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Abstract

The main objective of this doctoral dissertation is the development of a methodology based
on experimental and modelling techniques to evaluate the potential of thermoelectric generators
in automotive exhaust systems.

Thermal energy is a by-product in all power generation and industrial processes. For any
heat engine, the laws of thermodynamics place fundamental constraints on the amount of useful
power which can be extracted, leading to large amounts of heat being rejected to the ambient.

Thermoelectric materials, usually employed in the form of solid state devices
(thermoelectric modules) convert temperature gradients provided by any heat source directly
into electrical energy.

Due to the strict environmental regulations and the huge share in fossil fuel consumption of
road transportation, the automotive sector strikes as an excellent candidate to implement
thermoelectric generators, especially in exhaust systems, in which a third of the energy
provided by the fuel is wasted as heat.

The results presented here were developed for a light-duty diesel engine working at common
driving conditions and cover several stages: theoretical assessment, modelling of the exhaust
system, computer-aided design of a thermoelectric generator and engine tests with a
thermoelectric generator prototype. Each one of these steps involved new findings and meant a
further step in the implementation of thermoelectric generators in engines.

Later, achievable thermoelectric production for the diesel engine was compared with that of
a gasoline engine. Additionally, a comparison with a turbine-based, energy recovery technology
is provided.
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ė Energy accumulation (W/m3)
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Chapter 1. Introduction

1. Introduction

1.1 Introduction.

Thermal energy is a by-product in all power generation and industrial processes. For any
heat engine, the laws of thermodynamics place fundamental constraints on the amount of useful
power which can be extracted, leading to large amounts of heat being rejected to the ambient.
Since every human activity seems to produce waste heat, recovering this energy strikes as a
valuable manner of saving resources and lessen the damage to the environment.

Thermoelectric materials, usually employed in the form of solid state devices (thermoelectric
modules) convert temperature gradients provided by any heat source directly into electrical
energy through a phenomenon called the Seebeck effect (a form of thermoelectric effect).

The main advantages of thermoelectric generators are: direct energy conversion to electrical
energy, with no need of previous conversion of thermal energy into mechanical energy before
obtaining electrical energy using an alternator, and having no moving parts, resulting in
low-maintenance devices with no extra costs and a long life-span.

However, the difficulty to develop thermoelectric materials with a good combination of
physical properties limit the performance of these devices and lead to low efficiency. This
characteristics have restrained the use of thermoelectrics to extreme environments or remote
areas where connection to a central power grid is not possible and it is of vital importance to
produce electrical energy reliably with minimal maintenance.

(a) (b)

Figure 1.1: NASA has employed Radioisotope Thermoelectric Generators (RTGs) to power space
missions on several ocassions. In Fig. 1.1(a), a member of the Apollo 12 crew is transferring

plutonium-238 dioxide from the lunar module to the RTG on the floor (1969). Fig. 1.1.(b) shows
Curiosity rover on Mars, also powered by a RTG (2018). Pictures: NASA.
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Chapter 1. Introduction

One of the first niches for thermoelectric generators was the space industry. Space
exploration requires safe and reliable power systems with long life-spans to provide electricity to
spacecrafts. Since the beginning of the space race, spacecrafts have been equipped with
thermoelectric based on converting heat from the natural radioactive decay of 238Pu. Such
Radioisotope Thermoelectric Generators (RTG) have been used by NASA in several missions,
such as Apollo, Pioneer, Viking, Voyager, Galileo ,Cassini, New Horizons and Curiosity (see
Fig. 1.1).

Figure 1.2: The Soviet Union deployed more than one thousand radioisotope thermoelectric generators
to power facilities in remote areas from the 1970s through the 1990s. Parts of RTG: 1—radiator;

2—electrical lead; 3—lid; 4—flange; 5—lining; 6—radiation source support; 7—radiation
shielding;8—thermoelectric unit; 9—lid; 10—heat source; 11—protective unit; 12—radiation shielding;

13—screens; 14—housing; 15—base [1].

From the 1970s through the 1990s, the Soviet Union deployed more than one thousand
radioisotope thermoelectric generators (Fig. 1.2) as energy sources for lighthouses, navigation
beacons, and other remote monitoring sites that required an autonomous source of power.
These RTGs used radioactive 90Sr as the primary source of thermal energy [1].

Figure 1.3: Modern thermoelectric generators using fuel combustion to provide electrical energy to
remote facilities. Pictures: Gentherm Global Power Technologies.

Nowadays, heat provided by the combustion of natural gas, butane or propane (Fig. 1.3)
are used for thermoelectric generators on gas pipelines, wellheads, off-shore platforms and
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Chapter 1. Introduction

telecommunications sites [2].

The need of reducing energy consumption and pollutant emissions is fostering waste energy
recovery: thermoelectric generators could be used in power plants in order to convert waste heat
into additional electrical power or in the air or road transport sectors to increase fuel efficiency.

Due to the strict environmental regulations and the huge share in fossil fuel consumption of
road transportation, the automotive sector strikes as an excellent candidate to implement
thermoelectric generators, specially in the exhaust system, in which a third of the energy
provided by the fuel is wasted as heat.

The average electrical power for essential electrical consumers of an automobile could be
around 300 W, and more than 1 kW if we include other long-term consumers (electric radiator
fan, air conditioning, etc) [3]. This load is carried by an inefficient engine-alternator system.
The objective is to reduce the load on the alternator and consequently on the engine by
converting the waste heat from the exhaust gas of the vehicle into electrical energy to power
electrical systems on-board such as fuel injectors, ignition systems or lamps.

New applications of thermoelectrics also means new engineering challenges. There is an
issue that makes thermoelectric energy recovery from exhaust systems more challenging than
recovery from other sources: despite the high temperatures, the high exhaust gas thermal
resistance reduces in great manner the obtainable energy. This situation is worsened by the low
efficiency of current thermoelectric modules. While new thermoelectric materials with higher
efficiency are developed, the problem needs to be addressed from a thermal management
perspective to improve how thermoelectrics are integrated in exhaust systems.

Until now, there has been few solutions to recover waste heat from the exhaust gas of
automotive engines, and most of them mainly focused on maximizing the electrical production
not taking into account the negative influence on the engine or not using real driving
conditions.

The aim of the present thesis is to identify the main challenges of waste energy recovery from
exhaust systems with thermoelectric generators, focusing on characterizing exhaust systems and
developing the necessary methodologies to evaluate the potential of thermoelectric generators.

1.1.1 Basics of thermoelectric effects

The term thermoelectric refers to phenomena by which either a temperature difference
creates an electric potential or vice versa. It comprises three separately discovered effects: the
Seebeck effect, the Peltier effect, and the Thomson effect [4].

In 1821 Thomas Johann Seebeck discovered that a compass needle was deflected when it
was placed near a closed loop formed from two dissimilar metal conductors if the junctions were
maintained at different temperatures. This was the result of a magnetic field induced by an
electrical current generated in the loop.

The generated voltage and the temperature difference are related through the Seebeck
coefficient α. The Seebeck coefficient may only be measured with respect to that of other
material. If we have two samples of materials A and B connected at two junctions kept at
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Chapter 1. Introduction

different temperatures T1 and T2, the voltage measured will be given by (assuming the Seebeck
coefficients αA and αB constant within the measured range of temperatures):

∆V = (αA − αB)(T1 − T2) = αAB∆T (1.1)

Note that αAB is positive if the electromotive force tends to drive an electric current
through conductor A from the hot junction to the cold junction.

The Seebeck effect is generally dominated by the contribution from charge carrier diffusion
which pushes charge carriers towards the cold side of the material until a compensating voltage
is built up. In p-type semiconductors (which have positive mobile charges, holes), α is positive.
Likewise, in n-type semiconductors (which have negative mobile charges, electrons), α is
negative.

In 1834, Peltier described thermal effects at the junctions of dissimilar conductors when an
electrical current flows between the materials, but failed to understand the full implications
of his findings. Years later, Lenz concluded that there is heat adsorption or generation at the
junctions depending on the direction of current flow. The Peltier coefficient Π is defined as the
ratio of the cooling or heating rate Q̇ at each junction to the electric current I. If for the same
thermocouple of samples A and B an electromagnetic source is connected across a gap in B so
as to drive a clockwise electric current, the heat rate at the junctions is given by:

Q̇ = (ΠA − ΠB)I = ΠABI (1.2)

The Peltier coefficient ΠAB is considered positive if the junction at which the current enters A
is heated and the junction at which it enters B (leaves A) is cooled.

William Thomson (later Lord Kelvin) predicted a third thermoelectric effect in 1851. It was
the heating or cooling of a current-carrying conductor with a temperature gradient: the Seebeck
coefficient is not constant with temperature, therefore a spatial gradient in temperature can
result in a gradient in the Seebeck coefficient and if a current is driven through this gradient,
then a continuous version of the Peltier effect will occur. The heat rate per unit of volume
caused by the Thomson effect in a one-dimensional case is:

q̇ = −τJ dT
dx

(1.3)

where J is the module of the current density (electric current per cross-sectional area) and τ
the Thomson coefficient.

In 1854, Thomson found relationships between the three coefficients (Thomson relations),
implying that the Thomson, Peltier, and Seebeck effects are different manifestations of the same
effect. The first Thomson relation is:

τ =
dΠ

dT
− α (1.4)

Applying the theory of thermodynamics, he also established a relationship between the
coefficients that describe the Seebeck and Peltier effects (second Thomson relation):

Π = αT (1.5)
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Chapter 1. Introduction

The Seebeck and Peltier coefficients need to be measured for a pair of conductors whereas it
would be much more convenient if their values could be given for a single material. The
single-material (absolute) Seebeck or Peltier coefficient becomes equal to the differential
coefficient if it can be considered that the second material possess a zero absolute coefficient.
This can be undertaken in practice by using a superconductor as the second material. There is
no material that remains in the superconducting state at ordinary temperatures. If the absolute
Seebeck coefficient of a material at low temperatures is determined by connecting it to a
superconductor, one can then use the first Thomson relation to find the value at higher
temperatures after measuring the Thomson coefficient [4].

To understand the Peltier, Seebeck, and Thomson effects more precisely, the full equations
of heat and charge flow are needed. The current density J is given by:

~J = −σ~∇V − σα~∇T (1.6)

where ~J is the current density, σ is the electrical conductivity, ~∇V is the voltage gradient,
and ~∇T is the temperature gradient. If conditions are isothermal, Eq. (1.6) becomes Ohm’s

law. The Seebeck effect corresponds to the case that there is no current ( ~J = 0 leads to Eq.
(1.3)).

The heat flux ~̇q can be expressed as a function of the temperature gradient and the current
density:

~̇q = −κ~∇T + Π ~J (1.7)

where the first term is the heat conduced (being κ thermal conductivity) and the

proportionality constant for ~J is Π, the Peltier coefficient.

The total energy flowing through the material would be the sum of the thermal heat flux, the
energy carried along by the electrons and the heat added from an external source (if applicable):

ė = −~∇ · ~̇q − ~∇ · V ~J + q̇ext (1.8)

Substituting Eq. (1.6) and Eq. (1.7) in Eq. (1.8) , ė, takes the following expression:

ė = ~∇ · (κ~∇T )− ~∇ · (V + Π) ~J + q̇ext (1.9)

The first term is the Fourier’s heat conduction law, and the second term shows the energy
carried by currents.

If the material has reached a steady state, the charge and temperature distributions would
be stable, so there would be no energy accumulation (ė = 0) and ∇ · ~J = 0. Using this
considerations and the second Thomson relation (Eq. (1.5)), Eq. (1.9) can be expressed as:

κ∇2T + ~J ·
(
σ−1 ~J

)
− T ~J · ~∇α + q̇ext = 0 (1.10)

The second term in the right of Eq. (1.10) is the Joule effect and the third term is related
to the thermoelectric effects. Equation (1.10) together with Eq. (1.6) can be used to solve for
the steady-state voltage and temperature profiles in a system.
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1.1.2 Thermoelectric materials

Thermoelectric materials are usually employed for energy harvesting in the form of
thermoelectric modules. Thermoelectric modules contain several thermoelectric couples (see Fig.
2.5). To ensure that the Seebeck coefficients α are large, there should only be a single type of
charge carrier at each element of the couple: mixed n-type (electrons) and p-type (holes)
diffusion will lead to all charge carriers moving to the cold end, cancelling out the induced
Seebeck voltages. Low carrier concentration insulators and semiconductors have large Seebeck
coefficients.

Figure 1.4: Thermoelectric module.

Thermoelectric couples consist of n-type (containing free electrons, negative charge carriers)
and p-type (containing free holes, positive charge carriers) semiconductor elements wired
electrically in series and thermally in parallel. For a given material, the suitability to produce
thermoelectric power is expressed as the dimensionless figure of merit zT of the material:

zT =
σα2T

κ
(1.11)

which apart from the Seebeck coefficient α, depends on the temperature T , the thermal
conductivity κ and the electrical conductivity σ.

The efficiency η of a thermoelectric module or system for electricity generation may be
defined as

η =
P

Q̇h

(1.12)

where P is the electrical energy provided to a load and Q̇ is the heat absorbed at the hot
side. The efficiency η of a thermoelectric device has a maximum limit ηmax given by:

ηmax =
Th − Tc
Th

√
1 + ZT̄ − 1√
1 + ZT̄ + Tc

Th

(1.13)

where Th is the temperature at the hot side and Tc is the temperature at the cold side. Note
that the first part of Eq.(1.13) is the Carnot efficiency, as thermoelectric devices are heat
engines: they produce work absorbing heat from a hot source while transferring heat to a cold
source. The second part of the expression determines how far from Carnot’s limit lies ηmax. ZT̄
is the modified dimensionless figure of merit, which takes into consideration the two
thermoelectric materials being used in a real device:
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ZT̄ =
(αp − αn)2T̄

[(κp
σp

)1/2 + (κn
σn

)1/2]2
(1.14)

where ρ is the electrical resistivity, T̄ is the average temperature among the hot and cold
sides and the subscripts n and p denote properties related to the n- and p-type thermoelectric
materials, respectively.

From Eq. (1.6), it can be derived that a material with high zT must hold a high Seebeck
coefficient α and a high electrical conductivity σ while having a low thermal conductivity.
Carrier concentration and α can be related for metals or degenerate semiconductors (parabolic
band, energy-independent scattering approximation) [5] as follows:

α =
2k2

B

3ec}2
m∗T

( π
3n

)2/3

(1.15)

where n is the carrier concentration kB is the Boltzmann constant, m∗ is the effective mass of
the carrier, } is the reduced Planck constant and ec is the electron charge.

Figure 1.5: Maximizing the efficiency (zT ) of a thermoelectric involves a compromise between thermal
conductivity κ (from 0 to a top value of 10 W m−1 K−1), Seebeck coefficient α (from 0 to 500 µV K−1),
and electrical conductivity σ (0 to 5000 Ω−1cm−1). Results for Bi2Te3 adapted from Snyder et al. [6].

The electrical conductivity σ is related to n through the carrier mobility µc:

σ = µcecn (1.16)

Additional materials design conflicts stem from the necessity for low thermal conductivity.
Thermal conductivity in thermoelectrics comes from two sources: charge carriers transporting
heat (κe) and phonons travelling through the lattice of the material (κl):

κ = κe + κl (1.17)
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Most of the electronic term κe is directly related to the electrical conductivity through the
Wiedemann–Franz law [7]:

κe = LσT = necµcLT (1.18)

From Eq. 1.15, Eq. 1.16 and Eq. 1.18, it can be seen that when the concentration of carriers
n is increased, α decreases and σ and κ increase. Therefore the difficulty of developing new
thermoelectric materials with better efficiency.

(a) p-type (b) n-type

Figure 1.6: Figure of merit zT of some state of the art thermoelectric materials as a function of
temperature. Adapted from results of [8–20].

Good thermoelectric materials are typically heavily doped semiconductors with a carrier
concentration between 1019 and 1021 cm−3 [6].The most common thermoelectric materials for
practical applications are Bi2Te3 alloys, PbTe alloys and Si1−xGex alloys. Other thermoelectric
materials are skutterudites, clathrates and half-Heusler compounds.

Bi2Te3 has been widely used for thermoelectric generation at low or middle temperatures
(peak performance around 400 K). It commonly appears combined with Sb2Te3 or Bi2Se3 as
p-type or n-type material, respectively. For energy recovery at moderately high temperatures
(500–900 K), materials based on group-IV tellurides are typically used, such as PbTe, GeTe or
SnTe. For this range, TAGS alloys (Te-Ag-Ge-Sb) have also been succesfully used as p-type
materials. High-temperature (higher than 900 K) thermoelectric generators have typically used
Si1−xGex alloys for both n- and p-type legs, but these materials have typically had considerably
low zT values, particularly as p-type materials.

1.2 Justification

This thesis presents a new line of work for the research group and needed to provide an
integral approach, starting from exhaust system characterization and its thermoelectric
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potential and moving later to more advanced tasks such as the design of a thermoelectric
generator. This approach allowed providing a solid foundation and identifying gaps in the
research field and neglects in methodologies from previous researchers.

The work contained in this thesis also forms part of the research project ’Potential of
waste energy recovery in thermal combustion engines. Energy and environmental implications.’
(POWER, Ref. ENE2014-57043-R). The project has purpose of characterizing the wasted
exhaust energy in diesel engines and the potential and environmental implications of waste
recovery systems.

1.2.1 Environmental context

The sustainable development policy implemented in the European Union promotes the
reduction in the use of resources, supports the shift towards a low carbon economy, the increase
in the use of renewable energy sources and the modernization of the transport sector and promotes
energy efficiency. The key objectives of the Europe 2020 strategy related to environmental
policies and energy are:

• Reducing greenhouse gas emissions by at least 20% compared to 1990 levels.

• Increasing the share of renewable energy in final energy consumption to 20%.

• Moving towards a 20% increase in energy efficiency.

Figure 1.7: Final energy consumption by sector in the EU. Source: Eurostat [21].

According to Eurostat data [21], transportation supposes around a third of the total energy
consumption in the EU (similar to industry and residential consumed energy, see Fig. 1.7).

Regarding the consumption of petroleum products (see 1.8), road transport is responsible
for three fourths of the consumption in the transport sector and almost half of the total energy
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consumed from oil-derivated products in the European Union [21]

Figure 1.8: Consumption of oil-derivated products in the EU. Source: Eurostat [21].

In terms of greenhouse emissions, the transport sector is responsible for the 24% of the
greenhouse emissions (see Fig. 1.9). The higher share corresponds to fuel combustion for energy
purposes (in the energy sector or industry).

Figure 1.9: Greenhouse emissions by sector in the EU. Source: Eurostat [22].

Road transport is also responsible for the emissions of CO, HC, NOx, particulate matter
(PM) and other pollutants. The share of road transport in the main atmospheric pollutants can
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be seen in Fig. 1.10. It is of special importance its share in CO and NOx.

Figure 1.10: Share in main pollutants by sector in the EU. Source: EEA[22].

With regard to the European road transport fleet, diesel road transport represents the 41.2%
of passenger vehicles, the 88.5% of light commercial vehicles and the 95.5% of medium and
heavy commercial vehicles in the EU (Fig. 1.11) [23].

Figure 1.11: Share of road vehicles by fuel type in the EU. Source: ACEA [23].

Due to the aforementioned energy scenario, the road transportation industry is probably the
most attractive sector for the use of TEGs to recover lost heat, even more if we take into
account that around a third of the energy provided by the fuel is wasted through the exhaust
system.
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1.2.2 Thermal energy assessment models for exhaust systems

Generic energy and exergy analyses on exhausts systems have been carried out in the past
[24–26]. Although useful in assessing energy lost through exhaust gas, they are less precise in
narrowing the amount of energy that could be recovered with a particular technology.

Consequently, it is hard to find information about heat recovery that could be currently
achieved by thermoelectric generators when driving diesel light duty passenger cars.
Thermoelectric modules make use of heat from the exhaust gas, but, when implemented,
thermoelectric generation systems modify this heat transfer, due to new thermal resistances
added. It is also of great importance to consider the gas temperature reduction across heat
exchangers.

Therefore, energy and exergy results in exhaust systems to be applied on thermoelectric
generators should include, to a certain extent, the technology to be employed for energy
recovery, as it has been previously done with other waste energy recovery (WER) approaches,
such as Rankine cycles [27–29].

When more detailed information is sought, computational models support studies of exhaust
and after-treatment system design, the investigation of thermal conditions, and performance
characteristics. Traditionally, one-dimensional (1D) simulations using in-house or commercial
codes have been used to study exhaust flow. In most cases, heat transfer coefficients from
empirical correlations have been employed [30].

One-dimensional tools have the advantage of shorter computational time, but the accuracy
of the results is limited by their inability to simulate three-dimensional flow effects in regions
such as the inlet and outlet cone of catalytic converters. Usually strong turbulent flow exists
when angled and asymmetrical cones are presented [31].

An important component of exhaust systems are catalytic converters. Voltz et al. [32]
performed measurements on pellet-type platinum-alumina catalysts to derive kinetic rate
expressions for the oxidation reactions of CO and C3H6 under oxygen-rich conditions for a
better understanding of platinum oxidation catalysts in automotive emission control systems.
Detailed kinetics for a Pt/Rh three-way catalyst were described in Chatterjee et al. [33]. This
model consisted of 60 elementary reaction steps and one global reaction step, involving 8 gas
species and 23 site species. It considers the steps of adsorption of the reactants on the surface,
reaction of the adsorbed species, and desorption of the reaction products.

Expressions Voltz et al. [32], especially as written by Oh et al. [34], have been widely used
in catalytic converter simulations [35–38]. Chatterjee’s work has been used when more accuracy
is required, as in Kumar et al. [39].

The catalytic reactions can be solved during simulations or they can be pre-computed over
some solution space, and store the result in a look-up table, as in [40, 41]. During calculations,
the look-up table is accessed for the solution at the desired temperature and concentrations.
The look-up table can be time-expensive to build, but once it is accomplished it can be used for
other applications.

Due to the variety of washcoat materials and loadings of the monoliths and to ageing effects
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of after-treatment devices, the kinetic parameters published have difficulties in fitting to
conditions or catalytic converters different from the study cases. To overcome the difficulty of
finding kinetic parameters fitted to their application, it would be of interest to have a simple
methodology for researchers and designers to develop their own kinetic constants for CFD
exhaust models based on experimental measures.

The real physical space of a full size monolith converter contains thousands of tiny channels
and it could present an extremely time consuming problem to solve. With the increase of
computing resources, some simulations using a full catalytic converter comprising all the
monolith channels have been carried out using supercomputers [42], but even with those
resources, the enormous time needed for calculations makes simplified models still necessary.

Concerning the simulation domain of a catalytic converter, several approaches have been
followed to model the monolith in which the reactions take place.

The first is the single channel model, in which a single channel of the converter is the
computational domain [43, 44]. This assumes that all channels act the same way and the
performance of one channel can be extrapolated to the entire system. This approach can offer
valuable information into the fundamental physical and chemical phenomena occurring but, for
a real catalytic converter, flow maldistribution and different energy transfer among channels
make this assumption not very accurate.

For simulations of the converter performance, most models use a volume averaging method
and treat the monolith as a continuous porous medium [45, 46]. With the porous medium
approach channels are not simulated but a macroscopic understanding of the flow is achieved
while keeping the computational requirements affordable.

The representative channel method combines the two previous approaches. Some channels
are modelled in detail, and then combined with a macro-model for the whole converter, as in
[33, 47–49]. Studies on how to identify representative channels with agglomerative cluster
algorithms [50], as in [51], have also been published.

1.2.3 State of the art of automotive thermoelectric generators

Throughout the still short history of automotive thermoelectric generators, one may find
mostly diverse results which do not follow a clear trend. This is due to the wide variety of
design approaches, testing conditions followed. Due to the scope of this thesis and other
applications for vehicles being of lesser importance and recovery potential, only thermoelectric
generators for exhaust systems have been included in this review. The available literature has
been surveyed especially focusing on two key parameters, when provided by the authors: the
electrical output and the losses due to extra engine pumping work, which is due to backpressure
caused by thermoelectric generators in exhaust systems.

Early studies on thermoelectric generators were focused on maximizing the electrical output
despite the backpressure that may be originated. For instance, LaGrandeur et al. [52]
estimated a power output of 600 W from a 190 kW gasoline engine. Simulations from Hussain
et al. [53] showed a 300W power output from a 2.5L engine. However, the backpressure
obtained in these works, around 10 kPa, was too high to be implemented in passenger vehicles.
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Later designs have been shorter in electrical output but awareness in backpressure effects has
been increased. Nevertheless, most studies still fail to address this issue correctly, establishing
just a backpressure limit that should not be surpassed and not taking into account the power
losses that this phenomenon could cause.

Thermoelectric generators need a coolant fluid to ensure that the cold side of thermoelectric
modules remains cold. The usual engine water temperature, usually around 80-90oC [54], is too
high for an optimum working point and diminishing the cold side temperature could be an
option to enhance the electrical production. Some studies used water temperatures in the range
of 20-30oC, but it is difficult to think of and on-board system to reduce so much engine water
temperature without incurring in more energy expense. Ikoma et al. [55] obtained an electrical
production of 35.6W from a 3L gasoline engine (no backpressure reported). Haidar et al. [56]
harvested 42.3W of electrical energy from a diesel stationary engine (no backpressure reported)
and Kim et al. [57] recovered 120W from a 4L diesel engine (1.5 kPa of backpressure).

