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“Knowledge in not power. Knowledge is only potential
power. It becomes power only when, and if, it is organized
into definite plans of action, and directed to a definite end”
(Napoleon HILL)
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Nomenclature
Symbol
A
C
C
C
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E, Ex
f
h
h
H
H
i
I
j
k
L
Lv
m
M
P
P
Q
R
s
S
T
u
V
V
V
U
W

Section area
Capacity of the battery
Specific heat
Coefficient of drag
Temperature difference / Pinch
Pressure drop
Exergy
Coefficient of the wheel friction
Specific enthalpy
Heat transfer coefficient
Height
Fuel heating value
Transmission ratio
Irreversibility
Colburn j-factor
Thermal conductivity
Length
Latent heat of vaporization
Mass flow rate
Mass of the vehicle
Pressure
Consumption of the auxiliaries
Heat capacity
Radius of the wheels
Specific entropy
Frontal area
Temperature
Control variable
volume
Velocity
Open-circuit voltage of the battery
Global heat transfer coefficient
Net specific work

m2
kW.h
J.kg-1.K-1
K
Pa
kJ.kg-1
kJ.kg-1
W.m-2.K-1
m
MJ.kg-1
kJ.kg-1
W.m-1.K-1
m
kJ.kg-1
Kg.s-1
Kg
Pa
W
kJ.kg-1
m
kJ.kg-1.K-1
m2
°C (K)
m3
m.s-1
V
W.m-2.K-1
kJ.kg-1

Efficiency
Relative variation
Turbine expansion ratio
Density
Friction factor
Thickness
Angle
Thermal conductivity
Compressor pressure ratio

%
%
Kg.m-3
mm
°
W.m-1.K-1
-

Greek letters
η
Δ
τ
ρ
ξ
δ
θ
λ
π
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Abbreviations
AC
AFC
APU
ASE
ATDC
B
BMEP
BSFC
BTDC
C
CC
CCB
CO
CVT
CCGT
DC
DMFC
DOE
DP
E
EC
ECGT
ECU
EECU
EG
EG
EM
EMS
EPA
EREV
FC
FC
FCS
FCV
G
GHG
GT
GWP
H2
He
HEV
HEX
HSS
ICE
IcRGT
IcRIeGT
IcRReGT
IRGT
IRReGT

Alternative Current
Alkaline Fuel Cell
Auxiliary Power Unit
Automotive Stirling Engine
After Top Dead Centre
Battery
Brake Mean Effective Pressure
Brake Specific Fuel Consumption
Before Top Dead Centre
Condenser
Combustion Chamber
Combustion Chamber Blower
Carbon monoxide
Continuous Variable Transmission
Combined Cycle Gas Turbine
Direct Current
Direct Methanol Fuel Cell
Department Of Energy
Dynamic Programming
Energy
Energy converter
External Combustion Gas Turbine
Electronic Control Unit
Engine Electronic Control Unit
Electric Generator
Exhaust Gases
Electric Machine
Energy Management Strategy
Environmental Protection Agency
Extended Range Electric Vehicle
Fuel Cell
Fuel consumption
Fuel Cell System
Fuel Cell Vehicle
Gearbox
Greenhouse Gas
Gas Turbine
Global Warming Potential
Hydrogen
Helium
Hybrid electric Vehicle
Heat Exchanger
Hydrogen Storage System
Internal combustion Engine
Isothermal Compression Regenerative Gas Turbine
Isothermal Compression Regenerative Isothermal Expansion Gas Turbine
Isothermal Compression Regenerative Reheat Gas Turbine
Intercooling Regenerative Gas Turbine
Intercooling Regenerative Reheat Gas Turbine
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LHV
MCFC
MGT
NASA
NOx
NSGA
NVH
OEM
ORC
ODP
PC
PEMFC
PHEV
RDE
RG
RGT
SCE
SHEV
SI
SOC
SRC
SUV
TA
TDC
TEG
TIT
UHC
VCM
WHR
WLTC

Low Heating Value
Molten Carbonate Fuel Cell
Micro Gas Turbine
National Aeronautics and Space Administration
Nitrogen Oxide
Non-dominated Sorting Genetic Algorithm
Noise, Vibration and Harshness
Original Equipment Manufacturer
Organic Rankine Cycle
Ozone Depletion Potential
Passenger car
Proton Exchange Membrane Fuel Cell
Parallel Hybrid electric Vehicle
Real Driving Emission
Reduction Gear
Regenerative Gas Turbine
Split Cycle Engine
Series Hybrid Electric Vehicle
Spark Ignition
State Of Charge
Steam Rankine Cycle
Sport Utility Vehicle
ThermoAcoustic
Top Dead Center
ThermoElectric Generator
Turbine Inlet Temperature
Unburned Hydrocarbons
Vapor Cycle Machine
Waste Heat Recovery
Worldwide Harmonized Light Vehicles Test Cycle

Non-dimensional numbers
.
.
. .

Nusselt number
Prandtl number
Reynolds number
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General introduction
Road transportation sector is amongst the fast-growing consumers of world oil and a source of
greenhouse gas emissions, the most pressing factors of the current global environmental
problems. Governments around the world are implementing policies to reduce oil consumption,
climate-related emissions, and local air pollution. Several solutions have been offered by car
manufacturers and stakeholders to reduce the environmental impact of road transportation.
Today, the Internal Combustion Engines (ICEs) continue to play an important role as a power
source for automobiles and is expected to keep its leadership as a primary converter for many
years to come. However, the ICE, compatible with conventional fuels such as gasoline, natural
gas and gasoil, generates non-negligible amounts of carbon dioxide (CO2) and is partly
responsible of these greenhouse gas emissions. Therefore, according to an amended regulation,
the average CO2 fleet emissions for particular cars in Europe must be reduced to 95 g CO2/km
by the end of 2020 and to an indicative target range of around 70 g CO2/km in 2025; which
means an approximate 50 % reduction in comparison to the 2015 target value of 130 g CO2/km.
These numbers highlight the pressure on the automotive industry to innovate and push
technological measures within every new vehicle to achieve these challenging targets;
otherwise, high penalty payments are applied. Along with the introduction of such new targets,
homologation procedures are either updated or created in order to reflect the vehicle usage in
real life and avoid discrepancies between homologated values and what the driver is seeing in
terms of fuel consumption, improving then realistically the air quality in the cities.
To reach these ambitious regulations targets, with the introduction of EURO6c regulation,
associated to Worldwide Harmonized Light Vehicles Test cycle (WLTC) and Read Drive
Emission (RDE) cycles, it is necessary to look for new technologies and powertrain
innovations. A CO2 emission reduction can be achieved by either improving the power train
efficiency of the energy conversion and/or by reducing the vehicle energy demands. Beside the
development of hybrid electric vehicles (HEV) or plug-in hybrid vehicles (PHEV), innovations
in the ICEs are essential to maximize the overall efficiency of the powertrains. Therefore,
several technologies were identified during the period up to 2020, including innovation in
combustion, engine architecture, thermal management, ICE component electrifications, ICE
waste heat recovery systems, among others.
However, while these technologies allow to achieve the desired reduction in CO2 emissions,
the potential of gain for after 2025, where the regulation will be more severe, is difficult to
reach. In fact, the potential of the fuel efficiency gain is limited by the maximum theoretical
efficiency of the ICE thermodynamic cycle performed. The ICE itself presents exergetic losses
and its efficiency remains far from ideal engine efficiency, the Carnot engine. Also, adding
these technologies to gain few efficiency points is at the expense of a cost that is becoming
significant, which opens the opportunity for other energy converters to act as a replacement for
the ICE.
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Another key point to consider when using the ICE as primary converter, is its compatibility
with different fuel types. ICE is compatible with conventional fuel, and the development of new
energy vectors such as solid fuels, amoniac, or bio-fuels may jeopardize the operation of this
machine.
Similarly, the homologation tests aim to reproduce the real vehicle consumption and emission
and try to represent the driving mode. However, these cycles do not take into account the
additional fuel consumption needed to ensure the thermal needs, (heating and cooling the
vehicle cabin) which, under certain ambient conditions, could seriously impact the customer's
consumption.
In addition, battery electric vehicle (BEV) promotion efforts across the world are increasingly
diverse, with many governments and automakers pushing to promote awareness and sales of
advanced electric-drive vehicles, as well as the necessary regulatory, charging infrastructure,
and financial support. However, well-to-wheel CO2 emissions of a BEV is not advantageous
mainly in markets where the electricity production relies on dirty fossil fuels.
In this context, and in order to meet the future CO2 requirements that are going to be set after
2025, PSA Groupe is investigating the potential of new energy converters, based on
conventional thermodynamic cycles such as Stirling, Brayton, Gas Turbine, among others and
not conventional machines such as fuel cells, thermoacoustic, thermoelectric generator, as
primary energy converter in replacement of the ICE in automotive powertrain applications.
Therefore, this thesis work aims at investigating the new potential energy converters that could
replace the ICE, and targets at developing a methodology of choice and optimization of energy
converters for automotive applications, while considering the energy converters compatibility
with fuel and powertrain, the vehicle power needs to be included in the traction power, in the
cabin heating and cooling power and in the electric auxiliary power, as well as in vehicle
integration constraints such as weight and size. This scientific approach for the automotive
industry requires taking into account technological constraints such as materials, maximum
temperatures, maximum pressures, and automotive constraints such as mass, volume, power
density, noise, price among others. Therefore, a methodology for choice and optimization of
energy converters for automotive applications is required.
Chapter 1 of this work is a review for the different energy converters for automotive powertrain
applications. The different energy converters are classified as internal combustion machines,
external combustion machines or electro-chemical machines. Then a literature review and
performance assessment is realized for each energy converter and the state of the art of each
energy converter in automotive powertrain application is presented. The advantages and
disadvantages of each energy converter compared to the reference internal combustion engine
are presented. The chapter ends up by a synthesis in which a classification of the different
energy converters in term of powertrain compatibility, fuel compatibility among other criteria
is done. This synthesis highlights the advantages and disadvantages of energy converters other
than piston engines for the automotive sector. It also helps understand the technological barriers
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that must be removed in order to improve the efficiency and the performance of these
converters.
Based on this synthesis, the gas turbine energy converter is selected among the potential energy
converters for future electrified powertrains. It presents many vehicle intrinsic benefits such as
multi-fuel capability, compactness, reduced weight, cogeneration capability, reduced number
of moving parts compared to the reference internal combustion engine. Therefore, this energy
converter has been selected for the rest of the study.
In chapter 2, the overall methodology for selecting the best suited thermodynamic configuration
of the gas turbine cycle and its optimization for a series hybrid electric vehicle is presented. An
exergo-technological explicit selection method, based on exergy analysis and optimization
under technological constraints is applied and the intercooled regenerative reheat gas turbine
(IRReGT) thermodynamic configuration is prioritized among others identified through the
methodology. The optimization main criterion was the thermodynamic efficiency which
impacts directly the fuel consumption. A series hybrid electric vehicle model is developed and
the identified gas turbine cycle is coupled to an electric generator and integrated as auxiliary
power unit (APU) to recharge the battery of the vehicle once depleted. A methodology for
accounting for the additional vehicle non-mechanical energetic needs on the WLTC is
presented. Fuel consumption simulations were then performed on this modified WLTC using
the dynamic programing global optimal control strategy. Results are compared to the same
vehicle equipped by an ICE-APU.
Since the weight of the system impacts the vehicle energetic demands and consequently the
fuel consumption, a pre-design of the different realistic gas turbine system identified is
performed in chapter 3. Based on the thermodynamic optimization of efficiency and net specific
work, the power to weight ratio of each gas turbine identified configuration is calculated by
accounting for the weight of the different components that constitute the system. Then each
GT-system is integrated in the SHEV vehicle developed in chapter 2 and simulations are
performed using a bi-level optimization method to find the optimal operating parameters in
terms of system net output power and the number of times the ON/OFF switch of the APU is
toggled on the pareto curve.
In order to account for the fuel consumption penalty when considering the transient operation
of the IRReGT system, a dynamic model of the IRReGT was developed in chapter 4. The model
considers both the turbomachines and the heat exchangers dynamic behavior. A dynamic
mechanical model was developed for the turbomachines including the compressors and the
turbines. Moreover, a dynamic model was also developed for the regenerator heat exchanger.
Simulations are performed while considering two different gas turbine startup strategies and
the additional fuel consumption were compared to results found in chapter 3.
Finally, in chapter 5, different subsystems of the IRReGT system were tested. In this
manuscript, only the turbine reheat subsystem was presented. Tests results were compared to
the simulation theoretical results. The importance of the the turbine reheat process is then
checked and confirmed.
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Fig. 0: Thesis general approach
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Résumé chapitre 1
L'électrification des groupes motopropulseurs représente aujourd'hui la solution pour les
constructeurs automobiles pour respecter les réglementations strictes imposées en matière de
consommation et d'émissions de polluants, et de maintenir une autonomie comparable à celle
des véhicules à chaîne de traction conventionnelle. La consommation de carburant de ces
groupes motopropulseurs dépend en grande partie du rendement des convertisseurs d'énergie
et de la stratégie de gestion de l'énergie déployée à bord. Une revue de la littérature montre
une diminution des activités de développement sur les moteurs à combustion interne (ICE)
comme convertisseur d'énergie primaire pour les véhicules. D'une part, ces convertisseurs
présentent très peu de marge d'amélioration supplémentaire du rendement en raison des pertes
d'énergie associées au cycle thermodynamique effectué, et d'autre part, ils n'ont pas la capacité
d'utiliser plusieurs carburants, ce qui limite leur fonctionnement principalement aux
combustibles liquides tels que l'essence et le diesel. Dans ce contexte, et afin de répondre aux
exigences en matière de CO2 pour l'après 2025, il est important d'étudier la possibilité de
remplacer les moteurs à combustion interne par de nouveaux types de convertisseurs d'énergie.
Ce chapitre présente une revue des différents convertisseurs d'énergie thermodynamique et
thermochimique pour les applications automobiles. Une étude bibliographique est d'abord
effectuée pour chacun des convertisseurs d'énergie étudiés afin d'identifier les meilleures
pratiques d'utilisation de ces convertisseurs dans les applications automobiles. Ensuite, une
analyse est effectuée afin de comprendre le principe de fonctionnement de ces convertisseurs
ainsi que d'identifier les paramètres de conception clés. Une évaluation technique des
indicateurs clés de performance des convertisseurs est effectuée à l'aide de critères de
performance quantitatifs et qualitatifs. Les critères quantitatifs évalués sont le rendement, le
travail spécifique net, le rapport poids/puissance et le rapport taille/puissance, et les critères
qualitatifs évalués sont la fiabilité, les aspects de maintenance, l'impact environnemental, le
bruit et la maturité technologique dans les applications automobiles et autres applications
industrielles. Enfin, les convertisseurs d'énergie sont classés en fonction de leur attractivité
pour les constructeurs automobiles dans l'intégration dans de nouvelles architectures de
groupes motopropulseurs électrifiés et de leur potentiel de développement pour atteindre les
objectifs de consommation et d'émissions après 2025.
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Chapter 1: A review on energy converters for automotive
powertrain applications
1.1 Introduction
Various machines are dedicated to the conversion of fuel into mechanical or electrical energy.
They are classified in the automotive applications under three different categories:
1. Internal combustion machines, such as internal combustion engines (ICEs), split cycle
engines (SCE) and Gas Turbine systems (GT).
2. External combustion machines, such as Brayton or external combustion gas turbine
(ECGT), Stirling, Vapor Cycle machines (VCM), Ericsson, Thermoacoustic (TA) and
Thermo-electric generators (TEG).
3. Electrochemical energy converters such as fuel cell (FC) which exists in different types:
Proton Exchange Membrane Fuel Cells (PEMFCs), Direct Methanol Fuel Cells
(DMFCs), Solid Oxide Fuel Cells (SOFCs), Alkaline Fuel Cells (AFCs), Phosphoric
Acid Fuel Cells (PAFCs) and the Molten Carbonate Fuel Cells (MCFCs).
Some of these machines have been commercialized at the beginning of the late century as
vehicle prime movers. Among these machines the VCM, where production continued to the
1930’s on steam cars [VM1, VM2]. Other machines have been also largely investigated as main
energy converter instead of conventional piston ICE in automotive application. We can list for
example: the gas turbine system [GT1], the Stirling machine [ST1-ST9], and recently the fuel
cell [FC1-FC7].

Fig. 1.1: Classification of different energy converters
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1.2 ICE: the dominant prime mover in automotive powertrain
applications
Nowadays, the ICE, which pioneered for more than decades the automotive industry by being
the widely used prime mover, is still undergoing plenty of research and engineering
developments in order to improve its performance at all levels. The recent turbocharged ICE
presents high specific power, high power to weight ratio and high power to size ratio. Recently,
turbocharged engines are the technology of choice in vehicles, due to their good efficiency, fast
time response, affordable cost, as well as availability of production and logistic processes.
These engines continue to play an important role as a prime mover for automobiles and are
expected to keep their leadership as a primary converter where around 88% of vehicles are
expected to be equipped with an ICE on the near to medium terms [IC1-IC3].
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1.2.1 Regulating the GHG emissions from vehicles
Meanwhile, governments from around the world are implementing policies to reduce fuel
consumption and climate-related emissions, as well as to improve air quality in urban areas.
For instance, the European Union (EU) adopted a roadmap for reducing greenhouse gas
emissions from the transportation sector by 60% in 2050 compared to emission levels of 1990
[IC4, IC5]. Therefore, the automotive industry needs to bundle their full innovation potential
and stringently work for the achievement of the upcoming legislative requirements.
Accordingly, the market of electric vehicle (EV) is expanding, due to the benefit of zero CO2
and pollutant tank-to-wheel emissions from these vehicles. However, EVs still suffer from
mileage limitation, expensive battery cost, additional battery weight and limited charging
infrastructure. In addition, the well-to-wheel CO2 emissions of an EV can be as poor as that of
conventional vehicles in countries with dirty electricity generation mixes [IC6].
Therefore, regulating the CO2 emissions for the whole fleet of new passenger cars (PCs) is a
key instrument to reduce emissions from road traffic. For instance, according to a recently
amended regulation, the average CO2 fleet emissions for passenger cars (PCs) in Europe must
be reduced to 95 g CO2/km by the end of 2020 and to around 70 g CO2/km in 2025 [IC7].
These numbers highlight the pressure on the automotive industry to innovate and push
technological measures within every new vehicle to achieve these challenging targets,
otherwise, penalty payments are applied [IC8].

Fig.1.4: CO2 emissions regulations in the world [IC7]
With the recent introduction of new regulations test procedures such as the WLTP and the RDE
cycles [IC9] in order to reflect the vehicle under real driving conditions, it is necessary to look
for the development of new generations of ICE and advanced powertrains. In fact, CO2
emission reduction can be achieved by either improving the powertrain efficiency or by
reducing the vehicle energy demands. Research and development targets from the literature
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shows that several technologies are identified to increase powertrain efficiency until 2025
[IC10], such as:












Engine architecture: friction reduction [IC11, IC12], lubricating system [IC13, IC14],
variable compression ratio and variable displacement [IC15-IC17], engine downsizing
[IC18, IC19]
Combustion: innovative combustion and downsizing [IC20, IC21], variable valve train
[IC20], Cylinder Deactivation [IC21-IC23], homogenous charge compression ignition
[IC24, IC25].
Electrification of drive train and auxiliary consumers, as well as working on transmission,
driving resistance and waste heat recovery (WHR) systems.
Thermodynamic advanced cycles: Atkinson-Miller thermodynamic Cycles [IC26],
Turbocharging [IC20, IC27]
Thermal management [IC28],
Hybrid powertrains including [IC29, IC30]
Electrification of auxiliary consumers [IC31-IC33]
New driving systems such as CVT and dual clutch transmission [IC34, IC35]

On the other hand, reducing the vehicle energy demand is done by improving the driving
resistances, such as reducing the tires rolling-resistance and the vehicle aerodynamic,
embedding lightweight materials in the chassis and components as well as optimizing the
thermal energy needs for passengers’ comfort. Current used thermal comfort technologies could
dramatically increase the vehicle consumption under certain weather conditions [IC36].
1.2.2 ICE’s fuel consumption savings potential
However, despite these innovations and technological developments on ICE, the potential of
fuel consumption savings of ICE based powertrain is limited by the maximum theoretical
efficiency of its thermodynamic cycle. The machine itself presents exergy losses [IC37, ICE38]
and its efficiency is far from Carnot maximum theoretical efficiency. Therefore, the ICE has
been the target of much controversy in regard to both its potential improvement and its possible
replacement. While some significant increase in efficiency and pollutants reductions have
recently been achieved by costly and complex technologies, substantial further improvements
will be very difficult to attain. Today, it seems rather improbable that higher efficiency and
acceptable pollution levels can ever be attained without a great deal of mechanical complexity
and cost penalties. This matter is serious enough to interest automotive constructers in
alternative propulsion systems.
Another disadvantage for the use of ICE as the vehicle prime mover, is its lack of use of multifuel, which limits it operation to some fuels, mainly liquid fuels such as gasoline and diesel
[IC39]. Therefore, ICE cannot make any advantageous use from the new solid fuel energy
vector that is gaining recent interest in the automotive industry.
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Fig.1.5: Illustration of the powertrain efficiency versus cost/complexity for ICE and other
energy converters

1.3 Investigation of the potential use of new energy converters
In this context, and in order to meet the post 2025 CO2 requirements under the ongoing trend
of hybrid electric powertrains development, it is important to investigate the potential
applicability of new energy converters as a substitute to ICEs. This imposes on these new
energy converters to meet the basic requirements imposed on prime movers in vehicle. Among
these requirements, we can list: fuel efficient operation over a duty cycle, competitive
manufacturing, affordable initial and life cycle cost, fast acceleration and time response,
compatibility with new powertrains, reduced emission and noise levels, acceptable reliability
and safety, acceptable volume and weight, cogeneration and multi-fuel capability.

Efficiency
Technology
master

Weight

NVH

Compacity
Energy
converter

Cost

Emissions

Cogeneraion

Multi-fuel

Fig.1.6: Automotive requirements for new energy converters
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1.3.1 Research questions
The study of the literature shows that there have been many attempts in the past to replace the
ICE by these energy converters. We can mention, Chrysler, Volkswagen, Fiat and Citroën
studies on gas turbines [GT1-GT4], GM, Opel and Ford investigations on Stirling machines
[ST1-ST7], and GM studies on steam vapor cycles [VM3]. So what were the obstacles against
commercialization in series production cars? Similarly, other industries have much more
efficient attractive machines such as the combined cycle gas turbine (CCGT) systems for power
generation where efficiency can reach more than 60% on specific operating points compared to
a maximum around 40% for ICE piston engines. What are the technological problematics that
prevent their use in small scales in automotive vehicles?
Today, split cycle engines (SCE) offer high efficiency and good power density, with the
advantage of many components and functional synergies with actual ICE. Also, The GT has
very favorable specific power and energy efficiency characteristics and presents a forthcoming
potential for improving modern vehicle efficiency and emissions with the benefit of fuel-use
flexibility when compared to ICEVs. Furthermore, with the development of series hybrid
architectures, which combines a thermal and an electric powertrain in a series energy flow
arrangement, the GT operating point is easily controllable to operate on the best efficiency. On
the other hand, external-combustion (EC) engines have received much recent attention because
of their very low pollution characteristics among them, Stirling and Ericsson engines. Besides
their very low pollution level, these engines are very quiet and have multi-fuel capability and
good efficiency. Also the external combustion steam Vapor Cycle machines engine has, despite
its limited efficiency, high specific power, and a multi-fuel capability. Finally, the Fuel cell
systems today offer high efficiency despite the fact that they have limited specific power.
In order to highlight the advantages and drawbacks of different energy converters for vehicle
powertrains, and to respond to the interrogated questions above, this chapter presents an
overview on different energy converters as prime movers for automotive applications.
1.3.2 Review approach adopted in the manuscript
The approach adopted in this study is presented in figure 1.7 below. A bibliographical study is
conducted first for each of the investigated energy converters in order to identify the best
practices of use of these converters in automotive applications. Then, a design analysis is
performed in order to understand the operating principle of the energy converter as well as the
key design points and parameters is performed. The third step consists of a technical assessment
of these converters, using quantitative and qualitative performance criteria. Among the
quantitative criteria, we can mention the efficiency, the net specific work, the weight to power
ratio and the size to power ratio. Among the qualitative criteria, the reliability, the maintenance
aspects, the environmental impact, the noise and the technology master in automotive and no
automotive industry are stand out. Finally, results are synthesized while considering the fuel
use capability, the powertrain configuration compatibility including conventional, parallel
hybrid and series hybrid as well as other automotive criteria and technical recommendation are
proposed.
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Fig.1.7: Approach of the study
Table 1.1: Internal Combustion Engine (ICE) for automotive powertrain applications
Characteristics
Efficiency range
Power to weight ratio
Power to size ratio
Fuel
Combustion process
Working fluid
Emissions
Complexity/size
NVH
Controllability
Maintainability
Reliability
Safety
Powertrain compatibility
Cogeneration capability
Technical maturity

Value and Description
35 to 38% (Gasoline engines)
38 to 42% (Diesel engines)
400-600 W/kg (atmospheric)
800-1200 W/kg turbocharger
300 – 750 W/L
Liquid and gaseous conventional fuels (Gasoline, Gasoil, Ethanol,
Natural gas…)
Internal Combustion
Air
Norm Euro 6 after-treatment emissions
Moderate to high complexity integration - acceptable size
Moderate noise and vibration aspects
Mastered controllability aspect
Good maintainability
High reliability – validated for more than 180.000 km driving distance
High safety level
All powertrain architectures
Ensure hot thermal need for vehicle cabin heating
High technical maturity – Commercialized on automotive applications
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1.4 Internal combustion engines
1.4.1 Split Cycle Engine
1.4.1.1 Literature review and performance assessment
The Split Cycle Engine (SCE) is an internal combustion engine based on the piston-connecting
rod architecture where the intake and compression strokes are performed in one cylinder and
the power/expansion and exhaust strokes in a second cylinder, as illustrated in figure 1.8. The
compression and power cylinders are connected through a cross over passage that transport the
compressed air into the power cylinder.
The SCE operates similar to two-stroke engines. It produces one power stroke for every
revolution of the crankshaft. Therefore, the net power-to-weight ratio and the net power-to-size
ratio are comparable to actual ICE [SC2].
Splitting between the engine strokes offers advantageous design flexibility compared to
conventional ICE [SC3]. In fact, one of the advantages of performing the compression and the
expansion in two different cylinders, is the possibility of increasing the power stroke cylinder
volume and downsizing the compression cylinder [SC4], performing therefore more easily the
Miller thermodynamic cycle. This concept offers also the advantage of optimizing the thermal
management of each cylinder: A cooler compression to reduce the compression work and a
hotter expansion to maximize the expansion work [SC5, SC6]. Note also the possibility to adapt
the kinematic motion of each piston and the displacement as for an Atkinson ICE.
The thermodynamic operation of this concept is based on the Ericsson cycle when the
compression and expansion strokes are isothermal, and it is based on the Joule thermodynamic
cycle when these strokes are adiabatic, which makes the SCE gain advantage in terms of
efficiency when compared to Otto, Diesel, Dual or Atkinson-Miller thermodynamic cycles
actually performed on piston ICE.

Fig.1.8: Split cycle engine concept [SCE1]

Fig.1.9: Turbocharged Scuderi SCE concept
with air storage tank [SCE23]
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The split cycle concept preceded the Otto and Diesel engines, and dates back to 1891 when it
was invented and produced for the first time by Backus Water Motor Company [SC7].
The power range of the first produced engines varied between 1/2 and 3 horsepower, with
potential power increase up to 25 horsepower [SC8]. Several studies trace further developments
on this concept back to 1910 [SC9], where different architectures and thermodynamic
configurations were investigated [SC10-SC12].
Despite the several advantages of the SCE, the review of the literature attributed some
drawbacks to this concept. Patil et al. [SC1] highlighted the poor SCE breathing as compared
to the ICE, caused by the high-pressure gas trapped in the compression cylinder, which should
have been re-expanded before another intake stroke occurs in the compression cylinder. This
drawback leads to poor volumetric efficiency, which reduces the engine’s capacity to pump air
and presents potential work losses. Another drawback underlined by the authors is the low
thermal efficiency of the SCE caused by firing the air fuel mixture before the piston reaches its
top dead center. In fact, when the compressed air trapped in the crossover passage expands into
the power cylinder while the power piston is in its upward stroke, the work done on the air in
the compression cylinder is lost, and the engine performs the compression work twice leading
to low thermal efficiency [SC1].
Additional technical difficulties must be addressed while operating the SCE. Scuderi company
[SC13] showed that the valves timing has to be adapted for each engine operating point in order
to maximize the corresponding volumetric efficiency. Scuderi reported that the cylinder head,
the liner and the expansion piston temperatures have to be controlled in order to avoid the
breakdown of the lubricating oil film and the risk of thermo-mechanical failure of these
components. In fact, the cold air during the intake stroke never enters into the power cylinder
to cool it down, as the case in conventional ICE; consequently, the average temperature in the
power cylinder exceeds the melting temperature of the components material, in particular the
cylinder head if made out of aluminum.
In addition to the mentioned control difficulties, extensive validation test procedures are
required to ensure the reliability of SCE, since it was not fairly explored in commercial
application yet. Therefore, the literature presents gaps in terms of information on the
maintenance routine and the reliability of this machine.
1.4.1.2 State-of-the-art of split cycle engines in automotive powertrain applications
Although the SCE was not sufficiently explored in commercial applications, numerous studies
have proposed the SCE as a substitute to the conventional ICE in automotive powertrain
applications.
The Scuderi Group has extensively explored the use of SCE in powertrains. It presented in
[SC1, SC14-SC16] an SCE model with high compression ratio ranging between 75:1 and 100:1.
Gaikwad et al. present in [SC17] a detailed description of the operation and the thermodynamic
processes of the Scuderi SCE. Several advancements are made to the proposed model compared
to the theoretical SCE thermodynamic cycle presented in the previous section, such as firing
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the air-fuel mixture after the top dead center, improving the design of the crossover passage
valve, and increasing the turbulence in the power cylinder. These advancements resulted in an
enhanced volumetric efficiency and thermal efficiency of the engine.
Numeral studies were later presented in the literature assessing the performance of the Scuderi
SCE using CFD modeling and simulation. Patil et al. [SC1] compared the performance between
a Scuderi SCE and a conventional spark ignition ICE of approximately same volume and for
same amount of charge. The Scuderi SCE showed 5% improved indicative thermal efficiency
and higher torque at low engine speed, which provided the SCE, 15 to 20% additional power
compared to the reference conventional SI engine [SC1]. Scuderi Group explained in their
patent [SC14] that the compression and expansion ratios, the top-dead-center pistons phasing,
the crossover valve duration and the combustion duration are the key variables affecting the
SCE performance and efficiency. Moreover, Scuderi revealed in later publications on methods
to improve the part load efficiency of SCE [SC18, SC19]. Other such as Lam et al. proposed
also in their study [SC20] a double compression expansion engine concept in order to further
improve the SCE efficiency and its net specific power.
Scuderi in [SC21-SC25] also investigated other SCE configurations, namely an air hybrid SCE
concept and a Miller turbocharged SCE cycle with air storage tank, illustrated in figure 1.9.
SwRI simulations show in [SC26] that the Scuderi SCE consumes 25% less fuel than a
comparable conventional ICE, and up to 36% with the hybrid configuration. The turbocharged
SCE configuration allows decreasing the brake specific fuel consumption by 14% and
increasing the brake mean effective pressure by 140% compared to the regular Scuderi SCE. In
that case, the engine has been downsized by 29% thanks to adding a turbocharger, and it was
capable of delivering a specific power of 135 hp/liter at 6,000 rpm. In addition to the
consumption and performance improvements, the Scuderi SCE concept proved in [SC27] to
reduce the NOx emissions by 80% as compared to an equivalent conventional ICE.
Dong et al. performed a thermodynamic analysis on split cycle with internal heat exchanger
recuperator to recover the waste heat at the outlet of the expansion cylinder [SC28]. The authors
propose a method to decrease the compression work through the injection of a controlled
quantity of water in the compression cylinder, lowering therefore the gas temperature during
compression. The detailed cycle simulation indicates up to 32% efficiency improvement
compared to conventional diesel engine.
Several studies in the literature investigated the combustion process of SCE. Cameron et al.
showed in their study [SC29] that the main combustion duration is very rapid for all tested
conditions despite the late combustion phasing. This has the advantage of reducing the NOx
during rapid expansion as well as reducing the detonation tendency compared to conventional
spark ignition controlled combustion [SC22]. Caterpillar showed that Diesel SCE could be
favorable to control diesel HCCI combustion and to limit the NOx emissions [SC30, SC31].
Tour Engine is developing an opposed split cycle engine [SC32-SC35], by coupling the two
opposing cylinders of two GVX50 Honda engines with a single crossover valve which allows
minimal dead space and superior thermal management. Motiv Engines presents similar SCE
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configuration in [SC36], where 20% increase in efficiency are announced as compared to
modern diesel engines. The engine achieves a high compression ratio of 56:1 leading to 30 MPa
peak pressure.
Despite the numerous presented concepts of SCE, none reached the mass-production phase yet
on passenger cars. The only commercially available SCE is the Ricardo split cycle isothermal
compression engine with water injection and internal heat recovery developed with RWE
Innogy [SC37-SC39], illustrated in figure 1.10. This model is available with a wide power range
between 1 MW and 30 MW, it uses water injection during the compression stroke to achieve
isothermal compression and higher efficiency of around 56%. It is currently mainly dedicated
for heavy-duty applications, marine applications and power generation. An improved version
of this model was presented in [SC5], substituting the water injection during compression by
liquid nitrogen. A pilot simulation of this concept has predicted a thermal efficiency of 60%
[SC6, SC40].

Fig.1.10: Ricardo split cycle isothermal compression engine with water injection and
internal heat recovery. [SC38]
1.4.1.3 Synthesis on split cycle engine
Due to the high efficiency and the expertise of manufacturing piston reciprocating engines in
the automotive industry, the SCE presents a potential energy converter for the next generation
powertrains in order to meet the future CO2 and emissions regulation targets. This pistoncylinder-based machine offers higher efficiency, lower emissions and comparable power
density to the conventional ICE. Moreover, it is compatible with liquid and gas fuels, and
adaptable to conventional and electrified powertrains. In addition, alike ICE, the SCE is a
cogeneration machine capable of covering the cabin thermal needs through the engine cooling
system. Therefore, this type of piston-based engine with quasi-identical conventional
architecture can limit the investment costs while relying on the acquired expertise for the engine
development and validation. However, some technical issues such as the material resistance in
the power cylinder and the valves controllability as well as additional validation tests under
variable load driving conditions have to be overcame in order to ensure the machine’s
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reliability. Table 1.2 summarizes the advantages and drawback of SCE observed in the literature
and table 1.3 synthesized the performance assessment.
Table 1.2. Advantages and drawbacks of the split cycle engine.
Advantages





Drawbacks











Engine design flexibility
Compatibility with existing engine equipment namely turbochargers and waste
heat recovery systems
Higher torque at low engine speed and higher power performance compared to
the basic ICE architecture
Higher volumetric, thermal and overall efficiencies
Reduced piston-cylinder friction by offsetting the cylinders
NOx emission reduction
Compatibility with all ICE fuels
Still under research investigation, none of the powertrain applications reached
the mass production level yet
May require expansive material compared to conventional four stroke ICE, in
order to resist to the high temperature in the power cylinder
Require valve controllability for different operating points
More expensive than conventional ICE due to the higher number of cylinders
since two cylinders are required to complete the four strokes
May increases the engine cost

Table 1.3. Summary of split cycle engine performance criteria.
Characteristics

Value and Description

40 – 43% without regenerator [SC1]
Up to 45% with regenerator and more than 50% with regenerator and
Efficiency range
isothermal compression [SC38, SC41]
similar performance compared to ICE or 20% higher [SC26]
Net specific power
250 – 900 W/kg(*)
Power to weight ratio
275 – 650 W/L(*)
Power to size ratio
Same as ICE fuels
Fuel
Combustion process
Internal Combustion
Air
Working fluid
Reduced emissions compared to ICE [SC27]
Emissions
Moderate to high complexity integration, comparable to ICE size
Complexity/size
Moderate noise and vibration aspects
Noise and vibration
Complex controllability for transient operation
Controllability
Still under investigation
Maintainability
Still under investigation
Reliability
High safety level – same architecture components such ICE
Safety
Powertrain compatibility
Compatible with conventional and electrified powertrain architectures
Cogeneration capability
Ensure hot thermal need for vehicle cabin heating
Medium technical maturity in automotive industry, still in R&D phase
Technical maturity
*Based on ICE data and considering the additional weight and volume of components such as crossover
and regenerator heat exchanger
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1.4.2 Gas turbine
1.4.2.1 Literature review and performance assessment
Gas turbine (GT) energy converters are thermodynamic turbomachines that convert the thermal
energy of the working fluid into useful mechanical energy, and generate torque on the turbine
shaft.
The simple GT configuration operates according to the Brayton cycle [GT5], as illustrated in
figure 1.11. It is composed of an upstream compressor coupled to a downstream turbine. The
compressor increases the air pressure, before heat is added, either internally through a
combustion chamber or externally through a heat exchanger in the case of an externally fired
gas turbine [GT6]. The high temperature pressurized gases then expand in the turbine and
produce a mechanical work that could be used in multipurpose operations, namely driving an
electric generator to produce electricity [GT7, GT8], or propelling a blade for marine
transportation [GT9, GT10], or producing thrust in aeronautical applications [GT11], or
propelling a vehicle [GT1, GT12]. Gas turbine cycle can also be of open cycle type or closed
cycle type. The open cycle internal combustion is the most common one, in which the
combustion products are rejected to the ambient surrounding, whereas the closed cycle uses a
heat exchanger to reject the heat to the ambient surrounding [GT13].

Fig.1.11: Simple Gas Turbine system configuration.
John Barber patented the first turbine system configuration in 1791 [GT14]. In 1903, Aegidus
Elling built the first successful simple gas turbine system, using a six-stage radial compressor
and a single-stage radial turbine, with a maximum turbine inlet temperature (TIT) of 400°C and
a net output power of 8 kW [GT15, GT16]. In 1905, Stolze [GT17] installed the first ten axial
compressor stages and fifteen axial turbine stages GT at Berlin-Weissensee power station
[GT18, GT19]. His machine delivered a net power output of approximately 150 kW. During
the same year, Hans Holzwart [GT20] introduced the constant-volume combustion chamber
turbine. In 1906, Charles Lemale and Rene Armengaud developed a 400 horsepower GT
designed by August Rateau with twenty-five stage centrifugal compressor, an intercooler and
two-stage impulse design axial turbine [GT14]. The world first successfully commercial GT
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system generating electric power was developed by BBC, and went into market first in
Switzerland [GT21]. This GT system consisted of twenty-three stage axial compressor and a
seven-stage axial turbine. It reached a TIT of 550°C and a compression ratio of 4.4, and it
delivered 4000 kW net mechanical power and achieved an overall efficiency of 17.4%, with
compressor and turbine overall efficiency of 85% and 88% respectively.
Since early developments in the gas turbine technology, the struggle was to achieve higher
cycle efficiencies. The design efficiency of GT is mainly controlled by the operating
temperatures of the cycle and the efficiency of the components [GT22, GT23]. Therefore,
considerable efforts were devoted to increase the TIT from 788°C in the 1960’s [GT24], to
1260°C in the 1990’s and up to more than 1650°C nowadays [GT25-GT33]. These
improvements are based on the development of high strength materials, high temperature
coatings and improved blade-cooling methods, blade designs and aerodynamics.
Numerous studies in the literature explore the developments made to the other constituting
components of the GT system. Whittle, Cheshire and Eckardt et al. presented respectively in
[GT19, GT34, GT35] the early developments made to the two main compressor types used in
GT systems: (1) the axial flow compressor and (2) the centrifugal compressor. Each type is
used in a different application depending on the required specifications such as the frontal area,
the weight, the efficiency and the cost [GT36]. Alike the compressor, there are two basic types
of turbines, the radial flow type and the axial flow type. The radial turbine is more compact and
can handle efficiently low mass flow rates [GT8], but it is normally less efficient than the axial
flow turbine [GT37]. Therefore, it is used as aircrafts auxiliary power units [GT38] and for
supercharged ICE [GT39]. Cohen et al. and Nagpurwala set up in [GT8] and [GT40] the main
requirements for the design of the combustion chamber: high combustion efficiency, high
reliability, low costs and no visible smoke. Several studies highlighted the different techniques
considered nowadays to cope with nitrogen oxides emissions from combustion chambers, such
as using the water or steam injection technique [GT41, GT42], the selective catalytic reduction,
the SCONOX catalytic absorption system or the dry low NOx (DLE) technology [GT8, GT43GT45]. Reduction of pressure loss in combustion chambers [GT47-GT49] and heat exchangers
namely the regenerator [GT50] was also a major concern tackled in the literature, as it strongly
affects the GT system efficiency [GT51]. Recent heat exchangers effectiveness exceeds 90%
with a pressure drop less than 5% [GT49]. Rotary ceramic-matrix regenerators achieve heat
transfer effectiveness between 93% and 98% with leakage below 4.5% and pressure-drop per
stream between 1.8% and 5.4% [GT52, GT53]. Pathiranthna, Nada and Shah et al. [GT54GT56] highlighted other pressure drop concerns in the GT system, mainly at the compressor
inlet and the turbine outlet.
Beside the developments made to the components and their material, advanced gas turbine
thermodynamic cycles have been examined [GT50, GT52], and several GT-system
thermodynamic configurations are explored in the literature, as summarized in table 1.4.
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Table 1.4: Synthesis on the different GT-system configurations explored in the literature.
GT system thermodynamic
configuration

Insights

Combined GT cycle
[GT58-GT64]
GT with recuperator
[GT7, GT65]
GT with intercooling
[GT65-GT69]
Reheat GT cycle
[GT19, GT70]
Intercooled recuperated GT
[GT22, GT71]
Intercooled recuperated reheat GT
[GT11, GT72]
Isothermal expansion GT
[GT73]
Steam Injected Gas Turbine cycle
(SIGT) [GT74-GT76]
Chemically Recuperated Gas
Turbine (CRGT) [GT77-GT80]

Combining a gas turbine cycle to steam Rankine cycle in order
to achieve high efficiency and high power density.
Increasing the efficiency by recovering thermal waste heat at
turbine outlet at the expense of the net specific work
Increasing the net specific work by reducing the compression
work through an intercooled compression
Increasing the net specific work by performing a turbine reheat
cycle
Increasing the cycle efficiency by increasing the net specific
work and by recovering heat lost at turbine outlet
Increasing the cycle efficiency and the net specific work by
both technics described above
High net specific work and efficiency by achieving an
isothermal expansion through a combustion inside the turbine
Combined GT cycle where water is injected in various
locations to increase the efficiency and the net specific work
Exhaust heat is recovered in a Heat Recovery Steam Generator
(HRSG) in which the super-heater section is replaced by a
Methane Steam Reformer (MSR)
Use high pressure gasified to turn coal and other carbon based
fuels into gas
Water is injected downstream the compressor (EGT) and at
other locations (HAT, CHAT) in order to cool the air upstream
the regenerator. The addition of water increases the turbine
mass flow and power output, and reduces the temperature drop
which increase the regenerator effectiveness
High efficiency (of more than 70%) can be achieved by
combining the GT to the SOFC

Advanced Integrated Gasification
Combined Cycle (IGCC) [GT81]
Evaporative GT (EGT) [GT82],
Humid Air Turbine (HAT)
[GT83] and Cascaded Humidified
Advanced Turbine (CHAT)
[GT84]
Gas turbine coupled to SOFC
[GT85, GT86]

1.4.2.2 State-of-the-art of gas turbine systems in automotive powertrain applications
Many attempts to substitute the conventional ICE in passenger vehicles with GT are explored
in the literature [GT8, GT17, GT87]. Chrysler presented in the 1950’s the first regenerative GT
prime mover powertrain configuration [GT1], with radial compressor, illustrated in figure 1.12.
Many improvements have followed in the subsequent generations of the concept, aiming mainly
at improving the compressor and turbine efficiency, increasing the TIT and the regenerator
effectiveness, development of new materials, variable geometry at the turbine nozzle and
variable geometry compressor, water injection, material cost, leakage seals, production process.
GM, Fiat and Volkswagen introduced in the 1950’s the GM Firebird prototype, the Fiat Turbina
(200 hp GT [GT88]) and the SquareBack VW (75 hp GT [GT2]). Additional prototypes were
developed for racing vehicles, such as the Rover-BRM [GT5] and the Lotus 600 hp GT
Formula1 [GT-89]; and other prototypes for heavy trucks such as the Chevrolet Turbo Titan III
[GT90] and the GMC Astro Gas Turbine truck [GT91].
All these GT vehicle models showed poor acceleration response and higher fuel consumption
compared to internal combustion engine vehicles (ICEV). These drawbacks where mainly due
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to operating the GT at high speed even at idle conditions, in addition to mechanically coupling
the turbine to the vehicle driving load, which resulted in a low efficiency operating range of the
GT-system. Despite the many technological advancements and improvements made on GTs,
the acceleration lag and the poor fuel efficiency were still the main reasons hindering their
deployment in conventional powertrains.

