefficient
extracted from the laboratory data in order to convert heat into electricity, the power generated was
also three times lower than expected.

a__
5 ”
254
2.5

b__
5.5 ”
25} 3
3 2.5
1.5

Figure 8. Fin geometries of heat absorbers simulated. (a) Dimensions of the original case tested and
validated in Section 3 (ATEG total heat exchanger surface area Ay = A, = 418 cm?); (b) Ay = 1.2A40;
(c) Ay = 1.4A4; (d) Ay = 1.6A, 5. Fin thickness: 1 mm. Fin-to-fin distance: 1 mm. Fin length = 30 mm.
Dimensions in mm.

In the following subsections, a comparative analysis of the effect of using different heat absorbers
on the electrical power output, as well as on the fuel economy, was carried out by means of the
numerical model.

4.1. Electrical Power Output

Temperature differences between both the hot and cold sides of the TEM obtained when using
heat absorbers with different total surface areas for each one of the cases studied in Figure 3 are shown
in Figure 9. The average increase in AT = T}, — T, with respect to the reference design (heat absorber
with total surface area equal to At o) was 11%, 22%, and 33% when increasing the total fin surface area
by 20%, 40%, and 60%, respectively. The maximum increase in AT is observed in case 3, being 13%,
25%, and 37% corresponding to heat absorbers with 20%, 40%, and 60% more total fin surface area
than that of the reference design. In general, the increase in the total surface area of the heat exchange
zone with the exhaust gases favored the raise of AT in those engine regimes with low mass flow rates
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(cases 1, 2, and 3 in Figure 3). In comparison, the gain in AT at high regimes (e.g., cases 7 and 8) was
proportionally, not as pronounced.

Figure 10 shows the temperature variations that occurred in the heat absorber when changing
the fin dimensions in case 8. The ATEG with heat absorbers with very high fins (Figure 10b) almost
completely blocked the incoming flow that was forced to go through the fin exchanger. This substantially
increased the temperature of the fins in comparison with the design tested in Section 2 (Figure 10a).
Under the same incoming flow, temperatures may be higher than 100 °C of those found in the original
design. This finally led to an increase in the temperature of the body of the heat absorber, and hence,
a greater AT of the TEM. Note that simulations clearly predicted a reduction of the heat absorber
temperature from fins to the body, and even there, the temperature decays as it approaches the outer
rings. This was a consequence of heat losses to the ambient surroundings, as well as to the heat flow
through the different solid elements until reaching the water heat sinks located at the cold side of the
TEMs. Note that although fin temperature was clearly higher in the upstream region, the high thermal
conductivity of copper led to almost equal average temperatures in the hot side faces of both upstream
and downstream TEMs (variations of less than 0.5 °C).
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Figure 9. Temperature differences at both hot and cold sides of the TEM for the cases shown in Figure 3
when using heat absorbers with different total surface area Ay. Numerical results.
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Figure 10. Temperature of the heat absorber (body and fins in different color scales for clarity) for
case 8, with a total fin surface area equal to (a) Ay, (=418 cm? for the whole ATEG) and (b) 1.6A0.
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The maximum electrical output power Pargc per each case of Figure 9 is depicted in Figure 11.
Since P47rc is proportional to AT?, the average increase in P g7 with reference to the initial design
tested in the engine bench (Section 2) was 23%, 49%, and 75% when the total fin surface area of the
absorber increased by 20%, 40%, and 60%, respectively. In case 8, the maximum output power for
the 1.6A, heat absorber type reached 76 W, in comparison with the 46 W obtained with the Ao
case. In case of using the modules with ZTe = 0.63, the output power would rise up to 228 W and
138 W, respectively.
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Figure 11. Electrical output power for the cases shown in Figure 3 when using heat absorbers with
different total surface area Ay. Numerical results.

The efficiency nrepm of the heat to electricity conversion can be calculated from the electrical
output power of a single TEM Prgy (=Patec/10) and the heat flow through its hot side Qj:

nrem (%) = 1002TEM (6)
Qh
Under engine operating conditions equal to case 1, the heat flow of the original design is
Qy, = 34.5 W, leading to a TEM efficiency of 57y = 1.3%. This value increases up to 1j7ppm = 1.9% under
conditions of case 8 (Figure 10a), where the heat flow increases up to Qj, = 242 W. The modification
of the heat absorber including higher fins, did not substantially increase the TEM efficiency. In the
1.6A 0 total surface area design, and for cases 1 and 8 (Figure 10b), the heat flow was Q;, = 58 W and
Qy, = 377 W, respectively, increasing the efficiency by only 0.1%, in comparison with the original design.
Thus, a maximum of i1epm = 2.0% was obtained, which was slightly below the values claimed by other
authors in the study of ATEGs (on the order of 2.6% [9,13]). An increase in the ZT, value up to 0.63,
according with our TEMs datasheet, would imply TEM efficiencies on the order of 6.0% maximum.
The reduction of the available cross-sectional area for the exhaust flow implied an increase in the
energy losses along the exhaust pipe. This phenomenon was equivalent to enhancing the value of the
required pressure upstream the pipe in order to properly drive the flow to the exit (at atmospheric
pressure). We defined the back pressure Apyy as the pressure change between both the inlet and
outlet cross-sections of the ATEG. An increase in the back pressure may have adverse consequences
on the regular functioning of the engine, leading to an increase in the fuel consumption. Therefore,
not only output power, but also back pressure values are worthy of investigation when developing
ATEG designs.
Figure 12 shows the value of the back pressure Apy, for all of the eight cases tested in the laboratory.
As expected, &.Dl’p increased as a function of the mass flow rate in those cases with almost equal gas
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inlet temperatures. On the other hand, Apy, increased as a function of the gas inlet temperature when
the mass flow rate was kept constant. The effect of enlarging the total surface area of fins A; of the
heat absorber dramatically increased the energy losses. An average of a 45%, 108%, and 192% increase
in Apy, with respect to the At case was observed for those designs with At = 1.2 Ay, 1.4 At and
1.6A, respectively.
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Figure 12. Back pressure Apy, of those cases analyzed in Figure 11. Numerical results.

It is very remarkable that, for a fixed exhaust gas temperature, the electrical output power could be
directly related with the back pressure values for any of the designs proposed (Figure 13). This general
behavior of our radial design would allow us to predict the output power once the value of the energy
losses through the exhaust was estimated. This would be a very fast method to assess the potential
of electrical generation of the ATEG without the need to carry out either complex simulations or
experimental tests. We point out that a similar behavior has been recently observed in an ATEG with
circular tubes as heat absorbers [30], being used for developing an analytical method to calculate the
fuel economy.
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Figure 13. Electrical output power as a function of the back pressure for all cases analyzed. Numerical results.
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Power production may be enhanced by adding another radial ATEG in series configuration.
We numerically analyzed this case under conditions of case 8 with the original configuration of the heat
absorber. Since the temperature of the exhaust gases at the output of the first radial ATEG decreased,
the power of the second radial ATEG reached only 27 W, in comparison with the 46 W obtained in the
upstream one. Therefore, the strategy of adding more and more TEMs in an ATEG with the purpose of
increasing the output power may clearly fail, since the geometrical distribution of TEMs to maximize
the available waste heat is a key factor of the ATEG performance [21].

4.2. Fuel Economy

The electrical output power generated by an ATEG is useful information for deciding whether or
not the design has the potential to supply a reasonable amount of power to the vehicle. Nevertheless,
it is worth mentioning that the ultimate goal of an ATEG is to reduce the fuel consumption rather to
maximize power. Previous experimental studies on ATEGs provide data of electrical output power,
since it is a straightforward measure. However, very few evaluate the implications on the fuel
consumption. This is due to the fact that the conversion of power output to fuel savings is a very
complex task where a myriad of factors may be relevant.