Since external air temperature is lower than engine coolant temperature, is not
unreasonable to think of an on-board cooling down (e.g. through finned duct) to approximately
40-50oC before reaching the TEG. More recent studies are conducted employing coolant
temperatures within this range. Matsubara [58] developed a thermoelectric generator using
coolant water at 40oC obtaining an electrical output of 266 W from a 2 L gasoline engine and
Crane et al. [59] achieved a power over 600 W also from a gasoline engine with water
temperature around 55oC but no pressure drop is reported in either of the studies. Friedrich et
al.[60] reported a 200 W electrical production with a backpressure of 2.5 kPa using coolant at
50 oC in a 3 L gasoline engine. Massaguer et al. [61] obtained a power output 111 W in steady
conditions from a 1.4 L gasoline engine but with a maximum pressure drop of 8 kPa.

There is a lack of studies of energy recovery with thermoelectric generators in light-duty
diesel engines: research on thermoelectric generators has been typically focused on gasoline
engines, since higher exhaust temperatures, compared to diesel engines, can be found. Most
studies on diesel engines have been aimed at high-displacement, diesel engines, such as the ones
found in heavy trucks or even in power generation. Bass et al. [62] achieved an energy recovery
of 1 kW from a 14 L stationary diesel engine, Frobenius et al. [63] obtained 416 W from a
heavy-duty truck and Zhang et al. [64] developed a 1 kW thermoelectric system for heavy-duty
engines similar to fighting-vehicle engines.

Durand et al. [65] modelled theoretical equations of thermoelectric materials and heat
transfer correlations to study the differences in thermoelectric production of diesel and gasoline
engines, pointing out that gasoline engines could have more energy recovery potential. Apart
from scattered results of several thermoelectric generators in a diesel or a gasoline engine, there
is a need to know the actual difference in thermoelectric production that could be achieved
with diesel and gasoline engines passenger vehicles with the same thermoelectric generator at
urban and extra-urban velocities and the factors that influence this difference.

Appropriate test conditions are also important to fully evaluate the role of a thermoelectric
generator prototype in driving conditions. Liu et al.[66] achieved 183 W of electric power (no
data of pressure drop reported) but the study was limited to a few extra-urban conditions. Meng
et al. [67] carried out a performance investigation and design optimization of a thermoelectric
generator, advising to use a counter flow cooling and limiting the streamwise length of the
generator in order to not have deficient operation of the thermoelectric modules at the end of
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the device. Around 110 W of electrical production were obtained but the study was only carried
out at an arbitrary exhaust gas condition.

In the last years, more diverse solutions have been tested. Bai et al.[68] carried out
computational simulations to study the thermal enhancement of using metal foams in the
interior of a thermoelectric generator. Results show that the power output increased from 119
W to 323 W, but no information about the increase in pressure drop was given. Cao et al. [69]
tested a hollow rectangular geometry with internal fins and heat pipes to transport the heat
outside geometry to external thermoelectric modules. Nevertheless, heat losses may have
dumped down the electrical output, obtaining 131 W and a maximum pressure drop of 1700 Pa.
Weng et al. [70] simulated a finned hexagonal thermoelectric generator. To reduce the thermal
resistance of the exhaust gas, the cross-sectional area was reduced with a hollow body in the
center of the hexagonal geometry. A maximum electrical production of 48 W was obtained.
Kim et al. [71] tested a perforated exhaust pipe and a hexagonal exterior case with internal fins
where the thermoelectric modules are mounted. About 100 W of electrical output for a pressure
drop of 2.1 kPa was obtained.

Even though the majority of thermoelectric generators developed employ water as coolant,
some prototypes have used air to maintain cold-side temperatures. Kashid et al. [72] tested a
thermoelectric generator in a gasoline engine and obtained 13 W of electrical power. On the
cold side of the thermoelectric modules a block of fins were used as heat sink. No pressure drop
is reported. Orr et al.[73] employed fins and heat pipes in the exhaust duct and in a cold air
duct (with a fan impulsing air) to maintain hot and cold side temperatures at the
thermoelectric modules interfaces. An electric power of 38 W was obtained but the low load
engine test point at with this value was obtained was not appropriate to evaluate the pressure
drop that the device may cause in real driving operation.

1.2.4 Conclusions about the current state of knowledge

An inclusive review of thermoelectric energy recovery in exhaust systems, from exhaust
system models to thermoelectric generators, was performed. As a result, it has been noticed
that there is a lack of appropriate tools and methodologies to assist early stages in design of
thermoelectric generators.

The surveyed literature consists on scattered studies of thermoelectric generator designs,
frequently tested under arbitrary, non-representative engine conditions or with non-realistic
coolant temperatures. This can lead to results which may not hold under real driving
conditions. Hence, efforts should be placed on establishing the boundaries for energy recovery
under driving-like engine conditions.

Most researchers have worked on thermoelectric generators for spark-ignition engines,
whereas only a few have developed thermoelectric generators for light-duty diesel engines.
Exhaust energy recovery seems to be more challenging due to lean air-to-fuel ratios that result
in lower exergy of the exhaust flow. Nevertheless, few studies have compared or discussed the
actual difference in potential among spark-ignition and compression-ignition for thermoelectric
energy recovery and even fewer have carried out the comparison with the same thermoelectric
generator.
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1.3 Objectives and hypotheses

This dissertation aims to assess the potential of thermoelectric generators for energy
recovery from automotive exhaust systems by combining experimental and numerical
approaches. The main hypothesis in this work is that thermoelectric generators can work in
automotive exhaust systems under common driving conditions.

The specific objectives of the present dissertation may be summarized as follows:

• To characterize and model the exhaust system, proposing a methodology and developing
the necessary sub-models of the phenomena relevant to thermal energy recovery.

• To establish and develop a methodology to evaluate theoretically energy, exergy and
electrical production obtainable from exhaust systems with thermoelectric generators.

• To define the threshold and limits of energy recovery within common driving conditions
for light-duty diesel engines, moving from theory-based methods towards a real prototype.

• To identify the relevant variables in the design of a thermoelectric generator and develop
a design methodology.

• To identify and compare the differences in potential of energy recovery from
compression-ignition and spark-ignition engines with thermoelectric generators.

• To compare the differences in potential of energy recovery with thermoelectric generators
and with a turbine-based recovery technology.

Meeting this objectives will result in a global methodology to assess design and
implementation of thermoelectric generators together with the obtainment of the know-how to
develop further designs and new applications of thermoelectric generators, even for other
applications.

1.4 Thesis outline

The present thesis is submitted in the form of a compendium of publications. To fulfil the
requirements of this form of dissertation, the articles shall be presented in the results chapter as
published in the corresponding journals. Additional chapters are included to complement,
summarize and, in some cases, extend the information provided in the publications.1

Chapter 1 has dealt with the current scenario for thermoelectric generators and modelling
tools for the assessment of available energy in exhaust systems. Energy consumption share and
environmental concerns in the road transportation sector have been briefly presented. The
importance of a new design approach focused has been emphasised. This approach is not only
focused on maximizing the electrical output but also on reducing the influence on the engine.
The lack of methodologies with regard to energy evaluation oriented to thermoelectric
generators has been pointed out.

1Please note that the figures, tables, symbols and references present in the publications are not included in
the List of figures, List of tables, Nomenclature and Bibliography sections unless included in other parts of the
dissertation apart from Chapter 3.
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In Chapter 2, experimental and computational methodologies employed are presented.
Please bear in mind that, since this thesis is submitted by compendium of publications, the
methodologies described are also contained in the corresponding publications of Chapter 3.
Nevertheless, the reader may find this chapter useful, as the equipment and methods gathered
here are comprehensively sorted and some of them are described in a more detailed fashion.

Chapter 3 presents a total of four publications from indexed journals: one from Journal of
Cleaner Production, another from Applied Sciences and two from Applied Energy. The
publications are included as published in the respective journals.

Chapter 4 provides the main conclusions derived from this thesis and points to possible
directions towards where new research may be aimed.
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2. Methodology

2.1 Introduction

As already stated, this thesis aims to assess the thermoelectric potential of exhaust systems
through a combined experimental and computational approach. Experimental procedures were
employed to characterize the exhaust gas. Further steps were accomplished by the development
of computational models in which experimental techniques were again involved for validation
purposes. The models led to the fabrication of a thermoelectric generator that permitted an
experimental evaluation of thermoelectrics in a light-duty diesel exhaust system.

First, the exhaust system of the engine - test bench assembly was reconditioned with the
actual exhaust system of the vehicle with the purpose of having a setup as realistic as possible,
but with a rearrangement to adapt it to the experimental facilities. Once the exhaust pipe, the
sensors, the acquisition systems were installed, the exhaust gas characterization was carried out.
Later, the development of the thermoelectric potential analysis and a CFD model of the
exhaust system started.

While the analysis of potential permitted a starting point to identify the challenges that
needed to be assessed and the order of magnitude of the recovered energy to be expected, the
CFD model allowed a better understanding of the exhaust system and a method to evaluate the
implementation of energy recovery devices. The CFD model was developed in collaboration
with the CMT Institute (Universitat Politécnica de Valencia).

Having the background and the context set, the design of a thermoelectric generator started.
The development of the thermoelectric generator was carried out in cooperation with Katcon
Institute for Innovation and Technology (KIIT) and Universidad Autónoma de Nuevo León,
following industrial design procedures. The design was supported by a CFD model of the
thermoelectric generator. The model not only assisted with the design but also permitted an
insight of the internal flow not possible by other means.

Figure 2.1: Methodology outline showing main tasks accomplished.

The model also allowed thermoelectric production results from a gasoline engine (Ford
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Ecoboost 1.6 L) without physically installing the device. This last work was accomplished at
University of Michigan.

2.2 Equipment and test plan

2.2.1 Equipment

Tests were carried out in a Nissan YD22 (four-stroke, turbocharged, four-cylinder, EGR
equipped diesel) engine. The engine bore and stroke are, respectively, 86 mm and 130 mm
(total volume displacement is 2.2 L) and the compression ratio is 16.7:1. The exhaust system is
equipped with a diesel oxidation catalyst (DOC) and a muffler.

Figure 2.2: Engine and test bench.

Piezo-resistive pressure sensors and K-type thermocouples (see Fig. 2.3) were employed to
measure pressure and temperatures. Additionally, surface temperatures were also measured
with and infrared camera Gobi 384 GigE. The exhaust mass flow rate was calculated from the
addition of the fuel and air mass flow rates.

Figure 2.3: Sketch of the exhaust with measurement points. The exhaust system is 4 m long and pipe
has a diameter of 5 cm (figure not to scale).
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Pollutant species (NOx, hydrocarbons, CO and CO2) were measured using equipment from
ENVIRONNEMENT manufacturer. A TOPAZE 32M model was used as NOx analyser, based
on the chemiluminescence effect from NO oxidation by ozone (O3). The GRAPHITE 52M gas
analyser measures total hydrocarbons (THCs) by flame ionization detection while a MIR 2R
gas analyser measures CO and CO2 species, detecting the molecules absorption in the infrared
spectrum. Other species compositions are estimated via chemical balances from fuel and air
consumption.

For the tests with the thermoelectric generator, the setup shown in Fig. 2.4 was employed.
The hot-side heat exchanger of the TEG was installed between the DOC and the muffler and
a cooling system to maintain cooling water temperature at 50oC was connected to the two
cold-side heat exchangers (one for each side of the hot-side heat exchanger).

Figure 2.4: Experimental setup for the TEG tests.

A total number of 80 Bi2Te3 commercial modules (40 for each side of the hot-side heat
exchanger) such as the one in Fig. 2.5 were used for tests.

Figure 2.5: Thermoelectric module.

The Bi2Te3 modules were selected for being the most appropriate for the range of surface
temperatures expected. The main characteristics of the thermoelectric modules employed in
this work are shown in Table 2.1.
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Table 2.1: Main characteristics of thermoelectric module TEG1-4199-5.3.

Type Bi2Te3

Maximum hot side temperature 300 oC
Thermal conductivity 1.4 W/mK

Dimensions 40 × 40 × 4 mm

2.2.2 Test plan

The velocity profile imposed by the New European Driving Cycle (NEDC) used for
light-duty vehicle certification, was translated into engine operating conditions (torque and
engine speed), as shown in Fig. 2.6 (black dots), employing longitudinal dynamics equations
[74].

Within the engine operation area allowed by the dynamometer, three levels for each of the
two variables (torque and engine speed) of the experiment were defined. A full factorial design,
with a second order adjustment was employed, since it was found that it provided good enough
results for the engine map area intended to cover [75]. A test matrix with nine steady test
points (red dots in Fig. 2.6)) was the result.

The test matrix selected covers the most used quarter of the engine map in light-duty
vehicles in urban and extra-urban conditions. Although the nine testing modes were originally
selected to cover the most used part of the engine map from the NEDC engine conditions, it
also covers the most common conditions from the Worldwide Harmonized Light Duty Test
Cycle (WLTC, grey dots in Fig. 2.6).

Figure 2.6: Test operating modes (A-I) employed. Grey and black dots correspond to engine operation
points during the WLTC and the NEDC, respectively.
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2.3 Experimental procedures

2.3.1 Monolith pressure loss characterization

Automotive catalytic converters are commonly based on a substrate with hundreds of
channels, commonly ceramic or metalic foil monoliths. The substrate has a washcoat which
carries the catalytic materials. A great pressure drop occurs because of the monolith, hence the
importance of modelling correctly this issue.

The classical approach that links pressure drop and velocity in flows through porous media
is the Forcheimer equation (Eq. 2.1), that can be derived from the Navier Stokes equation for
one-dimensional, incompressible and steady laminar flow of a Newtonian fluid in a rigid porous
medium [76]:

−dp
dx

=
1

κ
µv + βρv2 (2.1)

The second term in the right can be interpreted as a second-order correction to account for
the contribution of inertial forces, but, at sufficiently low velocities, this effect is negligible and
Eq. 2.1 can be reduced to Darcy’s law [77]:

−dp
dx

=
1

κ
µv (2.2)

Darcy’s law can be rewritten in the form of 2.3, relating the average fluid velocity v through the
pores with pressure drop ∆p along a segment of length L:

−∆p

µL
=

1

κ
v (2.3)

Figure 2.7: Plot for viscous resistance derivation. Linear fit constant: B=5.9·107 m−2.

If the equation from the linear fit of the scatter plot of −∆p
µL

vs. v is:

Y = BX (2.4)
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then, Darcy’s constant κ can be derived as follows:

κ =
1

B
(2.5)

Several exhaust mass-flow rates and their corresponding pressure drops were measured to
obtain accurate predictions. Empirical data (Fig. 2.7) shows a clear linear correlation between
velocity and pressure drop (being v the horizontal axis and −∆p

µL
the vertical axis) and Darcy’s

law can be employed. Resulting Darcy’s constant is κ = 1.695 · 10−8 m2.

2.3.2 Determination of the external heat transfer coefficient

The heat rejected to pipe surroundings needed to be included. Wall temperatures along the
exhaust pipe were measured using infrared (IR) image. Figure 4 shows, as example, views of
the external surface of the pipe and the DOC.

(a) (b)

Figure 2.8: Example of infrared images of the exhaust line in (a) the exhaust pipe and (b) the DOC .
Temperatures in the scale are in oC. Squares seen in a) are wall temperature measurement points.)

An average skin temperature was used to calculate an effective convection heat transfer
coefficient. This skin temperature simplification is considered as reasonable, since calculation of
heat transfer rates is not very sensitive in the values of pipe wall temperatures [78]. Accounting
for convection and radiation, total transferred heat from pipe wall to surroundings is:

Q̇ = h̄∞πd (Twall − T∞) + επdLσ
(
T 4
wall − T 4

∞
)

(2.6)

Grouping all terms in the right side of 2.6 in one single equivalent convection term 2.7:

Q̇ = h̄effπdL (Twall − T∞) (2.7)

The effective convection coefficient accounts for convection and radiation heat losses,
although radiation heat transfer to ambient is expected to be low, since wall temperature is
below 400 oC [79]. A similar approach is followed in Kapparos et al. [30].

Based on the measured exhaust gas and pipe wall temperatures, an energy balance for the
exhaust gas is employed for the calculation of the heat flux. The resulting heat fluxes are
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employed in the estimation of a mean gas-to-wall convection coefficient. Since temperature at
both ends of the exhaust pipe are measured, total heat losses Q̇ (W) can be obtained as:

Q̇ = ṁgcp,g (Tg,in − Tg,out) (2.8)

Equaling Eq. 2.7 and 2.8, the effective convection coefficient h̄eff can be derived as (Eq. 9):

h̄eff =
ṁgcp,g (Tg,in − Tg,out)
πd (Twall − T∞)

(2.9)

2.3.3 Estimation of chemical kinetics parameters

The estimation of kinetic parameters was based on a combined approach based on
experimental measurements upstream and downstream of the DOC and a 2D CFD model. It
was decided to include this sub-section together with the experimental procedures since the 2D
model was only build to assist the determination of the chemical kinetics parameters for the 3D
model of the exhaust system described in section 2.4.2.1.

Under light-off temperatures (around 200oC) catalytic processes remain basically inactive.
Until activation temperature is reached, reactions are chemically controlled. Post-light-off
reaction rates are limited mainly by mass transfer and, consequently, conversion efficiency
depends on the residence time within the monolith, the surface to volume ratio of the monolith
and the mass transfer [80]. In the operating conditions from the test matrix, catalytic reactions
are normally within the light-off band. Thus, estimation of kinetic parameters is needed.

Two main reactions occurring in DOCs, as in Voltz et al. [32], are modeled:

C3H6 +
3

2
O2 → 3 CO2 + 3 H2O (2.10)

CO +
1

2
O2 → CO2 (2.11)

Propylene (C3H6) is representative of the easily oxidized hydrocarbons, which constitute
about 80% of the total hydrocarbons found in a typical exhaust gas. Other saturated
hydrocarbons (typically represented as methane or propane) which are more resistant to
oxidation usually make up the remaining 20% [32]. Since only total hydrocarbons (THC) data
is available and fast oxidation hydrocarbons represent the majority of the THC, propylene
alone was used as representative of the HC (as is common [44]).

Usually adopted forms of the rates of CO and HC oxidations are as follows:

RCO =
kCOcCOcO2

G
(2.12)

RC3H6 =
kC3H6cC3H6cO2

G
(2.13)

Where G is a term accounting for NO, CO and HC inhibition effects on oxidation:

G =

= Ts (1 +K1cCO +K2cC3H6)
2 (1 +K1cCO +K2cs,C3H6)

2 (1 +K3c
2
COc

2
C3H6

)(1 +K4c
0.7
NO)

(2.14)
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Since the intended target is an empirical model to fit experimental data and power-law
reactions showed good performance, inhibition term was not included:

RCO = kCOcCOcO2 (2.15)

RC3H6 = kC3H6cC3H6cO2 (2.16)

Arrhenius kinetic constants km are defined as:

km = Ame
−Ea,m

RTs (2.17)

Figure 2.9: Matlab algorithm followed for the kinetic parameters estimation.

The problem is reduced, then, to obtain the pre-exponential factors Am and activation
energies Ea,m. For both species, it is conducted an iterative process varying the pre-exponential
factor in CFD simulations until the deviation of outlet concentration value from the
experimental results as much as 0.1%. Once this is achieved, values of km are obtained.

This iterative process needs to be followed just once (to obtain the above-mentioned
constants and implement them in the model) and not for every prospective 3D simulation.
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The simulations were performed on a 2D axisymmetric DOC model following the procedure
described in Fig. 2.9. The 2D model maintained same characteristic lengths of the real DOC
but with a simplified geometry (see Fig. 2.10, allowing fast iterative simulations. Other aspects
about the set-up of these 2D simulations are the same than those presented in section 2.4.2 for
the 3D calculations.

Figure 2.10: Geometry of the 2D axisymmetric DOC model for the tuning process of kinetic
parameters. Darker shade of grey represents the monolith.

From results (Fig. 2.11), the kinetic exponential law 2.18 can be obtained since:

ln km = Cm −
Dm

Ts
(2.18)

Where Cm and Dm are constants from the linear fit. Sought kinetic constants are given by
Eq. 2.19 and Eq. 2.20:

Am = eCm (2.19)

Ea,m = DmR (2.20)

Complete and zero species consumption at DOC are not useful for estimating kinetic
parameters. Therefore, data close to 0 or 100% conversion were excluded from calculations.
Given that light-off bands seemed to be narrow, particularly for CO, two sets of experiments
need to be used. Due to the intended repeatability of the experiments, similar tests would
result in very similar results, adding no new information. It was decided to take results of tests
under very different external ambient conditions so that different exhaust temperature results
in the range of interest are obtained.

Resulting kinetic parameters are shown in Table 2.2.

Table 2.2: Obtained kinetic parameters for CO and C3H6 oxidations

ACO (m3/(mol·s) 3.42 · 106

ECO (J/mol) 4.73 · 104

AC3H6 (m3/(mol·s) 2.30 · 103

EC3H6 (J/mol) 1.98 · 104
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(a) (b)

Figure 2.11: Plot for kinetic parameters derivation. Linear fit: CCO=21.261, DCO=5685.10 K (b)
C3H6 kinetic parameters derivation Linear fit: CC3H6=14.647, DC3H6=2388.55 K.)

2.4 Modelling techniques

2.4.1 TEG potential analysis tool

This tool was developed to take further steps in the preliminary evaluation of the
thermoelectric potential of an exhaust system with a certain type of thermoelectric modules. It
was employed to set the order of magnitude of the power output obtainable with the exhaust
gas within common driving conditions and also for the first steps of design of the thermoelectric
generator.

The proposed method involves a heat exchange between the exhaust gas and engine coolant
water, as it is commonly done in automotive TEGs. Potential analysis calculation is based in a
heat exchanger to be placed in the exhaust system (Fig. 2.12). The selected location was
downstream the DOC (Diesel Oxidation Catalyst), as suggested in Vázquez et al. [81], in order
to avoid a negative influence on the after-treatment processes and before the muffler, since a
great amount of exergy is lost there [26]. Engine cooling water was used as cold fluid.

Figure 2.12: Scheme of the exhaust system and relative position of the heat exchanger (TEG device) in
the exhaust system. The proposed method of calculation involves a heat exchange between the exhaust

gas and engine coolant water.

Figure 2.13 and Table 2.3 show the materials and dimensions of the heat exchanger.
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One-dimensional heat transfer from exhaust gas to engine coolant is considered. A specific
correlation for exhaust gas specific heat, proposed by Agudelo et al. [26], was implemented. For
other properties calculation, exhaust gas was assumed to be air and data from [82–84] was
employed.

Figure 2.13: Internal layers of the TEG device for potential analysis calculations. Bear in mind that
the TEG layer surrounds the exhaust pipe.

Table 2.3: Dimensions of the TEG device.

Pipe internal diameter (Dp,in) 47 mm
Pipe thickness 1.7 mm

TEG layer thickness 4 mm
Coolant layer thickness 20 mm

Aluminium layer thickness 2.5 mm
Heat exchanger length (L) 1 m

In this stationary model, only heat transferred from hot gas stream to coolant stream is
considered (as shown in Figure 2.14).

The heat ˙dQg given up by exhaust gas and the heat absorbed by coolant water dQ̇c in length
dx are presented in Eq. 2.21 and Eq. 2.22, respectively. Note that there is a negative sign in
both expressions since both Tg and Tc decrease as x increases (as shown in 2.14).

˙dQg = −ṁgcp,gdTg (2.21)

dQ̇c = − ṁccp,cdTc (2.22)

Heat transferred between both flows can also be expressed according to:

Q̇ = UA LMTD (2.23)

LMTD refers to Log-Mean Temperature Difference:

LMTD =
[Tg (0)− Tc (0)]− [Tg (L)− Tc (L)]

ln Tg(0)−Tc(0)

Tg(L)−Tc(L)

(2.24)
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Figure 2.14: Heat transfer in a counter-flow heat exchanger. Exhaust gas (red) and coolant flow (blue)
streams are shown.

the global heat transfer coefficient (U , in W/m units) has been determined as:

U =
1

1
hg πDp,in

+
ln (Dp,ext/Dp,in)

2πKp
+

ln (DTEG, ext/DTEG,in)

2πKTEG
+

ln (Dal, ext/Dal,in)

2πKal
+ 1

hcπDal,ext

(2.25)

Gnielinski’s Nusselt correlation [85] was used to calculate heat transfer coefficients hg and hc
(heat transfer convection coefficients of the gas and the coolant, respectively). Kp, KTEG and
Kal are the thermal conductivities of the pipe, TEG and aluminium layer.

Since the exchanger is assumed to be insulated, heat transferred between flows is the same:

˙dQg = dQ̇c = dQ̇ = Udx ∆T (2.26)

From Eq. 2.21, Eq. 2.22 and Eq. 2.26, the following expressions can be derived:

dTg = − U∆T

ṁgcp,g
dx (2.27)

dTc = − U∆T

ṁccp,c
dx (2.28)

Combining Eq. 2.27 and Eq. 2.28:

d (Tg − Tc)
∆T

=
d∆T

∆T
= −

(
1

ṁgcp,g
− 1

ṁccp,c

)
Udx (2.29)

and integrating Eq. 2.29 between x and 0 and assuming U is constant through the heat
exchanger, gas temperature profile is finally obtained:

Tg (x) = Tc (x) + (T g (0)− Tc (0))e
−
(

1
mgcp,g

− 1
mccp,c

)
Ux

(2.30)

Where Tg (0) and Tc (0) are the temperatures of gas and coolant at x=0 (gas inlet).
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Since coefficients of convection heat transfer depend on the fluid properties and these
depend on temperatures, an iterative process was used to obtain accurate results. The coolant
temperature profile was assumed constant in the first iteration but it is obtained from a heat
transfer balance in the following iterations. Figure 2.15 and Table 1 show the algorithm flow
diagram and its input parameters, respectively.

