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Thermoelectric generators can be used in automotive exhaust energy recov-
ery. As car engines operate under wide variable loads, it is a challenge to
design a system for operating efficiently under these variable conditions. This
means being able to avoid excessive thermal dilution under low engine loads
and being able to operate under high load, high temperature events without
the need to deflect the exhaust gases with bypass systems. The authors have
previously proposed a thermoelectric generator (TEG) concept with tempera-
ture control based on the operating principle of the variable conductance heat
pipe/thermosiphon. This strategy allows the TEG modules’ hot face to work
under constant, optimized temperature. The variable engine load will only
affect the number of modules exposed to the heat source, not the heat transfer
temperature. This prevents module overheating under high engine loads and
avoids thermal dilution under low engine loads. The present work assesses the
merit of the aforementioned approach by analysing the generator output
during driving cycles simulated with an energy model of a light vehicle. For
the baseline evaporator and condenser configuration, the driving cycle aver-
aged electrical power outputs were approximately 320 W and 550 W for the
type-approval Worldwide harmonized light vehicles test procedure Class 3
driving cycle and for a real-world highway driving cycle, respectively.

Key words: Thermoelectric generator, exhaust heat recovery, heat
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Nomenclature
1D One-dimensional
3D Three-dimensional
ATDC After top dead centre
BMEP Brake mean effective pressure
BSFC Brake specific fuel consumption
CFD Computational fluid dynamics
EGR Exhaust gas recirculation
EVO Exhaust valve opening
FMEP Friction mean effective pressure
GPS Global positioning system
HP Heat pipe
HW Highway driving cycle
IC Internal combustion

ICE Internal combustion engine
IMEP Indicated mean effective pressure
LaMoTA Laboratory of thermal engines and

applied thermodynamics
MBT Maximum brake torque
MEP Mean effective pressure
NEDC New European driving cycle
NTU Number of transfer units
OEM Original equipment manufacturer
PMEP Pumping mean effective pressure
TE Thermoelectric
TEG Thermoelectric Generator
VHCP Variable conductance heat pipe
VSP Vehicle specific power
WLTP Worldwide harmonized light vehicles

test procedure
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Variables
cp exh Exhaust specific heat at constant

pressure [W/(mK)]
Aavg Reference section area (m2)
Afins Total area of the fins (m2)
Ano fins Total outer tube area excluding fin area

(m2)
Awall out Outer wall surface area (m)
Biboil Boiling Biot number
Biconv Convection Biot number
C Constant used in Eq. 3
Dext External tube diameter (m)
Fo Fourier number
hboil Boiling heat transfer coefficient [W/

(m2K)]
hconv Convection heat transfer coefficient [W/

(m2K)]
hconv corr Corrected convective heat transfer

coefficient [W/(m2K)]
i Index of spatial node located at a depth x

from the outer surface of the tubes
kf Thermal conductivity of the fluid [W/

(mK)]
kmetal Tube thermal conductivity [W/(mK)]
Lcond Active length of the condenser (m)
Lcond max Full length of the condenser (m2)
Loadcond Condenser Load (%)
m Index of instant t
_mexh Exhaust mass flow rate (kg/s)
n Constant used in Eq. 3
N Number or tube rows (longitudinally)
p Pressure (MPa) as used in Eq. 4
Pavail Available (absorbable) exhaust power

(W)
Pcond Thermal power absorbed by the

condenser (W)
Pe Electric power produced by the

thermoelectric modules (W)
Pevap Evaporator thermal power (boiling) (W)
Pexh Thermal power released by the exhaust

air to the system (W)
PICE Instantaneous engine propulsion power

(W)
PProp Instantaneous vehicle propulsion power

(at the wheels) (W)
Pr Prandtl number
Prw Prandtl number evaluated at wall

surface temperature
Pwall_out Thermal power absorbed from exhaust

gases at outer evaporator wall surface
(W)

Red,max Reynolds number based on the
maximum velocity achieved at the
smallest cross section area of the tube
banks

Sn Transversal pitch between evaporator
tubes (m)

Sp Longitudinal pitch between evaporator
tubes (m)

Texh avg Average Exhaust temperature (�C)

Texh in Exhaust inlet temperature (�C)
Texh out Exhaust outlet temperature (�C)
Thp Temperature of the boiling water inside

the tube (�C)
Twall_in Inne r evapora to r w a l l sur fa ce

temperature (�C)
Twall_out Outer evaporator wal l sur face

temperature (�C)
umax Maximum fluid velocity (m/s)
a Material diffusivity (m2/s)
DT Temperature difference (�C)
DTlog Mean logar i thmic tempera ture

difference (�C)
Dt Time step used in evaporator model (s)
Dx Space step used in evaporator model

(ms)

INTRODUCTION

Vehicle Efficiency Improvement

Increasingly stringent efficiency and emissions
standards imposed on road vehicles are requiring
the automotive industry to find new ways to comply
with these demands. The improvement of energy
efficiency and emissions may be achieved by reduc-
ing the primary energy consumption of the vehicle
through the use of intrinsically cleaner, higher
efficiency engines, the use of vehicle hybridization
and also by recovering some of the energy that is
normally wasted by the vehicle.

Growing vehicle electrification and powertrain
hybridization allows reducing many of the afore-
mentioned problems. This could mean the use, to a
higher degree, of more efficient electric-driven com-
ponents (e.g. pumps, motors and drives, air condi-
tioning systems), the regeneration of some of the
braking energy or the employment of electric
propulsion in the situations where ICEs are less
effective, namely under low loads and vehicle
motion starts.1,2

Exhaust Waste Heat Recovery

Nevertheless, engines still waste, through the
tailpipe, about the same amount of thermal power
they produce mechanically, even when operating at
top efficiency.3,4 It is therefore advantageous to
recover a portion of this wasted energy by convert-
ing it into electricity.5 This electric recovery will be
especially useful in the case of vehicles having a
high degree of electrification, synergistically
increasing the efficiency potential.

TEGs

The use of Seebeck effect thermoelectric genera-
tors (TEGs) for the electric recovery of exhaust
enthalpy5,6 is one of the few methods for directly
converting thermal energy into electric energy
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without the need for moving parts or mechanically
complex systems as in the case of the systems based
on the Rankine Cycle. Their simplicity constitutes
their main advantage. However, there are still some
obstacles for their widespread use in heat recovery.
Current commercially available Thermoelectric
(TE) modules typically display a low power density
(due to their typically low efficiency), have high cost
per unit of generated power and require complex
thermal management to operate efficiently under
variable thermal load.7

The power density and cost of new modules is
steadily improving. The exploration of phenomena
such as quantum confinement and the use of
techniques such as material nanostructuring is
allowing the development of new materials with
improved properties (namely, regarding the maxi-
mization of the Seebeck coefficient and the mini-
mization of the electric resistivity and thermal
conductivity).6,8 This allows the reduced usage of
rare earth materials such as tellurium, substituting
these with other relatively abundant raw materials.

Module cost may also be diminished by reducing
raw material usage. It has been proved that the
optimal TE pellet thickness for maximum electric
power could be significantly reduced if the thermal
resistances upstream and downstream of the ther-
moelectric junctions (namely those related to con-
tact resistances) could be minimized.9 This would
result in a higher thermal power usage by the
modules, and also in a net gain in total electric
power produced, provided there would be sufficient
heat available. The authors have been exploring
this strategy in recent research.10

Thermal Management Challenges: Variable
Engine Load

One of the biggest challenges for automotive
TEGs is their thermal management. This is due,
on one hand, to their temperature limitations, and
on the other hand, to the strong dependency of
output on the temperature differential (DT) across
the TE junctions.9 For fixed physical properties, this
electric power output varies with the square of DT.
Therefore, the temperature at the hot junctions of
the module should be as high as possible, but not so
high as to exceed their temperature limit. This fine
temperature tuning can be done under fixed oper-
ating conditions, but it is a challenge to attain under
variable exhaust power, as in the case of a vehicle
performing a driving cycle.

Ideally, the generator’s heat exchangers should be
able to adapt to the broadest possible range of
engine loads during the driving cycle, displaying a
low thermal resistance enabling the generator to
produce electricity even under medium to low
exhaust power events. Nonetheless, the system
should prevent any temperature overshoots under
high power events. It should be a system with
enough installed power (e.g. high number of TE

modules) in order to take full advantage of high
exhaust power events, while still avoiding excessive
thermal dilution under low to medium exhaust
power events. To the best of the authors’ knowledge,
the thermal management required to conform to
these specifications has not been made until now.