Fig.1.12: Chrysler regenerative gas turbine system for passenger vehicles [GT1].
A review of recent research and development programs of automotive manufacturers revealed
new interests in GT for automotive applications, demonstrated in several vehicle concept cars.
In 1995, Volvo presented its Environmental Concept Car (ECC) with GT as main energy
converter, based on the Volvo 850 serial model [GT92]. In 1997, PSA investigated the GT on
the Peugeot 406 with series hybrid electric powertrain architecture [GT4]. In 1998, GM
introduced the EV-1 series hybrid vehicle that was adaptable to use either an ICE or a 40 kW
GT as range extender driving a generator to recharge the batteries [GT93]. In 2006, GM
presented the Ecojet Concept Car using a helicopter GT generating 650 hp maximum power
and 790 Nm torque [GT3] and in 2009, Jaguar presented the C-X75 concept car that uses a pair
of twin-shaft Capstone CTM-380 GT as range extender [GT94]. In the same year, ETV Motors
investigated the potential of GT on a Toyota Prius, equipped with a micro GT, operating as a
Range Extender [GT95]. In 2012, Pininfarina announces the development of a super Car
equipped with a Diesel GT as a range extender [GT96]. The GT system is expected to extend
the vehicle autonomy by 600 km, originally designed for 200 km all electric range. The vehicle
will not require NOx after-treatment system since emissions will not exceed 0.05 g/km, which
makes the vehicle pass the Euro 6 standards. Similar conclusion was derived by a study at the
University of Rome, showing that GT emissions at optimal efficiency operation meet the Euro
6 emissions levels for CO, NOx and soot without the use of after-treatment systems [GT97].
TechRules announced the development of similar series-hybrid range-extender powertrain
configuration for its high performance sports car [GT98], using a 96,000 RPM turbine mounted
on air bearings with pneumatic positioning. The vehicle autonomy is expected to reach 1850
km with an average consumption of 4.8 L/100 km. The main drive behind developing serieshybrid range-extender configurations by all manufacturer for their GT systems was explained
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by a study at Chalmers University of Technology, which highlighted the improved efficiency
by operating GT at optimal efficiency point compared to an ICE [GT12], in addition to all the
benefits derived from using an electric machine for the propulsion.
GT applications were also observed in heavy-duty prototypes. Volvo developed in 1990’s both
the Environmental Concept Truck (ECT) and the Environmental Concept Bus (ECB), two
prototypes with hybrid propulsion system coupled to GT [GT99]. Wrightspeed unveiled the
Fulcrum GT, a 80 kW two-stage compression regenerative GT [GT100], with a power to weight
ratio of 750W/kg. It operates as range extender on electric powertrain truck. Walmart
showcased the Walmart Advanced Vehicle Experience (WAVE), a range extender series hybrid
tractor-trailer prototype, with a multi fuel capability Capstone GT [GT101].
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Fig.1.13: GT net power as function of the GT system weight for different GTs.
1.4.2.3 Synthesis on gas turbine systems
Different manufacturers explored the potential integration of GT in conventional powertrains
since the 50’s as a substitute to the ICE. The poor vehicle acceleration response and the high
fuel consumption compared to ICE vehicles were among the main drawbacks, which prevented
their commercialization.
Recent literature reflected a revived interest in GT application, in particular on series-hybrid
electric vehicles, which combine the GT to an electric powertrain in a series energy-flow
arrangement. Since the GT operation is cinematically decoupled from the vehicle speed, the
operating point is easily controllable to run on the GT best efficiency point, which enhance the
overall vehicle efficiency. The GT-system offers in addition other intrinsic benefits for vehicle
powertrains such as the reduced number of moving parts, the vibration-free operation, the high
durability and the absence of cooling and emissions after-treatment systems. All these benefits
combined makes the GT a forthcoming potential for improving modern vehicle efficiency and
emissions, with the benefit of fuel-use flexibility when compared to ICEVs. In addition, GT is
a cogeneration machine, capable of covering the cabin thermal needs.
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Table 1.5 summarizes the advantages and drawback of GT systems observed in the literature
and table 1.6 synthesized the performance assessment.
Table 1.5: Advantages and drawbacks of the gas turbine system.
Advantages

Drawbacks
















Multi-fuel capability
High efficiency at optimal operating load
Low emission of CO, NOx and particulate compared to ICE
Less number of moving part compared to ICE
Low maintenance cost and high durability
No need for cooling system as in ICE
Free vibration operation due to the absence of reciprocating components
Good cold start behavior
Improved power-to-weight ratio compared to ICE
No need for muffler when regenerator is used
Low efficiency under partial load operation, where partial load consists a
considerable fraction of the driving pattern in automotive application
Acceleration lag challenges in conventional powertrain architecture
High rotational speed even at idle conditions: high consumption at idle
High impact of turbine downstream pressure on GT efficiency

Table 1.6: Summary of gas turbine systems performance criteria.
Characteristics

Value and Description
20 – 30% simple GT

Efficiency range

40 – 42% regenerative Intercooled GT
45 – 52% advanced GT

Power to weight ratio

450 – 1400 W/kg

Power to size ratio

225 – 900 W/L

Fuel

Liquid and gas fuels (gasoline, gasoil, ethanol, natural gas etc.)

Combustion process

Internal Combustion

Working fluid

Air

Emissions

Reduced emissions at source compared to ICE

Complexity/size

Low complexity integration

Noise and vibration

Low noise and vibration aspects

Controllability

Complex controllability for transient operation

Maintainability

Good maintainability aspect

Reliability

High reliability

Safety

High safety level

Powertrain compatibility

More suited for series and range extender powertrain architectures

Cogeneration capability

Ensure hot thermal need for vehicle cabin heating

Technical maturity

Good technical maturity for industrial applications, lacks maturity in
automotive applications
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1.5

External combustion engines

1.1.1 Stirling Engine
1.1.1.1 Literature review and performance assessment
Stirling engines are among air engines invented in the first half of the 19th century. The first
machine was patented and built by Robert Stirling in 1816 (figure 1.14) in order to propose a
better alternative for mechanical energy production than steam engines at the time, where many
accidents with steam boiler occurred due to deficiency in material strength [ST1, ST2]. Stirling
engine is an external combustion reversible machine, using a gas working fluid and mainly
known for its “Regenerator” (a thermal energy storage device) [ST9].
Stirling engine is a multi-service machine which can produce work, heat and cold [ST10, ST11].
It also involves several engineering disciplines such as thermodynamics, heat transfer,
metallurgy, fluid mechanics, mechanical structure, cinematic and dynamic of motions [ST4,
ST11-ST12]. It is used today in many different industries and applications such as solar
machines [ST14–ST20], submarine [ST21, ST22], residential use as micro-cogeneration
[ST23-ST26], biomass applications [ST27, ST28], cold production [ST29], waste heat recovery
system [ST30] and even investigated as range extender for electric vehicles [ST31].

Fig.1.14: Draft of the Robert Stirling’s engine patent, 1816 [ST8].
The Stirling machine’s efficiency is directly affected by some physical operating parameters
and by the thermodynamic system configurations, namely the temperature of the hot and cold
energy sources, the heat exchangers design (geometry, size and material), the regenerator
design (thermal conductivity, thermal inertia, architecture, mass, porosity and pressure drop),
the engine architecture (pistons kinematic, law of volume, compression ratio, among others),
the working fluid characteristics (heat capacity, diffusivity, density and viscosity) and the
engine mechanical friction losses [ST32].
Material alloys are also among key factors to achieve high efficiency [ST33, ST34]. In fact,
like all thermodynamic machines, Stirling engine efficiency increases by increasing the hot
source temperature and by reducing the cold source temperature [ST35-ST39]. The limitation
of maximum temperature is set up to prevent thermo-mechanical stress failure, mainly on the
hot head component [ST40].
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The regenerator plays an essential role in improving the efficiency by recovering internally part
of the wasted energy and therefore reducing the thermal energy added to the cycle [ST41ST43]. However, a high performance regenerator is subject to many criteria such as the thermal
insulation in the axial direction, capability to operate at high temperature, low dead volume and
low pressure drop [ST44]. Nonetheless, its design and size must be a compromise because it
increases the dead volume which reduces the maximum cycle pressure and consequently the
Stirling machine efficiency.
Another important point when considering the Stirling machine efficiency is the confined
pressurized working fluid gas used. NASA demonstrated in [ST4] that the best efficiency can
be achieved using Hydrogen as working fluid, followed by Helium, Argon and Nitrogen. Same
results were shown by Finkelstein et al [ST45]. In fact, the highest efficiency is achieved with
isothermal compression and expansion, which require quick heat diffusion, high thermal
conductivity and low density working fluid. Low density and low dynamic viscosity are also
required to decrease the viscous friction and to achieve higher rotational speed [ST2, ST46].
As for the engine architecture, Stirling machine can be found in many configurations: simple
acting machines, double effects machines, double parallel crankshaft, and swash plate [ST47]
among others. Simple acting machines can be devised in 3 types: The alpha type (α-type) where
pistons are separated in two cylinders, the beta-type (β-type) where the displacer and the power
piston are incorporated in the same cylinder and the gamma-type (γ-type) using two separate
cylinders, one for the displacer and the other for the power piston [ST2, ST48]. The advantages
of each configuration in term of efficiency, engine size, dead space, maintenance, power
density, sealing system and others criteria have been assessed in the literature [ST49].
Finally, several Stirling-system options can be considered, combining a basic Stirling machine
to a combustion chamber preheater or a heat recovery multi-stage Stirling in serial configuration
for example [ST50]. The review of literature showed that several system configurations have
been studied and performance were analyzed in many applications as described above [ST51ST54]. Table 1.7 presents a summary on the related main developments and specifications.
Table 1.7: Synthesis on the different Stirling engine configurations explored in the literature.
Stirling engines development [ST29, ST55]
Engine
4-95 [ST56]
Upgraded ModI [ST57]
ModII [ST57]
4-275R [ST58]
NS03M [ST59, ST60]
NS03T [ST61]
NS30A [ST62, ST63]
NS30S [ST64]
V160F [ST65]
STM4-120 [ST66, ST67]
SE20H [ST68]

Engine Type

Working
fluid

Double-acting
Double acting
Double acting
Double acting
Displacer crank
2 piston crank
swash plate
2-crank (U4)
2 piston crank
Swash plate
Double-acting

H2, He
H2, He
H2, He
H2, He
He
He
He
He
H2, He
H2, He
H2, He

Max
pressure
(Mpa)
15
15
15
15
6.2
6.4
14.7
15.5
15
11
8

Heater
Wall T
(K)
993
1043
1093
1033
1059
1080
1017
1220
1023
1023
1073

Max Power
(kW)
43@4000
56.5@4000
58@4000
85@2200
3.81@1400
4.14@1300
30.4@1500
45.6@1800
15@2400
24.5@1800
30@1600

Max
Efficiency
(%@RPM)
34@2000
35@1700
38@1500
38@1200
35.9
32.6
37.5
37.2
30@1000
45.5/1800
32.3@750
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1.1.1.2 State-of-the-art of Stirling engines in automotive powertrain applications
Stirling machines for automotive applications in conventional powertrains have been largely
investigated over years as the main energy converter instead of conventional internal
combustion engines (ICE) [ST57, ST69-ST71]. The improved efficiency of this machine
compared to ICE has attracted automotive constructers to develop many prototypes in the
1970’s and 1980’s [ST72, ST73]. In addition to its efficiency advantage, the Stirling engine
offers other intrinsic benefits for vehicle powertrains such as silent operation, low vibration
[ST71], simplicity in operation, absence of valves, and multi-fuel use capability [ST74, ST75].
Due to the large efforts invested by Philips in reducing the Stirling engine size per unit power
by 125%, increasing the power per kilogram by 50% and improving the efficiency by 15%
[ST8, ST76-ST78], the Stirling engine found its way to the automotive industry. Among the
developments done for passenger vehicle applications, we can list the 4-98 and the 4-215 Ford
engines [ST73, ST79], the P-40 engine produced by United Stirling Company, which was
subject to several modifications and adapted later to applications other than automotive [ST69,
ST80], the MODI [ST81, ST82], the upgraded MODI, the MODII [ST83, ST84] and the GPU3 GM engine [ST72, ST85], which was adapted later for non-automotive applications [ST86].
Note that the MODI and MODII engines consist of a family of improved engines based on the
P-40 USAB Stirling machine. MODI improvements consisted mainly on weight reduction and
increasing the operation temperature from 720°C to 820°C [ST87]. The MODII, illustrated in
figure 1.15, provided additional weight and size reduction by 40%, a 30% fuel economy [ST84]
and a design with competitive manufacturing cost compared to gasoline and Diesel ICE at the
time, in addition to the multi-fuel use ability [ST57, ST84].

(a) P40 Stirling engine

(b) MODII stirling engine

Fig. 1.15: Automotive Stirling engines
Early Stirling vehicle models in the 70’s and 80’s on conventional powertrains showed better
consumption and acceleration performance compared to ICE vehicles (ICEV). This was mainly
due to the higher thermal efficiency of Stirling engines, and their high torque capabilities at low
engine speed [ST57, ST83]. Among the vehicle prototypes, we can list the Ford Torino [ST88,
ST89] equipped with the 4-215 DA Stirling engine, the Ford Pinto and the Ford Taunus, both
equipped with the V4X31 engine [ST90] and the Chevrolet celebrity powered by the MODII
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Stirling engine [ST84, ST91]. Note also that hybrid prototypes were also proposed such as the
Stir-Lec, a series hybrid electric vehicle prototype based on the Opel Kadett and equipped with
the P-40 Stirling engine for recharging the lead-acid batteries.
Another important advantage observed on Stirling engine vehicles is their low level of
emissions [ST92-ST95]. The NASA demonstrated in [ST57] that the MODII engine shows
better emissions of CO, NOx and soot as compared to petrol ICE at the time, due to the
continuous combustion process.
1.1.1.3 Synthesis on Stirling engines

Power (kW)

Different manufacturers have investigated the integration of Stirling engines in conventional
powertrains over years in an attempt to cope with consumption and emissions reductions from
vehicles. Early Stirling models for conventional powertrain vehicles showed adequate vehicle
acceleration performance and improved fuel consumption compared to internal combustion
engine vehicles (ICEV). However, despite the advantages and the many technological
advancements made to the Stirling machine in terms of improving power to weight and size as
illustrated in figures 1.16 and 1.17 [ST57, ST82, ST84], many reasons hindered their
deployment in conventional powertrains. We can list: the leakage problematics, the higher cost
compared to the ICE at time and the complex control during transient load [ST36-ST39, ST57].
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Fig. 1.16: Stirling engines power (kW) versus weight (kg).
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Fig. 1.17: Stirling engines power (kW) versus engine size (L).
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Nowadays, the continuous technological advancement on magnetic coupling systems to
completely seal the engine and avoid any working fluid leakages, in addition to the rising
interest in using biofuels and reducing CO2 from vehicles, revived the interest in this machine.
This is in particular for hybrid vehicle applications that require a quasi-steady engine operation,
namely series and series-parallel hybrid powertrain configurations. This can reduce the engine
control complexity, as the engine will operate on its optimal efficiency operating line.
Table 1.8 summarizes the advantages and drawback of Stirling engines observed in the
literature and table 1.9 synthesized the performance assessment.
Table 1.8: Advantages and drawbacks of the Stirling machine.
Advantages

Drawbacks

















Multi-fuel capability
High torque at low engine speed
Good thermal efficiency
No need for intake and exhaust valves
Low vibration and noise levels
Reliability of mechanical components
Low pollutant emissions due to the continuous combustion
Good technological maturity
Acceptable weight to power and size to power ratio
Sealing challenges
Difficulty to lubricate the mobile parts particularly in the hot side of the engine
Regenerator challenges (efficiency, dead volume, integration)
Complex system to control engine load (through working fluid gas pressure)
Hydrogen storage challenges
Maximum temperature (metallurgic limitation)

Table 1.9: Summary of Stirling engine performance criteria.
Characteristics

Value and Description

Efficiency range
Power to weight ratio
Power to size ratio
Fuel
Combustion process
Working fluid
Emissions
Complexity/size
Noise and vibration
Controllability
Maintainability
Reliability
Safety
Powertrain compatibility
Technical maturity

34% to 42%
225 – 350 W/kg
225 – 350 W/L
Multi-fuel capability
External combustion
Hydrogen, Helium, Argon, Nitrogen
Controlled at source through continuous combustion and EGR
Moderate complexity integration
Low noise and vibration aspects
Complex systems for transient load behavior
Moderate challenges related to working fluid leakage
High reliability machine
Moderate to good safety level (depending on the used working fluid)
Compatible with all powertrain architectures
Good technical maturity (in particular for non-automotive applications)
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1.1.2 Vapor Cycle Machine
1.1.2.1 Literature review and performance assessment
Vapor cycle machines (VCM) also known as steam engines are external combustion engines
that operate according to Rankine or Hirn thermodynamic cycles. A simple VCM configuration
is illustrated in figure 1.18. It consists of (1) a Rankine cycle loop (RC) and (2) a combustion
chamber loop (CC). The RC-loop consists of a pump, a heat exchanger (HEX) evaporator, an
expansion machine and a condenser, whereas the CC-loop includes a combustion chamber
blower (CCB) and a combustion chamber. The CCB is used to blow the air into the CC where
the combustion takes place. The thermal heat generated is partly transferred to the RC through
the HEX, which serves at the same time as heater, boiler and super-heater to the water
circulating in the RC-loop. Then, the generated steam at the outlet of the evaporator expands in
the expansion machine and generates mechanical work.

Fig. 1.18: Simple vapor cycle machine configuration.
The cycle efficiency of steam engines depends on the system physical operating parameters,
such as the pressure, the temperature of the energy sources, the components efficiency, as well
as the thermodynamic cycle configuration [VM4-VM6]. Water is used in these engines as it is
among the best suitable working fluids for recovering heat from high temperature energy
source, as used today in power generation machines [VM7-VM8].
Several expansion machines are used, such as steam radial and axial turbines, scroll machines
[VM10], piston expander [VM11-VM16], among other types [VM17, VM18]. Three types of
steam turbines are used, the axial flow turbine [VM19] the tangential flow turbine and the radial
flow turbine. These machines present some advantages when compared to expansion machines.
First, there is no direct contact between the moving and stationary parts outside the bearings,
which means that there is no risk for lubricating oil infiltration in the working fluid. Therefore,
steam at a higher temperature can be used, which is also needed to avoid condensation and
drops impinging on the blades. The other advantage is the open volume architecture, which
requires no intake and exhaust valves.
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1.1.2.2 State-of-the-art of steam engines in automotive powertrain applications
The Cugnot Steam Trolley was the first steam vehicle constructed in 1769 in France [VM20,
VM21]. Later, 20 kW steam-driven road tractors to pull passenger carriages were produced and
used in France until the mid-nineteen thirties [VM22]. In the U.S, first models appeared in 1878
[VM23]. We can list the Model G steam touring car in 1907, the Doble Model C in 1917, the
Besler Steam car in 1930 and the Ford Falcon steam car [VM24]. At that time, Steam cars and
ICE cars were developed contemporaneously as engineers had gained 100 years of experience
in steam engines for trains and heavy tractors. However, the steam cars left their place with
time to the ICE cars because of their lower complexity and better response time.

Fig. 1.19: 1924 Doble steam Car [VM24].
Many investigations found in 1960 that the reciprocating steam engine is a reasonable
alternative to the ICE for automotive applications [VM25-VM28]. In 1969, GM presented the
Chevelle SE 124 (figure 1.20), a steam car with a conventional powertrain, in an attempt to
replace the ICE with cleaner energy converters for air quality issues. The vehicle was powered
by four cylinders steam engine developing up to 50hp. The proposed steam engine presented
several advantages such as the silent operation, the high torque at low engine speed and the
capability to operate with variety of fuels; however, the project was abandoned by GM as the
power unit was bulky and the cost was estimated 3 times that of piston engines even on a mass
production scale. In addition, the system presented many technical challenges, such as the risk
of water’s freezing, the water’s consumption across the condenser, the condenser size and the
lubrication problematic that need filtration to prevent deposit formation that may contaminate
the working fluid [VM23].
Following GM’s work, NASA performed a parametric analysis for an 1815 kg steam-powered
car of 130 kW with comparable performance to typical passenger car of the same weight
[VM3]. The target of the study was to determine the size, weight and the required condenser
fan power. The study demonstrated that for most operating conditions, the condenser fan power
is quite low, around 0.7 kW. However, under peak-power or in hot day conditions, the
condenser fan power increased drastically to around 37 kW, unless the condenser is four or five
times larger than a conventional automobile radiator. The study showed also that the total steam
propulsion system could be designed to weigh approximately the same as a conventional
automobile propulsion system. The investigation on pollutant emissions showed interesting
insights on emissions reductions of steam engines with a low temperature and a low pressure
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continuous combustion. For instance, the CO was reduced by a factor of 1000, the unburned
hydrocarbons by 10 and NOx by 30 compared to ICE at the time [VM3]. However, and similar
to the GM conclusions on this engine, the unresolved related challenges such as the higher fuel
consumption, the investment cost and the size of the components, have put an end to the steam
vapor engine as main energy converter for conventional vehicle applications.

Fig. 1.20: Steam engine mounted on GM Chevelle SE car [VM23]
VCM regained importance recently in engine WHR applications from engine coolant and
exhaust gas, due to the rising interest in reducing emissions [VM29-VM31]. Main
developments are performed on steam Rankine cycles (SRC) and on Organic Rankine Cycle
(ORC), depending on waste heat temperature [VM32-VM41].
The first steam Rankine WHR implemented prototype was on Honda in 2007 [VM42,
VM43] followed by BMW in 2009 [VM44, VM45]. Honda showed an increase of the thermal
efficiency by 3.8% when driving at constant speed of 100 km/h. On the other side, a fuel
consumption gain of 3 to 5% was announced by BMW for vehicle velocity between 70 to 150
km/h. IFPEN announces a 1kW net mechanical power recovered at 130 km/h cruising speed
and estimated a net gain of 2-3% [VM16, VM46] with Steam Rankine Cycle (SRC) on gasoline
engine. All of these works, confirm the virtue of VCM in quasi-stable operation applications.
Always in the transportation sector, Rankine systems are largely investigated on heavy duty
truck, such as Man [VM47], Volvo [VM48], Renault, Daimler trucks [VM49] and Hino
[VM50]. Cummins developed in 2008, a complete on-board Rankine system and announced a
fuel consumption saving up to 10% [VM51-VM53]. AVL Powertrain Engineering investigated
the fuel economy benefit from recovering waste heat from a 10.8L HD truck diesel engine with
Rankine system using ethanol as the working fluid [VM54, VM55]. Investigations show a fuel
consumption potential saving between 5% to 10%.
1.1.2.3 Synthesis on vapor cycle machines
The Rankine-cycle reciprocating steam engine is one of the oldest heat machines that
contributed to the evolution of humankind history. Study of the literature reveals the numerous
investigations on the potential of steam engines as main power unit for automotive applications.
This external combustion cogeneration machine with multi-fuel capability, and multi
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powertrain compatibility, has a very favorable torque-speed curve. This important automotive
characteristic can minimize or even eliminate the need for a transmission in the conventional
or parallel hybrid electric powertrain. However, the total powertrain mass and size are higher
than ICE powertrains for the same performance requirements such as during highway and
maximum speed driving. Moreover, other drawbacks prevented its deployment in vehicle
applications, summarized in table 1.10 and a synthesis on the performance assessment of vapor
cycle machines observed in the literature is presented in table 1.11.
Table 1.10: Advantages and drawbacks of the vapor cycle machine.
Advantages

Drawbacks














Multi-fuel capability
Silent operation
Design flexibility
Reliability of mechanical components
Low pollutant emissions by controlling the choice of the fuel
Low efficiency compared to ICE
Water freezing challenges
Size and weight of the steam condenser
Water consumption from the condenser
Lubrication need filtration
Low specific weight and size power compared to conventional ICE
Metallurgic limitation

Table 1.11: Summary of performance criteria of vapor cycle machine.
Characteristics
Efficiency range
Power to weight ratio
Power to size ratio
Fuel
Combustion process
Working fluid
Emissions
Complexity/size
Noise and vibration
Controllability
Maintainability
Reliability
Safety
Powertrain compatibility
Technical maturity

Value and Description
18 to 30%
100-225W/kg
75-175W/L
Multi-fuel capability
External combustion
Water, ethanol, organic fluid (R245fa, 1234yf…)
Controlled through continuous combustion and EGR system
High complexity integration – size of the machine
Low noise and vibration aspects – Silent operation
Complex systems for a conventional powertrains
Technological problematics: air infiltration, corrosion and freezing
when water used
High reliability machine
Moderate to good safety level (depending on working fluid used)
Compatible with all powertrain architectures but more suitable for
SHEV
Good technical maturity (for non-automotive application)
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1.1.3 Ericsson Engine
1.1.3.1 Literature review and performance assessment
Ericsson engines are among thermal air engines with monophasic gaseous working fluid and
external heat supply, invented just directly after the steam vapor machine [ER1-ER3]. The first
prototype date back to 1826, where Ericsson designed a two separated cylinders engine, one for
air heating and another for cooling, without a regenerator. In 1833, Ericsson built a 3.7 kW
machine with valves and recuperator, operating in a closed loop. The machine achieved a
thermal efficiency of 8.7% [ER4]. Another engine has been built in 1851, with rotational speed
between 30 and 50 RPM and delivered 2kW to 3kW [ER5-ER7]. In 1853, Ericsson invented an
open loop 220kW marine engine, which was widely installed on American boats, and achieved
an overall efficiency of 13.3% [ER1, ER8]. Between 1855 and 1860, around 3000 models of
600W Ericsson engine were sold in Europe and in the U.S. The reliability and the suitability of
this machine for powertrain ranging from 1kW to dozen of kW were demonstrated. However,
after experiencing a major boom in the 19th century, this energy converter has been left out
with the invention of the ICE and the electric machines, whose technological impediments were
much simpler to solve at that time [ER9].

Fig. 1.21: First Ericsson engine [ER2]
Ericsson machine like all thermodynamic machines, operates by receiving heat from a hot
source at high temperature and rejects heat to a cold source at lower temperature. Physical
parameters such as the maximum temperature, the maximum pressure, the compression and
expansion processes [ER9-ER11] as well as the system thermodynamic configurations, impact
directly the machine performance in terms of efficiency and net specific work [ER12].
These machines can be found in both open-loop or closed-loop configurations. Ambient air is
used as working fluid in open cycle machines, while Helium, Hydrogen, Argon or Nitrogen are
the main gases used in closed cycles. In both configurations, a compression piston sucks the
working fluid and compresses it to reach high pressure. A heater-regenerator recovers heat from
the gas at the outlet of an expansion piston and heat the air upstream the heater. The choice of
the engine configuration depends on technological and energy choices. The use of open loop
allows using the exhaust gases for heating cogeneration or other processes. Open loop
machines, with ambient air as cold sink are also designed to operate at lower pressure [ER13],
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limiting therefore the leakage problems [ER14] found in Stirling machines, and reducing the
system complexity [ER15].
It is worthy to mention that Ericsson’s working fluid flows always in the same direction in a
counter-flow recuperator, which leads in lower pressure drop and higher component efficiency
compared to the regenerator found on the Stirling machines. In addition, Ericsson engine
requires intake and exhaust valves so that compression and expansion volumes are isolated
from the regenerator. Therefore, the regenerator presents lower complexity, and is not
considered as dead volume that reduces the net specific work and the engine efficiency such in
Stirling machines, where it is necessary to find a compromise between the regenerator minimum
dead volume and the maximum heat exchanger surface [ER12]. On another hand, the use of
valves solicited in each cycle reduce their reliability. These valves yield to additional pressure
losses, higher noise level compared to Stirling and higher energy consumption.

Fig. 1.22: Ericsson hot air engine with open cycle [ER38]
Note also that piston kinematic does not degrade the energy performance of the engine. This
allows the use of simple kinematics, more attractive for automotive applications. Other
compression and expansion machines and technologies [ER16] such as scroll machines [ER17,
ER18 and free piston machines [ER19] were also tested.
Modularity of Ericsson engine is also an advantage. In fact, every component can be studied
and optimized separately, and then considered in the operation of the machine [ER9].
1.1.3.2 State-of-the-art of Ericsson engines in automotive powertrain applications
The first spark ignition ICE, de Lenoir [ER20], was an Ericsson inspired engine, but the
combustion chamber heat exchangers resistance was among the challenges to let this concept
succeed. Today, there are no known industrial applications of Ericsson machines, and very few
studies on Ericsson machine as energy converter instead of ICE for automotive application are
found in the literature [ER21]. The majority of investigations of this concept, remains as
scientific studies [ER22-ER29] with low technological maturity level and targeting mainly solar
concentrator [ER30, ER31], biomass and micro-cogeneration systems [ER12, ER32-ER37].
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Some scientific studies of Ericsson engine consider internal combustion machine as well as
external combustion machines [ER39]. R. W. Moss et al [ER40] studied a multi-fuel internal
combustion Ericsson engine, based on alternative piston architecture and delivering 5 kW of
mechanical power and up to 8 kW of thermal power. Simulations showed that with 89%
recuperator efficiency, a 33% of thermal efficiency can be achieved at 1000 RPM. Wojewoda
and Z. Kazimierski [ER41] modeled a closed loop Ericsson engine using air as working fluid
operating at a pressure of 90 bars and 3000 RPM, with maximum temperature between 8001000°C. They show the impact of the engine configuration and the heat exchanger surface on
the performance of the machine. M.A Bell et al. [ER42] performed theoretical studies on a V8
vehicle Ericsson engine, called RJC engine where a continuous combustion occurs in a
combustor located outside the expansion piston. With 85% of recuperator efficiency and
considering real functioning parameters, 50% of indicated efficiency can be achieved at
maximum operating temperature of 1300K. Schlatter showed that continuous combustion
process in Ericsson engines ensure low emissions of NOx, CO and unburned HC [ER43].
Warren and Bjerkle [ER44] show that an Ericsson machine based on Joule-Brayton cycle
achieve 20% reduction in fuel consumption and pollutant emissions compared to conventional
ICE with the advantages of multi-fuel capability engine. Femto-ST lab in collaboration with
Assystem developed a variable displacement Ericsson engine prototype for micro cogeneration
applications [ER45-ER47]. This variable displacement technology allows better efficiency for
different engine power demands. Assystem engine produces 3.3 kW of electric power and 13
kW of thermal power.

Fig. 1.23: Femto-st/Assystem variable displacement Ericsson machine [ER45]
1.1.3.3 Synthesis on Ericsson engines
Ericsson engine invented long time ago was a successful and reliable machine that was mainly
used in marine applications. However, with the invention of internal combustion engines and
electric machines, Ericsson engines developments stopped. Recently, numerous scientific
investigations on the potential of Ericsson engines for power production are considered, due to
the system modularity attractiveness, the reliability, the maximum thermodynamic efficiency,
the multi-fuel capability and the system simplicity, mainly for open loop configuration using
the ambient air as working fluid and cold sink. Efficient models to design these engines,
including thermodynamics, fluid mechanics, heat exchanger, tribology and others scientific
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disciplines are proposed. Numerous numerical simulations and experimental investigations
show that acceptable efficiency can be reached. Similar to the Stirling machine, the Ericsson
engine is compatible with all powertrain architectures including conventional and parallel
hybrid. However, series hybrid powertrain remains the best suited configuration, due to the fact
of reducing the system complexity, the controllability and the time response challenges.
Advancements in metallurgy must be considered also in order to increase the Ericsson machine
efficiency and power density.
Table 1.12 summarizes the advantages and drawbacks of Ericsson engines observed in the
literature and table 1.13 synthesizes the performance assessment.
Table 1.12: Advantages and drawbacks of the Ericsson engine.
Advantages

Drawbacks











Modularity of the engine
Good efficiency
Low components cost
Capability to operate with different fuel types
Requires intake and exhaust valves which add more complexity
Metallurgic limitation
Response time – thermal inertia of the hot source
Low technological maturity
High power density requires high compression ratio and isothermal
compression and expansion which are technically difficult to achieve

Table 1.13: Summary of Ericsson engine performance criteria.
Characteristics

Value and Description

25-35% (realistic) / 45% (simulations)
Efficiency range
150 – 250 W/kg (*)
Power to weight ratio
150 – 300 W/L (*)
Power to size ratio
Multi-fuel capability
Fuel
Combustion process
External combustion
Air (open loop) and monophasic gas (H2, He, Argon,…) (closed loop)
Working fluid
Controlled at source through continuous combustion
Emissions
Complexity/size
Moderate complexity integration
Low
to Medium vibration and noise level
Noise and vibration
Complex for a conventional powertrains control
Controllability
Good maintainability
Maintainability
Good reliability aspect
Reliability
Good safety with air as working fluid
Safety
Powertrain compatibility
Compatible with all powertrain architectures. More suitable for SHEV
Research level for cogeneration - No commercialized machines
Technical maturity
*Based on ICE and split cycle weight and size power densities, and considering a maximum temperature
of 1100°C.
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1.1.4 Thermoacoustic Machine
1.1.4.1 Literature review and performance assessment
Thermoacoustic machines are among external combustion thermodynamic reversible machines
that exchange energy as form of heat or power with external sources. These systems use
monophasic gases as working medium and have no internal moving parts, which makes them a
serious alternative technology to produce mechanical/electrical or cooling power reliable in a
sustainable and environmentally friendly way.
The thermoacoustic effect was identified by glass blowers [TA1] long time ago, using a long
cold tube producing monotone sound when heated on the far end. Scientific works begin with
Higgins [TA2] and Rijke [TA3, TA4] and the theoretical explanation of the physical
phenomenon came over a century later from Lord Rayleigh [TA5, TA6]. He concluded that a
sound wave in a gas consists of coupled pressure, motion oscillations and temperature
oscillations [TA7] and when the sound travels in small channels, oscillating heat also flows to
and from the channel walls. The combination of all such oscillations produces a thermoacoustic
wave characterized by its frequency, its amplitude and its wave length [TA7, TA8]. The
acoustic power produced, depends on the pressure, the speed and the section of the tube where
the wave propagates. Note that these interactions are too small to be obvious in the air with
which we communicate every day. However, in pressurized gases, it can be harnessed to
produce powerful engines, pulsating combustion [TA9], heat pumps, refrigerators [TA10,
TA11], and mixture separators [TA12, TA13].
The combination of thermal heat and acoustic, gives the name of “thermoacoustics” by Rott
[TA14-TA16] who developed the mathematical description of acoustic wave oscillations of a
gas in a channel [TA17]. The wave propagation can be a stationary in which we have a wave
reflexion, a progressive wave resonator in which we have a continuity without reflexion, or a
hybrid acoustic wave resonator such the one developed by Swift – Backhaus [TA18].
It is noteworthy to mention that from a thermodynamic point of view, the thermoacoustic effect
described by waves is in fact a variant of the Stirling reversible thermodynamic cycle [TA19,
TA20], used for power generation and cold production [TA8, TA21]. While sound waves are
simple and reliable, current thermoacoustic researchers are motivated in upgrading this
technology for the energy industry. Many thermoacoustic versions of such engines were
demonstrated by Yazaki [TA22], de Blok [TA23], Backhaus [TA24] and others.
A thermoacoustic machine is composed of a resonator, and an acoustic conversion device. The
resonator consists of a tube, a hot heat exchanger, a cold heat exchanger and a stack or a
regenerator. The acoustic conversion device transforms the acoustic power to mechanical or
electrical power. The efficiency and performance of the thermoacoustic machine depend mainly
on the performance of the resonator, the architecture of the resonator, the system architecture
as well as the efficiency of the acousto-electric device.
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As for the resonator, the efficiency depends on three main parameters: the working fluid on
which will depend the acoustic pressure [TA25], the stack or regenerator which constitutes the
center of the thermoacoustic phenomenon [TA26] [TA27] and the heat exchangers [TA27TA31].

Fig. 1.24: Scheme of the wave generator in ta thermoacoustic resonator [TA31]
Regarding the resonator architecture, many were proposed in the literature with different power
density and efficiency [TA32]. We can list: Backhus and Keolian [TA33] Trillium machine
[TA34], K. De Blok [TA23] thermoacoustic loop with four thermoacoustic cells, Jensen et al.
[TA35] with a piezoelectric transducer.
Acousto mechanic or acousto electric devices are also key factors to consider in the conversion
process. Linear alternators, loud speakers [TA36, TA37], bidirectional turbine [TA38] and
piezoelectric devices [TA39, TA40] have been developed. The electroacoustic loud speakers
are particular devices that tolerate dynamic acoustic pressure of several bars. These systems are
performant with more than 80% of acoustoelectric conversion efficiency. However, the price
(around 20.000$ for 1kWe), the low power density (near 35W/kg) and the limited power make
this technology difficult to integrate in an automotive application. Bidirectional turbines
[TA41], proposed in application such as SpaceTRIPS [TA38], can offer many advantages such
as a good turbine power density (8kW/kg) and alternator power density (4kWe/kg), a cost
effective and scalable device where the turbine can be made from plastic material, presenting a
high efficiency of 85% when Argon at 40 bars is used as working fluid.

(a) Linear Alternator

(b) Loud speaker

(c) Bidirectional turbine

Fig. 1.25: Acousto-mechanical and acousto-electrical devices
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Finally, one of the main challenges regarding the operation of thermoacoustic machines, is the
streaming phenomenon that appears in the thermoacoustic line, caused by advective heat
transport from the hot to the cold side of the stack, induced by acoustic oscillations [TA42].
This issue causes efficiency losses in the machine [TA43, TA44]. Methods and technics to
suppress the streaming phenomenon are proposed and investigated in several studies on the
literature [TA45-TA50].
1.1.4.2 State-of-the-art of thermoacoustic machines in automotive powertrain
applications
Thermoacoustic systems have been largely used for cryogenic applications [TA51]. Today this
reversible thermodynamic machine is under investigation in many other domain: cold
generation [TA52-TA54], heat pumps [TA55, TA56], electric power generation [TA57-TA61]
and waste heat recovery [TA62, TA63].
Backhaus et al. [TA64] designed a 30 bars helium thermoacoustic machine of 710W of acoustic
power, which achieved 30% of cycle efficiency when operating with a temperature difference
of 725°C. Based on Backhaus model, Mumith et al. [TA65] performed simulation study on a
30 bars thermoacoustic device with hot source at 150°C and cold source at 6°C where a
maximum acoustic power of 1029W was calculated with an overall efficiency of 5.4%.
Backhaus [TA66] proposed another thermoacoustic generator with 18% efficiency, working
with Helium at 55 bars static pressure and delivering 58W electricity with heat input of 400W
and maximum hot temperature of 600°C.

Fig. 1.26: Backhaus et al. thermoacoustic engine [TA64]
Tijani & al. tested a thermoacoustic engine using helium at 40 bars as working fluid. 300W of
acoustic power were measured with a thermal to acoustic efficiency conversion of 27% [TA67].
Hekyom company patented a three amplifications cells thermoacoustic engine and is working
to advance their technology. Hekyom’s Valta project [TA53], aimed to design and build a
thermoacoustic engine recovering waste heat from an electric generator set and converting
70kW thermal power to 15 kW electric power. Hekyom developed other prototype with Airbus
that delivers 1kWe and works on other projects, such as ESA Project, a 5kWe thermoacoustic
machine recovering solar energy [TA68].
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(a) 3D scheme of Hekyom’s prototype

(b) Hekyom’s prototype

Fig. 1.27: Thermoacoustic prototype [TA53]
Wu et al [TA69] investigated the potential of a double acting thermoacoustic electric generator
having the advantages of high power density and efficiency by employing three thermoacoustic
engine cells with three alternators in a special configuration, eliminating therefore the resonance
and the feedback tubes. Tests done showed maximum electric power of 1.57 kW with 16%
thermal to electric conversion efficiency. NASA worked on the Thermoacoustic Stirling Heat
Engine (TASHE) project [TA70]. The system operated at 30Hz, 945K at hot HEX and 287K at
cold HEX. It achieved an acoustic efficiency of 36.4% equivalent to 52% of Carnot efficiency.
Based on TASHE prototype, Nirvana Energy Systems [TA71] is developing a commercialized
micro-combined heat and power system for home applications that converts gas up to 4 kW of
electrical power and provides 15 to 30 kW of thermal power. The system size is about 42L and
the weight is about 30kg.
Since, the sound energy is a simple and reliable energy, thermoacoustic engine are of interest
in automotive applications [TA31, TA72] mainly for engine WHR. Gardner & al. [TA73]
modeled a trithermal thermoacoustic system that produces both electricity and cold from
vehicle exhaust gas as hot source, and using water at ambient air temperature as cold source.
Helium was the working fluid, used at 16 bars. The simulation data correspond to a Mitsubishi
Magna V6 engine. For 6kW of thermal power recovered from the exhaust line at 700°C, 500W
of acoustic power is produced achieving then an overall acoustic efficiency of 8.3%. Backhaus
& Keolian tested and patented in 2011 a thermoacoustic machine for trucks and automotive
exhaust gas WHR [TA74]. The system uses helium as working fluid at high pressure of 80 bars.
The truck’s system is composed of 2 recovery stages and 2 thermoacoustic cells and delivers
4kW of electric power using loudspeaker as acousto-electric converter. The light vehicle WHR
system uses three acoustic cells and can deliver up to 1kWe with a conversion efficiency of
20%. The thermoacoustic machine has a volume of 30 liter and a mass of 17kg. The total system
has then a power to volume ratio and power to mass ratio of 33 W/liter and 65 W/kg
respectively. Fritzsche et al. [TA75] proposed an acoustic device system with acoustic diode
for automotive and heavy duty applications based on a micro-CHP application. The simulated
vehicle is Golf VII 90 kW. The electric power output of the machine was simulated using
Dymola. Results show fuel consumption savings of 3 to 5 g CO2/km over WLTP. Karlsson et
al. [TA76] studied the applicability of thermoacoustic engines for automotive WHR
applications. A thermoacoustic engine based on non-linear model is coupled to ICE and
simulated on drive cycle on a typical commercial vehicle. The net gain over a drive cycle is
237W corresponding to a thermal efficiency of 7%.
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(a) System for heavy-duty trucks

(b) System for light vehicles

Fig. 1.28: Backhaus & Keolian WHR system [TA74]
Etalim company is working on thermoacoustic for both WHR on truck engines and CHP
applications [TA77, TA78]. The WHR system efficiency of 15 to 25% has a price target of
350$/kW compared to 500$/kW for ORC systems and can deliver up to 5kW of electricity.
Etalim system with high reliability, no exotic materials or refrigerants, low complexity and
simple cooling is considered as competitive technology for WHR. For CHP, the target is to
achieve 35% of thermal to electrical efficiency. Fueled with natural gas, but other fuels can be
used, the thermoacoustic machine target of 1-2 kWe is to ensure reliability, lifetime,
maintenance and startup time better than Stirling and fuel cell systems.