Figure 2.15: TEG potential evaluation algorithm flow diagram.

Heat power transferred from the exhaust along the recovery device was calculated according
to Eq. 2.31, since one-dimensional heat transfer was assumed and all the heat lost by the gas
flow passes through the thermoelectric layer. This analysis accounts for the total energy lost by
the exhaust gas along the device.

Q̇ = ṁgcp,g (Tg (0)− Tg (L)) (2.31)

Regarding potential work, it is not only important the total amount of energy but also its
quality. In order to provide maximum work that can be obtained from heat transferred through
pipe walls using any sort of TEG device, an exergy analysis was carried out. The exergy power
associated with heat transfer can be calculated as in Bejan [86] (see Eq. 2.32) being Q̇ the
average heat transferred rate through TEG modules, Thot the heat source temperature and Tcold
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the heat sink temperature.

Ė = Q̇

(
1− Tcold

Thot

)
(2.32)

Exergy to energy ratio δ is defined by Eq. 2.33 and can be described as a quality index for an
energy source:

δ =
Ė

Q̇
(2.33)

Note that, since this method does not involve modifications of the exhaust pipe, no pressure
drop calculation was included (it only involves wrapping the pipe with other layers). To
quantify the effects of the change of the cross-sectional area for the first steps in the design of
the thermoelectric generator, pressure drop calculations were included. A hollow rectangular
cross-section is considered in order to define the size of the exchanger. Pressure drop is calculated
from the following D’Arcy-Weisbach equation:

∆p = f
ρgLv

2

2Dh

(2.34)

Friction factor f is given by:

1√
f

= −2 log10

(
2.51

1

Re
√
f

+
ε

3.71 Dh

)
(2.35)

For high Re numbers Eq. 2.35 can be simplified into:

f =
1

(
2 log10

ε
3.71 Dh

)2 (2.36)

To be able to quantify in the same terms heat and backpressure effects, pressure loss is
presented also in power units as pumping losses:

PL = ∆p V̇ (2.37)

2.4.2 Three-dimensional CFD simulations

The numerical solution of the continuity, momentum, energy and species equations were
computed using a CFD proprietary code (ANSYS Fluent 16), based on the finite volume method.
In this work, a steady state, three-dimensional, viscous, turbulent and incompressible (since the
maximum Mach number is below 0.3) flow was assumed. Pressure–velocity coupling was taken
care of by the segregated, pressure-based solver SIMPLE (Semi-Implicit Method for Pressure
Linked Equations) algorithm [87]. Summary details of spatial discretization are presented in
Table 2.4. The convergence criteria was set to 10−6 for the thermal energy and chemical residuals
and 10−4 for residuals from mass, momentum, turbulence kinetic energy and turbulence energy
dissipation rate. Relevant quantities were monitored to assure convergence.
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Table 2.4: Summary of the spatial discretization of the 3D CFD simulations.

Parameter Value

Gradient Least Squares Cell Based
Pressure Standard

Momentum
Second Order Upwind

Turbulent Kinetic Energy
Species conservation

The corresponding governing equations are included in the publications of Chapter 3.
Concerning turbulence, laminar regime was forced in the catalytic converter monolith because
of small Reynolds numbers due to low velocity and very small hydraulic diameter inside the
channels.

In the other parts of the domain, Reynolds-Averaged Navier-Stokes (RANS) approach was
employed with the realizable k − ε model [88] selected. This model has the same turbulent
kinetic energy equation as the standard k − ε model but holds an improved equation for ε.
Compared to standard k − ε, it shows better performance for flows involving: planar and round
jets (predicts round jet spreading correctly), boundary layers under strong adverse pressure
gradients or separation, rotation, recirculation or/and strong streamline curvature [88].

2.4.2.1 Exhaust CFD model

The simulation domain of this model comprehends the area of interest for energy recovery.
Great energy is lost in the muffler [26] and energy harvesting must be performed before it.
After-treatment processes, such as chemical reactions within the DOC, might be affected by a
temperature change caused by some sort of energy recovery device [81]. Consequently, energy
recovery should take place between after-treatment devices and the muffler, as pointed in [66].
Simulation domain includes the DOC and the exhaust pipe (see 2.16). DOC must be included,
since exothermal chemical reactions taking place in it can modify gas temperature. In order to
obtain a proper developed velocity profile at the inlet, an extruded entrance zone is added to
the physical domain.

Figure 2.16: 3D geometry model of the exhaust system.
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Given the nature of the geometry, a hybrid Tet/Hex mesh (see Fig. 2.17) has been used to
define the computational domain. Complex 3D features as inlet and outlet DOC cones have
been meshed by means of tetrahedral elements, and hexahedral meshes have been used for the
monolith and the duct. In order to ensure the accuracy of the calculations, grid independence
study was conducted and mesh independency was achieved with a 6.5·105 elements grid with
and average mesh size of 3·10−3m.

Figure 2.17: Mesh detail of the CFD exhaust model. Tet and hex zones can be distinguished

Table 2.5 shows boundary condition types selected for the model. The commonly employed
porous medium approach was used for the monolith, with a one-directional pressure gradient.

Table 2.5: Boundary conditions included in the CFD exhaust model.

Inlet Mass-flow inlet
Outlet Pressure-outlet
Walls Wall with convection heat transfer

Monolith Anisotropic porous media
Porosity 0.74

Viscous pressure loss coefficient 5.9·107 m−2

A total amount of 7 species are considered in the gas composition CO, CO2, NOx, THC,
H2O, N2 and O2. Oxidations of carbon monoxide and propylene, as explained in section 2.3.3,
are accounted for.

2.4.2.2 Three-dimensional TEG model

For the TEG-related studies,three different types of three dimensional (3D) CFD
simulations were conducted in this work: gas-side (hot-side) heat exchanger, the whole TEG
system and an on-site simulation of the TEG system including the upstream catalytic converter
of the engine (Figure 2.18). For the latter, the DOC model included in the exhaust system
model (described in section 2.4.2.1) was employed.

In the selection and optimization processes of the internal geometry, only the gas side of the
TEG is simulated (Fig. 2.18a). In order to obtain a proper developed velocity profile at the
inlet and facilitate numerical convergence, extruded entrance and outlet zones are added to the
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(a) Gas heat exchanger (b) TEG assembly (c) DOC and TEG

Figure 2.18: Three different domains employed in the TEG CFD simulations: a) gas-side heat
exchanger, b) the whole TEG system and c) TEG system with upstream catalytic converter (DOC)

physical domain. Due to the symmetry presented by the geometry, only the half of the domain
was simulated.

Water heat exchanger and thermoelectric modules (as solid bodies, see Fig. 2.18b) are
added later to the domain (for results presented in section) of the final design to estimate the
electrical output of the device. In the study of how DOC outlet flow distribution may affect
temperature distribution of the thermoelectric modules, the DOC was also included (Fig.
2.18c).

(a) Gas heat exchanger (b) TEG assembly

Figure 2.19: 3D mesh of the hot-side and cold-side heat exchangers in the TEG device. (b) Detailed
side-view of the mesh. From up to down: water heat exchanger, thermoelectric modules, steel wall and

exhaust gas cell-zones.

Given the nature of the geometry, a hybrid Tet/Hex mesh was used to define the
computational domain. Complex 3D features such as the inlet and outlet cones of the gas heat
exchanger were meshed by means of tetrahedral elements, and hexahedral meshes were used for
the core of the gas heat exchanger, TEMs (thermoelectric modules) and the water coolant
circuit (see Figure 4). In order to ensure the accuracy of the calculations, a grid independence
study was conducted and mesh independency was achieved with a 7.8·106 elements grid and a
mean y+ value of 20.

Table 2.6 shows boundary condition types selected for the model.
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Table 2.6: Boundary conditions included in the model.

Inlet Mass-flow inlet
Outlet Pressure-outlet
Walls Wall with convection heat transfer

External walls
Wall with convection heat transfer

Convection coefficient: 15 W/(m2K)
Exterior temperature: 30oC

40



Chapter 3

Results and discussion

Contents
3.1 Publication I. Evaluating thermoelectric modules in diesel

exhaust systems: potential under urban and extra-urban driving
conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 Publication II. Developing Computational Fluid Dynamics
(CFD) Models to Evaluate Available Energy in Exhaust Systems
of Diesel Light-Duty Vehicles . . . . . . . . . . . . . . . . . . . . . . 57

3.3 Publication III. Thermal analysis of a thermoelectric generator
for light-duty diesel engines . . . . . . . . . . . . . . . . . . . . . . . 79

3.4 Publication IV. A thermoelectric generator in exhaust systems of
spark-ignition and compression-ignition engines. A comparison
with an electric turbo-generator . . . . . . . . . . . . . . . . . . . . 95





Chapter 3. Results and discussion

3. Results
In this chapter, the results obtained and published in journals indexed by the Journal

Citation Report are presented. The papers included are derived directly from the work of this
Ph.D. thesis, as it is established by the International Doctoral School of UCLM for the
fulfilment of the requirements of a thesis dissertation by compendium of publications.

The results are presented in the order they were developed, not necessarily coincident with
the order of publication in the journals. Figure 3.1 shows the relation among the procedures
described in Chapter 2 and the published articles. The publications included are the following:

I. P. Fernández-Yáñez, A. Gómez, R. Garćıa-Contreras, O. Armas. Evaluating thermoelectric
modules in diesel exhaust systems: potential under urban and extra-urban driving conditions.
Journal of Cleaner Production 2018; 182:1070–9.

II. P. Fernández-Yáñez, O. Armas, A. Gómez, A. Gil. Developing Computational Fluid
Dynamics (CFD) Models to Evaluate Available Energy in Exhaust Systems of Diesel
Light-Duty Vehicles. Applied Sciences 2017; 7:590.

III. P. Fernández-Yañez, O. Armas, A. Capetillo, S. Mart́ınez-Mart́ınez. Thermal analysis of a
thermoelectric generator for light-duty diesel engines. Applied Energy 2018; 226:690–702.

IV. P. Fernández-Yáñez, O. Armas, R. Kiwan, A.G. Stefanopoulou, A.L. Boehman, A
thermoelectric generator in exhaust systems of spark-ignition and compression-ignition
engines. A comparison with an electric turbo-generator. Applied Energy 2018; 229:80–87.

Figure 3.1: Methodology outline and main results included in publications.
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3.1 Publication I. Evaluating thermoelectric modules in

diesel exhaust systems: potential under urban and

extra-urban driving conditions

Abstract

In light-duty internal combustion engines, approximately only the third part of the fuel
energy consumed is converted to effective mechanical work. Since waste energy through the
exhaust system also represents around a third part of this energy input, it strikes as a remarkable
source for energy recovery to reduce fuel consumption and pollutant emissions in automotive
engines. Test-bench engine experiments were performed to have accurate data of exhaust gas in
the most used part of the engine map in passenger diesel vehicles. To assess the potential of
exhaust gases for thermoelectric modules, a simple but robust methodology has been developed.
Heat transferred was calculated through fundamental equations applied to a concentric tube
heat exchanger. Exergy analysis is presented in conjunction with a study of electrical power
that could be produced by commercially available Bi2Te3 thermoelectric modules. These results
are obtained using the exhaust system and engine coolant as they can be found in a current car,
so they can be used as starting point in design of devices for harvesting exhaust waste energy,
improving automotive engines sustainability. Thermoelectric generators recovery limits were
made visible without focusing in a specific design.
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a b s t r a c t

In light-duty internal combustion engines, approximately only the third part of the fuel energy
consumed is converted to effective mechanical work. Since waste energy through the exhaust system
represents also around a third part of this energy input, it strikes as a remarkable source for energy
recovery to reduce fuel consumption and pollutant emissions in automotive engines. Test-bench engine
experiments were performed to have accurate data of exhaust gas in the most used part of the engine
map in passenger diesel vehicles. To assess the potential of exhaust gases for thermoelectric modules, a
simple but robust methodology has been developed. Heat transferred was calculated through funda-
mental equations applied to a concentric tube heat exchanger. Exergy analysis is presented in
conjunction with a study of electrical power that could be produced by commercially available Bi2Te3
thermoelectric modules. These results are obtained using the exhaust system and engine coolant as they
can be found in a current car, so they can be used as starting point in design of devices for harvesting
exhaust waste energy, improving automotive engines sustainability. Thermoelectric generators recovery
limits were made visible without focusing in a specific design.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Around a third part of the energy input of a light-duty diesel
engine is wasted through the exhaust system (Hossain and Bari,
2014). Rising awareness of environmental issues together with
fuel economy have encouraged research upon heat recovery in
engines. Main technologies to recover energy from exhaust gas are:
six stroke engines, turbocharging, electric turbo-compound gen-
erators, thermoelectric generators (TEGs) and Rankine cycles
(mainly with organic fluids) (Hatami et al., 2014; Gabriel-
Buenaventura and Azzopardi, 2015).

Six stroke engines (Hayasaki et al., 1999; Conklin and Szybist,
2010) take advantage of heat from exhaust gases yet inside the
cylinder. Turbocharging (Bontempo et al., 2015; Ravaglioli et al.,
2015) systems are already implemented in most diesel vehicles.
Electric turbo-compound systems (Gabriel-Buenaventura and
Azzopardi, 2015; Arsie et al., 2015) (also known as TERS, Thermal
Energy Recovery Systems) consist on generator units that slow the
turbocharger's turbine and recover energy otherwise wasted by the

compressor when the pressure produced exceeds the re-
quirements. TEGs (Saidur et al., 2012; Zang et al., 2008) and Rankine
cycles (Sprouse and Depcik, 2013; Yu et al., 2016; Dolz et al., 2012a)
can be employed to convert heat from exhaust systems into elec-
trical or mechanical energy, respectively.

This work is focused on the application of TEG technology in
light duty diesel vehicles, which work with lower equivalence ratio
compared to petrol engines and, in consequence, produce lower
exhaust temperature. As known, TEGs convert thermal energy from
a temperature gradient between hot and cold ends of a semi-
conductor into electrical energy (Saidur et al., 2012). Main advan-
tages of TEGs are the following: lack of moving parts, silent
operation and reliability. The main challenge of energy recovery
using TEGs is their low thermal efficiency in present-day modules
(Karvonen et al., 2016) withmerit factors nomore than 2e3. Hence,
temperature at the hot side of themodule should be high to harvest
a significant amount of energy.

The simplest way of heat extraction from exhaust gases is using
the exhaust pipe as thermoelectric hot side source and air cooling,
as in Sandu et al. (2012). The high thermal resistance of exhaust gas
causes pipe temperature to be lower than desired and insufficient
external heat dissipation leads to cold side heating (as a result of* Corresponding author.
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conduction heat transfer through the module). Consequently, the
gradient of temperature needed for the TEG to produce an electrical
output is hard to achieve. Heat exchangers are necessary to
enhance heat transfer from the exhaust pipe and broaden the
temperature difference between both sides of the thermoelectric
module.

Studies in literature tend to focus on validating and testing
specific TEG designs but fail to give a potential analysis of the heat
source in the most used part of the engine map for light-duty diesel
engines, which is the purpose of this paper. For example, the target
of some thermoelectric generator studies (Weng and Huang, 2013;
Meng et al., 2016) is optimization of a certain design and tend to
present a single exhaust gas condition that can be different from
common urban and extra-urban driving. Cold side temperature is
also an important variable in TEG electrical production and some
authors presented studies conducted with coolant water temper-
atures hardly achievable in vehicles (Meng et al., 2016; Ikoma et al.,
1998).

Furthermore, a great number of studies have been applied on
spark ignition (Thacher et al., 2007; LaGrandeur et al., 2006) or on
heavy-duty or power plant diesel (Bass et al., 1994; Niu et al., 2014)
engines, where available thermal energy from the exhaust gases is
higher and results cannot be extrapolated to light-duty diesel
engines.

Generic energy and exergy analyses on exhausts systems have
been carried out in the past (Rakopoulos and Giakoumis, 2006; Liu
et al., 2013). Although useful to assess energy lost through exhaust
gas, they are less precise to narrow the amount of energy that could
be recovered with a particular technology. Consequently, it is hard
to find information about heat recovery that could be currently
achieved by thermoelectric generators when driving diesel light
duty passenger cars.

Thermoelectric modules make use of heat from the exhaust gas,
but, when implemented, thermoelectric generation systems
modify this heat transfer, due to new thermal resistances added. It
is also of great importance to consider the gas temperature
reduction across heat exchangers. Therefore, energy and exergy
results in exhaust systems to be applied on thermoelectric gener-
ators should include, to a certain extent, the technology to be
employed for energy recovery, as it has been previously done with
other energy recovery approaches, such as Rankine cycles
(Domingues et al., 2013; Zhu et al., 2013; Dolz et al., 2012b).

The aim of this work is to propose a methodology to analyse
potential of exhaust systems for TEG heat recovery and its appli-
cation to usual urban and extra-urban conditions. This is accom-
plished by modelling a TEG device using a concentric-tube heat

exchanger configuration. Test-bench engine experiments were
performed to have accurate data of exhaust gas in the desired part
of the engine map.

The exhaust system analysis used in this study covers two main
issues found in literature that hinder the understanding of TEGs
potential in diesel passenger vehicles: the dependency of the heat
exchanger configuration (since the target is to evaluate the energy
source, not a specific design) and the non-representative engine
conditions.

Information about available energy in exhaust systems of light-
duty diesel engines is provided. Exergy analysis (i.e. second law
analysis) of heat transferred through pipe and electrical power
output of commercial TEG modules are presented.

2. Materials and methods

2.1. Engine

Tests were carried out in a Nissan YD22 four stroke, turbo-
charged, four-cylinder diesel engine. The engine bore and stroke
are, respectively, 86mm and 130mm and the compression ratio is
16.7:1. The exhaust system is equipped with a diesel oxidation
catalyst (DOC) and amuffler. Piezo resistive pressure sensors and K-
type thermocouples were used for measuring pressure and tem-
perature of the gas along the exhaust system. The exhaust mass
flow rate was calculated from the addition of the fuel and the air
mass flow rates. The only error in this estimation is the engine
blow-by, which represents a small fraction of the exhaust gas
(around 0.5e1% related to the mass of the engine air intake (Ebner
and Jaschek, 1998)).

2.2. Test schedule

The velocity profile imposed by the New European Driving Cycle
(NEDC) used for light-duty vehicle certification, was translated into
engine operating conditions (torque and engine speed), as shown
in Fig. 1 (black dots), employing longitudinal dynamics equations
(C�ardenas et al., 2016; C�ardenas, 2016). Then, a matrix of nine
steady-statemodes (see Fig. 1, colored dots) covering themost used
quarter of the engine map in both urban and extra-urban condi-
tions was selected for testing. Although NEDC data was used to
translate engine conditions, this test matrix covers the most used
quarter of the engine map in light-duty vehicles in both urban and
extra-urban conditions (for any known driving cycle) (Steven,
2013).

This matrix was also defined according to two additional

Nomenclature

cp Specific heat at constant pressure, J/kgK
T Temperature, K
U Global heat transfer coefficient, W/mK
x 1-D coordinate, m
L Total heat exchanger length, m
_m Mass flow rate, kg/s
h Convection heat transfer coefficient, W/m2K
K Thermal conductivity, W/mK
D Diameter, m
_Q Transferred heat, W
_E Exergy power, W
_P TEG power output, W

DT Temperature difference among hot and cold streams,
K

Subscripts
al Aluminium sleeve
c Coolant
g Exhaust gas
cold Cold source
ext Exterior
hot Hot source
in Interior
inlet Inlet
p Pipe
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criteria: i) the operating capability of the engine test bench and ii)
the comparison between different design of experiments schemes.
The zone of the engine map tested in the present work was limited
in maximum power due to an operating limitation of the dyna-
mometer used. Within the engine operation area allowed by the
dynamometer, three levels for each of the two variables (torque and
engine speed) of the experiment were defined. In these three levels
full factorial design, a second order adjustment is employed. The
result is the simplest 3-level design with only 2 factors (a 3� 3
factorial design, which means 9 runs), as states a parallel work
(Torres-Jimenez et al., 2017).

For each engine speed (1000, 1700 and 2400 rpm) tests were
made for three different loads (10, 60 and 110 Nm). The brakemean
effective pressure (bmep) is also presented in Table 1. As seen in
Table 1, the exhaust gas mass flow rates and temperatures range
from 17 g/s to 66 g/s and from 127.8 �C to 355.2 �C, respectively
(temperatures correspond to DOC outlet temperature). All mea-
surements were acquired after reaching steady state.

To have more information about accelerations between steady
points, the power across all the points of the NEDC (all black dots in
Fig. 1) is presented in section 4.6. The NEDC consists of an urban
driving cycle repeated four times and a final extra urban cycle (see
Fig. 2). The study was carried out assuming no heat storage in the
materials and allows to see the potential of thermoelectric devices
during vehicle accelerations and the generated power related to
vehicle speed.

Fig. 1. Test matrix (colored dots). Black points are engine operation points during the
NEDC. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Input parameters used in the model.

Engine speed (min�1) 1000 1700 2400
Engine torque (Nm) 10 60 110 10 60 110 10 60 110
BMEP (bar) 0.6 3.5 5.8 0.6 3.5 5.8 0.6 3.5 5.8
Exhaust mass flow (kg/s) 0.017 0.019 0.020 0.023 0.027 0.041 0.031 0.045 0.066
Tg,inlet (⁰C) 127.8 243.9 387.4 164.0 304.3 366.3 207.0 312.4 355.2
Coolant mass flow (kg/s) 1.37 1.37 1.37 2.09 2.09 2.09 2.32 2.32 2.32
Tc,inlet (⁰C) 87.7 88.7 88.6 88.8 88.8 89.4 89.1 89.0 87.9

Fig. 2. NEDC velocity profile and exhaust mass flow and temperature during the cycle. The cycle consists of four urban sub-cycles and one extra-urban sub-cycle.
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The data used to obtain these results were presented in a pre-
vious work done by the same engine (C�ardenas et al., 2016).
Exhaust gas mass flowrate and gas temperature time profiles along
the NEDC used for calculations are presented in Fig. 2. The two
simulated coolant temperatures (50 �C and 90 �C) are constant with
time to compare in the same terms both cases.

2.3. Thermoelectric modules

Specifications from a typical commercial thermoelectric module
were implemented in calculations in order to obtain realistic re-
sults. The module chosen was the TEG1-4199-5.3 from TEC
manufacturer. Table 2 provides information from the above-
mentioned module. Notice that although some temperatures in
Table 2 are higher than maximum hot side temperature, pipe wall
temperature is always lower, as it will be shown in section 4.1.

3. Calculation

3.1. Heat transfer analysis

The proposed method involves a heat exchange between the
exhaust gas and engine coolant water, as it is commonly done in
automotive TEGs. Potential analysis calculation is based in a heat
exchanger to be placed in the exhaust system (Fig. 3). The selected
location was downstream the DOC (Diesel Oxidation Catalyst), as
suggested in Vazquez et al. (2002), in order to avoid a negative
influence on the after-treatment processes. Engine cooling water
was used as cold fluid (see Table 1).

Fig. 4 and Table 3 show thematerials and dimensions of the heat
exchanger. One-dimensional heat transfer from exhaust gas to
engine coolant is considered. A specific correlation for exhaust gas
specific heat, proposed by Agudelo et al. (2016), was implemented.

For other properties calculation, exhaust gas was assumed to be air
and data from Keenan et al., 1985; Touloukian et al., 1970a;
Touloukian et al., 1970b was employed.

As commented previously, heat transferred in the heat
exchanger is calculated with a one-dimensional, stationary model.
Only heat transferred from hot gas stream to coolant stream is
considered (as shown in Fig. 5).

The heat _dQg given up by exhaust gas and the heat absorbed by
coolant water d _Qc in length dx are presented in Eqs. (1) and (2),
respectively. Note that there is a negative sign in both expressions
since both Tg and Tc decrease as x increases (as shown in Fig. 5).

_dQg ¼ � _mgcp;gdTg (1)

d _Qc ¼ � _mccp;cdTc (2)

Heat transferred between both flows can also be expressed ac-
cording to Eq. (3) where the global heat transfer coefficient (U, in
W/m units) has been determined as shown in Eq. (4). Gnielinski's
Nusselt correlation (Mills, 1999) was used to calculate heat transfer
coefficients hg and hc.

d _Q ¼ Udx DT (3)

U ¼ 1
1

hg pDp;in
þ lnðDp;ext=Dp;inÞ

2pKp
þ lnðDTEG; ext=DTEG;inÞ

2pKTEG
þ lnðDal; ext=Dal;inÞ

2pKal
þ 1

hcpDal;ext

(4)

where hg and hc are the heat transfer convection coefficients of the
gas and the coolant, respectively, and Kp, KTEG and Kal are the
thermal conductivities of the pipe, TEG and aluminium layer.