There are several examples of OEM-backed pro-
jects for the automotive exhaust thermoelectric
generators.11,12,13 TEG prototypes are normally
optimized for a given exhaust load, operating sub-
optimally under lower loads (due to thermal dilu-
tion) and needing to reject the extra thermal energy
under higher power events through the use of
bypass systems to avoid module overheating. Heat
transfer methods generally rely on passive convec-
tive (e.g. finned surfaces) and conductive (through
solid materials) heat transfer methods to capture
exhaust heat. In this way, it is not easy to control
both the thermal power and the temperature
obtained during variable load operation. For
instance, a low thermal resistance will be advanta-
geous for maximizing heat absorption, but it will
facilitate temperature overshoots under high ther-
mal loads and vice versa.14

Phase Change Thermo-Siphon Devices, Heat
Pipes

It is possible to develop thermal management
systems to avoid some of the aforementioned prob-
lems. One of the options would be to induce
temperature uniformity on the substrate to which
the modules are attached. This would equalize the
hot face temperature, but it would also cause
thermal dilution under low loads. The excessive
thermal power reaching the system could also be
modulated with a bypass system, but very hot gases
could still be hot enough to harm the modules
located within the first few rows in contact with the
gases, even with reduced flow rates.

Another solution for thermal control is the use of
an intermediate heat transfer medium between the
exhaust flow and the modules, such as an oil flow
circuit or a phase change device. These systems may
allow the downgrading of excessive exhaust tem-
perature and adapt, at least partially, to the ther-
mal load. Thermo-siphon devices such as heat pipes
(HP) and vapour chambers are good candidates.
These devices transfer heat from a heat source to a
heat sink with minimal thermal resistance, since
they rely on the phase change principle. In the HP,
a fluid entrapped within a closed space will cycli-
cally absorb the heat at the heat source by vapor-
ization and release it to the heat sink by
condensation. The return of the fluid from the heat
sink back to the heat source region is realized by
gravity or by capillary effects in the presence of
porous inner surfaces (e.g. wicked surfaces).15

At a first glance, it might seem illogical to
incorporate an additional heat transfer process,
with its inherent thermal resistance, into the
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system. However, one big advantage will be
obtained: if the inner pressure of this device can
be controlled, then the heat transfer temperature
can also be controlled. This will allow a precise
temperature downgrade of the heat source for most
of the engine load range. Conventional systems such
as basic HPs vary their temperature according to
thermal load, because there is no control over their
inner pressure, which is related to the boiling
temperature. Their inner pressure will depend on
the amount of vaporized fluid present in its interior
and on the rates of vaporization and condensation.15

The ideal system would not significantly vary its
temperature with load, so that the intended tem-
perature would always be attained. Such a system
would then vary its thermal load by changing its
active heat transfer area instead. There are systems
that operate similarly to this, such as the variable
conductance heat pipe (VCHP).15

Variable Load Heat Exchanger Concept
and Advantages

A VCHP acts as an integrated evaporator/con-
denser in a single closed space, along with an
expansion tank. It transfers the heat from the hot to
the cold source by vaporizing a phase-changing fluid
at the evaporator and then condensing it at the
condenser. This concept may be applied to the
present case by putting the evaporator heat exchan-
ger into contact with the hot exhaust gases and
putting the condenser heat exchanger into contact
with the hot-side of the TE modules, as done in
previous experimental work by the authors16

(Fig. 1).
The VCHP utilizes a binary working fluid mixture

consisting of a non-condensable gas (in this case air)
combined with a condensable working fluid (in this
case water). Under operation, a stratification of
these species will take place and the volume occu-
pied by each fluid will expand or contract according
to the amount of each species present within the
VCHP and their densities.

Under cold conditions, there will be little vapour
present and the non-condensing gas will occupy
most of the VCHP volume. Under operation, there
will be vapour production, but the internal pres-
sure increase due to vapour presence will be
relatively small as the expansion tank is much
larger than the VCHP volume. Under low thermal
loads, there will be little vaporization and the non-
condensable gas will occupy most of the HP
volume, with the active condenser area having
only a small fraction of condensable vapour. As the
thermal load increases, the vapour will start to
build-up, expanding and occupying an increasing
fraction of the condenser and replacing and push-
ing the non-condensable gas out of the condenser
area, into the expansion tank. While the two
working fluids are not physically separated, under
operation, the continuous vaporization of the
phase change fluid occurs steadily enough so that
the air is kept away from the evaporator area and
a stratification of both fluids occur. This stratifi-
cation can be observed by a stratification of the
temperature along the height of the VCHP.16 As
thermal load increases, the active condenser area
(and therefore the condensing power) will also
increase. If the evaporative power drops below the
condensing power, then the vapour mass will
decrease and so will the active condenser power.
This phenomenon provides the generator with a
variable conductance effect. This means that,
according to the thermal load at the hot source, a
higher or a lower area/length of the condenser
(heat sink) will be active, with the inactive part
being occupied by the non-condensable gas. Under
high loads, a higher amount of vapour produced
will replace and push the non-condensable gas out
of the condenser region, increasing its active
length. Naturally, the amount of vapour present
within the VCHP will depend not only on the
vaporization rate, but also on the condensation
rate.

The VCHP based evaporator/condenser concept
may be adapted to a full size vehicle system with
the condenser in contact with the hot-side of the
thermoelectric modules. The cold side faces of the
modules are attached to liquid or air cooled heat
sinks. The authors have successfully tested this
concept with a small Diesel engine and 12 off-the-
shelf TE modules.16 They succeeded in keeping a
constant temperature at the hot face irrespective of
engine load for several inner VCHP pressures. The
maximum operating temperature of the modules
(�250�C) was not tested, since the prototype was
not prepared for the pressures that would be
required to achieve it (around 40 bar using water).
In fact, the main disadvantage of this system is the
high pressures needed for boiling water at these
temperature levels. Nevertheless, alternative
phase change fluids could be used, such as
Dowtherm-A, which boils at 250�C at pressures
close to ambient.17

Ac�ve 
Condenser 
length

Vapour

Non-condensable 
gas

Ac�ve 
TEGs

Non-ac�ve
TEGs

Ac�ve 
Condenser 

length

Fig. 1. Variable load thermoelectric generator concept based on a
VCHP. Load varies through variation of active condenser length
(TEGs are attached to heat sink of the VCHP).
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Exhaust Heat Exchangers

The heat exchangers used in exhaust systems
require a sensible design, as they need to withstand
temperatures that may exceed 800�C. At the same
time, they should not induce too much back pres-
sure as to affect engine performance. Exhaust gas
recirculation (EGR) coolers are examples of widely
used exhaust heat exchangers with an already
optimized design. However, they are normally
designed for a small fraction of the exhaust flow
and for a heat sink temperature (the coolant circuit
flow) around 90�C. TEG exhaust heat exchangers
need to operate at higher heat sink temperatures
(the target hot face module temperature is normally
above 200�C and could be much higher) and channel
the whole exhaust flow across it. Nonetheless, EGR
coolers of big truck engines may be sufficient to
allow full exhaust flow in smaller motorcar engines.

Several OEM-backed projects have proposed var-
ious heat exchanger designs,11,12,13 normally based
on finned exhaust ducts, which then transfer the
heat to the modules through conduction. However,
these systems do not easily control the temperature
level attained at the hot face of the modules.

The design of a thermal energy recovery system
from the exhaust gases based upon the VCHP
concept involves the design and construction of
two independent heat exchangers: one for the
exhaust gas-thermosiphon (denoted as the evapora-
tor) and another for the thermosiphon-TEG (de-
noted as the condenser). In each heat exchanger, the
working fluid (in this case water) undergoes a phase
change. The overall electrical energy recovered
depends upon the heat that can be transferred from
the exhaust gases to the TEG modules. If there are
no losses to the environment, the evaporation and
condensing heat transfer rates must eventually
balance.

The condenser involves the transfer of heat from a
phase change medium through a solid boundary and
ultimately to the cooling fluid. The evaporator
performance depends upon the heat transfer from
the high temperature exhaust gases to the boiling
water.

Because of the low thermal resistance of the
phase change phenomena, it is the convective heat
transfer (from the exhaust gases into the evaporator
body) that effectively limits the overall performance
of the unit. This results in different constraints for
the two heat exchangers: the evaporator perfor-
mance is limited by the available heat transfer area
on the gas side which is critical due to system
packaging. On the condenser side, the heat transfer
medium is mostly condensed liquid which results in
much greater convective heat transfer rates for a
given heat exchanger surface area. At the cold side
of the modules a good heat transfer medium (such
as a liquid cooled heat sink) can be used to dissipate
the heat from the TEGs to the environment, thus
becoming less critical than the evaporator.