Here, we numerically estimate the impact of the ATEG on fuel consumption following the
methodology developed by Karri et al. [31]. For simplicity, we account for only two terms, the
contribution to the fuel economy due to (1), the power generated by the ATEG (F, a1gc), and (2) the
power required to overcome the back pressure that is generated by the ATEG (F, pp):

Fo atec(%) = ]ODW’_CI!JJ ', ATEG » (7)
g Fe
V. Apy
B (%) = —100—""Piﬁ ) ®)

where 1ypcy (=0.84 [30]) is the efficiency of the power converter unit (PCU), which is a direct-current
to direct-current converter to match the output voltage of the electrical generator of the vehicle, i
(=0.5 [30]) is the efficiency of the mechanical to electrical conversion of the electrical generator of the
vehicle, P, is the engine shaft power (equal to the torque multiplied by the turning velocity of Table 3,
and assumed not to vary for each single case when using different ATEG designs), P, arec is the net
power produced by the ATEG (ATEG generation minus the power required for pumping the water
in the ATEG cooling system), and Vx is the volumetric flow rate of exhaust gases. Note that F, gpp
is a negative contribution to fuel economy, as expected. The value of P, a1g¢ is here calculated as
Py,atec = Parec — Puwp where Py is the power that is required by the water pump installed at the
cooling system of the ATEG (see Figure 2a). In our experiment, we used a large reservoir for the
cooling system so that the pumping power that was required simply reduced to the value needed to
drive the water through water pipes and heat sinks. CFD simulations gave a pressure loss that was
equal to 3.1 kPa (pressure difference between the exit and the inlet of the water heat sink). Since we
have five heat sinks in a series configuration, and a constant volumetric flow rate of 4.4 liters/minute
for all cases, the pumping power would be on the order of 1.2 W only. To this value, we must add the
pumping power that is required to drive water through the cooling lines of the ATEG. For all cases, we
have assumed a conservative value of P,p = 10 W, which agrees with the coolant pumping power that
is proposed in [31] for a similar flow rate.
Thus, the fuel economy F, is calculated as:

Fe = Fatec + Fepp - 9)

We stress that Equation (9) gives the maximum possible value of fuel economy assigned to the
ATEG device, since P, aTEc, as calculated in Equation (4), corresponds to the maximum power value,
and Equation (9) neglects any additional terms that tend to reduce the fuel economy, such as the
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increase of power that is needed to transport the ATEG weight. The latter contribution was neglected,
since it required the speed of the vehicle, and since our test was on an engine bench, this velocity
should be estimated with the transmission ratio, axle ratio, tire diameter, transmission efficiency, etc.,
which are data from components that were not available in our laboratory. All in all, the F. value here
calculated must be understood as the maximum possible value of fuel economy that was achieved
with our ATEG design.

Figure 14 shows F, for all of the cases previously analyzed using TEMs with an effective figure of
merit ZT, = 0.21 or ZT, = 0.63. Cases with ZT, = 0.21 and total fin surface area Ay = Ay correspond
to the laboratory conditions described in Section 2. In these cases, only three of the eight regimes
provided fuel savings. However, these fuel economy values were so small that we could conclude that
the original ATEG design did not contribute to improving the engine fuel consumption.
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Figure 14. Fuel economy for those cases analyzed in Figure 11 using TEMs with an effective figure of
merit (a) ZT, = 0.21 and (b) ZT, = 0.63. Numerical results.

When increasing the total fin surface area, the back pressure effect was more adverse than in the
base case. Thus, although electrical power increased, the overall contribution led to an increase of the
fuel consumption for the 1.6A, case, especially at high engine regimes and high engine loads. At low
regimes, since the back pressure was not excessive, the 1.6A, o case gave slightly better results than the
Apo case. In view of the fuel economy results, the overall conclusion was that the radial ATEG designs
here proposed when using TEMs with ZT, = 0.21 were not feasible.

However, the improvement of the thermoelectric properties of the TEMs up to ZT, = 0.63 values
under the same thermal properties as in those modules initially used, allowed positive fuel savings
to be reached under all conditions (Figure 14b). The maximum fuel economy was achieved at
intermediates regimes, since the high value of the back pressure strongly penalized the outcome
under high regime conditions.

Results from Figure 14 confirmed that the condition of maximum fuel savings did not coincide
with the maximum electrical output power. Therefore, studies on ATEGs should focus on how
to improve fuel consumption, and not only on maximizing generated power. Besides power, key
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information such as back pressure values and, in non-stationary engines, the ATEG mass value, should
be provided to estimate the impact of the ATEG on fuel economy.

In Figure 13, we clearly identified a common trend of generated power as a function of back
pressure in the form Parpc = a + bﬁpbf, -+ cApﬁp, with a, b and ¢ constants for a fixed value of the
exhaust gas temperature at ATEG inlet. In terms of fuel economy, this unique dependency with
the back pressure was not observed, as it can be seen in Figure 15. In this figure, different hatched
areas correspond to cases with different exhaust gas temperatures at ATEG inlet. From Equations (7)
and (8), fuel economy not only depends on Apy,, but also on the volumetric flow rate of exhaust gases
Vg and on the engine shaft power P.. Both terms cannot be expressed as a function of Apy, only.
Thus, F./100 = d(ﬂ + bApl,p + Cﬁpﬁp - Pﬂ_.p) P‘._l - V‘qﬁp{,pﬂ,‘l with d a constant. At low values of
the figure of merit of the TEMs, the energy production was low, and in most of the cases, the dominant
term was the negative contribution of the back pressure. As ZT, increased, the power generation term
eventually led to positive fuel savings, reaching a maximum at intermediate back pressure conditions.

0.4 , , l . .
| (a)ZT, = 0.21
02+ TR ]
= O"'&/f/d'/ ' N N 1
o 02F &l 5 RN \V i
04t Qﬂg : Z AR
06} - | 777AT,~280°C |
v LLLLIT, ~160°C

[ (b)ZT, =063

0.0.

0 300 600 900 1200 1500 1800
Ap, (Pa)

Figure 15. Fuel economy as a function of the back pressure for all cases when using TEMs with an
effective figure of merit (a) ZT, = 0.21 and (b) ZT, = 0.63. Numerical results.

At low engine load regimes (exhaust gas temperature at ATEG inlet on the order of 160 °C), the
output power generated (with ZT, = 0.21) was even lower than that required for pumping water in the
ATEG cooling system. As a consequence, P, orgg was negative (Figure 16). This led to an increase of
the fuel consumption of almost 0.7% in the design that had a total fin surface area At = 1.6 Ay, since in
this case, there was also a high penalization due to the back pressure value. The latter played a key
role in the determination of fuel consumption, since even with ZT, = 0.63 (Figure 16b), the maximum
fuel saving did not coincide with the maximum net output power, except for the original design due
to the comparatively low Apy, values reached.
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Figure 16. Fuel economy as a function of net ATEG power production for all cases when using TEMs
with an effective figure of merit (a) ZT, = 0.21 and (b) ZT, = 0.63. Numerical results.

ATEG designs able to generate the same output power but at lower engine loads substantially
improved the fuel savings. When the figure of merit increased, the TEM power production enhanced,
and larger differences of performance between designs were observed. For ZT, = 0.63, the maximum
degree of fuel savings was equal to 1.3% at intermediate regimes and high load, whereas the maximum
power was equal to 228 W at the highest engine regime and load in both cases for the ATEG design
with the greatest surface area of the heat absorber-gas exchange (d in Figure 8). However this layout
was the worst one at high engine regimes, in terms of fuel efficiency, when the TEM's effective figure
of merit ZT, = 0.21.