Since the exchanger is assumed to be perfectly insulated, heat
transferred between flows is the same (Eq. (5)).

_dQg ¼ d _Qc ¼ d _Q ¼ Udx DT (5)

From Eqs. (1)e(3), the following expressions can be derived (Eq.
(6) and (7)):

Table 2
Main characteristics of thermoelectric module TEG1-4199-5.3.

Type Bi2Te3
Maximum hot side temperature 300 �C
Thermal conductivity 1.4W/mK
Dimensions 40� 40� 4mm

Fig. 3. Scheme of the exhaust system and relative position of the heat exchanger (TEG device) in the exhaust system. The proposed method involves a heat exchange between the
exhaust gas and engine coolant water.

Fig. 4. Internal layers of the TEG device for potential analysis calculations. Notice that the TEG layer surrounds the exhaust pipe.
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dTg ¼ � UDT
_mgcp;g

dx (6)

dTc ¼ � UDT
_mccp;c

dx (7)

Combining Eq. (6) and Eq. (7) (see Eq. (8)) and integrating be-
tween x and 0 assuming U is constant through the heat exchanger,
gas temperature profile is finally obtained (Eq. (9)).

d
�
Tg � Tc

�
DT

¼ dDT
DT

¼ �
�

1
_mgcp;g

� 1
_mccp;c

�
Udx (8)

TgðxÞ ¼ TcðxÞ þ
�
Tgð0Þ � Tcð0Þ

�
$e

�
�

1
_mgcp;g

� 1
_mccp;c

�
Ux

(9)

where Tgð0Þ and Tcð0Þ are the temperatures of gas and coolant at
x¼ 0 (gas inlet).

Since coefficients of convection heat transfer depend on the
fluid properties and these depend on temperatures, an iterative
process was used to obtain accurate results. The coolant tempera-
ture profile was assumed constant in the first iteration but it is
obtained from a heat transfer balance in the following iterations.
Fig. 6 and Table 1 show the algorithm flow diagram and its input
parameters, respectively.

The overall heat exchanged can also be obtained integrating Eq.
(8) between L and 0 assuming U (W/m) constant through the heat
exchanger (Eq. (10)):

_Q ¼ U L LMTD (10)

where LMTD refers to Log-Mean Temperature Difference (Eq. (11)):

LMTD ¼
�
Tgð0Þ � Tcð0Þ

�� �
TgðLÞ � TcðLÞ

�
ln Tgð0Þ�Tcð0Þ

TgðLÞ�TcðLÞ
(11)

3.2. Exergy power analysis

Regarding potential work, it is not only important the total

Table 3
Dimensions of the TEG device.

Pipe internal diameter (Dp;in) 47mm
Pipe thickness 1.7mm
TEG layer thickness 4mm
Coolant layer thickness 20mm
Aluminium layer thickness 2.5mm
Heat exchanger length (L) 1m

Fig. 5. Heat transfer in a counter-flow heat exchanger. Exhaust gas (red) and coolant
flow (blue) streams are shown. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Algorithm flow diagram. Temperature-dependant properties make necessary
and iterative process.
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amount of energy but also its quality. In order to provide maximum
work that can be obtained from heat transferred through pipewalls
using any sort of TEG device, an exergy analysis was carried out. The
exergy power associated with heat transfer can be calculated as in
Bejan (2002) (see Eq. (12)) being _Q the average heat transferred
rate through TEG modules, Thot the heat source temperature and
Tcold the heat sink temperature.

_E ¼ _Q
�
1� Tcold

Thot

�
(12)

Exergy to energy ratio d is defined by Eq. (13) and can be
described as a quality index for an energy source.

d ¼
_E
_Q

(13)

3.3. TEG generator analysis

The analysis of commercial TEG modules was accomplished by
calculating the heat through every module considering the tem-
perature profiles along the heat exchanger obtained in the model.
Given studied heat exchanger and TEGmodule dimensions, the TEG
layer is equivalent to a total number of 100 modules. Power output
was obtained from data provided by the manufacturer at different
temperatures and parametrised as a function of TEG hot and cold
sides. Average module efficiency in each operating point was also
calculated according to Eq. (14).

hTEG ¼
_P
_Q

(14)

4. Results and discussion

From temperature profile data further analyses (transferred
heat, exergy and electrical output, see Table 4) were carried out.
Also, calculations with a different water temperature (50 �C) are
presented in section 4.5.

4.1. Temperature gradient in TEG modules

Temperature profiles in both sides of the thermoelectric mod-
ules were calculated. Results show a substantial decrease in tem-
peratures from gas bulk temperature (at pipe central point) to the
TEG layer (see Table 5).

Temperature variation along the radial direction depends on the
thermal resistance of a particular layer. High thermal resistance
layers will present a sharp temperature decrease. Meanwhile, in
low thermal resistance layers (such as steel or aluminium),

temperature will not show great decreases.
The reason for these low temperatures at the hot side of the TEG

modules can be explained through the results shown in Figs. 7 and
8. Gas thermal resistance is the high and, therefore, the strongest
decrease of temperature is produced within the exhaust gas itself
(compare inlet gas temperature in Table 1 with average hot side
temperature in Table 5). This fact explains why a proper design of
heat exchanger is needed to enhance thermoelectric production.

4.2. Transferred heat results

Fig. 9 shows that available thermal power from exhaust pipe
walls varies from 171 to 3099W (937e16949W/m2). Low engine
speeds have small mass flow rates, while low torque modes have
low temperatures (see Table 1). When these two effects are com-
bined, energy in the exhaust gas is not significant. As torque and
engine speed rise, available thermal power fast increases and be-
comes important. Fig. 9 points clearly to the upper-right corner of
the test matrix for energy recovery.

4.3. Exergy analysis results

The maximum value of energy rate that could be converted into
effective mechanical power (exergy rate) is depicted at every point
of the test matrix in Fig. 10(a), with a top value of 386W (2449W/
m2) in the most favourable operating condition when driving
(similar to extra-urban driving conditions). From Eq. (12), it can be
seen that exergy power of heat transfer clearly depends on hot and
cold sources temperatures. Coolant water (heat sink) temperatures
do not present large variations during operation (see Table 2).
Therefore, exergy power will mostly depend on exhaust gas
temperature.

From results, it observed that not only available energy power is
lesser at low engine speed and torque operating conditions, but
also the percentage of the energy power that can be recovered is
smaller (Fig. 10(b)).

Table 4
Results of the potential analysis in W and W/m2 units.

Engine speed (min�1) Torque (Nm) Transferred heat Exergy Electrical output

(W) (W/m2) (W) (W/m2) (W) (W/m2)

1000 10 171 937 1 9 0 0
60 759 4149 26 163 0 0
110 1592 8707 109 689 0 0

1700 10 400 2188 7 46 0 0
60 1365 7466 81 515 0 0
110 2375 12989 233 1479 17.2 109.3

2400 10 780 4267 27 172 0 0
60 2011 10997 170 1080 7.2 45.8
110 3099 16949 387 2449 37.6 238.6

Table 5
Average hot and cold side temperatures of TEG modules.

Engine speed
(min�1)

Torque
(Nm)

Average hot side
temperature (⁰C)

Average cold side
temperature (⁰C)

1000 10 91.0 88.1
60 103.3 90.5
110 119.2 92.4

1700 10 96.3 89.6
60 114.0 91.1
110 133.3 93.4

2400 10 103.5 90.4
60 126.0 92.2
110 144.9 92.8
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From total thermal power offered to the TEG surface, no more
than a 15% can be harvested in the most favourable engine oper-
ating mode. This data provides useful information about the
quantity of energy and efficiency that should be aimed for when
trying to recover energy from exhaust systems of light duty diesel
engines.

4.4. TEG generator results

Results from using present-day common thermoelectric mod-
ules can be found in Fig. 11(a). As shown, only three modes of the
test matrix produce enough temperature gradient between both
sides of thermoelectric modules allowing recovering heat from the
exhaust pipe using these devices. The energy recovery, when
possible, ranges from 7.2 to 37.6W (45.8e238.6W/m2). Current low
efficiency of TEG devices keeps away these values from the theo-
retical limits found thorough exergy analysis. Fig. 11(b) shows a
maximum efficiency of the modules within the test matrix of 1.2%.
The observed trend in heat power and exergy power analyses is
now more pronounced. Actual energy recovery is only possible at
the highest values of torque and engine speed.

4.5. Coolant temperature influence

Coolant temperatures in vehicles are usually around 85e90 �C
(see Table 1). Nevertheless, since ambient temperature is lower is
not unreasonable to think of an ondboard cooling down (e.g.

through finned duct) to 50 �C before reaching the heat exchanger.
Same studies done for measured coolant temperatures are con-
ducted for 50 �C coolant temperature. Power output with 50 �C
coolant flow is shown in Fig. 12 and potential analysis results in
Table 6. Results show that electrical output can increase from a 56%
to a 215% in some operation points.

4.6. Homologation cycle results

The instantaneous power across all the points of a driving cycle
(NEDC) is presented in Fig. 13. The two power productions at the
previously studied temperatures (50 �C and usual engine coolant
temperature from experimental tests, 90 �C) are shown. The results
presented here give information about the power production
related to the vehicle velocity instead of related with engine
conditions.

Findings in previous sections 4.2, 4.3 and 4.4 points to high load
and engine speed conditions, as it could be found in extra-urban
driving. From Fig. 13, we can see that power is only produced
during the extra-urban cycle (last part of the driving cycle). Apart
from vehicle accelerations, only the cruising speeds above 70 km/h
are enough to maintain power production.

The results from NEDC also allow to have a more complete
context of the driving conditions, since it includes all engine
operating points (some black dots in Fig. 1 fall outside the nine-
point test matrix). The power can reach up to 50W (for 90 �C wa-
ter coolant) and 75W (for 50 �C water coolant), due to achieved

Fig. 7. Percentage of thermal resistances of each layer in the heat exchanger at a) the less favourable operating engine mode (1000 min�1 e 10 Nm) and b) the most favourable
operating engine mode (2400 min�1 e 110 Nm).

Fig. 8. Thermal resistances of heat exchanger layers under different engine operating conditions tested.

P. Fern�andez-Y�a~nez et al. / Journal of Cleaner Production 182 (2018) 1070e10791076

Chapter 3. Results and discussion

53



higher thermoelectric power production during accelerations.

5. Conclusions

A methodology to evaluate heat recovery potential through

exhaust system walls of a light duty diesel engine working under
like urban and extra-urban driving conditions has been proposed.
The approach is valid to be applied to any exhaust system,
providing a fast preliminary analysis of obtainable energy from a

Fig. 9. Total heat rate transferred through the thermoelectric layer. Higher heat
transfer is obtained at higher engine torques and speed.

Fig. 10. Exergy results in a) W and b) exergy to transferred heat ratio (d). Maximum obtainable energy is limited by temperatures in the heat exchange.

Fig. 11. a) Electrical output results and b) average module efficiency. Low thermoelectric modules efficiency lessens the obtained energy.

Fig. 12. Electrical output results for 50 �C inlet water temperature. Lower water tem-
perature enhances obtained energy.
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system using thermoelectric generators.
The main parameters necessary to understand energy harvest-

ing with TEG devices are obtained: total available energy,
maximum theoretical recoverable energy and commercial recov-
erable power. Results show the potential of the exhaust system as a
heat source, so that main challenges to overcome are made visible
without obstructing the understanding of the TEG recovery limits
by focusing in a specific design.

Maximum obtainable energy (exergy) in diesel light-duty en-
gines using regular engine coolant temperatures was found to be
386W for common driving conditions. For present-day thermo-
electric modules, obtained energy is narrowed to 37.6W if no
further improvements (for example more advanced heat ex-
changers enhancing heat transfer) are applied. It was found that in
driving cycle conditions, extra power needed in accelerations can
rise the potential power to near 50W (thermoelectric coolant at the
same temperature of engine coolant) or near 75W (coolant at
50 �C).

From the results, the following conclusions can be drawn:

i) Even though energy recovery is hard to achieve, for high
values of engine speed e torque (as in extra-urban operating
conditions) is feasible, making possible less fuel consump-
tion and, therefore, less pollutant emissions.

ii) Regarding heat transfer to thermoelectric modules, the main
task to accomplish when recovering energy from exhaust
systems is to reduce thermal resistance of the working fluids
(gas and coolant), since they are the largest (apart from the
TEG layer, which should be large).

iii) Since coolant temperature can heavily influence electrical
production, it can be essential to reduce engine water tem-
perature headed towards the TEG device in vehicle on-board

systems (as long as this does not imply investing more en-
ergy than the harvested).

Given that results were obtained considering an actual exhaust
system and engine coolant of a vehicle (without any modification),
this work provides a starting point in the design of devices to
harvest waste energy from exhaust gas.
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3.2 Publication II. Developing Computational Fluid

Dynamics (CFD) Models to Evaluate Available

Energy in Exhaust Systems of Diesel Light-Duty

Vehicles

Abstract

Around a third of the energy input in an automotive engine is wasted through the exhaust
system. Since numerous technologies to harvest energy from exhaust gases are accessible, it is of
great interest to find time and cost-efficient methods to evaluate available thermal energy under
different engine conditions. Computational fluid dynamics (CFD) is becoming a very valuable
tool for numerical predictions of exhaust flows. In this work, a methodology to build a simple
three-dimensional (3D) model of the exhaust system of automotive internal combustion engines
(ICE) was developed. Experimental data of exhaust gas in the most used part of the engine
map in passenger diesel vehicles were employed as input for calculations. Sensitivity analyses
of different numeric schemes have been conducted in order to attain accurate results. The
model built allows for obtaining details on temperature and pressure fields along the exhaust
system, and for complementing the experimental results for a better understanding of the flow
phenomena and heat transfer through the system for further energy recovery devices.
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Abstract: Around a third of the energy input in an automotive engine is wasted through the exhaust
system. Since numerous technologies to harvest energy from exhaust gases are accessible, it is of
great interest to find time- and cost-efficient methods to evaluate available thermal energy under
different engine conditions. Computational fluid dynamics (CFD) is becoming a very valuable
tool for numerical predictions of exhaust flows. In this work, a methodology to build a simple
three-dimensional (3D) model of the exhaust system of automotive internal combustion engines (ICE)
was developed. Experimental data of exhaust gas in the most used part of the engine map in passenger
diesel vehicles were employed as input for calculations. Sensitivity analyses of different numeric
schemes have been conducted in order to attain accurate results. The model built allows for obtaining
details on temperature and pressure fields along the exhaust system, and for complementing the
experimental results for a better understanding of the flow phenomena and heat transfer through the
system for further energy recovery devices.

Keywords: CFD (computational fluid dynamics); model; exhaust; diesel; engine; energy recovery

1. Introduction

Around a third of the fuel energy in a light-duty diesel engine is wasted through the exhaust
system [1]. Rising awareness of environmental issues together with the fuel economy have encouraged
research on energy recovery [1,2] from exhaust gas. An obvious first step for energy recovery is
evaluating the heat source. The nature of exhaust flow changes during engine operation. Hence, there
is a need for models that allow evaluating exhaust gas in a cost- and time-efficient manner under
different engine conditions.

Computational fluid dynamics (CFD) is becoming a very popular tool for numerical predictions
in the automotive industry. CFD models are employed in five major areas: vehicle aerodynamics,
thermal management (cooling and climate control), cylinder combustion, engine lubrication and
exhaust system performance. The main applications of CFD in exhaust systems are: flow distribution
in the front of the monolith, pressure loss through exhaust system, skin temperature prediction, heat
loss analyses and emission-related studies [3].

High levels of energy lost through engine exhaust have brought attention to heat transfer in
exhaust systems and how to model associated phenomena.

In Konstantinidis et al. [4], the status of knowledge regarding heat transfer phenomena in
automotive exhaust systems was summarized, and a transient model covering diverse exhaust piping
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configurations was presented. Using this model, Kandylas et al. [5] studied heat transfer in automotive
exhaust pipes for steady and transient conditions. It is stated that the code is suitable to support
a complete and efficient methodology for design optimization.

Not only are exhaust heat transfer and temperature models important for energy recovery, but
also for on-board control and diagnosis of the after-treatment system. In the work of Guardiola et al. [6],
diesel oxidation catalyst (DOC) inlet temperature was modelled depending on fuel mass flow and
engine speed using an engine map look-up table.

Traditionally, one-dimensional (1D) simulations using in-house or commercial codes have
been used to study exhaust flow. In Shayler et al. [7], a 1D model of system thermal behavior
was developed. The exhaust system is modelled as connected pipe and junction elements with
lumped thermal capacities. Heat transfer correlations for quasi-steady and transient conditions were
investigated. The computational model supports studies of exhaust and after-treatment system design,
the investigation of thermal conditions, and performance characteristics. Model predictions and
experimental data were in good agreement.

In Kapparos et al. [8], a 1D heat transfer model in an automotive diesel exhaust is presented.
The external natural convective heat transfer coefficient was given by Churchill and Chu’s correlation.
A sensitivity analysis of the main variables (heat transfer coefficient, external pipe emissivity and
others) affecting heat transfer in exhaust pipes was carried out. Fu et al. [9] developed a 1D model of
an exhaust pipe (without the catalytic converter). Apart from typical variables studied, effects of pipe
geometry and flow regime were investigated.

One-dimensional tools have the advantage of shorter computational time, but the accuracy of the
results is limited by their inability to simulate 3D flow effects in regions such as the inlet and outlet
cone. Usually strong turbulent flow exists when angled and asymmetrical cones are presented [3].

Three different approaches were used in Fortunato et al. [10] to simulate the exhaust and
underbody of the car: 1D, 3D finite elements and 3D complete thermo-fluid-dynamics. Both 3D
models allowed to detect the most critical points in terms of higher temperatures

In Chuchnowski et al. [11], temperature distribution and heat flow analyses on the exhaust
system of a mining diesel engine to determine technical parameters of a heat recuperation system are
presented. Three-dimensional numerical simulations show it is possible to develop a suitable design
of an energy recovery device.

Simulations in a coupled three-dimensional thermal model including the underhood, underbody
and exhaust systems of a vehicle were conducted by Guoquan et al. [12]. Pulsating flow and steady
flow effects were compared. Pulsating exhaust showed an enhancement of more than a 10% in heat
transfer. Influence of this effect was higher at the final components of the exhaust, such as the muffler.

Research has also been focused on finding optimal position for exhaust components.
Durat et al. [13] compared experimental and CFD heat transfer results in an exhaust system of
a spark-ignition engine. An optimal position of a close-coupled catalytic converter in terms of light-off
time was found using the CFD model. Liu [14] developed a 3D exhaust model to study the optimal
position of a heat recovery device. Three different simulations were carried out varying the position of
a thermoelectric generator along the system. Higher surface temperature and lower backpressure were
obtained when the recovery device was placed between catalytic converter and muffler. The influence
of materials and insulation on heat transfer in catalytic converters has also been discussed employing
a 3D model [15].

In the same way preceding authors have employed CFD simulations successfully to find
an optimal position for exhaust components or to assist in their design, CFD can also be used to gain
knowledge of the relevant characteristics of the flow in terms of its usage in energy recovery. Previous
works [16] state that knowledge of heat transfer within the gas is critical to enhance harvested energy.

In exhaust systems, not only should heat transfer to surroundings be reproduced but also chemical
reactions in catalytic processes, since after-treatment devices can modify gas temperature. Most
mathematical kinetics models rely on the Langmuir-Hinshelwood expressions derived on pellet-type
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Pt catalysts for the CO and HC oxidation with modified parameters (activation energies and activity
factors), best suited to the case modeled. This approach is widely employed because it provides
acceptable accuracy in the most common automobile range of operation.

Measurements on pellet-type platinum-alumina catalysts have been processed [17] to derive
kinetic rate expressions for the oxidation reactions of CO and C3H6 under oxygen-rich conditions
for a better understanding of platinum oxidation catalysts in automotive emission control systems.
Terms accounting for CO, C3H6 and NO inhibition were included. The isothermal reactor approach in
a numerical integration-optimization method was used to fit the kinetic parameters. These expressions,
especially as written by Oh et al. [18], have been widely used [19–22]. This approach has also been
used to build simpler kinetic models over a range of interest [23].

Detailed kinetics for a Pt/Rh three-way catalyst were described in Chatterjee et al. [24]. The model
consists of 60 elementary reaction steps and one global reaction step, involving 8 gas species and
23 site species. It considers the steps of adsorption of the reactants on the surface, reaction of the
adsorbed species, and desorption of the reaction products. This approach includes a mechanism
of C3H6 oxidation on Pt/Al2O3, a mechanism of NO reduction on Pt, and a mechanism for NO
reduction and CO oxidation on Rh. This model has been used when more accuracy is required, as in
Kumar et al. [25].

Nevertheless, due to the variety of washcoat materials and loadings of the monoliths and to
ageing effects of after-treatment devices, the kinetic parameters published have difficulties in fitting
to conditions or catalytic converters different from the study cases. To overcome the difficulty of
finding kinetic parameters fitted to their application, it would be of interest to have a simple method
for researchers to develop their own kinetic constants for CFD exhaust models.

The real physical space of a full-size monolith converter contains thousands of tiny channels
and could present an extremely time-consuming problem to solve. There are several approaches to
modeling the monolith of a catalytic converter. For simulations of the converter performance, most
models use a volume-averaging method and treat the monolith as a continuous porous medium [23–26].
With the porous medium, approach channels are not simulated but a macroscopic understanding of
the flow is achieved while keeping the computational requirements affordable.

The scope of this work is to develop a combined theoretical and experimental methodology to
build an exhaust model to obtain information about temperature and heat losses along the system.
Results were used to provide an insight into those flow characteristics that must be taken into account
when harvesting energy, especially but not exclusively for thermoelectric modules. The model does
not only intend to reproduce the behavior of the exhaust system at a single operation point but in
the whole most-used part of the engine map. This information is needed to evaluate the exhaust gas
energy available for recovery under real operating conditions.

2. Materials and Methods

2.1. Materials

2.1.1. Engine

Tests were carried out in a test-bench with a Nissan YD22 four-stroke, turbocharged, four-cylinder
diesel engine. The engine bore and stroke are, respectively, 86 mm and 130 mm, and the compression
ratio is 16.7:1. The exhaust system (Figure 1) is equipped with a diesel oxidation catalyst (DOC) and
a muffler.
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Figure 1. View of the engine test bench including (a) the exhaust system pipe and (b) the diesel 
oxidation catalyst (DOC). 

2.1.2. Measurement Devices 

Piezo resistive pressure sensors and K-type thermocouples were used for measuring pressure 
and temperature of the gas along the exhaust system (see Figure 2). The exhaust mass flow rate was 
calculated from the addition of fuel and air mass flow rates. Skin temperatures used in calculations 
were provided by the IR camera Gobi-384 GigE. 

Pollutants are measured using an ENVIRONNEMENT manufacturer equipment. A TOPAZE 
32M model was used as NOx analyser, based on the chemiluminescence effect from NO oxidation by 
ozone (O3). The GRAPHITE 52M gas analyser measures total hydrocarbons (THCs) by flame 
ionization detection while a MIR 2R gas analyser measures CO and CO2 species, detecting the 
molecules absorption in the infrared spectrum. Other species compositions are estimated via 
chemical balances from fuel and air consumption. 

 
Figure 2. Sketch of the exhaust with measurement points involved in the development of the model. 
The exhaust system is 4 m long and pipe has a diameter of 5 cm (figure not to scale). 

2.2. Methods 

2.2.1. Test Plan 

The velocity profile imposed by the New European Driving Cycle (NEDC) used for light-duty 
vehicle certification was translated into engine operating conditions (torque and engine speed),  
as shown in Figure 3 (black squares), employing longitudinal dynamics equations [27,27]. Then,  
a matrix of nine steady-state modes (see Figure 3, circles) covering the most-used quarter of the 
engine map under both urban and extra-urban NEDC conditions was selected for testing. 

Figure 1. View of the engine test bench including (a) the exhaust system pipe and (b) the diesel
oxidation catalyst (DOC).

2.1.2. Measurement Devices

Piezo resistive pressure sensors and K-type thermocouples were used for measuring pressure
and temperature of the gas along the exhaust system (see Figure 2). The exhaust mass flow rate was
calculated from the addition of fuel and air mass flow rates. Skin temperatures used in calculations
were provided by the IR camera Gobi-384 GigE.
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Figure 2. Sketch of the exhaust with measurement points involved in the development of the model.
The exhaust system is 4 m long and pipe has a diameter of 5 cm (figure not to scale).

Pollutants are measured using an ENVIRONNEMENT manufacturer equipment. A TOPAZE
32M model was used as NOx analyser, based on the chemiluminescence effect from NO oxidation
by ozone (O3). The GRAPHITE 52M gas analyser measures total hydrocarbons (THCs) by flame
ionization detection while a MIR 2R gas analyser measures CO and CO2 species, detecting the
molecules absorption in the infrared spectrum. Other species compositions are estimated via chemical
balances from fuel and air consumption.

2.2. Methods

2.2.1. Test Plan

The velocity profile imposed by the New European Driving Cycle (NEDC) used for light-duty
vehicle certification was translated into engine operating conditions (torque and engine speed),
as shown in Figure 3 (black squares), employing longitudinal dynamics equations [27,28]. Then,
a matrix of nine steady-state modes (see Figure 3, circles) covering the most-used quarter of the engine
map under both urban and extra-urban NEDC conditions was selected for testing.
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2.2.2. Experimental Characterization of Model Input Parameters

(a) Monolith pressure loss characterization.