The most obvious design for a high inner pressure
evaporator consists of finned tubes containing the
phase change fluid, with the exhaust gases flowing
outside of these tubes in cross flow. The analysis
and design of the heat exchanger can be performed
using a numerical CFD model. This has been
successfully applied for analysis of fluid flow prob-
lems coupled with heat transfer, such as reported by
Kumar.18 The staggered tube bank heat exchanger
geometry has already been extensively studied,
with popular empirical correlations being available
in the literature.14,17 Given the wide range of
physical phenomena involved that would render
the complete model highly complex and difficult to
optimize, in the present work, the empirical corre-
lations for staggered tube bank heat exchanger
design along with the Effectiveness-NTU method
are used.14 This will facilitate subsequent integra-
tion of sub models for the various components into a
cohesive unit for energy recovery from waste heat.
The details of the model are presented in subse-
quent sections.

Engine Modelling

The exhaust heat exchanger model needs to
receive, as an input, the instantaneous exhaust
temperature and flow rate from an engine model.
Traditionally there are three ways of evaluating
engine performance: theoretical cycle analysis,
modelling and experimental evaluation. Theoretical
cycle analysis deals with the calculations of ideal-
ized thermodynamic cycles. It is very conjectural
and is useful mainly to provide general performance
trends.19 Experimental evaluation is the best way to
obtain engine data, but it involves having an actual
engine at the test bench. Therefore, the most viable
way to evaluate various data from a particular
engine is to model it numerically. Numerical models
are based on mathematical characteristics centred
on physical and chemical modelling such as the
ideal gas law, the first and second laws of thermo-
dynamics, the physical properties of constituents
and chemical properties required for combustion
modelling.3,4

The overall engine is therefore modelled including
combustion, heat transfer, fluid mechanics and
dynamics, piston and valve position and velocities
and global friction. There are several engine models
on the market from companies such as RICARDO
(Wave),20 AVL (Boost),21 FEV (Virtual engine),22

Gamma Technologies (GT-POWER),23 among
others. The fluid flow and heat transfer within the
engine interior can also be modelled with CFD codes
such as KIVA,24 ANSYS FLUENT25 or CON-
VERGE,26 but these are mainly used to calculate
specific occurrences, as the CFD modelling would be
exceedingly complex and time consuming for the
overall evaluation of engine performance maps. The
aforementioned numerical models can predict with
very high accuracy values for power, efficiency, air
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and fuel consumption, etc. Nevertheless, the
increase in simulation detail normally also requires
a proportionally higher degree of detail in the
definition of the engine, which is not always easy
to obtain. Also, many of the aforementioned com-
mercial packages typically lack, for intellectual
property security reasons, the degree of model
transparency and configuration flexibility required
for scientific work accountability. It is therefore
frequent that research groups from the field of
engine research choose to develop and use their own
codes. Such was the choice of the authors, who have
been using their own code for several years
now.19,27,28 This code, which has been refined over
time,29 is further summarized below. In the present
work, this code is used for estimating several engine
performance maps; namely, the torque, exhaust
thermal power, temperature and flow rate as a
function of engine load and speed.

The present engine model does not include after-
treatment devices such as three-way catalysts. In
real applications, the heat exchanger for the TEG
system should be placed downstream of the three-
way catalyst. The reactions occurring within these
devices are globally exothermal,30 but at the same
time, there are also some thermal losses to the
ambient along the exhaust pipe and the outer
surface of the after-treatment system. Therefore,
the authors decided to neglect the net effect of these
phenomena within the overall model of the system,
assuming that the outlet temperature of the
exhaust gases will not differ from the generator
inlet temperature by a meaningful amount.

Energy Analysis of Driving Cycles

The simulation and evaluation of all the relevant
energy flows involved in the running of a generic
vehicle along a route in real-world driving condi-
tions, is essential to the design of new powertrains
for electric, hybrid electric or conventional ICE
vehicles.

For this purpose, an energy model was developed
and a code written in the MATLAB/Simulink envi-
ronment that includes, in addition to the usual
resistance forces, tyre longitudinal slip, cornering
friction and road slope.31,32 The study included the
acquisition and processing of data obtained from a
5 Hz dedicated GPS. The collected pre-processed
data includes time and space series of speed,
altitude and curvature radius of the vehicle trajec-
tory. The pre-processed real data, or the data from
the type-approval tests (only a time series of the
vehicle speed), was used as the input of the simu-
lation model.

In the present work, the energy model is essential
to obtain the time-load profile of the engine, and, via
the engine model, the thermal load profile of the
exhaust gases. The standard type-approval driving
cycles are insufficient for this end, as they do not

include parameters that substantially affect the
vehicle dynamics such as individual driving, road
slope and additional friction due to cornering loads.
In particular, several studies33–36 based on the in-use
fuel consumption data for European cars have
concluded that the current type-approval cycle used
in Europe, the New European Driving Cycle (NEDC),
is unable to represent real-world driving conditions,
as the certified test fuel consumptions are signifi-
cantly lower than the corresponding average real
data. One of the studies35 showed that the deviation
was higher than 60% for vehicles registered in 2012
and certified within the 90–100 gCO2/km bin.

The authors have recently proposed a methodol-
ogy for the energy characterization of driving cycles,
based on the numerical integration of specific
power, including new parameters such as specific
traction and braking energies, cumulative uphill
and downhill slopes and cornering friction energy,
as well as energy-power distributions.32 The
methodology is expected to help in the comparison
of the available type-approval driving cycles and in
the definition of more realistic ones that can be used
for better assessment of fuel consumption and
emissions of vehicles.

Proposed Approach

The concept of a variable load, temperature
controlled automotive exhaust TEG seems promis-
ing. However, there has not been any research
assessing the merit of this concept under the
variable conditions of a driving cycle. The present
work aims to address this gap in the literature by
performing a multidisciplinary analysis combining
models for the energy analysis of driving cycles
(e.g. computation of instantaneous traction power
required), the engine (e.g. computation of exhaust
gases temperature and flow rate maps) and a heat
transfer model for the heat exchangers and ther-
moelectric modules (e.g. computation of thermal
and electric powers). In the present work, the
authors propose such an integrated model and
explore it for a type-approval driving cycle (WLTP
Class 3) and a recorded real Highway driving
cycle performed by a small 1.6 L gasoline hatch-
back car.

MODELLING

Model Outline

An outline of the general approach used in the
present work may be seen in Fig. 2. The driving
cycle model estimates the instantaneous traction
power and engine speed required to fulfil the
specified driving cycle. The engine model then
provides the exhaust gases mass flow rate and
temperature for the conditions of the driving cycle.
Finally, the thermoelectric generator model esti-
mates the evaporator power, condenser power and
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electric power output for that driving cycle based on
the input from the other models.

Engine Map Characterization

The Laboratory of Thermal Engines (LaMoTA) of
the Universidade do Minho developed an engine
numerical model written in MatLab/SimuLink code
to predict engine characteristics of normal Otto or
Over-Expanded spark ignition engine cycles.27 The
program is a one zone model, with the combustion
following a Wiebe function. It includes the Annand
heat transfer coefficient,37 where average constant
temperatures are considered for the cylinder head,
cylinder walls and piston. It includes a model for
friction mean effective pressure.38,39 Mass flow
entering and leaving the cylinder is simulated using
a compressible gas flow model.3

The model calculates the species inside the cylin-
der at any crank angle, as well as their temperature
and pressure using the first law of thermodynamics.
The properties (specific heat, ideal gas constant and
the ratio of specific heats) of the different species are
calculated from equations available in the litera-
ture.40,41 Air is assumed to have the properties of an
ideal gas. The gas exchange across the open valves
is modelled using the compressible gas equation.3

The internal volume at each crank angle is
calculated from the crankshaft and cylinder dimen-
sions and the valve events are calculated from their

opening curves. The indicated work for each cylin-
der is calculated by integrating the pressure against
volume along the 720� of the cycle. The indicated
mean effective pressure (IMEP) is then obtained by
dividing it by the swept volume. The brake mean
effective pressure (BMEP) is obtained from IMEP
and from the friction MEP4:

BMEP ¼ IMEP � FMEP ð1Þ

The combustion model (Wiebe function) incorpo-
rates two parameters which characterize the form
factor and the combustion duration. Instead of using
pre-imposed values, they were estimated within the
program from load and rpm conditions using the
analysis proposed by Bonatesta.42

The ignition timing is calculated iteratively to
produce the maximum brake torque (MBT). Usu-
ally, to obtain MBT conditions, maximum pressure
should occur near 10� after top dead centre
(ATDC),3,4 and in fact the model consistently pre-
dicts MBT conditions when maximum pressure
occurs between 9� and 10� ATDC. An example of
this may be seen in Fig. 3.