Fig. 1.29: Etalim thermoacoustic WHR system [TA77]

1.1.4.3 Synthesis on thermoacoustic machine
Thermoacoustic machines have been used for many years mainly in cryogenic applications.
These simple and reliable devices do not have moving parts and are capable of using multi-fuel
and with acceptable achievable efficiency; therefore, they are considered today as disruptive
technology in automotive applications, mainly for WHR on conventional powertrain and for

52

heat pumps applications on electric vehicles. Numerous investigations on the potential of
thermoacoustic machines for power and cold production are presented in the literature. These
machines with electric output power are only compatible with series hybrid electric powertrain
architecture. However, these machines require expertizes in many engineering domain
including acoustics, fluid mechanics, heat exchangers, electric conversion among others.
Careful selection of the machine thermodynamic configuration must be made in order to
optimize the efficiency and the power density. Adding to that, deep understanding for
phenomenon such as streaming is also necessary in order to control their operation.
Table 1.14 summarizes the advantages and drawback of thermoacoustic machines observed in
the literature and table 1.15 synthesizes the performance assessment.
Table 1.14: Advantages and drawbacks of the thermoacoustic machine for automotive
applications.
Advantages

Drawbacks














Good efficiency
No-nocif working fluid - No supper alloys material (low material cost)
Reduced number of mobile parts – high reliability – Low maintenance
Flexible geometry
No lubrication required and no components’ wear
Tri-generation option: electricity, hot and cold
Multi-fuel capability
Acoustic streaming phenomenon – internal losses
Thermoacoustic phenomenon not well mastered for power generation
Mass, size and cost of linear alternator (between 3 and 8 liters for 2kWe)
Low power to weight ratio and power to size ratio
Sealing problematics with high pressure fugitive working fluid

Table 1.15: Summary of thermoacoustic machine performance criteria.
Characteristics
Efficiency range
Power to weight ratio
Power to size ratio
Fuel
Combustion process
Working fluid
Emissions
Complexity/size
Noise and vibration
Controllability
Maintainability
Reliability
Safety
Powertrain compatibility
Technical maturity

Value and Description
7% (WHR) and up to 35% (CHP)
65 W/kg (Backhaus & Keol WHR) - 130W/kg
33 W/L (Backhaus & Keol WHR) - 100W/L
Multi-fuel capability
External combustion
Hydrogen, Helium, Argon, Nitrogen, Air
Controlled at source through continuous combustion
High integration complexity – Bulky system
Low noise and vibration aspects
Good controllability for stationary power systems
High maintainability machine
High reliability machine
Good safety level
Compatible only with serial or range extender powertrains
Low maturity for automotive applications - R&D for cold production
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1.1.5 Thermoelectric generators
1.1.5.1 Literature review and performance assessment
Thermoelectric generator is a thermodynamic system that transforms thermal energy directly
to electricity and inversely [TE1, TE2]. It consists of semi-conductors with positive charge (p)
and negative charge (n) linked together in parallel disposition thermally, and in serial one
electrically, in order to ensure a current flow in one direction, as illustrated in figure 1.30.

Fig. 1.30: Thermoelectric generator
In 1821, Thomas Johann Seebeck found that a temperature difference between two different
metals welded together generates an electric current, and the produced voltage is proportional
to the temperature difference between the two junctions [TE3]. In 1834, Peltier proved the
reverse phenomenon: an electrical current would flow in a circuit made from two dissimilar
metals, with the junctions at different temperatures [TE4]. In 1851, Thomson established the
relation between Seebeck and Peltier effects and showed that the thermoelectric phenomenon
can occur even in a single homogeneous conductor without the need of a junction [TE5, TE6].
The thermoelectric generator (TEG) operates according to the Seebeck effect, where
temperature is imposed and constraint the electric load carriers to move from the hot toward
cold zones, generating therefore an electric current [TE7, TE8]. TEG were mostly gas-fired and
were used in different countries to run radios, or to charge lead-acid accumulators. They have
also been used in industrial applications for a long time, such as aerospace [TE2], cooling
systems [TE9-TE11], thermo generation of electricity (TGE) [TE12], temperature measurement
[TE13] as well as for mobile phone charging or watches [TE14], and even proposed as WHR
on car seats [TE15].
This technology regained interest since the 1990th, mainly to solve environmental and energetic
challenges. TEG efficiency depends on Seebeck coefficient, on electric conductivity of
thermoelectric materials, on temperature difference as well as on the electric resistance under
the closed circuit current flow, which can be expressed in terms of a unidimensional number,
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the merit factor ZT, characterizing the thermoelectric materiel. The higher the ZT is, the higher
the TEG efficiency will be [TE16].
Today, the main strategic research axes in this field are related to the identification of new
materials with good merit factor and to the introduction of small compact systems.
Regarding thermoelectric material, many studies are carried out to assess the impact of physical
parameters such as the electric conductivity, the thermoelectric capacity, the thermal
conductivity among others, on the merit factor ZT [TE17-TE22].
Scientific and empirical studies [TE23-TE26] showed that a performant thermoelectric material
must have a good electric conductivity, a high thermoelectric capacity, and the lowest thermal
conductivity [TE27-TE30]. Note that thermoelectric materials operate efficiently in a specific
range of temperature [TE17]. For instance, at low temperature, (150-200K), the performant
semiconductors are alloys based on Bismuth (Bi) and Antimony (Sb) with a ZT around 0.4
[TE31]. At ambient temperatures, the best materials currently used are alloys of type n, such
tellure of bismuth (Bi2Se3) [TE32, TE33]. PbTe alloys are better candidates for temperature
ranging between 450 to 800K. However, their stability stays limit due to the volatility of the Pb
in a pollutant environment. Therefore, the Mg2Si and the β-FeSi2 where developed and present
more advantages in term of temperature stability, price and toxicity [TE34]. For higher
temperature, around 1300K, SiGe and high magnesium Silicium (HMS) materials are more
used [TE35-TE39]. However, the cost of germanium (Ge) is high for application other than
space.
These thermoelectric conventional materials, despite the fact that are used for large temperature
range, still present low merit factor (ZT). Therefore, even if this balance between advantages
and drawbacks is acceptable for some applications, it is still strongly limited to compete with
traditional power and refrigeration systems. Researches on the development of new materials,
such as nano-materials [TE40-TE45], are essential for the development of large scale and
economically profitable applications such as for automotive powertrains. Many materials with
high ZT value can be found in the literature [TE46-TE51]. Some commercial devices have ZT
around 0.8 and operate with efficiency between 5 and 6% [TE52-TE54]. According to [TE26],
this efficiency can reach 30% if the ZT can be increased up to 4.
It is noteworthy to mention that a good thermoelectric material for industrialization must have
a good mechanical behavior, a good thermal stability with no degradation during operation, as
well as a mastered production process, which also impacts the cost of the TEG devices.
Among production processes we can list: the Czochralski’s method [TE55-TE58], the local
fusion process with affordable price equipment for production [TE59, TE60], the compression
and extrusion processes with good mechanical properties and reduced cost [TE55], the
crystallization in a cavity [TE61], the mechano-chemical synthesis [TE62-TE70], the solvothermal and wet reaction methods [TE71-TE73], the wheel quenching method [TE74-TE76],
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the spark electro-erosion method [TE77] and the hot compression and Spark Plasma Sintering
processes [TE66].

Fig. 1.31: State of art of TEG materials [TE78]
1.1.5.2 State-of-the-art of thermoelectric generators in automotive powertrain
applications
The review of the literature shows no specific attempt to use TEG as main energy converter
instead of an ICE in automotive applications. However, thermoelectric generators, with silent
and free vibration operation, are potentially attractive for WHR on ICE [TE79, TE80] to convert
exhaust heat energy directly into electrical energy, thereby reducing fuel consumption. Many
numerical modeling [TE81-TE83], parametric evaluation and topological studies [TE84-TE85]
based on vehicle TEG prototypes were performed.
The first attempt to apply a thermoelectric generator in cars was developed in the University of
Karlsruhe in Germany in 1988 [TE86]. A thermoelectric generator using Bi2Te3 for truck diesel
engines was built and tested by Hi-Z Technology Incorporation in the United States in the
1990s, and a 1 kW generator was tested in 1995 [TE87, TE88].
General Motors was committed to develop new thermoelectric materials with high merit factor
values under the next generation vehicle program (PNGV) [TE89, TE90]. BMW tested many
thermoelectric generators prototypes. In 2003, an experimental prototype produced 80W and
the first vehicle prototype was in 2009 producing around 200W, with ZT = 0.4 and 2%
efficiency [TE91]. In 2011, BMW tested a WHR TEG capable of producing 750 W of electric
power on the 5 series vehicle. During the same year, another prototype on X6 vehicle produced
more than 600W of electricity [TE92] and achieved a fuel saving of 5% during motorway use.
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Fiat investigates the TEGs on Iveco light duty vehicles [TE93] using 270°C maximum working
temperature material. Results show 4% of fuel economy improvement over the WLTP. Honda
investigated the TEG technology on F1 vehicle [TE94] and particular vehicles [TE95]. Tests
were performed with low and high material and with insulating the exhaust line. A 450W of
electric power were produced on an operating point of 14kW, leading to 3% of fuel economy.
French government funded partially the Renoter project in 2011 [TE96], which brings together
eight partners and three laboratories. The TEG power target for passenger car was 100W on
NEDC cycle, 300W at constant speed of 100 km/h and 500W at constant speed of 120 km/h
[TE97]. Testing shows that 50We to 100We were recovered with Diesel engine on NEDC and
between 80We to 160We on customer cycle. Other investigated the direct coupling of
thermoelectric material on exhaust system of gasoline engine such as at the Chair of
Combustion Engine Faculty at the Dresden Technical University [TE98].

Fig. 1.32: BMW series 5 with TEG as waste heat recovery system [TE101]
All studies show that improving the ZT of thermoelectric material is a key of success for such
devices for automotive applications. Development activities may shift focus towards
component integration, such as TEGs and catalytic converters. This is due to the fact that
temperature increase yields a TEG power output increase [TE99].
1.1.5.3 Synthesis on thermoelectric generators
Thermoelectric generators can play an important role in reducing energy consumption and
protecting the environment. These devices present a particular potential in industrial
applications. Despite research that began some time ago, thermoelectric materials still need to
be improved and the dimensions of the devices must be reduced for automotive applications.
The TEG system is simple, silent, with cogeneration capability, without moving parts and can
be used with different fuel types providing directly a direct current electricity compatible with
batteries of series or range extended hybrid electric powertrains.
However, weight and size power densities as well as the efficiency, limited by the merit factor
of TEG materials, are still very small compared to the ICE. Moreover, studies on manufacturing
cost [TE100] show that TEG are still not cost-beneficial for automotive applications due to high
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material costs, such as the Germanium, the Silver, among others. Other challenges are the
toxicity of material such as the Lead. Increasing the efficiency can be promising for automotive
WHR applications first, due to system integration simplicity.
Table 1.16 summarizes the advantages and drawback of thermoelectric generators observed in
the literature and table 1.17 synthesizes the performance assessment.
Table 1.16: Advantages and drawbacks of the thermoelectric generator.
Advantages








Silent operation
No moving components
Low complexity and integration
DC power generation
No environmental side effects and no toxic gas or materials
Multi-fuel capability

Drawbacks








Low efficiency due to low merit factor coefficient
Low weight and size power density
System durability and TEG material resistance to temperature
Require specific materials
Price of thermoelectric materials
Processing of electrical signal

Table 1.17: Summary of thermoelectric generator performance criteria.
Characteristics
Efficiency range
Power to weight ratio
Power to weight ratio
Fuel
Combustion process
Working fluid
Emissions
Complexity/size
Noise and vibration
Controllability
Maintainability
Reliability
Safety
Powertrain compatibility
Technical maturity

Value and Description
3-8% for WHR applications [TE101, TE102]
Between 15 and 25% TEG machines [TE15]
20-80W/kg [TE85, TE98, TE103-TE105]
65-140 W/L [TE102, TE104, TE106]
Multi-fuel capability
External combustion
No working fluid required.
Thermoelectric specific materials are required
Controlled at source through continuous combustion
Low complexity integration – however, bulky system for high net
power because of low size to power ratio
Low noise and vibration aspects
Good controllability for stationary power systems
High maintainability machine
Medium reliability machine – depends on TEG material life
Good safety level
Compatible only with serial or range extender powertrains
Emerging technology - no commercial applications for automotive
Mature for other applications (aerospace, military, cooling…)
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1.6 Electrochemical energy converters
1.6.1 Fuel Cells
1.6.1.1 Literature review and performance assessment
The process of using electricity to decompose water into hydrogen and oxygen, was described
in 1800 by the scientists William Nicholson and Anthony Carlisle. In 1839, the first fuel cell
(FC) was demonstrated by Sir William R. Grove [FC1, FC2] who found that it may be possible
to generate electricity by reversing the electrolysis of water. In 1889, two researchers, Charles
LANGER and Ludwig MOND, invented the term “fuel cell” when they were trying to engineer
the first practical fuel cell using air and coal gas [FC3]. In the early 1900s, further attempts
were made to develop this technology, but the advent of ICE temporarily quashed any hopes of
further development.
In 1953, Francis Bacon introduced the first Fuel Cell prototype with a hydrogen–oxygen cell
using alkaline electrolytes and nickel electrodes, and in 1959, he demonstrated a practical 5kW fuel cell system when Harry Karl IHRIG presented in the same year, his now-famous 20hp fuel-cell-powered tractor [FC4].
General electric (GE) invented the proton exchange membrane fuel cell in the 1950’s and during
the 1960’s, NASA introduce a 1 kWe FC developed with GE for space applications at time
where many manufacturers, including major automakers, and various federal agencies have
supported ongoing research into the development of this technology for use in vehicles and
other applications. Automotive constructers are attracted by the FC environmental benefits
[FC5], the longer driving range compared to electric vehicle (EV), the high efficiency compared
to ICE vehicles [FC6], the quiet operation [FC7], the few moving parts and the possibility to
use it as cogeneration machine for vehicle passenger cabin thermal heating.
These thermochemical devices used to produce mainly electric power can be classed in six
major types depending on the electrolyte type: solid or liquid. The Proton Exchange Membrane
Fuel Cells (PEMFCs), the Direct Methanol Fuel Cells (DMFCs) and the Solid Oxide Fuel Cells
(SOFCs) use solid electrolyte, while the Alkaline Fuel Cells (AFCs), the Phosphoric Acid Fuel
Cells (PAFCs) and the Molten Carbonate Fuel Cells (MCFCs) have liquid electrolyte.
The PEMFC is an attractive energy converter for automotive application because of its high
efficiency, low-operating temperature between 60 and 100°C, high power density (0.35-0.6
W/cm²), compatibility with renewable energy and modular design [FC8]. In this FC, the
chemical energy of the fuel, the hydrogen, is converted directly into electrical energy by means
of electrochemical processes. The fuel and the oxidizing agent, oxygen of the ambient air, are
continuously supplied in the two electrodes of the cell, where they undergo a reaction emitting
waste heat and exhaust gases [FC6]. The heart of this FC, called fuel cell stack, consists of two
plates between which a membrane layer and catalyst are compressed. One plate serves as the
anode and the other plate as the cathode. The reactant fuels make uniformly contact with the
catalyst, through these plates through channels etched in the material. The electro-chemical
reaction produces a thermodynamic voltage associated with the energy released given by the
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change in Gibbs free energy, and the number of electrons transferred in the reaction. PEMFCs
have the ability to start up quickly and to vary rapidly the output electrical power to meet the
power demand required by the powertrain. Also, its solid membrane electrolyte is stable and
does not move or evaporate as occurring with liquid electrolytes. However, PEMFCs presents
some drawbacks such as the cathode reliability and durability, the water management
problematic, the humidification of the FC’s membrane and the poisoning caused by the
Platinum catalyst affinity to carbon monoxide (CO) and sulfur products, which reduce fuel cell
performances and lifetime. Adding to that, the cost of membrane and noble metal used as well
as the need of hydrogen infrastructure [FC9].

Fig. 1.33: Basic operation of a Fuel Cell [FC10]
The DMFCs with operating temperature around 100°C use methanol, the simplest organic fuel
that can be economically and efficiently produced on a large scale from fossil fuel and other
processes. This liquid fuel, have the advantage for automotive applications to be easily stored,
distributed and marketed. However, compared with PEMFCs, DMFCs have low power density,
slow power response time, and low efficiency [FC11, FC12].
SOFCs are mainly suitable for stationary applications. These FCs, with operating high
temperature between 1000-1200°C, have exhaust gas outlet between 500-850°C which are
attractive for cogeneration applications or coupled to bottoming cycles. However, challenges
such as low power density, high operating temperature, fast start up and thermal cycling,
inability to respond quickly to a change in power demand and extremely brittle ceramic
electrolyte and electrodes are problematic for vehicular applications [FC13, FC14].
In the AFCs, unlike the acidic fuel cells, water is formed on the hydrogen electrode capable of
operating over a wide range of temperatures (from 80°C to 230°C) and pressures (from 2.2 to
45 atm). AFCs are capable of achieving very high efficiencies because of the fast kinetics
allowed by the hydroxide electrolyte. This fast kinetics allows using silver or nickel as catalysts
instead of platinum, reducing therefore the cost of the FC stack. However, durability due to
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corrosive electrolyte, water management produced on the fuel electrode and the poisoning by
carbon dioxide remain problematic [FC15, FC16].
The PAFCs with operating temperature between 60-200°C is the first fuel cell technology to be
marketed in hospitals, hotels and military bases where it acts as cogeneration machine,
producing electricity and heat. It relies on cheap acidic electrolyte to conduct hydrogen ions.
However, its temperature must be kept above 42°C freezing point to avoid stack’s stress. This
requires additional components which makes it complex for vehicle applications. On the other
hand, the high operating temperature (above 150°C) requires energy consumption associated
with warming up the stack, every time the fuel cell is started, and wasted heat, every time the
fuel cell is turned off [FC17].
Finally, the MCFCs, reaching efficiency of 55%, have operating temperature between 500 and
800°C. These FCs use an electrolyte composed of a molten-carbonate salt mixture suspended
in a ceramic matrix solid electrolyte, capable of using gases derived from coal or carbon oxides
fuel. They have also the possibility of internal reforming by converting other fuels to hydrogen
directly. They are also more resistant to impurties than other FC types and are not prone to
poisoning by CO2 and CO. the high operating temperature allows them to be used in
cogeneration applications. However, challenges such as slow start-up time, complex system for
CO2 recycling, durability due to corrosive nature of the electrolyte and high temperature are
the main issue limiting the commercialization of such devices [FC18].
Table 1.18: Fuel Cell type [FC19, FC20]
Fuel Cell
type

Electrolyte

Operating
Temperature

Solid: Proton Exchange
membrane
Solid: Proton Exchange
Membrane
Solid: Oxide ion
conducting ceramic
Liquid: Potassium
Hydroxid (KOH) solution

Room temperature
to 100°C
Room temperature
to 120°C

PAFC
MCFC

PEMFEC
DMFC
SOFC
AFC

Electrical
Efficiency

Fuel

45-60%

H2

20-30%

CH3OH

800-1200°C

50-65%

Natural gas, Bio
gas, coal gas, H2

Room temperature
to 100°C

55-65%

H2 / O2, air

Liquid: Phosphoric Acid

60-220°C

40-50%

Liquid: Molten mixture
of alkali metal carbonates

500-800°C

45-55%

Natural gas, Bio
gas, H2
Natural gas, Bio
gas, coal gas, H2

The PEMFC is considered for the rest of this study. To operate normally and continuously, the
complete Fuel Cell System (FCS) require a blower to blow the air into the stack, a water
circulating pump to remove the heat produced by the exothermic reaction of hydrogen and
oxygen, and a fan to evacuate heat outside the system [FC9]. Adding to that a humidification
system is required because the humidification of inlet streams is necessary to prevent
dehydration of the membranes in the FC stack. Other components such as hydrogen storage
system, valves, and regulators are also required. A management control system ensure that all
these components work together to deliver and to regulate the electric power load and to ensure
thermal management, water management and system safety.
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FCS performance depends on the following parameters: temperature, reactant gas
stoichiometric flow rates, anode and cathode pressures and humidification [FC7, FC21]. The
air pressure is one of the important parameters that affect the efficiency and the power density
of the PEMFC. Increasing the oxidizer pressure increase the performance of the stack, however
it consumes more power for the blower. Therefore, there is an optimal operating point for an
efficient system operation which depends on required specifications [FC22, FC23].

Fig.1.34: PEM Fuel Cell System
Another important point to mention is the fuel supply to the on-board PEM fuel cells, which is
a major challenge for FC vehicle applications. Hydrogen gas is awkward to be stored, with a
wide range of flammability ranging from 4% to 75% of H2 in the air, fugitive characteristics, a
high diffusion coefficient in the air and a very low density, requiring bulky tank.
Today, three different types of hydrogen storage systems are developed. The first one is the
cryogenic storage, where hydrogen is maintained in the liquid state with low pressure storage,
high density (71 kg/m3) and small size storage tank. This system investigated by BMW [FC24]
is complex for automotive because of difficulty to maintain the liquid form. Another way to
store this fuel is through a chemical process. Hydrogen can be stored by being absorbed using
metallic hydrides material, or on a big surface of carbon nanotubes. The advantage is the
simplicity and security; however, the inconvenient is mainly the low weight density. Finally,
the third system is compressed gas storage systems, where hydrogen can be stored at 200 bars
industrial bottles, or 350 and up to 700 bars for automotive applications. This technology, that
equip the Toyota Mirai, offers a good density (42 kg/m3 under 700 bars), but requires specific
storage tank with high strength materials [FC25]. Note that other mixt solutions are under
investigation such as the cryogenic-compression and hydride pressure.
PEMFC is today a mature technology for many applications [FC26] such as portable power
[FC27, FC28], stationary and residential applications [FC19, FC29-FC33], electrolyze [FC34FC36], naval [FC37, FC38], aerospace [FC39] and transportation [FC40, FC41].
Plenty of engineering and scientific works are present in the literature, treating the PEMFC
simulations and parametric studies, dynamic modeling, energetic and exergetic analysis,
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technological and exergo-economic analysis, testing, thermal management and vehicle
integration and simulations. Table 1.19 below summarizes the work field for different authors
working on fuel cell energy converter.

Baschuk & al [FC42, FC43]
Pukrushkapan [FC44]
Mert et al. [FC45, FC46]
Wang et al. [FC47, FC48]
Najafi et al. [FC49]
Saeed et al. [FC50]
Yigit et al. [FC51]
Springer et al. [FC52]
Dincer & al. [FC53]
Abdin & al. [FC54]
Nguyen & al. [FC55]
Kazim [FC56]
Midilli and Dincer [FC57]
Barelli [FC58-FC60]
Barbir and Gomez [FC61]
Cownden et al. [FC62]
Ishihara et al. [FC63]
Mueller et al. [FC64]
Andreasen et al. [FC65, FC66]
Zhang et al. [FC67]
Liso et al. [FC68]
Reddy and Jayanti [FC69]
Supra et al. [FC70]
Li et al [FC71]
Sorensen [FC72
Liang et al. [FC73]

x
x
x
x
x
x
x
x

x

Vehicle
simulations

Thermal
management

Technological
and exergoeconomic
studies
Tests

Energetic and
exergetic
analysis

Simulations
and
parameteric
study

Dynamic
modeling

Table 1.19: Scientific work on fuel cell

x
x

x

x
x

x

x
x

x

x
x
x
x
x
x
x

x

x
x
x
x

x
x
x
x

x

x
x
x

x
x
x

x
x

1.6.1.2 State-of-the-art of PEMFC in automotive powertrain applications
As discussed in the introduction, automotive applications have specific requirements. Today,
among many fuel cell types, the PEMFEC presents the best compromise for vehicle and are
commercially available [FC74, FC75] with a power spectrum ranging from 0.1 kW to 500 kW,
a FCS weight power density up to 550W/kg, and a size power density higher than 450W/L
[FC76, FC77].
The ability of the PEMFC to change power output quickly, especially when operating on pure
hydrogen, makes it a suitable technology for series and range extender hybrid electric vehicles.
For vehicles applications, the PEMFCs operate at temperatures between 20 and 80°C [FC55].
Note that this low temperature operation requires an input stream almost free of carbon
monoxide (CO) and impurities.
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Fig. 1.35: PSA 10kWe PEMFC [FC78]
PSA had an intense activity of FC during the 2000’s, with many prototypes and concept cars
such the Citroën CZERO, the GENEPAC, the Peugeot 308 Epure, the TESSA concept [FC25,
FC79, FC80]. Hyundai – Kia commercializes the ix35 FCell in March 2013 and presented two
generations of Hyundai Tucson series hybrid electric vehicle (SHEV), equipped with FCS of
100 kW, a hydrogen storage system (HSS) of 5.6 kg capacity, a battery of 2 kWh and driven
by a 100kW electric machine. The vehicle achieve 594 km autonomy on NEDC cycle [FCV009]. Renault proposed the Kangoo H2 in 2015, a 2 seats commercial range extender FCEV
equipped by Symbio FCell, a 5kW FCS and 1.74 kg HSS capacity driven by a 44 kW electric
machine and with 22 kWh battery. The vehicle autonomy is about 320 km on NEDC cycle.
Toyota commercialized the MIRAI FCV since March 2015. The vehicle equipped with a FCS
of 100 kW, a HSS of 5kg capacity, a 1.3 kW.h battery capacity and driven by an electric
machine of 113 kW power. Vehicule autonomy is about 500km on NEDC driving cycle [FC81].
Honda commercialized the Honda Clarity vehicle in 2016, a 5 seats 1890 kg vehicle equipped
with an FCS of 103 kW, 3.1 kW/L of size power ratio and two HSS of 5 kg total capacity.
Driven by a 130 kW electric machine, the vehicle achieves 480 km autonomy on NEDC.
Daimler commercializes the FCV starting from 2017, on the GLC vehicle. This plug-in fuel
cell powertrain has 500km autonomy including 50km on battery. The HSS has 4kg capacity
and the battery capacity is 8.8 kWh [FC82]. Audi, with the engineering support of Ballard,
unveiled different FC vehicles [FC83]. The A2H2 equipped with PEMFC has a 66 kW electric
motor, a Dynetek 350 bars HSS with total capacity of 3kg where the Audi Q5 HFC is equipped
with a 90 kW PEMFC, a 1.3 kWh lithium battery and a 700 bars hydrogen storage tank [FC84].
BMW working on cryogenic HSS [FC85] unveiled the i8 FCV with cryogenic hydrogen
cylindrical tank, powered by 115 kW FC and driven by an electric motor of 242 bhp. The series
5 BMW co-developed with Toyota equipped also with a cryogenically pressure vessel tank,
containing 7.1 kg of hydrogen at -220°C, has a range of 700 km on real-world driving and a
lifetime of around 5.000h equivalent to 200.000 km. Fiat presented the Fiat Panda, a 200km
autonomy FCV equipped with 60 kW FC and a 350 bars HSS. Kia presented the Kia Borrego
FCEV in 2008. The 426 miles range vehicles, is equipped with a 10,000 psi HSS and an
upgraded 115 kW FCS with super capacitor delivering 134 hp at 450 Volt and an electric motor
of 109 kW [FC86]. GM with long FCV story since 1966 [FC87, FC88], unveiled in 1996, the
EV1 concept car using the methanol powered FC with highway range of around 480 km. Other
automotive constructers are also working on concept cars with hydrogen and fuel cell

64

technologies. We can list: Mazda [FC89], Morgan [FC90], Renault [FC91], Suzuki [FC92],
Ford [FC5], Volkswagen [FC93-FC95] and Opel [FC88]. The table 1.20 below presents the
technological design choice for different FC powertrains.
Table 1.20: FC powertrains technological choice in automotive applications

Audi A2H2
Audi Q5 HFC
BMW i8 FCV
BMW series 5 FCV
Daimler GLC
Fiat Panda
Honda CLARITY
Hyundai–Kia ix35
Kia Borrego
Mitsubishi
Morgan
Nissan X-trail FCV
Peugeot 207 EPure
Peugeot H2Origin
Renault Kangoo ZE
Renault Scenic
Suzuki
Toyota MIRAI

FCS
power

HSS Capacity

Electric
machine power

Battery
capacity

Autonomy

x
90 kW
115 kW
x
x
60 kW
103 kW
100 kW
115 kW
68 kW
22 kW
90 kW
20 kW
10 kW
5 kW
x
80 kW
100 kW

3 kg
x
Cryogenic
Cryogenic 7.1kg
4kg
x
5 kg
5.6 kg
x
117L@35 Mpa
x
700 bars
15 L @ 70 MPa
35 Mpa
1.74 kg
3.7 kg
70 Mpa
5 kg

66 kW
x
242 bhp
199 bhp
x
x
130 kW
100 kW
109 kW
65 kW
x
90 kW
95 bhp
x
44 kW
90 kW
68 kW
113 kW

x
1.3 kW.h
x
1 kW.h
8.8 kW.h
x
x
2 kW.h
x
x
x
x
50 kW
47 hp
22 kW.h
x
X
1.3 kW.h

x
x
x
700 km
500km
200 km
480 km
594 km
426 miles
150 km
250 miles
500 km
350 km
100 km
320 km
320 km
250 km
500 km

1.6.1.3 Synthesis on PEMFC
PEMFC are today commercially available for vehicle applications as main energy converter on
series hybrid electric vehicle powertrains. Many technological problematics such as water
freezing during cold start conditions, operating temperature, unsatisfactory durability, poor
transient performance, and cost of catalyst material are being resolved. The mass of platinum
electrolyze have been largely reduced. Also, security components are under development to
avoid drastic accident and numerous works are done to manage the hydrogen fire risks.
However, other drawbacks remain and today engineers are working to eliminate them. For
instance, the drive range still shorter than ICE vehicles and limited by the hydrogen storage
energy density and cost. The FCS overall efficiency with peaks near 50% have relatively lower
efficiency at low power. The thermal integration of the fuel cell is also problematic. In fact,
around 50% of heat generated is rejected at low temperature. This requires big radiator surfaces.
PEMFC is also a unidirectional device and cannot receive power back. Therefore, storage
devices such battery or ultra-capacitor has to be introduced in order to gain a regenerative
capability, which adds additional cost and complexity.
Finally, PEMFC vehicle is a zero carbon vehicle that rejects only water. However, the hydrogen
production cost in term of carbon dioxide remains a dilemma and depends mainly, on how
hydrogen is produced. Today, around 48% of total hydrogen production is obtained through
steam reforming of natural gas, 30% from petroleum oil’s cracking, 18% from coal’s
gasification and 4% from water electrolysis [FC25, FC96]. While water electrolysis offers no
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CO2 emissions, electricity provided must be produced from renewable energy such as solar or
wind turbines, therefore FCV are potentially important in the long term, if the hydrogen is
produced with lower carbon emissions [FC97].
Table 1.21 summarizes the advantages and drawback of PEMFC observed in the literature and
table 1.22 synthesized the performance assessment.
Table 1.21: Advantages and drawbacks of the PEM fuel cell in automotive applications
Advantages







Zero Carbon emissions
Longer driving range without a long battery charging time compared to EV
High efficiency compared to ICE
Quiet operation - Few moving parts - simplicity
Cogeneration capability.

Drawbacks









Require Hydrogen energy, HSS and specific infrastructure
Thermal integration – cooling system
Heavy and bulky power unit - lower power density compared to ICE
Long start-up time, and slow power response compared to ICE
Drive range is limited by the hydrogen storage energy density and cost.
Water freezing problematic during cold start
Cost compared to ICE

Table 1.22: Summary of PEM fuel cell performance criteria.
Characteristics
Efficiency range
Power to weight ratio
Power to size ratio
Fuel
Combustion process
Working fluid
Emissions
Complexity/size
Noise and vibration
Controllability
Maintainability
Reliability
Safety
Powertrain compatibility
Technical maturity

Value and Description
Between 45-50% (FC system)
125-1000W/kg for the system [FC20, FC76, FC77] (without HSS)
125-700W/L for the system [FC20] (without HSS)
Hydrogen
Electro-chemical reaction
Air
Zero emission
Moderate complexity integration – (storage system and radiator)
Low noise and vibration aspects
Good controllability for stationary power systems
High maintainability machine
Medium reliability machine – depends on stack life
Moderate safety level (hydrogen problematic)
Compatible only with series hybrid electric vehicle powertrains
High maturity - commercially available for vehicle applications

1.7 Synthesis
This section presents the synthesis of the study on the different assessed energy converters. The
section summarizes first the status of integrating these converters into vehicle applications.
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Second, a cross comparison among the quantitative and qualitative criteria of the different
energy converters is presented considering their use as main prime movers in the vehicle. The
assessed quantitative criteria are the efficiency range, the weight to power density and the size
to power density. The presented qualitative criteria include the compatibility of the converter
with the powertrain architecture, the multi-fuel use capability, the cogeneration capability, and
the need of specific materials. Additional intrinsic criteria needed in automotive applications
are summarized, such as the system packaging, the noise and vibration, the reliability and the
maintainability. Finally, technologies are classified as function of their attractiveness to vehicle
manufacturers in integrating new-electrified powertrain architectures and their development
potential in meeting the consumption and emissions targets post-2025.
Table 1.23 summarizes the status of the studied energy converters in terms of their development
and integration in vehicle applications. The only existing substitute to the ICE revealed in the
literature is the PEM fuel cell, which was investigated by almost all OEM’s as well as many
laboratories. The first commercialization of this converter was observed in 2015 on the Toyota
Mirai. Other energy converters, such as gas turbines, Stirling engines and vapor cycle machines,
have been largely investigated and tested in vehicle prototypes only. However, the literature
did not show any potential use of the remaining energy converters, such as Ericsson,
thermoacoustic and thermoelectric generators, as main energy converters in vehicle
powertrains.
Table 1.23: Status of energy converters in automotive applications.
Energy Converter

Status

OEM’s or other companies

Split Cycle

Scuderi

Gas Turbine

Chrysler, GM, Fiat, Citroën, Peugeot, Fiat, Volvo

Stirling

GM, Ford, Opel, NASA

Vapor Cycle Machine

GM, NASA

Ericsson

-

Thermoacoustic

-

Thermoelectric

-

PEM Fuel Cell

Almost all vehicle manufacturers

Vehicle prototype or commercialized,

Investigation without vehicle prototype,

No attempt

Figure 1.36 presents the maximum efficiency range of the different energy converters. The ICE
maximum efficiency ranges from 35% for a basic gasoline engine up to 42% for diesel or
gasoline Atkinson-Miller engines. However, the combination of these ICE to WHR systems
allows an additional increase in efficiency of 2 to 4 % [ICE40, ICE41]. Similarly, the efficiency
of split cycle engines can reach up to 50% when combined to internal heat recovery systems.
Simple gas turbine systems showed a maximum efficiency of 30% in powertrain applications;
however, advanced gas turbine systems with intercooler, regenerative, reheat and water
injection systems can reach more than 52%, while using high temperature resilient materials.
These high efficiency figures were shown to be lower with external combustion gas turbine
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systems (ECGT) since heat is added from an external source. Their efficiency ranged between
25 and 41% [ICE42, GT6].
The review of the literature showed a maximum efficiency of 39% for the MODII Stirling
engine, with the capability to reach 42%. However, efficiency of vapor cycle machines was
limited to 30% in powertrain applications due to the low expansion ratio and the limited
condensing temperature.
The Ericsson external combustion machine, based on the piston-conrod-crankshaft architecture,
can achieve realistic overall efficiency between 25% and 35% in automotive applications.
These lower efficiency figures compared to other energy converters are due to the losses in the
crossover passage between compression and expansion piston on one hand, and on the other
hand caused by the low heat extraction efficiency from the external combustion chamber.

Energy converters

The efficiency of thermoacoustic machines reached 35% in micro-cogeneration applications,
and they can achieve the same efficiency level if deployed in automotive applications.
Regarding the thermoelectric generators, their maximum efficiency is limited to 25% due to the
low merit factor. Finally, the PEMFC system have a maximum efficiency ranging between 42%
and 50%.
PEMFC
TEG
TA
Ericsson
VCM
Stirling
ECGT
Advanced GT
Simple GT
SCE
ICE - WHR
ICE - Reference
10% 14% 18% 22% 26% 30% 34% 38% 42% 46% 50% 54%
Overall system efficiency (%)

Fig. 1.36: Efficiency range of energy converters in automotive applications.
*ECGT (External combustion Gas turbine) efficiency are estimated from [GT6].

Based on the aforementioned synthesis on maximum efficiency range of the different energy
converters, PEMFC, advanced GT, split cycles, advanced ECGT and Stirling machines are the
only energy converters that can achieve an efficiency higher than the efficiency of an ICE with
today state-of-art of material and components.
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Two additional criteria are considered in the selection process of energy converters in vehicle
powertrains:



The weight of the system which affects directly the total vehicle weight and
consequently the vehicle fuel consumption
The size of the system which impacts the implementation of the system and the vehicle
aerodynamics and consequently the vehicle fuel consumption

Both criteria have impact on the vehicle energy consumption and define the system power
density. Figure 1.37 illustrates the power to size range versus the power to weight range of the
studied energy converters. The simple and advanced GT systems with high rotational speed
have higher power to size and power to weight ratios as compared to the ICE, whereas, the
power density of ECGT systems is lower due to the additional required heat exchangers and the
lower working fluid operating temperature.
Split cycle engines present lower power densities since they require an additional heat
exchanger to recover waste heat internally. Moreover, the lean mixture burning due to
temperature limitations causes their lower net specific power.
Advances in PEMFC have enabled this system to achieve high power densities for vehicle
powertrains, comparable to the ICE.
Stirling machines have undergone many developments to reduce their weight and size to fit in
automotive applications. Their power densities reached comparable figures to the ICE in the
70’s and 80’s, but this advantage was lost later and the power density gap between Stirling and
ICE became larger due to the tremendous developments that followed on the latter. In fact, the
high-pressure working fluid of the Stirling engine requires higher engine thickness, and the
needed external combustion system increases its weight and size. Similarly, the same
conclusions are drawn for the external combustion Ericsson engine, which requires an ICE
piston basic architecture with a specific cylinder head and an external combustion chamber.
The thermoacoustic machines use bulky and heavy resonator, hence present low power density.
Alike, TEG systems show poor power-to-weight and power-to-size ratios compared to the ICE
due to the limited operating temperature and the need for external combustion, which requires
large thermoelectric exchange surfaces.
Therefore, the energy converters with improved or comparable power densities to the ICE are
the PEMFC for thermo-chemical energy converters, the gas turbine systems and the split cycle
machines for internal combustion engines, and the ECGT and the Stirling engines for the
external combustion systems.
Table 1.24 classifies the studied energy converters according to the investigated qualitative
criteria for automotive applications. Among these criteria the need to specific material, the
powertrain architecture’s compatibility, the cogeneration and the multi-fuel use capabilities.
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Power-to-size ratio (W/L)

1000
900
800

Innovative GT
Basic GT
ECGT
ICE
Split
VCM
Ericsson
Stirling
PEMFC
TA
TEG
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600
500
400
300
200
100
0
0

200

400

600

800

1000

1200

1400

1600

Power-to-weight ratio (W/kg)

Fig 1.37: Power to size ratio versus power to weight ratio.
The ICE and SCE do not require any heat resistant material due to their advanced cooling
systems and controlled combustion. Specific and costly material are only needed in the exhaust
after-treatment system. The GT systems materials, including the ECGT materials, depend on
the maximum combustion chamber outlet temperature. Specific nickel alloys are required for
temperature higher than 950°C and ceramic material for temperature higher than 1250°C. This
is similar for the Stirling and Ericsson systems, where the hot heat exchanger requires specific
materials depending on the operating temperature. Although, for the VCM, the evaporator
material depends on the maximum cycle temperature and pressure, where specific nickel alloys
may be required. For the thermoacoustic systems, the hot heat exchanger and the choice of the
calorimetric fluid depend on the system maximum temperature. On the other hand, the TEG
requires specific materials as described above and the PEMFC requires platinum as catalyst.
Regarding powertrain compatibility, the ICE, SCE and Stirling machine are compatible with
all powertrain architectures, both conventional and hybrid electric. GT systems with high
rotational speed requires reduction gears in order to be coupled to conventional powertrains.
These machines perform poorly under transient operations and consequently are optimized to
operate under quasi-steady power range, which make them also more suitable for SHEV
powertrains, where the energy converter is decoupled from mechanical load. This is also the
case for the Ericsson and the VCM, performing better when operating at constant power in
SHEV. Finally, the thermoacoustic machine using acousto-electric devices, the thermoelectric
generators and the PEMFC where electric power is the output, are only suitable with both SHEV
and EREV powertrains.
As for the cogeneration capability, all of these machines reject waste heat which can be
recovered partly to ensure the vehicle cabin heating needs. Therefore, they all present
cogeneration capability.
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Regarding multi-fuel capability, the different energy converters are classified according to their
capability of using multi-fuel, liquid, gas and solid fuels. Internal combustion engines such as
the ICE, the SCE and the GT are compatible only with liquid and gas fuels. External combustion
engines are compatible with all fuels including solid fuels. Note that PEMFC is only compatible
with pure hydrogen.
Table 1.24: Qualitative assessment of energy converters for automotive applications.
Energy
Converter

ICE

Specific
material
(*)

Compatibility
with powertrain
architectures
(**)

Cogeneration
capability

Liquid and
gas fuel
capability

Cooling
system
(***)





SCE





Simple GT





Advanced GT





ECGT





Stirling





Ericsson





VCM





TA

















TEG
PEMFC
*Specific
material:



Multi-fuel
capability
(including
solid fuels)

Require specific material,
Required specific material only for high temperature operating cycles
don’t require specific material)

**Powertrain
compatibility:

compatible with all powertrains,
can be used for conventional and parallel HEV powertrain because of the mechanical output
power generated, but not well suited due to acceleration lag and time response problematics as well
as the high fuel consumption due to operating in a low efficiency zone.
compatible only with series powertrain architecture

***Cooling
system:

require vehicle cooling system
Depend on the architecture
Don’t require cooling system

Finally, one of the important vehicle criteria to be considered when selecting energy converter
substitute to the ICE, is the cooling system and the required cooling surface area. This criterion
affects the vehicle frontal surface area where the heat exchange has to occur with the ambient
air. While the ICE and SCE require a radiator to reject heat at temperature between 85 and
105°C, simple GT rejects only heat in the exhaust gases. The only cooling system required is
for cooling the electric generator and bearings, which is still considered very small and presents
lower constraints than ICE vehicle radiator. On the other hand, depending on the
thermodynamic configuration of the advanced GT, the ECGT and the Ericsson open loop
systems, they may require an intercooler in order to reduce the compression work. This device
has a size that is close or smaller than the intercooler used today on the turbocharged ICE. On
the other hand, other converters, namely the Stirling engines, vapor cycle machines, Ericsson
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closed loop machines, thermoacoustic and thermoelectric generator systems are closed loop
systems requiring a specific cooling system. Their efficiency depends on the cold source
temperature and the heat exchanger surface.
Finally, the non-energy benefits of the different energy converters are summarized in table 1.25.
Energy converters are classified according to different criteria among them the opportunity for
novel integration and packaging, the noise and vibration aspects, the reliability and the
maintainability. Regarding the opportunity for novel integration and packaging in powertrains,
the SCE based on the piston ICE architecture does not offer any specific advantages, where the
same implementation constraints as in ICE are present. On the contrary, this energy converter
requires additional components such as crossover passage and heat exchanger. On the other
side, GT offer novel packaging opportunity for series hybrid powertrains where the system can
be designed and integrated independently of the architecture constraints of the vehicle
propulsion system. The Stirling, the Ericsson, the TA and the TEG systems offer no valuable
packaging novelty. Their external combustion system remains bulky and cannot be located far
from the energy converter itself. On the other hand, VCM can be integrated in different way,
because the different system components can be located in different places in the vehicle.
Regarding noise and vibration, the Split cycle engines present similar noise and vibration levels
compared to the ICE. As for the remaining energy converters, they all present additional
benefits in terms of noise and vibrations as compared to the ICE, except the Ericsson which
remains with higher noise level due to the valves operation
Table 1.25: Non-energy Benefits of Energy Converter Options
Energy
Converter

Opportunity for
novel integration
& packaging

Noise and
vibration
reduction

Improved
reliability

Improved
maintainability

Split Cycle Engine
Gas turbines
ECGT
Stirling
Ericsson
VCM
Thermoacoustic
ThermoElectric
PEMFC
Better compared to ICE,

no solid data,

can be worse than ICE

Based on the different results, the different technologies are classified in table 1.26 in term of
“most promising”, “moderately promising” and “least promising” as main energy converter for
future vehicle applications. The advanced GT and the split cycle are among internal combustion
machines most promising energy converters. They offer high efficiency and high power
densities. The Stirling and the ECGT are among external combustion machines most promising
energy converters, offering also high efficiency and power density among others.
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Table 1.26: Promising technology as prime mover for automotive applications
Status

Energy converter

Most promising
Moderately promising
Least promising

Advanced GT cycles, PEMFC, Split Cycle, Stirling, ECGT
Simple GT / Regenerative GT, Vapor cycle machines, Ericsson
ThermoElectric, Thermoacoustic

Among internal combustion machines compatible only with some liquid and gas fuels, SCE are
compatible with all hybrid electric powertrains and GT systems, despite their investigation in
conventional powertrains, are most suitable for SHEV and EREV powertrains. On the other
hand, among external combustion systems compatible with all fuels including solid fuels,
Stirling machines are compatible with all hybrid electric powertrain and the ECGT systems are
more suitable for series and range extended hybrid electric powertrains.
Table 1.27: Promising energy converters compatibility with powertrain and fuels

Compatible with all fuels
including solid fuels
Compatible with liquid
and gas fuels

Compatible with all hybrid
electric powertrains

Compatible with series hybrid
electric powertrains

Stirling

Stirling, ECGT

Stirling, SCE

Stirling, GT

Finally, the different recommendations for the most promising technologies are summarized in
the table below.
Table 1.28: Recommended initiatives for the promising technologies
Energy converter
SCE

Advanced GT and
ECGT

Stirling machines
PEMFC

Recommended initiatives
Development of high strength temperature material, innovative valves
systems, high temperature efficient heat exchangers, water injection
technology and intercooled and reheat concepts.
Development of high strength temperature material, high temperature
efficient heat exchanger and regenerators, water injection technology, high
isentropic efficiency turbomachines, isothermal combustion processes,
intercooled and reheat processes.
Development of high strength temperature material, efficient high
temperature head, heat exchanger and internal regenerators, innovative
sealing system and/or electromagnetic coupling devices
Development of innovative storage systems, reliable membrane and stack,
high pressure HHS with high capacity.