It would be of interest to have a simple rule-of-thumb to determine whether or not an ATEG
design is feasible in terms of fuel consumption. From Equation (9), the ratio Foarec/Fepp =
Py atec/ (VgAp;,P), since pcy /G is on the order of 1. Thus, positive fuel savings are expected
when F, atec/Fe,pp > 1 or, equivalently, P, atec/( Vgﬁ Ppp) > 1, as it is shown in Figure 17. The relevant
point is that optimum conditions in terms of fuel economy are reached at intermediate values of
Py aTEG/ (VRAPbp) (from 2 to 4 depending on the radial ATEG design). Note that points with maximum
Py atec/ (‘D’R&pbp) values correspond to those of the lower regime (1500 rpm), since VgApbP takes low

values. However, the reduction in fuel consumption when P, arec/ (Vgﬂ pbP) >>1 is not very high,
since the electrical output power in these points is very modest.
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Figure 17. Fuel economy as a function of the net output power to exhaust gas flow power ratio for all
cases analyzed. Small symbols: ZT, = 0.21. Large symbols. ZT, = 0.63. Numerical results.

5. Conclusions

We have designed a new type of ATEG with the purpose of using economic, lead-free,
low-temperature commercial TEMs without adding any complex mechanical systems to regulate
the flow of exhaust gases. A novel radial ATEG with 10 commercial TEMs has been built and tested in
an engine bench under eight different engine operating conditions.

A numerical model based on commercial software ANSYS-CEX® has been developed, coupling
fluid flows (exhaust gases and water cooling system) and solid bodies in the study of the heat transfer.
This model has been validated with the experimental data obtained in the laboratory.

Several ATEG designs with different total surface area of exchange with the exhaust gases have
been simulated. In addition, the effect of increasing the conversion rate of heat into electricity of the
commercial modules has also been investigated. For all scenarios, values of electrical output power
and fuel savings have been reported. Fuel savings values correspond to maximum figures due to the
assumptions done in our calculations.

From our findings, we conclude that the electrical output power can be expressed as a parabolic
function of the ATEG back pressure when working in conditions of equal exhaust gas temperature
at the ATEG inlet. The maximum output power is reached at the highest engine regime with the
highest engine load, since it implies conditions of maximum exhaust gas mass flow rate and exhaust
gas temperature. However, even in these conditions, the temperature reached at the hot side of the
TEM does not exceed its maximum operating temperature (200 °C), which assures the integrity of the
system, even in the most demanding working regimes.

Results confirm that back pressure severely affects the fuel savings. This implies that the point
of maximum electrical output power does not always coincide with that of maximum fuel economy.
In our study, the maximum fuel economy for an effective figure of merit equal to that found in the
experimental test, is reached at high engine loads but at low engine regimes. In addition, the strategy
to increase the total surface area of the heat exchanger in contact with the exhaust gases may be
counterproductive in some engine regimes, since the fuel consumption may greatly increase due to the
increment in the back pressure. Thus, analyses of ATEGs should include not only studies on electrical
output power, but also on fuel economy.

For a given ATEG configuration, there exists a threshold value of the effective figure of merit ZT,,
beyond which all the regimes analyzed produce positive fuel savings. In our designs, a value of ZT, =
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0.63 leads to a maximum reduction of fuel consumption of 1.3%, with an efficiency of TEM energy
conversion that is equal to 6%.
Finally, we propose the dimensionless expression P, atec/(VgApsp) as a simple parameter to

determine the feasibility of the ATEG design. Only those cases with P, srgc/ (I;’S,A Pup) > 1 may be of
interest in terms of fuel consumption. In our radial ATEG, maximum efficiency values are achieved
when Py, arec/( i;’gApbp) ranges from 2 to 4. Although other types of ATEG designs may have their
own maximum ranges, the P, atec/ (Vg.flpbp) > 1 criterion still holds.
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HIGHLIGHTS
® An thermoelectric generator (ATEG) is built and tested experimentally.
o A method to predict the ATEG fuel economy is validated.
® ATEG backy power g weight and coolant pumping power are considered.
# The maximum fuel economy point does not coincide with the ATEG maximum power genertion.
ARTICLE INFO ABSTRACT
Keywords: A iveth lectric g (ATEG) have become a promising technology for exhaust heat recovering
Thermoelectric generator in vehicles. Many models and prototypes have been developed and validated with very encouraging results. Most
TEG of them have been analyzed in both steady-state and transient conditions in engine test benches, However, only
Fuel i very few have been tested on a real vehicle while injecting the power generated by the ATEG to the electrical
?:0:":“'" engine exhaust waste heat system. The first part of this work deals with a real test of a new concept of ATEG in a mid-size vehicle under
ATEC g different steady-state engine regimes. The second part, which goes beyond the state-of-the-art of ATEGs, is
focused on the validation of a new mathematical method for predicting the expected fuel economy.
The ATEG presented allows for saving up to 1.08% of fuel and CO, emissions. In addition, the results show
that the model enables the estimation of the ATEG savings accurately, with an average error of 11.27%. This
data represents the accomplishment of the main objective of this paper providing original and unique data, and a
useful tool for ATEG designers.
1. Introduction their small weight and size, low maintenance costs, silent operation and

Current interal combustion engines (ICEs) exhibit on average ap-
proximately 25% efficiency [1] under typical driving conditions (e.g.,
in an European driving cycle) but can range from 20% to 45% de-
pending on the engine type and operating conditions. Between 55% and
80% of the remaining energy is wasted as heat in both the coolant and
the exhaust gases. A waste heat recovery system has the potential to
convert some of this waste heat into electricity and consequently reduce
the fuel consumption of the car by decreasing the load demanded by the
car altemator [2-5].

Recovering the exhaust gas energy in a diesel passenger car under
the New European Driving Cycle (NEDC) can lead to potential fuel
savings from 8% to 19% [6]. Thermoelectric generators are one of the
most promising technologies to recover energy from the exhaust, due to
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high reliability [3,4,7,8]. This electric recovery is especially useful in
case of vehicles having a high degree of electrification, synergistically
increasing the efficiency potential [9]. Unfortunately, heat recovery
systems have an important drawback, they increase fuel consumption
mainly due to an increase of the back pressure in the exhaust system
[10-12].

In recent years, a large number of studies have been carried out in
cooperation with several vehicle manufacturers. Most of them are
theoretical studies and only a few have conducted experimental tests
(see Table 1) [13-23], The majority of them were focused on generating
the maximum amount of electrical power, with the objective of redu-
cing the load required by the car altemator. Consequently, and by ap-
plying a simplistic rule of thumb, this load reduction would imply a fuel
cconomy, which is the main purpose of any ATEG development.
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) Unfortunately, this deduction is not that straightforward, since para-
meters like the backpressure or the ATEG weight are involved in the
variation of the fuel consumption. Very few studies [15,24-26] address
the problem from the fuel economy point of view and even much less
experimentally quantify it.

As Massaguer et al. state in [27], two key design parameters have to
be considered in order to assure a convenient ATEG performance: the
amount of power generation and backpressure. The relationship be-
tween them defines the feasibility of the design. In [15], the authors
proposed a methodology to assess the ATEG performance and to predict
the expected fuel economy. The study presents an equation based on
three ATEG key design parameters; the amount of power generation,
the backpressure and weight. It also provides insight about the optimal
design point when the vehicle's fuel economy reaches its maximum
value.