The engine model was run for the entire range of
load (from closed throttle, with only mechanical and
pumping losses, to wide open throttle—WOT) and
speed (from 1000 rpm to 6000 rpm), and provided
engine maps for torque, power, brake specific fuel
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Fig. 2. Outline of the model overall structure, operation of heat fluxes between engine exhaust gases, evaporator and condenser and interaction
between the several program modules.
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consumption (BSFC), exhaust mass flow rate and
exhaust temperature. Some of these maps are used
together with the road model to obtain the instan-
taneous exhaust thermal power. The engine perfor-
mance maps and indicators resulting from the
modelling are presented in the upcoming Simula-
tion Conditions section.

Constant Temperature, Variable Load Heat
Exchanger Concept Modelling

The concept of a constant temperature, variable
load generator has already been explained above,
and was used by the authors in previous
work.16,43,44,45,46 It relies on the application of a
phase change device (e.g. a VCHP/thermosiphon)
between the exhaust gases and the thermoelectric
modules, which operates at nearly constant pres-
sure and temperature. The thermal load variation
during a driving cycle induces a variation in the
active length of the condenser, Lcond, so that the
condenser power will tend to match the evaporator
power (recall Fig. 1). The maximum condenser
power corresponds to the situation in which the
whole length of the condenser is active, Lcond =
Lcond_max, that is, the whole length is occupied by
vapour and none of it is occupied by air.

The load of the condenser may be defined as
follows:

Loadcond ¼ Lcond

Lcondmax

ð2Þ

If the evaporator power is lower than the maxi-
mum condenser power, this means there is not
sufficient vapour being produced to occupy the
whole length of the condenser and so it will operate
at partial load (Lcond< Lcond_max) and only a frac-
tion of the length will be active (only a fraction of
the length will have condensation taking place). If

the evaporator power is greater than or equal to the
maximum condenser power, this means there is
sufficient vapour production to occupy the whole
length of the condenser. Therefore, the condenser
will be active along its entire length. It will be
saturated (operating at full load) and there will be
excess vapour production. This excess may be
accumulated in the system up to a certain degree
(although it will cause some pressure build-up) or it
may be dissipated in an auxiliary condenser, as
done experimentally in Ref. 16. The modelling of
this system operation may be done similarly to16 as
follows:

(a) The instantaneous evaporator power is cal-
culated, ideally using a unsteady heat trans-
fer model (the model used in Ref. 16 was used
under steady state conditions).

(b) The full load condenser power is calculated
(power with the full length of the condenser
being active).

(c) If the instantaneous evaporator power is lower
than the full load condenser power, then the
active length of the condenser is corrected,
until the condenser power matches the evap-
orator power. In a 1D thermal approach such
as the present one, this will mean that all the
heat transfer, temperature differentials and
thermoelectric effects will occur solely along
this active length. The active condenser and
TE module area, as well as thermal resis-
tances, will be reduced proportionally with the
reduction of the active length (thermal resis-
tance is inversely proportional to heat transfer
cross-sectional area).

(d) If the instantaneous evaporator power is
higher than the full load condenser power,
then the condenser will operate at full load
and the condenser power will be calculated
considering that condensation is occurring

Fig. 3. Example of the engine model predictions during two consecutive engine cycles for (a) in-cylinder gas pressure as a function of the swept
volume and (b) in-cylinder temperature as a function of crank angle.
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along the full length of the condenser (the
whole area of the modules is active).

(e) The excess evaporator power may be consid-
ered as vapour accumulating within the vol-
ume of the system (i.e. as a kind of vapour
buffer with a given capacity), or it may be
considered to dissipate to the cooling system
through an auxiliary condenser. If a vapour
buffer is used, the vapour accumulated during
excess evaporative power will be consumed
during events in which the evaporator power
is lower than the maximum condenser power.

With the aforementioned approach, the condenser
load will be represented as the ratio between its
active length and its total length according to Eq. 2.
All main performance parameters will be roughly
proportional to the condenser load, since the areas
of all condenser layers, of modules attached to the
condenser and of heat sinks attached to the mod-
ules, will also be proportional to the active length.
The only term that might not be proportional to the
active length is the condensation resistance, since
the heat transfer coefficient obtained by the Nusselt
theory for film condensation15,16 also depends on the
vertical length of the condensing film. Therefore,
the whole thermal calculation of the heat transfer
across the condenser/modules/heat sinks is made
iteratively until the correct active length of the

condenser is obtained. Electrically, the total voltage
and power produced will be estimated by calculating
the number of active modules, which will be the
total number of modules multiplied by the con-
denser load. An illustration of a possible system
implementing this strategy is presented in Fig. 4.

Evaporator Model

The evaporator model used in the previous work
of the authors was a simplified one, assuming
constant heat exchanger effectiveness (ratio
between absorbed power and maximum absorbable
power) calibrated from experimental data.16 In the
present work, the evaporator is fully modelled
through empirical correlations suitable for the heat
exchanger geometry under consideration (vertical
staggered tube bank evaporator with finned sur-
faces) and boiling correlations for pressurized water
in vertical tubes. A MATLAB model was created to
evaluate the unsteady one-dimensional heat trans-
fer occurring between the exhaust gases, the tube
banks and the boiling water inside the tubes.

The exhaust gas temperature varies logarithmi-
cally along the heat exchanger length. Using a
mean logarithmic temperature difference between
the fluid and the wall allows for the keeping of a 1D
heat transfer analysis.14

The model uses, as inputs from the engine and
driving models, the mass flow rate and temperature
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Fig. 4. Outline of the generator concept, with 4 condenser plates and 15 evaporator tubes (reference geometry used in the calculations).
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of the exhaust gases to estimate the instantaneous
boiling power, Pevap, at the inside of the evaporator
tubes/HPs during the whole driving cycle. To deter-
mine this power, it is necessary to solve the
unsteady energy equation across the thickness of
the pipes with convective and boiling heat transfer
at the outer and inner boundaries, respectively.

Convective Heat Transfer Between Exhaust Gases
and Outer Evaporator Wall

The convection of heat between the exhaust gases
and the outer evaporator walls is characterized by
an average heat transfer coefficient hconv. The heat
transfer coefficient for tube banks will depend on
the arrangement of the tubes relatively to each
other.14 A staggered tube configuration maximizes
heat transfer in comparison with an aligned config-
uration, so it was chosen for the evaporator design.

The geometric parameters of a staggered tube
bank are represented in Fig. 5, with Sn being the
transversal pitch, Sp the longitudinal pitch and Dext

the external diameter of the tubes.
The heat transfer in tube bank heat exchangers

was extensively studied by researchers such as
Grimson47 and Zukauskas.48 The latter proposed a
correlation to determine the average heat transfer
coefficient in tube banks (Eq. 3), which allows a
wide range of Reynolds numbers and property
variations:

hconv ¼
kfCRend;maxPr0;36 Pr

Prw

� �1=4

Dext

� 0:7<Pr< 500; 10<Red;max <106
� �

ð3Þ

where kf is the fluid thermal conductivity, Pr is the
Prandtl number of the gases, and Red;max is the
Reynolds number of the flow based on the maximum
velocity achieved at the smallest cross sectional
area of the tube banks, while C and n are constants

that depend on Red;max and on geometric parameters
(see Table I). By itself, this correlation is only valid
for 20 or more longitudinal rows; nevertheless,
correction factors have been proposed for tube
banks with fewer than 20 rows (see Table II).

All properties are evaluated at the average fluid
temperature between exhaust gas heat exchanger
inlet and outlet temperatures, namely Twall_in and
Twall_out, except Prw, which is evaluated at the wall
temperature.

The maximum velocity at the tube banks umax will
occur at the minimum section area, which can be
either A1 or A2 (as represented in Fig. 5). Expres-
sions for determining umax can be found in Ref. 17.

To reduce the total convective thermal resistance,
the addition of fins has been considered. For calcu-
lation effects they will solely affect the total surface
area, through the use of the fin efficiency,17 as seen
further ahead.

Boiling Heat Transfer Inside Evaporator Pipes

The fluid inside the pipes is considered to boil
under the nucleate boiling regime with a constant
pool temperature corresponding to the saturation
temperature. This means that the inner pressure is
considered to be constant, with the pressure stabil-
ity being provided by adding an expansion tank as
part of the system.