1.8 Conclusion
An overview study was performed on different energy converters for automotive applications
in an attempt to be considered as a substitute to actual internal combustion engine. Energy
converter machines studied can be classified under three different categories: (1) internal
combustion machines such as internal combustion engines, split cycle engines and gas turbines,
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(2) external combustion machines such as external combustion gas turbines, Stirling, vapor
cycle machines, Ericsson, thermoacoustic and thermoelectric generators, and (3) electrochemical energy converters such as the proton exchange membrane fuel cells.
For each energy converter, a state of the art and a bibliographical study are conducted first,
followed by a design analysis. In addition, qualitative and quantitative technological criteria
were compared. Qualitative criteria include efficiency, power to weight and power to size
ranges. Qualitative criteria include the need of specific materials, the powertrain compatibility,
the cogeneration capability and the multi-fuel ability. Advantages and drawbacks for the use of
these converters in automotive applications are then presented.
Among the studied energy converters, the split cycle engines, the Stirling, the gas turbines
systems and the PEMFC are identified to present a potential for use in automotive powertrains
as the fuel energy converter, due to their higher efficiency and power densities as compared to
the ICE. Stirling and external gas turbine machines offer the advantages of multi-fuel use
capability with good efficiency, where SCE and GT offer high efficiency and power densities.
PEMFC requires hydrogen as specific fuel, this energy converter provides high powertrain
efficiency, no pollutant emissions and acceptable power densities.
In today’s context of high degree of powertrain electrification, the range extended electric
powertrains based on series hybrid architecture seems to be the future potential powertrain to
be considered. These electric-based powertrains require a compact, low weight and high
efficient energy converter to serve as an auxiliary power unit that refills the battery once
depleted. This will prevent from the need of implementing large battery capacities. Gas turbine
systems offer these benefits in addition to the advantages of multi-fuel use capability.
In addition, gas turbine systems are mature technology applied in different industries, namely
the electric power production sector. Hence, GT systems know-how and expertise can be easily
transmitted to the automotive industry and do not require the development of a new energy
vector such as Hydrogen for PEMFC. Therefore, given all these advantages, this energy
converter will be considered in the rest of this study.
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Résumé chapitre 2
Des efforts de recherche importants ont été investis dans l'industrie automobile sur les groupes
motopropulseurs hybrides afin de réduire la dépendance des voitures particulières au pétrole.
L'électrification des groupes motopropulseurs a donné lieu à une large gamme d'architectures
de véhicules hybrides. La consommation de carburant de ces groupes motopropulseurs dépend
fortement des performances du convertisseur d'énergie, ainsi que de la stratégie de gestion de
l'énergie déployée à bord. De plus, les normes de consommation de carburant et d'émissions
de dioxyde de carbone sont appliquées dans le monde entier sur la plupart des marchés de
véhicules légers. Les cycles de conduite réglementaires, définis comme des modèles tempsvitesse spécifiques, sont utilisés pour mesurer les niveaux de consommation de carburant et
d'émissions. Ces mesures devraient refléter de manière réaliste les performances de conduite
en situation réelle, mais on s'inquiète de plus en plus de leur adéquation en raison des écarts
observés entre les valeurs de consommation et d'émissions certifiées et celles du monde réel.
L'une des principales raisons de cet écart est que les protocoles d'essai actuels ne tiennent pas
compte des besoins énergétiques non mécaniques des véhicules, tels que les besoins de confort
thermique des passagers et l'utilisation d'auxiliaires électriques à bord. Le chauffage et le
refroidissement de la cabine peuvent notamment entraîner une augmentation considérable de
la consommation d'énergie du véhicule.
Le présent chapitre examine le potentiel d'économies de consommation de carburant d'un
véhicule à chaîne de traction électrique hybride série, sur un cycle d’homologation prenant en
compte tous les besoins energétiques du véhicule, et utilisant une turbine à gaz comme
convertisseur d'énergie au lieu du moteur thermique à combustion interne conventionnel.
Tout d’abord, un modèle de cabine de véhicule est développé et les besoins en énergie de
confort thermique sont dérivés pour le refroidissement et le chauffage, en fonction de la
température extérieure ambiante sous des climats froids, modérés et chauds. Le cycle
d’homologation WLTP est ainsi modifié pour inclure les profils de puissance générés pour le
confort thermique et les besoins auxiliaires. Ensuite, une analyse exergétique et technologique
explicite est developpée pour identifier la meilleure configuration thermodynamique du système
turbine à gas. Un cycle avec refroidissement intermédiaire, récupération et réchauffage
intérmédiaire est priorisé, offrant une efficacité et une densité de puissance plus élevées par
rapport aux autres systèmes étudiés. Un modèle de véhicule hybride série est développé et les
composants du groupe motopropulseur sont dimensionnés en tenant compte des critères de
performance du véhicule.
Des simulations de consommation d'énergie sont effectuées sur le cycle de conduite modifié en
utilisant la programmation dynamique comme stratégie globale de gestion optimale de
l'énergie.
Les résultats montrent une augmentation de la consommation de 20 à 96 % par rapport au
WLTP actuellement adopté, selon le climat considéré. De plus, Les résultats montrent une
amélioration de la consommation de carburant de 22 à 25 % avec le GT comme groupe
auxiliaire de puissance ou prolongateur d’autonomie par rapport au moteur thermique à
combustion interne convnetionnel.
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Chapter 2: Exergo-Technological Explicit Selection
Methodology for Energy Converters for Series Hybrid
Electric Vehicles: Case of Gas Turbine Systems*
Gas turbine (GT) systems are among potential energy converters for future vehicle powertrains
as discussed and concluded in chapter 1. These systems offer vehicle intrinsic benefits such as
good efficiency, multi-fuel and cogeneration capability, low vibration and noise, reduced
number of components, compactness as well as reduced weight compared to other energy
converters.
GTs are also compatible with series hybrid electric vehicles (SHEV) and range extended hybrid
electric vehicles (EREV) powertrains. These powertrains offer, with the adequate battery
capacity sizing, a full electric drive wich can be favourable to reduce local emissions, mainly
in dense cities. Note that in these powertrains where the mechanical driving power is ensured
by an electric motor and the energy converter is cinematically decoupled from the vehicle load,
GT can be designed to operate at its maximum efficiency which reduce furthermore the fuel
consumption and emissions.
Today, standards for fuel consumption and carbon dioxide emissions are implemented
worldwide in most light-duty vehicle markets where regulatory drive cycles are used to measure
levels of fuel consumption and emissions. These measurements should realistically reflect real
world driving performance. However, there is increasing concern about their adequacy due to
the discrepancies observed between certified and real world consumption and emissions values.
One of the main reasons for the discrepancy is that current testing protocols do not account for
non-mechanical vehicle energy needs, such as passengers’ thermal comfort needs and the use
of electric auxiliaries on-board, which can lead to considerable increase in vehicle energy
consumption.
Therefore, this chapter presents a methodology of choice and optimization of GT energy
converter for SHEV powertrains. The study starts with a simulation-based assessment
framework to account for the additional fuel consumption related to the cabin thermal energy
and auxiliary needs under the worldwide-harmonized light vehicles test cycle (WLTC). The
thermal comfort energy needs are derived for cooling and heating, depending on ambient
external temperature under cold, moderate temperate and warm climates. A modification to the
WLTC is proposed by including the generated power profiles for thermal comfort and auxiliary
needs.
Then, an investigation of the potential of fuel consumption savings of an SHEV using a GT as
energy converter instead of the conventional internal combustion engine (ICE) is developed.
The investigation starts by applying an exergo-technological explicit selection method analysis
to identify the best GT-system configuration for SHEV based on exergetic analysis and
considering technological constraints. The intercooled regenerative reheat cycle is prioritized,
offering higher efficiency and power density compared to other investigated GT-systems. An
*This chapter is a combination of the two accepted journal papers (Annex 2-3). The same methodology has been
applied for different energy converters on SHEV (Annex 4-7). Results are presented in the conclusion section (2.8).
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SHEV model is developed and powertrain components are sized considering vehicle
performance criteria such as acceleration, maximum speed and gradability. Energy
consumption simulations on plug-in and self-sustaining SHEVs are performed on the modified
WLTC driving cycle using dynamic programing as global optimal energy management
strategy.
Results show around 22% of improved fuel consumption with GT as auxiliary power unit
(APU) compared to ICE. Consequently, the studied GT-APU presents a potential for
implementation on SHEVs.
The same methodology was applied for other energy converters including External Combustion
Gas Turbines (ECGT), Stirling machines, Brayton WHR, Vapor Cycle Machines (VCM), Split
Cycle Engines (SCE) and Thermoacoustic machines. The prioritized optimal thermodynamic
configurations and the fuel consumption simulations results on SHEV are presented in the
conclusion paragraph of this chapter (section 2.8).

2.1 Introduction
Different manufacturers have investigated the integration of gas turbines (GT) in conventional
powertrains over years as the main energy converter instead of conventional internal
combustion engines (ICE). Early GT vehicle models in the 60’s and 70’s showed poor
acceleration response and higher fuel consumption compared to internal combustion engine
vehicles (ICEV) [2.1, 2.2]. These drawbacks were mainly due to operating the GT at high speed
even at idle conditions, in addition to mechanically coupling the turbine to the vehicle driving
load, which resulted in a low efficiency operating range of the GT-system. Despite the many
technological advancements and improvements made later on GTs such as variable turbine
geometry, water injection for improving the performance, and increase of turbine inlet
temperature (TIT), the acceleration lag and the poor fuel efficiency are still the main reasons
hindering their deployment in conventional powertrains.
A review of recent research and development programs of automotive manufacturers revealed
new interests in GT for automotive applications, demonstrated in several vehicle concept cars.
Moreover, the review of the recent literature showed interesting insights on GT consumption
and emissions reductions. A study on GT for automotive applications at Chalmers University
of Technology, presented an interest in operating GT at optimal efficiency point compared to
ICE [2.3]. A complementary study at the University of Rome showed that GT emissions at
optimal efficiency operation meet the Euro 6 emissions levels of CO, NOx and soot even
without the use of after-treatment systems [2.4]. In addition, GT-systems offer other intrinsic
benefits for vehicle powertrains such the reduced number of moving parts, vibration-free
operation, low maintenance cost, high durability and the absence of cooling system [2.1].
Based on the aforementioned findings, GT-systems present a forthcoming potential for
improving modern vehicle efficiency and emissions, with the benefit of fuel-use flexibility
when compared to ICEVs; particularly, in series hybrid electric vehicle (SHEV) and extended
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range hybrid electric vehicle (EREV) technologies. These powertrains combine a thermal and
an electric powertrain in a series energy-flow arrangement, as illustrated in figure 2.1. The
thermal powertrain is constituted of an energy converter and an electric generator, and is
referred to as Auxiliary Power Unit (APU). The APU is mainly used to recharge the battery
once depleted, and the electric powertrain provides the necessary power to overcome the driving
load. Consequently, the APU operating speed is cinematically decoupled from the vehicle
velocity, and the energy converter operating point is easily controllable to meet its best
efficiency.
On another hand, several GT-system options could be considered for integration in SHEVs,
combining a basic GT to regenerative systems and single or multi-stage compressions and
expansions. There have been numerous studies published over the past decade in the academic
literature covering a multitude of GT-system configurations and performance analysis in
different applications, such as industrial [2.5-2.15] and aeronautics [2.16, 2.17]. The survey of
these studies confirms that most GT-systems are designed based on efficiency optimization,
power density optimization or a compromise between the two criteria. For instance, industrial
GT-system studies focused on finding an acceptable compromise between maximizing the
system efficiency and the power density, with less concern on reducing the weight [2.7-2.13].
Along these lines, aeronautical GT-system studies focused on maximizing the power density
due to the high weight-reduction priority constraint for such applications [2.17]. In both
applications, a combination of several measures was required such as the need to increase TIT,
to add intercooler, regenerator and reheat systems in order to achieve the needed optimization
[2.9, 2.16, 2.17]. However, there have only been a few recent papers on GT-systems suitable
for automotive applications [2.18-2.20] due to the lack of competitiveness of GT compared to
ICE in conventional powertrains. Other papers date for more than 20 years [2.21-2.24]. The
review of these recent and old studies underlines the following two gaps:
•

•

•

No specific methodology on selecting the best-suited GT-system for automotive
applications is adopted. The studies focus is on the performance investigations of some
pre-defined GT-systems, without taking into consideration any optimization
requirement or technological constraints.
The overall vehicle consumption under driving conditions is not evaluated and
benchmarked against ICEV. These studies did not provide a complete vehicle model
integrating the investigated GT-systems into a powertrain model, supervised by an
energy management strategy.
None of the studies consider the vehicle non-mechanical energy need such as the cabin
thermal comfort and electric auxiliary needs which can account for significant fuel
consumption under certain climates.

Therefore, based on the above synthesis of the insights and gaps in the literature for re-adopting
GT in automotive applications, this chapter proposes a comprehensive methodology to identify
the potential GT-system options and select the optimal system configuration for SHEV
application.

79

First, a methodology for the modification of the WLTC optimization cycle to include cabin
thermal comfort and electric auxiliary needs in addition to vehicle propulsion needs is carried
out. The study starts with a framework for redefining the vehicle energy needs in section 2.1.
This includes a methodology for defining the heating and cooling power profiles under three
different climates: hot, cold and temperature climates. The resulting heating and cooling power
profiles, in addition to the auxiliary power needs are used to propose a “modified WLTC” that
is more representative of real world conditions under the three climate categories. Then, a
methodology for identification and assessment of the different GT-system options applicable
to SHEV are carried out in section 2.2, based on exergy analysis and automotive technological
constraints. Observed results are used for the prioritization and the selection of the optimal GTsystem configuration. The selection criterion is optimizing the system efficiency. Thereafter,
the identified GT-system is integrated in an SHEV model in section 2.3, and a comparison
between two SHEV models with different APU technologies (GT-APU and ICE-APU) is
presented. SHEV models are developed with a backward-modeling approach, and the
powertrain components are sized according to automotive performance criteria such as the
maximum vehicle speed and acceleration. Finally, energy consumption simulations of both
models are compared on the modified WLTC driving cycle. Dynamic Programing (DP) is
adopted as Energy Management Strategy (EMS) in section 2.4 in order to provide the global
optimal strategy to power ON and OFF the APU [2.25, 2.26].

2.2 Methodology for Optimal Gas Turbine System Selection and
Optimization for SHEV
This section presents the methodology adopted to evaluate the potential of GT-systems in an
EREV. Figure 2.1 presents this methodology. It starts by defining an optimization cycle based
on the WLTC in which we account, in addition to vehicle propulsion mechanical energy need,
the vehicle thermal and auxiliary electric energy needs. Therefore, the modified WLTC is the
input for the vehicle model. Note that, the study considers three different climates: (1) a cold
climate, (2) a temperate climate designed also as moderate climate and (3) a hot climate.
As output, the criteria are minimizing the fuel consumption under vehicle constraints such size,
weight, and frontal surface among others, while ensuring the vehicle requirements in terms of
acceleration, maximum speed and vehicle gradability. The vehicle powertrain is composed of
an energy converter, which can be the GT or the ICE, coupled to an electric generator, both
constitute the auxiliary power unit (APU) which role is to feed the SHEV’s battery by electric
energy.
Regarding the energy converter, an exergo-technological explicit selection (ETES) method is
applied for the identification and assessment of the different GT-system options applicable to
SHEV and to select the best-suited energy converter, based on exergy analysis and automotive
technological constraints. Observed results are then used for the prioritization and the selection
of the optimal GT-system configurations. The selection criteria are optimizing the system
efficiency and increasing the net specific work.
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Thereafter, an SHEV vehicle model is developed, and powertrain components are designed to
ensure vehicle requirements in term of acceleration, maximum speed and gradability. The
identified most suited GT-system is integrated in the developed vehicle model and a comparison
between two SHEV models with different APU technologies is presented: (1) a GT-APU and
(2) a reference ICE-APU.
Energy consumption simulations are compared on the modified WLTC. Dynamic Programing
(DP) is adopted as Energy Management Strategy (EMS) in order to provide the global optimal
strategy to power ON and OFF the APU. Consequently, the analysis considers only the impact
of the energy converter systems on consumption and excludes the influence of rule-based EMS.

Fig. 2.1: Scheme of the overall methodology of choice and optimization of energy converters for
SHEV

2.3 Optimization cycle
Regulatory drive cycles, defined as specific time-speed patterns, are used to measure levels of
fuel consumption and emissions for passenger cars. These standards are implemented
worldwide in most light-duty vehicle markets in order to reflect real world driving performance.
However, these measurements, which should realistically reflect real consumption and
emissions, present discrepancies between certified and real world consumption and emissions
values. One of the main reasons for the discrepancy is that current testing protocols do not
account for non-mechanical vehicle energy needs, such as passengers’ thermal comfort needs
and the use of electric auxiliaries on-board. Cabin heating and cooling can especially lead to
considerable increase in vehicle energy consumption.
Hence, in order to better inform future assessments of fuel consumption in real world conditions
for both GT and ICE, and to reduce the discrepancies observed between certified and real world
consumption and emissions values, the following paragraph proposes a modification to the
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WLTC that includes cabin thermal comfort and electric auxiliary needs in addition to vehicle
propulsion needs.
The resulting amended WLTC will be denoted in the rest of the study as “modified WLTC”.
The study starts with a framework for redefining the vehicle energy needs. This includes a
methodology for defining the heating and cooling power profiles under different climates. To
that end, a vehicle cabin thermal model is developed and presented in the thesis in the annex
(A.2). The resulting heating and cooling power profiles, in addition to the auxiliary power
needs are used to propose a modified WLTC that is more representative of real world conditions
under three climate categories (hot, moderate and cold).
2.3.1 Methodolgy for accounting of vehicle thermal cabin and auxiliary power
needs on the WLTC
This section presents the framework methodology for developing a modified WLTC that takes
into account the vehicle thermal and electrical energy needs that are not currently considered.
The framework consists of a two-step method for generating vehicle thermal and electrical
power profiles and presented in details in the paper listed in the annex 3. These power profiles
would be used in combination with the WLTC velocity profile for a more representative fuel
and emissions assessment. The framework is summarized in figure 2.2.

Fig. 2.2: Framework for redefinition of WLTC considering thermal and electrical energy
needs.
The first step in the proposed framework is to predict the thermal energy needs. It consists of
feeding the cabin thermal model with the range of external temperatures for a given climate, as
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well as the cabin comfort criteria consisting of the internal comfort temperature and the
corresponding convergence time to this temperature. The outcome is a range of power profiles
emulating the cabin thermal energy needs corresponding to the different external temperatures.
Hence, a cabin thermal model is developed for that purpose using the Dymola-Modelica
software. The cabin thermal model consists of several sub-models and is described in detail in
the paper listed in the annex 3 and in [2.27]. The model calculates both the transitory and steadystate thermal needs in the cabin. First, given a thermal power need, the model computes the
dynamic response (i.e. transitory state) of the cabin air temperature, producing the transitory
curve from the initial temperature; and, given a target in terms of steady-state thermal comfort,
the model determines the thermal power needs, i.e. the evaporator cooling capacity and the
radiator heating capacity.
Figure 2.3 illustrates the heating and cooling thermal energy needs of the cabin as a function of
external ambient temperature. Two types of curves are shown, for steady state and transient
state, respectively. The steady state curves illustrate the thermal power needs to maintain the
cabin at the comfort temperature of 23°C. The transient state curves illustrate the thermal power
needs to bring the cabin to the comfort temperature, with the convergence time being
determined according to the external temperature, as shown in Figure 2.4, which was developed
by experimental measurement at the reference temperatures (-15°C, +20°C and +45°C) and
linear interpolation in between.
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Fig. 2.3: Cabine thermal power function of external temperature.
Note the presence of a zone (between 5 and 20°C) where both heating and cooling are required
simultaneously. This is the defogging zone where ambient air must be dehumidified before
being heated and flowed into the cabin.
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Fig. 2.4: Convergence time as a function of the external temperature (°C).
Finally, for the range of external temperatures considered, the corresponding cabin thermal
power curves are derived by combining the transient thermal power required (dashed lines in
Figure 2.3) during the convergence time (from Figure 2.4) with the steady state thermal power
(solid lines in Figure 2.3). For example, at an external temperature of -5°C, a heating power of
5,200 W is applied during the transient state over a convergence time of 15 minutes, followed
by a heating power of 3,000 W during the steady state for the remaining trip duration to ensure
thermal comfort of the cabin is maintained.
The range of thermal power load curves are derived by this process for all considered
temperature ranges, and presented in Figure 2.5. This concludes the calculations under the first
step of the proposed framework.
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Fig. 2.5: Heating and cooling power needs for different external temperatures.
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The second step involves weighting of the range of cabin thermal power curves obtained in step
1, using the frequency of annual temperature occurrences for a given climate. Three different
climate conditions were considered corresponding to cold climate (Climate C), moderate
climate (Climate M) and hot climate (Climate H), as shown in Figure 2.6 below.
For each defined climate, a weighted-average cabin thermal power is computed for both heating
and cooling, using equation 2.1:
(2.1)

Where
is the percent of occurrence of annual temperature
cabin thermal power at .

, and

is the corresponding

Based on a survey of industry best practice, a constant value of 750 W was assumed as an
average electric consumption on middle class vehicles [2.28]. Therefore, the modified WLTC
consists of combining the WLTC drive cycle with the heating and cooling thermal power curves
and the constant electricity consumption, that now considers both mechanical power on wheels
required to drive the vehicle at a given speed, and the heating and cooling thermal needs
required to ensure the vehicle comfort.
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Fig. 2.6: Percentage of temperature occurrence for the investigated cold, moderate and hot
climates [2.29].
2.3.2 Modified WTLC results
The final modified WLTC is shown in Figures 2.7 to 2.9 for the three climates defined. Note
that this methodology adopted to derive the modified WLTC is generalizable and can be applied
for different test procedures for drive cycles, climates, and vehicle classes.
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Fig. 2.7: Modified WLTC for cold climate.
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Fig. 2.8: Modified WLTC for moderate climate.
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Fig. 2.9: Modified WLTC for hot climate.
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2.4

Exergo-Technological Explicit Selection Method

This section presents the methodology adopted to evaluate the potential of GT-systems in
SHEVs. It consists of two-steps assessment plan, as described in sections 2.2.1 and 2.2.2, and
summarized in figure 2.10. The first assessment step consists of an energy and exergy analysis
applied to the basic GT cycle, where the system efficiency, specific work, and exergy are
calculated. Based on the resulting exergy destructions in the system, modifications of the basic
GT cycle are presented, by considering several measures such as internal heat recovery and
multi-stage compressions among others, in order to reduce exergy losses. Accordingly, the list
of potential GT-system configurations is identified.
The energy and exergy calculations are then carried out in the second assessment step on all
identified configurations. Components technological constraints and automotive design
constraints are considered, and the optimal-realistic GT-system configuration for the SHEV
application is selected. Components technological constraints such as the maximum TIT, the
maximum compression ratio per stage and the maximum components’ efficiencies are based
on state-of-the-art data of available and newly developed technologies for automotive
applications. However, automotive design constraints such as the number of compression and
expansion stages, the power density and the number of heat exchangers are applied in order to
simplify the system-integration complexity in vehicles.

Fig. 2.10: Exergo-technological explicit selection method of the best-suited GT-system for
SHEV
2.4.1 Energy and exergy analysis of simple gas-turbine system
In this section, the modeling of the basic Brayton GT cycle, which consists of a compressor, a
combustion chamber and a turbine, is presented. First law of thermodynamics is applied to each
component in order to deduce the cycle thermal efficiency and power density. The air is
considered as the working fluid.
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Fig. 2.11: Simple Gas turbine System (SGT)
The compressor and the turbine steady-state work are determined using equations 2.2 and 2.3,
by neglecting the heat exchange with the surroundings and the variation in potential and kinetic
energy between inlet and outlet of the components.
(2.2)
(2.3)
With

:

Compressor specific work in the GT loop (kJ/kg)

:

Specific enthalpy at compressor outlet (kJ/kg)

:

Specific enthalpy at compressor inlet (kJ/kg)

:

Turbine specific work in the GT loop (kJ/kg)

:

Specific enthalpy at turbine outlet (kJ/kg)

:

Specific enthalpy at turbine inlet (kJ/kg)

The heat added in the combustion chamber is computed using equation 2.4, while assuming air
as the working fluid.
(2.4)
With

:

Specific heat added in the combustion chamber (kJ/kg)

:

Specific enthalpy at combustion chamber inlet (kJ/kg)

:

Specific enthalpy at combustion chamber outlet (kJ/kg)

The system energy efficiency

is computed according to equation 2.5.
(2.5)

Exergy analysis is then carried out in order to trace the work losses in the system, their types
and quantities, in order to better inform on the possible options to reduce the inefficiencies.
Energy and exergy model equations for each component are available in thermodynamic
fundamentals books such as [2.30, 2.31].
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(2.6)
With

:
:
:
:

Specific exergy of the entering flow (kJ/kg)
Specific exergy of the leaving flow (kJ/kg)
Net specific work output (kJ/kg)
Exergy of the heat rejected (kJ/kg)

:

Exergy of the heat added (kJ/kg)

:

Exergy destruction in the system (kJ/kg)

The exergy destruction in the compressor and the turbine are determined using equations 2.7
and 2.8, assuming no heat exchange with the surroundings.
(2.7)
(2.8)
With

:

Exergy destruction in the compressor (kJ/kg)

:

Specific exergy at compressor outlet (kJ/kg)

:

Specific exergy at compressor inlet (kJ/kg)

:

Exergy destruction in the turbine (kJ/kg)

:

Specific exergy at turbine inlet (kJ/kg)

:

Specific exergy at turbine outlet (kJ/kg)

The heat exchanger exergy destruction is determined using equation 2.9:
(2.9)
With

:
:

Exergy destruction in the heat exchanger (kJ/kg)
Specific exergy at the inlet of the HEX hot stream (kJ/kg)

:

Specific exergy at the outlet of the HEX hot stream (kJ/kg)

:

Specific exergy at the inlet of the HEX cold stream (kJ/kg)

:

Specific exergy at the outlet of the HEX cold stream (kJ/kg)

Finally, the exergy destruction calculations for the combustion chamber requires the use of
Gibbs function value for fuel; however, it was substituted in this study by equation 2.10, where
the average temperature in the combustion chamber is estimated from 2.11 [2.32, 2.33].
(2.10)

.

_
,
,

With

_

,
,

:

Exergy destruction in the combustion chamber (kJ/kg)

:

Average temperature in the combustion chamber (K)

:

Enthalpy difference in the combustion chamber (kJ/kg)

:

Entropy difference in the combustion chamber (kJ/kg.K)

:

Reference temperature (K)

(2.11)
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Exergy destruction results of the investigated basic GT-system are illustrated in figure 2.12.
The figure points out the two highest shares of exergy losses, occurring in the combustion
chamber and the exhaust gas at the turbine outlet.
It was demonstrated in several studies [2.34-2.36] that the exergy destruction in the combustion
chamber decreases as the average temperature increases. Accordingly, two ways can be
considered to decrease these exergy losses: (1) increasing the TIT while respecting metallurgic
constraints, and (2) increasing the average combustion temperature through a regenerator
upstream of the combustion chamber.
As for the second major source of exergy destruction, losses from the exhaust gases at the
turbine outlet to the ambient air can be recovered by adopting waste heat recovery systems.
Two recovery options are applicable: (1) an external heat recovery system through a steam
Rankine bottoming cycle, and (2) an internal heat recovery system, using a regenerator.
The exergy destruction shares of the compressor and turbine illustrated in figure 2.12 can be
reduced by improving the efficiency of these components.

Turbine
Outlet
48%

Combustion
Chamber
41%

Turbine
6%

Compressor
5%

Fig. 2.12: Distribution of exergy destruction in the Brayton gas-turbine system with turbine
inlet temperature of 1250°C and maximum cycle pressure of 1.2 MPa.
Based on these findings, the list of the different GT-system options considered in this study is
presented below, based on the combination of the suggested techniques for exergy losses
reduction as illustrated in figure 2.13. The considered GT-system options are as follow:
1.
2.
3.
4.
5.
6.

Regenerative GT (RGT)
Intercooled Regenerative GT (IRGT)
Intercooled Regenerative Reheat GT (IRReGT)
Isothermal Compression Regenerative GT (IcRGT)
Isothermal Compression Regenerative Reheat GT (IcRReGT)
Isothermal Compression Regenerative Isothermal Expansion GT (IcRIeGT)

90

Note that the efficiency and power density of the GT-system options 3 and 4 can be further
improved if isothermal compression and expansion are considered. In fact, the isothermal
compression maximizes the heat recovery process in the regenerator, and the isothermal
expansion maximizes the expansion work [2.16, 2.36]. To this end, isothermal compressions
are considered in IcRGT, IcRReGT and IcRIeGT and isothermal expansion in IcRIeGT
(options 4 to 6). Although isothermal processes are technically difficult to achieve and remain
currently theoretical, they are considered in this study for comparison purposes, and to
emphasize their additional benefits. Nevertheless, many studies in the literature investigated
technical options for getting close to isothermal processes such as reheat cycles [2.8],
intercooling compression [2.17], isothermal combustion cycles [2.35] and cooling compression
with water or liquid nitrogen [2.36].
Triple stage compressions were also considered in the analysis; however, results did not reflect
substantial additional advantage compared to the dual stage compression. Therefore, due to the
additional complexity in vehicle integration for little improvements, triple compression cycles
were disregarded and only dual stage compressions are considered.
The exergo-technological explicit selection method was also applied for the combined cycle
gas turbine (CCGT), the Stirling machines, the vapor cycle machines (VCM), the Brayton
system as waste heat recovery system on ICE, and the external combustion gas turbine (ECGT)
systems. These studies are presented in the annexes (2 to 7) of this thesis.

Fig. 2.13: Exergy assessment methodology for the identification of the GT-system options
with reduced exergy losses in a basic GT-system.
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(a) RGT

(b) IRGT

(c) IRReGT

(d) IcRGT

(e) IcRReGT

(f) IcRIeGT

Fig. 2.14: Thermodynamic configuration of the investigated GT systems
2.4.2 Energy and exergy analysis of identified potential gas-turbine systems
The identified GT-system options of figure 2.14 are assessed here in order to prioritize these
options based on their respective efficiency and net specific work, and select the most suitable
configuration. The assessment methodology for each option is illustrated in figure 2.15. Energy
and exergy calculations are performed first with Refprop software, using the set of physical
parameters such as the TIT, the cycle pressure, the components efficiencies, among others; as
summarized in table 2.1. These parameters correspond to the state-of-the-art specifications and
limitations of GT component technologies and to automotive design constraints and are
explained in details in chapter 3.
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The energy and exergy calculations are made as function of two parametric design criteria: the
compression ratio (πi) and the expansion ratio (βj), with i and j referring to the number of
compressors and turbines respectively. Therefore, the second calculation step uses the NSGA
multi-objective genetic algorithm to determine the Pareto optimal efficiency and net specific
work solutions for the optimal (πi) and (βj) [2.37]. For the rest of the study, the comparison
between the different GT-systems will be based on the best efficiency points on the Pareto
curves. Therefore, the selection of the best-suited GT-system for SHEV will be made with
respect to the highest efficiency among the compared systems.
Table 2.1: Simulation parameters based on state-of-the-art component specifications and
automotive design constraints.
Parameter
Compressor technology
Max number of compression stages
Compressor maximum pressure ratio
Compressors efficiency
Compressor inlet pressure drop
Maximum cycle pressure
Intercoolers pressure drop
Intercoolers outlet temperature

Unit
%
%
MPa
%
°C

Value
Radial
2
4
80
0.5
1.2
5
60

Parameter
Regenerator efficiency
Regenerator pressure drop cold side
Regenerator pressure drop hot side
Combustion chamber pressure drop
Max number of expansion stages
Turbine Inlet Temperature (TIT)
Turbines isentropic efficiency
Turbine expansion ratio

Unit
%
%
%
%
°C
%
-

Value
85
4
3
4
2
1250
85
3.5

GT-system
Setting the physical parameters
Temperature (TIT, intercooler outlet, condensers)
Pressure (max GT pressure cycle, max Rankine cycle)
Efficiency (compressors, turbines, regenerator)
Pressure drop (comb. chamber, intercooler, regenerator, HEX)
Working fluid (Rankine)

Initiation of variable
parameters
πi, min ≤ πi ≤ πi, max
βj, min ≤ βj ≤ βj, max

Thermodynamic Simulations
Energy and Exergy Calculations
(Refprop)
Overall Efficiency = ηc

Multiobjective Genetic Algorithm
(NSGA / Matlab)

Net Specific Work = Wnet
Pareto
(ηc, Wnet) = f(πi, βj)
Selection
π = Compression ratio of compressor i
β = Expansion ratio of turbine j

Optimal efficiency ηc &
design parameters πi, βj

Fig. 2.15: Assessment methodology for the identification of the highest efficiency GTsystem and its optimal design parameters.
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Figure 2.16 presents the exergy losses for 1 kW of net mechanical power produced from the different
considered GT-systems, operating at optimal efficiency.

Exergy destruction (kW) for 1kW net
power produced

2,5
Outet
Turbine 2

2

Turbine 1
1,5

Combustion chamber 2
Combustion chamber 1

1

Regenerator
Intercooler

0,5

Compressor 2
Compressor1

0
SGT

RGT

IRGT

IRReGT

IcRGT

IcRReGT IcRIeGT

Fig. 2.16: Exergy destruction for 1 kW net power delivered from the different GT-systems.

The results with simple compression and expansion, confirm the results of figure 2.12, where
the main exergy destructions of the SGT are in the combustion chamber and at the turbine
outlet. Therefore, the RGT configuration considers adding a regenerator heat exchanger on the
upstream of the combustion chamber in order to increase the combustion chamber inlet
temperature and reduce the combustion chamber exergy destruction as compared to the SGT,
since the average combustion chamber temperature has increased.
Also performing an intercooled compression reduce the compression exergy destructions at
system outlet since more heat is recovered. For instance, the IRGT compared to RGT shows
41% less exergy destruction at outlet and around 9.5% of less total exergy destruction.
Reheat cycles in which a second combustion chamber is added, such as the IRReGT, allow
reducing the total exergy destruction in the combustion chambers. For instance, the IRReGT
and the IcRReGT show 14% and 11% less exergy destruction in the combustion chamber
compared to IRGT and IcRGT respectively.
Note that the compressors and turbines present low exergy losses compared to the heat
exchangers and combustion chambers. Therefore, this illustrates the importance of the proposed
explicit methodology and the exergy analysis, since it emphasizes on the importance of
improving the system configuration efficiency rather than improving the isentropic efficiency
of only the compressors and turbines.
Based on the above exergy assessment findings, the GT-systems showing the lowest exergy
destruction per 1 kW of net power produced will present the highest efficiency. This is reflected
in the Pareto curves illustrated in figure 2.17, where the theoretical GT-systems using the
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isothermal compression and expansion processes (IcRGT, IcRReGT and IcRIeGT) as well as
the IRReGT present the highest efficiencies among the compared systems.
750
Net specific work (kJ/kg)

GT
650

RGT

550

IRGT

450

IRReGT

350

IcRGT
IcRReGT

250
150
28%

IcRIeGT
33%

38%

43%

48%

53%

58%

63%

Efficiency (%)

Fig. 2.17: Pareto optimal efficiency and net specific work solutions of the different GT-systems.
Figures 2.18 and 2.19 illustrate the efficiency, net specific work and optimal compression and
expansion ratio simulation results of the investigated GT-systems, compared to the ICE.
ICRIEGT presents the highest efficiency and net specific work; however, as discussed in the
previous section, this cycle is not realistic for implementation in SHEV since it relies on
isothermal compression and expansion. Consequently, the IRReGT, figure (2.14c) is the
optimal-realistic GT-system considered for the rest of this study, which emulates the isothermal
compression and expansion of IcRIeGT through a dual stage compression with an intercooler
and a dual-expansion turbine with a reheat system.
IcRIeGT

60,6%

IcRReGT

52,7%

IcRGT

50,8%

IRReGT

47,0%

IRGT

42,2%

RGT

40,5%

SGT

30,4%

SI-ICE

37,0%
0%

10%

20%

30%
40%
50%
60%
Overall Efficiency (%)
Fig. 2.18: Optimum efficiency comparison of ICE and the investigated GT-system options.
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First stage compression ratio
First stage expansion ratio
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ratios

Net specific work (kJ/kg)

Net specific work
Second stage compression ratio
Second stage expansion ratio

Fig. 2.19: Net specific work of ICE and the investigated GT-system at optimal efficiency.

2.5

Vehicle Model

In order to evaluate the benefits of the IRReGT-system in terms of fuel savings compared to
ICE, a medium-class series hybrid vehicle, consisting of an IRReGT-APU and an electric
traction system (figure 2.1) is modelled and presented in this section. Series configuration
presents the advantage of tackling the two main deficiencies of GT-systems in automotive
applications as discussed in the literature: the poor efficiency and the acceleration lag. On one
side, the IRReGT operates in an SHEV at steady power corresponding to the optimum
efficiency, which is higher than the maximum efficiency of ICE, as illustrated in figure 2.18.
On the other side, the vehicle is propelled by an electric motor, powered by a battery and/or the
APU, and properly sized to ensure the vehicle acceleration and velocity performance without
deficiency. The first paragraph presents the methodology for SHEV powertrain component
design and sizing and the second paragraph presents the powertrain components sizing.
2.5.1 Methodology
The powertrain design methodology is illustrated in figure 2.20 below. The vehicle dynamic
longitudinal equations are applied on a medium class vehicle with predefined characteristics.
The optimization cycle defined in section 2.1, the modified WLTC, is considered, and the
average load power on the whole WLTC and on the city driving phase are accounted.
Considering the additional energetic needs, which include the electric, heating and cooling
needs, the energy converter maximum continuous power is calculated. Note that the thermal
power rejected from the intercooler of the IRReGT must be evacuated through the vehicle
frontal surface. The electric motor power is found by considering the vehicle performance
criteria and by selecting the maximum among the following automotive constraints: (1) the
vehicle maximum continuous speed, (2) the acceleration and (3) the gradability. Finally, the
battery power is sized according to electric motor power and to the IRReGT power and the
battery capacity is selected depending on the energy converter maximum power, as well as on
the driving ranges mainly the full electric driving range in cities and on highway.
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Fig. 2.20: Methodology for component powertrain design
2.5.2 Powertrain setup and components sizing
As described in the methodology section, the electric traction motor is sized in order to ensure
similar performance to a medium class hybrid vehicle. The electric motor must ensure the
required power to drive the vehicle at 90 km/h on a 10% slope, at 130km/h at 5% slope, to
achieve a maximum speed maximum speed of 160 km/h, and to achieve an acceleration from
0-100 km/h in 9.6 s. The first three criteria are calculated using equation 2.13 which provides
the required vehicle traction power as a function of aerodynamic parameters, rolling resisting
force, inertial force, and vehicle velocity, while the equation 2.14 computes the
, the
tractive power required to accelerate the vehicle from zero to in seconds. Note that
is
the vehicle velocity corresponding to the motor base speed.
1
2

cos

2
With

M
M
a
θ
f
ρ
S
Cx

:
:
:
:
:
:
:
:
:
:
:

.
2
3

1
5

(2.13)
(2.14)

Vehicle weight (kg)
Equivalent mass of rotational components (kg)
Vehicle acceleration (m/s²)
Slope angle
Friction rolling coefficient
gravity (m/s²)
Air density (kg/m3)
Vehicle frontal area (m²)
Vehicle drag coefficient
Vehicle velocity (m/s)
Time (s)
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The APU is used to ensure the battery sustainability under specific driving conditions. Hence,
the IRReGT and the electric generator are sized taking into consideration urban stop-and-go
patterns and highway-driving patterns. The urban stop-and-go patterns are represented in this
study by the WLTC, and the average load power is computed using equation 2.15, where the
presents the IRReGT-system average power required to maintain the battery energy
sufficiently sustained under stop-and-go urban-driving patterns. Note that corresponds to the
driving cycle time length.
1

1

1
2

1

(2.15)

The highway-driving pattern is emulated as driving for a long distance at the maximum velocity
of 160 km/h without the need of the battery support. Equation 2.16 computes the continuous
power required from the GT-system in order to maintain the vehicle cruising for long distance
at a certain speed on highway without the support of the battery.
1

.

1
2

(2.16)

Fig. 2.21: Mechanical power required to drive the vehicle and different constant speed
and on slope road of 5% and 10%.
According to equation 2.14, around 80 kW tractive power is needed to accelerate the vehicle
from 0 to 100km/h. According to figure 2.21 and equation 2.16, 40 kW is required to maintain
the vehicle at a maximum speed of 160 km/h without depleting the battery. Also around 47kW
is required to drive the vehicle at 90 km/h on a 10% slope compared to around 50kW at 130km/h
at 5% slope. Consequently, the selected electric traction motor power is 80 kW. Note that 23kW
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is required to maintain a constant speed of 130km/h on flat road compared to 19kW at 120km/h
on flat road. Also, an average power of 10.4 kW is required on the WLTC.

Fig. 2.22: WLTC driving cycle
Considering a continuous auxiliaries electric power of 750W, and a 95% electric generator
efficiency, an IRReGT with 25kW net mechanical power is selected. It allows a continuous
speed at 130km/h without depleting the battery. It is worthy to mention that for this selected
power, around 8kW of thermal power are evacuated from the vehicle frontal surface through
the intercooler. This thermal power requires less surface than actual vehicle radiator which
rejects an amount of thermal heat almost equal to the net mechanical power produced.
As for sizing the battery, power and capacity have to be considered. Under any driving
conditions, the battery must provide sufficient traction power, with the support of the APU
under extreme power demand. Consequently, battery maximum power required to propel the
vehicle under any driving patterns is sized with respect to the electric motor maximum power
and the APU power, using equation 2.17. A 70 kW battery is therefore considered.
(2.17)
As for the electric driving range, a 50km of autonomy is required for running in cities.
Considering the 1.75kW additional vehicle non-mechanical power required (750W electric and
1000W thermal power) and the driving average speed of 25km/h on low speed part of WLTC
cycle which require an average of 2.75kW of mechanical power, around 10kWh battery is
required when considering an initial battery state of charge (SOC) of 80% and a final SOC of
30%. The additional battery mass is taken into account and values were retrieved from
commercialized battery specifications [2.38].
Based on the above, table 2.2 summarizes the vehicle parameters needed for modeling the
IRReGT-APU-SHEV and the ICE-APU-SHEV.
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Equations (2.13) and (2.18) to (2.26) present the powertrain backward model. The model
calculates the power needs for traction, electric consumption and cabin thermal comfort in order
to derive the final energy consumption of the vehicle. Equation 2.18 provides the traction and
braking power of the electric motor using the efficiencies of the motor and the transmission.
,

0
(2.18)
,

0

Table 2.2: Vehicle and components specifications.
Vehicle specifications
Vehicle mass (including driver)
Frontal area
Drag coefficient
Wheel friction coefficient
Air density
Wheel radius
Acceleration 0-100km/h
Auxiliaries consumption
Battery maximum power
Battery capacity
Battery mass
IRReGT-system power
IRReGT efficiency
ICE maximum power
ICE maximum efficiency
Generator maximum power
Generator maximum efficiency
Motor maximum power
Motor maximum efficiency(1)
Transmission ratio
Transmission efficiency
Vehicle total mass
Fuel heating value
(1)

Symbol
Mv
S
Cx
fr
ρ
Rw
ta
Paux
Pb max
Cb
Mb
PGT
ηGT
PICE,max
ηICE,max
Pg
ηg
Pm
ηm
i
Mt
Hv

Unit
kg
m²
kg/m3
m
s
W
kW
kWh
kg
kW
%
kW
%
kW
%
kW
%
%
kg
MJ/kg

Value
1210
2.17
0.29
0.0106
1.205
0.307
9.6
750
70
10
259
25
47
97
37
45
95
80
93
5.4
97
M v + Mb
42.5

The model includes a torque-speed efficiency map of the electric motor.

