
DEVELOPMENT AND CHARACTERIZATION OF 
THERMOELECTRIC GENERATORS FOR 
THERMAL ENERGY RECOVERY FROM 

RECIPROCATING INTERNAL COMBUSTION 
ENGINES 

Martí Comamala Laguna 

Per citar o enllaçar aquest document:  
Para citar o enlazar este documento: 
Use this url to cite or link to this publication: 
http://hdl.handle.net/10803/668142

http://creativecommons.org/licenses/by/4.0/deed.ca 

Aquesta obra està subjecta a una llicència Creative Commons Reconeixement 

Esta obra está bajo una licencia Creative Commons Reconocimiento 

This work is licensed under a Creative Commons Attribution licence 

 

http://creativecommons.org/licenses/by/4.0/deed.ca
http://hdl.handle.net/10803/668142


1 
 

 
 

 
 
 

 
 
 
 
 
 
 

DOCTORAL THESIS 
 

“DEVELOPMENT AND CHARACTERIZATION OF 
THERMOELECTRIC GENERATORS FOR THERMAL 

ENERGY RECOVERY FROM RECIPROCATING 
INTERNAL COMBUSTION ENGINES”. 

 
 
 
 

MARTÍ COMAMALA LAGUNA 
 
 

2019 
 
 

Technology Doctoral Program 
 

Directed by: 
Dr. José Ramón González Castro 

Dr. Lino Montoro Moreno 
 
 
 
 
 
 
 
 
 
 
 
 

Report presented to opt for a Doctorate degree from the University of Girona



2 
 

 

 



3 
 

CompendiCompendiCompendiCompendium of publicatium of publicatium of publicatium of publicationsonsonsons    
 

This Ph.D. Thesis has produced a collection of published articles which are included in 
the document. The results section of this thesis is formed by the three original papers 
that have published in peer-reviewed journals. The impact factors of the journals are 
from the first and the second quartiles, according to the Journal Citation Reports (JCR) 
for the year 2018, for the subject categories Energy and Fuels. 
 
The complete reference of the papers and the impact factor of the journals are: 
 

• M Comamala, I Ruiz, A Massaguer, E Massaguer, T Pujol. Effects of design 

parameters on fuel economy and output power in an automotive 

thermoelectric generator. Energies, 11, 3274, 2018. ISSN 1996-1073 (Impact 

factor 2.676; Journal 48 of 97; 2nd quartile; Energy and Fuels) 

• M Comamala, T Pujol, I Ruiz, E Massaguer, A Massaguer. Power and Fuel 

Economy of a Radial Automotive Thermoelectric Generator: Experimental 

and Numerical Studies. Energies, 11, 2720, 2018. ISSN 1996-1073 (Impact factor 

2.676; Journal 48 of 97; 2nd quartile; Energy and Fuels) 

• M. Comamala, A Massaguer, E Massaguer, T. Pujol. Validation of a fuel 

economy prediction method based on thermoelectric energy recovery for 

mid-size vehicles. Applied Energy. Energies 2018, 11(10), 2720 ISSN 0306-2619 

(Impact factor 7,182; Journal 6 of 92; 1st quartile; Energy and Fuels) 

  



  

4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



  

5 
 

    

NomenclaturNomenclaturNomenclaturNomenclatureeee    
 
A area of the aluminum channel in contact with  water (m2) 

Ab block surface area (mm2) 

ATEM  TEM surface area (mm2) 

D diameter of the cylindrical holes (m) 

Fe fuel economy (%) 

Fe,ATEG fuel economy resulting from the power generated by the ATEG (%) 

Fe,BP fuel consumption due to overcome the back pressure (%) 

Fe,m fuel consumption due to increase in weight (%) 

g acceleration of gravity (m·s−2) 

h heat transfer coefficient (W·K−1·m−2) 

ITEM electrical current (A) 

kb block thermal conductivity (W·K−1·m−1) 

ke TEM effective thermal conductivity (W·K−1·m−1) 