The heat transfer coefficient, hboils, for pressur-
ized water boiling inside vertical tubes proposed by
Jakob49 seems rather suitable for the application
under analysis (Eq. 4):

hboil ¼ 2:54ðTwall in � THPÞ3 � ep=1:551;

� 0:5MPa<p<17MPa½ �;
ð4Þ

where p is the pressure inside the tubes, expressed
in MPa, Twall in is the inner pipe wall surface
temperature (the wall which is in contact with the
boiling bath) and THP is the heat pipe/thermosiphon
temperature, that is, the saturation temperature of
the steam, which is solely dependent on pressure.
This calculation must be iterative, since the tem-
perature difference between the inner wall surface
and the boiling temperature is itself a function of
the heat transfer coefficient.17

Unsteady Heat Transfer Calculations
for the Evaporator

Given the strong variation of the exhaust thermal
load during a driving cycle, it is advisable to solve
the one-dimensional time-dependent energy equa-
tion (Eq. 5), which has the following form14:

@T

@t
¼ a

@2T

@x2
; ð5Þ

with x being the coordinate along the tube thickness
from the outer tube wall in the direction that is
normal to the surface of the tubes and a being the

Fig. 5. Tube bank evaporator with staggered arrangement with
representation of the tube row pitch and minimum cross-sectional
areas.
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thermal diffusivity of the conductive material. This
equation is solved within the tube wall thickness
and with convection and boiling boundary condi-
tions at the outer and inner surfaces of the tubes,
respectively.

The Eq. 5 is discretized in time and space using
finite differences. m is defined as the index of
instant t and i is the index of a spatial node located
at a depth x from the outer surface of the tubes. Dt
and Dx are the time and space steps/subdivisions.

Using the explicit method it is possible to directly
calculate the temperature field Tm+1 at instant
(t + Dt), by using the temperature field Tm from
the previous instant (t) and applying the boundary
conditions at the nodes corresponding to the tube
outer (i = 1) and inner (i = n) surfaces. Therefore,
for an interior wall node (1< i< n), the discretized
energy equation reduces to the following finite
difference equation using the non-dimensional
Fourier (Fo) number14 (Eq. 6):

Tmþ1
i ¼ Fo Tm

iþ1 þ Tm
i�1

� �
þ 1 � 2Foð ÞTm

i 1< i <n½ �;
ð6Þ

The nodes located at the outer (i = 1) and inner
(i = n) surfaces of the HPs will be affected by forced
convection and boiling convection boundary condi-
tions, respectively. The temperature for the next
time step m + 1 may be calculated through the
following derived expressions

Tmþ1
1 ¼ 2FoTm

2 þ 2FoBiconv Tm
air average � Tm

1

� �zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{DTlog

þ 1 � 2Foð ÞTm
1

ð7Þ

Tmþ1
n ¼ 2FoTm

n�1 �2FoBiboil Tm
n �THP

� �
þ 1�2Foð ÞTm

n ;

ð8Þ

with Fo and Biconv and Biboil being the non-dimen-
sional Fourier number, the convection Biot number
and the boiling Biot number, respectively. DTlog is the
mean logarithmic temperature difference between the
exhaust gases and the external wall temperature,
with Tm

airaverage being an imaginary average logarith-

mic temperature, obtained from Eq. 9:

DTlog ¼ Texhin � Texhout

ln Texhin�Twallout

Texhout�Twallout

� � ;

Texhaverage ¼ DTlog þ Twallout

ð9Þ

It may be seen that no section area is present in
Eq. 6 through Eq. 8. The reason is that since the
section area is present in all terms of the equation,
it may be cancelled if it’s constant. In the present
case, the section area is clearly not constant because
the outer surface of the HPs is finned, displaying a
much higher surface area than the inner surface of
the HPs. Moreover, the outer tube surface is slightly
larger than the inner tube surface. Nevertheless, it
is still possible to use these equations by normaliz-
ing the heat transfer coefficients with a reference
section area, Aavg, common to all the terms of the
equation. This enables the elimination of this term
as in the case of the uniform cross section heat
transfer. For instance, the convective heat transfer
coefficient, hconv is used in conjunction with the
outer surface area Awallout to compute thermal
power. But it is possible to express the heat transfer
coefficient as a function of a different area, provided
that the product hADT is kept constant (by defini-
tion the heat transfer coefficient is always defined
relatively to a given section surface).14 So the idea is
to express all heat transfer coefficients as a function
of a reference area, Aavg. For instance, in the case of
convection, the corrected heat transfer coefficient,
hconv corr, is obtained as follows:

Table I. Constants C and n used in the Zukauskas correlation for heat transfer in tube banks of 20 rows or
more (adapted from Ref. 46)

Geometry Red;max C n

Staggered 10–100 0.9 0.4
100–103 Treat as individual tubes

103�2 9 105 0:35 Sn

Sp

� �0:2
for Sn

Sp
< 2 0.60

103�2 9 105 0.40 for Sn

Sp
>2 0.60

>2 9 105 0.022 0.84

Table II. Ratio of hconv(N)/ hconv (>20) for N longitudinal rows (adapted from Ref. 46)

N 2 3 4 5 6 8 10 16 ‡20

Staggered 0.77 0.84 0.89 0.92 0.94 0.97 0.98 99 1.0
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hconv � Awallout � DT ¼ hconvcorr � Aavg � DT

) hconvcorr ¼ hconv
Awallout

Aavg

ð10Þ

A similar procedure may be applied to all terms of
the energy equation so that the section area term
may be cancelled from the energy equation. In the
present case, it is useful that the reference area
should be the average heat transfer area by con-
duction, so that the conductive and the capacitive
terms of the equation may use the same section area
and so Eq. 6 through Eq. 8 may be used.

The Fourier and Biot numbers are calculated as
follows (Eq. 11):

Fo ¼ ametalDt

Dxð Þ2
; Biconv ¼ hconvcorrDx

kmetal
;

Biboil ¼
hboilcorrDx
kmetal

;

ð11Þ

where ametal and kmetal are the thermal diffusivity
and conductivity of the material of the HPs,
respectively.

For stability reasons, the explicit method requires
that the following stability criterion be satisfied14:

Fo 1 þ Bið Þ � 1

2
) Dt � Dxð Þ2

2a 1 þ Bið Þ : ð12Þ

The heat transfer rate released by the gases and
absorbed by the external wall of the HPs is given by
Eq. 13:

Pwallout ¼ hconvAwalloutDTlog ð13Þ

Note that the real area of the external surface,
Awallout, accounts for the fin area multiplied by its
efficiency,14 as presented in Eq. 14:

Awallout ¼ Anofins þ Afinsgfin ð14Þ

where Anofins is the total area of the tube not covered
by fins (area of the outer perimeter of the pipe
between fins), Afins the total area of the fins, and gfin

the fin efficiency, which can be calculated from
empirical correlations for the specific fin geometry.17

Similarly, the heat transfer rate released to the
water through boiling is calculated as Eq. 15:

Pevap ¼ hboilAwallin Twallin � THPð Þ ð15Þ

This is the thermal power released to the HP
interior, which will be the relevant one for the
condenser. Note that under steady state regime
Pevap will coincide with Pwallout but it will not be
necessarily so in the unsteady regime.

The outlet exhaust gas temperature, Texh out will
be a function of the thermal power lost by the gases,

Pexh, which is the same as the power absorbed by
the evaporator, Pwallout. Therefore (Eq. 16):

Texhout ¼ Texh in � Pexh

_mexhcpexh
ð16Þ

Condenser/TE Modules Model

The model for the condenser and for the Thermo-
electric modules has been presented previously.16 It
is thermally simpler than the evaporator model, as
it has been considered to be quasi-steady-state, but
it includes thermoelectric effects such as diffuse and
localized heat sources and sinks due to the Joule
and Peltier effects. The use of a quasi-steady-state
process seems to be fairly justified for several
reasons. Firstly, the changes in the thermal input
are damped by the thermal inertia of the evapora-
tor, that is, the variability of the thermal power
reaching the condenser will be smaller than the
variability of the exhaust input power. Secondly, the
materials along the active length of the condenser
will experience the same hot source temperature
and only the materials located in the vicinity of the
non-condensable gas/vapour boundary will suffer
instant changes in thermal input.

The heat transfer has been modelled in 1D, but
the 3D effects have been considered by using
conduction shape factors. A global analytical expres-
sion for the calculation of the thermal power
absorbed by the condenser and the thermal power
released to the cooling system was derived. This
analytical expression accounts for all the joule heat
sources, both localized (e.g. electrical contact resis-
tance) and diffuse (e.g. TE pellet internal resis-
tance). It accounts for localized peltier heat sinks
and sources at the junctions, and it account for all
thermal resistances including contact resistances in
all interfaces.

The power electronics are not considered; that is,
matched load conditions are imposed.