The APU controller monitors the battery state of charge (
) by controlling the APU
operations in order to maintain the
in the desired range. Equation (2.19) calculates the
power provided by the IRReGT-APU when the GT is on, where
is the APU on/off control
variable (0 for off, 1 for on):
(2.19)
For the ICE, when the APU is turned ON, the APU controller manages the engine speed control
variable
and the engine torque control variable
as presented in equation 2.20 in
order to operate the APU at the optimum efficiency. The engine is allowed to operate at any
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point of its performance; consequently
ranges between 0 and the maximum allowed speed
of the engine, while the
ranges between 0 and the engine maximum torque.
(2.20)
(2.21)
Equations 2.22 provides the battery power consumption which depends on the power of the
electric motor power, the auxiliaries, the electric heater and the air-conditioning, supplemented
by the APU power when on.
(2.22)
/
is given by Equation 2.23, where
is the coefficient of performance of the HVAC
cooling system (considered to be equal to 1.5 [2.39, 2.40]) and
, the electric compressor
efficiency (90%).
/

/

(2.23)

,

Note that the auxiliaries draw constant power, and the cooling and heating power are as derived
in Section 2. Therefore, the electric consumption can now be calculated by Equation (2.25):
4

(2.25)

2
Where SOC is given by Equation (2.26):

1

(2.26)

Finally, the vehicle fuel consumption is found by Equation (2.27) and (2.28) for both GT-APU
and ICE-APU respectively:
,

:

0,

:

,

:

0,

:

(2.27)

(2.28)

Note that longitudinal dynamics of the chassis are only considered on flat roads. It is also
noteworthy to mention that the mass of the GT-system, the generator and the electric motor are
considered equal to the mass of the engine and its accessories. In fact, it was presented in [2.18,
2.23] that the power density of a 75kW GT-system combined to a generator and a 90 kW electric
motor is in the range of 375 W/kg, slightly better than the 350 W/kg of the considered ICE in
this study.

101

2.6

Energy Management Strategy

Two distinct controllers are considered in the model as illustrated in figure 2.1: the vehicle
controller and the APU controller. The vehicle controller is in charge of meeting the driver
request in terms of performance. Hence, its main objective is to control the electric motor power
in order to meet the traction and brake energy recovery demand. The APU controller monitors
the battery
; thus, it controls the APU operations in order to maintain the
in the desired
range. Therefore, for the GT energy converter, an on/off variable
is considered in equation
2.18 in order to control the APU start operations.
takes the value of 0 for APU-off and 1
for APU-on. For the ICE, two control variables are considered, the engine speed
and the
engine torque
respectively as in equation 2.20.
Dynamic programming (DP) is considered in order to provide the global optimal strategy to
control the APU operations. It decides on the optimal strategy
1 ,…,
for
the scheduled route at each instant while minimizing the fuel cost function presented in
equation 2.29 for the GT-APU and 2.30 for the ICE-APU. Consequently, DP computes
backward in time from the final desired battery state of charge
to the initial
the
optimal fuel mass flow rate in the discretized state time space as per equations 2.29 and 2.30.
,

(2.29)

,
with

,

(2.30)
1

discrete step time:
number of time instances:
state variable equation:
initial SOC:
final SOC:
SOC constraint:
battery power constraint:
motor torque constraint:
motor speed constraint
generator power constraint:
generator speed constraint:

(with n the time length of the driving cycle)
1

,
1
∈ 0.2, 0.9

0
0

1

(2.31)
(2.32)
(2.33)
(2.34)
(2.35)
(2.36)
(2.37)
(2.38)
(2.39)
(2.40)
(2.41)

Note that the resulting optimal APU on/off strategy
must not cause the components to
violate their relevant physical boundary constraints in terms of speed, power or SOC, in order
to ensure their proper functioning within the normal operation range. These constraints are
included in the DP model and summarized in equations 2.31 to 2.41. It is also noteworthy to
mention that using DP as APU energy management strategy excludes the impact of rule-based
energy management strategy currently used on hybrid vehicles on the consumption.
Consequently, the obtained fuel consumption results with DP are only dependent on the
investigated energy converter and its efficiency.
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2.7

Results and discussion

Two different SHEV configurations are compared in this section: the suggested IRReGT-APU
and a reference ICE-APU. The IRReGT-APU is designed to operate at its optimal operating
point and delivers 25 kW of mechanical power. The ICE-APU uses a 1.2 liters spark ignition
engine with maximum efficiency of 36%. During APU operations, the ICE is allowed to operate
at any point of its torque-speed map. The maximum efficiency zone corresponds to a power
between 18 and 26kW as shown in figure 2.23.
The potential of fuel savings of the IRReGT-APU compared to the ICE-APU was simulated
over a sequence of one to ten-repeated WLTC driving cycles (23 km each) covering driving
distances up to around 230 km. Simulations emulate the behavior of plug-in hybrids EREV
with the option of battery charging from the grid and self-sustaining SHEV. For the plug-in, the
initial SOC is set at 80% and the final SOC at 30% by the end of the trip. For the self-sustaining,
the initial SOC is equal to the final SOC of 60%. Simulations are performed on a baseline
scenario similar to current fuel consumption on standard regulatory drive cycles where only
propulsion energy needs are accounted, and four additional scenarios accounting for different
cooling, heating and electric consumption needs. In all scenarios considered, the electric
auxiliaries draw constant energy from the battery, and the cooling needs are ensured by the A/C
system driven by the electric compressor using energy from the battery.

Optimal operating zone

Fig. 2.23: ICE efficiency (red line) and net power (bleu line) function of engine speed
(RPM) and engine torque (N.m)
The heating needs are normally ensured by waste heat when the energy converter (EC), the ICE
or the IRReGT, is on. When the EC is off, other means are needed to heat the cabin. In the
considered scenarios, two options are included: storing excess waste heat when the EC is on, to
be used later for heating the cabin when the EC is off; or, an electric heater where electricity
from the battery powers a resistance to heat the air:
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Baseline: Only mechanical propulsion needs
Scenario 1: Baseline + continuous electric auxiliaries needs of 750W
Scenario 2: Scenario 1 + cabin cooling ensured by A/C + heating ensured by stored waste
heat
Scenario 3: Scenario 1 + cabin cooling ensured by A/C + cabin heating ensured by electric
heater when EC is off, or by waste heat when EC is on
Scenario 4: Scenario 1 + cabin cooling ensured by A/C + cabin heating needs always
ensured by electric heater

Figures 2.24 and 2.25 show the fuel consumption as a function of the different considered
scenarios for different climates for the plug-in and the self-sustaining configurations. Several
conclusions can be drawn from the simulation results.
First, it is clear that the fuel consumption under each of the four scenarios, which consider cabin
thermal and vehicle electric needs, is notably higher than the baseline for all climates
considered. This means that despite the introduction of the new WLTC, the current industry
estimates for fuel consumption still under estimate the real-world driving consumption. Second,
it is clear that the fuel consumption of self-sustaining SHEV is higher than the plug-in SHEV.
In fact, in the self-sustaining configuration, the electric energy consumed from the battery is
zero, and the powertrains rely only on the energy converter, therefore, higher amount of fuel is
consumed to ensure the powertrain energetic needs.
In scenario 1, the vehicle electric needs increase the fuel consumption by 31% and to 12.5% on
one to 10 repeated WLTC respectively with IRReGT-APU and by 33% to 12.6% on one to 10
repeated WLTC respectively with ICE-APU, regardless of climate condition since the electric
consumption is assumed to be constant. The increase in fuel consumption decreases as the
travelled distance increases. This shows that the electric consumption of auxiliaries should not
be neglected, and it would be beneficial to explore ways to reduce this consumption on-board.
In scenario 2, the cabin cooling needs provided by the AC system have considerable negative
effect on fuel consumption especially in hot climates, increasing by about 0.74 L/100km with
IRReGT-APU and by 0.95L/km with ICE-APU compared to scenario 1. Therefore, the cooling
needs need to be accounted for in consumption assessments.
In scenario 3, the cabin heating needs increase the fuel consumption by about 0.9 to 1 L/100km
with GT-APU and 0.6 to 0.9 L/100km with ICE-APU for the cold climates and that despite the
use of waste heat recovery from the engine when operating. The moderate climate shows less
increase in fuel consumption as well as for the hot climate. This shows that, similar to cooling,
the heating needs also need to be considered in consumption assessments.
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Fig. 2.24: Fuel consumption simulation results of the modelled plug-in EREVs under the
three investigated climates.
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Fig. 2.25: Fuel consumption simulation results of the modelled self-sustaining EREVs
under the three investigated climates.
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In scenario 4, the cabin heating needs significantly affect the fuel consumption, especially in
cold climates. This is due to the reliance on the battery to power the heater, which requires the
engine to operate longer in order to charge the battery, without any recovery of its waste heat.
This highlights, from an energy standpoint, the performance challenges currently faced by
electric vehicles in cold climates in terms of range and consumption.
Higher fuel consumption is observed in the ICE-APU SHEV model compared to IRReGTAPU. Assuming the same driving cycle length , consequently, improving the APU efficiency
induces a decrease in fuel consumption, as expressed in 2.42 where
is the battery
electric energy consumption to overcome the vehicle traction load,
the the vehicle load
energy recovered through regenerative braking,
the energy of the consumed fuel and
the consumed electric energy from the grid to recharge the battery.
1

(2.42)

Accordingly, the IRReGT-APU performs more efficiently than the ICE-APU in SHEV.
Comparing between figures 2.24 (a), (b) and (c) and 2.25 (a), (b) and (c), it is noteworthy to
mention that the fuel consumption of the plug-in SHEV configuration converges toward the
fuel consumption of the self-sustaining model as the driving cycle length exceeds increases.
In fact, when tends to infinity, the battery energy consumption
to overcome the
traction load in SHEV configuration expressed in equation 2.42 could be simplified by
⁄ ), and therefore,
eliminating the term (
tends to the battery consumption of the
self-sustaining configuration.
Finally, comparing the fuel consumption results between the IRReGT-APU and the ICEAPU, around 22% of fuel savings are observed on SHEV on the different WLTC sequence.
As detailed above, these savings are explained by the higher operating efficiency of the
IRReGT since it was constrained to operate at its optimal efficiency of 47%. Although the
ICE was not constrained to operate at one operating point, results showed that ICE operation
was at the optimal operating line (OOL) where the efficiency remains between 35 and 36%,
almost at its maximum efficiency of 36%.

2.8

Conclusion and perspectives

This chapter presents the methodology for the choice and optimization of gas turbine energy
converter system for series and extended range hybrid electric vehicles.
The study starts by assessing additional sources of consumption not currently accounted for in
regulatory drive tests, such as passengers’ thermal comfort and auxiliary electric needs in order
to reduce the consumption gap between real world driving conditions and regulatory driving
tests, and to define an optimization cycle on which GT and ICE fuel consumption are compared.
Hence, the chapter starts by presenting a framework for assessing the impact of cabin cooling
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and heating, in addition to electric auxiliary needs on vehicle consumption on the WLTC under
different climate conditions. To that end, a methodology was presented to generate the average
heating and cooling power profiles as function of the ambient external temperature. Three
climate conditions were considered (hot, moderate and cold) for that purpose. Constant electric
power consumption was assumed representing the average auxiliary consumption in modern
vehicles. The outcome from this approach is a modified WLTC combining the generated power
profiles with the WLTC drive cycle, thereby combining the vehicle thermal comfort and
auxiliary needs with the required mechanical power to drive the vehicle.
Then, an exergo-technological explicit method considering energy and exergy analysis, as well
as components and automotive technological constraints was applied to identify the suitable
GT-system for series hybrid vehicle applications. The Intercooled Regenerative Reheat Gas
Turbine (IRReGT) was prioritized. It offers the best combination of high efficiency and net
specific work compared to the investigated realistic GT-systems and to conventional internal
combustion engines. A series hybrid electric vehicle was modeled and the IRReGT-APU and
ICE-APU energy converters were simulated and compared in term of fuel consumption on the
modified WLTC using the DP optimal control as APU management strategy.
Simulation results showed that the electric consumption of auxiliaries should not be neglected
since an auxiliary’s load of 750 W causes more than 12% increase in fuel consumption on an
SHEV depending on the travelled distance. Similarly, cabin thermal comfort needs significantly
affect the fuel consumption. Furthermore, when heating is done solely by electric heaters
without heat recovery from the engine, the additional consumption almost equals the fuel
consumption needed for traction. Therefore, relying on waste heat recovery from the engine to
heat the cabin in cold climates can be very beneficial for reducing the fuel consumption.
Therefore, it is necessary to account for cabin thermal comfort and auxiliary needs in vehicle
consumption estimation under regulatory drive tests, which will allow for closing the gap with
real world driving performance. Results also highlighted that the IRReGT-system on SHEV
configuration offers about 22% of fuel consumption savings compared to similar ICE on SHEV
configuration. This is due to operating the GT at higher efficiency compared to ICE.
In addition to the fuel savings, the IRReGT-system offered other intrinsic automotive
advantages such as reduced mass compared to ICE, suitable vehicle integration as well as multifuel use capability, which makes it a potential energy converter option for implementation on
series hybrid powertrains in the future.
This methodology for identification of potential thermodynamic cycle configuration of GTsystems have been applied also in this thesis work for other energy converters. Among them:
(1) the ICE coupled to Brayton waste heat recovery system, (2) the Split Cycle Engine, (3) the
Combined Cycle Gas Turbine System, (4) the External Combusiton Gas Turbine System, (5)
the Stirling machine, (6) the thermoacoustic machine and (7) the vapor cycle machines.
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The different studies have been presented in the papers listed in the annexes 2 to 7. The potential
realistic thermodynamic configuration of these different machines, identified through the
exergo-technological explicit selection method are presented in figures 2.26 to 2.32.
Figure 2.34 shows the optimal efficiency and the fuel consumption on self-sustaining SHEV on
WLTC on basic scenario for the different identified energy converter using DP as global
optimal strategy.

Fig. 2.26: ICE coupled to Intercooled
Brayton WHR

Fig 2.27: Regenerative Reheat Split cycle
Engine (RRe-SCE)

Fig. 2.28: Reheat GT with Turbine Reheat
Steam Rankine cycle (ReGT-TReSRC)

Fig 2.29: Downstream Intercooled Reheat
External Combustion GT (DIRe-ECGT)

Fig. 2.30: Regenerative Reheat Stirling
(RRe-Stirling)

Fig 2.31: Regenerative Reheat
Thermoacoustic machine (RRe-TA)
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Fig. 2.32: Regenerative Reheat Turbine Reheat Steam Rankine Cycle (RReTRe-SRC)
The graph shows that the higher the efficiency, the lower the fuel consumption. However,
simulations were performed considering an energy converter weight equal to the ICE one
without any pre-design to approach the realistic system weight. Also, the control strategy is
optimal and not realistic since the number of switching ON and OFF was not constrained.
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Fig. 2.33: Energy converters efficiency and fuel consumption simulated on SHEV
Therefore, in order to justify the choice of the IRReGT as best suitable GT-system for SHEV,
and to approach the real vehicle fuel consumption while considering the weight of the energy
converters, the methodology presented in this chapter will be further elaborated in the next one.
A technological and pre-design analysis of the different realistic GT-systems (SGT, RGT, IRGT
and IRReGT) identified through the exergo-technological explicit selection method will be
carried out, and the weight of the different realistic configurations will be accounted for. The
fuel consumption will be simulated on the modified WLTC and on all the defined scenarios
while considering a bi-level control energy management strategy to approach the real fuel
consumption by constraining APUs’ number of switching ON and OFF.

110

Résumé chapitre 3
Les turbines à gaz font partie des convertisseurs d'énergie potentiels pour remplacer le moteur
thermique à combustion interne comme groupe auxiliaire de puissance (APU) ou prolongateur
d’autonomie dans les futurs véhicle à groupes motopropulseurs électriques hybrides série
(SHEV). La consommation de carburant de ces systèmes, dans ces chaînes de traction, dépend
fortement du rendement du convertisseur d'énergie, du rapport puissance/poids ainsi que de la
stratégie de gestion de l'énergie déployée à bord.
Ce chapitre présente une analyse technologique et examine le potentiel d'économies de
consommation de carburant d'un véhicle à chaîne de traction hybride série utilisant différentes
configurations thermodynamiques du système turbine à gas. Ces configurations comprennent
une turbine à gaz simple (GT), une turbine à gaz régénérative (RGT), une turbine à gaz
régénérative à refroidisseur intermédiaire (IRGT) et une turbine à gaz régénérative à
refroidissement intermédiaire et réchauffage intermédiaire (IRReGT).
Une analyse énergétique et technologique est effectuée pour identifier l'efficacité et le rapport
puissance/poids des systèmes pour différentes températures de fonctionnement. Un modèle de
véhicule hybride série est développé et les différentes configurations de systèmes turbines à gas
sont intégrées en tant que groupes auxiliaires de puissance. Une méthode d'optimisation à deux
niveaux est proposée pour optimiser le groupe motopropulseur. Elle consiste à coupler
l'algorithme génétique (NSGA) à la programmation dynamique (DP) afin de minimiser la
consommation de carburant et le nombre de démarrages de la machine, ce qui a un impact sur
sa durabilité.
Les simulations de consommation de carburant sont réalisées sur le cycle d’homologation
(WLTC) tout en considérant les besoins énergétiques additionnels du véhicule tels que le
confort thermique et le besoin électrique à bord. Les résultats montrent que l'IRReGT comme
prolongateur d’autonomie présente une consommation de carburant améliorée par rapport aux
autres systèmes de turbine à gas étudiés et un bon potentiel d'implémentation dans les véhicules
à chaîne de traction hybrides séries.
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Chapter 3: Technological analysis of different GT-system
thermodynamic configurations as auxiliary power unit for
automotive powertrain applications*
3.1

Introduction

Gas turbine (GT) systems are among potential energy converters for integration in future hybrid
electric vehicle (HEV) powertrains. This thermodynamic machine has been largely investigated
by different automotive companies over the years as a main energy converter, substitute to
internal combustion engines (ICE) prime mover in conventional powertrains [3.1-3.5].
Automotive manufacturers were attracted by many GT intrinsic benefits, among them the
reduced number of engine components and rotating parts compared to ICE, the reduced
vibration as well as the multi-fuel capability [3.1].
However, GT-systems in conventional powertrains suffered from two main drawbacks: (1) the
high fuel consumption due to operating the GT at low efficiency zone during important portions
of the vehicle driving patterns, mainly during city driving, and (2) the acceleration lag
problematic due to the coupling of the GT mechanically to the vehicle wheel [3.1]. Today, with
the development of range extender hybrid electric vehicles (EREV) and series hybrid electric
vehicle (SHEV) powertrains, GT-systems have gained interest. In fact, these two powertrains
tackle the two main deficiencies of GT systems in automotive mentioned above [3.6-3.9]. On
the one hand, GT-systems can be designed to operate at their optimal efficiency point and drive
an electric generator (EG) where both GT and the EG constitute the auxiliary power unit (APU)
which role it is to recharge the battery once it is depleted. On the other hand, the vehicle is
propelled by an electric motor (EM) designed to achieve the vehicle performances in terms of
acceleration, speed and gradability.
From a practical point of view, the integration of a new energy converter in automotive
environment is a complex process requiring the respect of many vehicle criteria and constraints
such as the cost, the size, the weight, the energy consumption, the emission and the durability
among others. Some of these criteria are interdependent. For instance, reducing the EC weight
decreases the vehicle fuel consumption [3.10, 3.11] by reducing the mechanical propulsion
energy demands. Also, reducing the vehicle frontal surface by reducing the energy converter
components size, such as the radiator in the case of the ICE or the proton-exchange membrane
fuel cell (PEMFC) [3.12, 3.13], reduces the vehicle fuel consumption by reducing the
aerodynamic drag resistance power. Furthermore, it is obvious that increasing the EC efficiency
reduces the fuel consumption since less amount of fuel is burnt for the same EC output power
required. Finally, increasing the efficiency of GT thermodynamic system can be achieved by
increasing the maximal turbine inlet temperature (TIT) [3.14]. This will require the use of
specific component materials, leading to higher GT final cost [3.15].
Many gas turbine system configurations can be integrated in EREVs and SHEVs ranging from
simple gas turbine (SGT), to regenerative gas turbine (RGT), to intercooled regenerative gas
turbine (IRGT) and intercooled regenerative reheat gas turbine (IRReGT) among others [3.163.19]. Paper [3.5] shows that for these configurations, the efficiency which impacts the vehicle
fuel consumption and the net specific work which impacts the GT components size and weight,
*This chapter is written in the form of a scientific paper that will be published later. Therefore some informations are
redundant with chapter 2 mainly in the « introduction » section (3.1) and in the « Energetic analysis » section (3.3).
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and consequently the vehicle fuel consumption, depend on the turbine maximum inlet
temperature (TIT) as well as on the components’ physical characteristics, among them the
component efficiencies and pressure drops. Adding to that, the non-mechanical energetic needs
such as the vehicle electric auxiliaries and cabin thermal comfort needs can affect the vehicle
total fuel consumption. For instance, it was demonstrated in paper [3.20], that in cold climate
conditions, the cabin hot thermal energetic needs can increase the fuel consumption by 40%.
Therefore, considering the EC thermal waste heat as a potential source for thermal comfort, is
an intelligent way to reduce the real customer fuel consumption.
Based on these findings, and in order to assess the fuel consumption potential of GT-systems
in automotive applications, this chapter proposes a pre-design study on the different GT-system
realistic configurations identified in chapter 2.
A methodology for assessing the fuel consumption potential of GT-systems in automotive
applications is presented in section 2. For each of the identified GT-system configuration,
thermodynamic simulations are carried out in order to account for the overall efficiency
and the net specific work (
) while considering state-of-the-art component specifications.
The non-dominated sorting genetic algorithm (NSGA) is used to plot the pareto solution for
efficiency and net specific work depending on component physical parameters and for three
operating TIT: TIT=950°C emulating a machine with low cost materials, TIT=1100°C
emulating a machine with specific alloys materials and TIT=1250°C emulating a machine with
super-alloys and/or ceramic materials.
In order to account for the power to weight ratio for different operating temperature for the
different GT-configurations, different GT net power are selected and the mass flow rate across
the different components as well as the components’ power is accounted for. A study is carried
out on different existing automotive turbochargers in order to establish a relation between
component weight, power and mass flow rate. Then a pre-design of the heat exchangers
(HEXs), including the intercoolers and the regenerators was carried out in order to account for
the HEX weight for each configuration and operating temperature. The total GT weight is
calculated and the GT-system power to weight ratio for each configuration is estimated. Then
an SHEV powertrain is modelled and the different GT-system configurations are integrated in
this powertrain. A bi-level optimization process is proposed and consists of two combined
optimization algorithms: a genetic algorithms (GA) and the Dynamic Programming (DP).
Dynamic programming (DP) is used as optimal energy management strategy (EMS) in order to
find the optimal way to well manage the vehicle power flows while respect component
constraints. The bi-level optimization minimizes two objective functions : the fuel consumption
vehicle criteria and the number of ON/OFF switching of the APU which impact its durability.
Simulations are performed on WLTC optimization cycle and considering the vehicle additional
non-mechanical energetic need such as the electric energetic need and the thermal comfort
energetic needs.
This study is novel in three ways. First it is the first study to consider the integration of different
GT-system configurations in SHEV and to evaluate the fuel consumption while considering
different GT operating temperatures and different GT-system power to weight ratio. Second, it
is the first study that includes the GT On/Off switching in the APU operation optimization
process. Third, it provides a comparative fuel consumption assessment between different
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SHEVs using different GT-APU configurations and ICE-APU while considering the vehicle
electric energetic needs and the thermal comfort energetic needs.

3.2

Methodology

This section presents the methodology adopted to evaluate the potential fuel consumption
savings of different GT-systems in SHEV. The methodology consists of four-step assessment
plan as illustrated in figure 3.1 and described in the following subsections.
The first assessment step consists of an energy analysis applied on different realistic GT-system
configurations identified in chapter 2, where the system efficiency and the net specific work are
calculated. The technological constraints and the automotive design constraints of the
components are considered. For instance, the compressors’ maximum compression ratio, the
turbines’ maximum expansion ratio and the components’ efficiency are taken into account.
These specifications are based on the state-of-the-art data of available systems as well as on
newly developed technologies for automotive applications.
In the second assessment step, the different GT components weight are assessed for different
GT-systems net mechanical power knowing the net specific work at optimal efficiency
operating point for each GT-system configuration. The turbomachines weights, including the
compressors and the turbines were estimated by performing an analysis on automotive
commercialized turbochargers. Related data were retrieved from the literature and from
turbocharger supplier catalogues. As for the heat exchangers, a pre-design was conducted on
two types of HEX: a water-air plate-fins HEX for the intercooler and an air-air plate fins HEX
for the regenerator. The combustion chamber’s weight was estimated based on 3D computer
aided-design of an existed GT combustion chamber and by establishing a relation between the
gas mass flow rate across the physical existing CC and the different GT-system combustion
chambers. The GT motor-generator weight was calculated by considering the power to weight
ratio of different existing electric machines found in the literature.
In the third assessment step, a SHEV powertrain is modelled. Powertrain components are
designed according to vehicle characteristics and performances as explained in chapter 2.
Battery capacity is selected in order to ensure 50km full-electric driving mode range during city
driving. Battery weight is estimated based on study performed on different commercialized
battery for hybrid and electric vehicles and as presented in chapter 2.
Finally, in the fourth assessment step, the fuel consumption simulations of the different GTsystem APU were performed using a bi-level optimization method which consists of coupling
the NSGA to DP. The NSGA is responsible for exploring the design space of GT net power and
the weighting factor, introduced to have a balanced global control objective, and to generate
many parameter combinations. The DP is used to realize the global minimum of two control
objectives, the fuel consumption and the switching ON/OFF times, while respecting the
component constraints and guaranteeing the SOC levels to the desired values. Fuel consumption
is calculated on the modified WLTC described in chapter 2, which accounts for the vehicle nonmechanical energetic needs in addition to the propulsion mechanical needs. Therefore, the same
scenarios were considered in this chapter.
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Fig.3.1: Methodology for fuel consumption assessment of different GT-systems on SHEV
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3.3

Energetic analysis of the different GT-system options

The identified realistic GT-system options of chapter 2, are assessed here in order to account
for their respective energy efficiency and net specific work. The assessment methodology for
each option is illustrated in figure 3.1. Energy and exergy calculations are performed first with
Refprop software [3.21], using the set of physical parameters such as the turbine inlet
temperature (TIT), the maximum cycle pressure (Pmax), the components’ efficiencies, among
others; as summarized in table 3.1. These parameters correspond to the state-of-the-art
specifications and limitations of GT component technologies and to automotive design
constraints which are presented in the next section. The thermodynamic equations are presented
in chapter 2.

(a) SGT

(b) RGT

(c) IRGT
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(d) IRReGT
Fig 3.2: Thermodynamic configuration of the investigated GT-systems
The energy and exergy calculations are made as function of two parametric design criteria: the
compression ratio (πi) and the expansion ratio (βj), with i and j referring to the number of
compressors and turbines respectively. For each configuration, three different TIT are
considered, 950°C, 1100°C and 1250°C emulating three different machines:




TIT= 950°C: No specific high cost materials are required and components can be
manufactured with known alloys
TIT=1100°C: specific alloys materials but within the know-how of turbocharger and heat
exchangers suppliers as well as automotive industry
TIT=1250°C: ceramic and high cost manufacturing materials are required

The second calculation step uses the NSGA multi-objective genetic algorithm to determine the
Pareto optimal efficiency and net specific work solutions for the optimal (πi) and (βj) [3.22]. For
the rest of the study, the comparison between the different GT-systems will be based on the best
efficiency points on the Pareto solution curves. Therefore, the integration of the different GTsystem options in SHEV will be made with respect to the highest efficiency among the
compared systems.
3.3.1 Components specifications
In this paragraph, the choice of GT-system component technologies and specifications is
presented based on state-of-the-art components specifications and automotive design
constraints. For automotive applications, many criteria are to be considered such as the mass,
the power density, the size, the component efficiencies, as well as the maintenance, the
environmental aspects, the security, the technology master, the reliability, the noise and
vibration aspects and the cost. In order to evaluate the overall efficiency and power density of
each cycle, a component based analysis is done for the major components of the GT-system
3.3.1.1 Compressors
Two technologies of compressors are mainly used in gas turbines: centrifugal and axial
compressors with different operating performances, especially in terms of efficiency and
pressure ratio [3.23].
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Radial centrifugal compressors dominate in small size units where small volume flow are
required and mainly when the cost is a priority [3.24]. On the other hand, axial flow compressors
dominate in applications where small frontal area, low weight, high flow rate and high efficiency
are essential, which make them the only choice for large GT. Radial centrifugal compressors
have also other advantages, among them we can list: a shorter length than an equivalent axial
compressor, better resistance to foreign object damage, less susceptibility to loss of performance
by build-up of deposits on the blade surfaces and the ability to operate over a wider range of
mass flow at a particular rotational speed. That’s why radial centrifugal compressors have been
studied largely in GT for automotive and used today in automotive engines as turbochargers,
where low unit cost outweighs a low frontal area and weight. Comparing the pressure ratio, a
pressure ratio in a centrifugal compressor of around 4:1 can be obtained from a single-stage
compressor made of aluminum alloy [3.25]. For axial flow compressors, 1.1 to 1.4 pressure
ratio can be achieved with very high efficiency. Therefore, a radial centrifugal compressor with
pressure ratio up to 4 is considered in this study.
The number of compressing stages defines the size of the machine, since the higher the
maximum cycle pressure, the more the number of compression and expansion stages [3.23,
3.25]. Compression ratio and isentropic efficiency of
4 and
80% respectively are
selected based on Chrysler Gas Turbine radial compressor [3.1]. Literature shows that the
relative inlet and outlet pressure drop for an industrial SGT5-4000F Gas turbine are respectively
0.4% and 1.3% [3.16, 3.26], tests done on 28 kW MGT show a pressure drop at inlet of
compressor of 500 Pa at full power [3.6]. Therefore, a 5% pressure drop at the inlet of the first
compressor is considered in the simulations. This emulates the operation with air filter.
3.3.1.2 Combustion Chamber
The design of a gas turbine combustion system is a complex process involving, fluid dynamics,
combustion and mechanical design especially with today’s high cycle temperature GT-systems.
High combustion efficiency and low level of visible smoke are achieved with today’s
combustion chambers, however, after the 1970s, a much more demanding problem has been the
reduction of oxides of nitrogen.

Fig. 3.3: Dependence of emissions on
fuel/air ratio [3.25]

Fig. 3.4: Effect of flame temperature on NOx
and particulate – Pischinger Diagram [3.43]

Therefore, many technologies are under investigation to meet the more stringent pollution limits
while maintaining existing levels of reliability and keeping costs affordable [3.25]. Figure 3.3
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shows the emission of NOx, CO and UHC depending on air/fuel ratio. The NOx emission is
maximum when the air/fuel ratio is lean and close to stoichiometric conditions, because of two
main effects as shown in Pischinger diagram of figure 3.4: the excess of oxygen and the high
temperature inducing the oxygen to react with the nitrogen. NOx emission can be more than
halved by reducing the flame temperature by 100K from 1900 to 1800K [3.25]. Many methods
to achieve this goal are used such as water or steam injection [3.27, 3.28], selective catalytic
reduction [3.29-3.31], SCONOX [3.32], Dry low NOx [3.32] with lean burning or rich burning
in the primary zone of combustion to achieve the necessary reduction in flame temperature.
Another important factor to be considered when modeling GT combustion chambers is the
pressure losses across this component. Today, it is estimated to be around 2 to 8 percent of the
static pressure and affects the global cycle efficiency [3.32, 3.33]. A value of 4% is taken into
account for calculations.
3.3.1.3 Intercooler HEX
The automotive intercooler technology is considered since approximately the same mass flow
rate and integration constraints are required. In an internal combustion engine, the intercooler
system for turbocharging operates at a maximum outlet temperature of 60°C and the pressure
drop is about 3% [3.34, 3.35]. For conservative reasons a pressure drop value of 5% is
considered based on test results for the intercooler of a 110 kW 2.0L Diesel engine [3.36].
3.3.1.4 Regenerator HEX
The regenerator is an essential element to increase the efficiency of gas turbine [3.37].
Wrightspeed confirms this, during the development of their IRGT [3.38]. The thermal efficiency
of small gas turbines, with a power range between 5-200 kW that can be used for automotive
applications, is about 20% or less if no heat-exchanger is used in the system. Today, high heat
exchanger effectiveness of more than 90% can be achieved with a pressure drop less than 5%
where 3% are just inside the HEX and the remaining in manifolds and piping [3.1, 3.39]. An
85% effectiveness HEX regenerator with 3% pressure drop in hot side and 4% in the cold side
is considered for the simulations [3.25, 3.40].
3.3.1.5 Turbines
As for the compressor, there are two basic types of turbine, the radial flow and the axial flow
turbines. The radial turbine first used in jet engine flight in the late 1930s [3.23] and used today
in the turbochargers for ICE, can handle low mass flows more efficiently than the axial flow
machine and has been widely used in the cryogenic industry also as a turbo expander [3.25].
While the axial flow turbine is normally more efficient, the radial turbine mounted with a
centrifugal compressor offers the benefit of a short and rigid rotor and used where compactness
is more important than low fuel consumption as in the APUs for aircraft [3.41] and for
supercharged ICE [3.42].
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Fig. 3.5: Radial compressor – Pressure and
velocity variation [3.23]

Fig. 3.6: Radial turbines [3.42]

Radial centrifugal turbine expansion ratio (TER) of around 3.5 can be reached. It is limited by
choking because it discharges into the atmosphere at ambient pressure. Also, radial turbine can
reach more than 82% of isentropic efficiency in a limited operating region where the isentropic
efficiency for axial turbine can reach 90% [3.25]. Based on Chrysler GT results, 85% radial
turbine efficiency is considered for the simulations [3.1].
Table 3.1 synthesizes the simulation parameters selected based on state-of-the-art component
specifications and automotive design constraints as described in previous paragraph.
Table 3.1: Simulation parameters based on state-of-the-art component specifications and
automotive design constraints.
Parameter

Unit

Value

Parameter

Unit

Compressor technology
Max number of compression stages
Compressor max pressure ratio
Compressors efficiency
Compressor inlet pressure drop
Maximum cycle pressure
Intercoolers pressure drop
Intercoolers outlet temperature

%
%
MPa
%
°C

Radial
2
4
80
0.5
1.2
5
60

Regenerator efficiency
Regenerator pressure drop cold side
Regenerator pressure drop hot side
Combustion chamber pressure drop
Max number of expansion stages
Turbine Inlet Temperature (TIT)
Turbines isentropic efficiency
Turbine expansion ratio

%
%
%
%
°C
%
-

Value
85
4
3
4
2
1250
85
3.5

3.3.2 Thermodynamic optimization results
Figure 3.7 presents the pareto front solution for the different GT-systems operating at three
different TIT. The Non-dominated Sorting Genetic Algorithm (NSGA) is used for the multiobjective optimization as an effective method to find the optimal solution among the two main
objectives: the efficiency and the net specific work. Because these objectives are nonlinear, the
global optimal solution of multiple objectives is obtained by Pareto optimal solution set as
described in figure 3.7. Therefore, this presented Pareto are a compromise solution of different
objectives, and we can make decisions based on Pareto front and requirements of different
objectives. Many conclusions can be drawn out from this figure:
1- Increasing the TIT increases the system efficiency. For instance, an increase in efficiency
of 12% is obtained from the GT configuration when TIT increases from 950°C up to
1100°C. The efficiency increases by around 20% when TIT increases from 950°C up to
1250°C for the same system configuration. Same conclusions can be drawn when comparing
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GT 950°C

450
Net Specific Work (kJ/kg)

2-

the impact of increasing the TIT on the efficiency of the RGT, the IRGT and the IRReGT
configurations.
Increasing the TIT increases the system net specific work resulting in lower air flow for the
same system net output power. The increase of TIT from 950°C up to 1100°C increases the
net specific work of the GT system by 44% and up to 88% when TIT reaches 1250°C. Same
conclusions can be retrieved when comparing the impact of increasing the TIT on the net
specific work of the RGT, the IRGT and the IRReGT configurations.
Adding a regenerator increases the efficiency of the system since waste heat from the turbine
outlet is recovered to heat the air at combustion chamber inlet, resulting in a lower amount
of fuel injected to reach the same combustion chamber temperature. However, adding a
regenerator reduces the net specific work at optimal efficiency point as shown when
comparing the GT to the RGT.
Performing an intercooling on the regenerative GT increases both the system efficiency and
the net specific work. For instance, the intercooling compression reduces the compression
work, resulting in higher net specific work. Also, this results in a decrease in the regenerator
inlet temperature which leads a higher amount of heat recovered, resulting in higher system
efficiency.
Performing turbine reheat increases both the system efficiency and the net specific work.
For instance, a turbine reheat allows higher power recovered from the expansion leading to
higher net specific work. Also, it allows higher turbine outlet temperature which results in
higher regenerator temperature and higher combustion chamber inlet temperature, resulting
in lower fuel injected in the first combustion chamber for the same maximum combustion
chamber temperature.
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Fig. 3.7: Pareto optimal net specific work and efficiency for the different GT-system
configurations for three different TIT
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Fig. 3.8: GT-Systems optimal efficiency compared to ICE optimal efficiency
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Fig. 3.9: Net specific power at optimal efficiency
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Fig. 3.10: Compression and expansion ratio design criteria at optimal efficiency
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3.4 GT-system components design
In this section, a components weight assessment study is carried out on the four different GTsystem configurations in order to account for the power to weight ratio for the three different
TIT. Each GT-system was divided into different subsystems which are:
 The turbomachines: compressors and turbines
 The heat exchangers: intercooler and regenerator
 The combustion chambers
 The electric motor/generator
For each of these subsystems, a correlation between the components’ power and or the mass
flow rate across them, and the weight was established. Up to this end, four different GT-system
net powers (15kW, 20kW, 25kW and 30kW) were selected. These powers match the energy
converter power calculated in the vehicle model section.
The mass flow rate across each GT-system for the different selected net power and for the three
TIT is calculated according to equation 3.1 and presented in figure 3.11.
∗
Where:

(3.1)

:

GT-system net power (kW)

:

Mass flow rate across the GT-system (kg/s)

:

System net specific work (kJ/kg)

Two main conclusions can be drawn out from the figure:

Air mass flow rate (kg/h)

1- According to equation 3.1, a linear relation between system net power and mass flow
rate is observed. For instance, increasing the power from 15kW to 30kW results in
doubling the air mass flow rate across the system.
2- The IRReGT with higher net specific works presents the lower mass flow rate, followed
by the GT, the IRGT and the RGT.
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Fig. 3.11: Mass flow rate for the different GT system powers
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3.4.1 Turbomachines
A study on different turbomachines has been carried out in order to establish a mathematical
relation between the mass flow rate across a turbocharger and power to weight ratio. The study
includes a turbocharger from Garett, Borgwarner and MTI designed for automotive and
including turbine variable geometry technology as waste gate technology [3.43-3.46].
Automotive turbochargers are radial technology centrifugal machines operating according to a
geometric relation between the mass flow rate, the expansion/compression ratio and the machine
rotating speed. Hence, for a given defined compressor or wheel geometry, and for a given mass
flow rate, the compression or expansion ratio increases as the rotation speed increases.
Therefore, knowing the available map for a turbocharger, and for a given pressure ratio and
mass flow rate, the machine power has been evaluated. Then, from the available data on
turbocharger weight, a mathematical relation between mass flow rate and power to weight ratio
has been established for each turbomachinery speed. The different points are presented in the
figure 3.12 below. For mass flow rate ranging between 100 and 800kg/h and a turbocompressor
rotational speed around 90.000 RPM, the mathematical relation between the mass flow rate and
the system power to weight ratio can be described as follow:
275 ∗
Where:

645 ∗

(3.2)
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:

Mass flow rate across the turbomachine

:
:
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Fig. 3.12: Mass flow rate function of power to weight ratio for different rotational speeds for
different turbochargers studied. (green square=60kRPM, Bleu rhombus = 90kRPM, black
round = 120kRPM, red triangle = 150kRPM)
The turbocompressor is composed of a compressor housing and a compressor wheel, a turbine
housing and a turbine wheel, a shaft and an oil bearing system, and depending on the technology,
a mechanism for turbine variable geometry or a waste gate system. Weight assessment shows
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that about 30% of the total turbomachine weight is from the compressor side weight and about
70% is from the turbine side weight. Based on these findings, the weights of the different
turbomachinery components have been accounted for knowing the component power, the
operating rotational speed as well as the air mass flow rate across the component.
3.4.2 Heat Exchangers
Recovering GT waste heat and reducing the compression energy are two efficient ways to
increase the overall efficiency of a GT-system [3.5, 3.16-3.18]. Regarding the waste heat at
turbine outlet, this thermal power can be recovered internally by using a regenerator, a
recuperator that preheat the combustor inlet air using the exhaust gases at turbine outlet. As for
the compression work, it was demonstrated that the use of an intercooler to reject heat during
the compression phase is technically feasible and induces an increase in efficiency and net
specific work of the system [3.5, 3.16-3.18].
Different types of HEX are used for regenerator in microturbines. Among them, the Shell-andtube, the plate-fin, the primary surface and the rotary [3.47]. While the rotary HEX presents
high efficiency, this technology is complex since it requires specific mechanical design and
kinematic to rotate the HEX. Also, leakage can occur across the rotary system. On the other
hand, the shell-and-tube regenerators are typically bulky and weighty compared to plate-fin and
primary surface HEX. In recent years, many research program have been conducted in order to
improve the efficiency and to reduce the cost of plate-fin HEX. On the scientific level, many
works have been carried out to find correlations for modeling these components with different
fin types. For instance, Manglik et al. [3.48] presented correclations for the Colburn number
and the friction factor
for rectangular offset strip fin with laminar, transition and turbulent
flow regimes. Others such as Chang et al. [3.49, 3.50] proposed correlations for the friction
factor for louver fin geometry. Others such as Traverso and Mussardo [3.51] were interested in
the techno-economical optimization of plate-fin and primary surface regenerators while
Qiuwang et al. [3.52] used a genetic algorithm to optimize a primary surface regenerator used
in a GT. Wen et al. [3.53] optimized the configuration parameters of serrated fin in plate-finned
HEX using a genetic algorithm and entropy generation equations. Peng and Ling [3.54] used
neural networks coupled to Genetic algorithms for optimization of a crossflow plate-fin HEX.
Other thermo-economic optimizations of plate-fin HEX using multi-objective genetic algorithm
were mentioned in literature [3.55-3.57].
As for the intercooler, air-air plate-fin HEX is used today in ICE to cool the air and to increase
the power density. In this study, the compressed air is considered to be cooled down through a
specific loop, using water as fluid. This will allow to use the waste heat from the intercooler to
heat the vehicle cabin when hot thermal power is required.
Therefore, and in order to account for the weight and size of the different selected GT-systems,
two different plate-fin HEX with offset strip fin are modeled in this section: (1) a regenerator
and (2) an intercooler. The study starts by presenting the general equations for designing the
HEX and the system modeling including the pressure drop calculations. Then the estimated
weight for the different configurations are calculated and are used later to estimate the total
weight of each GT-system.
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3.4.2.1 Geometric and thermohydraulic characteristics of the plate-fin HEX
The different correlations for the calculation of the friction factor and the heat transfer
characteristics, including the Nusselt number and the Colburn number are presented in this
section. The HEX consists of a counter flow plate-fin as presented in figure 3.13 below. The
offset strip fin is selected for this study, where the main geometry parameters are the fin pitch
(c), the fin height (b), the fin length (X), and the fin thickness (tr) [3.58].