The classical approach that links pressure drop and velocity in flows through porous media is
the Forchheimer equation (Equation (1)), that can be derived from the Navier–Stokes equation for
one-dimensional, incompressible and steady laminar flow of a Newtonian fluid in a rigid porous
medium [29]:

− dp
dx

=
1
κ
(µ·v) + β

(
ρ·v2

)
(1)

The second term in the right can be interpreted as a second-order correction to account for the
contribution of inertial forces, but, at sufficiently low velocities, this effect is negligible and Equation (1)
can be reduced to Darcy’s law (Equation (2)) [30]:

− dp
dx

=
1
κ
(µ·v) (2)

Darcy’s law can be rewritten in the form of Equation (3), relating the average fluid velocity v
through the pores with pressure drop ∆p along a segment of length L.

− ∆p
µL

=
1
κ

v (3)

If the equation from the linear fit of the scatter plot of −∆p
µL vs. v is (Equation (4)):

Y = BX (4)

then Darcy’s constant κ can be derived as follows (Equation (5)):

κ =
1
B

(5)

(b) Heat transfer to surroundings.

Natural convection to pipe surroundings in the test-bench needs to be included. Wall temperatures
along the exhaust pipe were measured using thermography. Figure 4 shows, as an example, views of
the external surface of the pipe and the DOC.
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An average skin temperature was used to calculate an effective convection heat transfer coefficient.
This skin temperature simplification is considered as reasonable, since calculation of heat transfer rates
is not very sensitive in the values of pipe wall temperatures [5].

Total transferred heat from pipe wall to surroundings is
.

Q (W) (Equation (6)):

.
Q = h∞πd(Twall − T∞) + επdLσ

(
T4

wall − T4
amb

)
(6)

Here, all terms in the right side of Equation (6) are grouped in one single equivalent convection
term (Equation (7)):

.
Q = he f f πdL(Twall − T∞) (7)

The effective convection coefficient accounts for convection and radiation heat losses, although
radiation heat transfer to the environment is expected to be low, since wall temperature is below
400 ◦C [4]. A similar approach is explained in Kapparos et al. [8].

Based on the measured exhaust gas and pipe wall temperatures, an energy balance for the exhaust
gas is employed for the calculation of the heat flux. The resulting heat fluxes are employed in the
estimation of a mean gas-to-wall convection coefficient.

Since temperature at both ends of the exhaust pipe are measured, total heat losses
.

Q (W) can be
obtained as Equation (8):

.
Q =

.
mgcp,g

(
Tg,in − Tg, out

)
(8)

Equaling Equations (7) and (8), he f f can be derived as Equation (9):

he f f =

.
mgcp,g

(
Tg,in − Tg, out

)

πd(Twall − T∞)
(9)

(c) Estimation of kinetic parameters.

Under light-off temperatures (about 200 ◦C) catalytic processes remain basically inactive. Until
activation temperature is reached, reactions are chemically controlled. On the other hand, post-light-off
reaction rates are limited mainly by mass transfer and, consequently, conversion efficiency depends
on the residence time within the monolith, the surface to volume ratio of the monolith and the mass
transfer [31]. In operating conditions from test matrix, catalytic reactions are normally within the
light-off band. Thus, estimation of kinetic parameters is needed.

Two main reactions occurring in DOCs, as in Voltz et al. [17], are modeled (Equations (10) and (11)):

C3H6 +
3
2

O2 → 3 CO2 + 3 H2O (10)
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CO +
1
2

O2 → CO2 (11)

Propylene is representative of the easily oxidized hydrocarbons, which constitute about 80% of the
total hydrocarbons found in a typical exhaust gas. Other saturated hydrocarbons (typically represented
as methane or propane) that are resistant to oxidation usually make up the remaining 20% [17]. Since
only total hydrocarbon (THC) data is available and fast oxidation hydrocarbons represent the majority
of the THC, propylene alone was used as representative of the HC (as is common [32]).

Usually adopted forms of the rates of CO and HC oxidations are as follows (Equations (12)
and (13)):

RCO =
kCOcCOcO2

G
(12)

RC3 H6 =
kC3 H6 cC3 H6 cO2

G
(13)

where G is a term accounting for NO, CO and HC inhibition effects on oxidation (Equation (14)):

G = Ts
(
1 + K1cCO + K2cC3 H6

)2(1 + K1cCO + K2cs,C3 H6

)2
(

1 + K3c2
COc2

C3 H6

)(
1 + K4c0.7

NO

)
(14)

Since the intended target is an empirical model to fit experimental data and power-law reactions
showed good performance, an inhibition term was not included (Equations (15) and (16)):

RCO = kCOcCOcO2 (15)

RC3 H6 = kC3 H6 cC3 H6 cO2 (16)

Arrhenius kinetic constants km are defined as (Equation (17)):

km = Ame−
Ea,m
RTs (17)

The problem is reduced to obtain the pre-exponential factors Am and activation energies Ea,m. For
both species, an iterative process varying the pre-exponential factor in CFD simulations is conducted
until the deviation of outlet concentration value from the experimental is as much as 0.1%. Once this is
achieved, values of km are obtained. This tuning process is done for the different operating conditions,
and then km of each reaction is obtained as a function of monolith temperature (provided by CFD
results). This iterative process needs to be followed just once (to obtain the above-mentioned constants
and implement them in the model) and not for every prospective 3D simulation.

The simulations were performed on a 2D axisymmetric DOC model. The 2D model maintained
the same characteristic lengths but with a simplified geometry (see Figure 5), allowing fast iterative
simulations. Other aspects about set-up of these 2D simulations are the same than those presented
below for the 3D calculations.
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From results, the kinetic exponential law (Equation (17)) can be obtained, since (Equation (18)):

ln km = Cm −
Dm

Ts
(18)

where Ci and Di are constants from the linear fit. Sought kinetic constants are (Equations (19) and (20)):

Am = eCm (19)

Ea,m = DmR (20)

2.2.3. Three-Dimensional CFD Model

(a) Simulations setup

The numerical solution of the continuity, momentum, energy and species equations was computed
using a CFD proprietary code (ANSYS Fluent 16), based on the finite volume method. In this
work, a steady state, three-dimensional, viscous, turbulent and incompressible (since the maximum
Mach number is below 0.3) flow was assumed. Pressure–velocity coupling was taken care of by the
segregated, pressure-based solver, the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
algorithm [33]. Summary details of spatial discretization are presented in Table 1. The convergence
criteria were set to 10−6 for the thermal energy and chemical residuals and 10−4 for residuals from
mass, momentum, turbulence kinetic energy and turbulence energy dissipation rate. Relevant physical
and chemical quantities were monitored to assure convergence.

Table 1. Summary of the spatial discretization.

Parameter Value

Gradient Least-squares cell-based

Pressure Standard

Momentum
Second order upwindSpecies conservation

Turbulent kinetic energy

The governing equations solved are the continuity equation (Equation (21)), momentum equation
(Equation (22)), energy equation (Equation (23)) and conservation equation for chemical species
(Equation (24)):

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (21)

∂

∂t
(ρui) +

∂

∂xi

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xi

[
µ

(
∂uj

∂xi
+

∂ui
∂xj

)]
+

∂

∂xi

(
−ρu′i u

′
j

)
+ ρgi + Fi (22)

∂

∂t
(
ρcpT

)
+

∂

∂xj

(
ρujcpT

)
− ∂

∂xj

(
K

∂T
∂xj

)
= ST (23)

∂

∂t
(ρYm) +

∂

∂xj

(
ρujYm

)
= − ∂

∂xj
Jm,j + Rm + Sm (24)

Notice that for steady simulations, time-dependent terms become zero.

(b) Turbulence

A laminar regime was forced in the monolith because of small Reynolds numbers due to low
velocity and very small hydraulic diameter inside channels.
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In the other parts of the domain, Reynolds-averaged Navier–Stokes (RANS) approach was
employed with the realizable k− ε model [34] selected. This model has the same turbulent kinetic
energy equation as the standard k − ε model but holds an improved equation for ε. Compared to
standard k − ε, it shows better performance for flows involving: planar and round jets (predicts
round jet spreading correctly), boundary layers under strong adverse pressure gradients or separation,
rotation, recirculation or/and strong streamline curvature [34].

(c) Computational domain

Simulation domain comprehends the area of interest for energy recovery. Great energy is lost in
the muffler [35] and energy harvesting must be performed before it. After-treatment processes, such as
chemical reactions within the DOC, might be affected by a temperature change caused by some sort of
energy recovery device [36]. Consequently, energy recovery should take place between after-treatment
devices and the muffler, as pointed out in [14]. The simulation domain includes the DOC and the
exhaust pipe (see Figure 6). DOC must be included, since exothermal chemical reactions taking place
in it can modify gas temperature. In order to obtain a properly-developed velocity profile at the inlet,
an extruded entrance zone is added to the physical domain.
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(d) Computational mesh

Given the nature of the geometry, a hybrid Tet/Hex mesh (see Figure 7) has been used to define
the computational domain. Complex 3D features such as inlet and outlet DOC cones have been meshed
by means of tetrahedral elements, and hexahedral meshes have been used for the monolith and the
duct. In order to ensure the accuracy of the calculations, a grid independence study was conducted
and mesh independency was achieved with a 6.5 × 105 elements grid with an average mesh size of
3 × 10−3 m.
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(e) Boundary conditions

Table 2 shows boundary condition types selected for the model. A commonly employed porous
medium approach was used for the monolith, with a one-directional pressure gradient. Boundary
conditions values are presented in Table 3.

Table 2. Boundary conditions included in the model.

Boundary Type

Inlet Mass-flow inlet

Outlet Pressure-outlet

Walls Wall with convection heat transfer

Monolith
Anisotropic porous media

Porosity: 0.74
Viscous pressure loss coefficient: 5.9 × 107 m−2

Table 3. Measured temperatures, mass flow values and outlet pressure. These values have been
employed as boundary conditions for the model.

Engine Speed (min−1) 1000 1700 2400

Engine Torque (Nm) 10 60 110 10 60 110 10 60 110

Exhaust mass flow (kg/s) 0.017 0.019 0.020 0.023 0.027 0.041 0.031 0.045 0.066
Tgas,in (◦C) 131.0 244.3 385.9 164.0 302.0 363.7 199.1 305.4 348.9

Outlet relative pressure (Pa) 70 220 370 330 560 1690 720 1940 4540

A total amount of seven species are considered in gas composition (see Table 4). Oxidations of
carbon monoxide and propylene, as explained in the previous section, are accounted for.

Table 4. Modeled species and volumetric fraction range in gas inlet composition within the test matrix.

Engine Speed
(min−1) 1000 1700 2400

Engine Torque
(Nm) 10 60 110 10 60 110 10 60 110

N2 7.8 × 10−1 7.6 × 10−1 7.4 × 10−1 7.8 × 10−1 7.6 × 10−1 7.6 × 10−1 7.7 × 10−1 7.7 × 10−1 7.6 × 10−1

O2 1.7× 10−1 1.3 × 10−1 7.0 × 10−2 1.6 × 10−1 1.1 × 10−1 9.6 × 10−2 1.7 × 10−1 1.2 × 10−1 1.1 × 10−1

H2O 2.2 × 10−2 5.1 × 10−2 8.5 × 10−2 3.2 × 10−2 6.4 × 10−2 7.0 × 10−2 2.4 × 10−2 5.5 × 10−2 6.0 × 10−2

CO2 2.2 × 10−2 5.7 × 10−2 9.9 × 10−2 3.1 × 10−2 6.7 × 10−2 7.0 × 10−2 3.5 × 10−2 5.6 × 10−2 6.6 × 10−2

NO 1.6 × 10−4 7.2 × 10−4 1.2 × 10−3 1.3 × 10−4 3.0 × 10−4 7.4 × 10−4 1.3 × 10−4 2.5 × 10−4 4.3 × 10−4

CO 2.2 × 10−4 1.1 × 10−4 1.6 × 10−4 4.1 × 10−4 2.0 × 10−4 1.9 × 10−4 5.9 × 10−4 3.8 × 10−4 1.7 × 10−4

C3H6 8.8 × 10−5 5.4 × 10−5 9.4 × 10−5 1.3 × 10−4 6.7 × 10−5 5.0 × 10−5 1.5 × 10−4 9.0 × 10−5 5.4 × 10−5

(f) Boundary layer sensitivity analysis.

A mesh with a special refinement (three layers) near the walls and other without it were tested.
Only a part of the domain was used (DOC and a section of the exhaust pipe) in order to reduce
computational requirements. As can be seen in Table 5, refinement along the boundary layer adds
a considerable number of extra cells and does not provide significant variations.

Table 5. Boundary layer sensitivity analysis results.

Case Transferred Heat (W) Number of Mesh Cells

Without boundary layer refinement 455.7 4 × 105

With boundary layer refinement 459.5 2.1 × 106
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Boundary layer refinement results differed from the base case by less than 1% and required five
times more cells. It can be stated that the model is not boundary layer-sensitive and, hence, boundary
layer refinement is omitted.

(g) Wall treatment sensitivity analysis.

Three different wall approaches were tested to study their influence in the results of the model:
standard, non-equilibrium and enhancement wall functions (Figure 8).

The standard wall functions proposed by Launder and Spalding [37] have been widely
used, but the assumption of logarithmic velocity distribution treatment may not be adequate for
complex non-equilibrium flows. To overcome this, non-equilibrium wall functions are based on
pressure-gradient sensitized Launder and Spalding’s [37] log-law for mean velocity.

Enhanced wall treatment is a near-wall modelling method that combines a two-layer model with
enhanced wall functions. A one-equation relationship is used to evaluate the laminar sub-layer with
fine mesh and transition to log-low function for the turbulent part of the boundary layer. The restriction
that the near-wall mesh must be suitably fine might impose large computational requirements.
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approaches was obtained.

More accurate wall functions such as non-equilibrium or enhanced showed no more than
a 3% discrepancy with the standard approach, while requiring eight times more mesh elements.
Consequently, the standard wall functions were selected.

3. Results

3.1. Pressure Loss Coefficient

Different exhaust mass flows and their corresponding pressure drops were measured to obtain
accurate predictions. Empirical data (Figure 9) show a clear linear correlation between velocity and
pressure drop (being v the horizontal axis and −∆p

µL the vertical axis) and Darcy’s law can be employed.

The resulting Darcy’s constant is κ = 1.695 × 10−8 m2.
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3.2. Convection Heat Transfer Coefficient

Effective convection coefficients derived in each operation mode are presented in Table 6.

Table 6. Experimentally-derived effective convection heat transfer coefficients for each operating mode
in test matrix.

Engine Speed (min−1) Torque (Nm) heff (W/m2K)

1000 10 11.1
1000 60 14.6
1000 110 17.9
1700 10 13.3
1700 60 15.8
1700 110 17.9
2400 10 14.1
2400 60 16.7
2400 110 18.6

3.3. Kinetic Parameters

Complete and zero species consumption at DOC are not useful for estimating kinetic parameters.
Therefore, data close to 0 or 100% conversion were excluded from calculations. Given that light-off
bands seemed to be narrow, particularly for CO, two sets of experiments needed to be used. Due to
intended repeatability of the experiments, similar tests would result in similar results, adding no new
information. It was decided to repeat the test matrix under very different external ambient conditions,
so that different exhaust temperature results in the range of interest are obtained (see Figure 10).
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Resulting kinetic parameters are shown in Table 7:

Table 7. Obtained kinetic parameters for CO and C3H6 oxidations.

ACO(m3/(mol·s) 3.42 × 106

ECO(m3/(mol·s) 4.73 × 104

AC3 H6 (m3/(mol·s) 2.30 × 103

EC3 H6 (J/mol) 1.98 × 104

3.4. Chemical Results

Kinetic model results are shown in Table 8. Measured and modelled conversions of CO and
propylene are included.

Table 8. Experimental versus chemical model conversion results.

Engine
Speed

(min−1)

Torque
(Nm)

Measured
CO

Conversion
(%)

Modelled
CO

Conversion
(%)

Error in
CO

Conversion
(%)

C3H6
Conversion

(%)

Modelled
C3H6

Conversion
(%)

Error in C3H6
Conversion

(%)

1000 10 27.3 25.8 −1.4 1.4 0.0 −1.4
1000 60 90.9 99.2 8.3 83.3 88.4 5.1
1000 110 93.7 100.0 6.2 79.3 85.5 6.2
1700 10 51.2 39.6 −11.6 3.6 0.0 −3.6
1700 60 95.0 99.9 4.9 69.0 80.8 11.8
1700 110 99.5 100.0 0.5 58.0 69.8 11.8
2400 10 66.10 64.7 −1.4 72.0 76.3 4.3
2400 60 97.37 99.1 1.8 73.6 67.4 −6.2
2400 110 100.0 98.9 −1.1 58.8 55.4 −3.4

3.5. Temperature and Heat Results

To assess the complete model, experimental tests were conducted in five operating points from
the test matrix. Modelled outlet temperature Tg, out and heat loss through the exhaust pipe

.
Q are

compared with experimental results in the five calibrating points (see Table 9).

Chapter 3. Results and discussion

71



Appl. Sci. 2017, 7, 590 14 of 20

Table 9. Experimental versus model thermal results in calibration engine modes.

Engine Speed
(min−1)

Torque
(Nm)

Measured
Tg, out (◦C)

Modelled
Tg, out (◦C)

Error in
Tg, out (%)

Experimental
.

Q (W)
Modelled.

Q (W)
Error in

.
Q

(%)

1000 60 176 169 4.0 1384 1407 1.6
1700 10 125 123 1.6 915 876 −4.3
1700 60 235 226 3.7 2016 2063 −2.3
1700 110 299 288 3.7 2977 3107 −4.4
2400 60 263 256 2.7 2423 2508 3.5

The remaining four operating points of the test matrix are used to evaluate the model out of
training points. Results are shown in Table 10.

Table 10. Experimental versus model thermal results out of calibration engine modes.

Engine Speed
(min−1)

Torque
(Nm)

Measured
Tg, out (◦C)

Modelled
Tg, out (◦C)

Error in
Tg, out (%)

Experimental
.

Q (W)
Modelled.

Q (W)
Error in

.
Q

(%)

1000 10 94 96 1.4 590 562 −4.9
1000 110 269 253 5.9 2587 2639 2.0
2400 10 167 164 1.8 1287 1357 5.4
2400 110 310 300 3.0 3286 3364 2.4

3.6. Flow Temperature Distribution at the DOC Outlet

As commented in Section 2.2.3, it is suggested that energy recovery processes should take place
downstream of after-treatment devices in order not to interfere with their operation. However,
they should also occur sufficiently close in order to minimize further thermal energy dissipation to
the surroundings. Therefore, the analysis of the flow abandoning the DOC is essential to know the
working conditions of energy-harvesting devices.

Low uniformity in inlet flow occurring in most catalysts leads to different flow paths with different
residence times. Flow inside the DOC is subject to cooling because external convection and heating
because of chemical reactions in the DOC. These different paths (see Figure 11) caused by the inlet
cone cause a gradient of temperature in the outlet section of the catalytic converter, as can be seen
in Figure 12.
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Coefficient of variation (standard deviation divided by mean value) of temperature distribution
across the DOC outlet area (distribution shown in Figure 12b) was calculated from results of the
CFD model. This statistical coefficient accounts for the dispersion from the average temperature flow.
As can be seen in Figure 13, variation in temperature is enhanced in engine conditions with low mass
flows, since flow thermal inertia is also lower. Engine modes in which catalytic reactions are active
(see black dots in Figure 13) present more uneven distribution than those in which they are inactive
(see white dots in Figure 13).
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3.7. Temperature Loss along the Exhaust Pipe

Sometimes, because of limitations in available space or ease of installation, the selected place
for energy recovery devices moves away from the location with the maximum temperature available
(immediately before the after-treatment systems). Average temperature of the exhaust gas in the
first 50 cm downstream of the DOC was obtained from the validated model to quantify the loss in
temperature when moving the energy recovery device away from the DOC.
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Test-bench results with natural convection were compared with external forced convection (as in
a moving vehicle with velocity v∞). Forced convection was simulated as boundary condition in pipe
walls. Two different modes (lowest and highest engine power within the test matrix) were studied
for each external condition. Forced convection coefficients were calculated with external parallel flow
correlations [38] taking into account velocities of the vehicle at those engine conditions. Notice that
natural convection conditions can also be relevant in moving vehicles since the part of the exhaust
pipe adjacent to the DOC could not be in contact with car underbody air.

Average temperature decreases (∆T/L) for external natural convection (test-bench) range from
0.9 ◦C/dm in the lower power mode to 1.2 ◦C/dm in the higher power mode. For forced convection,
decrease in temperature ranges from 1.2 ◦C/dm to 2.6 ◦C/dm (see Table 11).

Table 11. Cooling in the exhaust gas for the part of the pipe adjacent to the DOC (first 50 cm).

Engine Mode 1000 rpm–10 Nm 2400 rpm–110 Nm

Convection Natural Forced (v∞ = 20 km/h) Natural Forced (v∞ = 120 km/h)
∆T/L (◦C/dm) −0.9 −1.2 −1.2 −2.6

4. Discussion

4.1. Accuracy of the Model

As can be seen, maximum error in chemical conversion was 11.58% and 11.81% for the CO model
and the C3H6 model, respectively. Notice also that at relative low temperature modes with very low
conversion rates, the model shows a 0% conversion. This is due to exclusion of near-to-zero points
while developing the kinetic model, in order to better predict the whole operating range. Similarly,
the CO kinetic model tends to show near total conversion for all high conversion modes, since these
points were excluded when developing it for the same reason as above.

As can be seen, the maximum error at calibrating points was 4% in outlet temperature and 4.4%
in heat losses. Out of training conditions, the maximum error in outlet was 5.9% in outlet temperature
and 5.4% in heat losses.

It is difficult to find published kinetic parameters that fit the performance of a particular DOC,
due mainly to the different washcoat materials and loadings of the monoliths and also to ageing effects
of the DOC. A method to develop tailored kinetic parameters in the area of interest using numerical
simulations was presented. The results show that although error in chemical conversion predictions
reaches almost 12%, the error in the overall performance of the thermal model is lower. This is due to
the low concentration of reactant species in the exhaust gas (see Table 4): small errors in conversion
do not involve big changes in total generated enthalpy of chemical reactions in the DOC. It can be
concluded that the model shows good agreement with empirical data.

Regarding pressure drop, the linear correlation fits the data appropriately but for high velocities,
the deviation can be larger (as seen in Figure 9).

Complex numerical schemes and boundary layer refinement were proven not necessary to
obtain reliable results. Standard wall-functions showed good results in comparison with other, more
demanding approaches.

4.2. Energy Recovery Considerations for Exhaust Systems

DOC outlet flow analysis showed that modules in thermoelectric generator devices placed after
catalytic converters may have different performances not only because of the internal design of the
devices but also because of the nature of the exhaust flow. It was found that the smaller the flow,
the more uneven the flow temperature distribution is.

This can affect recovery devices being placed in the exhaust system. For instance, modules in
a thermoelectric generator expected to have the same behaviour (for instance, upper and lower part
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thermoelectric modules in a flat-shaped, symmetrical design) may show a different performance due
to exhaust flow structures.

Awareness of this effect be used to allow for electrical connections between modules depending
on differences in voltage output from modules caused by variations in temperature. Even various
types of modules can be selected in each zone to optimize the power output result for the different
ranges of temperature.

Loss in gas temperature with distance from DOC outlet was quantified. This will help to assess
the trade-off between placing the recovery device near after-treatment systems (higher temperatures)
or not (easiness in installation). Notice that temperature falls fast in a relatively short distance, reducing
the amount of achievable harvested power.

5. Conclusions

Experimental exhaust data obtained for most common light-duty diesel engines was used to
construct a 3D model. A complete methodology to build 3D CFD exhaust models is presented,
including how to estimate main parameters needed and numerical approaches. A 2D axi-symmetrical
complementary model was shown to be useful to overcome the necessity of chemical parameters fitted
to a specific model of catalytic converter.

A computational model incorporating these findings will lead to accurate and faster numerical
calculations of analysis of recoverable energy in exhaust systems. This will allow more designs to be
explored in a given time.

It has been pointed out that the particular nature of the exhaust flow leaving catalytic converters
has to be taken into account for energy-harvesting calculations, since the end of after-treatment systems
is the indicated position to place energy recovery devices.

Furthermore, temperature losses caused by placing the recovery device distant from the DOC
were evaluated. This information can be used in the evaluation process of the position of a recovery
device in an automotive exhaust system. Since temperature falls promptly, it is advised to place the
device as close as possible.

In works regarding simulations of recovery devices, if not enough experimental information
is available, it is encouraged to include upstream elements of the exhaust that could alter the flow
significantly in order to better predict their performance when installed in vehicles.
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Nomenclature

A Pre-exponential factor (m3/(mol·s))
B Pressure drop linear fit constant (m2)
C Reaction rate linear fit constant
D Reaction rate linear fit constant (K)
cp Specific heat at constant pressure (J/(kgK))
d Diameter (m)
F External body forces (N)
g Gravitational acceleration (m/s2)
G Inhibition factor (K)
h Convection heat transfer coefficient (W/m2K)
J Diffusion term (kg/m2s)
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k Arrhenius kinetic constant (m3/(mol·s))
K Thermal conductivity (W/mK)
L Length (m)
.

m Mass flow (kg/s)
p Pressure (Pa)
.