L height of the cooling channel (mm) 

Lb block height (mm) 

LTEM TEM height (mm) 

mATEG ATEG mass (kg) 

�� �  exhaust gas mass flow rate (g·s−1) 

N number of samples in the data series 

PATEG ATEG electrical output power (W) 

Pe engine-shaft power (W) 

Pn,ATEG net ATEG electrical output power (W) 

PTEM  TEM electrical output power (W) 

Pwp power consumed by the water pump (W) 

Qc heat flow on the cold side of the TEM (W) 

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

r ratio of Figure of merit 

Rc thermal contact resistance (cold side) (m2·K·W−1) 
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Rh thermal contact resistance (hot side) (m2·K·W−1) 

Rie TEM effective internal electrical resistance (Ω) 

RL external electrical load resistance (Ω) 

��   (Th + Tc)/2 (K) 

Tc  TEM cold side temperature (°C) 

Tg  exhaust gas temperature (°C) 

Th  TEM hot side temperature (°C) 

Tw  coolant temperature (°C) 

v   vehicle velocity (m·s−1) 

Voc  open-circuit voltage (V) 

��
�  volumetric flow of the ATEG coolant (L·h−1) 

ZTe  effective Figure of merit 

��/�  confidence range 

αe  TEM effective Seebeck coefficient (V·K−1) 

∆pbp  back pressure increase due to the ATEG (Pa) 

εe  uncertainty of the equipment 

εs  uncertainty of the mean values 

εt  total uncertainty of data 

η  ATEG efficiency 

ηG  efficiency of the alternator 

ηPCU efficiency of the power converter unit 

λ air–fuel equivalence ratio 

ξ  vehicle rolling resistance 

ρe  effective electrical resistivity (Ω·m) 

σ  standard deviation 

 
 
Subscript  

i  inlet 

max  maximum conditions 

o  outlet 
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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 
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HSHE  hot-side heat exchanger 

ICE  internal combustion engine 
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PCU  power converter unit 
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AbstractAbstractAbstractAbstract    

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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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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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 X1 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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ResumResumResumResum    
 
Des dels inicis de l’automoció propulsada amb motors de combustió interna tots 

els cicles emprats en els motors alternatius comparteixen una característica 

tèrmica, una gran quantitat de calor alliberada pel combustible es perd en forma 

de gasos calents que surten pel sistema d’escapament. Aquesta característica no 

seria tan rellevant en motors  estacionaris o els emprats en propulsió marítima, 

on per les característiques de l’emplaçament, de la instal·lació i sobretot del 

modus de funcionament a càrrega quasi constant del motor és possible 

recuperar de forma molt eficient part d’aquesta energia i transformar-la en un 

fluid calent en estat líquid o vapor que pot ser utilitzat per altres usos tèrmics. 

L’aprofitament energètic de la calor residual dels gasos d’escapament és una fita 

perseguida per molts fabricants i investigadors en el camp de l’automoció. 

Aquesta recerca s’ha intensificat en els últims anys motivada per les 

conseqüències del canvi climàtic, i sobretot, per la pressió de les administracions 

sobre els fabricants d’automoció pel que fa a la disminució de les emissions 

contaminants, especialment del CO2. 

Un sistema d’aprofitament de calor residual instal·lat en un vehicle ha de 

complir certs requisits tècnics, 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 termoelèctric pot satisfer els 

requisits esmentats anteriorment. L’àmbit d’aplicació dels materials 

termoelèctrics és molt gran, des de sensors de temperatura, passant per 

refrigeradors portàtils, fins a generadors d'energia solar. En general, aquestes 

aplicacions es poden classificar segons la direcció de la conversió energètica. 