Fig. 3.13: Counter flow plate fin HEX

Fig. 3.14: Schematic view of the offset strip fin

Many researchers have investigated the heat transfer coefficient and the friction factor of platefin HEX [3.49, 3.59]. Correlations for calculation of Colburn number and friction factor of the
offset strip fin for the regenerator are obtained from the following equations 3.3 and 3.4 below
[3.48, 3.49]. It is worth mentioning that for uninterrupted fins, the error on the heat exchanger’s
efficiency is negligible when considering constant wall temperature correlations on friction
factor and Nusselt number. Also, for compact HEXs used for the range of Reynolds number
between 500 and 1500, it is assumed that the flow is in fully developed region, therefore
100. According to paper [3.60], the f correlations for air can also be applied to the offset-strip
fins when water is the working fluid. However, the j values vary according to Prandtl number.
Therefore, the j correlations for the intercooler is presented in equation 3.9.
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3.4.2.2 HEX modeling
In this section, the efficiency and pressure drop equations are presented. The mass flow rate, the
inlet pressures and temperatures are determined for each GT-system configuration. Also, the
simulations consider only the steady-state operation, therefore the physical parameters at inlet
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and outlet of the HEXs are considered constant. The outlet conditions are considered by fixing
the pinch for each HEX. In addition, the pressure drops were considered during calculations.
The efficiency for counter-flow HEX is obtained from equation 3.10 below where the number
of transfer units (
) and the ratio of heat capacity rate ( ∗ ) are calculated according to
equations 3.10 and 3.11 [3.61, 3.62]. The heat transfer coefficient (UA) according to equation
(3.13).
1
1

exp
∗ exp

,
∗

1
1

∗

(3.10)
∗
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Where

0.5
Recuperative effectiveness (%)
The fouling factor
The overall surface efficiency (%)
Single fin efficiency (%)

:
:
:
:

(3.17)

As for the pressure drop ( ), it was calculated by considering the total pressure drops in the
HEX, including the entrance effect
, the momentum effect
, the core friction
, and the
exit effect
according to the following equation 3.18 [3.61]:
1

2
Where

:
:
:

2

1

1

(3.18)

Ratio of minimum free flow area to frontal area
The entrance pressure loss coefficient
The exit pressure drop coefficient

The flowchart of the recuperator and the intercooler thermo-hydraulic design is presented in
figure 3.15. it shows the calculation steps realized to find the HEXs design.
The estimated weight of the intercooler and the regenerator depending on the thermal power are
presented in figures 3.16 and 3.17. Many conclusions can be drawn out from these two figures:
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1- First, the intercooler weighs less than the regenerator. On the one hand, less thermal power
is exchanged in the intercooler compared to the regenerator and on the other hand, the
intercooler used aluminum material with around one third of the steel density used for the
regenerator. Therefore, comparing both figures, the regenerator weight seems to be ten times
the intercooler weight for the same GT-system.
2- Increasing the net power of the GT-system increases the weight of both the intercooler and
the regenerator. In fact, for the same machine, meaning the same efficiency and net specific
work, an increase in the net mechanical power leads to an increase in the air mass flow rate
across the HEXs, leading therefore to bigger exchanger surface.
3- The IRReGT-system with higher net specific work presents lower HEXs weight compared
to the other investigated regenerative GT-systems.
Table 3.2: Heat exchangers technology
Component
Material
Type
Fins type
Working fluid

Intercooler
Aluminum
Plate-fin
Offset strip fin
Air / Water

Regenerator
Steel
Plate-fin
Offset strip fin
Air / Air

Table 3.3: Geometric dimensions of the offset fins for the plate fin HEX
Fins dimensions (mm)
s
1.27

b
4

x
3.18

t
0.2

For each GT-system operating at specific TIT with same net specific work, a linear
mathematical relation between the HEX weight and the thermal power exchanged can be drawn
out from both figures. This relation will serve to define the power to weight ratio of each GTsystem at the end of this section.

Fig. 3.15: Sizing steps of the core of the HEXs
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Fig. 3.16: Regenerators calculated weight
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Fig. 3.17: Intercooler calculated weight
3.4.3 Conclusions
The total system weight of the different GT-configurations is the sum of the weight of the
different components that constitute the system (compressors, turbines, combustion chambers,
heat exchangers, electric motor/generator, fuel system, accessories…). It is worthy to mention
that a 3kW/kg electric generator power density is considered in the study according to data on
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generator power densities found from literature regarding high speed rotating machines [3.633.65] As for the combustion chambers, the weight estimation was done by establishing a relation
between the weight, the mass flow rate and the thermal power of a pre-existing combustion
chamber presented in figure 3.18 according to equation 3.19. Consequently, the same
combustion chamber material was considered for all the combustion chambers. Also a package
of 10kg is considered for all GT-systems. This includes the accessories, the controlled valves,
the injectors as well as the electric invertor required.

Fig. 3.18: Reference GT combustion chamber
∗
Where

∗

:

Weight of the combustion chamber (kg)

:
:

Weight of the reference combustion chamber (kg)
Mass flow rate across the combustion chamber (kg/s)

:

Mass flow rate of the reference combustion chamber (kg/s)

:
:

Thermal power of the combustion chamber (kW)
Thermal power of the reference combustion chamber (kW)

(3.19)

The total system weight of the different GT-configurations for the different TIT is presented in
figure 3.19 below. Many conclusions can be drawn out from this figure:
1- An increase of TIT is shown to reduce the weight of the system for all the thermodynamic
configurations. Considering the same material density as explained before, the increase in
temperature reduces the air mass flow, reducing therefore the system weight and size. For
instance, increasing the TIT from 950°C up to 1100°C for the SGT, shows a decrease in
weight by an average of 21%. On the other hand, 32.5% of weight reduction is observed
when the TIT increases from 950°C up to 1250°C for the same GT-system configuration.
Same conclusions can be underlined when comparing the total system weight for different
TIT for the RGT, the IRGT and the IRReGT.
2- Comparing the different configurations, the SGT configuration presents the lowest weight
among other configurations. Firstly, the high net specific work of this configuration leads to
small air mass flow, as shown in figure 3.11, resulting in small turbomachines size according
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to equation 3.2. Secondly, the absence of a regenerator presenting a high share of total
weight of the system as shown in figure 3.20, has a positive impact on the total SGT weight.
The worst configuration is the RGT, with low net specific work. On one hand, the air mass
flow is high, according to figure 3.11, resulting in bulky components mainly the regenerator.
In fact, it is proven according to figure 3.20 that the regenerator constitutes around 42% of
the RGT weight when TIT is 950°C, and 35% when TIT increases to 1250°C.
The IRGT configuration has reduced weight compared to the RGT operating at the same
TIT. This can be explained also by the IRGT lower air mass flow rate leading to smaller
component size, mainly the regenerator. For instance, the regenerator of a RGT 20kW net
power machine operating at 950°C TIT has an estimated weight of 40kg compared to 34kg
for an IRGT 20kW net power machine functioning at the same TIT.
The IRReGT configuration has reduced weight compared to both RGT and IRGT operating
at the same TIT. Since the net specific work is high, the air mass flow is low and the different
components such as compressors, turbines and regenerator are small compared to RGT and
IRGT configurations. For instance, a 20kW net power IRReGT machine operating at 950°C
TIT has an estimated regenerator weight of 24kg, 40% lighter than the RGT one and 29.5%
lighter than the IRGT one.
Increasing the system’s net power results in an increase of the system’s weight as shown in
figure 3.19. This increase is shown to be quasi-linear for all studied configurations.

Finally, the average power to weight ratio of the different GT-system configurations is presented
in figure 3.21. The following conclusions can be drawn out from this figure:
1- The higher the TIT, the higher the power to weight ratio for all studied configurations.
2- The GT presents the better power to weight ratio while the RGT presents the worst
power to weight ratio
The IRReGT presents high power to weight ratio compared to other regenerative configurations.
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Fig. 3.19: Power versus weight for the different GT-systems
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Fig. 3.20: Regenerator weight compared to total system weight for the RGT, IRGT and
IRReGT configurations
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Fig. 3.20: Power to weight ratio for each GT-system at different TIT.
Note that these resulting power to weight ratios will be used during the simulations in the next
section to evaluate the potential of fuel consumption saving for each GT-APU on SHEV.

3.5 Series Hybrid Electric vehicle model
In order to evaluate the benefits of the different GT-systems in terms of fuel savings compared
to ICE, a medium-class series hybrid vehicle, is considered and presented in this section. It
consists of a GT-APU and an electric traction system as illustrated in figure 2.1, and developed
in chapter 2.
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As described in many papers [3.5, 3.66, 3.67], series configuration presents the advantage of
operating the APU at steady power corresponding to the optimum efficiency, which, for some
GT-configurations, is higher than the maximum efficiency of ICE, as illustrated in figure 3.8.
The vehicle is propelled by an electric motor, powered by a battery and/or the APU, and properly
sized to ensure the vehicle acceleration and velocity performance without deficiency.
The powertrain design methodology is presented in chapter 2. The first section presents a quick
reminder on the vehicle characteristics used for simulations and the second section presents the
bi-level optimization method used for fuel consumption simulations.
3.5.1 Powertrain setup
The SHEV vehicle model was developed in details in chapter 2. The same vehicle model, with
characteristics presented in table 2.2, is used in this chapter with the different GT-systems as
APU. The different systems efficiency and power to weight ratio function of the different
turbine inlet temperature (TIT) are presented in table 3.4 below. The GT-system power was
allowed to vary between 15 and up to 30kW. The different GT-systems efficiencies are retrieved
from figure 3.8 and the GT-systems power to weight ratio from figure 3.20.
Table 3.4: GT-APU characteristics.
Symbol

Unit

SGT-system power
SGT efficiency
SGT power to weight ratio
RGT-system power
RGT efficiency

PSGT
ηSGT
PWRSGT
PRGT
ηRGT

kW
%
W/kg
kW
%

RGT power to weight ratio

PWRSGT

W/kg

210

PIRGT
ηIRGT

kW
%

35.5

PWRIRGT

W/kg

224

IRReGT-system power

PIRReGT

kW

IRReGT efficiency

ηIRReGT

%

39

43.7

47

PWRIRReGT

W/kg

277

326

371

IRGT-system power
IRGT efficiency
IRGT power to weight ratio

IRReGT power to weight ratio

TIT=950°C
25.2
291
34.2

TIT=1100°C
15 to 30
28.3
370
15 to 30
38.7
260
15 to 30
40.3
276

TIT=1250°C
30.2
432
42.4
310
44.2
331

15 to 30

3.5.2 Energy Management Strategy
As discussed in chapter 2 and during the introduction of this chapter, the DP simulation results
are optimal but not realistic, since the switching On/Off number of the APU is not constrained.
This is not coherent with rule based controlled defined in real hybrid vehicles where the APU
operation is constrained according to different automotive technological criteria.
In this chapter, the EMS role is to manage the vehicle power flows in order to minimize both
the fuel consumption and the switching ON/OFF times of the APU. This is done while also
satisfying the driving and thermal power demands and while respecting the components
constaints, the ON/OFF switching times of the APU and the SOC constraints. These constraints
are listed in Table 3.5.
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Table 3.5: Battery constrained
(3.20)

discrete step time:
number of time instances:

(with n the time length of the driving cycle)

SOC evolution:

1

,

1

(3.21)
(3.22)

initial SOC:

0.6

(3.23)

final SOC:

0.6

(3.24)

SOC limits:

∈ 0.2, 0.9

(3.25)

battery power constraint:

(3.26)

battery current constraint:

(3.27)

motor torque constraint:

(3.28)
0

motor speed constraint

(3.29)
(3.30)

generator power constraint:

0

generator speed constraint:

(3.30)

In fact, a compromise must be made for the two control objectives: minimization of both total
fuel consumption and the switching ON/OFF times of APU. Indeed, a frequent ON/OFF
operation could reduce greatly the fuel consumption, but obviously, it’s not possible to operate
the APU in such a way for technical reasons, mainly to avoid thermomechanical fatigue stress
due to temperature variation for the different components of the GT. Therefore, since the DP
has a mono-objective cost function, a weighting factor , which varies from 0 to 1, is introduced
to have a balanced global control objective as illustrated in the equation 3.31.
∗

min

∙

1

∙

|

|
2

(3.31)

Where, N is the total duration of the given driving cycle, which is discretized into many time
stages k,
the engine’s instantaneous fuel consumption rate at time stage k,
the engine’s
state (ON or OFF) at the current time stage. The choice of parameter has an important impact
on the results. As we could see from equation 3.31, if is close to 1, it means that fuel
consumption is more important than the engine ON/OFF state changes and it should be reduced
as much as possible. Otherwise, the engine ON/OFF state change is more sensitive, and the fuel
consumption is less important. Therefore, the choice of should be decided in an optimal way
in order to achieve a balanced global minimization. Another important parameter that should be
optimized is the power of the GT system
. For our application, the GT-system will be
operated at one fixed working point with constant operating power and efficiency.
As illustrated in figure 3.21, a bi-level optimization process is proposed as the Energy
Management Strategy (EMS) in this study, which consists of two combined optimization
algorithms: a genetic algorithms (GA) and the Dynamic Programming (DP). Inspired by natural
selection and evolution, GA is an adaptive heuristic search algorithm and is commonly used to
generate high-quality solutions to optimization and search problems [3.68]. In our optimization
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process, as an upper level optimization, GA is responsible for exploring the design space of
and
and to generate many parameter combinations or individuals (a set of parameter
combination of
and ) by relying on GA operators as selection, reproduction, crossover,
mutation, etc.

Fig. 3.21: Bi-level Optimization process of EMS
In the lower level, after receiving a generation of individuals from upper level, the DP algorithm
is used to realize the global minimum of the objective function while respecting the component
constraints and guaranteeing the SOC levels equal to the settings at the beginning
and at
the end
. Based on the Bellman principle, DP is a well known benchmarking technique to
solve the optimal control issue of hybrid electric vehicles (HEVs) for given hybrid architecture,
component sizings, and the driving cycle [3.69]. It allows the HEV controller to make a
sequence of decisions in order to minimize the cost function in equation 3.31. In order to
calculate the total switching ON/OFF times, the engine’s ON/OFF state must be chosen as the
second state variable besides the battery SOC as the first state variable. As an SHEV, the only
degree of freedom for controlling the APU is the engine’s ON/OFF command. The lower level
in the optimization process will generate not only the optimal objective function, but also the
optimal controls such as when and how long to start/stop the GT-system.
With the feedbacks from the lower level, the GA will decide the next generation of individuals
for lower level to evaluate. This optimization loop will continue until the end of iterations.
Finally, the combined GA and DP algorithms will find the optimal solutions and the associated
control sequences.

136

3.6 Simulation results
The potential of fuel savings of the GT-systems-APU compared to the ICE-APU was simulated
on three consecutive WLTC driving cycles (23 km each) covering driving distance up to around
70 km. Simulations emulate the behavior of self-sustaining SHEV, with no use of electric energy
from the grid. The initial SOC is set at 60% and the final SOC at 60% by the end of the trip. As
in chapter 2, simulations are performed on a baseline scenario similar to current fuel
consumption on standard regulatory drive cycles where only propulsion energy needs are
accounted, and four additional scenarios accounting for different cooling, heating and electric
consumption needs. These scenarios are explained in details in chapter 2. They are the
followings:






Baseline (S0): Only mechanical propulsion needs
Scenario 1 (S1): Baseline + continuous electric auxiliary need of 750W
Scenario 2 (S2): Scenario 1 + cabin cooling ensured by A/C + heating ensured by stored
waste heat
Scenario 3 (S3): Scenario 1 + cabin cooling ensured by A/C + cabin heating ensured by
electric heater when EC is off, or by waste heat when EC is on
Scenario 4 (S4): Scenario 1 + cabin cooling ensured by A/C + cabin heating needs always
ensured by electric heater

Figures A.3.1 to A.3.12 show the switching ON/OFF results versus fuel consumption for the
different GT-system and the ICE using the bi-level optimization process. Several conclusions
can be drawn from the simulation results:
1- In fact, compared to results in chapter 2 where the number of switching ON/OFF was not
controlled, reducing the switching ON/OFF number increases the fuel consumption of the
powertrain in all configurations by about 4 to 5%.
2- Comparing the fuel consumption between the different GT-configurations, around 26% of
reduced fuel consumption is observed when comparing the RGT operating at 950°C to the
SGT operating at 950°C on all other scenario on all climates. Same percentage of fuel
consumption reduction is observed when the TIT increases to 1100°C and 1250°C. On the
other hand, up to 30% of fuel consumption reduction is observed when comparing the IRGT
to the SGT on all scenarios on all climates and for all the TIT and up to 36% when comparing
the IRReGT to the SGT on all scenarios on all climates and for all the TIT. These results
confirm the importance of the right selection of the GT thermodynamic configuration to be
implemented in a SHEV.
3- Comparing the fuel consumption between the same GT configurations operating at different
TIT, around 10% less fuel consumption is observed for the SGT when increasing the TIT
from 950°C up to 1100°C and up to 15% when increasing the TIT from 950°C to 1250°C
on all scenarios and for all the climates. For the RGT configuration, increasing the TIT from
950°C to 1100°C shows a reduction in fuel consumption by 12% on all scenarios and for all
the climates. Also, increasing the TIT of the RGT from 950°C up to 1250°C results in a
reduction of fuel consumption by 20% on all scenarios and for all the climates. These results
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highlight the importance of increasing the TIT of GT systems and its results in terms of fuel
consumption saving.
4- Comparing the different scenarios, around 10% of additional fuel consumption is observed
when considering the 750W additional electric auxiliary need. Around 5% of additional fuel
consumption is observed when considering the air conditioning cooling needs in cold
climate, between 8% and 10% in the temperate climate and up to 20% in the hot climate.
When hot thermal needs are ensured from EC waste heat when the engine is ON and from
the use of electric heater when it is OFF as in scenario 3, the fuel consumption increases by
around 21% in cold climate, by around 18% in temperate climate and by less than 0.05% in
hot climate. When hot thermal needs are ensured always using electric heater as in scenario
4, the fuel consumption is shown to increase by 30% on cold climate, by 15% on temperate
climate and by less than 0.1% in hot climate. These results confirm the impact of considering
the vehicle non-mechanical energetic needs described in details in chapter 2 on fuel
consumption. They highlight also the importance of using the EC waste heat to ensure the
hot thermal needs since the fuel consumption can be reduced by 12% in cold climate on
SHEV and by 6% in temperate climate on the same powertrain architecture.
5- Finally, comparing the different climates, it is obvious that the base line scenario and the
scenario 1 show no difference in fuel consumption results. However, the cold climate shows
between 3 to 6% less fuel consumption compared to temperate climate in scenario 2. This
can be explained by lower thermal power required to ensure the cooling of the vehicle’s
cabin. On the other hand, the hot climate compared to the temperate climate shows an
increase in fuel consumption by 7% and 10%. This can be explained by the additional
thermal power required to cool the vehicle’s cabin in hot climate. These results highlight the
importance of considering the different climates during vehicle fuel consumption. These
results show also the importance to consider innovative technologies to reduce the nonnegligible additional fuel consumption resulting from considering the vehicle’s nonmechanical energetic needs. Among these technologies, we can list the ejector and other trithermal systems recovering hot waste thermal heat and transforming a fraction of them to
cooling thermal power which can be used to ensure the air conditioning functions for free.
These technologies are not considered in this thesis work but will be envisaged in futur
research works.
The fuel consumption results’ for the lower switching ON/OFF number of the APU for the
different climates are presented in figure 3.22 to 3.30 below. For the rest of the study, only
scenario 3 will be considered since it accounts for all vehicle energetic needs and uses the GTsystem wasted heat when it is ON to heat the vehicle’s cabin.
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Fig. 3.22: Fuel consumption for the four GT-systems operating at TIT=950°C for cold
climate

Fuel consumption (L/100km)

12
10
8
6
4
2
0
S0

S1
SGT

S2
RGT

IRGT

S3

S4

IRReGT

Fig. 3.23: Fuel consumption for the four GT-systems operating at TIT=1100°C for cold
climate
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Fig. 3.24: Fuel consumption for the four GT-systems operating at TIT=1250°C for cold
climate
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Fig. 3.25: Fuel consumption for the four GT-systems operating at TIT=950°C for temperate
climate
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Fig.3.26: Fuel consumption for the four GT-systems operating at TIT=1100°C for temperate
climate
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Fig.3.27: Fuel consumption for the four GT-systems operating at TIT=1250°C for temperate
climate
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Fig.3.28: Fuel consumption for the four GT-systems operating at TIT=950°C for hot climate
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Fig.3.29: Fuel consumption for the four GT-systems operating at TIT=1100°C for hot
climate
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Fig.3.30: Fuel consumption for the four GT-systems operating at TIT=1250°C for hot
climate
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3.7 Conclusion and perspectives
A pre-design analysis was carried out in this chapter on the four identified realistic gas turbine
configurations identified through the exergo-technological explicit selection method developed
in chapter 2. The different configuration are: the simple gas turbine (SGT), the regenerative gas
turbine (RGT) and intercooled regenerative gas turbine (IRGT) and the intercooled regenerative
reheat gas turbine (IRReGT).
The study starts by an energetic analysis and a thermodynamic optimization for the different
GT-system configurations for three different operating temperatures in order to identify the
optimal operating point of the system. The two main objectives to maximize are the efficiency
and the net specific work. The Non-dominated Sorting Genetic algorithm (NSGA) was used to
find the optimal solution for maximizing these two objectives. The final operating point choice
was made according to the best efficiency point found from the optimization. Therefore, the net
specific work resulting was considered to calculate the mass flow rate for the different
configurations under the different operating temperatures.
Then a predesign was carried out based on the optimization results. It consists to find a relation
between the air mass flow rate and the different components’ weight. Up to this end, the
turbomachines weight was estimated by establishing a mathematical relation between the mass
flow rate and the power for a given rotation speed of different commercialized automotive
turbochargers. As for the heat exchangers, a design was carried out for both intercooler and
regenerator and the weight of these components for the different configurations and the different
operating temperature was calculated. The combustion chambers’ weight was calculated based
on an already existed combustion chamber for gas turbine application and by applying a
correlation between the air mass flow rate across it and its thermal power. As for the electric
generators, the weight was estimated using data retrieved from literature. Finally, the power to
weight ratio was accounted for.
Then the different GT-systems were integrated in the SHEV model developed on chapter 2.
Fuel consumptions were simulated using a bi-level optimization method developed in this
chapter in order to find a compromise between two control objectives: (1) the minimization of
the total fuel consumption and (2) the minimization of switching ON/OFF times of APU.
Simulation results show an increase in fuel consumption by 5% compared to fuel consumption
results of chapter 2 where the number of switching On/Off of the APU was not constrained.
Results highlights also the impact of considering the vehicle additional non-energetic needs
such the electric and thermal needs as well as the impact of climates on vehicle fuel
consumption. It highlights also the beneficial impact of increasing the GT-systems operating
temperature and proves again that the IRReGT is among the best suitable gas turbine
configurations in terms of fuel consumption reduction.
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Fig. A.3.1: Number of switching ON/OFF versus fuel consumption for SGT operating at three
different TIT on the WLTC considering cold climate
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Fig. A.3.2: Number of switching ON/OFF versus fuel consumption for RGT operating at three
different TIT on the WLTC considering cold climate
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Fig. A.3.3: Number of switching ON/OFF versus fuel consumption for IRGT operating at
three different TIT on the WLTC considering cold climate
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Fig. A.3.4: Number of switching ON/OFF versus fuel consumption for IRReGT operating at
three different TIT on the WLTC considering cold climate
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Fig. A.3.5: Number of switching ON/OFF versus fuel consumption for SGT operating at three
different TIT on the WLTC considering temperate climate
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Fig. A.3.6: Number of switching ON/OFF versus fuel consumption for RGT operating at three
different TIT on the WLTC considering temperate climate
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Fig. A.3.7: Number of switching ON/OFF versus fuel consumption for IRGT operating at
three different TIT on the WLTC considering temperate climate
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Fig. A.3.8: Number of switching ON/OFF versus fuel consumption for IRReGT operating at
three different TIT on the WLTC considering temperate climate
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Fig. A.3.9: Number of switching ON/OFF versus fuel consumption for SGT operating at three
different TIT on the WLTC considering hot climate
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Fig. A.3.10: Number of switching ON/OFF versus fuel consumption for RGT operating at
three different TIT on the WLTC considering hot climate
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Fig. A.3.11: Number of switching ON/OFF versus fuel consumption for IRGT operating at
three different TIT on the WLTC considering hot climate
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Fig. A.3.12: Number of switching ON/OFF versus fuel consumption for IRReGT operating at
three different TIT on the WLTC considering hot climate
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Résumé chapitre 4
Les systèmes de turbine à gaz font partie des convertisseurs d'énergie potentiels pour remplacer
le moteur à combustion interne dans les futurs véhicules à chaîne de traction hybrides
électriques séries. La consommation de carburant de ces groupes motopropulseurs dépend
fortement du rendement du convertisseur d'énergie, de la stratégie de gestion de l'énergie
déployée à bord ainsi que du fonctionnement transitoire pendant la phase de démarrage.
Ce chapitre présente une modélisation dynamique et le calcul de la consommation de carburant
d'un système de turbine à gaz à refroidissement intermédiaire avec récupérateur et réchauffage
intermédiaire utilisé comme groupe auxiliaire de puissance sur un véhicule électrique hybride
en série. Un modèle de véhicule est développé et une méthode d'optimisation est proposée pour
optimiser le fonctionnement du groupe motopropulseur. Cette méthode consiste à utiliser la
programmation dynamique comme stratégie de gestion de l'énergie afin de minimiser la
consommation de carburant et le nombre de démarrages. Les simulations de consommation de
carburant sont réalisées sur le cycle d'homologation WLTP tout en considérant les besoins
énergétiques additionnelle du véhicule tels que le besoin électrique et les besoins thermique de
chaud et de froid.
Ensuite, un modèle dynamique de turbine à gaz est développé, dans lequel les différents
composants, tels que la turbomachine et les échangeurs de chaleur, sont modélisés en tenant
compte de leurs inerties dynamiques. Le rendement, la puissance et la consommation de
carburant sont calculés en régime transitoire. Sur la base des résultats d'optimisation du
nombre de démarrage du système, les résultats de la simulation dynamique de la consommation
de carburant sont pris en compte à la place des résultats de la programmation dynamique. Deux
stratégies de démarrages ont été investigués, une stratégie de démarrage à puissance constante
et une stratégie de démarrage à quantité de carburant injectée constante.
Les résultats montrent une augmentation de la consommation de carburant entre 2,4 % et 3,8
% avec le premier scénario de démarrage et entre 5,7 % et 6,4 % avec le second scénario, par
rapport au modèle statique développé dans le chapitre 3.
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Chapter 4: Dynamic modelling of an Intercooled
Regenerative Reheat Gas Turbine for auxiliary power unit
on series hybrid electric vehicle*
4.1 Introduction
Gas turbine (GT) machine presents a forthcoming potential for integration as main energy
converter as replacement of internal combustion engine (ICE) in hybrid electrified powertrains
[4.1]. Despite the fact that this system suffered from high fuel consumption and acceleration lag
in conventional vehicles, GT regains interest today in series hybrid electric vehicle (SHEV). In
fact, in this newly advanced powertrain shown in figure 4.1, the GT drives an electric motor
generator (EMG) at constant speed and power while operating at its maximal efficiency. The
GT and the EG constitute the auxiliary power unit (APU) which operates to recharge the vehicle
battery once depleted. On the other hand, the vehicle propulsion is ensured by an electric motor
(EM), designed to ensure the vehicle’s performance in terms of speed, acceleration and
gradability.
GT-systems as main energy converter for automotive applications, offer many benefits
compared to ICE [4.2, 4.3]. Among these benefits, we can mention the reduced number of the
energy converter components and rotating parts, the reduced vibration and the multi-fuel
capability. Adding to that, the GT is a thermodynamic machine operating according to Brayton
open cycle, where the amount of heat not transformed to noble mechanical power, is rejected
outside the thermodynamic cycle to the ambient. Therefore, this wasted heat can be used to
ensure vehicle thermal hot needs, increasing therefore the overall powertrain efficiency by
avoiding the use of cabin electric heaters [4.4].
Different GT thermodynamic configurations can be considered for integration in SHEV,
ranging from simple GT, to regenerative GT (RGT), to intercooled GT, to reheat GT among
others [4.1, 4.5]. The review of literature shows that RGT using a regenerator heat exchanger
(HEX) that recovers heat from turbine outlet to heat the air upstream the combustion chamber
has been largely investigated over the years [4.2, 4.6, 4.7]. However, this thermodynamic
configuration with good optimal efficiency, suffers from low net specific work leading to high
air mass flow rate [4.1, 4.2] which consequently increases the size and weight of the machine,
leading to higher vehicle integration complexities. Moreover, recent papers published show that
the intercooled regenerative reheat gas turbine (IRReGT) configuration presents higher
efficiency than RGT which leads to better fuel consumption in SHEV [4.1, 4.8]. Adding to that,
with intercooled compression and turbine reheat processes, higher net specific work can be
achieved compared to RGT configuration, leading to reduced air flow rate for the same power
output and consequently a reduced weight and size of the system which leads to lower
integration complexity. Powertrain simulations of an IRReGT-APU-SHEV with dynamic
programing (DP) as energy management strategy (EMS) show up to 22% of fuel consumption
saving compared to ICE-APU-SHEV. The IRReGT operates at a maximum turbines inlet
temperature (TIT) of 1250°C. Moreover, the heat rejected from the intercooled can be recovered
for cabin heating to ensure hot thermal comfort energetic needs. The choice of intercooler for
waste thermal heat compared to heat rejected from GT exhaust gases was made for three main
*This chapter is written in the form of a scientific paper that will be published later. Therefore some informations are
redundant with chapter 2 and 3 mainly in the « introduction » section (4.1) and in the « SHEV model » section (4.4).
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reasons: First, the heat rejected from the intercooler is sufficient to ensure cabin heating when
the IRReGT is ON even under most severe conditions. Second, the maximum air temperatures
reached in the intercooler allow the use of an aluminum heat exchanger (HEX) instead of steel
HEX as in the case of exhaust gases, reducing therefore the weight and the cost of the heating
system. Finally, recovering thermal waste heat from the intercooler prevents the use of an
additional HEXs on the GT exhaust line which adds more back pressure and reduces therefore
the GT-system thermal efficiency.
However, the powertrain control strategy in these studies [4.1, 4.8] used the dynamic
programing as energy management strategy (EMS) in order to provide the global optimal
strategy to power the APU ON and OFF. Consequently, the results consider only the impact of
IRReGT-system on the consumption and exclude the influence of the rule-based energy
management strategy found in vehicle controller [4.9, 4.10]. For instance, during the transient
phase during the switching ON of the system, the efficiency, the power and the operating
temperature are considered to be the same as during established permanent steady state
operation, which is not realistic. Also the number of switching ON/OFF of the system during
the operation is not restrained when DP is considered as EMS. In fact, in order to respect some
thermomechanical constraints regarding GT-system material and emissions mainly during
transient operation, the number of IRReGT-system startups must be limited.
Furthermore, according to Newton second law, some amount of energy is required to drive the
system from rest to its steady state operating regime. This amount of energy depends on IRReGT
rotating components inertia among them the compressors (C), the turbines (T), the electric
motor generator (EMG) and the common shaft, on the system friction, as well as on the
compression and the expansion phases. This amount of energy must be consumed from vehicle
battery during starting and was not considered in previous studies. Adding to that, the
regenerator presents a thermal inertia which worsens the efficiency during the transient starting
phase. For instance, when the regenerator is relatively cold, the IRReGT first combustion
chamber inlet temperature is low and a higher amount of fuel is required to achieve the desired
TIT temperature, which increases the fuel consumption and reduces as result the startup system
efficiency.
The review of literature shows interesting insight in modeling dynamically gas-turbine systems
or turbomachinery systems. For instance, Mazloum et al [4.11, 4.12] developed dynamic model
components for an adiabatic compressed air energy storage system using Dymola software.
Their model, validated through testing, considers the inertial rotation transient operation for
centrifugal turbomachines as well as the heat exchanger thermal transient behavior. Camporeale
et al [4.13] developed a Matlab-Simulink code for singe-shaft heavy-duty GT and double-shaft
aeroderivative industrial GT. Others such as Hussain et al [4.14], Turie et al [4.15],
Thirunavukarasu [4.16] worked on dynamic modeling for different GT configurations. Kim et
al [4.17] developed a simulation program for transient analysis of the start-up procedure of
heavy duty GT for power generation. Others such as Botros et al. [4.18] have developed
numerical techniques to resolve the dynamics equations describing the GT unit and compressors
transient behavior. Some software were developed to understand the dynamic behavior of GT
engines. For instance, GETRAN was developed to simulate the nonlinear dynamic behavior of
single and multi-spool power generation gas turbine engines under different dynamic operating
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conditions [4.19]. None of these studies have considered the transient operation of a IRReGTthermodynamic configuration system and its impact on vehicle fuel consumption.

Fig. 4.1: SHEV powertrain with IRReGT as main energy converter
Based on these findings, and in order to approach the real fuel consumption of an IRReGTAPU-SHEV, while accounting for the penalty imposed by the transient operating phases, a
dynamic IRReGT model is developed in this study. A methodology for assessing the fuel
consumption potential of IRReGT while considering dynamic operation is presented in section
2 of this study. First, a SHEV model is developed and a bi-level optimization process is proposed
as the energy management strategy (EMS) in order to find the optimal decision for switching
ON and OFF the APU. The bi-level optimization consists of two combined optimization
algorithms: a Genetic Algorithms (GA) and Dynamic Programming (DP) as presented in
chapter 3. Dynamic programming (DP) is used as optimal energy management strategy (EMS)
in order to find the optimal way to well manage the vehicle power flows and respect component
constraints to minimize two control objectives: the fuel consumption vehicle criteria and the
switching ON/OFF times of APU which impacts its durability. The GA is responsible for
exploring the design space of GT power and the weighting factor introduced to have a balanced
global control objective. Simulations are performed on WLTC optimization cycle by
considering the vehicle additional non-mechanical energetic needs, among them the electric
energetic need and the thermal comfort energetic needs. Then an IRReGT dynamic model is
developed where turbomachinery and heat exchanger components are modeled using dynamic
equations. The efficiency, the electric power, the thermal heat power and the temperature are
calculated during transient operation. Based on bi-level optimization results of switching ON
and OFF the APU and of defining the IRReGT optimal power, the dynamic simulation results
are considered instead of DP results. Two different startups strategies were considered: (1) a
constant power startup strategy where additional fuel is injected to maintain the desired IRReGT
output power and (2) a constant fuel strategy where the same amount of fuel is injected during

151

the startup phase as during the permanent operation. The gap in terms of fuel consumption
between DP optimal results and dynamic model results is obtained and the impact of considering
the dynamic transient phases on fuel consumption is highlighted.
This study is novel in three ways. First, it is the first study to use a bi-level optimization results
to serve as ON/OFF starting decision and to optimize the IRReGT net power for dynamic
simulations. Second, it presents a comprehensive methodology for dynamic transient modeling
of an IRReGT configuration for automotive application by considering the rotating machine’s
inertia and the heat exchanger thermal inertia impacts on fuel consumption, system efficiency,
power and temperatures during transient phases. Third, it is the first study to highlight the impact
of transient phases on the fuel consumption of a SHEV with IRReGT-APU.

4.2 IRReGT-System overview
The Intercooled Regenerative Reheat Gas Turbine (IRReGT) system is presented in figure 4.1.
The system consists of two-stage intercooled (I) centrifugal compressors (C1, C2), a regenerator
(R), a two-stage reheat centrifugal turbines (T1, T2) and two combustion chambers (CC1, CC2).
The system can be divided into subsystems: the compression, the expansion, the combustion
and the thermal heat regeneration subsystems. The GT-system is designed to operate at constant
power and speed. The compression is performed in the two-stage intercooled compressors and
the air working fluid is pressurized up to 12 bar. The intercooler is installed between the
compressors in order to reduce the compression work and to cool down the air entering the
regenerator. The regenerator recovers heat at the outlet of the second turbine in order to increase
the temperature of the air entering the first combustion chamber. A second combustion chamber
is installed downstream the first turbine in order to reheat the exhaust gases, increasing therefore
the system efficiency and the net specific work [4.20-4.22]. An electric motor generator (EMG)
is installed on the same shaft coupling the compressors to the turbines. During steady operation,
it acts as an electric generator and recovers the net power produced by the machine, the turbines’
power minus the compressors’ power. During the starting phase, it acts as an electric motor, and
drives the GT to its nominal operating speed.
Since thermal heat must be rejected outside the cycle during the intercooling compression phase,
and knowing that thermal heat is required for vehicle cabin heating in order to ensure the thermal
comfort [4.4], it is smart to consider the intercooler waste thermal heat, which dispenses the
need for an electric heater or heat pump to ensure the cabin heating function. Therefore, the
proposed architecture consists of the use of a working fluid that circulates in a closed-loop. This
loop consists of a circulating pump (P), a controlled three-way valve, an electric resistance (ER),
the vehicle cabin heater (CH), the vehicle radiator (VR) and a tank. The cabin heater, a heat
exchanger, serves to heat the vehicle cabin and to ensure vehicle hot thermal energetic needs by
exchanging with the cabin air when the GT-system in switched ON. During this phase, the
vehicle radiator rejects the excess heat not used for cabin heating to the outside. The electric
resistance serves as heater when the GT-system is off. It uses the electricity directly from the
battery.
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4.3 Methodology
This section presents the method adopted to evaluate the impact of the IRReGT’s startup
transient phases on the fuel consumption of a SHEV. The method consists of a three-step
assessment plan as presented in figure 4.2.
In the first assessment step, an IRReGT-APU is integrated in a series hybrid electric vehicle
(SHEV), and fuel consumption was simulated on a self-sustaining hybrid powertrain
configuration where the fuel consumption depends only on the energy converter efficiency
without using the electric energy from the grid to recharge the battery [4.23, 4.24]. Fuel
consumption is simulated using a bi-level optimization process as the energy management
strategy (EMS). It consists of two combined optimization algorithms: a genetic algorithm (GA)
and Dynamic Programming (DP). DP is used as optimal energy management strategy (EMS) in
order to find the optimal way to well manage the vehicle power flows and respect component
constraints to minimize two control objectives: the fuel consumption vehicle criteria and the
switching ON/OFF times of APU. The GA is responsible for exploring the design space of GT
power and the weighting factor introduced to have a balanced global control objective.
Simulations are performed on a sequence of three WLTC optimization cycles covering a total
distance of around 70km, by considering the vehicle additional non-mechanical energetic needs:
the electric energetic need and the thermal comfort energetic needs. The fuel consumption
results are accounted considering an IRReGT constant power and efficiency during the startup
phase, which leads to a biased fuel consumption results.

Fig.4.2: Methodology for estimating the overconsumption of the IRReGT-APU-SHEV when
considering the transient startup
In the second assessment step, a dynamic model of the IRReGT is developed and the different
system components are modelled. This includes the turbomachines (compressors and turbines
coupled to the electric generator/motor), and the heat exchangers (intercooler and regenerator).
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The impact of considering the dynamic model on the efficiency, temperature, net power and
thermal heat during the IRReGT start-up phase, is evaluated by considering two startup
strategies: (1) a constant startup power strategy where higher fuel consumption is injected
during the startup in order to maintain the same GT output power. This strategy leads to a quick
increase in the temperatures, and (2) a constant fuel injection startup strategy where the same
amount of fuel is injected during the transient phase as during permanent operation. This
strategy leads to a longer convergence time to reach the nominal GT operation since the GTsystem and mainly the regenerator takes more time to reach its permanent temperature.
Finally, in the third assessment step, the first step optimization results, “the instantaneous fuel
consumption”, are replaced by the dynamic fuel consumption results of the second step. The
additional fuel consumptions are then accounted for and compared between the non-realistic
NSGA-DP decisions. Also a comparison in terms of fuel consumption is done between the twodifferent considered startup strategies.