Q Heat loss (W)
R Reaction rate (mol/m3s)
S Source term
T Temperature (◦C, K)
u Vector component of velocity (m/s)
x Cartesian coordinate (m)
X Horizontal axis variable
Y Vertical axis variable
Greek
∆ Variation
β Inertial forces coefficient (m)
ε Surface material emissivity
κ Darcy’s constant (m2)
µ Dynamic viscosity
ρ Density (kg/m3)
σ Stefan-Boltzmann constant (W/(m2K4))
Subscripts
∞ Ambient
e f f Effective
g Exhaust gas
i Cartesian coordinate
in Inlet
out Outlet
m Species
S Solid
T Thermal
wall Pipe wall
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3.3 Publication III. Thermal analysis of a thermoelectric

generator for light-duty diesel engines

Abstract

Efficiency of internal combustion engines can be improved indirectly using a waste heat
recovery system. Thermoelectric generators (TEGs) are employed to convert thermal energy
from exhaust gases to electrical energy. Research in this area has been focused on gasoline
and heavy-duty engines. The novel purpose of this work is to study the potential of TEGs in
light-duty diesel engines, where available energy in the exhaust systems is lower and, therefore,
energy recovery is more difficult to achieve. Furthermore, the engine was tested in the most
used area of the engine map for passenger cars, far from the full-load curve. This work also
provides a new useful insight of the flow inside TEGs and the influence of catalytic converters
(commonly immediately upstream of TEGs) to fill the gaps in implementation and development
of thermoelectric generator prototypes. A TEG was designed following a different approach
focused not only on maximizing electrical power output but also on minimizing influence on
the engine (not always considered). Main challenges for the design of devices in this scenario
are identified and effects of size and internal topology are studied using Computational Fluid
Dynamics (CFD). The CFD model that estimates electrical production was validated thoroughly
following a novel and thorough module-by-module approach. Results show that it is possible to
recover a modest amount of energy in the high load, high engine speed region of the common
driving conditions in the engine map.
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H I G H L I G H T S

• Challenges in energy recovery from light-duty diesel engines with thermoelectric generators are clearly identified.

• A thorough new approach to validate CFD thermoelectric generator models was developed.

• Insight of internal thermal performance of thermoelectric generators is given.

• Considerations for implementation of prototypes in exhaust systems are provided.

A R T I C L E I N F O
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A B S T R A C T

Efficiency of internal combustion engines can be improved indirectly using a waste heat recovery system.
Thermoelectric generators (TEGs) are employed to convert thermal energy from exhaust gases to electrical
energy. Research in this area has been focused on gasoline and heavy-duty engines. The novel purpose of this
work is to study the potential of TEGs in light-duty diesel engines, where available energy in the exhaust systems
is lower and, therefore, energy recovery is more difficult to achieve. Furthermore, the engine was tested in the
most used area of the engine map for passenger cars, far from the full-load curve. This work also provides a new
useful insight of the flow inside TEGs and the influence of catalytic converters (commonly immediately upstream
of TEGs) to fill the gaps in implementation and development of thermoelectric generator prototypes. A TEG was
designed following a different approach focused not only on maximizing electrical power output but also on
minimizing influence on the engine (not always considered). Main challenges for the design of devices in this
scenario are identified and effects of size and internal topology are studied using Computational Fluid Dynamics
(CFD). The CFD model that estimates electrical production was validated thoroughly following a novel and
thorough module-by-module approach. Results show that it is possible to recover a modest amount of energy in
the high load, high engine speed region of the common driving conditions in the engine map.

1. Introduction

Around a third of the energy input of a light-duty diesel engine is
wasted on exhaust gases [1]. Consequently, research on exhaust heat
recovery in engines has been encouraged to improve fuel economy and
to lower pollutant emissions.

A thermoelectric module (TEM) is a device that, under the Seebeck
effect, produces electrical energy from a temperature gradient. The
advantages of thermoelectric generators (TEGs, composed of several
TEMs) are the lack of moving parts, their silent operation and being
maintenance-free. The main challenge of energy recovery using TEGs is

the low thermal efficiency in present-day modules. Temperature gra-
dient across the module should be high to harvest a considerable
amount of energy. In energy harvesting applied to automotive exhaust
systems, the exhaust gases are the heat source (hot side) and engine
coolant is normally the heat sink (cold side).

Usually, the low heat transfer coefficient of the gas flow makes
necessary heat exchangers to enhance the heat transfer from the ex-
haust pipe and broaden the temperature gradient between both sides of
the thermoelectric module [2].

Energy harvested depends strongly on the type and the power of the
engine tested. Typically, research has been focused on gasoline engines,
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since higher exhaust temperatures (compared to diesel engines) can be
found [3]. Early studies were focused on maximizing the electrical
output despite the backpressure that may be originated. LaGrandeur
et al. [4] estimated a power output of 600W from a 190 kW gasoline
engine. Simulations from Hussain et al. [5] show a 300W power output
from a 2.5 L engine. Nevertheless, the backpressure (around 10 kPa)
was too high to be implemented in passenger vehicles. Later designs
have been shorter in electrical output, but awareness in backpressure
effects has been increased. Mori et al. [6], harvested 200W from an
exhaust system with a pressure drop of approximately 6 kPa.

The engine common operating water temperature, usually around
80–90 °C [7], is too high for an optimum working point and diminishing
the cold side temperature could be an option to enhance the electrical
production.

Since external air temperature is lower than engine coolant tem-
perature, is not unreasonable to think of an on—board cooling down
(e.g. through finned duct) to approximately 40–50 °C before reaching
the TEG. More recent studies are conducted employing coolant tem-
peratures within this range. Crane et al. [8] achieved a power output of
600W on a gasoline engine with water temperature around 55 °C, but
no pressure drop is reported. Friedrich et al. [9] reported a 200W
electrical production with a backpressure of 2.5 kPa using coolant at
50 °C in a BMW 535i with a 3 L gasoline engine. Massaguer et al. [10]
obtained a power output 111W in steady conditions from a 1.4 L ga-
soline engine but with a maximum pressure drop of 8 kPa.

Some studies used water temperatures in the range of 20–30 °C, but
it is difficult to think of and on-board system to reduce so much engine
water temperature without incurring in more energy expense. Ikoma

et al. [11] obtained 35.6W from a 3 L gasoline engine. Haidar et al.
[12] harvested 42.3W from a diesel stationary engine and Kim et al.
[13] recovered 120W from a 4 L diesel engine.

Lower diesel exhaust temperatures compared to gasoline exhaust
systems have caused energy recovery to be mainly aimed at high-dis-
placement, diesel engines, such as the ones found in trucks or even in
power generation.

Bass et al. [14] achieved an energy recovery of 1 kW from a 14 L
stationary diesel engine, Frobenius et al. [15] obtained 416W from a
heavy-duty truck and Zhang et al. [16] developed a 1 kW thermo-
electric system for heavy-duty engines similar to fighting-vehicle en-
gines. Wang et al. [17] harvested a total of 133W using four thermo-
electric generators in a 3.9 L engine from an off-road vehicle.

Usually, the TEG design is only approached from the perspective of
maximization of harvested energy, not always considering the increase
in engine pumping work or using representative operating conditions.

The purpose of this study is to evaluate the potential of a TEG not
for commonly studied engines but for engines with low exhaust energy
at representative engine operation points: light-duty diesel engines
under in-city and on-road conditions. As a result, a different approach
focused also on minimizing influence on the engine and not only on
maximizing electrical power output was followed to design the TEG
device for tests.

The models for thermoelectric generators are usually validated
monitoring thermal variables such as the heat transfer coefficient [18]
or cold and cold side temperatures [19] and not for every. In this work,
a novel approach based on a thorough module-by-module validation of
the open circuit voltages was employed.

Nomenclature

a distance from the core of the heat exchanger (m)
b distance to the symmetry axis of the heat exchanger (m)
cp specific heat at constant pressure (J/kg K)
C contrast
Dh hydraulic diameter (m)
f friction factor
F external body forces (N)
g gravitational acceleration (m/s2)
J diffusion term (kg/m2 s)
k variable in the design of experiments
K thermal conductivity (W/mK)
ls z, level of the variable
L length (m)
nfins number of fins
nexp number of experiments
ns number of parameters
p pressure (Pa)
P electrical power output (W)
PL engine pumping losses (W)
Pnet net power output (W)
Q ̇ transferred heat (W)
r trade-off ratio
R reaction rate (mol/m3s)
s parameter in the design of experiments
S source term
SS sum of squares
T temperature (°C, K)
Tg out, temperature of gas at the outlet (°C)
Tmax maximum temperature (K)
Tnorm normalized temperature
Tsurf surface temperature (°C)
ui vector component of velocity (m/s)
uj vector component of velocity (m/s)

v velocity (m/s)
V ̇ volumetric flow (m3/s)
xi Cartesian coordinate (m)
xj Cartesian coordinate (m)
y + dimensionless wall distance
Ym mass fraction of species
z experiment number index

Greek

Δ variation
ε surface material roughness (m)
μ dynamic viscosity (Pa·s)
ρ density (kg/m3)
θ diffuser’s angle (deg)

Subscripts

exp experiment
g exhaust gas
i Cartesian coordinate
j Cartesian coordinate
k variable
out outlet
m species
s parameter
T thermal

Acronyms

CFD Computational Fluid Dynamics
DOC diesel oxidation catalyst
TEG thermoelectric generator
TEM thermoelectric module
RANS Reynolds-averaged Navier-stokes
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Potential for exhaust gas energy recovery (generically, not for a
specific technology) in a diesel passenger car has been evaluated [20]
and a new method to evaluate the potential of the exhaust gas speci-
fically for thermoelectrics was developed [7]. This work takes one step
further and analyzes the power production of a real prototype, pro-
viding a useful insight of the influence of some parameters on the TEG
heat exchanger design. In addition, simulations to study how the TEG is
affected by typical bad flow distribution from exhaust systems are
presented.

2. Materials and methods

2.1. Engine

Tests were carried out in a Nissan YD22 (four-stroke, turbocharged,
four-cylinder, diesel) engine. The engine bore and stroke are, respec-
tively, 86mm and 130mm (total volume displacement is 2.2 L) and the
compression ratio is 16.7:1. The exhaust system is equipped with a
diesel oxidation catalyst (DOC) and a muffler. Piezo-resistive pressure
sensors and K-type thermocouples were employed to measure pressure
and temperatures. The exhaust mass flow rate was calculated from the
addition of the fuel and air mass flow rates. Pollutant species are
measured using ENVIRONNEMENT manufacturer equipment. A
TOPAZE 32M model was used as NOx analyser, based on the chemilu-
minescence effect from NO oxidation by ozone (O3). The GRAPHITE
52M gas analyser measures total hydrocarbons (THCs) by flame ioni-
zation detection while a MIR 2R gas analyser measures CO and CO2

species, detecting the molecules absorption in the infrared spectrum.
Other species compositions are estimated via chemical balances from
fuel and air consumption.

2.2. Experimental test conditions

To evaluate the TEG, a matrix of nine stationary modes [21] cov-
ering the most used quarter of the engine map at urban and extra-urban
conditions was selected for testing (see Fig. 1, operating modes A to I).
The selected point for the optimization process was 2400min−1 and
110 Nm (mode I), since this mode showed the higher prospective
electrical energy production (higher temperature) in conjunction with
the higher mass flow (and, therefore, the higher pressure drop) within
the matrix. Consequently, in this point, the maximum transferred heat
and the maximum pressure drop in the whole area of operation can be
addressed at the same time.

2.3. Thermoelectric modules

Surface temperatures are expected to be within the range of
100–300 °C. For this range, the higher performance commercial, ther-
moelectric modules are Bi2Te3 based. Table 1 provides information of
the commercial modules selected.

Electrical output from each module is calculated using manu-
facturer performance curves (Fig. 2) and hot and cold side temperatures
provided by simulations.

2.4. TEG location

The TEG is to be located downstream of the catalytic converter, as
suggested in [22], and before the muffler, as suggested in [19], in order
to avoid negative influence on the after-treatment processes and energy
loss in the muffler.

2.5. One-dimensional CFD simulations

For the first steps in the design of the heat exchanger, a 1D Matlab
code [7] that estimates heat transfer using correlations from Gnielinski
[23] for internal convection coefficients in gas and water was

employed. In this early steps, a hollow rectangular cross-section is
considered in order to define the size of the exchanger. Pressure drop is
calculated from the following D’Arcy-Weisbach equation (Eq. (1)):

=p f
ρ Lv
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Δ

2
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h

2
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Friction factor f is given by von Karman empirical correlation (Eq.
(2)):
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2log ε
D10 3.71

2

h (2)

To be able to quantify in the same terms heat and backpressure
effects, pressure loss is presented also in power units as pumping losses
(Eq. (3)):

=P pVΔ ̇L (3)

2.6. Three-dimensional CFD simulations

Three different types of three dimensional (3D) CFD simulations
were conducted in this work: gas-side (hot-side) heat exchanger, the
whole TEG system and an on-site simulation of the TEG system in-
cluding the upstream catalytic converter of the engine (Fig. 3). For the
latter, an already developed model of the catalytic converter [21] was
included.

2.6.1. TEG simulations setup
The numerical solution of continuity, momentum, energy and spe-

cies equations were computed using a CFD proprietary code (ANSYS
Fluent 16), based on the finite volume method. In this work, a steady
state, three-dimensional, viscous, turbulent and incompressible (since
the maximum Mach number is below 0.3) flow was assumed.
Pressure–velocity coupling was taken care of by the segregated, pres-
sure-based solver SIMPLE (Semi-Implicit Method for Pressure Linked
Equations) algorithm [24]. Details of spatial discretization scheme are
presented in Table 2. The convergence criterion was set to 10−6 for the
thermal energy and chemical residuals and to 10−4 for residuals from
mass, momentum, turbulence kinetic energy and turbulence energy
dissipation rate. Relevant quantities were monitored to assure con-
vergence. The maximum mass imbalance of the simulations was
0.004% and 0.03% for the gas flow and the water flow, respectively.
The maximum energy imbalance was 0.03%.

The governing equations solved are continuity equation (Eq. (4)),
momentum equation (Eq. (5)), energy equation (Eq. (6)) and

Fig. 1. Nine stationary operating modes covering the most used area in the
engine map (torque-engine speed).
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conservation equation for chemical species (Eq. (7)):
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Notice that for steady simulations time-dependent terms become
zero.

2.6.2. Turbulence
The Reynolds-Averaged Navier-Stokes (RANS) approach was em-

ployed with the realizable −k ε model [25] selected. This model has the
same turbulent kinetic energy equation as the standard −k ε model but
holds an improved equation for ε. Compared to standard −k ε, it shows
better performance for flows involving: planar and round jets (predicts
round jet spreading correctly), boundary layers under strong adverse
pressure gradients or separation, rotation, recirculation or/and strong
streamline curvature [25]. Scalable wall functions were used.

2.6.3. Computational domain
In the selection and optimization processes of the internal geometry,

only the gas side of the TEG is simulated (Fig. 3a). In order to obtain a
proper developed velocity profile at the inlet and facilitate numerical
convergence, extruded entrance and outlet zones are added to the
physical domain. Due to the symmetry presented by the geometry, only
the half of the domain was simulated.

Water heat exchanger and thermoelectric modules (as solid bodies,
see Fig. 3b) are added later to the domain (for results presented in
section) of the final design to estimate the electrical output of the de-
vice. Previous works [21] show that electrical production may be

altered by upstream systems. Consequently, CFD simulations including
the DOC (Diesel Oxidation Catalyst) were carried out (Section 5.2).

2.6.4. Computational mesh
Given the nature of the geometry, a hybrid Tet/Hex mesh was used

to define the computational domain. Complex 3D features such as the
inlet and outlet cones of the gas heat exchanger were meshed by means

Table 1
Main characteristics of thermoelectric module TEG1-4199-5.3.

Type Bi2Te3

Maximum hot side temperature 300 °C
Thermal conductivity 1.4W/mK

Fig. 2. Performance curves of the thermoelectric modules employed in this
work.

Fig. 3. Three different domains employed in CFD simulations: (a) gas-side heat
exchanger, (b) the whole TEG system and (c) TEG system with upstream cat-
alytic converter (DOC).
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of tetrahedral elements, and hexahedral meshes were used for the core
of the gas heat exchanger, TEMs (thermoelectric modules) and the
water coolant circuit (see Fig. 4). In order to ensure the accuracy of the
calculations, a grid independence study was conducted and mesh in-
dependency was achieved with a 7.8 · 106 elements grid and a mean y+
value of 20.

2.6.5. Boundary conditions
Table 3 shows boundary condition types selected for the model. A

typical natural convection coefficient for a flat surface [26] of 15W/
m2 K was fixed for all cases.

3. TEG test device

The purpose of this work is to study the potential of TEGs in the
most used part of light-duty diesel engine maps, where relatively low
exhaust mass flows and temperatures [7] can be found, restricting the
TEG power output. To accomplish such goal, an in-house TEG was
designed.

Since the most critical component is the gas-side heat exchanger, a
design process focused on this part was carried out. The process of
design is based on minimizing the thermal resistance of the exhaust gas
to maximize the electrical output, but there is a trade-off between heat
transfer and pressure drop in the heat exchanger. In the design of
thermoelectric generators, the target must be to keep a balance between
the improvement in heat transfer to thermoelectric modules and the
rise in pressure drop. Not only this pressure drop across the TEG must
be kept within limits (typical target is to keep it in the range of the
pressure drop of after-treatment devices) but also must be minimized to
not increase engine pumping work too much.

The monitored parameters in the design process were transferred
heat to surface Q ̇ and pressure drop pΔ .

3.1. Influence of TEG dimensions

TEG systems with a rectangular design with a wide area and short
length usually perform better than other rectangular, cylindrical and
hexagonal configurations [27]. Consequently, the TEG was designed to
be flat-shaped and symmetric (thermoelectric modules will be placed in
the upper and lower surfaces). The height of the gas heat exchanger was
set to 20mm so that the whole system (with TEMs and coolant system)
not exceeds too much the pipe diameter (typically around 50–60mm)
for future vehicle on-board applications.

Two parametric 1D studies were carried out to determine, in terms
of number of rows (nTEM) and columns m( )TEM of modules, the length
and the width of the heat exchanger, respectively (see Fig. 5). The
modules available are square-shaped with 40mm sides. Gaps of 10mm
between columns and 5mm between rows will be left to give space for
electrical connections. Notice that the 1D method employed in this
section does not account for 2D and 3D effects and that the further
design process will modify these values.

The width of the exchanger affects the pressure drop per unit of
length and the number of modules per unit of length. It also modifies
the internal heat transfer coefficient: the wider the less gas velocity. In
short, adding more rows of modules means more electrical production
capacity (more number of modules) and a decrease in pressure drop but
heat transfer to thermoelectric modules worsens (lower convection
coefficient). Since the previous variables do not depend on the length of
the exchanger, for this first step just one column of modules was con-
sidered.

In Fig. 6, it can be seen that from one to five rows, the pressure drop
falls drastically with the increase of cross-sectional area. Despite the
increase in electrical production capacity with each additional row,
heat transfer to thermoelectric modules is worse due to the lower gas
velocity (and, therefore, more gas thermal resistance). This results in

Table 2
Summary of the spatial discretization scheme.

Parameter Value

Gradient Least Squares Cell Based
Pressure Second Order
Momentum Second Order Upwind
Species conservation
Turbulent Kinetic Energy

Fig. 4. (a) 3D mesh of the gas-side and water-side heat exchangers in the TEG device. (b) Detailed side-view of the mesh. From up to down: water heat exchanger,
thermoelectric modules, steel wall and exhaust gas cell-zones.

Table 3
Boundary conditions included in the model.

Boundary Type

Inlet Mass-flow inlet
Outlet Pressure-outlet
External walls Wall with convection heat transfer

Convection coefficient: 15W/(m2 K)
Exterior temperature: 30 °C
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lower electrical production when the number of rows increases. The net
power obtained reaches its maximum in 4–5 rows. Five rows were se-
lected instead of four, given that the further optimization process will
enhance heat transfer making electrical output decrease slower with the
number of rows.

More length (i.e. more TEM columns) allows to include more
modules and increase electrical production, but as the gas moves
through the heat exchanger its temperature decreases. Consequently,
each additional column of modules will produce less electrical energy.
Total pressure drop in the system is proportional to the length of the
device (see Eq. (1)). The criterion followed was to increment the
number of modules columns as long as the increase in prospective
electrical production caused by the new column is above 10%. The
selected number of columns was eight (Fig. 7).

3.2. TEG internal topology

Extracting thermal energy from the exhaust gas is difficult due to
the low gas heat transfer coefficient. The transfer of thermal energy in a
heat exchanger can be enhanced by the inclusion of fins. Fins increase
the heat transfer coefficient and the total surface in contact with the hot
gas. However, enhancing the transferred heat also involves increasing
the pressure drop in the system. Four TEG gas-side heat exchanger
designs were tested. In this step, the heat exchanger is simulated with

external air convection (thermoelectric modules and refrigeration were
not included since the target was to compare gas-side configurations).
The results of these simulations were evaluated in terms of heat
transferred to thermoelectric surface area and pressure drop.

Topologies tested were (see Fig. 8) long fins (design I), short fins
(designs II and III) and channel-arranged fins (design IV). Short fins can
be disposed parallel to flow direction or angled. For that reason, two
designs of this type with different mixes of fins were included. Other
topologies such as plates with holes or pipe structure were left out due
to proven unsuitability [28]. Two diffusers (identical in each model) are
placed near the inlet of designs I, II and III to prevent flow mis-
distribution towards the middle of the heat exchanger.

Results showed (see Table 4), that the greater the enhancement of
transferred heat, the greater the pressure drop. To be able to select the
best design, a ratio to compare the trade-off between transferred heat
and pressure drop was used as in Eq. (8):

=r Q
P

̇

L̇ (8)

The long-fin design presented the higher ratio. When it comes to the
overall efficiency of the system, energy loss due to pressure drop be-
come important for this type of engines.

3.3. Influence of internal geometry

It is of great interest to see the influence on pressure drop and
transferred heat of the main features of the heat exchanger. This in-
formation allows improving and optimizing designs.

For the optimization of the selected internal topology, a fractional
factorial design of experiments [29] was selected. The parameters se-
lected for optimization were the following (see Fig. 9): angle of the
diffusers (θ), distance of the diffusers from the core of the heat ex-
changer (a), distance of the diffusers from the symmetry axis (b), and
number of fins (nfins).

This type of design of experiments involves giving maximum and
minimum acceptable values to the variables. Maximum and minimum
values, selected attending to geometrical and manufacturing con-
straints, were combined in eight different cases. With the outcome of

Fig. 5. Sketch of modules arrangement on the exchanger surface.

Fig. 6. Parametric study for the number of rows of thermoelectric modules. The
plot shows the engine pumping work (red), electrical power output (blue) and
net power output (black) per row of TEMs. Values shown are obtained for one
column of TEMs. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 7. Parametric study for the number of columns of thermoelectric modules.
The plot shows the additional power (compared to the previous number of
columns) obtained by adding a new column of thermoelectric modules. Values
shown are obtained for previously found optimal number of rows (five) of
TEMs.
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experiments combining the different values of the variables, the influ-
ence of each one and the optimal combination can be derived. Results
of pressure drop and transferred heat to surface are showed in Table 5.
Case 5 was selected as optimal.

Following the procedure of factorial design of experiments [29], the
relative influence of each parameter s on a targeted variable k (pressure
drop pΔ and transferred heat rate Q ̇ in this case) can be found com-
puting the contrast Cs k, (Eq. (9)) and the sum of squares SSs k, (Eq. (10)):
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where ls z, is a term which value is ±1, taking the positive or negative

a) Design I b) Design II

c) Design III d) Design IV

Fig. 8. Internal geometries tested for the heat exchanger.

Table 4
Results from different internal geometries tested.

Units I II III IV

Q ̇ (W) 3145.5 3518.3 3854.6 5251.8
pΔ (Pa) 1055.2 2214.2 3232.9 62437.3

Backpressure losses (PL̇) (W) 110.5 232.0 338.7 6541.0
Trade-off ratio (r) – 28.5 15.2 11.4 0.8

Fig. 9. Variables for the optimization process.

Table 5
Design of experiments and results.

Case θ a b nfins Δp (Pa) Q ̇ (W)

1 30 30 5 6 1069.0 3147.6
2 70 30 5 12 1584.8 3477.7
3 30 60 5 12 1059.1 3346.2
4 70 60 5 6 1787.8 2903.8
5 30 30 15 12 906.5 3444.2
6 70 30 15 6 1039.5 2911.9
7 30 60 15 6 764.0 2870.3
8 70 60 15 12 1534.9 3070.2
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value depending on the level of the parameter s (high or low, respec-
tively) in the experiment j and nexp is the number of experiments. The
relative effect (Fig. 10) of the parameter m can be derived from the
comparison of SSs k, and SSk (Eq. (11)):

∑=
=

SS SSk
s

n

s k
1

,

s

(11)

where ns is the number of parameters studied.
Results show that the diffusers, although necessary to distribute the

flow in order that every module has enough temperature to operate,
have the bigger influence on the pressure drop. As for transferred heat,
fins have the bigger effect. However, the diffusers also come into action
and present a relative influence close to a 40% of the total (Fig. 10).