Mentre l'efecte Peltier s'utilitza per refrigeració en estat sòlid, l'efecte Seebeck 

és responsable de convertir les diferències de temperatura en tensió elèctrica en 

sistemes de recuperació d'energia.  
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L’efecte Seebeck és el que interessa en un vehicle quan es vol recuperar energia 

calorífica, doncs gràcies als materials termoelèctrics l’electricitat produïda es pot 

injectar al sistema elèctric del vehicle reduint la càrrega de l’alternador i per tant 

el consum global del motor tèrmic. 

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 línia d’escapament, (ii) la utilització de 

software suficientment potent per simular la integració del generador 

termoelèctric en un vehicle complet, i (iii) la quantificació experimental de 

l’estalvi de consum quan s’incorporen generadors termoelèctrics. 

La primera part de la tesi es divideix en tres línies d’investigació  principals, la 

primera és predominantment experimental i es centra en estudiar un model de 

generador termoelèctric (TEG) que ja havia estat utilitzat en treballs 

d’investigació previs. En aquesta part el TEG s’instal·la en un motor dièsel PSA 

XUD7 i s’obtenen dades experimentals en 7 punts de funcionament estacionaris 

on es varia la càrrega del motor, el cabal  i la temperatura de gasos 

d’escapament, que ens permeten avaluar el comportament tèrmic i elèctric del 

sistema generador. De forma complementària, durant la investigació en aquesta 

línia es va veure necessària la construcció d’un aparell de test de mòduls 

termoelèctrics donat que les dades proporcionades pels fabricants no coincidien 

amb les observades en els experiments. 

En la segona línia d’investigació predomina el treball de simulació i ajustos de 

paràmetres tèrmics. El software utilitzat es el GT-Suite, un programari multi-

físic que fan servir una bona part de fabricants de motors i vehicles a tot el món. 

És l’únic que ens pot oferir un mòdul específic de simulació de generadors 

termoelèctrics i que després es pot incorporar al model d’un vehicle sencer, 

incloent els sistemes perifèrics com ara alternador, aire condicionat, sistema de 

lubricació, sistema de transmissió i sistema de refrigeració. 

Els resultats de la simulació dels 7 punts de funcionament estacionaris mostren 

una molt bona correlació amb les dades experimentals, mostrant una variació 

inferior al 5% en les dades de temperatura de sortida de gasos d’escapament, 

temperatura d’aigua de refrigeració del TEG i producció elèctrica. Gràcies a 
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l’elevada correlació entre les dades experimentals i les simulades es considera 

que els comportaments tèrmic i elèctric de les diferents variacions efectuades 

sobre el model serien reproduïts  en un TEG real sempre i quan l’arquitectura 

proposada sigui similar a la utilitzada. 

L’avantatge d’utilitzar un software d’aquestes característiques on es pot 

dissenyar un TEG  modulable, escalable i parametritzable permet investigar 

diferents configuracions del generador respecte les del model físic. S’han dut a 

estudi diferents variants, cabals d’aigua de refrigeració, diferent àrea de 

contacte en el bescanviador de cara freda i diferents diàmetres de pas de gasos 

calents en el bescanviador de cara calenta. Per una banda cadascun d’aquests 

paràmetres s’optimitza per a obtenir la màxima potència elèctrica del TEG i  per 

l’altra aconseguir la mínima contrapressió als gasos d’escapament. Els resultats 

es combinen utilitzant expressions empíriques obtingudes per altres 

investigadors i s’obté aquella configuració que en resultaria un mínim consum. 

La investigació demostra el que ja es sospitava i s’estava confirmant gràcies a les 

investigacions d’altres membres del nostre grup de recerca GREFEMA, el 

disseny de generadors termoelèctrics no pot centrar-se exclusivament en 

l’obtenció de la màxima potencia elèctrica i que els mòduls termoelèctrics 

emprats en el disseny es poden escollir no tant en funció de la màxima 

temperatura que suporten sinó de la combinació entre la seva eficiència de 

conversió i la temperatura suportable. 