4.4 SHEV model
In order to account for the vehicle fuel consumption with IRReGT-system as main energy
converter and to account later for the additional fuel consumption when considering the GT
start-up transient operation, a medium-class SHEV, consisting of a IRReGT-APU and an
electric traction system (as illustrated in figure 4.1) is modelled and presented in this section.
As described in many published papers [4.1, 4.8, 4.25], SHEV configuration presents the
advantage of operating the APU at steady power corresponding to the optimum efficiency. On
the other hand, the vehicle is propelled by an electric motor, powered by a battery and/or the
APU, and properly sized to ensure the vehicle acceleration and velocity performance without
deficiency.
In this section, we present a brief reminder since the powertrain design methodology was
presented in chapter 2. First, the vehicle propulsion power needs are modelled using the vehicle
dynamic longitudinal equations and the vehicle characteristics defined in the specifications. The
vehicle maximum continuous speed is selected and the average load power on the selected
optimization cycle, the Worldwide-harmonized Light Vehicles Test Cycle Cycle (WLTC), was
accounted for, considering the vehicle mechanical propulsion energetic needs as well as the
non-mechanical needs such as the electric needs and the thermal comfort needs.
The energy converter’s continuous power depends on the vehicle autonomy on a given driven
pattern and on the battery capacity. The vehicle autonomy criterion is defined as the time that
the vehicle can be driven at maximum continuous speed, while ensuring the electric auxiliaries
and thermal comfort needs and maintaining the battery’s state of charge (SOC) within a defined
range. As for the battery capacity, it was calculated by choosing the driving distance on the city
part, the low speed part, of the WLTC without the need to switch ON the energy converter, for
pollutant problematic in cities. Consequently, this corresponds to a full-electric driving mode.
Finally, the electric motor power is accounted by considering the vehicle performance in terms
of acceleration, maximum speed and gradability. The battery maximum power is then selected.
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4.4.1 Powertrain setup
The same SHEV model presented in chapter 2 and chapter 3 is used in this chapter. The vehicle
characteristics have been presented and are summarized in tables 2.2 and 3.4 respectively. Three
different IRReGT machines were considered in this chapter. The first one corresponds to a low
temperature-low cost material IRReGT where the maximum combustion temperature achieved
is 950°C. The second one corresponds to a machine with a combustion chamber temperature of
1100°C, using specific alloys. The third machine achieves a combustion chamber temperature
of 1250°C and uses specific materials and super-alloys [4.26]. The corresponding efficiencies
and power to weight ratios of these three machines are also presented in table 3.4. Also the
IRReGT were allowed to operate at constant power which will be decided by the optimization
algorithm. This power was set between 15kW and 30kW. According to equations 4.1 and 4.2,
with a 10kWh battery capacity allowing for a full-electric mode for about 50km as discrbed in
chapter 2, an electric auxiliary consumption of 750W, a 1kW thermal power need for thermal
comfort, a battery maximum state of charge (SOC) of 80% and minimum SOC of 30% and a
maximum continuous speed of 120km/h on flat-road, the SHEV autonomy varies between 46
minutes for a 15kW net power IRReGT machine and up to around 600 min for a 22kW. When
driving at constant speed of 130km/h on flat road, the autonomy will decrease to around 27min
with a 15kW net power IRReGT machine and about 67 min for a 22kW net power IRReGT
machine as shown in figure 4.3 below. It is worthy to mention that a 23kW net mechanical
power IRReGT machine is required to drive the SHEV at 120km/h continuously without
consuming electricity from the battery compared to 27kW IRReGT machine when the speed
increases to 130km/h.
∗

∗

(4.1)
∗

∗
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∗

∗
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:
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:
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:

Electric power required to ensure cold thermal needs (kW)
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:
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(4.2)
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Fig. 4.3: SHEV autonomy (minutes) function of IRReGT net mechanical power (kW) for
constant vehicle speed of 120km/h and 130km/h on flat-road
4.4.2 Energy Management Strategy
In order to assess the fuel consumption when considering the IRReGT-APU, an energy
management strategy (EMS) must be developed in order to control the operation of the APU.
The EMS was presented in details in chapter 3 and reiterated in this chapter. It mission is to
satisfy the driving request and on-board thermal power needs as described in figure 2.1. Also it
should find an optimal way to well manage the vehicle power flows and respect component
constraints to minimize both the fuel consumption and the switching ON/OFF times of APU.
As discussed in details in chapter 3, a compromise must be made for the two control objectives:
minimization of both total fuel consumption and the switching ON/OFF times of APU.
Therefore, a weighting factor , which varies from 0 to 1, was introduced to have a balanced
global control objective as illustrated in the equation 3.31. Up to this end, a bi-level optimization
process is proposed as the Energy Management Strategy (EMS), which consists of two
combined optimization algorithms: a genetic algorithms (GA) and the Dynamic Programming
(DP). This combined GA and DP algorithms are used to find the optimal solutions and the
associated control sequences. GA is responsible to explore the design space of the IRReGT net
power
and and to generate many parameter combinations or individuals by relying
on GA operators as selection, reproduction, crossover, mutation, etc. The DP algorithm is used
to realize the global minimum of two control objectives while respecting the component
constraints and guaranteeing the SOC levels equal to the settings at the beginning
and at
the end
.
4.4.3 Powertrain simulation results
This section presents the optimization results using the bi-level optimization method described
in the EMS section. For the fuel consumption simulation, the WLTC accounting for auxiliaries
and thermal comfort needs described in chapter 2 was considered. The three climates were
considered: the cold climate, the temperate moderate climate and the hot climate.
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As shown in figure 4.1, the auxiliary electric need is provided directly from the battery. As for
the cold thermal need, an electrified air conditioning loop, with an electrified compressor (e-C)
is selected to ensure the cold thermal comfort as used today in hybrid electric vehicles [4.29].
Regarding the hot thermal needs, this power is ensured by the waste heat from the IRReGT
intercooler when the machine is switched ON as described before. When the machine is OFF,
an electric resistance is used to satisfy the hot thermal needs. Therefore, the general equation
describing the power needed from the battery is presented is 4.3, where u is the control variable
that takes value of 0 when the IRReGT is OFF and the value of 1 when the IRReGT is ON.
∗ 1

Where

(4.3)

: Battery power consumption (kW)
: Electric machine power consumption (kW)

Fuel consumption simulation results using the combined bi-level optimization method is
presented in figure 4.4 below. Simulations were carried out on self-sustaining SHEV where the
initial SOC is set equal to the final SOC (60%). Many important conclusions can be drawn out
from this figure:
1- First, the higher the turbine inlet temperature (TIT) or the max combustion temperature, the
lower the fuel consumption, since the GT-system efficiency is higher when TIT is higher
and the power to weight ratio is also higher. For instance, 11% less fuel consumption is
observed when comparing the 1100°C TIT with the 950°C TIT on all the climates, cold,
moderate and hot, and up to around 17% when comparing the 1250°C with 950°C also for
all the considered climates.
2- Despite the use of waste heat from the GT-system when it is switched ON to ensure cabin
hot thermal needs, the cold climate remains with the higher fuel consumption with up to
3.4% more consumption yearly compared to temperate climate. Hot climate increases the
fuel consumption by 1.1% compared to temperate climate.
3- Fuel consumption depends on the number of switching ON/OFF the GT-system. Reducing
the number of ON/OFF increases the fuel consumption since it constrains the operation of
the GT-system to a reduced number of starting. Also increasing the number of ON/OFF
shows lower fuel consumption. In fact, the GT-system net power can meet the vehicle power
demand for higher percentage of time, which avoids losses from the battery. It is worthy to
mention that the curves present a changing slope for all the configurations and the climates
at about 10 switching ON/OFF. This could be explained by the battery size selected. In fact,
for 10kWh battery, the powertrain number of starting cannot be reduced less than 3 times
because the energy demand to ensure three consecutive WLTC is higher than the useful
amount of energy from the battery. This will constrain the GT-system to operate more than
one time.
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Fig. 4.4: Pareto Fuel consumption function of switching ON/OFF time
For the rest of the study, the operating parameters corresponding to the lower number of
switching ON/OFF the APU is considered in order to reduce the thermo-mechanical fatigue
stress mainly on the turbine housing and the regenerator. This number corresponds to three
switching ON/OFF on the three consecutive WLTC. The resulting fuel consumption is
presented in figure 4.5 below. Same conclusions can be figured out as discussed above.
The APU optimal operating powers corresponding to fuel consumption results in figure 4.5 are
presented in figure 4.6. The operating power varies between 18.4kW for GT with TIT=950°C
in the cold climate and up to 24kW for the same GT operating temperature in the hot climate.
The results are obvious. In the cold climate, since the cabin hot thermal heat can be ensured for
free from the waste heat rejected from the intercooler of the GT-system, the optimal strategy
was to operate the GT-system at a lower power for a longer duration as shown in figure 4.7
which presents the GT-system percentage of operating time. In the hot climate, where the hot
thermal need is very low, the GT operate at higher power for shorter duration.
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Fig. 4.5: IRReGT-APU-SHEV fuel consumption for the three different TIT and for the three
different climates (Case corresponding to three switching ON/OFF of the APU)
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4.5 IRReGT dynamic modeling
This section presents the dynamic model of the IRReGT-system. The dynamic model is divided
into two subsystems representing the main parts of the IRReGT system: the turbomachines
(compressors and turbines) and the heat exchangers (HEX) (intercooler and regenerator). Each
subsystem encloses the mass and the energy conservation laws. A controller is also included to
control the system operation in order to reach the set point target in terms of mass flow rates,
pressure ratios and temperatures.
Some assumptions are considered in this study. First, the thermal inertia of the turbomachines
is neglected compared to the thermal inertia of the heat exchangers. Also, the combustion
chambers’ thermal inertia is not considered in this study. The combustion is considered to occur
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instantly and adiabatically without losses to the outside and without heat exchange with the
combustion chamber walls.
This section is divided into three main parts. In the first part, the turbomachines’ transient model
is elaborated and the different equations are presented. In the second part, the heat exchangers’
dynamic model is presented and finally in the third last part, the transient operation results are
presented.
4.5.1 Turbomachines
This section presents the turbomachines’ dynamic model. As for the configuration setup, the
compressors and turbines are considered mounted on the same shaft with the electric
motor/generator as presented in figure 4.1.
Starting and shutting down the centrifugal machines affects the performance of the IRReGT in
terms of efficiency and consequently the vehicle fuel consumption. In fact, the time
characteristic of these machines depends mainly on their kinetic inertia, thermal inertia and
technical criteria among them the friction and the compression and expansion ratios [4.11, 4.12].
The dynamic model of the turbocharger takes into account in each stage the mechanical inertia
and the different efficiencies. This allows assessing the changes in pressure and temperature of
the working fluid. The transient starting phase of the turbocompressor is modeled considering
mechanical data available from automotive turbochargers, among these data, the inertia of the
different compressors and turbines wheel.
According to Newton second law for rotation, the sum of the external torques acting on a shaft
is equal to the total moment of inertia times the angular acceleration (equations 4.4 and 4.5):
(4.4)

∗

(4.5)

∗
Where

: System inertia including Compressors,
motor/generator and shaft inertia (kg.m²)
: Angular acceleration (rad/s²)

turbines,

: Sum of the torque (N.m)
:
:
:
:
:
:

The motor torque during starting (N.m)
First compressor torque (N.m)
Second compressor torque (N.m)
First turbine torque (N.m)
Second turbine torque (N.m)
Friction torque resistance (N.m)

The turbomachine is assumed to accelerate from rest to its optimal nominal speed, before
starting the combustion. During this transient phase, the compression and expansion in the
compressors and turbines is assumed to be adiabatic. Since radial centrifugal machines are used,
a relation between air mass flow rate across the turbomachine and its speed is considered
according to equation 4.6. Data such as mass flow rate, pressure ratio, efficiency and rotation
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speed are retrieved from automotive turbochargers. Note that the compressor pressure during
transient phase depends on the turbine flow permeability discussed later.
,
,
Where

:
:
:
:

(4.6)
,

(4.7)

Mass flow rate of the turbomachine
Pressure ratio of the turbomachine
Rotation speed of the turbomachine
Efficiency of the turbomachine

The turbomachines torque is accounted according to equation 4.8 which gives the power as
function of the torque and the rotational speed. The power is calculated from equation 4.9 by
considering the mass flow rate and the difference of enthalpy between the inlet and outlet of the
component. This equation results from the law of conservation of energy by considering that no
heat transfer occurs between the component and the surrounding and by neglecting the variation
of kinetic and potential energy across the components. Note that the outlet enthalpy is calculated
by considering the isentropic efficiency of the component where values are retrieved from
literature. Formula for compressors and turbines are presented in 4.10 and 4.11.
∗
∗

(4.8)
(4.9)
(4.10)
(4.11)

Where

:
:
:
:
:
:
:
:
:
:
:
:
:
:

Turbomachine power (kW)
Turbomachine torque (N.m)
Turbomachine rotation speed (rad/s)
Mass flow rate across the turbomachine (kg/s)
Enthalpy at turbomachine inlet (kJ/kg)
Enthalpy at turbomachine outlet (kJ/kg)
Isentropic efficiency of compressor i (%)
Isentropic enthalpy at compressor outlet
Enthalpy at compressor inlet (kJ/kg)
Enthalpy at compressor outlet (kJ/kg)
Isentropic efficiency of turbine i (%)
Enthalpy at turbine inlet (kJ/kg)
Enthalpy at turbine outlet (kJ/kg)
Isentropic enthalpy at turbine outlet (kJ/kg)

Expansion process is assumed to be adiabatic and the isentropic efficiency is assessed using
empirical polynomial equation specific for each expansion stage. The equation considers both
the variation of the air mass flow rate as well as the angular velocity of the rotating machine.
The efficiency equations are calculated using data for turbomachines found from the literature
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for different turbines [4.2]. In order to find the system pressure ratio during the transient
operation, the Stodola equation [4.15, 4.30] which defines the mass flow rate as function of the
turbine pressure ratio according to equation 4.12 below is used. K values are extracted from
turbine’s data [4.31-4.33] and for a given mass flow ( ) rate and turbine inlet temperature ( ),
the pressure ratio is found therefore according to equation 4.13.
∗

∗ 1

1
Where

:
:
:
:
:

(4.12)

(4.13)

Turbine mass flow rate (kg/s)
Turbine characteristic (m.s.√k)
Turbine inlet pressure (Pa)
Turbine outlet pressure (Pa)
Turbine inlet temperature (K)

Note that the compressors and the turbines models include a control system which serves to
adjust the mass flow rate and the pressure ratio by mean of a PID through an electronic system
that controls the electric machine in order to control the rated speed of the turbomachine. The
combustion chamber outlet temperature is also controlled through a PID that controls the fuel
mass flow rate.
4.5.2 Heat Exchanger
The HEX used in the IRReGT, the intercooler and the regenerator are counter flow heat
exchangers as presented in figure 4.8. These components are essential to reject heat during the
compression and to recover the heat from turbine exhaust respectively. The thermal inertia of
both heat exchangers, mainly the regenerator, increases the transient state duration. This leads
to reduced efficiency during transient mode since a higher quantity of fuel must be injected to
achieve the desired net power or longer convergence time is required to achieve the steady state
operation. Therefore, a dynamic model of HEXs is required to account for the system efficiency
during startups.
Many papers in the literature treat the design and optimization of plate-fin HEX for micro-GT
systems and for other applications [4.34-4.36]. This HEX dynamic model consists of modeling
the heat transfer between the two fluids in a plate-fin HEX. Therefore, the HEX is divided into
several elementary volumes
, as shown in figure 4.9, in order to define the partial
differential equations that govern the heat transfer.
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(a) 3D scheme
(b) Cut view
Fig. 4.8: Counter-flow plate-fin HEX
The temperature of each elementary volume is evaluated according to the conservation of
energy law using equations 4.14 to 4.17. These formula accounts for the convection and axial
conduction phenomenon. The conduction phenomenon allows to calculate the temperature
homogenization during the transient operation.

Fig. 4.9: HEX elementary volumes
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,

,

,
,

Where

,

,
,

,

,

(4.17)

,

: The longitudinal heat transfer area
: The cross-sectional area
: Wall material temperature (°C)
: Ambient temperature (°C)

The convective heat transfer coefficients between both fluids and the tube are calculated, as
function of the geometric characteristics of the heat exchanger, by using correlations based on
the Reynolds, the Prandtl and the Nusselt numbers as stated in [4.34-4.38] and presented in
chapter 3. The pressure drop is evaluated by [4.39] as described in chapter 3.
4.5.3 Dynamic model results
In order to understand the impact of the GT startup on the fuel consumption, a GT model is
developed using Dymola [4.40], a plug and drop software designed to model complex systems
with mechanical, hydraulic and thermal subsystems among others. The Dymola’s simulation
language, Modelica, an object-oriented language uses a simulator which allows solving the
system equations at each time step. A library of several fluids, including the air and water
libraries is integrated in the Dymola software [4.41, 4.42].
The IRReGT-system modeled on Dymola is presented in figure 4.10 below. A proportionalintegral-derivative (PID) controller is used to control the mass flow rate, the pressure ratio and
the combustion chamber outlet temperature. Nine different configurations have been simulated
corresponding to the nine different optimal machines found in the SHEV model section: three
different TIT (950°C, 1100°C and 1250°) for three different climates (cold, temperate and hot).

Fig. 4.10: IRReGT Dynamic simulation on Dymola
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Table 4.1 lists the technical specifications used to model the launching phase of the IRReGTsystem from rest to the nominal speed. The moments of inertia considered are retrieved from
automotive turbocharger suppliers. The nominal rotation speed selected is 90.000 RPM. It
corresponds to the state-of-the-art of actual micro GT-machines developed as APU for different
applications [4.43-4.45]. The compressors and turbines’ maps corresponding to automotive
turbochargers are presented in figure 4.11 to 4.14. They were used to account for the resistant
torque during the startup of the machine.
Figure 4.15 presents the turbomachinery shaft mechanical power during the system startup. The
plotted curve can be divided in two different zones: (1) startup from 0s to 1s where
turbomachinery’s speed accelerates from rest up to 90.000 RPM, (2) steady state rotational
speed, following the accelerating phase.
Table 4.1: Turbomachinery technical specifications
Compressor 1 moment of inertia
Compressor 2 moment of inertia
Turbine 1 moment of inertia
Turbine 2 moment of inertia
Motor/Generator moment of inertia
Friction torque
IRReGT nominal rotational speed
IRReGT startup to nominal speed

/

Kg.m²
Kg.m²
Kg.m²
Kg.m²
Kg.m²
Kg.m²/s
RPM
s

2.75e-6
2.75e-6
4.56e-6
4.56e-6
1e-5
3.2e-6
90.000
1

In the first zone, the mechanical shaft power increases as the rotation speed increases and
reaches its maximum of around 2.4 kW at 1s. During this phase, the main power required to
accelerate the machine is mainly due to the inertial power of the rotating parts rather than the
resistance torque due to the compression according to equation 4.5. In fact, on one hand, during
the startup, the turbine expansion ratio remains low according to equation 4.13, since the turbine
inlet temperature is low leading therefore to lower compression ratio. This can be explained by
the fact that the air working fluid remains at low temperature since no combustion occurs yet,
therefore the turbine permeability is high leading to smaller backpressure in the system and
consequently, a lower pressure ratio. On the other hand, the compression required power is
quasi-recovered by the turbine expansion power produced, therefore the important share of the
mechanical power required to startup the machine is due to the inertial power of the rotating
components.
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Fig. 4.12: Compressor efficiency function
of the mass flow rate for different
compressor speeds
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Fig. 4.14: Turbine efficiency function of the
expansion ratio for different turbine speeds

In the second zone, when the nominal rotational speed is reached, the mechanical power shaft
decreases to around 0.2 kW. In this zone, only the shaft frictions and the net power from the
compression/expansion processes persists.
Finally, the electric energy consumed from battery to accelerate the machine from rest to
nominal speed is presented in figure 4.16 below. Around 1.2 kJ is required to accelerate the
turbomachine from rest to nominal speed. It is worthy to mention that for a 20kW net power
machine, this amount of energy consumed during the startup phase can be recovered in about
0.06 second when the machine operates at this power. Therefore, based on these findings, this
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launching phase from rest speed to GT nominal speed has been neglected for the rest of this
study, where it was demonstrated that the thermal inertia of the regenerator has more impact on
the GT fuel consumption than the inertial forces during startup phase.
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Fig. 4.15: Turbomachinery requested shaft power during startup phase
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Fig. 4.16: Energy required to startup the turbomachine
As for the regenerator thermal inertia simulations, two different strategies have been considered
in this study. The first one, considers operating the IRReGT at its nominal power from the time
where it reaches its nominal speed after 1s of launching. This means that since the regenerator
is not warm yet, an additional quantity of fuel is injected in order to reach the desired combustion
chamber outlet temperature. This leads to an overconsumption of fuel during the startup time.
Simulations were performed by controlling the fuel quantity injected in the combustion
chambers through the PID controller to respect the set up net power desired. The second strategy
considers the burning of the same fuel quantity during the startup phase and the steady state
operating. Therefore, the combustion chamber outlet temperature remains low during the startup
phase and consequently the output power reaches its nominal value after attaining the steady
state operation. In this case, the energy deficit from the startup phase can be covered by
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operating the machine for a longer duration which can be accounted for, knowing the nominal
machine operating power.
The following figures 4.17 and 4.18 present the regenerator working fluid temperature for the
two different strategies for a machine with of 20 kW net power operating at a combustion
chamber outlet temperature of 1250°C. The analysis of the two figures leads to the following
conclusions:
1- The first strategy compared to the second one, leads to faster increase in the regenerator cold
side outlet temperature since higher quantity of fuel is injected in order to maintain the
desired net power during the transient phase. This can be seen when comparing the fuel
injected curves for both strategies that shows a higher quantity of fuel injected at the startup
phase in strategy one compared to the second strategy. Note that in the first strategy, the
regenerator cold side outlet temperature reaches 95% of the steady state temperature at
around 100 seconds compared to around 500 seconds in the second strategy.
2- The mass of fuel injected when achieving the steady state operation is the same in both
strategies. This is obvious, since during permanent regime, the IRReGT-system operates
under the same conditions of efficiency.
As consequence of the regenerator transient operation, the first strategy allows achieving the
system efficiency quicker than the second strategy. This is shown in figure 4.19 in which we
plotted the efficiency of a 20kW net power IRReGT machine operated at three different turbine
inlet temperatures.
T_hot_inlet

T_hot_outlet

T_cold_inlet

T_cold_outlet

1000

0,0035

900
700

0,0025

600

0,002

500
400

0,0015

300

0,001

200

Fuel injected (kg)

0,003

800

Temperature (°C)

m_Fuel

0,0005

100
0
0

200

400

600

800

1000

Time (s)

1200

1400

1600

0
1800

Fig. 4.17: Regenerator temperatures – TIT=1250°C – net power = 20kW – strategy 1:
constant power
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Fig. 4.18: Regenerator temperatures – 1250°C TIT – net power = 20kW – strategy 2:
constant fuel
It is worthy to mention that while the first strategy seems to give better results in terms of fuel
consumption since the system maximal efficiency is achieved faster, it presents higher
thermomechanical constraints since the increasing temperature slope is higher. However, this
strategy was envisaged in order to show the upper limits in terms of fuel consumption savings
when considering the system transient behavior.
In the next section, the fuel consumption for the nine different IRReGT found in section 1 are
simulated during transient operation. Simulation results are used instead of optimal control
results found in section 1. This allows to account for the additional fuel consumption when
IRReGT transient operation is considered.
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Fig. 4.19: GT-systems efficiency for 20kW net power and for the three different TIT
temperatures
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4.6 IRReGT-SHEV Fuel consumption dynamic simulation
results
In this section, the IRReGT-system fuel consumption results during transient operation in
section 2 are used instead of NSGA-DP fuel consumption results in section 1 in order to
approach the real vehicle fuel consumption on the three consecutive WLTC cycles while
accounting for IRReGT-system dynamic operation. Up to this end, the IRReGT switching
ON/OFF decisions found in section 1 are considered for the nine different cases presented in
figure 4.4. The operating power corresponding to switching ON /OFF the APU three times are
presented in figure 4.6.
Therefore, for each case, the NSGA-DP resulting fuel consumptions are replaced by the
dynamic results. Both strategies described in the last section (constant power and constant fuel
injected) are simulated. It is worthy to mention that since the regenerator transient load impacts
largely the fuel consumption, different regenerators corresponding to the optimal IRReGTsystem power were designed and integrated in the Dymola dynamic simulation. The
regenerators weight and size for the corresponding optimal power shown in figure 4.6, are
presented in figure 4.21 below. The mathematical equations defining the relations between the
system net mechanical power and the regenerator’s weight and the system net mechanical power
and the regenerator’s size are shown in figure 4.20. The equations leading to sizing the
regenerator were presented in chapter 3.
As for the simulation method, for the first strategy, since the system net power is controlled to
a constant set point value corresponding to the optimal power found in figure 4.6, the IRReGT
operating time is equal to the same time as in NSGA-DP optimization results since the same
amount of electric energy is produced to refuel the battery. As for the second strategy, since the
IRReGT net power increases as the combustion chamber inlet temperature increases as shown
in figure 4.22, a deficit of energy for the battery must be recovered.
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Fig. 4.21: Regenerator weight (kg) and volume (L) for the corresponding optimal power for
the different climates
Therefore, the IRReGT additional operating time (
was considered using equation 4.18
which presents the ratio between the electric energy deficit due to the transient net power and
the APU power during steady state. The electric energy delivered by the APU during transient
phase was accounted using equation 4.19.
Note that during simulations, a constant electric motor generator efficiency (
) was
considered. In fact, as discussed during the turbomachine dynamic model, the combustion is
initiated after accelerating the APU from rest to its nominal speed. Therefore, during the
transient thermal phase, the EMG operates already at constant speed where the torque increases
from zero to its nominal value. In this operating region, constant EMG efficiency is considered.
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Fig. 4.22: Total energy and energy deficit during APU transient startup
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(4.18)
∗
Where

∗

(4.19)

: Additional operating time (s)
: Electric energy deficit during transient phase
: Cumulated energy at constant power (kJ)
: Cumulated energy stored in the battery (kJ)
: APU delivered power at steady state (kW)
: Electric motor generator efficiency (%)
: IRReGT power during transient state (kW)

The instantaneous fuel consumption over the three consecutive WLTC cycles, for the three
different TIT, for the three different climates and for both strategies are presented in annex A.2
and A.3 respectively. Figures 4.23 and 4.24 present the fuel consumption in liter per 100km for
both strategies. Many conclusions can be drawn out from these figures:
1- Strategy one (constant power) shows reduced fuel consumption compared to strategy two
(constant fuel injected), despite the higher instantaneous fuel consumption during the startup
phase. For instance, according to figures 4.25 and 4.26, an increase in fuel consumption of
around 2.4% is shown in strategy one for the cold climate compared to about 5.7% in
strategy 2 for the same climate. For temperate climate, an average additional fuel
consumption of 2.6% is shown in the first strategy compared to around 5.8% in the second
strategy. Also, for the hot climate, an average increase in fuel consumption of 3% in the first
strategy compared to about 6% in the second strategy. This can be explained in two ways.
First, the IRReGT-system operating at around 50% of the time according to figure 4.7,
reaches it efficiency in about 100s with the first strategy compared to about 500s in the
second strategy. Second, since the APU was constrained to switch ON/OFF only three times,
the impact of transient phase on the fuel consumption was reduced on the whole travelled
distance.
2- The increase in fuel consumption compared to NSGA-DP seems lower with cold climate.
In fact, in this climate, the APU operates for a longer time, therefore the impact of transient
phase on the fuel consumption is lower since the nominal high efficiency operating accounts
for a longer portion of time. For instance, in the first startup strategy, the increase in fuel
consumption is about 2.4% on average in the cold climate, compared to 2.6% on average in
temperate climate and up to 3.5% on average in the hot climate according to figure 4.25.
The corresponding operating times are respectively 54%, 51% and 43%. In the second
startup strategy the increase in fuel consumption is about 5.7% in cold climate on average,
5.8% in temperate climate on average and about 6.3% in hot climate on average according
to figure 4.26.
3- Comparing the fuel consumptions between the different climates, the cold climate shows
the higher fuel consumption in both scenarios, followed by the hot climate, then by the
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temperate climate. For instance, an additional fuel consumption between 1.5% and 3.5% is
observed with both strategies when comparing the fuel consumption of cold climate to the
temperate one. These results are coherent with the ones found during NSGA-DP
simulations. Despite the use of free thermal waste heat to ensure the cabin hot thermal
comfort when the APU in ON, the energetic needs remain high in this climate leading to
higher fuel consumption.
4- Comparing the fuel consumption between the different machines, it is obvious that the
higher the TIT, the lower the fuel consumption on the three consecutive WLTC since the
efficiency is higher. For instance, a decrease in fuel consumption between 10 to 11% is seen
in the three climates in both startup strategies, when increasing the TIT from 950°C up to
1100°C and between 17 and 18.3% when increasing the TIT from 950°C up to 1250°C.

Fuel consumption (L/100km)

7

6,53

6

6,53

6,43
5,88

5,68

5,41

5,80
5,31

5,33

5
4
3
2
1
0
Cold

Temperate
TIT=950°C

TIT=1100°C

Hot
TIT=1250°C

Fig. 4.23: Fuel consumption results considering GT dynamic operation – Scenario 1

Fuel consumption (L/100km)

8
7

6,74

6,69

6,63
6,05

6

5,58

5,86

5,48

5,95

5,50

5
4
3
2
1
0
Cold

Temperate
TIT=950°C

TIT=1100°C

Hot
TIT=1250°C

Fig. 4.24: Fuel consumption results considering GT dynamic operation – Scenario 2
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4.7 Conclusions
A bi-level optimization method was proposed in this chapter to simulate the fuel consumption
of a series hybrid electric vehicle (SHEV) with an intercooled regenerative reheat gas turbine
(IRReGT) energy converter as auxiliary power unit (APU). The optimization method consists
of coupling the non-dominated sorting genetic algorithm (NSGA) to the dynamic programing
(DP) in order to find the APU optimal power while minimizing the switching ON/OFF number
for technical constraint reasons. Simulations were performed on three consecutive WLTC while
considering three different turbine inlet temperatures (TIT) and three different climates: cold,
temperate and hot. The NSGA-DP optimization results inform on the impact of TIT as well as
the impact of the climate, implicitly the thermal comfort needs, on the fuel consumption.
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However, these optimization results remain biased since the IRReGT-system startup transient
phase impact on the fuel consumption is not considered.
Therefore, up to this end, and in order to evaluate the impact of startup transient phase on the
vehicle fuel consumption, an IRReGT dynamic model machine was developed on Dymola
software. The model accounts for the turbomachinery inertial transient operation as well as the
heat exchangers’ (HEX) transient operation. Then, two startup strategies were considered for
the evaluation of the IRReGT efficiency, temperature, fuel consumption and convergence time
during startup phase. The first strategy is a constant power startup strategy where the PID
controls the amount of fuel injected during startup phase in order to maintain the desired
IRReGT-system net power to its set point value. This strategy leads to a quick increase in the
regenerator temperature and therefore a rapid attaining of the maximal system efficiency. The
second strategy is a constant mass fuel injected strategy where the same amount of fuel is
injected during the startup phase. In this strategy, the IRReGT net power and efficiency increase
as the combustion chamber outlet temperatures, the TIT, increase with the increasing of the
regenerator cold side outlet temperature. The convergence time to achieve the desired optimal
efficiency and the desired net power is therefore longer. Simulations showed also that the
turbomachines’ startup from rest to nominal speed have negligible impact on fuel consumption
and electric consumption from the battery compared to the regenerator transient operation.
Finally, the NSGA-DP switching ON/OFF decision results are used to evaluate the fuel
consumption with dynamic results. Therefore, the instantaneous fuel consumption results from
the NSGA-DP are replaced by the instantaneous fuel consumption resulting from the dynamic
modeling. For the first startup scenario, since the APU output power is controlled to the set
point value by regulating the fuel quantity injected, the operating time is the same as for the
NSGA-DP. However, for the second startup scenario, where the startup power is lower and
converges toward the nominal value, an additional operating time is considered to account for
the energy deficit during startup time.
An increase in fuel consumption between 2.4% and 3.8% is observed with first scenario startup
depending on the considered climate and the IRReGT maximum combustion chamber
temperature and between 5.7% and 6.4% with the second scenario. Results show also that the
impact of transient operation is reduced on the cold climate, since the APU is constrained to
operate for longer time. Note that the final choice of the startup strategy depends on
technological constraints, among them the thermomechanical fatigue stress on the regenerator
and turbine housing and are not discussed in this scientific study. These damage modes require
specific testing and validation which must be undertaken during the integration-validation plan
before the commercialization of the machine.
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Annex 4.1: Fuel consumption results
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Fig. A.4.1 fuel consumption for the different GT-system configurations on the optimal
operating point corresponding to three switching ON/OFF on the three consecutive WLTCs
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Annex 4.2: Scenario 1 strategy
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Fig. A.4.2 fuel consumption for the three different GT-system turbine inlet temperature with
the scenario1 strategy on the three consecutive WLTC
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Annex 4.3: Scenario 2 strategy
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Fig. A.4.3 fuel consumption for the three different GT-system turbine inlet temperature with
the scenario2 strategy on the three consecutive WLTC
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Résumé chapitre 5
Les systèmes à turbine à gaz présentent un potentiel pour remplacer le moteur thermique à
combustion interne comme groupe auxiliaire de puissance ou prolongateur d’autonomie dans
les futures véhicules à chaînes de traction hybride électriques en série comme présenté dans les
chapitres 2 et 3.
Différentes configurations thermodynamiques de turbine à gaz peuvent être envisagées pour
être intégrées comme prolongateur d’autonomie, parmi elles, le cycle thermodynamique de
turbine à gaz à refroidissement intérmédiaire, récupération et réchauffage intérmédiaire, offre
un travail spécifique net élevé et un rendement élevé. Cela se traduit par une réduction du poids,
de la taille, de la complexité d'intégration du système, ainsi que par une amélioration de la
consommation de carburant du véhicule.
Ce chapitre présente une étude expérimentale de l'impact du processus de réchauffage
intérmédiaire durant la phase de détente sur le rendement du système de turbine à gaz. Tout
d'abord, deux cycles de turbine à gaz sont considérés: une turbine à gaz simple et une turbine
à gaz avec réchauffage intérmédiaire. L'effet du processus de réchauffage sur le travail net de
la turbine est simulé.
Ensuite, une technologie de turbocompresseur à géométrie variable est sélectionnée et testée
sur un banc d'essai. L'effet du processus de réchauffage intérmédiaire est évalué en mesurant
le travail du compresseur du turbocompresseur dans trois configurations différentes émulant à
la fois une expansion avec et sans réchauffage.
Les essais ont été effectués à différentes températures d'entrée de la turbine, à différents débits
massiques d’air et à différentes pressions d'entrée de la turbine. Les résultats des essais
montrent une cohérence avec les simulations thermodynamiques et prouvent l'importance du
processus de réchauffage intérmédiaire et son impact positif sur l'augmentation du travail de
détente de la turbine.
Les résultats soulignent également la nécessité de considérer une conception aérodynamique
spécifique principalement pour le premier étage de détente, l’étage turbine haute pression, ainsi
que l'importance de réduire les pertes thermique de la turbine, principalement l’énergie
thermique évacuée vers le système de lubrification.
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Chapter 5: Experimental study on gas turbine subsystems:
Evaluation of the turbine’s reheat process effect on the
system performances
This chapter describes the tests performed on one of the main subsystem of the Intercooled
Regenerative Reheat Gas Turbine (IRReGT) selected configuration presented in figure 5.1. This
gas turbine (GT) system has been divided into four subsystems:
1- The intercooled compression subsystem: consists of the first compressor, the intercooler
and the second compressor
2- The thermal heat recuperator subsystem: the regenerator heat exchanger
3- The combustion chambers subsystem: the combustion chamber 1 upstream the turbine
1 and the combustion chamber 2, upstream the turbine 2
4- The turbines expansion subsystem: consists of the first and second turbines.
In this study, we have focused on the turbine expansion subsystem. In fact, this subsystem is
considered as the innovative part in our works compared to other gas turbine systems studied
for automotive applications where no turbine reheat process have been proposed yet.

Fig. 5.1: IRReGT configuration and its different subsystems
The chapter starts by presenting the objectives of the tests which are understanding and
evaluating the impact of reheat during expansion on the net specific work. It is worthy to
mention that since the study focuses on the turbine reheat subsystem, it was not possible to
evaluate the reheat impact on the GT system efficiency, an issue discussed later in this chapter.
Then, a theoretical analysis is performed in the second paragraph in order to understand the
impact of physical parameters such as the turbine inlet temperature (TIT), the components
efficiency and the cycle pressure on the net specific work main objective. The bench cell
including the test setup are described in the third paragraph, and the tested turbocharger is
presented in paragraph four. Note that an automotive turbocharger was selected to perform the
experimentation. Testing methodology is presented in the fifth paragraph, and the test results
are commented in the sixth paragraph. Finally, this chapter concludes on the importance of the
turbine reheat process and delivers scientific recommendations for future engineering
development works on this thermodynamic configuration.
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5.1 Test objectives
In order to evaluate the importance of the reheat on the efficiency and power density of the
IRReGT machine, tests were performed on an ordinary automotive series turbocharged. The
objectives are to understand the operating principle of turbochargers and to assess the
importance of the reheat on system net specific work using low cost and easily found
components. In this section, we start by reminding from the theoretical point of view the
importance of turbine reheat configuration on the performance of gas turbine machines.
The simple gas turbine machine is presented in figure 5.2. The compression occurs in two
compressors mounted in serial arrangement since the maximum cycle pressure in our case
cannot be realized with only one stage with radial wheels centrifugal machines technology, as
discussed in chapter 2. Same for the expansion side, where the system requires two radial
centrifugal turbines in order to expand from the maximum cycle pressure to the atmosphere
pressure.

Fig. 5.2: Simple gas turbine cycle
The machine thermodynamic cycle in the P-V diagram is presented in figure 5.3. The simple
gas turbine cycle, the black line consists of:





Polytropic compression (process 1-2) that occurs during compression in the compressors
Constant heat addition (process 2-3) that occurs in the combustion chamber
Polytropic expansion (process 3-4) that occurs during expansion in the turbines
Constant heat rejection (process 4-1) that occurs at turbine outlet

The efficiency of a simple GT machine can be written as:
(5.1)
With

:
:
:
:

Simple GT efficiency (%)
Net specific work (k/kg)
Heat added in the combustion chamber (kJ/kg)
Turbine 1 specific work (kJ/kg)
Turbine 2 specific work (kJ/kg)
Compressor 1 specific work (kJ/kg)
Compressor 2 specific work (kJ/kg)
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From a thermodynamic point of view, the net specific work of the cycle is equal to the cycle
loop surface in the P-V diagram. Splitting the expansion process by expanding the burned gas
to an intermediate pressure (process 3-3’), then reheating through a second combustion chamber
(process 3’-3’’) downstream the turbine, before expanding again to the atmosphere (process 3’’4’), increases the cycle net specific work since the cycle surface increases as presented in red
color in the P-V diagram of figure 5.3.

Fig. 5.3: P-V diagram for the simple and reheat gas turbine cycle
Therefore, the efficiency of a reheat machine, described in figure 5.4 can be written according
to the equation 5.2:
(5.2)
(5.3)
With

:
:
:
:
:

Reheat cycle efficiency (%)
Turbine 2 specific work with reheat (kJ/kg)
Additional net work (kJ/kg)
Heat added in the combustion chamber 1 (=
(kJ/kg)
Heat added in the combustion chamber 2 (kJ/kg)

Fig. 5.4: Reheat gas turbine cycle
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From the efficiency formula 5.1 and 5.2, it is obvious that to compute for the cycle efficiency,
we need to account for the compressors’ work. However, when testing the turbine reheat
subsystem, only the turbines’ work can be accounted for, by measuring the work of turbine 1
and turbine 2 in both configurations: with and without reheat.
Therefore, in this experimental study, we focused on the understanding of the impact of reheat
on the turbines’ specific work by accounting for the additional power recovered ( ) when
reheat is performed. Note that when considering the whole GT machine, the impact of reheat
on cycle efficiency is evaluated by accounting for the ratio of additional power over the
additional heat added (

) that should be higher than

.

5.2 Theoretical power
In this paragraph, the turbines’ theoretical expansion work has been calculated depending on
turbine efficiency and the turbine inlet pressure. Turbines’ net work has been accounted by
applying the first law of thermodynamic as described in equation 5.4.
(5.4)
2
With

:
:
:
:
:
:
:
:
:
:
:
:
:
:
:

2

Total mechanical power (kJ/kg)
Heat exchanger to the surroundings (kW)
Turbine power excluding the power flow (kW)
Mass flow at turbine inlet (kg/s)
Mass flow at turbine outlet (kg/s)
Internal energy at inlet (kJ/kg)
Internal energy at outlet (kJ/kg)
Pressure at turbine inlet (Pa)
Pressure at turbine outlet (Pa)
Specific volume at turbine inlet (m3)
Specific volume at turbine outlet (m3)
Velocity at turbine inlet (m/s)
Velocity at turbine outlet (m/s)
Potential energy at turbine inlet (kJ/kg)
Potential energy at turbine outlet (kJ/kg)

The following assumptions have been considered in order to simplify the equation:


Steady state operation:



Conservation of the mass:



No change in kinetic and potential energy:



No heat exchange to the outside:

0
0

0
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Therefore, the turbine specific work is calculated according to equation 5.5 and 5.7, where the
turbine outlet enthalpy is accounted by considering the turbine isentropic efficiency according
to the equation 5.8.
∗

(5.5)
(5.6)
(5.7)
(5.8)

With

:
:
:
:

Turbine isentropic efficiency
Enthalpy at turbine inlet (kJ/kg)
Enthalpy at turbine outlet (kJ/kg)
Turbine isentropic outlet enthalpy (kJ/kg)

Simulation were performed by varying the turbine isentropic efficiency and the first turbine
inlet pressure for each TIT, and by calculating the total expansion work wich is the sum of the
first turbine expansion work and the second turbine expansion work according to equation 5.9:
(5.9)
With

: Turbines total specific work (kJ/kg)
: Turbine 1 specific work (kJ/kg)
: Turbine 2 specific work (kJ/kg)

During the simulations, two TIT have been considered: 400°C and 500°C. The first turbine
outlet pressure is regulated to a value equal the root square of its inlet pressure. Therefore, the
expansion ratio is considered to be equal in both turbines. First turbine inlet pressure varies
between 3 and 4.5 bars. As for the turbine efficiency, the same isentropic efficiency is
considered for both turbines during simulations with values ranging from 40% up to 75%.

Fig. 5.5: Turbines expansion work with reheat – TIT=500°C

185

Fig. 5.6: Turbines expansion work with reheat – TIT=400°C

Fig. 5.7: Turbines expansion work without reheat – TIT=500°C

Fig. 5.8: Turbines expansion work without reheat – TIT=400°C
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Many conclusions can be drawn from these figures:
1- The turbines’ expansion work increase as the turbines’ efficiency increase and the high
pressure (HP) turbine inlet pressure increases. In fact, higher turbine efficiency implies
lower enthalpy at turbine outlet, where higher inlet pressure leads to higher expansion ratio
and consequently to lower enthalpy at turbine outlet. Increasing both physical parameters,
the isentropic efficiency and the expansion ratio, lead therefore for higher enthalpy variation
across turbines and consequently to higher turbines work according to equation 5.7.
2- The increase in turbine inlet temperature (TIT) leads to higher expansion work. Comparing
both reheat and no reheat configurations, around 15% of additional work is recovered when
increasing the TIT from 400°C up to 500°C. This can be explained by the higher enthalpy
at turbine inlet, and accordingly higher enthalpy variation across it.
3- Finally, comparing the turbines expansion work between reheat and non reheat cycles, we
conclude that reheat configuration increases the turbines’ expansion work. This increase is
more important as the turbines’ efficiency increases and the high pressure turbine inlet
increases. For instance, for TIT=500°C, only 2.8% of additional work is found when turbine
efficiency is 40% and HP turbine inlet pressure is equal to 3 bars, compared to 5.4% when
turbines’ efficiency increases to 75% at the same inlet pressure, and up to 7.5% when inlet
pressure increases up to 4.5 bars with 75% turbines’ isentropic efficiency.

5.3 Test bench description
This section presents the test bench in which the experimentations have been performed. The
section starts by describing the test bench cell and all testing setup used for the experimentation.

Fig. 5.9: PSA turbocharger test bench
The test cell is located in the Groupe PSA - Technical center of Vélizy. The testing means were
designed to test turbocharger for automotive applications in order to study these machines from
engineering and scientific point of view, in order to enhance later their performances.
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The bench is equipped by an air tank of 2m3 of volume. Compressed air is stored inside at a
pressure up to 10 bars. A Brooks flowmeter is installed downstream the air tank in order to
measure the airflow rate which can go up to 750 kg/h. This circuit is connected to the inlet of
the turbine of the tested turbocharger.

Fig. 5.10: Air tank

Fig. 5.11: Brooks flowmeter

Two valves are installed in parallel arrangement in the airflow circuit downstream the air flow
meter, and are used to control the air mass flow rate.

Fig. 5.12: Air flow control valves
The air flow is then heated through an electric heater of 144kW electric power. This device
increases the air temperature from ambient and up to 600°C.

Fig. 5.13: Electric heater
This heated air enters the tested component which can be a heat exchanger, an electrified
turbine, a turbocharger or other system. In case of turbocharger, the hot air expands and turns a
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turbine coupled to a compressor that compress the air. The compressor air is sucked from the
cabin, and passes through a flowmeter before it enters the compressor.

Fig. 5.14: Turbocharger setup
The turbine expansion ratio is controlled through an expansion valve control system while the
compressor compression ratio is controlled through a compressor back pressure control system.

Fig. 5.15: Compressor back pressure
control system

Fig. 5.16: Turbine expansion valve control
system

Compared to automotive applications where the lubrication of the turbocharger is ensured by
the pressurized engine oil through an oil pressure, the bench is equipped with an oil conditioning
system which controls the oil pressure and temperature in order to ensure the lubricating and
the cooling of the turbocharger bearings.
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The setup is equipped with different thermocouples and pressure sensors, in order to measure
the air flow temperature and the pressure respectively at different locations in the system, mainly
upstream and downstream the compressor and the turbine.

Fig. 5.17: Oil conditioning system

Fig. 5.18: Thermocouples and pressure sensors

Finally, the bench is equipped with an acquisition system that provides all required information
in terms of temperature, pressure, upstream and downstream the compressor and the turbine.
The acquisition provides also the mass flow rate of the compressor and the turbine, as well as
the turbine operating speed of the turbocharger measured using an optic sensor that counts the
number of reflected signal on the compressor blades during the turbocharger operation.

Fig. 5.19: Test bench acquisition system
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5.3.1 Turbocharger description
The turbocharger used for testing is a turbine variable geometry turbocharger developed and
commercialized on Diesel internal combustion engines with the technical characteristics
presented in table 5.1.

Fig. 5.20: tested turbocharger

Fig. 5.21: Turbine variable geometry

Table 5.1: Tested turbocharger characteristics
Garett Turbocharger
Compressor
Wheel bigger diameter (mm)
Wheel smaller diam (mm)
Trim (mm)
Inertia (kg.m²)
Maximum speed (RPM)

Turbine

44 mm
31
50
2,75e-06

39 mm
19,5 mm
72
4,56e-06
243.000

It consists of a compressor and a turbine coupled on the same shaft and turning at the same
rotation speed. The shaft bearings are normally lubricated by the engine oil which is ensured in
our tests by the oil conditioning system.

Fig. 5.22: Turbocharger configuration
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The compressor and turbine maps are presented in figures 5.23, 5.24 and 5.25 below. The
maximum compressor efficiency is attainable with mass flow rate between 220 kg/h and 315
kg/h and pressure ratio between 1.8 and 2.4, and reach about 74%.
As for the turbine, the efficiency depends on the position of the variable geometry as well as on
the mass flow rate, the operating speed, the expansion ratio and the inlet temperature. Therefore,
for each operating temperature and variable geometry position, a turbine efficiency map can be
definied as presented in the figures 5.24 and 5.25 below. Note that the maximum efficiency of
the selected turbine approaches 68% when gas inlet temperature is about 800°C.

Fig. 5.23: turbocharger compressor MAP
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Fig. 5.24: Turbine corrected mass flow rate (kg/s) function of turbine expansion ratio for
different rotation speed (RPM)
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Fig. 5.25: Turbine efficiency (%) function of expansion ratio for different rotation speed
(RPM)

5.4 Testing Method
This section presents the methodology adopted to evaluate the impact of reheat process on the
net specific work of gas turbine systems using the testing setup described before. The method
presented in figure 5.26 consists of three testing steps. Note that only one turbocharger with the
specific turbine and compressor maps described before has been used during the
experimentation, and during the three test steps.
In the first step, tests are performed by regulating the air temperature at turbine inlet at a given
value using the electric heater. The turbine inlet pressure depends on the expansion ratio and
the turbine mass flow rate. Therefore a calibration of the variable geometry position and the
expansion valve position is realized for each operating point in order to regulate both the turbine
inlet and the outlet pressure. The turbine outlet temperature and pressure are measured using a
thermometer and a pressure sensor at the turbine outlet. The compressor work is calculated
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knowing the inlet and outlet conditions (temperature and pressure) as well as the compressor
mass flow rate. The compressor work value is validated knowing the compressor map. The
thermal power released to the oil lubricating system was accounted knowing the lubricating oil
inlet and outlet temperature as well as the oil specific heat and the oil mass flow rate.