Diffusers position must be considered to reduce the pressure drop
but also to enhance heat transfer. Fins have low impact on pressure
drop and a high impact on transferred heat, so presumably, the more
the better. Nevertheless, it should be borne in mind that increasing in
great amount the number of fins so that the cross-sectional area is
significantly reduced will have more effect in the pressure drop (as seen
in Section 3.1). In addition, more fins will increase the cost and weight
of the heat exchanger. Please notice the conclusions drawn in this
section are only valid for the topology selected.

4. Validation of the three-dimensional CFD simulations

Once the selected design of TEG was prototyped, physical measures
of temperature and pressure drop were taken to validate the CFD model
the design was based. The validation process consisted of two steps:
validation of the hot side heat exchanger and validation of the whole
TEG assembly.

4.1. Validation of the heat exchanger model

Monitored parameters for validation were: pressure drop ( pΔ ),
outlet temperature (Tg out, ) and surface temperatures (Tsurf ) at five dif-
ferent points. Surface temperature was measured with K-type thermo-
couples and IR camera (see Fig. 11). The model was validated at each
one of the nine engine points.

Results from validation (Tables 6 and 7) show that the model em-
ployed not only reproduces accurately the engine operating mode em-
ployed for the optimization process (mode I) but also the characteristics
of the flow in the whole selected area. The error in prediction of
pressure drop is below 14% (except in mode A, due to the lower values
of pressure being more affected by the measurement device error).
Errors in prediction of outlet and surface temperature are below 5% and
6%, respectively. Errors are calculated in Kelvin scale (absolute ther-
modynamic temperature scale).

Notice despite the above-mentioned errors, the design process is
equally valid, since all simulations have similar setup and the design
approach is based on the optimization of the design and choosing the
best suitable option.

4.2. TEG validation

The model employed for calculations estimates the power output
based on the CFD results of hot and cold side module temperatures. The
whole TEG assembly was installed (Fig. 12) in the exhaust system and
the modules tested in an open circuit configuration. A new validation
method was followed to analyse the performance of the TEG and to
measure the accuracy of temperature prediction: direct measure of the
open circuit voltage of each module (temperature dependent).

The model was employed to estimate the open circuit voltages
(through manufacturer’s performance curves) using the temperatures of
the cold and hot surfaces of the modules. Later, the results were com-
pared to the measured voltages to validate the model (as shown in

Fig. 13).
The error (in %) in the estimation of the voltage of the modules is

shown in Fig. 14. The model tends to predict a voltage a bit higher
(around 10% of maximum positive error) than measured by, which can
be caused in some cases by a not optimal surface-to-surface contact
between thermoelectric modules and the hot surface.

5. Results and discussion

5.1. Potential for energy recovery

Depending on the exhaust gas mass flow and temperature, the
harvested energy and the engine pumping losses vary (due to increased
backpressure).

The estimated energy to be generated with the designed device
ranges from 0 to 106.2W (mode I) and the pressure drop from 119 Pa
(mode A) to 890 Pa (mode I). Maximum net power output is 24W
(mode I) (see Table 8).

Under low engine loads, the exhaust gas does not create enough
temperature gradient for the thermoelectric modules to work. On the
other side, under higher energy modes, high pressure drop lessens the
net amount of energy obtained. In higher load and engine speed modes
beyond the test area of this work, a by-pass system may be necessary to
avoid increasing fuel consumption of the engine.

According to the results presented, energy recovery is possible at

Fig. 10. Influence of TEG geometric features on (a) pressure drop and (b) heat
transfer.
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some driving conditions, but present-day commercial modules effi-
ciencies have small energy productions for the temperature gradients
produced and increase in engine pumping work can hinder energy
savings. In addition, electrical losses from not optimal connection be-
tween modules or unmatched loads can cancel the obtained energy.
Fig. 15 represents the area of energy recovery. The recovery limit
(dashed line) is derived from the results of Table 8. Below the recovery
limit there is not enough thermal energy to produce energy savings.
Under the driving conditions above the test matrix, there is enough
thermal energy but higher pressure drops can overcome the electric
power output. Notice that the recovery area only includes the area
where points of driving cycles are present; energy recovery at engine
modes with higher engine speeds could be feasible.

5.2. Influence of on-site TEG effects

The aim of this section is to provide information about the im-
plementation of TEGs in vehicles. After-treatment devices modify flow
velocity and temperature profiles. Consequently, an uneven tempera-
ture field in the heat exchanger can be caused, leading to a possible
malfunction of thermoelectric modules. Even an unbalanced energy
production between branches of the modules electric circuit can cause
the efficiency of the system to decrease [30]. Including catalytic con-
verters (or, in general, after-treatment devices upstream TEGs) in the
simulations can help to obtain more accurate results, since most re-
covery devices are placed near their outlet and the real flow with the
maldistribution caused by the catalytic converter entering the TEG is

Fig. 11. Experimental setup for the heat exchanger model validation. Thermocouples and pressure sensors were installed upstream and downstream the heat
exchanger. Five thermocouples (labeled from 1 to 5) were also distributed along the surface of the device. Black lines on the surface are for IR camera measurements.

Table 6
Heat exchanger model validation: pressure drop pΔ and outlet temperature
Tg out, .

Engine
mode

pΔ (Pa) Error in
pΔ (%)

Tg out, (°C)

Measured Modeled Measured Modeled Error in
Tg out, (%)

A 119 141 17.8% 114.4 106.7 −2.0
B 189 201 6.3% 145.5 138.1 −1.8
C 239 240 0.3% 195.4 184.8 −2.3
D 159 161 1.2% 210.8 194.6 −3.3
E 192 218 13.6% 304.1 284.7 −3.4
F 386 399 3.3% 338.4 321.6 −2.7
G 253 189 −6.9% 385.0 358.0 −4.1
H 430 420 −2.4% 403.5 382.3 −3.1
I 890 887 −0.3% 418.5 403.9 −2.1

Table 7
Heat exchanger model validation: surface temperatures.

Engine mode Tsurf ,1 Tsurf ,2 Tsurf ,3 Tsurf ,4 Tsurf ,5

Meas. Mod. Meas. Mod. Meas. Mod. Meas. Mod. Meas. Mod.

A 89.5 92.4 91.75 92.4 86.9 95.4 78.5 74.0 78.9 74.2
B 115.22 122.2 116.5 122.2 115.5 125.1 102.7 100.4 103 100.6
C 153.1 163.0 152.4 163.0 153.4 167.9 134.6 132.5 132.1 132.8
D 163.1 164.3 164.8 164.5 154.3 169.4 136.1 124.8 137.6 125.2
E 235.3 241.8 237.2 242.1 225.2 246.7 198.8 183.8 196.7 184.4
F 257.9 282.3 258.0 282.6 253.9 278.6 230.0 225.2 223.2 225.8
G 301.1 297.1 298.7 297.7 277.7 304.9 239.1 216.0 240.4 216.8
H 311.29 331.7 311.5 331.9 312.3 343.0 274.3 258.3 265 259.1
I 328.1 359.6 328.4 360.0 335.0 368.0 295.9 290.5 280.3 291.4

Max. error 5.2% 5.3% 5.4% −4.5% -4.6%

Fig. 12. TEG assembly on site. In the validation process, each module voltage
was measured.
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considered.

5.2.1. Influence of flow maldistribution caused by after-treatment devices
on thermoelectric modules

Typical catalytic converters flow maldistribution leads to uneven
temperatures at the outlet of these devices, being more noticeable in
engine modes with lower exhaust mass flows and active catalytic che-
mical reactions, as stated in [20]. To evaluate the influence of this
phenomenon in TEGs, the engine mode (mode G, 1000min−1 –
110 Nm) more prone to suffer this effect (low mass flow, high tem-
perature, active catalytic reactions) was simulated. DOC outlet tem-
perature distribution (see Fig. 16) in this mode is compared to the mode
with better outlet distribution (mode I, 2400min−1 – 110 Nm) in terms
of normalized temperature (Eq. (12)):

=T T T/norm max (12)

being Tmax the maximum temperature in each contour plot.
In Fig. 17(a), the TEG inlet also shows uneven temperature dis-

tribution, particularly in the lower-left side of the temperature con-
tours. This can cause lower electrical production in the modules close to
this area. On the other hand, diffusers help to homogenize the flow and,
in the core body of the heat exchanger (rectangular area, where mod-
ules begin to be placed in lower and upper surfaces), this effect becomes
softer.

The modules in the lower surface have less temperature than those
in the upper surface but this difference is not large, since the designed
heat exchanger helps to diminish the above-mentioned effect.
Nevertheless, this is an important effect, since much lower temperature
can cause a significant unbalance in electrical production [31].

5.2.2. Influence of the engine operating mode
Engine demands different fuel and air intakes depending on the

engine operation. As a result, different engine modes have different
exhaust temperatures and mass flows. In modes with higher mass flows
the gas has higher thermal inertia and is less susceptible to cooling
caused by external ambient convection.

Two modes with similar inlet temperatures but with very different
mass flows (mode G and mode I, as in the previous subsection) are
compared. Even in the TEG inlet zone, cooler temperatures near the
walls (under the influence of exterior ambient cooling) can be seen
(Fig. 17). This is more pronounced in modes with lower flow and, as a
result, thermoelectric modules on the fringes of the TEG have difficul-
ties reaching the thermal gradient necessary to produce electrical en-
ergy in this type of engine conditions, especially near the outlet of the
device, were the flow has been cooled down more after the gas-coolant
heat exchange.

In Fig. 18, the uniformity of temperature distribution for the two
modes can be compared. Very low temperatures can be seen in the last
4–5 modules of the first and fifth rows (exterior rows), making these
modules susceptible to not produce electrical energy.

6. Conclusions

An approach to evaluate potential and to study main issues of
thermoelectric generators for light-duty diesel engines, where exhaust
energy is lower and more difficult to harvest, was presented. Derived
from the results of this work, a better design of TEG heat exchangers for
industry can be achieved. In addition, the results also bridge the gap
between research and design of TEGs and its implementation in ve-
hicles.

This works contributes to the design of thermoelectric generator
prototypes providing information about the influence of main design
parameters and a study of the interaction between catalytic converters
and the thermoelectric generator, since the most common location of
this sort of recovery technology is downstream of the after-treatment
devices. The developed 3D CFD model allows an insight of how heat is

Fig. 13. Example (from the engine operating mode I) of (a) modeled and (b)
measured voltages from TE modules.

Fig. 14. Scatter plot of error in the module voltages measured in the tested
engine modes.

Table 8
Estimated electrical output and increase in engine pumping work.

Engine mode P (W) PL (W) Pnet (W)

A 0.0 1.2 −1.2
B 0.0 3.0 −3.0
C 0.0 6.5 −6.5
D 0.0 2.6 −2.6
E 23.0 6.4 16.6
F 45.9 29.2 16.7
G 25.7 4.5 21.2
H 31.0 15.4 15.6
I 106.2 82.1 24.2
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transferred to the modules (not experimentally possible without al-
tering the heat transfer).

The following conclusions can be extracted from this work:

• Thermoelectric energy recovery in a difficult and not commonly
studied scenario was achieved. Energy recovery is possible in the
higher load and engine speed area of the common driving conditions
in the engine map.

• A novel and thorough validation of the CFD model was achieved by
comparing the modeled and the measured electrical production
module by module. Results showed good agreement with experi-
mental data.

• Since the pressure drop and harvested energy are in the same order
in magnitude in this scenario and pressure drop rises promptly, a
simpler internal heat exchanger geometry that is able to produce an
acceptable temperature gradient for the thermoelectrical modules to
operate while not causing high back-pressure is preferred.

• Flow diffusers have a great influence on pressure drop within the

device and help to enhance heat transfer. It is encouraged an opti-
mization process to minimize the first effect and maximize the
latter.

• Typical outlet flow distribution in after-treatment devices causes
uneven module temperatures in thermoelectric generators but with
a good design this effect can be diminished.

Fig. 15. Area of energy recovery. The area plotted only contains the driving
cycle points above the recovery limit.

Fig. 16. Flow distribution at catalyst outlet for, (a) G and (b) I, engine modes. Uneven temperature distribution can be seen. Catalyst model employed for calculations
appears in [20].

Fig. 17. Temperature (normalized) transition from inlet pipe (circular section)
to TEG core (rectangular section) in the inlet of the TEG for two engine modes:
(a) mode G, (1000min−1-110 Nm) and (b) mode I (2400min−1 – 110 Nm).
Colder temperatures can be seen in the lower-left corner as a result of the DOC
operation.
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• Lower mass flow modes can cause part of the system not to work.

7. Future works

In future works, the complete TEG system should be tested to
evaluate the potential taking into account losses derived from the
electrical connections between modules and the influence of coolant
temperature.
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3.4 Publication IV. A thermoelectric generator in

exhaust systems of spark-ignition and

compression-ignition engines. A comparison with

an electric turbo-generator

Abstract

Approximately a third of the fuel energy in internal combustion engines is wasted through
the exhaust gas. Thermoelectric generators have been employed in automotive engines to
recover energy from the exhaust system. The purpose of this work is to broaden the knowledge
of thermoelectric generators and help designers to evaluate of their implementation in
light-duty vehicles. Several works have tested a thermoelectric generator in spark-ignition
engines and others in compression-ignition engines. This work provides results from the same
thermoelectric generator prototype in a spark-ignition and in a compression-ignition engine to
study the actual difference in thermoelectric energy recovery potential of both sorts of engine.
Thermoelectric generators are also compared with a promising turbine-based waste energy
recovery technology (electric turbo-generators). Full-load curves are swept to study the
performance of the thermoelectric generator under limit conditions. The effect of by-passing the
thermoelectric generator to limit the pressure drops produced at full-load conditions is also
analysed. A validated three-dimensional Computational Fluid Dynamics model of a
thermoelectric generator built and tested supports the study.
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H I G H L I G H T S

• Study of a thermoelectric generator in two different types of engines.

• Effects of bypassing part of the flow from the thermoelectric generator were studied.

• The thermoelectric generator was compared to a turbine-based energy recovery system.

• Implementation of a thermoelectric generator in automotive engines was evaluated.

A R T I C L E I N F O

Keywords:
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Thermoelectric generator
Gasoline
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Waste thermal energy

A B S T R A C T

Approximately a third of the fuel energy in internal combustion engines is wasted through the exhaust gas.
Thermoelectric generators have been employed in automotive engines to recover energy from the exhaust
system. The purpose of this work is to broaden the knowledge of thermoelectric generators and help designers to
evaluate of their implementation in light-duty vehicles. Several works have tested a thermoelectric generator in
spark-ignition engines and others in compression-ignition engines. This work provides results from the same
thermoelectric generator prototype in a spark-ignition and in a compression-ignition engine to study the actual
difference in thermoelectric energy recovery potential of both sorts of engine. Thermoelectric generators are also
compared with a promising turbine-based waste energy recovery technology (electric turbo-generators). Full-
load curves are swept to study the performance of the thermoelectric generator under limit conditions. The effect
of by-passing the thermoelectric generator to limit the pressure drops produced at full-load conditions is also
analysed. A validated three-dimensional Computational Fluid Dynamics model of a thermoelectric generator
built and tested supports the study.

1. Introduction

Due to the growing concern for environmental problems, research
on fuel economy improvements in internal combustion engines (ICEs)
has drawn the attention of automobile manufacturers and researchers
as a solution to face increasingly demanding standards for vehicle fuel
consumption and emissions. Together with the enhancement of engine
performance using in-cylinder techniques, the concept of energy re-
covery has emerged as an area of interest, especially for the exhaust
system, where approximately a third of the energy from the fuel is
wasted as heat [1]. There is a wide spectrum of Waste Energy Recovery

(WER) techniques varying in complexity, potential to recover energy
and interaction with the exhaust gas.

Some technologies use the exhaust gas only as heat source, such as
Organic Rankine Cycles (ORC) (as heat intake to develop a turbine-
based power cycle with other fluid) [2] and thermoelectric modules (to
create a temperature gradient and produce electric energy) [3], but
enhancement of heat transfer and heat exchange surface area needed to
make heat exchangers for both technologies, causing some back-
pressure to the engine.

Although the fuel economy benefits from ORC are considerable,
their complexity makes them not suitable for small-scale applications
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such as passenger cars [4]. On the other hand, thermoelectric gen-
erators [5] (TEGs, devices that generate electric power employing
several thermoelectric modules) have low complexity [6] but com-
mercially available materials still have very low efficiency [7].

Two main areas of research have been stressed for achieving higher
power outputs for thermoelectric systems. The first is the improvement
of the efficiencies of thermoelectric materials. The second is to improve
how thermoelectric modules are integrated in thermal systems (thermal
management).

Early studies on thermoelectric generators for automotive engines
were focused on maximizing the electrical output despite the back-
pressure that may be originated.

LaGrandeur et al. [8] modelled an electrical output of 600W from a
six cylinder gasoline engine (maximum power 190 kW) using a hot-side
heat exchanger that should provide the target temperature ranges while
presenting no more than a 10 kPa incremental increase in exhaust
backpressure across all operating conditions. The model by Hussain
et al. [9] predicted the potential to generate 300–400W under the EPA
highway drive cycle conditions for a 2.5L gas-electric hybrid vehicle
with a maximum pressure drop of 25 kPa.

Later designs have been shorter in electrical output but awareness in
backpressure effects has been increased. Ikoma et al. [10] obtained
35.6W from a 3L gasoline engine. Haidar et al. [11] harvested 42.3W
from a diesel stationary engine. Friedrich et al. [12] reported a 200W
electrical production with a backpressure of 2.5 kPa using coolant at
50 °C in a BMW 535i with a 3 L gasoline engine. Mori et al. [13],
harvested 200W from an exhaust system with a pressure drop of ap-
proximately 6 w, and Kim et al. [14] recovered 120W from a 4 L diesel
engine. Wang et al. [15] harvested a total of 133W using four ther-
moelectric generators in a 3.9 L engine from an off-road vehicle.

Energy extracted strongly depends on the type and the power of the
engine tested. Durand et al. [16] modelled theoretical equations of
thermoelectric materials and heat transfer correlations to study the
differences in thermoelectric production of diesel and gasoline engines,
pointing that gasoline engines could have more energy recovery po-
tential. Typically, research has been focused on gasoline engines, since
it is stated that higher exhaust temperatures (compared to diesel en-
gines) can be found [17] and a higher percentage of the energy of the
fuel turns into waste heat instead to mechanical energy to move the car
compared to diesel engines.

Apart from scattered results of several thermoelectric generators in
a diesel or a gasoline engine, there is a need to know the actual dif-
ference in thermoelectric production that could be achieved with diesel
and gasoline engines passenger vehicles with the same thermoelectric
generator at urban and extra-urban velocities and the factors that

influence this difference.
Other sort of WER techniques require direct contact with the ex-

haust gas, such as mechanical and electrical turbogenerator (currently
also known as turbocompounding), commonly yielding more energy
but with higher influence on the engine. In turbocompounding, usually
an additional turbine is placed downstream of the turbocharger to re-
cover energy from the exhaust gas. In mechanical turbocompounding
[18], the turbine is linked mechanically to the engine, whereas in
electrical turbocompounding [19], the turbine is linked to an electric
generator and the output is electrical energy (turbo-generators). For
high-pressure turbocompounding, the turbocharger turbine is em-
ployed to recover energy [20]. In this case, the turbine must produce
more power than the required by the compressor.

Turbocompounding started in aircraft piston engines, due to the
favourable requirement of long hours of operation at high load and low
ambient pressure allowing high expansion ratios [21]. It was also ap-
plied to large maritime ships that operate at high loads for great periods
of time [21]. Later, turbocompounding has been applied to heavy-duty
road vehicle engines [22]. While being successfully applied on heavy-
duty engines, it has been implied that would be harder to improve fuel
economy with turbocompounding in small vehicles, especially at urban
conditions [23].

Thermoelectrics and turbocompounding technologies cause para-
sitic power losses. In turbocompounding, power output rises with the
pressure ratio (directly related to the pressure drop caused in the en-
gine) of the turbine [24].

On the other hand, TEGs need heat exchangers to enhance heat
transfer to the thermoelectric modules [25], but have low influence in
the engine due to the relatively low pressure drop caused by the heat
exchanger (since pressure drop is only a side-effect from the heat
transfer enhancement).

The aim of this work is to analyse thermoelectric power production
in different contexts. First, quantifying the difference in power output
that could be achieved driving diesel and gasoline passenger vehicles.
This was accomplished using exhaust gas data from both types of en-
gines in the same prototype of TEG. Secondly, comparing thermo-
electrics with another WER technology, electric turbo-generators
(eTGs). While the purpose of this paper is not to study in depth eTGs,
this comparison helps to understand limitations and strengths of TEGs
compared to more developed energy recovering techniques, such as
turbine-based technologies.

Two engines (diesel and gasoline) from two passenger cars were
studied. Engine conditions from driving cycles representing urban and
extra-urban conditions were selected and tested to evaluate the exhaust
gas from both engines.

Nomenclature

BSFC brake specific fuel consumption (g/s)
mΔ ̇ f ,0 increase in total fuel mass-flow to provide electric energy

with an alternator (g/s)
mΔ ̇ f TEG, increase in total fuel mass-flow to provide electric energy

with the thermoelectric generator (g/s)
pΔ pressure drop (Pa)

ηeng engine efficiency
ηalt alternator efficiency
LHV lower heating value (J/kg)
ṁf ,0 total fuel mass-flow rate of the engine using an alternator

to provide electrical energy (baseline conditions) (g/s)
ṁg exhaust mass-flow rate (kg/s, g/s)
M engine torque (Nm)
n engine speed (min−1)
p pressure (Pa)
P electric power output (W)

PL engine pumping losses (W)
Pnet net power output (W)
ρ density (kg/m3)
Tg in, inlet gas temperature (°C)
V ̇ volumetric flow (m3/s)

Acronyms

BSFC Brake Specific Fuel Consumption
CFD Computational Fluid Dynamics
CI Compression-Ignition
eTG Electric Turbo-Generator
ICE Internal Combustion Engine
ORC Organic Rankine Cycle
SI Spark-Ignition
TEG Thermoelectric Generator
WER Waste Energy Recovery
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2. Materials and methods

2.1. Engines

For this work, two different engines have been used to obtain diesel
(compression-ignition, CI) and gasoline (spark-ignition, SI) exhaust
temperature and mass flow rate data. CI results were obtained from a
Nissan YD22 (four-stroke, turbocharged, four-cylinder diesel) engine.
The engine bore and stroke are, respectively, 86mm and 130mm (total
displacement is 2.2 L). The maximum power of the engine is 82 kW.
This engine corresponds to a Nissan Almera Tino.

SI results were obtained from a Ford Ecoboost (four-stroke, turbo-
charged, four-cylinder gasoline) engine with a bore and stroke of
79mm and 81mm, respectively. The total displacement of this engine
is 1.6 L and the maximum power 133 kW. This engine corresponds to a
Ford Fusion.

2.2. Thermoelectric generator and power output calculations

A prototype of thermoelectric generator [25] (see Fig. 1) was em-
ployed to obtain the results of this work. The generator consists of a
hot-side heat exchanger, a coolant circuit and 80 commercial Bi2Te3
thermoelectric modules.

The cold side of the modules is refrigerated with engine water
coolant at 50 °C. Coolant temperatures in vehicles are usually around
80–90 °C [26]. Nevertheless, since ambient temperature is lower is not
unreasonable to think of an on-board cooling down (e.g. through finned
duct) to 50 °C before reaching the heat exchanger.

The thermoelectric generator causes additional pressure losses that
the engine must overcome with extra power. This pressure drop is re-
lated to the internal geometry of the hot side heat exchanger. There is a
trade-off between the heat transfer and the pressure drop caused by the
heat exchanger. Power losses due to the backpressure (pressure drop)
must be considered in TEGs as the increase engine pumping work and
they can be calculated as (Eq. (1)):

= =P V P
m
ρ

̇ Δ
̇

ΔpL
g

(1)

whereV ̇ is the volumetric flow and PΔ the pressure drop across the TEG
heat exchanger.

The net power obtained then is calculated subtracting this energy
losses to the electrical power production (Eq. (2)):

= −P P Pnet L (2)

The electrical power output P and the pressure drop power losses PL
were obtained using exhaust temperature and mass-flow rate experi-
mental data from both engines and a three-dimensional CFD model of
the TEG developed and validated in a previous work [25].

Additionally, at common driving and full load engine points fuel
savings (savings in brake specific fuel consumption) are calculated as
the difference in fuel consumption if the electrical power P was gen-
erated by the alternator instead of by the thermoelectric generator.
Brake specific fuel consumption (BSFC) is given by Eq. (3):

=BSFC
M

ṁf
πn2
60 (3)

where ṁf is the fuel consumption to obtain the engine effective power
(denominator in the right term of Eq. (3)). Normally, the electrical
power needed in vehicles is provided by an alternator. The extra cost
(in fuel mass flow) of producing an electric power P with the alternator
of the vehicle is (Eq. (4)):

=m P
η η LHV

Δ ̇ f
alt eng

,0
(4)

The cost of producing the same electric power P with the TEG is the
cost of extra pumping work (Eq. (5)):

=m P
η LHV

Δ ̇ f TEG
L

eng
,

(5)

For the same torque and engine speed (same operating point), the
change in BSFC from using a TEG instead of the vehicle alternator is
(Eq. (6)):

=
−

BSFC
m m

m
%Δ

Δ ̇ Δ ̇
̇

f f TEG

f

,0 ,

,0 (6)

where ṁf ,0 is the total fuel consumed by the engine to provide the ef-
fective power of the corresponding operating conditions and electric
power using the alternator (baseline conditions).