La tercera línia d’investigació d’aquesta primera part pretén obtenir uns millors 

resultats gràcies 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 l’estudi 

anterior, el nivell de contrapressió generada a la línia d’escapament degut a la 

incorporació d’un TEG resulta determinant per a obtenir una reducció de 

consum real. Es proposa un paràmetre adimensional que serveixi per a 

determinar la validesa d’un generador termoelèctric si es vol instal·lar en un 

vehicle. 

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

construeix i es prova experimentalment sobre un BMW X1 de gasolina un nou 
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tipus de generador termoelèctric que ofereix menor contrapressió, utilitza 

mòduls termoelèctrics més eficients amb menors temperatures màximes 

admissibles i amb un disseny global que pretén disminuir la inèrcia tèrmica del 

conjunt.  Les proves es realitzen sota vàries condicions de funcionament 

estacionàries i també seguint el nou cicle d’homologació d’emissions WLTC 

obtenint els paràmetres tèrmics i elèctrics de funcionament del nou TEG fent 

èmfasi 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 l’autor proposa una metodologia 

per a avaluar el rendiment del TEG i poder predir l’estalvi de combustible 

esperat. 
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ResumenResumenResumenResumen    
 
Desde los inicios de la automoción propulsada con motores de combustión 

interna todos los ciclos empleados en los motores alternativos comparten una 

característica 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 

característica no sería muy relevante en motores llamados estacionarios o 

incluso en propulsión marítima, donde por las características del 

emplazamiento, de la instalación y sobre todo del modo de funcionamiento a 

carga casi constante del motor es posible recuperar de forma muy eficiente 

parte de esta energía y transformarla en un fluido caliente en estado líquido o 

vapor que puede ser utilizado para otros fines.  

El aprovechamiento energético del calor residual de los gases de escape es un 

hito perseguido por muchos fabricantes e investigadores en el campo de la 

automoción, esta investigación se ha intensificado en los últimos años motivada 

por las consecuencias del cambio climático, y sobre todo, por la presión de las 

administraciones sobre los fabricantes de automoción en cuanto a la 

disminución de las emisiones contaminantes, especialmente el CO2. 

Un sistema de aprovechamiento de calor residual instalado en un vehículo debe 

cumplir ciertos requisitos técnicos, debe pesar poco, debe ser compatible con el 

resto de sistemas del vehículo, 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 ámbito de aplicación de los materiales 

termoeléctricos es muy grande, desde sensores de temperatura, pasando por 

refrigeradores portátiles, hasta generadores de energía solar. En general, estas 

aplicaciones se pueden clasificar según la dirección de la conversión energética. 

Mientras el efecto Peltier se utiliza en refrigeración en estado sólido, el efecto 

Seebeck es responsable de convertir las diferencias de temperatura en tensión 

eléctrica en sistemas de recuperación de energía. 
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El efecto Seebeck es el que interesa producir en un vehículo cuando se quiere 

recuperar energía calorífica, pues gracias a los materiales termoeléctricos la 

electricidad producida se puede inyectar en el sistema eléctrico del vehículo 

reduciendo la carga del alternador y por tanto el consumo global del motor 

térmico. 

Esta tesis doctoral aborda aspectos que hasta ahora habían sido muy poco 

explorados por los investigadores: (i) los efectos sobre el comportamiento del 

motor cuando se introduce un sistema nuevo en la línea de escape, (ii) la 

utilización de software suficientemente potente para simular la integración del 

generador termoeléctrico en un vehículo completo y (iii) la cuantificación 

experimental del ahorro de consumo cuando se incorporan generadores 

termoeléctricos. 

La primera parte de la tesis se divide en tres líneas de investigación principales, 

la primera es predominantemente experimental y se centra en estudiar un 

modelo de generador termoeléctrico (ATEG) que ya había sido utilizado en 

trabajos de investigación 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 varía 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 línea se ve necesaria la construcción de un aparato de 

test de módulos termoeléctricos dado que los datos proporcionados por los 

fabricantes no coinciden con los observados en los experimentos. 