This paper s divided into two main parts. The first one is focused on
testing, comparing and analyzing the performance of a new concept of
o vy B8R ATEG installed ina BMW X1 under different steady-state conditions and
under the Worldwide harmonized Light vehicles Test Procedure (WLTP)
Class b. The amount of power generated and the total energy recovered
on both experiments will be analyzed. This new thermoelectric gen-
erator makes use of a hot side heat exchanger geometry that reduces the
v B thermal inertia and guarantees that the thermoelectric (TE) material
will resist the highest exhaust temperatures, It is important to say that
the practicality of the ATEG presented is not the main objective of this
study, leaving the discussion of its feasibility to future studies.

The second part, which goes beyond the state-of-the-art of ATEGs
with original and unique data, is dedicated to validate a new method
for calculating the fuel economy described in [28], This part represents
the main objective of this paper.
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The size of the device is 170 x 420 x 170 mm (W x L x H) with a
total weight of about 8kg. It is composed of 34 thermoelectric modules
(TEMs) (H-199-14-06L2, Crystal LTD) configured in two parallel
branches (of 8 and 9 individual TEMs) each one electrically connected
in series. TEMs are constructed with Bismuth telluride and stuck with
thermal grease on their sides to provide low contact thermal resistance.
These modules are arranged on the swrrounding surfaces of an alu-
minum heat exchanger (element (4) in Fig. 2), through which the ex-
haust gas is carried, and four aluminum cold plates (element (2) in
Fig. 2). Fig, 2 shows the schematic diagram of the ATEG.

As seen in Fig. 3, hot gases enter the ATEG through inlet (6) and
they are forced to flow up to the outlet depending on the TEMs hot side
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Summary of physical properties of ATEGs described in the literature.

Table 1

Fig. 1. ATEG prototype.
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Fig. 2. Exploded view of the prototype: (1) cover, (2) cold plates, (3) thermoelectric modules, (4) heat exchanger, (5) butterfly valve, (6) inlet and outlet exhaust

fumes, and (7) junction. In red, exhaust gases. In blue, cooling system water. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

2 5
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[
[.]
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Exhaust | Exnaust
goees it - — = - gases outlet
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Qases qutie!

Fig. 3. Cross section of ATEG. Elements a in Fig. 2. (a) Position with butterfly valve fully closed. (B) Position with butterfly valve fully opened.
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temperature. This temperature corresponds to the point located in the
contact surface between the heat exchanger (4) and TEMs (3). If the hot
side temperature does not exceed the maximum allowable value of
230°C (maximum allowable temperature in order to prevent TEMs to
be damaged), the butterfly valve (5) remains fully closed. In this posi.
tion, the exhaust gases flow through the finned heat exchanger (4) (see
Fig. 3a). If the hot side temperature exceeds the maximum temperature
of 230 °C, the butterfly valve (5) opens in order to let exhaust gases exit
the ATEG without flowing through the heat exchanger (4) (see Fig. 3b).
This ATEG design allows a thermal protection of TEMs and guaranteesa
constant hot side temperature whatever the exhaust gases temperature
is.

The cooling system consists of one pump and a water-to-air heat
exchanger. The cooling fluid used is water with a constant volumetric
flow rate of 0.121/s. The pump, with a mean power consumption value
of 20 W, moves the water through the cold plates (element (2) in Fig, 3)
connected in series.

An independent cooling circuit is used because it allows to obtain a
lower temperature of the cooling fluid. The ATEG integration process
into the vehicle is also easier. Although this consideration can differ
from a real vehicle situation, authors strongly believe that it is worthy
to install a dedicated heat exchanger for the ATEG. The system's im-
provement of using a dedicated 3kW heat exchanger for the ATEG

(@)
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represents about 80 W of net extra power, and the impact on the extra
cost is only of about 70€, which can be regarded as non-significant
taking into account the large-scale prices of the components.

All TEMs are interconnected forming an electrical array as pre-
sented in Fig. 4, where the configurations for Test 1 (ATEG + battery)
and Test 2 (alternator + battery) are also shown. In Fig, 4, each TEM is
represented by a voltage source Vi 3 and an internal resistance
Ry [29,30].

Although there are several ways to electrically interconnect TEMs,
the way selected allows us to obtain a proper relationship between
current and voltage in order to feed the DC/DC power converting unit
(PCU). The PCU, model Victron Bluesolar 100/35, adapts the generated
voltage by the ATEG to the adequate value for charging the battery. The
PCU has been designed to charge all kind of batteries, such as the ab-
sorber glass mat (AGM) battery preinstalled on the test vehicle, It has a
nominal conversion power of 500 W, a maximum rated charge current
of 35 A, a maximum open circuit voltage of 150 V and an efficiency of
84%. It makes use of a maximum power point tracking (MPPT) algo-
rithm to continuously adjust the impedance to keep the system oper-
ating at, or close to, the peak power point of the ATEG under varying
conditions, like those corresponding to different engine loads and,
therefore, different values of exhaust gases temperatures and flow rate.

In the experiments, the initial state of charge (SOC) of the battery is

BAT

(b)

e

e T

e s | Tewar;

oL

tows U | o T
TS S

L

Fig. 4. Electrical schematic of the array of TEMs connected to the load. (a) Test 1: ATEG is charging the vehicle battery, and (b) Test 2: Vehicle alternator is charging
the vehicle battery.
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Table 2
Main specifications of tested engine.
Parameter Value
Maker BMW
Model X1 sDrivel 8i 6-speed Steptronic
Gearbox Automatic
Max. rated power 100 kW (at 4400 rpm)
Max. rated torque 220 Nen (at 1250 rpm)
Cylinders 3
Bare (mm) 8
Stroke (mm) Wb
Swept volume (cm’) 1499
Compression ratio 11
Tire diameter (m) 0.658
Axle ratio 4.103
Transmission ratio 1st 44591
Transmission ratio 2nd 2.508:1
Transmission ratio 3rd 1.556:1
Transmission ratio 4th 1.142:1
Transmission ratio Sth 0.851:1
Transmission ratio 6th 0.672:1

40% in order to guarantee that all the energy produced by the ATEG
will be injected to it.

In the Test 1, SOC is 40% and the alternator is electrically dis-
connected from the system, This assures that all the energy produced by
the ATEG will be injected to the battery.

Test 2 starts with the same SOC but the alternator is normally
connected to the system, forcing it to operate continuously. The ATEG
runs normally but its electric power is not injected to the battery. In this
test the fuel consumption is maximum.

3. Experiment

To assess the ATEG performance under steady-state and transient
conditions, experimental tests were accomplished on a certified roller
test bench of IDIADA Automotive Technology S.A. A BMW X1 sDrivel18i
was employed as the experimental unit. Its specifications are listed in

) ATEG
Engine

energy recovery for mid-size vehicles
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Table 2. In this study the ATEG was installed downstream of the cata-
lyst, close to the engine (see Figs. 5 and 6).

As said in Section 1, the objective of this study is to test the afore-
mentioned ATEG and to obtain experimental data at various steady-
state engine conditions. Four steady-state engine modes were defined
by setting constant values of engine speed and torque, which allow us to
obtain constant values of the exhaust gases temperature and mass flow
rate. To obtain representative steady-state conditions, the vehicle was
tested at constant speeds of 50, 80, 100 and 120 km/h. These values
were chosen because they are typical road speed limits. The car used is
equipped with an automatic gearbox.