Interaction Evaporator: Condenser

The inner HP pressure/temperature is considered
to be constant due to the high volume of the system
provided by the expansion tank. This means that
the heat sink temperature of the evaporator (THP)
coincides with the heat source temperature of the
condenser and will be constant. Under these condi-
tions, the operation of the evaporator will be
virtually unaffected by the operation of the con-
denser (provided there is no liquid dry-out) and it
may be calculated independently of the condenser
power. The opposite is not true, since the active
condenser length will be dependent on the amount
of vapour present.

Two different assumptions may be made concern-
ing the calculation of the condenser power. The
simplest one is to consider that the condenser load
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will be such that it will always instantaneously
consume the exact amount of vapour being gener-
ated by the evaporator (with the excess being
dissipated by an auxiliary condenser, as imple-
mented in Ref. 16). An alternative assumption may
allow the possibility of some vapour accumulation
(e.g. a vapour buffer), so that if there is excess
vapour production (evaporator power higher than
condenser power at full load), there will be some
vapour accumulation along the inner volume of the
system, up to a given maximum of accumulation.
This accumulation (accounted for in energy units)
will be released and complement the condenser
power once the evaporator power drops below full
load condenser power. The latter condition would
require some pressure variation, which would
slightly affect the boiling temperature, but this
pressure variation has been neglected in the present
work. Both assumptions (with/without accumula-
tion) have been simulated in the present work.

Driving Cycle Energy Model

The driving cycle model29,31,32 characterizes the
vehicle’s energy flows, following a particular route
(e.g. driving cycle), being suitable for normalized
and real cycles. The normalized or type approval
cycles such as the NEDC (short for ‘‘New European
Driving Cycle’’) or WLTP (short for ‘‘Worldwide
Harmonized Light Vehicles Test Procedure’’ used in
the present work) only acknowledge the influence of
the vehicle’s speed in the resulting energy flows,
while the real cycles may be characterized by
further variables; namely, road slope and cornering
curvature radius, which like air drag, linear rolling
resistance and vehicle inertia, also affect the
required traction power. This model has already
been presented,31 so only a brief description is made
here.

The output of this model is the instantaneous
vehicle propulsion power (PProp), which is the
traction power at the wheels needed to propel the
vehicle at a given instant of the prescribed driving
cycle.29 The engine power (PICE) and the vehicle
propulsion power (PProp) can be related by account-
ing for the transmission losses through the overall
transmission efficiency (gtransm), as presented in
Eq. 17:

PICE ¼ PProp

gtransm

: ð17Þ

To know the instantaneous engine speed, NICE, it
is necessary to know the overall transmission ratio,
i, between engine shaft and the car wheels (ac-
counting also for the differential gear ratio):

NICE ¼ i �Nwheel: ð18Þ

Naturally, the overall transmission ratio will vary
according to the gearbox position, and therefore, a

realistic gear shifting algorithm must be used.29

Naturally, the optimum strategy for gear shifting
depends on the driver’s requirements: maximum
power, maximum torque or minimum fuel consump-
tion, resulting in completely distinct optimization
processes. An innovative strategy was used by
Pires,29 based on the graph theory, reducing the
complexity of the problem to an algorithm based on
the search for nearby points in a graph, as depicted
in Fig. 6. This strategy has been used by the present
work, with the criterion to shift gears based on the
engine rotational speed, along with the propulsion
power required by the vehicle at a given time.

SIMULATION CONDITIONS

The generator, thermoelectric modules, vehicle
and engine specifications used in the simulations
are summarized in Tables III and IV.

Generator/Thermoelectric Modules
Specifications

Vehicle/Engine Specifications

For the simulations a real engine configuration
was used, a 1.6 L spark ignition, naturally aspi-
rated, twovalves per cylinder and hemispherical
combustion chamber (see details in Table V).

Calculated Engine Maps

The torque curves obtained by the engine model
for different throttle openings can be seen in Fig. 7.
The upper envelope curve corresponds to the max-
imum brake torque of the engine, obtained for wide
open throttle conditions.

The obtained engine maps for exhaust tempera-
ture and mass flow rate can be seen in Fig. 8.
According to the engine speed and torque (or power,
which is torque times the angular velocity) required
by the driving cycle model, a unique point in each

Fig. 6. Graph concept in the shifting gear analysis over time.
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plot will be identified and used for the thermal
algorithm.

Driving Cycles

Type Approval Cycles: WLTP Class 3 A standard
driving cycle is a normalized schedule that is
divided into small time intervals, usually one sec-
ond, where the acceleration is constant. As a result,
the speed varies linearly along the interval, being
depicted by a characteristic speed/time diagram. In
the present work, one standard cycle has been used:
the WLTP Class 3, depicted in Fig. 9. The WLPT
test procedure emerged as an effort to create a
global standardization procedure for the worldwide
comparison of vehicles and as a response to the
criticism that the New European Driving Cycle
(NEDC) cycle, currently used for the CO2 and fuel
consumption certification of new European vehicles,
yielded large discrepancies with real-world vehicle
emissions.35 The WLTP procedure includes three
different test cycles representing as many vehicle
classes, based upon a vehicle’s power-to-mass ratio

(PMR) and its maximum speed.50 The Class 3
vehicles presents a PMR higher than 34 kW/ton
and a top speed above 120 km/h, representing the
largest share of modern light-duty vehicles.

Real Cycles: Highway Cycle (HW) The selected
route connects two cities from the north of Portugal,
Guimarães and Braga, via the A11 highway, with a
total extension of 27 km completed in 19 min,
corresponding to an average velocity of 85 km/h
and with a maximum speed of roughly 130 km/h.
The altitude profile is steep, with frequent varia-
tions along the route and minimum and maximum
values of 110 and 320 m. The altitude and speed
profile of this driving cycle, along with the most
relevant statistical data, are depicted in Fig. 10.29

One can still add, regarding the real route cycles,
the specific accumulated uphill and downhill param-
eter, which indicates the positive and negative accu-
mulated altitude variations along the route divided
by the route length and thus the route’s elevations
severity. (in the present case, 17.8 m/km).29 A

Table III. Evaporator, condenser and cooling plates properties used in the simulations

Evaporator
Tube outer diameter (m) 0.014
Tube inner diameter (m) 0.012
Tube height (m) 0.220
Tube material Stainless steel
Fin thickness (m) 0.001
Fin height (m) 0.001
Fins per mm 0.5
Fin efficiency (%) 99
Tubes per row 3
Tube rows (longitudinally) 10
Sn—Transversal spacing between tubes (m) 0.020
Sp—Longitudinal spacing between tubes (m) 0.0175
P (bar) 46.5
Thp—boiling temperature (�C) 260
(Height 9 width 9 length) (m) 0.220 9 0.070 9 0.189

Cooling plates
Total coolant flow rate (L/h) 2400
Coolant inlet temperature (�C) 25
Cooling plate material Aluminium
Cooling plate fin length (m) 0.106
Spacing between fins (m) 0.0020
Fin thickness (m) 0.0015
Fin height (m) 0.005
N of fins 16
N of cooling plates 32
Conduction shape factor/cooling plate (m) 4.24
Cooling plate dimensions (length 9 width 9 height) (m) 0.1455 9 0.0725 9 0.0100

Condenser
N of condenser tubes 14
Condenser tubes outer diameter (m) 0.010
Condenser tubes inner diameter (m) 0.008
Condenser plate dimensions height 9 length 9 width (m) 0.158 9 250 9 0.015
N of condenser plates 4
Condenser plate shape factor/condenser plate (m) 7.37
Condenser plate material Aluminium
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summary of the HW driving cycle is presented in
Table VI.

RESULTS AND DISCUSSION

Although the engine maps and the driving cycle
energy analysis may be properly considered as
results of the present analysis, they have been
presented in the preceding section as test condi-
tions, since they provide the necessary input (in
terms of exhaust temperature and flow rate) for the
calculation of the thermal and electrical perfor-
mance of the thermoelectric generator under study.

Little is said in this paper regarding the thermo-
electric model of the modules, but these have been
modelled in detail using the same approach pre-
sented in previous work,16 with the Joule and
Peltier powers having been accounted for. The
Electric Power generated is estimated for the con-
ditions of matched load resistance.