En la segunda línea de investigación predomina el trabajo de simulación y 

ajustes de parámetros térmicos. El software utilizado es el GT-Suite, un 

software multi-físico que utilizan la mayor parte de fabricantes de motores y 

vehículos en todo el mundo. Es el único que nos puede ofrecer un módulo 

específico de simulación de generadores termoeléctricos y que luego se puede 

incorporar al modelo de un vehículo entero, incluyendo los sistemas periféricos 

tales como alternador, aire acondicionado, sistema de lubricación, sistema de 

transmisión y sistema de refrigeración. 
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Los resultados de la simulación de los 7 puntos de funcionamiento estacionarios 

muestran una muy buena correlación con los datos experimentales, mostrando 

una variación inferior al 5% en los datos de temperatura de salida de gases de 

escape, temperatura de agua de refrigeración del ATEG y producción eléctrica. 

La validación del modelo queda asegurada. 

La ventaja de utilizar un software de estas características donde la construcción 

del modelo del ATEG es modulable, escalable y parametrizable permite 

investigar diferentes configuraciones del generador respecto a las del modelo 

físico. Se estudian diferentes caudales de agua de refrigeración, diferente área 

de contacto en el intercambiador de cara fría y diferentes diámetros de paso de 

gases calientes en el intercambiador de cara caliente. Por un lado cada uno de 

estos parámetros se optimiza para obtener la máxima potencia eléctrica del TEG 

y por el otro conseguir la mínima contrapresión a los gases de escape. Los 

resultados se combinan utilizando expresiones empíricas obtenidas por otros 

investigadores y se obtiene aquella configuración que resultaría en un mínimo 

consumo. 

La investigación demuestra lo que ya se sospechaba y se estaba confirmando 

gracias a las investigaciones de otros miembros de nuestro grupo de 

investigación GREFEMA, el diseño de generadores termoeléctricos no puede 

centrarse exclusivamente en la obtención de la máxima potencia eléctrica y que 

los módulos termoeléctricos empleados en el diseño se deben escoger no en 

función de la máxima temperatura que soportan sino de la combinación entre su 

eficiencia de conversión y la temperatura soportable. 

La tercera línea de investigación de esta primera parte pretende obtener 

mejores resultados gracias a un diseño 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 

habían observado en el estudio anterior, la contrapresión generada en la línea de 

escape debido a la incorporación de un TEG resulta determinante para obtener 

una reducción de consumo real. Se propone un parámetro Pn, ATEG / (VgDpbp) 

que sirva para determinar la validez de un generador termoeléctrico si se quiere 

instalar en un vehículo. 
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La segunda parte de la tesis doctoral tiene dos líneas de investigación, en primer 

lugar se construye y se prueba experimentalmente sobre un BMW X1 de 

gasolina un nuevo generador termoeléctrico que ofrece menor contrapresión, 

utiliza módulos termoeléctricos más eficientes pero con menores temperaturas 

máximas admisibles y el diseño 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 homologación de emisiones 

WLTC obteniendo los parámetros térmicos y eléctricos de funcionamiento del 

nuevo ATEG pero sobre todo el consumo del vehículo 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 metodología para evaluar el rendimiento del ATEG y poder 

predecir el ahorro de combustible esperado. 
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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 PM5 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. 

 

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

 

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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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 955 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 X1 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 238.2ºC, for a combustion gas temperature at the inlet of 660.4ºC. 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 500W) 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 80 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 5mbar. 
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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 (500ºC-700ºC). 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 250ºC and 350ºC; while intermittently 700ºC 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 ΔT2, 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 200ºC, is better than using them to use other 

preparations for high temperature> 500ºC. 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 	%&,()*+/(���-./0) is proposed to determine the 

viability of an ATEG. Only cases in which %&,()*+/(���-./0)>1 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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