Overall, four steady-state points were established:

* Point 1: 50km/h at 1509 rpm and 32.5% of pedal accelerator po-

. ;3::2: 80km/h at 1807 rpm and 47.1% of pedal accelerator po-

. :;::3: 100 km/h at 2180 rpm and 71.5% of pedal accelerator po-

B R 2838 pm and 79.0% of pedal accelerator po-
sition.

Fig. 7 shows the sensors installed on the ATEG. The acquired data
are: exhaust gas inlet Tixw v and outlet Ty oyr temperatures, water
cooling inlet Tger v and outlet Teee oy temperatures, TEM hot side
Tiior and cold side Troyp temperatures at the ATEG central point. Ad-
ditionally, parameters such the generated voltage V,rzs, current Iy
and power Pyyzg, and torque T, fuel consumption F, engine power P,
and thermal efficiency 5 have also been obtained.

The roller test bench used incorporates a brake system that applies a
load on the vehicle. This load applied corresponds to the air resistance
of the vehicle in a flat road. The vehicle's drag coefficient and drag
surface are shown in Table 4,

4, Results and discussion

In order to analyze the impact of the ATEG on the overall fuel
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Fig. 5. Underneath view of vehicle and ATEG location.
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Fig. 7. Details of sensors installed on the ATEG.

economy of the vehicle, two different set up tests were defined. Test 1
was carried out by connecting the ATEG to the battery while the al-
ternator was disconnected from the electrical system. In contrast, Test 2
was performed connecting the alternator to the electrical system while
the ATEG was disconnected. In this way, it is possible to analyze the
performance of each component separately and combine the data ob-
tained to calculate the fuel savings.

4.1, Test 1: ATEG feeding the battery and alternator disconnected.

In Fig. 8, it can be observed that V5 remains constant for all four
points. This is because the DC/DC converter stabilizes and adjusts the
output voltage to the adequate charging voltage of the battery. In this
case, the battery was deeply discharged to 40% SOC to guarantee that
all the energy produced by the ATEG was effectively injected to the

197,17
Vires (V)
| [T
e, W
101,09
76,38
118 gg 119 58
Point 1 Point 2 Point 3 Point 4
50kmh BOkm/h 100km/ 120km/h
1509 rpm 1807 rpm 2180 rpm 2838 rpm
32.5% FTPP 47.1% FTPP 71.5% FTPP 79% FTPP

Fig. 8. ATEG electrical outputs under different steady-state conditions.
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Fig. 9. (a) ATEG inlet and outlet exhaust temperatures, (b) thermoelectric hot and cold side temperatures at central ATEG point and (c) water cooling inlet and outlet

temperatures.

battery. That is why Vyyz, which corresponds to the battery voltage, is
lower than the expected 12.8V of an AGM battery with a 100% SOC.
Other electrical parameters such as Iyzzg and Pyygg increase with the
engine load.

Asit can be seen in Fig. 9a, the greater the engine load is, the higher
the exhaust gas temperature and flow rate become and, consequently,
the greater the power generated by the ATEG is. The exhaust tem-
perature lost m:m_m - TE.U!_M} through the ATEG remains almost
constant throughout all the tests. In Fig. 9b it can also be observed that
the temperature differences on TEMs (Tjjor- Teorn) are only significant
for high engine regimes, like Point 4. This can be explained by the low
heat extraction capacity from exhaust gases. It can be observed in Fig. 8§
Point 4 that a temperature of Ty v = 660.4 °C is needed to reach the
maximum Tyor = 238.2°C.

Due to the fact that the ATEG cooling circuit was independent from
the engine cooling system, the inlet cooling temperatures in Fig. 9 are
lower than the operating temperature of the engine, about 80°C. These
lower cooling temperatures allow the ATEG to keep a low cold side
temperature on most of the TEMs that form the ATEG, see Fig. Y.
Consequently, as it can be seen in Fig. 8, voltage, current and power
generated are higher in this configuration than in the same ATEG
cooled by the engine cooling system.

Considering the data obtained from the experiments, the way in
which the vehicles are driven is a significant factor affecting the ATEG
performance for waste heat recovery. It can be found that the higher the
engine speed and load are, the better the performance of the ATEG is.

b
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In the four experimental steady-state points the engine load corre-
sponding to vehicle speed desired is achieved with the precise Full
Throttle Pedal Position (FTPP). The increase of vehicle speed in a flat
road also requires the rise in engine load. When the situation requires
more engine load it is necessary burning more fuel, and consequently
the air introduced, which obviously requires another FTPP, so the ex-
haust mass flow gases and their temperature are increased. The tested
vehicle is equipped with Otto engine, in this kind of engines the exhaust
gases temperature depends of the load and the engine speed, in-
dependently. In all of the four points the engine speed also increases
when the vehicle speed rise.

On the other hand, most of the ATEGs developed in the literature
have been designed to withstand the maximum temperature of the
exhaust gases. Here, however, the ATEG was designed to withstand the
maximum allowable temperature of the TEMs used, which was
Tior = 230 A°C at Tiogr v = 660 A°C. For temperatures higher than
230°C, the butterfly valve of the ATEG gradually opens in order to
bypass the exhaust fumes. This system enables the hot side temperature
to be limited to a predefined set point, allowing any kind of TEM ma-
terial to be used. From Fig. 9 it can be seen that the protection system
was not activated in Points 1 to 3 because the threshold value of the hot
side temperature was not reached. Temperature of Point 4 reaches
238°C, exceeding the maximum allowable temperature. This happens
because there is a small delay between butterfly valve activation and
the hot side temperature variation due to the thermal inertial of the
ATEG, leading to momentary temperature surpassings. Despite this,



Chapter 4 : Validation of a fuel economy prediction method based on thermoelectric
energy recovery for mid-size vehicles

M. Comama, et al. Applied Thermal Engineering 153 (2019) 768-778
(@
‘;o_ow. =2 cesgrresssens
2 0,0273
g.& 0,025 4
eg 0,020 Fssssnissninssnssrsusssims i s ass AR
® 2 00154 e e
30
001124
.§:- 0010 . : A
> 000
(b) @&
m-. e -
w4
@ 4
E= - I45,B'I
a ]
%3 ¥
-]
22 . . T
a3 5. Lo
£ 2% €508
e ‘l : T T T
Point 1 Point 2 Point 3 Point 4
50kmh 80kmh 100Kkmh 120kmvh
1509 rpm 1807 rpm 2180 rpm 2838 rpm
32.5% FTPP 47.1% FTPP 715% FTPP 79% FTPP

Fig. 10. (a) ATEG exhaust gases volumetric flow rate and (b) ATEG exhaust backpressure,

TEMs used work properly under a temperature up to 250°C for short
periods of time.

Values related to exhaust gases volumetric flow rate and obstruction
are shown in Fig. 10.

4.2, Test 2: ATEG disconnected and alterator feeding the battery

Test 2 is carried out following the same initial conditions and
steady-state points as Test 1. However, now, the ATEG is electrically
disconnected and the altemator is the only generator that feeds the
battery. Thus, it is possible to find out the altemator influence on the
vehicle’s fuel consumption. In Fig. 10, ALT subscript in power P, fuel
consumption F and CO, emissions E, is related to the altemator.

Fig. 11a shows a comparison between the power generated by the

Although Point 2 provided the highest benefits due to this combi-
nation of factors, not all four regimes achieved the same value. Point 1,
e.g., produced a low backpressure effect, however the ATEG generation
was too low to provide a significant benefit. Contrarily, Points 3 and 4
produced high ATEG generation but also an excessive backpressure.