The main parameters analyzed were the thermal
and the electric powers within the system. In terms
of exhaust inlet thermal power, the available

(absorbable) thermal power entering the heat
exchanger was considered. This is the maximum
thermal power that could possibly be absorbed by
the system, meaning that the chosen reference
temperature of the gases corresponding to a zero
energy level was the inner HP temperature instead
of the ambient temperature, as is often used. In fact,
from a second law of thermodynamics perspective,
the exhaust gases can only transfer heat to the
system as long as they are hotter than the system.
The resulting heat transfer effectiveness values
presented further ahead are a relative measure of
how close the thermal energy absorbed by the
condenser was to this theoretical maximum. Of
course, using a conventional non-evaporative coun-
ter-flow heat exchanger would in theory increase
the absorbable heat, since the heat sink tempera-
ture would be lower than the HP temperature used

Table V. Reference vehicle and engine
specifications used in the simulations

Vehicle mass (M) (kg) 1400
Tyre rolling resistance coefficient 0.008
Vehicle frontal area (m2) 2.22
Drag coef. (Cd) 0.27
Engine type 1.6 L spark ignition,

atmospheric,
2 valves/cyl.

Volumetric compression ratio 11:1
Maximum power 88 kW @ 6000 rpm
Maximum torque 160 N m @ 4250 rpm
Redline (rpm) 6500
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Fig. 7. Predicted engine output torque for different throttle positions
and engine speeds.

Table IV. Thermoelectric module properties used in the simulations (ETDYN GM250-49-45-25)

TEG general data
General dimensions (length 9 height 9 width) (m) 0.620 9 0.620 9 0.0032
Pellet material Bismuth telluride
Tab material Copper
Insulator material Aluminium oxide
N P–N pairs 49

TEG proprieties
Pellet size (length 9 height 9 width) (m) 0.0045 9 0.0045 9 0.0025
Tab size (length 9 height 9 width) (m) 0.0105 9 0.0045 9 0.0004
Alumina thickness (m) 0.0008

Contact thermal conductance properties
h alumina-copper (W/m2 K) 10250
h copper-Bi2Te3 (W/m2 K) 10250
h outer surfaces-thermal grease (W/m2 k) 75000
Conduction shape factor alumina–copper (m2/m) 0.0359
Conduction shape factor copper-Bi2Te3 (m2/m) 0.0527

Electric resistivity
q copper (X m) 1.8 9 10�7

q contact (X m2) 1.0 9 10�8
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in this work (260�C). However, the system would
lose its ability to control the temperature, so that
the hot face temperature is always around its
optimum value (around 250�C).

Although a specific generator geometry has been
used as a reference for the present analysis, several
other evaporator sizes and condenser sizes/TEG
module quantities are assessed.

Reference Generator Geometry Results

Figure 11 displays the temperature profile along
all the material layers between the condenser
vapour and the cooling circuit. All TE modules
located at the active region will sensibly display this
temperature profile, as they have roughly the same
hot source (vapour) and cold source (water cooling
circuit) temperatures. It may be seen that the
greatest temperature drop occurs across the TE
pellet. This is desirable, since the output depends on
this temperature differential. The temperature dif-
ferences appearing at the other material layers are
just deprecating the temperature differential across

the TE pellet, compromising input. The tempera-
ture drop due to thermal contact resistance is
apparent between the boundaries of each material
layer.

Figure 12 highlights the voltage and electric
power of the generator as a function of the active
condenser length. The deviation of the voltage/elec-
tric power curve from linearity is hardly visible,
because all active modules experience the same heat
source and heat sink temperatures, and because the
heat transfer coefficient due to film condensation
varies only very slightly with the active length. The
cooling occurs in parallel, so there are no differences
in average cooling water temperature among the
different modules either. Therefore, the output of
the system, comprised of the sum of the outputs of
active modules is virtually proportional to its active
length.

Figures 13 and 14 display the results for the
reference generator geometry in terms of available
exhaust power (relatively to the HP temperature),
evaporator and condenser thermal powers and
electrical power generated, for the WLTP Class 3
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and the real HW driving cycles. This reference
geometry (recall Fig. 4) displays 3 9 10 evaporator
tubes, a 75 L/h/cooling plate (cooling is performed in
parallel), and four condenser blocks with 2 9 4 9 2
TEG modules per block (64 in total).

The evaporator power, Pevap, (recall Eq. 15), is the
instantaneous power being released by the evapo-
rator to the water through boiling. It can be seen
that it is generally close to the available power,
meaning that the effectiveness of this heat exchan-
ger is high. It can also be seen that there is little
influence of the unsteady effects, namely the accu-
mulation of heat within the pipe walls, since no

relevant delay or damping of the evaporator power
relative to the input power is apparent. It is true
that not all metal masses were incorporated into the
analysis (only tube material), but it seems that the
system might be suitably treated as quasi-static,
without the need of using the unsteady analysis at
the evaporator.

Since no heat transfer inertia has been considered
between the boiling and the condensation phenom-
ena, it can be observed in Figs. 13 and 14 that there
is no difference between the condenser power and
the evaporator power unless the latter exceeds the
condenser’s full load power (recall that the load of
the condenser varies only according to its active
length, not according to the condenser’s heat source
temperature, which is constant). It may be seen in
Fig. 13 that the full condenser capacity was rarely
achieved during the low power WLTP driving cycle.
The full condenser load may be identified by the
thermal power limit of around 15 kW, which corre-
sponds roughly to 900 W of electric power, with all
the TE modules being active. During the more
severe Highway route (Fig. 14), it may be seen that
the condenser was at full load for longer.

The electric power produced is fairly proportional
to the condenser power because the temperature
levels of the hot source are always the same, with
the only variation being the active condenser
length. This seems to be another advantage of the
system, since the hot side temperature of the active
modules is always near the optimum value (the
temperature limit of the modules). This

Table VI. Highway route (HW) details

Highway route

Average Máx.

Engine speed (rpm) 2806 5372
Torque (N m) 65.2 149.1
Pice (kW) 17.1 80.7
Speed (km/h) 85.0 130.6
Throttle (%) 39.5 86.8
Thermal efficiency 0.29 0.34
BSFC (g/kW h) 289 511
T EVO (K) 1096 1186
_mexh (g/s) 32.07 88.19
Pexh (kW) 36.81 111.3

Fig. 10. Custom highway cycle (HW), with non-negligible road slope (adapted from Refs. 23 and 29).
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characteristic may be referred to as ‘‘absence of
thermal dilution’’, because even if the number of
condenser plates/modules is high, it will not dilute
the temperature at the hot side, because the VCHP
operation of the system automatically adjusts its
active length to the evaporator power.

Influence of Allowing for Excess Vapour
Accumulation

The incorporation of unsteady thermal effects in
the evaporator provided a slight thermal inertia to
the system through the heat capacity of the tubes.
This is advantageous since it tends to smooth the
highest and lowest power events, reducing the
situations where the condenser capacity is exceeded
or wasted. Some sort of energy accumulation during
excess peak events would also be welcome. A phase
change device with an expansion tank such as the
one proposed in the present work may be suitable for

that purpose. A rough estimation for the geometry
under analysis provides a potential of around
150 kJ for boiled vapour accumulation, although
some pressure increase will necessarily result (it
has been neglected in the present analysis).

In the case of the low power WLTP route, hardly
any accumulation could be observed, so the plot is
not presented here. In the case of the highway
route, there are some differences between the
electric production with (w/) or without (w/o) accu-
mulation. It may be observed in Fig. 15 that there is
a strong accumulation of vapour during the High-
way uphill portion of the driving cycle between
400 s and 600 s. This accumulation achieved the
150 kJ limit at around 450 s, and subsequently
allowed for an extension of the full condenser load
operation until around 600 s (see decreasing portion
of the curve).

Influence of Evaporator Size

Increasing the size of the evaporator improves the
effectiveness of the heat exchanger as a whole, with
a higher fraction of the available exhaust heat being
captured by the system. But to maximize the output
of the system both the evaporator and the condenser
should have suitable sizes.

Ideally, the evaporator power capacity should not
limit the condenser power capacity. Three different
evaporator sizes (3 9 5, 3 9 10 and 3 9 15 tubes)
have been assessed, with their thermal and electric
powers shown in Figs. 16 and 17 for the HW driving
cycle and in Fig. 18 for the electric power generated
during the WLTP driving Cycle. It is apparent that
the smallest evaporator (the one with 3 9 5 tubes) is
clearly too small for the job, even for the lower
specific power WLTP cycle. On the other hand, the
reference evaporator (the one with 3 9 10 tubes)
yields an electric power that is only marginally
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lower than that produced by the biggest evaporator
(the one with 3 9 15 tubes), so it seems that the
reference geometry would be a good choice for a real
application.

Influence of Condenser Size/Number
of Modules

The condenser size is important since it determi-
nes the maximum absorbable thermal input, and
also because the number of modules is proportional

to the number of condenser plates (16 per plate in
the present design, recall Fig. 4). The effect of
altering the condenser size is analyzed in Figs. 19
and 20, for the HW and WLTP driving cycles,
respectively. There is clearly a power threshold for a
given condenser size, which coincides with the
maximum condenser capacity. It is clear from
Fig. 20 that in the WLTP, the biggest condenser
improves the performance of the system only for a
few test conditions. The effect of vapour

Fig. 13. Reference Generator thermal and electric performance during the WLTP route—available (Pavail) exhaust power, evaporator (Pevap) and
condenser (Pcond) thermal powers and electrical (Pe) power generated, without vapour accumulation.