The lower heating values (LHV) of the diesel and gasoline fuels
employed were 42837 kJ/kg and 41944 kJ/kg, respectively, and ηalt
was equal to 50%, a typical value for belt-driven alternators [27]. The
coolant inlet temperature (50 °C) and mass-flow rate (0.1 L/s) were
fixed in all cases to better evaluate the changes in results that the hot
source (exhaust gas from the engines) causes.

2.3. Compression-ignition and spark-ignition engines comparison

To compare the performance of the TEG in the two CI and SI engines
studied two completing approaches were followed: a comparison within
the common operating conditions in driving cycles (for which the TEG
was designed) and a comparison under limit conditions, i.e. full-load
conditions.

2.3.1. Common driving conditions
The goal of this study is to quantify the net power and the fuel

savings that can be obtained from gasoline and diesel exhaust gas
employing the same thermoelectric generator in the common urban and
extra-urban conditions of internal combustion engines.

The comparison was made at nine test operating modes with the
same effective power and load for each engine. The nine testing modes
(see Fig. 2) were originally selected to cover the most used part of the
engine map for common driving conditions (from the New European
Driving Cycle (NEDC) and the Worldwide Harmonized Light Duty Test
Cycle (WLTC)) for the CI engine (Nissan YD22).

Later, the translation to the SI engine (Ford EcoBoost) modes was
made (see Table 1). Due to the similarities of the full-load curves of
both engines over the range of engine speed of the test matrix (Fig. 3),
the requirements of same engine power and load lead to very close
modes in terms of engine speed and torque. Therefore, only minor

Fig. 1. Exhaust system equipped with the thermoelectric generator used in this
study.
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corrections to the test points were required.

2.3.2. Operation under limit conditions: full-load tests
TEG production at full-load conditions from both engines were

tested (see Fig. 3). The purpose of this study was to identify the values
of electrical production and the pressure drop losses under limit

conditions. Limits of operation for the current commercial Bi2Te3 are
also tested with this approach.

At full load, the exhaust gas has the highest power at any given
engine speed but also the highest pressure drop (highest mass-flow
rate). The CI and SI engines full-load curves were swept at 8 and 11
points, respectively (Table 2).

Full-load conditions can lead to large pressure drops within the TEG
and cause thermoelectric modules to exceed their maximum operating
temperature. To protect the engine from high backpressures and the
thermoelectric modules from high temperatures, a common strategy is
making part of the gas flow by-pass the TEG. In addition, full-load
conditions with a by-pass diverting the 50% of the exhaust gas flow
from the TEG were tested to study its performance under these condi-
tions. The scope of this section was limited to the effects caused by or in
the TEG.

2.4. Thermoelectric generator and electric turbo-generator comparison

Comparing thermoelectrics with other technologies is useful to
understand strengths and limitations and to identify the part of the
engine map where TEGs could work better. In this section, the TEG was
compared to an electric turbogenerators (eTG), a mature (compared to
thermoelectrics) technology. As opposed to TEGs, turbocompounding is
not a heat exchanger based WER technique, since there is a direct in-
teraction with the exhaust gas.

This study will be carried out in the Ford EcoBoost gasoline engine,
since it was found in the results derived from the SI and CI engines
comparison (Section 3.1) that provides more potential for WER. For this
section, a test matrix of 10 engine operation points (Table 3) from a
combination of different driving cycles (FTP75, US06, and Highway

Fig. 2. Test operating modes (A-I) employed to design and test the TEG. Red
dots and blue correspond to engine operation points during the WLTC and the
NEDC, respectively.

Table 1
Equivalent engine modes for the diesel and gasoline engine.

Engine
power (kW)

Load (%) CI engine points SI engine points

Mode n (rpm) M (Nm) Mode n (rpm) M (Nm)

1.0 8 A 1000 10 A′ 1056 9
1.8 5 B 1700 10 B′ 1700 10
2.5 4 C 2400 10 C′ 2400 10
6.3 47 D 1000 60 D′ 1056 57
10.7 27 E 1700 60 E′ 1700 60
15.1 25 F 2400 60 F′ 2400 60
11.5 87 G 1000 110 G′ 1056 104
19.6 50 H 1700 110 H′ 1700 110
27.6 47 I 2400 110 I′ 2400 110

Fig. 3. Full-load curves of the engines employed for this study.

Table 2
Full-load engine operating points employed.

Engine n (rpm) M (Nm)

CI engine 1200 159.6
1600 211.4
2000 237.4
2400 236.2
2800 235.8
3200 231.5
3600 216.5
4000 203.4

SI engine 1250 141.6
1600 221.0
2000 234.8
2500 236.6
2800 238.6
3250 240.7
3500 251.4
4000 249.9
4500 247.2
5000 242.9
5500 231.7

Table 3
Test conditions for the TEG vs. eTG comparison.

Mode n (rpm) M (Nm) Engine Power (kW)

1 3000 30 9.4
2 1600 60 10.1
3 1000 100 10.5
4 1250 80 10.5
5 2500 75 19.6
6 2000 110 23.0
7 1500 150 23.6
8 2200 150 34.6
9 2750 125 36.0
10 3250 200 68.1
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driving cycles) was selected, so a broad area of operation is studied and
none of the technologies are tested exclusively under favourable con-
ditions (e.g. urban, extra-urban, etc).

The eTG is based on Eaton’s V250 roots type expander and is
modelled in GT-Power using the turbine template. The model takes the
upstream pressure and temperature, the downstream pressure and the
shaft speed as inputs, and the outputs are the mass flow rate, the shaft
power and the downstream temperature based on the manufacturer’s
turbine maps. The pressure drop across the eTG increases with the mass
flow and decreases with its shaft speed. The shaft speed was swept at
each operating point and the optimal speed and pressure ratio that
maximize the system brake efficiency were determined.

3. Results

3.1. Comparison of the TEG recovered power in the compression-ignition
and spark-ignition engines

3.1.1. Common driving conditions
Under urban and extra-urban conditions, compared to diesel ex-

haust gas, the gasoline exhaust gas shows lower mass-flow rate and
higher temperatures (more than 700 °C in some cases, see Table 4). This
is due to near stochiometric air-to-fuel ratio in gasoline engines versus
the lean ratios needed in diesel engines.

Higher temperatures in gasoline exhaust gas help to improve ther-
moelectric power production but the lower mass flows make the gas
stream decrease its temperature very promptly. Consequently, despite
the higher temperature in the exhaust gas, the lower thermal inertia
leads to mild (compared to the great difference in gas inlet tempera-
ture) increases in the average temperature gradient. However, these
increases are not negligible and a higher maximum electrical power can
be harvested (see Table 5).

In terms of energy recovery, the best improvement presented by the
gasoline engine is that the lower mass-flow rates reduce substantially
the power losses associated with the pressure drop caused by the TEG,
providing up five times more net power (Table 5). Up to 0.56% and
1.09% of fuel savings at common driving conditions can be obtained
with the thermoelectric generator for the diesel and the gasoline en-
gine, respectively.

3.1.2. Operation under limit conditions: full-load curves
As it can be seen in Fig. 4, the energy losses caused by backpressure

in the exhaust system overcome the electrical power produced within
most of the range. This is due to the fast increase in pressure drop with
mass flow. The maximum pressure drops obtained for the CI and SI
engines were 5.4 kPa and 9.2 kPa, respectively.

Previous section showed that at common driving conditions, the SI
engine revealed much lower pumping power losses due to back-
pressure. Nevertheless, the different strategies employed for each en-
gine even these losses. At full load, diesel engine makes the air-fuel
mixture richer and exhaust temperatures closer to the ones found in the

gasoline engine are obtained, increasing the net energy recovered. The
gasoline engine works always close to the stoichiometric air-to-fuel
ratio, having to increase the inlet air mass-flow rate in the same pro-
portion as the fuel mass-flow rate. This leads to a prompt increase in the
exhaust mass-flow rate.

The temperature of the exhaust for the diesel engine is higher than
at common driving operating conditions and more electrical power
could be harvested. Nevertheless, this also leads to higher cold-side
temperatures, cushioning the produced electrical energy.

The temperature of the exhaust for the gasoline engine exceeds the
maximum operating temperature in most of the thermoelectric mod-
ules. Consequently, there is thermal energy that could not be harvested
by commercial Bi2Te3 modules at these conditions. In addition, due to
conduction heat transfer through the modules, the cold side rises its
temperature (due to conduction heat transfer) diminishing the elec-
trical power produced by the modules. That is the reason why the
electrical production diminishes when the thermal energy is higher.
Notice that in an experimental test the modules would be damaged at
these conditions. The maximum electrical energy obtainable is ap-
proximately 270W for both engines (see Fig. 4).

Fig. 5 shows the results of by-passing half of the mass flow from the
TEG at full-load conditions. Less mass flow leads to a higher gas thermal
resistance (lower surface temperature), but also to a much lower
backpressure (less power losses).

The generated power from the CI engine decreases (now the maximum
power reached is 222W). The pumping losses in the engine also decrease
and they are lower than the generated power (maximum power losses are
221W), making the net power positive along all the full-load curve.

With the full mass-flow rate, the Bi2Te3 modules were not able to
take full advantage of the thermal energy available in the SI engine
exhaust system. Reaching the maximum limit of temperature for Bi2Te3
thermoelectric modules together with the cold side heating (due to
conduction heat transfer) led to a low generated electric power. By-
passing part of the flow does not lead to much lower electrical pro-
duction and the pressure drop losses are significantly lower, widening
the range of positive net power. For the SI engine, the maximum
electrical energy obtainable using half of the exhaust flow is approxi-
mately 260W.

At full-load conditions with no by-pass, the net power production in
the diesel engine is higher (up to 55.4W, see Table 6) than the ones
found in the common driving conditions (up to 24.2W, see Table 5) but
there is a narrow range for energy recovery. With the by-pass, the
maximum amount of net power reaches closely the same maximum
value (53.2W, see Table 6), but for higher engine power to the lower
thermal energy available. The range of operating conditions where
energy recovery is possible broadens (net power is positive along the
whole full-load curve).

For the SI engine (full-load conditions, no by-pass), the harvested
power is higher (127W, see Table 7) than in the typical area of op-
eration (114.8W, see Table 5). With the by-pass the net power rises to
158.6W.

Table 4
Diesel and gasoline exhaust gas conditions and backpressure caused by the TEG.

Mode CI engine Mode SI engine

ṁg (g/s) Tg in, (°C) Δp (Pa) ηeng (%) ṁg (g/s) Tg in, (°C) Δp (Pa) ηeng (%)

A 14.8 130.7 66.4 13.8 A′ 2.62 381.05 63.1 14.2
B 15.3 258.7 162.1 13.4 B′ 4.64 485.8 67.9 13.7
C 18.2 403.5 217.4 12.5 C′ 7.09 569.6 75.3 12.6
D 18.5 172.0 128.9 32.6 D′ 6.89 474.6 73.6 32.5
E 22.1 318.8 164.1 31.8 E′ 11.88 592.1 99.5 32.0
F 31.7 394.3 213.9 31.3 F’ 17.53 671.6 151.8 30.6
G 26.6 201.0 173.2 32.3 G′ 11.17 539.6 93.8 36.7
H 40.6 304.7 179.6 33.1 H′ 19.31 648.7 169.8 36.1
I 51.9 423.4 766.6 33.6 I′ 28.33 718.8 318.3 34.8
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3.2. Thermoelectric generator and electric turbo-generator comparison

Energy harvested with both technologies is presented in Table 8.
Although at different operating points, eTGs can obtain up to seven
times more net energy than TEGs (1611.6W compared to 224.6W). The
eTG power production decreases with the engine speed and torque, as
the TEG power production does. Nevertheless, TEG net power decreases
slower and at low power engine conditions the TEG produces more
energy than the eTG.

Backpressure losses, when the TEG does not have enough tem-
perature gradient to produce energy, are very low, not having influence
on the engine. However, the eTG keeps having important energy losses
in low load engine modes.

Despite having a lower potential for harvesting energy, at low
power engine points the TEG shows better performance. The TEG can
reach up to 95.9W of net power at modes where the eTG causes energy
losses to the engine.

From the test points in Table 8, contour plots of harvested power are
presented (Fig. 6). Notice the different scales used in both plots (due to
the different ranges of power output of both technologies) and that the
values from the contour were interpolated using Delaunay triangulation
of the scattered test points [28] and may not represent exactly the
power obtained far from the test points. As it can be seen in Fig. 6a, the

TEG power production rises regularly with the engine speed and torque.

4. Conclusions

This work provides a context for thermoelectric generators in in-
ternal combustion engines to help designers in energy recovery strate-
gies. The potential of energy recovery with thermoelectric generators of
compression-ignition and spark-ignition engines was compared fol-
lowing an original approach. The same thermoelectric generator

Table 5
Thermoelectric production results and fuel consumption savings at common driving conditions for the diesel and gasoline engines.

CI engine SI engine

Mode P (W) PL (W) Pnet (W) BSFCΔ (%) Mode P (W) PL (W) Pnet (W) BSFCΔ (%)

A 0.0 1.2 −1.2 −0.09 A′ 0.0 0.3 −0.3 −0.02
B 0.0 3.0 −3.0 −0.14 B′ 4.5 0.6 3.9 0.24
C 0.0 6.5 −6.5 −0.20 C′ 18.6 1.5 17.1 0.85
D 0.0 2.6 −2.6 −0.04 D′ 10.2 0.9 9.1 0.38
E 23.0 6.4 16.6 0.37 E′ 42.2 2.5 39.7 0.84
F 45.9 29.2 16.7 0.45 F′ 81.2 6.3 74.9 1.00
G 25.7 4.5 21.2 0.41 G′ 32.2 2.1 30.1 0.83
H 31.0 15.4 15.6 0.28 H′ 83.8 7.6 76.2 1.09
I 106.2 82.1 24.2 0.56 I′ 137.7 22.9 114.8 1.07

Fig. 4. TEG generated electrical power and power losses for full-load condi-
tions.

Fig. 5. TEG generated electrical power and power losses for full-load conditions
and by-passing 50% of the flow.

Table 6
Full-load curve TEG results for the CI engine.

n (rpm) M (Nm) Pnet (W)

100% of the flow By-passed

1200 159.6 42.0 19.9
1600 211.4 55.4 47.2
2000 237.4 −13.8 50.7
2400 236.2 −144.2 47.4
2800 235.8 −307.8 53.2
3200 231.5 −612.8 51.4
3600 216.5 −958.2 35.7
4000 203.4 −1443.6 0.3
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prototype was tested in a diesel engine and in a gasoline engine.
The comparison was made at common driving engine points and

along the full-load curve of both engines. Up to nearly 0.6% and 1.1%
of fuel savings at common driving conditions can be obtained with the
thermoelectric generator for the diesel and the gasoline engine, re-
spectively. In addition, the effect of by-passing part of the flow from the
thermoelectric generator was studied. The thermoelectric generator
was also compared to a turbine-based energy recovery system: an
electric turbo-generator.

This assessment gives insight of two key design parameters at sev-
eral engine conditions: power generation and backpressure. The bal-
ance between them defines the feasibility of including a thermoelectric

generator.
An approach to evaluate the implementation of a thermoelectric

generator in an engine and valuable information of fuel economy pre-
dictions taking into account the differences with the baseline config-
uration (on-board needed electrical energy produced using an alter-
nator) are provided. The results presented also gives useful information
to designers about dealing with limit engine operating conditions and
about how to extend the range of energy recovery when a thermo-
electric generator is installed.

The following conclusions can be derived from this work:

• Overall, the spark-ignition engine showed more potential and a
wider range of operating points for energy recovery, being energy
recovery more challenging for the compression ignition engine.
Lower backpressure and higher gas temperature of the gasoline
exhaust gas for the same load and engine power. Lower air-to-fuel
ratio in gasoline engines helps to reduce backpressure energy losses
and increases temperature and electrical production.

• At common driving engine points, gasoline vehicles show better
results of energy recovery with thermoelectrics than diesel vehicles.

• Pressure losses overcome the electrical power generated along most
of the full-load curve for the compression-ignition engine and for the
spark-ignition engine.

• By-passing reduces significantly the power losses caused by the
thermoelectric generator and increases the operating range where
energy recovery, specially operating out of common driving engine
conditions.

• From the results presented, it can be derived that by-passing is an
effective strategy to reduce the high pressure drop power losses
caused by the thermoelectric generator in diesel engines and could
increase the net power production and the range of energy recovery
in this sort of engine.

• The thermoelectric generator showed more potential to recover
energy at low power (common driving conditions) engine points
that the electric turbo-generator. At the majority those engine
points, the electric turbo-generator presented a negative power
balance.

• The electric turbo-generators show more capacity to harvest exhaust
energy at high power modes (extra-urban engine conditions). The
electric turbo-generator showed a maximum net recovered power
seven times higher than the thermoelectric generator.

Table 7
Full-load curve TEG results for the SI engine.

n (rpm) M (Nm) Pnet (W)

100% of the flow By-passed

1250 141.6 67.5 30.4
1600 221.0 126.4 88.5
2000 234.8 126.9 119.4
2500 236.6 49.4 149.4
2800 238.6 −77.9 158.6
3250 248.7 −356.9 153.2
3500 251.4 −611.5 136.2
4000 249.9 −1141.2 89.2
4500 247.2 −2053.6 −9.8
5000 242.9 −3153.1 −137.5
5500 231.66 −4177.4 −260.5

Table 8
Comparison among TEG and eTG power productions.

Engine mode TEG Pnet (W) eTG Pnet (W)

1 95.9 −184.6
2 47.7 −112.2
3 33.6 −20.2
4 41.6 −52.8
5 136.9 148.1
6 139.0 575.0
7 134.8 119.1
8 224.6 745.2
9 214.5 1611.6
10 135.4 1091.3

Fig. 6. Contour plots of net power produced by (a) TEG and (b) eTG.
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5. Future works

In future works, a complete study of the by-passing strategy and
water mass-flow should be accomplished to find the optimal point for
energy recovery. Transient engine conditions could provide more in-
formation about real operation of the devices. In addition, an on-board
vehicle test taking into account other minor energy losses (pumping
water, weight, etc) could be done to obtain more precise results. These
studies could be also repeated for different altitudes.

Diesel exhaust mass-flow rates are higher than the gasoline ones.
Given that electric turbo-compounding was found to have more pres-
sure drop power losses (directly related to the mass-flow rate) than the
thermoelectric generator, research on thermoelectric generators in
diesel engines is encouraged.
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4. Conclusions and future works

4.1 Conclusions

This work dealt with the waste energy recovery potential of thermoelectric generators in
automotive exhaust systems and the tools to assess it.

4.1.1 Concerning the assessment of thermoelectric potential in a
diesel exhaust system

A method to theoretically evaluate the potential of a thermoelectric generator in an exhaust
system in terms of energy, exergy and electrical output was presented. Concerning the assessment
of a diesel exhaust system for thermoelectric energy recovery suitability, the following conclusions
can be derived:

1. Even though energy recovery is hard to achieve, for middle or high values of engine speed
and torque in common driving conditions is feasible, making possible less fuel consumption
and, therefore, less pollutant emissions.

2. Regarding heat transfer to thermoelectric modules, the main task to accomplish when
recovering energy from exhaust systems is to reduce thermal resistance of the gas flow.

3. Since coolant temperature can heavily influence electrical production, it can be essential
to reduce engine water temperature headed towards the TEG device in vehicle on-board
systems, as long as this does not imply investing more energy than the harvested.

4.1.2 Concerning the use of CFD models to evaluate exhaust
systems

The exhaust system of a diesel engine was characterized and modelled following a methodology
developed including phenomena relevant to thermal energy recovery. Concerning the use of
CFD models to evaluate exhaust systems for energy recovery purposes and the information
derived from it, it is concluded that:

1. It was found that exhaust system computational models following the methodologies here
exposed will lead to accurate and faster numerical calculations of analysis of recoverable
energy in exhaust systems, allowing more designs to be explored in a given time.

2. The particular nature of the exhaust flow leaving catalytic converters has to be taken into
account for energy-harvesting calculations, since the outlet of after-treatment systems is
the indicated position to place energy recovery devices.

3. Temperature losses caused by placing the recovery device distant from the DOC were
evaluated. This information can be used in the evaluation process of the position of a
recovery device in an automotive exhaust system. Since temperature falls promptly, it is
advised to place the device as close as possible.
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4. In works regarding simulations of recovery devices, if not enough experimental information
is available, it is encouraged to include upstream elements of the exhaust that could
alter the flow significantly in order to better predict their performance when installed in
vehicles.

4.1.3 Concerning the design and use of a thermoelectric generator
for light-duty diesel engines

A thermoelectric generator design methodology was proposed and the relevant variables in
the design were identified. The threshold and limits of energy recovery using thermoelectric
generators at common driving conditions for a light-duty diesel engine were defined with a real
prototype. With regard to the design and use of a thermoelectric generator for light-duty diesel
engines, the following conclusions can be drawn:

1. Thermoelectric energy recovery in a difficult and not commonly studied scenario was
achieved with a real prototype. Energy recovery is possible for middle or high values of
engine speed and torque in common driving conditions.

2. A novel and thorough validation of the CFD model was achieved by comparing the
modelled and the measured electrical production module by module. Results showed good
agreement with experimental data.

3. Since the pressure drop and harvested energy are in the same order in magnitude in this
scenario and pressure drop rises promptly, a simpler internal heat exchanger geometry that
is able to produce an acceptable temperature gradient for the thermoelectrical modules to
operate while not causing high back-pressure was preferred.

4. Flow diffusers have a great influence on pressure drop within the device and help to
enhance heat transfer. It is encouraged an optimization process to minimize the first effect
and maximize the latter.

5. Typical outlet flow distribution in after-treatment devices causes uneven module
temperatures in thermoelectric generators but with a good design this effect can be
diminished.

4.1.4 Concerning the potential of thermoelectric generators in
spark-ignition engines with respect to compression-ignition
engines

The potential for energy recovery of a thermoelectric generator in a compression-ignition
engine was compared to that of a spark-ignition engine. Concerning the potential of
thermoelectric generators in spark-ignition engines with respect to compression-ignition engines,
the following conclusions can be extracted:

1. Overall, the spark-ignition engine showed more potential and a wider range of operating
points for energy recovery, being energy recovery more challenging for the
compression-ignition engine. Lower backpressure and higher gas temperature of the
gasoline exhaust gas for the same load and engine power was found. Lower air-to-fuel
ratio in gasoline engines helps to reduce backpressure energy losses and increases
temperature and electrical production.
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2. At common driving engine points, gasoline vehicles show better results of energy recovery
with thermoelectrics than diesel vehicles.

3. Pressure losses overcome the electrical power generated along most of the full-load curve
for the compression-ignition engine and for the spark-ignition engine.

4. By-passing reduces significantly the power losses caused by the thermoelectric generator
and increases the operating range where energy recovery, specially operating out of common
driving engine conditions.

5. From the results presented, it can be derived that by-passing is an effective strategy to
reduce the high pressure drop power losses caused by the thermoelectric generator in diesel
engines and could increase the net power production and the range of energy recovery in
this sort of engine.

4.1.5 Concerning the potential of thermoelectric generators
compared to electric turbo-generators

A thermoelectric generator was compared with other waste energy recovery technology,
an electric turbogenerator, regarding obtainable energy at common driving conditions in a
spark-ignition engine. Concerning the comparison of the exhaust energy recovery potential of
thermoelectric generators versus electric turbo-generators, it was found that:

1. The thermoelectric generator showed more potential to recover energy at low power
common driving conditions engine points than the electric turbo-generator. At the
majority of those engine points, the electric turbo-generator presented a negative power
balance.

2. The electric turbo-generators show more capacity to harvest exhaust energy at high power
modes (extra-urban engine conditions). The electric turbo-generator showed a maximum
net recovered power several times higher than the thermoelectric generator.

4.2 Future works

This thesis has been focused on establishing a baseline for thermoelectric energy recovery,
stressing the characterization and thermal management of the energy source: the exhaust gas.
The work presented in this dissertation has allowed a glimpse of the following future tasks:

1. A complete model of thermoelectric modules could be developed to see the thermal
gradients in thermoelectric couples and better reproduce heat transfer.

2. Approaching the electrical part of a thermoelectric generator: a maximum power point
tracker is necessary so that the optimal energy is produced given any engine operating
condition.

3. Dealing with the coolant fluid: although it was found that it is less determinant in the
power output, a proper study of how the recovered energy depends on the mass-flow rate
and temperature is needed for the following steps.

4. Undertaking a complete study on the influence of the exhaust gas by-passing strategy.
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5. Transitioning to on-board prototypes which incorporate the findings of this thesis to take
into account other minor losses such as the derived of weight and coolant pumping.

The accomplishment of this tasks will bring the implementation of thermoelectric generators
in vehicles to save fuel by recovering exhaust thermal energy closer.
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