5. Fuel economy assessment

In [28], Massaguer et al. described a method to predict the ATEG
performance in terms of fuel economy. The authors presented some
mathematical equations to obtain valuable information about the in-
fluence of three key parameters on ATEG in real vehicle applications.
Eq. (1) describes the fuel economy calculation in terms of these three
key design parameters: the backpressure BP, the ATEG weight W, and

default BMW X1 altemator system (Test 2) and the proposed ATEG  the ATEG net power generation Py
system (Test 1) for the four engine regimes analyzed. Unlike ATEG, the = . = e
alternator produces almost the same amount of power independently of  F = Sfoag VK + HERVEL + 5 HWEVIF

the engine regime. Fig. 11b and Table 3 demonstrates that the alter-
nator is responsible of up to 11.38% of the vehicle's fuel consumption
and CO, emissions (from Points 1 to 4). From Table 3 it can also be

HVRVBP(W + Ldepy, SIH'BP) o

where s, 55, and s; are

stated that the use of an ATEG can reduce the vehicle fuel consumption 1007,

and CO, emissions up to 1.08%. It is a combination of low backpressure 51 = T )

and high ATEG generation that produces a significant improve on fuel

savings and CO2 emissions reduction. 5= -10° @
The most significant ATEG generation is observed on high accel-

eration regimes, when the exhaust gas flow rate and temperature are 100gF

maximum. However, high gas flow rates increase the back pressure of ~ %= o @

the engine, due to the additional pressure loss provided by the ATEG.
Engine exhaust backpressure is defined as the exhaust pressure required
to overcome the hydraulic resistance of the exhaust system in order to
discharge the gases into the atmosphere. An increase of the back
pressure levels involves additional mechanical work of the engine and/
or less energy extracted by the exhaust turbine (in turbocharged en-
gines) that can reduce the boost pressure of the intake manifold [31].

In spite of the fuel consumption increment due to the additional
backpressure, the energy recovered from the exhaust in the ATEG re-
verts this effect and produces a significant decrease on the vehicle fuel
consumption by reducing the load on the car altemator (see Table 3
ATEG Fuel Savings).

775

110

representing the slopes of the linear relationship between the fuel
economy and the ATEG power generation s,, the backpressure s, and
the ATEG weight 3. 15y, g, and § are the PCU efficiency, altemator
efficiency, and vehicle rolling resistance coefficient, respectively.
Moreover, K, H, g, W, W, d;, and §; are a coefficient that represents
the slope of the relationship between BP and the quadratic exhaust
gases volumetric flow rate v, a coefficient that represents the linear
relationship between vehicle velocity v and the square root of BP, the
air density, the ATEG weight, the vehicle’s weight, the drag coefficient
and the drag surface of the vehicle, respectively.
The K coefficient can be calculated using Eq. (5).
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Fig. 11. ATEG and alternator comparison: (a) electrical power generated, (b) fuel consumption and (c) CO, emissions.

BP = Ki? (5)  coefficient is K = 52, 018.
The H coefficient can be calculated as follows:
Then, Fig. 12 shows the relationship between BP and v, Pressure

sensor used was a 6 bar transducer IMPRESS/IMP-G60000-7Ad. pe 27120 VBP
As seen in Fig. 12, the relationship between both parameters shows B0AXTR SV, FTPPp,, VK (6)

good agreement with a linear correlation. Consequently, the value of ‘This coefficient depends on the vehicle driving conditions.

Table 3
Power production comparison.
Point 1 Point 2 Point 3 Point 4
S0km/h 80km/h 100km/h 120km/h
1509 rpm 1807 rpm 2180 rpm 2838 rpm
32.5% FTPP 47.1% FTPP 71.5% FTPP 79.0% FTPP
Parn: (W) 3865 76.38 101.09 197.77
Parr (W) 5015 42857 43145 53267
Fareo (1/100 km) 335 6.5 5.64 1.3
Faer (17100 km) 378 708 592 1.4
Eyrec (800, /km) 7164 150.59 13153 25479
Er (500y/km) 8756 164.06 13815 5582
Cooling pump power consumption (W) 20 20 20 20
Pe
Alternator fuel consumption (%) 11.38% 8.1%% 473% 0.35%
(Fyer = Byree) Fur
Power generation ratio (%) 3A72% 13.16% 18.79% B37%
Prano((Parec = Fe)l Byor)+100
ATEG fuel savings (1/100 km) 0.0160 (0.42%) 0.0763 (1.08%) 0.0526 (0.89%) 0.0133(0.12%)
(Ear = Earec)+Prano
ATEG €O, emissions reduction (gC0,/km) 0.3689 (0.42%) 17720 (1.08%) 1.2442 (0.90%) 0.3437 (0.13%)
ERurec = (Ewr = Evrec)Praro
776
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Table 4

Parameters used for the ATEG performance

predictions.
Parameter Value
@ -0.138
b 10,217
¢ - 1991
Trcy (%) 0.84
1y (%) 05
¢ 0.01
Tip (%) 0.9

‘whand 52,018

K T)
i 15
it
de 029
S (m) 246
@t (m) 0.658
AX 4.103
(%) 0.85
Pr (W) 20

On the other hand, the net power generation Fsu can be calculated
using Eq. (7),

Bont = B = B = aBP® + bBP + ¢ = By, @)

where F; is the ATEG power generation and Fp is the cooling pump
power. F; can be found extracting the quadratic correlation between
ATEG power generation and BP. a, b, and ¢ values are shown in Table 4,

In addition, Eq. (8) describes the minimum ATEG power generation
to obtain a positive fuel economy.

5 BP\'ﬁ

2 - DywBP,
5 K

5

& ®

Finally, the variation of Pz, P, and F, as a function of the back
pressure values are plotted in Fig. 13,

Results show that the ATEG presented in this study achieves a
maximum fuel economy value of 1.06%. The positive fuel economy
values are obtained in the range of 0.67-54.49 mbar, with a minimum
ATEG power generation of 6W. Higher backpressure values stand for
an excessive obstruction of exhaust gases leading to a reduction of
engine efficiency. Basically, the BP increases the pumping losses in the
exhaust system. The piston, in the exhaust stroke, works against the
fluid resistance caused by the exhaust line, also including the ATEG.
Higher BP makes the engine less efficient because it can't supply the
same power in the crankshaft. But the BP does not only affect the ex-
haust stroke. The cylinder's pressure, at the beginning of the intake
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Backpressure (mbar)

Fig. 13, Net power generation (Pgnet), critical power (Per) and fuel economy
(Fe) of the ATEG.

stroke, is higher than in normal conditions, e.g. without the ATEG, so
this reduce the volumetric efficiency during the intake stroke and
consequently the same quantity of fuel cannot be ignited. Finally, if the
BP is too high, certain quantity of residual gases don't leave the cylinder
and they are mixed with the fresh air during the intake stroke. These
residual gases reduce the volumetric efficiency and warm the fresh air,
causing possible knocking problems. In a similar case, engine and ve-
hicle manufacturers have had important problems related with the
emissions control system, like catalyst, FAP systems or shoot bumers,
all due to the mentioned losses.

Then, backpressure values exceeding 54.49 mbar lead to an engine
efficiency reduction. This reduction is much critical than the positive
effect of the ATEG power generation.

Finally, by using these equations, it is possible to calculate the
theoretical expected fuel economy achieved by the ATEG presented.
The following Table 5 summarizes the results.

6. Conclusions

Because of the increasing importance of environmental protection,
thermoelectric energy harvesters applied to automotive sector are being
extensively studied. The electricity recovered and generated from ex-
haust gases might serve to decrease the fuel consumption.