Fig. 14. Reference Generator thermal and electric performance during the HW route—available (Pavail) exhaust power, evaporator (Pevap) and
condenser (Pcond) thermal powers and electrical (Pe) power generated, without vapour accumulation.
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accumulation is not shown here, but it will improve
the output especially in the case of smaller con-
densers, where the excess power will be higher
(recall Fig. 15).

Global Exhaust Heat Exchanger Effectiveness

The global effectiveness of the heat transfer from
the exhaust to the modules may be seen in Fig. 21
for the Highway and WLTP driving cycles, for all

combinations of evaporator and condenser dimen-
sions, with and without vapour accumulation. The
meaning of this effectiveness is the ratio of the
absorbable exhaust power that effectively reached
the modules. It is a measure of the thermal perfor-
mance of the system, the fraction of exhaust energy
that was successfully directed towards the modules.
It may be seen that the global heat exchanger
effectiveness increases as the evaporator and the

Fig. 15. Effect of vapour accumulation on the electric power produced by the generator during the Highway route.

Fig. 16. Influence of evaporator size on boiling power in the Highway driving cycle.

Fig. 17. Influence of evaporator size on electric power in the Highway driving cycle.

Analysis of a Temperature-Controlled Exhaust Thermoelectric Generator
During a Driving Cycle

1865



condenser get bigger or the accumulation is higher.
However, it may be observed that the increase of the
condenser size will have a small or even negligible
impact on the effectiveness in the cases where the
evaporator power is already limited. This happens
when the evaporator is small (15 tubes), and in the
case of the low specific power WLTP driving cycle,
where increasing the condenser from four to six
plates hardly increases effectiveness.

Influence of Coolant Flow Rate

Another small factor affecting power output is the
coolant flow rate, as it affects the ability of the
modules to maintain a low temperature at the cold

junction of the modules. If this thermal power is not
suitably dissipated at the cold face of the module,
the temperature differential across the hot and cold
junctions of the modules will be deprecated.
Nonetheless, increased pumping power will also
deprecate the net electric output of the system, so
trade-offs of the combination of these effects should
be assessed in a real system.

In the present work the cooling flow has been
considered to occur in parallel over the cooling
plates, with each cooling plate serving two TEG
modules (recall Fig. 4). Figure 22 displays the influ-
ence of cooling flow rate on electric output (pumping
power has not been included). It can be seen that an

Fig. 18. Influence of evaporator size on electric power in the WLTP driving cycle.

Fig. 19. Influence of condenser size over the thermal power absorbed by the condensers, in the Highway driving cycle.

Fig. 20. Influence of condenser size over the thermal power absorbed by the condensers, in the WLTP driving cycle.
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increase in electric output between 3.5% and 5% is
obtained when doubling the flow rate from 50 L/h to
100 L/h. It is likely that this increase might not be
sufficient to compensate for the extra pumping
power required to double the flow rate.

The last two charts of this paper (Figs. 23 and 24)
provide an overview of the thermal and electric
power figures resulting from all combinations of
evaporator and condenser sizes, with and without
vapour accumulation, for both the Highway and the
WLTP Class 3 driving cycles.

The first point that may be taken from these
charts is that the HW and the WLTP driving cycles
display totally different thermal and electric power
levels, denoting diverse average vehicle specific
powers (VSPs).32 As would be expected, an increase
of evaporator and condenser sizes tends to increase
these powers. Nevertheless, it may be seen that
when increasing the condenser capacity from four to
six condenser plates in the case of the WLTP driving
cycle, the thermal and electric powers no longer
increase. This is because most of the evaporator
thermal power is already absorbed with the smaller
condenser. Therefore, there is no point in increasing
the condenser capacity further under these condi-
tions. In the case of the higher VSP highway driving
cycle, increased condenser capacity is still able to
somewhat improve the thermal and electric powers,
except in the case of the smaller evaporator (15
pipes), where insufficient vapour is generated to
activate the extra condenser area.

Regarding the increase of the evaporator size, it
has already been noted (recall Fig. 21) that there is
no point in increasing it beyond a certain size,
because the evaporator effectiveness is already so
high that further increasing the evaporator size will
only provide a marginal improvement of the ther-
mal power. For instance, it can be seen in Fig. 24
that in the WLTP driving cycle, the electric power
increases only 7% when increasing the evaporator
50% in size, from 30 to 45 tubes.

The analysis of the effect of vapour accumulation
is also worthy of mention. This vapour accumulation
somewhat compensates for the lack of sufficient

Fig. 21. Global Heat Exchanger Effectiveness during the (a) Highway and (b) the WLTP driving cycle.
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condenser capacity for the smaller condensers,
avoiding the complete waste of the excess vapour
produced. This vapour cannot be instantaneously
absorbed by the condenser, but may be partially
stored within the system and then condensed once
the evaporated power drops below the full load
condenser power.

As a final remark, it is worth noting that the
320 W (350 W w/accumulation) and 550 W (600 W
w/accumulation) produced by the reference system
for the WLTP and HW driving cycles seem rather
good power figures for a small engine hatchback car
such as the one considered in the present analysis
and using off-the-shelf Bismuth Telluride modules.
These predicted values are of the same order of
magnitude of the powers obtained by OEM-backed
projects using much bigger vehicles.11,12,13

CONCLUSIONS

An overall model for the assessment of a temper-
ature-controlled automotive exhaust heat thermo-
electric generator, operating during driving cycles
has been presented. This model incorporates several
sub-models, namely those related to engine perfor-
mance prediction and energy assessment of driving
cycles, as well as a unsteady heat transfer model for
an exhaust heat exchanger based on phase change

and a model for predicting the behaviour of ther-
moelectric modules presented in a previous
publication.

The engine model for the 1.6 L spark ignition
engine was able to predict the full engine perfor-
mance maps and exhaust flow maps. The driving
cycle model used this information for calculating the
instantaneous engine conditions along a Type-Ap-
proval driving cycle (WLTP Class 3) and a real HW
driving cycle. The thermal and electric models of the
generator were used to estimate the instantaneous
thermal and electric powers of the system during
those driving cycles.

It was found that the combination of evaporator
and condenser sizes is important for the optimiza-
tion of the generator output. As expected, the
severity of the driving cycle strongly impacts the
cycle-averaged TE electrical power output. For the
baseline configuration, with 30 evaporator tubes
and four condenser blocks, the average electrical
power outputs were approximately 320 W and
550 W for the WLTP and HW driving cycles,
respectively. For this particular configuration, add-
ing accumulation via vapour storage increased
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average electric power by less than 5% and was
found to contribute more for severe drive cycles. The
possibility of accumulating some of the excess
vapour production proved to be especially useful
for smaller systems, however.

The merit of the proposed generator concept was
confirmed in the sense that it was possible to attain
an optimized operation under broadly variable
engine loads without the risk of module overheating
or thermal dilution. In fact, the main feature of the
generator concept proposed is that it works at a
prescribed temperature, with the thermal load
being varied by the active condenser/module area
and not by temperature variation, as in conven-
tional generators. Therefore, it was possible to
utilize most of the available exhaust heat with the
active modules always operating at top efficiency,
without thermal dilution or overheating risk. The
main challenge of this concept will be to achieve a
viable packaging for light vehicles.
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An Engineering Approach, vol. 5 (New York: McGraw-Hill,
2011), p. 445.

41. C.R. Ferguson, Internal Combustion Engines: Applied
Thermosciences (New York: Wiley, 1985).

42. F. Bonatesta, Premixed Combustion in Spark Ignition
Engines and the Influence of Operating Variables (INTECH
Open Access Publisher, 2013).

43. J. Martins, F.P. Brito, L.M. Goncalves, and J. Antunes, SAE
Technical Paper Ser. No. 2011-01-0315, (2011).

44. F.P. Brito, J. Martins, L.M. Goncalves, and R. Sousa, 37th
IEEE C Industrial Electronics Society IECON 2011 (IEEE
Xplore, Melbourne, 2011).

45. F.P. Brito, J. Martins, L.M. Goncalves, N. Antunes, D.
Sousa, and S.A.E. Int, J. Passeng. Cars Mech. Syst. 6, 652
(2013). doi:10.4271/2013-01-0559.

46. F.P. Brito, J. Martins, R. Sousa, L.M. Gonçalves, and S.A.E.
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