In this study, an automotive thermoelectric generator has been de-
veloped. The ATEG system behavior is investigated for constant driving
conditions. It is found that the vehicle speed and load are significant
factors affecting the ATEG performance for waste heat recovery. In
steady-state conditions, the maximum power output is 197.77W at
2838 rpm and 79.0% FTPP, corresponding to a vehicle velocity of
120km/h on a flat road and aerodynamic resistance. Experiments show
that fuel economy values strongly depend on the power generation and
backpressure, The maximum F value obtained was 1.08% at 1807 rpm
and 47.1% FTPP, corresponding to a vehicle velocity of 80 km/h.

The results show that the model is useful for predicting the ATEG

Table 5

Comparison of the ATEG performance between test and theory.
Velocity  FTPP (%) H Per (W) Fe Fe Error (%)
(km/h) theoretical  experimental

(%) (%)

50 0.325 10.26 9.08 0.456 042 8.57%
80 0.471 969 1432 1.055 1.08 -231%
100 0.715 855 2.2 0.9M 0.89 11.69%
120 0.790 980  15M 0093 012 -2.5%
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performance, with an average error of 11.27%. The potential reason for
this discrepancy comes from the simplifications considered in the model
and the experimental variabilities. Constant values of volumetric effi-
ciency, and inlet and outlet air densities, are considered.

In addition, experiments show a maximum E point found at low
backpressure values. This behavior collides with the idea of higher
power generation may contribute better on E. The higher the vehicle
speed and load are, the higher the temperature of the exhaust gases,
which is favorable for the ATEG. However, backpressure caused to the
engine also increases, leading to a worse engine performance and lower
F; values.
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Chapter 5. Results and discussion

In Chapter 2 of this thesis, the first objective was to achieve a simulated model
with the software GT SUITE of the ATEG prototype in essay on the XUD7/K
diesel engine. The experimental results compared to the results of the
simulation show that the thermal behavior of the model conforms very well to
the conditions observed in the laboratory, with little significant differences with
regard to the temperature of the cooling water output and which in any case,
they exceed 5%. The output temperature of the combustion gases of the ATEG
shows a remarkable match with differences also always less than 5% compared
to the experimental data. This indicates that the model used correctly simulates
heat transfers in this ATEG prototype and therefore the results of the geometric
changes and changes in fluid conditions can be reproduced with great reliability.
In this regard, our main objective has been to investigate the benefits of the
ATEG prototype in terms of generation of electric energy and fuel economy by
changing different design parameters in hot and cold face heat exchangers. For
a fixed distribution of the TEMs the diameter of the holes has been modified in
the HSHE while maintaining the same length. In the CSHE the changes have
been carried out in the volumetric volume of cooling water and in the transverse
section of the water channels.

The results of the simulation show that in the CSHE it is necessary to maximize
the speed of the cooling water to obtain the maximum heat transfer, but this
causes a greater hydraulic work to the pump that will have to be deduced from
the electrical power generated. However, it is observed that despite the increase
in product hA, it no longer has an influence on the maximum generation of
electrical energy. In the opposite direction, a value of hA below 2.70WK-1
implies a significant decrease in the transfer of heat and seeds to a low
production of electrical energy.

If we put the focus on the HSHE, the results show a behavior very similar to that
seen in the CSHE but here is added the component of the back pressure offered
by the cylindrical holes of the exchanger. The calculated magnitudes vary
between g55 mbar for a D = 8 mm and 17 mbar for a hole diameter D = 20 mm.

In the same way that the CSHE has proceeded with it hA product clearly
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indicates the same behavior. Thanks to the semi-empirical equations deduced in
previous works and improved in the present, the expected fuel savings can be
calculated with relative ease when carrying out all the modifications proposed in
chapter 2. None of the configurations studied in chapter 2 show a reduction of
consumption. The combination of the best configuration to obtain the
maximum electrical power and the one that provides the lower counter pressure
does not manage to diminish the consumption with respect to the original
configuration without the installation of an ATEG. The best consumption
obtained is 0.19% higher than the original configuration.

However, the use of specialized software is confirmed as a very useful tool to
establish an ATEG design as efficiently as possible. Despite the integration of
the thermoelectric recovery in the vehicle as a whole, including all the peripheral
systems of the same, as well as its dynamic behavior it consumes a very
important amount of time. If a conventional computer is used as in our case, the
simulation time of a parametric optimization study of only 3 variables (diameter
of the holes in the HSHE, engine load and coolant flow in the CSHE) would
occupy approximately 300 days.

A new recovery design and its experimental tests are shown in chapter 3. It is
expected to obtain a saving of consumption using a design in the hot gas heat
recovery that minimizes backpressure as much as possible, at the same time
thanks to the tests experiments carried out in Chapter 2, use TEMs that work at
a lower temperature in their hot face so that it is located in the zone of
maximum thermoelectric conversion. Another advantage is that the TEM can be
free of Pb since this material is the one that allows the use to high temperature,
which can contribute remarkably to the efficient recycling of future generators
installed in series.

The simulations of this radial ATEG have been carried out with ANSYS CFX that
allows studying the 3D geometry of all the components. The results of the
simulation also show a very large match with the experimental results.

One of the variations made in the radial ATEG was the total surface of the heat

exchange flaps in the hot gas area.
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With the aim of maximizing the heat transfer of gases to the TEM, the surface of
the fins is also increased. One of the direct consequences of this modification is
that the backpressure also increases, and so in the 1.6At case for high regimes
and high loads, consumption worsens. Only in intermediate regimes and
medium loads can an improvement in overall consumption be observed.

The results show that the ZTe values below 0.21 are not feasible, especially as
already mentioned, when the flow of gases and their temperature are
important, a situation that occurs in high rotation regimes and high loads .
However, thanks to the simulations, it can be seen that if a material with a value
of ZTe was obtained above 0.63 then consumption savings are produced in all
the studied cases.

Once again it is demonstrated for an ATEG that the condition of maximum
electrical power generated is not synonymous with lower fuel consumption
because the parameter of the backpressure is very important. This point of view
must be a very important parameter for future design of thermoelectric heat
recovery systems.

Finally, our research carried out at our Thermal Engines Laboratory is tested in a
real vehicle at the IDIADA APPLUS research center located in L'Albornar
(Tarragona). The comparison of the real fuel savings thanks to the installation of
a latest generation ATEG jointly designed between NABLA
THERMOELECTRICS and our GREFEMA research team in a BMW Xa vehicle is
carried out.

In chapter 4 it is exposed that the exhaust gas temperature is higher as the
engine load is increased and when more energy generated by the ATEG is
produced.

The thermal behavior of this ATEG shows an almost constant temperature
difference between the inlet and outlet of exhaust gases regardless of the load
to which the engine is subjected. The maximum temperature reached on a hot
face is 238.2°C, for a combustion gas temperature at the inlet of 660.4°C. This
great difference can be explained by the low capacity of extraction of heat of the

exhaust gases.
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Regarding the electronic management of battery charging and operation of the
alternator, it is observed that in the test vehicle the alternator develops an
almost constant power (400 to 5ooW) while it is in operation. The loading
strategy must be taken into account when it comes to including an ATEG in the
vehicle's electric system. Chapter 4 of this thesis describes the method used to
integrate the ATEG electrically into the electric charge system of the vehicle.

All 4 stationary points studied in Chapter 4 show a reduction in consumption.
This fuel economy is not as optimistic as we expected at the beginning and its
range is between 1.08% at best and 0.12% at worst.

The most significant electrical power generation is observed in high load
regimes, when the flow and the exhaust gas temperature are maximum.
However, the increase in gas flow increases the backpressure, due to the
additional loss of pressure provided by the ATEG. As discussed above, the
engine backpressure is defined as the exhaust pressure necessary to overcome
the hydraulic resistance of the exhaust system in order to discharge the gases
into the atmosphere. An increase in backpressure levels is an additional
mechanical work of the engine and / or less energy extracted for the exhaust
turbine (in supercharged engines) that can reduce the intake pressure to the
engine.

Despite the increase in fuel consumption due to the additional backpressure, the
energy recovered from the exhaust at the ATEG reverses this effect and
produces a significant reduction in fuel consumption of the vehicle, reducing the
load to the alternator.

Although trial point 2 provided the greatest benefits due to this combination of
factors, not all four regimens achieved the same value. Point 1, for example,
produced a low counter-effect, but the generation of ATEG was too low to
provide a significant benefit. In contrast, points 3 and 4 generated a large
generation of ATEG, but also an excessive counterpoint.

The positive values of fuel saving are obtained in the range of 0.67 to 54.49
mbar, with a generation of minimum power of 6 W of ATEG. The higher
backpressure values represent an excessive exhaust gas barrier leading to a

reduction in engine efficiency.
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The high back pressure makes the engine less efficient because it cannot supply
the same power to the crankshaft. The backpressure does not only affect the
exhaust stroke; the cylinder pressure, at the beginning of the admission stroke,
is above to normal conditions, for example, without the ATEG. This reduces the
volumetric efficiency during intake and, therefore, the same amount of fuel
cannot be introduced. Finally, if the backpressure is too high, a certain amount
of residual gases do not come out of the cylinder and mixed with fresh air during
the suction phase. These residual gases reduce the volumetric efficiency and
warm the fresh air, causing possible knocking problems. In a similar case, the
manufacturers of engines and vehicles have had important problems related to
the system of control of emissions, like the catalyst, the FAP systems, all
because of the exhaust backpressure.

Backpressure values greater than 54.49 mbar lead to a reduction in engine
efficiency. This reduction is more damaging than the positive effect of ATEG
energy generation.

In stationary conditions, the maximum electrical power generated by ATEG is
197.77 W at 2838 rpm and 79.0% accelerator position, corresponding to a vehicle
speed of 120 km / h on a flat road and including aerodynamic resistance. The
experiments show that the values of the fuel economy depend a lot on the
generation of energy and the counter pressure. The value of maximum
consumption savings obtained was 1.08% at 1807 rpm and 47.1% throttle
position, corresponding to a vehicle speed of 8o km / h.

The results show that semi-empirical equations are useful for predicting ATEG
performance, with a maximum observed error of 11.27%. In addition, the
experiments show a maximum fuel economy found in low backpressure values.
This behavior combines with the idea of a greater generation of energy that can
contribute better to save fuel. The higher the speed and the load of the vehicle,
the greater the temperature of the exhaust gases, which is favorable for the
ATEG. However, the backpressure caused to the engine also increases, resulting
in a lower engine performance and a lower saving of consumption.

Thanks to the use of these equations you can see where the area that produces

fuel economy is found by incorporating the ATEG. The maximum saving point,
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which corresponds to 1.08%, would be achieved with an electrical production in

the ATEG of only 15W but with a very low backpressure value, only smbar.
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This thesis proposes and analyzes one technical solution that allows the
recovery of residual heat in vehicles. The work focuses on the use of
thermoelectric materials in order to recover the residual heat that is thrown by
the exhaust pipe of combustion engines, in order to reduce their fuel
consumption.

The thesis is based on developments prior to this work, which have been cited in
the bibliography, which have allowed them to achieve a significant level of
learning in the field of thermoelectric recovery. This learning has allowed
identifying points of improvement, which have been studied and analyzed in
this work. Below are the main conclusions obtained:

* The state of the art in thermoelectrically recovery has a clear direction towards
the search for new materials with high temperature ZT (500°C-700°C). These
materials allow withstanding the high temperatures of exhaust gases. However,
they are made up of rare earths that are very expensive for commercial solutions
and hence impede their application in the real world.

* The exhaust temperatures are very variable. The most common temperatures
are between 250°C and 350°C; while intermittently 700°C peaks can be reached.
It has been shown that the use of high temperature materials ensures that the
heat recovery system is not damaged during temperature peaks. Taking into
account that the thermoelectric generation is proportional to AT2, it can easily
be observed that the ATEG will work at its optimal operating point (maximum
electrical output or maximum efficiency) in a timely manner, only during the
temperature points. Therefore, for most of the time, the ATEG generates a very
small part of the total power installed.

* To maximize the electrical generation, it is necessary to allow the TEGs to
work at all times near their maximum operating point, where the electrical
generation and its performance are high. It is also important to point out that
using materials with elevated ZT at low temperatures, such as the BiTE that
achieves an efficiency of 5% at 200°C, is better than using them to use other
preparations for high temperature> 500°C. This is explained by the fact that the

most common exhaust temperatures are close to the optimal BiTe temperature.
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In order to be able to carry out effectively what has been mentioned in the
previous points, it is necessary to deal with the temperature points and ensure
that the material does not degrade by overheating. It is for this reason that, in
the latest design, a mechanism has been designed to regulate the temperature
of the hot face of the TEGs. By adjusting the amount of smoke that passes
through the exchanger and what is derived by the butterfly valve, it can be
guaranteed that not only the TEGs can never exceed the optimum working
temperature, but also that they operate at their optimum operating point the
greater possible time
Keep in mind that heat recovery depends exclusively on the flow rates and
exhaust temperatures, and hence the type of vehicle and driving.
The fuel economy depends on:

The extra backpressure that the ATEG adds to the exhaust.

The electrical generation of the ATEG.

The added weight of ATEG.
Of the three previous parameters, the backpressure is those that have a greater
impact on the saving of fuel. An ATEG with a loss of excessive load can cause
increases in fuel consumption despite generating large amounts of electricity.
The shape of the combustion gas exchanger has an important impact on the
overall efficiency of ATEG. The convection coefficient must be as high as
possible so that the maximum energy of the smoke can be captured. However,
without compromising the backpressure mentioned in the previous point.
It is important to point out that the maximum point of electric generation of the
ATEG does not correspond to the point of maximum fuel economy. This will be
studied in more detail in future projects.
The use of simulation software such as ANSYS or GT-SUITE has been decisive in
the study of the impact of certain geometrical characteristics on the behavior of
the ATEG's, such as the provision of TEG modules in parallel series, radial
configuration or Axial in respect to the residual heat flow or the relation of the
backpressure with the coefficient of convection in the exchange smoke-TEG. On

the other hand, this study has made it possible to optimize its operation.
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The validity of the 1D GT-SUITE software for studies of ATEG generators of non-
complex geometries is confirmed as proposed in Chapter 2 of the thesis and also
when they want to make ATEG integration simulations in a vehicle, while that
for ATEG's of complex geometry like the one proposed in chapter 3, the use of
CFD programs capable of simulating 3D like ANSYS-CFX is considered more
appropriate.

The dimensionless expression Pn,ATEG/(VgApbp) is proposed to determine the
viability of an ATEG. Only cases in which Pn,ATEG/(V:qubp)n are of interest in
terms of fuel economy.

For a given ATEG there is a threshold value of the effective value of the merit
figure ZTe, from which there are positive fuel savings. In the presented designs,
values of ZTe = 0.63 produce fuel consumption reductions of 1.3% with

conversion efficiency of 6%.
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