Fig. 5.26: Method to evaluate the impact of reheat on system performance
In the second step, experimentations were carried out on the same turbocharger, by adjusting
the turbine inlet temperature and pressure to values equal to the turbine inlet temperature and
turbine outlet pressure of the first step tests respectively. The turbine expands to the ambient
pressure. This test step allows us to evaluate the impact of the reheat on the turbine work,
measured by standing out the compressor work. The turbine efficiency is accounted knowing
the compressor power and the thermodynamic conditions at the inlet and the outlet of this
component. The heat losses to the oil circuit are accounted as in tests step 1 and the additional
heat input is also accounted, knowing the turbine outlet temperature (Tres) and the mass flow
rate.
Finally, in the third testing step, tests were done with Tres and Pout as turbine inlet parameters.
As in step two, the turbine outlet pressure is the ambient pressure. The compressor work and
the thermal losses in the oil lubricating circuit are accounted as in step one and two.
The expansion work with reheat is therefore accounted by summing the compressor work from
the first test step (C1) and the compressor work from the second test step (C2). The expansion
work without reheat is accounted by summing the (C1) with the expansion work from the third
test step (C3). These expansion work values are then compared to the theoretical value by
accounting for the turbine efficiency at each operating point.
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5.5 Tests results
The tests’ operating conditions are presented in table 5.2 below. Tests were performed at two
different turbine inlet temperature (TIT): 500°C and 400°C. For each TIT, three different turbine
mass flow rates (150, 200 and 250 kg/h) and four different high-pressure (HP) turbine inlet
pressures (3, 3.5, 4 and 4.5 bars) were investigated.
Table 5.2: Tests’ physical operating conditions
N°

TIT
(°C)

Turbine mass
flow rate

HP Turbine
inlet pressure

(kg/h)

(bars)

N°

TIT
(°C)

Turbine mass
flow rate

HP Turbine inlet
pressure

(kg/h)

(bars)

1

500

150

3

13

400

150

3

2

500

150

3.5

14

400

150

3.5

3

500

150

4

15

400

150

4

4

500

150

4.5

16

400

150

4.5

5

500

200

3

17

400

200

3

6

500

200

3.5

18

400

200

3.5

7

500

200

4

19

400

200

4

8

500

200

4.5

20

400

200

4.5

9

500

250

3

21

400

250

3

10

500

250

3.5

22

400

250

3.5

11

500

250

4

23

400

250

4

12

500

250

4.5

24

400

250

4.5

For each operating condition, the three steps of the tests described in the method section were
realized and compressors’ mass flow rate has been regulated to a value equal to turbine flow
rate by acting on the compressor backpressure valve. This was done in order to simulate the
operation of gas turbine systems and internal combustion engines where the compressor flow
rate is equal to the turbine flow rate minus the fuel quantity injected wich represents a small
fraction. The different operating points are plotted on the compressor map below.

Fig. 5.27: Compressor operating points Tests step 1 - results for TIT=500°C

Fig. 5.28: Compressor operating points Tests step 1 - results for TIT=400°C
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Fig. 5.29: Compressor operating points Tests step 2 - results for TIT=500°C

Fig. 5.30: Compressor operating points Tests step 2 - results for TIT=400°C

Fig. 5.31: Compressor operating points Tests step 3 - results for TIT=500°C

Fig. 5.32: Compressor operating points Tests step 3 - results for TIT=400°C

As for the compressor, its power at different operating points is calculated by measuring the
temperature and the pressure at the inlet and the outlet of the compressor, knowing the inlet
mass flow rate. The values for both TIT = 500°C and TIT=400°C are presented in figures 5.33
and 5.34. Many conclusions can be drawn out from these figures:
1- The compressor’s power when turbine operates at TIT = 500°C is higher than when the
TIT=400°C. In fact, we can see from the plotting points on the compressor map, that while
the air flow is the same between tests done at 400°C and 500°C TIT, the pressure ratio for
tests at TIT=500°C are higher, and the turbocharger operating speed is also higher. This
implies higher turbine power delivered when TIT increases.
2- For the same high cycle pressure, the compressor power increases as the turbine flow rate
increases since the turbine power increases.
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3- For the same mass flow rate, the compressor power increases as the HP turbine inlet pressure
increases.
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Fig.5.33: Compressor power with reheat (full filling) and without reheat (dashed filling) for
TIT=500°C
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Fig.5.34: Compressor power with reheat (full filling) and without reheat (dashed filling) for
TIT=400°C
The compressor efficiencies figured out from the compressor map in figures 5.27 to 5.32 are
then compared to the compressor isentropic efficiency calculated knowing the compressor
operating parameters according to equation 5.10 and the relative errors between testing and
calculations are plotted in figure 5.35 and 5.36.
(5.10)
With

:
:
:
:

Compressor isentropic efficiency
Isentropic enthalpy at compressor outlet (kJ/kg)
Enthalpy at compressor inlet (kJ/kg)
Enthalpy at compressor outlet (kJ/kg)
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These figures show a coherence between testing and theoretical efficiency where the relative
error for both tests at 400°C and 500°C TIT remains lower than 10%, and with maximum
deviation of 3.5% as shown in figures 5.36 and 5.37.

4,0%
3,0%

Relative error

2,0%
1,0%
0,0%
-1,0%
-2,0%
-3,0%

Fig. 5.35: Compressor relative error @ TIT=500°C
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Fig. 5.36: Compressor relative error @ TIT=400°C
As for the turbine, its efficiency is calculated by comparing the compressor power to the
isentropic power according to equation 5.11 since the power delivered by the turbine serves to
drive the compressor and to outwit the turbocharger frictions losses.
(5.11)
∗
With

:
:
:
:
:

Turbine efficiency
Compressor power (kW)
Turbines mass flow rate (kg/s)
Enthalpy at turbine inlet (kJ/kg)
Isentropic enthalpy at turbine outlet (kJ/kg)

Turbine efficiency for TIT = 400°C and TIT = 500°C with different mass flow rates and turbine
inlet pressure are presented in figure 5.37 and 5.38 respectively. Many conclusions can be
deduced from these figures:
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1- For the first test step, the turbine efficiency decreases as the inlet pressure increases. In fact,
the selected automotive turbocharger is not designed to be considered as a high pressure
stage turbine. The turbine is designed for maximum pressure of about 3 bars and discharge
to atmosphere pressure, therefore it seems unsuited as a high pressure turbine. Therefore,
the operating pressure is not adapted and increasing the mass flow rate has negative impact
both at TIT=500°C and at TIT=400°C TIT.
2- For both test 2 and test 3, the turbine functions at normal designed point since the discharge
pressure is atmospheric and the max pressure is 2.12 bars (√4.5). Therefore, the turbine
efficiency is close to the one found in automotive turbochargers. This efficiency range varies
between 50% and 68%.
3- The turbine performs better at high mass flow rate. In fact, the selected turbocharger is
designed for Diesel engine with high mass flow rate, therefore the efficiency at 200kg/h and
250kg/h is found to be higher than that at 150kg/h for both 400°C and 500°C TIT.
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Fig. 5.37: Turbine efficiency @ 500°C TIT
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Fig. 5.38: Turbine efficiency @ 400°C TIT
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As for the compressor, the relative error between testing and calculations is evaluated by
comparing the turbine work between testing (compressor work) and the theoretical value
according to equation 5.10. Note that the relative error was only calculated for step one and step
two tests, since we cannot evaluate the theoretical turbine net specific work from step 3 tests, as
its value depends on the turbine efficiency of step 1 tests.
Figures 5.39 and 5.40 show a coherence between turbine testing and theoretical efficiency
calculated where the relative error for both tests at 500°C and 400°C TIT remains low (less than
5%) except for some operating points. The maximum error calculated is about 11%.
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Fig. 5.39: Turbine relative error @ TIT=500°C
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Fig. 5.40: Turbine relative error @ TIT=400°C
Finally, the thermal heat evacuated to the oil circuit for both TIT=500°C and TIT=400°C are
presented in figures 5.41 and 5.42 below. The figures show that the thermal power evacuated
from the oil circuit increases as the TIT and the turbine mass flow rate increase. This is explained
according to different physical phenomena occurring at the same time:
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1- Increasing the TIT increases the turbine housing temperature, and a higher amount of
heat is evacuated to the oil circuit through the turbocharger bearings housing system.
2- Increasing the turbine mass flow rate for the same turbine expansion ratio increases the
turbocharger rotation speed, and therefore more friction occurs between lubricating oil
and turbocharger main shaft, leading to higher oil temperature.
3- For test step 2 and 3 where the turbine discharges to the atmospheric pressure, increasing
the inlet pressure for the same mass flow rate increases the turbine speed. This increases
the oil temperature for the same reasons as explained in point 2.
It is worth mentioning that the amount of thermal heat evacuated to the oil is not negligible
compared to the turbine work. This explains the low turbine efficiency presented in figures
5.38 and 5.39. A well-designed turbine with low heat losses is required in order to achieve
high efficiency.
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Fig. 5.41: Thermal power (kW) evacuated from the oil circuit at TIT=500°C
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Fig. 5.42: Thermal power (kW) evacuated from the oil circuit at TIT=400°C
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5.6 Conclusions
Test bench experimentations were performed in the PSA technical center of Vélizy on a
commercialized turbine variable geometry turbocharger developed for Diesel engines. The goal
of the test was to understand the effect of turbine’s reheat on the turbines’ specific power of an
intercooled regenerative reheat gas turbine system.
Compared to free floating and waste gate turbocharger technologies, the variable geometry
turbocharger has the advantage of controlling the turbine inlet and outlet pressure by adjusting
the position of the variable geometry mechanism and by using a backpressure valve system at
turbine outlet. This enables us to characterize the turbocharger at different inlet and outlet
pressures.
Tests were performed on the same turbocharger at two different turbine inlet temperatures, three
different mass flow rates and four different turbine inlet pressures. The testing method consists
of three step tests in which the turbine inlet temperature and pressure as well as the turbine outlet
pressure are adjusted in order to simulate both the reheat and the non-reheat configurations and
to account for the increase in turbine specific work when reheat is performed.
From a thermodynamic point of view, the test results show a coherence between theoretical
calculation and real testing conditions for both 400°C and 500°C TIT and prove that the reheat
configuration allows to increase the turbine specific work. Although, the automotive
turbocharger is known to have a low efficiency turbine and to operate at limited inlet pressure,
experimentation results highlight the importance of increasing the turbine efficiency and the
turbine inlet pressure in order to recover more work and to increase therefore the machine net
specific work.
From a turbomachinery design point of view, test results show that a specific turbine
aerodynamic design must be considered mainly for the first turbine which operates at high inlet
pressure and discharges to an intermediate pressure higher than ambient pressure. Furthermore,
turbine design must consider the thermal heat losses to the bearings system, the lubricating
system and to the ambient which have a negative impact on turbine efficiency. This means, a
specific bearings system and lubricating system must be envisaged when considering high
efficiency turbocharger machines, as well as a performant isolating system.
Finally, note that the tests performed are not sufficient to conclude on the effect of the turbine
reheat on system efficiency. In fact, as described in the equations presented in the first section,
a complete gas turbine system consisting of a compression subsystem, a regenerator subsystem,
a combustion chambers subsystem and a turbine reheat subsystem is required in order to assess
the importance of reheat on gas turbine system efficiency.
Additional tests will be performed later to understand the impact of the intercooling
compression, the regenerator effectiveness and the water injection in different system’s location,
on the system’s efficiency and net specific power.

202

General Conclusion and perspectives
Due to the current global environment problems, governments around the world are
implementing policies to reduce oil consumption, climate-related emissions, and local air
pollution. These new regulations are pushing the road transportation sector and mainly the
automotive manufacturers to find solutions for reducing CO2 and polutant emissions.
Improving the ICE efficiency and introducing new hybrid electric powertrains is a short to
medium term solution, since the pontential of fuel consumption reduction is limited due to the
ICE energy converter efficiency limitation. As for the long term, the battery electric vehicle
(BEV) with zero-emission is subject of controversity. While these vehicles offer the advantage
of zero-polutant, well-to-wheel CO2 emissions of a BEV are not advantageous compared to
conventional ICE powered vehicles, mainly in markets where the electricity production relies
on dirty fossil fuels. Adding to that, these vehicles require huge battery capacity and open
questions on the battery and electric machines materiel resources availability, as well as other
questions such as geopolitical impacts. Today, there is no clear study on the long term impact
of this technological choice.
Based on these findings, Groupe PSA is conducting a prospective project named “Low
Environmental and Social Impact Vehicle” in order to propose solution for post 2030. The
project includes the identification of potential alternative powertrain using alternative zerocarbon fuels. These fuels are not always compatible with todays’ ICE and thus, new energy
converters must be studied as a substitute to ICE in future powertrains.
The objective of this thesis is to therefore investigate the potential of new energy converters in
order to replace the ICE and develop a methodology of choice and optimization of new energy
converters for automotive powertrain applications while considering the energy converter
compatibility with non-conventional fuels and new electrified powertrains, the vehicle
additional non-mechanical energetic needs including the cabin heating and cooling energetic
needs and the electric auxiliary needs, as well as the vehicle integration and performance in
terms of weight, size and fuel consumption among others.
A review on different energy converters for automotive powertrain applications have been
conducted in the first chapter of this work. Different energy converters have been investigated
including internal and external combustion machines as well as electro-chemical machines. For
each energy converter, a literature review and performance assessment have been done. The
literature study showed that the only existing substitute to the ICE in todays’ automotive
commercialized vehicles is the PEM fuel cell. This energy converter which was investigated by
almost all OEM’s is only commercialized today on Toyota Mirai vehicles. Other energy
converters, such as gas turbines, Stirling engines and vapor cycle machines, have been largely
investigated and tested in vehicle prototypes only. However, the literature did not show any
potential use of the remaining energy converters, such as Ericsson, thermoacoustic and
thermoelectric generators, as main energy converters in vehicle powertrains. Regarding the
performances, while the ICE maximum efficiency ranges from 35% for a basic gasoline engine
up to 42% for diesel or gasoline Atkinson-Miller engines, the combination of these ICE to WHR
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systems allows an additional increase of 2 to 4 efficiency points. Moreover, the efficiency of
split cycle engines (SCE) can reach more than 45% when using regenerator internal heat
recovery system and water injection technologies. In internal combustion engines, the simple
gas turbine systems always showed a maximum efficiency of 30% in powertrain applications;
however, advanced gas turbine systems with intercooler, regenerative, reheat and water
injection systems can reach up to 52%, when using high temperature resilient super alloys
materials. These high efficiency figures were shown to be lower with external combustion gas
turbine system, and their efficiency ranges between 25 and 41%. For Stirling external
combustion machines, the literature review also showed a maximum efficiency of 39% with a
42% capability potential. However, the efficiency of vapor cycle machines was limited to 35%
in powertrain applications. For the other external combustion machines, the Ericsson can
achieve a realistic overall efficiency ranging between 25% and 35% and the thermoacoustic
machines can reach 35% if deployed in automotive applications. As for the thermoelectric
generators, the maximum efficiency is limited to 25% due to the low merit factor (ZT). Finally,
the PEMFC system has maximum efficiency ranging between 42% and 50%. Therefore, the
PEMFC, the advanced GT, the split cycles, the advanced ECGT and the Stirling machines are
the only energy converters which have the potential to achieve a higher efficiency than the ICE’s
one. As for the weight to power and size to power ratios, the PEMFC, the split cycle and the
Gas turbine systems, achieve good power densities compared to the ICE. Regarding qualitative
criteria, mainly the powertrain compatibility, the ICE, SCE and Stirling machine are compatible
with all powertrain architectures. On the other hand, the GT systems, the Ericsson, the VCM,
the thermoacoustic, the thermoelectric generators and the PEMFC are suitable with series hybrid
electric and range extender hybrid electric powertrains. Note that all considered energy
converters can be used as cogeneration machines to ensure cabin heating energetic needs. The
GT-system has been selected for further investigation in the study. It presents many vehicle
intrinsic benefits such as multi-fuel capability, compactness, reduced weight, cogeneration
capability and reduced number of moving parts compared to today ICE.
On the other hand, many GT-systems thermodynamic configurations can be considered, ranging
from simple gas turbine (SGT) cycles, to regenerative gas turbine (RGT) cycles, to intercooled
regenerative gas turbine (IRGT) cycles and to intercooled regenerative reheat gas turbine
(IRReGT) cycles. Therefore, an exergo-technological explicit selection method considering
energy and exergy analysis, as well as components and automotive technological constraints
was applied in chapter 2 and different realistic GT-systems configurations were identified. The
Intercooled Regenerative Reheat Gas Turbine (IRReGT) was selected as the best suitable
configuration for series hybrid electric vehicle application (SHEV). It offered the best
combination of high efficiency and power density compared to the investigated realistic GTsystems and to conventional internal combustion engines. A SHEV model was developed and
the powertrain components were designed according to the vehicle technical specifications and
performances in terms of acceleration, maximum speed and gradability. The identified IRReGT
was integrated in the SHEV and was coupled to an electric generator to constitute the
powertrain’s auxiliary power unit (APU) which role is to recharge the battery of the vehicle
once depleted. A methodology for accounting for the additional vehicle non-mechanical
energetic needs on the WLTC is also developed in this work. Three modified WLTC cycles
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were created for cold, temperate and hot climates. The fuel consumption simulations were
performed on these three modified WLTCs while using the dynamic programming optimal
control strategy. These first results show that IRReGT operating at 1250°C offers up to 22% of
fuel consumption saving compared to the reference ICE.
The SHEV fuel consumption depends on many parameters among them the energy converter
efficiency, the vehicle energy demands but also the powertrain energy management strategy. A
low fuel consumption requires a high energy converter efficiency, a low vehicle energetic
demands and a control management strategy which approaches an optimal control. Since the
real weight of the GT system which impacts directly the vehicle energetic needs was not
accounted for in chapter 2 and the energy management strategy was the dynamic programming,
a non realistic optimal control, a pre-design of the different realistic gas turbine systems
identified is performed in chapter 3 ; the fuel consumption was simulated using a bi-level
optimization method to approach the APU operation in real situations by reducing the number
of On/Off toggling of the APU. Based on the thermodynamic optimization of efficiency and net
specific work for different GT-systems configurations and for three different operating
temperatures, the power to weight ratio of each gas turbine configuration is calculated by
accounting for the weight of the different components that constitute the system. Up to this end,
the turbomachines’ weight was estimated by establishing a mathematical relation between the
mass flow rate and the power for a given rotational speed of different commercialized
automotive turbochargers. As for the heat exchangers, a design was carried out for both the
intercooler and the regenerator, the weight of these components for different configurations and
different operating temperature was calculated. The combustion chambers’ weight was
calculated based on an already existing combustion chamber for gas turbine application and
then by applying a correlation between the air mass flow rate across it and its thermal power.
As for the electric generators, the weight was estimated using data retrieved from literature.
Then each GT-system was integrated in the SHEV vehicle developed in chapter 2 and
simulations were performed using a bi-level optimization method to find a compromise between
two control objectives: (1) the minimization of the total fuel consumption and (2) the
minimization of the On/Off toggling of the APU. The optimization uses the non-sorting genetic
algorithm (NSGA) and the dynamic programming (DP) global optimal strategy. Simulation
results show an increase in fuel consumption by 5% compared to fuel consumption results of
chapter 2 where the number of the On/Off toggling of the APU was not constrained. Results
also highlight the impact of considering the vehicle additional non-energetic needs such the
electric and thermal needs as well as the impact of climates on vehicle fuel consumption. It
highlights also the beneficial impact of increasing the GT-systems operating temperature and
proves again that the IRReGT is the best suitable gas turbine configurations in terms of fuel
consumption reduction.
In order to evaluate the impact of the startup transient phase on the vehicle fuel consumption, a
dynamic model for the selected IRReGT machine was developed on Dymola software in chapter
4. The model accounts for the turbomachinery inertial transient operation as well as the heat
exchangers’ (HEX) transient operation. Two startup strategies were considered for the
evaluation of the IRReGT efficiency, temperature, fuel consumption and convergence time
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during the startup phase. The first strategy is a constant power startup strategy where an
implemented PID controls the amount of fuel injected during startup phase in order to maintain
the desired IRReGT-system net power to its set point value. This strategy leads to a quick
increase in the regenerator temperature and therefore a rapid attaining of the maximal system
efficiency. The second strategy is a constant mass fuel injected strategy where the same amount
of fuel is injected during the startup phase. In this strategy, the IRReGT net power and efficiency
increase as the combustion chamber outlet temperature increases with the increasing of the
regenerator cold side outlet temperature. The convergence time to achieve the desired optimal
efficiency and the desired net power is therefore longer. The NSGA-DP switching ON/OFF
decision results from chapter 3 are used to evaluate the fuel consumption with dynamic results.
Therefore, the instantaneous fuel consumption results from the NSGA-DP are replaced by the
instantaneous fuel consumption resulting from the dynamic modeling. An increase in fuel
consumption ranging between 2.4% and 3.8% is observed with the first scenario startup
depending on the considered climate and the IRReGT maximum combustion chamber
temperature and ranging between 5.7% and 6.4% in the second scenario. Results also show that
the impact of transient operation is reduced on the cold climate, since the APU operates for
longer time. The final startup strategy would be a compromise between fuel consumption and
thermomechanical fatigue and stress on the GT components.
Finally, in chapter 5, Test bench experimentations were performed in the PSA technical center
of Vélizy on a commercialized turbine variable geometry turbocharger. The test’s goal was to
understand the effect of turbine reheat on the turbines’ specific power of an intercooled
regenerative reheat gas turbine system. Up to this end, a variable geometry turbocharger was
selected and the turbine inlet and outlet pressure was controlled by adjusting the position of the
variable geometry mechanism using a backpressure valve system at the turbine outlet. This
enables to characterize the turbocharger at different inlet and outlet pressures. The test results
performed at 400°C and 500°C turbine inlet temperature show a coherence with theoretical
calculations and prove that the reheat configuration allows the increase of the turbine specific
work. Experimentation results also highlight the importance of increasing the turbine efficiency
and the turbine inlet pressure in order to recover more work and to therefore increase the
machine net specific work. Test results show that a specific turbine aerodynamic design must
be considered mainly for the first turbine which operates at high inlet pressure and discharges
to an intermediate pressure higher than ambient pressure. Furthermore, turbine design must
consider the thermal heat losses to the bearings system, to the lubricating system and to the
ambient which have a negative impact on the turbine efficiency. This means, a specific bearings
system and lubricating system must be taken into account when considering high efficiency
turbocharger machines, as well as a performant isolating system.
Finally, following the investigations described in this thesis, there are many arising future
perspectives that should be pursued as follows:
 The dynamic model must be further developed, it must be able to include the thermal
cabin heating ensured from the intercooler, it also has to be able to integrate it in an
overall SHEV model.
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Additional tests are scheduled on the intercooler compression subsystem, on the
regenerator as well as on a two-stage reheat turbine. These tests results must be
conformed with performances of the different subsystems and improvements must be
undertaken to reach higher system efficiency.
Water injection at different locations in the system including upstream and downstream
the compressors as well as in the combustion chamber and upstream the turbines must
be investigated.
Pre-design and Techno-economic analysis of an IRReGT operating at high temperatures
(> 1250°C) and using ceramic materials is to be also researched.
This work focuses more on the thermodynamic configuration and optimization, it
doesn’t investigate the combustion chamber aspects, additional studies must be
undertaken to fully understand the functioning of gas turbine combustion chamber with
reheat process.
Finally, an interesting system is yet to be investigated, offering a very high efficiency.
This system consists of a gas turbine coupled to a solid oxide fuel cell (SOFC) where
the SOFC replaces the combustion chamber. Thermodynamic system configurations and
feasibility must be envisaged in future studies.
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Annex 1: Evaluation of fuel availability
In order to study the different energy converters, and to position them in terms of effiency
relative to fuel availability, it is mandatory to perform exergetic calculation to evaluate the
maximum potential of work when fuel is oxidized, and to evaluate the exergy losses depending
on combustion parameters such as the temperature and the air-fuel ratio among others [A.1.1].
The study starts by presenting the calculation’s method as shown in the figure A.1.1. Then, the
different exergy equations are described and are used to evaluate the adiabatic flame
temperature, the thermo mechanical exergy, the chemical exergy and the total exergy for two
selected fuel: (1) the methane and (2) the octane.

Fig A.1.1 : Method for calculating the adiabatic flame temperature, the thermo-mechanical
Exergy, the chemical exergy and the total Exergy
For a given fuel with air as oxidizer, the general combustion equation can be written knowing
the chemical composition of fuel and the air fuel ratio, as well as the air composition which is
supposed to be with the following ratios: 3.76 moles of Nitrogen for each 1 mole of Oxygen.
3.76

4
2

Where the excess of air coefficient

1

(A.1.1)
4

4

3.76

is defined as:
(A.1.2)
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When reference environmental temperature and pressure are defined (T0, P0), the enthalpy of
production is calculated by applying the 1st law of thermodynamic for a control volume by
considering that no heat transfer occurs, no work is done and by neglecting the kinetic and the
potential energy. Using thermodynamic tables [A.1.2] and iteration calculations, we can
estimate therefore the adiabatic flame temperature. Applying the 2nd law of thermodynamic for
the same control volume, we can calculate the entropy production, and we can find the thermo
mechanical exergy. Knowing the different species, we can calculate then, using the Gibbs
function, the chemical Exergy and then the total exergy defined as the sum of thermo mechanical
exergy contribution and chemical exergy contribution.

Exergy equation
The exergy of a closed system can be defined as in equation A.1.3:
With E

E
Exergy (kJ/kg)
Total Energy (kJ/kg)
Internal Energy of the environment
Environment pressure (Pa)
Environment temperature (K)
Entropy of the environment (kJ/kg.K)
Environment volume (m3/kg)
Volume of the system (m3/kg)

:
:
:
:
:
:
:
:

(A.1.3)

The total energy when no electric or nuclear reaction occurs, can be written as [TD-01]:
(A.1.4)
With

: Internal Energy (kJ/kg)
KE : Kinetic Energy (kJ/kg)
PE : Potential Energy (kJ/kg)

The maximum theoretical work can be written then as:
(A.1.5)
With

:

Irreversibilities in the system (kJ/kg)

And when mass flows across a control volume boundary, there is an exergy transfer
accompanying the flow, given by:
2

(A.1.6)

Adiabatic flame temperature
Figure A.1.2 shows a steady state reactor in which a fuel is burned with air producing therefore
the combustion products. The combustion equation when reaction occurs at stoichiometric
conditions (λ=1), with no formation of other species such as CO, UHC and NOx can be written
as:
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4

3.76

2

4

3.76

(A.1.7)

Fig. A.1.2: Reactor at steady state [A.1.2]
The law of conservation of energy, when kinetic and potential energy effects are ignored can be
written as:
2
4

4

3.76

4

(A.1.8)

3.76

The specific enthalpy of a compound at a state other than the standard state is found by adding
the specific enthalpy change
between the standard state and the state of interest to the
enthalpy of formation [A.1.2].
,
With

,

,

:

Enthalpy of formation at environmental state (kJ/kmol)

:

Change of state at constant composition (kJ/kg)

(A.1.9)

So equation (8) can be written as in A.1.10 or as in A.1.11 in more general form:
(A.1.10)
(A.1.11)
With

:
:
:
:

The enthalpies of the products per mole of fuel (kJ/kmol)
The enthalpies of the reactants per mole of fuel
Number of mole for each reactant
Number of mole for each product

The enthalpy of combustion is then defined as:
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h

n h

nh

(A.1.12)

When no heat transfer occurs and no work is done, we can define the adiabatic flame
temperature by writing the following equations:
(A.1.13)
(A.1.14)

The unknown temperature appears in each term of the sum on the left side of the equation,
determination of the adiabatic flame temperature requires iteration: A temperature for the
products is assumed and used to evaluate the left side equation.

Entropy production and thermo-mechanical exergy
In order to evaluate the exergy destruction for a reaction occurring with different excess of air
coefficients, we need to calculate the entropy production associated with the combustion
process. The absolute entropy is defined as in equation A.1.15:
̅

,

̅

,

̅

,

̅

(A.1.15)

,

For ideal gas mixture with temperature T and pressure
mole fraction) of components and is the mixture pressure.
̅
Where
̅

,
:

̅

ln

̅

(partial pressure -

ln

is the

(A.1.16)

Absolute entropy of component at temperature
pressure

and

Applying the energy balance for control volume t steady state, the entropy rate balances for
reacting systems with no work done is expressed on a per mole of fuel basis is:
0

Q T
n

s̅

a
as̅

Where

:

b
s̅
4
b
s̅
2

a
a

b
3.76s̅
4
b
3.76s̅
4

σ
n

(A.1.17)

The molar flow rate of the fuel (moles/s)

0 when no heat transfer occurs through the combustion chamber walls. This allows
calculating the rate of entropy production for a given reaction and to evaluate the exergy from
equation (6).
The thermo-mechanical contribution to the flow exergy for an ideal gas is then:
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̅
̅

̅

ln

̅

̅

ln

2

1

(A.1.18)

4

̅

̅

ln

∗ 3.76

4

̅

̅

ln

Chemical Exergy
When chemical reaction occurs between reactants and products, a chemical exergy is added to
thermo-mechanical exergy defined as the potential of chemical species to do work when an
interaction occurs with the environment. One way to calculate the chemical exergy is by using
the specific Gibbs function ̅ defined as:
̅

(A.1.19)
̅

The Gibbs function of formation ̅ of a compound equals the change in the Gibbs function for
the reaction in which the compound is formed from its elements, the compound and the elements
all being at
and
. The Gibbs function at a state other than the standard state is found by
adding to the Gibbs function of formation the change in the specific Gibbs function ̅ between
the standard state and the state of interest.
̅
̅

,

̅

̅

,

,

̅

,

,
̅

̅

,

̅
̅

,

(A.1.20)
(A.1.21)

And finally we can write the chemical exergy as:
̅

̅

̅

4

̅

2

̅

,
(A.1.22)

ln
Where

:

The mole fraction of component i
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For a reaction:
3.76

4

1

2

4

4

3.76

The chemical contribution, per mole of fuel is:
̅

ln

(A.1.23)

Total exergy
The total exergy is the sum of the thermo-mechanical exergy (value of maximum work) and
the chemical exergy associated with a given system at a specified state relative to a specified
exergy reference environment. The object is to evaluate the work obtainable by allowing the
fuel to react with oxygen from the environment to produce the environmental components
carbon dioxide and water each at its respective state in the environment.
For control volume, the specific flow exergy is then the sum of thermo mechanical and
chemical exergy:

Where

2

(A.1.24)
2
The thermo-mechanical contribution to the
flow exergy
The chemical contribution to the flow exergy

Synthesis
Figure A.1.3 shows the adiabatic flame temperature for the methane and the liquid octane
function of air-fuel ratio for two air oxidizer temperatures, ambient at 298K and heated air at
400K.
The graph shows that when the amount of the air is increased for the same fuel quantity, the
adiabatic flame temperature decreases, and that is explained by the fact that an amount of
oxygen and nitrogen are in excess during the combustion and absorb the heat generated.
Therefore, the final temperature reached is lower. The graph shows also a comparable adiabatic
flame temperature for both Octane and Methane, and a little increase in adiabatic flame
temperature when air is preheated from 298K to 400K before combustion.
Figure A.1.4 shows the rate of entropy production when air enters the combustion chamber at
25°C, 1 atm. The entropy production increases when excess of air increases in the combustion
chamber, referring to equation A.1.17, since there are more oxygen and nitrogen in the
combustion chamber. While the entropy production means a loss of potential of work, we
conclude that the thermo-mechanical exergy decreases also with increasing the excess of air in
the combustion chamber.
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The total Exergy sum of thermo mechanical and chemical exergy is plotted in figure A.1.5. It
shows a higher potential for Methane to do work than liquid Octane when burned with air at
different excess of air coefficient. The chemical exergy contribution for both fuels is lower
compared to thermo mechanical contribution. The figure A.1.5 shows also a decrease in total
exergy when λ increases.
Figure A.1.6 shows the total exergy compared to LHV for both Octane and Methane function
of air fuel ratio. While the potential of work is around 75% for Octane (81% for Methane) when
AF = 1, it is around 68% (69% respectively) when AF = 1.5, and then a potential of work is
lost.
Therefore, we conclude that increasing the adiabatic flame temperature allows higher potential
of work of the thermodynamic machine considered. However, metallurgic limitation may limit
the maximum flame temperature [A.1.3].
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Fig. A.1.3: Adiabatic flame temperature function of excess of air coefficient λ
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Fig. A.1.4: Rate of Entropy production function of excess of air coefficient
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Fig. A.1.5: Chemical exergy, thermo-mechanical exergy and total exergy function of excess air
coefficient for Octane and Methane
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Fig. A.1.6: Total Exergy compared to low heating value function of air/fuel ratio
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Annex 2: Exergo-technological explicit methodology for
gas- turbine system optimization of series hybrid electric
vehicles
Original Article

Exergo-technological explicit methodology for gasturbine system optimization of series hybrid electric
vehicles
Wissam S Bou Nader1,3, Charbel J Mansour2, Maroun G Nemer1 and Olivier M Guezet3
Abstract
Significant research efforts have been invested in the automotive industry on hybrid electrified powertrains in
order to reduce the dependence of passenger cars on oil. Electrification of powertrains resulted in a wide range
of hybrid vehicle architectures. The fuel consumption of these powertrains strongly relies on the energy
converter performance, as well as on the energy management strategy deployed on board. This paper
investigates the potential of fuel consumption sav-ings of a series hybrid electric vehicle using a gas turbine as
an energy converter instead of the conventional internal-combustion engine. An exergo-technological explicit
analysis is conducted to identify the best configuration of the gas-turbine system. An intercooled regenerative
reheat cycle is prioritized, offering higher efficiency and higher power den-sity than those of other investigated
gas-turbine systems. A series hybrid electric vehicle model is developed and power-train components are sized
by considering the vehicle performance criteria. Energy consumption simulations are performed over the
Worldwide Harmonized Light Vehicles Test Procedure driving cycle using dynamic programming as the global
optimal energy management strategy. A sensitivity analysis is also carried out in order to evaluate the impact
of the battery size on the fuel consumption, for self-sustaining and plug-in series hybrid electric vehicle
configurations. The results show an improvement in the fuel consumption of 22–25% with the gas turbine as
the auxiliary power unit in comparison with that of the internal-combustion engine. Consequently, the studied
auxiliary power unit for the gas tur-bine presents a potential for implementation on series hybrid electric
vehicles.
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Annex 3 : Assessing additional fuel consumption from cabin
thermal comfort and auxiliary needs on the worldwide
harmonized light vehicles test cycle
Transportation Research Part D 62 (2018) 139–151
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Assessing additional fuel consumption from cabin thermal comfort
and auxiliary needs on the worldwide harmonized light vehicles test cycle
Charbel Mansoura, , Wissam Bou Naderb, Florent Brequec, Marc Haddada, Maroun Nemerc
a

Lebanese American University, Industrial and Mechanical Engineering Department, New York, United States

b

PSA Group, Centre technique de Vélizy, Vélizy, France

c

Ecole des Mines de Paris, Center for Energy Eﬃciency of Systems, Palaiseau, France

Abstract
Standards for fuel consumption and carbon dioxide emissions are implemented worldwide in most lightduty vehicle markets. Regulatory drive cycles, defined as specific time-speed patterns, are used to measure
levels of fuel consumption and emissions. These measurements should realistically reflect real world
driving performance, however there is increasing concern about their adequacy due to the discrepancies
observed between certified and real world consumption and emissions values. One of the main reasons for
the discrepancy is that current testing pro-tocols do not account for non-mechanical vehicle energy needs,
such as passengers’ thermal comfort needs and the use of electric auxiliaries on-board. Cabin heating and
cooling can espe-cially lead to considerable increase in vehicle energy consumption. This paper presents a
simu-lation-based assessment framework to account for the additional fuel consumption related to the cabin
thermal energy and auxiliary needs under the worldwide-harmonized light vehicles test procedure (WLTP).
A vehicle cabin model is developed and the thermal comfort energy needs are derived for cooling and
heating, depending on ambient external temperature under cold, mod-erate and warm climates. A
modification to the WLTP is proposed by including the generated power profiles for thermal comfort and
auxiliary needs. Dynamic programming is used to com-pute the fuel consumption on the modified WLTP
for a rechargeable series hybrid electric vehicle (SHEV) architecture. Results show consumption increases
of 20% to 96% compared to the cur-rently adopted WLTP, depending on the considered climate.
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Annex 4 : Optimization of a Brayton external combustion gasturbine system for extended range electric vehicles
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Optimization of a Brayton external combustion gas-turbine system for
extended range electric vehicles
Wissam S. Bou Nader a, c, Charbel J. Mansour b, *, Maroun G. Nemer a
d
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e
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f
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Abstract
Significant research efforts are considered in the automotive industry on the use of low-carbon fuels in order
to reduce the emissions and improve the fuel economy of vehicles. Some of these fuels, such as the solid fuels
for example, are only compatible with external combustion machines. These machines are only suitable for
electrified powertrains relying on electric propulsion, in particular the extended-range-electric-vehicles with
series hybrid powertrain configuration where fuel consumption strongly relies on the energy converter
efficiency and power density. This paper investigates the fuel savings potential of these vehicles using a
Brayton external combustion gas-turbine system as energy converter substitute to the conventional internal
combustion engine. An exergo-technological explicit analysis is conducted to identify the best system
configuration. A downstream-intercooled reheat external combustion gas-turbine (DIRe-ECGT) system is
prioritized, offering the highest efficiency among the investigated sys-tems. An extended-range-electricvehicle model is developed and energy consumption simulations are performed on the worldwide-harmonized
light vehicles test cycle. Fuel consumption simulation results are compared to a reference extended-rangeelectric-vehicle using an engine auxiliary-power-unit. Re-sults show 6%e11.5% of fuel savings with the
prioritized DIRe-ECGT auxiliary-power-unit as compared to the reference model, depending on the battery
capacity and the trip distance.
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Annex 5 : Fuel consumption saving potential of Stirling
machine on series parallel hybrid electric vehicle : Case of the
Toyota Prius

Technical paper
Fuel Consumption Saving Potential of Stirling Machine on Series Parallel Hybrid Electric Vehicle:
Case of the Toyota Prius 2018-01-0421
Investigations on alternative fuels and new hybrid powertrain architectures have recently
undergone significant efforts in the automotive industry, in attempt to reduce carbon emissions from
passenger cars. The use of these fuels presents a potential for re-emerging the deployment of
external combustion non-conventional engines in automotive applications, such as the Stirling
engines, especially under the current development context of powertrain electrification. This paper
investigates the potential of fuel consumption savings of a series-parallel hybrid electric vehicle
(SPHEV) using a Stirling machine as fuel converter. An exergo-technological explicit analysis is
conducted to identify the Stirling system configuration presenting the best compromise between
high efficiency and automotive implementation constraints. The Stirling engine with combustion
chamber preheater is prioritized. A SPHEV model is developed based on the Prius power-split
hybrid electric architecture. Energy consumption simulations are performed on the worldwideharmonized light vehicles test cycle (WLTC) using dynamic programing as global optimal energy
management strategy. Results show improved fuel consumption performance of the Stirling
machine compared to the ICE. In addition, the Stirling offers other intrinsic advantages such as low
noise and vibration operation and mainly multi-fuel use capability. Consequently, the studied
Stirling presents a potential for implementation on SPHEVs.
DOI: https://doi.org/10.4271/2018-01-0421
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Stirling Machine on Series Parallel Hybrid Electric Vehicle: Case of the Toyota Prius," SAE Technical Paper
2018-01-0421, 2018, https://doi.org/10.4271/2018-01-0421.
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Brayton cycles as waste heat recovery systems on series hybrid electric vehicles
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Abstract
In the global attempt to increase the powertrain overall eﬃciency of hybrid vehicles while reducing the battery
size, engine waste heat recovery (WHR) systems are nowadays promising technologies. This is in particular
interesting for series hybrid electric vehicles (SHEV), as the engine operates at a relative high load and under
steady conditions. Therefore, the resulting high exhaust gas temperature presents the advantage of increased
WHR eﬃciency. The Brayton cycle oﬀers a relatively reduced weight compared to other WHR systems and
presents a low complexity for integration in vehicles since it relies on an open system architecture with air as
the working fluid, which consequently avoids the need for a condenser compared to the Rankine cycle. This
paper investigates the potential of fuel consumption savings of a SHEV using the Brayton cycle as a WHR
system from the internal combustion engine (ICE) exhaust gases. An exergy analysis is conducted on the
simple Brayton cycle and several Brayton waste heat recovery (BWHR) systems were identified. A SHEV
with ICE-BWHR systems is modeled, where the recovered engine waste heat is converted into electricity
using an electric generator and stored in the vehicle battery. The energy consumption simulations is performed
on the worldwide-harmonized light-vehicles test cycle (WLTC) while considering the additional weight of
the BWHR systems. The intercooled Brayton cycle (IBC) architecture is identified as the most promising for
automotive applications as it oﬀers the most convenient compromise between high eﬃciency and low
integration complexity. Results show that 5.5% and 7.0% improved fuel economy on plug-in and selfsustaining SHEV configurations respectively when com-pared to similar vehicle configurations with ICE
auxiliary power units. In addition to the fuel economy im-provements, the IBC-WHR system oﬀers other
intrinsic advantages such as low noise, low vibration, high dur-ability which makes it a potential heat recovery
system for integration in SHEV.

264
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Abstract
Significant research efforts are considered in the automotive industry on the use of low carbon alternative
fuels in order to reduce the carbon dioxide emissions and to improve the fuel economy of future vehicles.
Some of these fuels, such as the solid fuels for example, are only compatible with external combustion
machines. These machines are only suitable for electrified powertrains relying on electric propulsion, in
particular series hybrid electric vehicles (SHEV) where fuel consumption strongly relies on the energy
converter performance in terms of efficiency and power density, as well as on the deployed energy
management strategy. This paper investigates the potential of fuel savings of a SHEV using a vapor cycle
machine (VCM) system as energy converter substitute to the conventional internal combustion engine (ICE).
An exergo-technological explicit analysis is conducted to identify the best VCM-system configuration. A
Regenerative Reheat Steam Rankine Cycle with condenser reheat and turbine reheat (RReCRTRe-SRC)
system is prioritized, offering high efficiency, high power density and low vehicle integration constraints
among the investigated systems. A plug-in SHEV model is developed and energy consumption simulations
are performed on a worldwide-harmonized light vehicles test cycle (WLTC). Dynamic programing is used as
global optimal energy management strategy. A sensitivity analysis is also carried out in order to evaluate the
impact of the battery size on the fuel consumption. Fuel consumption simulation results are compared to ICE
on same vehicle powertrain. Results show +2% to +3.5% additional fuel consumption, on self-sustaining
SHEV, with the RReCRTRe-SRC as auxiliary power unit (APU) compared to ICE. Consequently, the
selected VCM-APU presents a potential for implementation on SHEVs with zero carbon alternative fuel.
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Annex 8: high Efficiency Internal Combustion Engine with
Splited Expansion
*This patent has been filed as part of this thesis work
Inventor: Wissam BOU NADER

The invention concerns a so-called distributed or separate cycle internal combustion engine with at
least two cylinders specifically dedicated to combustion and expansion. Such an engine has the
advantages of reducing NOx emissions, as well as improved efficiency and power density. The
internal combustion engine of this invention may be used preferably for a vehicle application.

Compression piston (1)
Recuperator cold side (3)
First expansion piston (2)
Second expansion piston (2a)
Recuperator hot side (7)
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Annex 9: Internal combustion engine with high pressure
isothermal compression of an intake air flow
*This patent has been filed as part of this thesis work
Inventor: Wissam BOU NADER
The invention concerns a split cycle engine or gas turbine internal combustion engine with high pressure
isothermal compression of part of an air flow admitted to the system. Such an engine has the advantage of
reducing overall emissions, an improvement in efficiency as well as high power density. This internal
combustion engine of the present invention may be used preferentially for a vehicle automobile.

Piston Split cycle engine

Gas turbine system (centrifugal machine)

High pressure compressor: (1)
Expansion Piston (2) or centrifugal compression machine (17)
Recuperator cold side (3) – Recuperator hot side (7)
High pressur tank (4)
Expansion turbine (16)
Combustion chamber (15)
Cold expansion turbine (20)
Vehicle cabine cooler or heater (13)
Heat exchanger (12)
Secondary compression piston (11)
Intercooler (8)
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Annex 10: Internal combustion engine with high pressure
isothermal compression of an intake air flow
*This patent has been filed as part of this thesis work
Inventor: Wissam BOU NADER
This invention concerns a split-cycle internal combustion engine with an afterburner combustion chamber.
The invention has a particularly advantageous, but not exclusive, application in the field of automotive
vehicles.

Compression piston (15)
Expansion piston (13)
Intercooler (31)
Air compressor (30)
Recupérator (33)
Post combustion chamber (35)
Expansion turbine (36)
Electric generator (38)
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Annex 11: Regenerative Reheat Stirling machine
*This patent has been filed as part of this thesis work
Inventor: Wissam BOU NADER
The invention concerns, in general, appliances with an external combustion chamber to generate electrical
energy and heat, and to transfer the heat to an external combustion engine, in particular a Stirling engine. The
invention concerns in particular a thermal afterburner combustion chamber device coupled in series with the
initial combustion chamber of the Stirling machine, where said device being adapted to a Stirling engine, with
a specific goal to improve its efficiency and its net specific power.

Air blower (1)
Recuperator (8)
First combustion chamber (3)
Post combustion chamber (3’)
Hot heat exchanger (4)
Stirling hot heat (2, 2’)
Stirling cold heat exchanger (7)
Stirling internal regenerator (6)
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Annex 12: Innovative thermoacoustic machine for range
extender vehicle application
*This patent has been filed as part of this thesis work
Inventor: Wissam BOU NADER

The invention concerns the conversion of energy by applying the thermoacoustic effect. More
specifically, the invention relates to a thermoacoustic machine, in particular for energy cogeneration
systems in hybrid vehicles. The invention also concerns vehicles, in particular motor vehicles,
including a thermoacoustic machine, in particular in its traction chain.

Air blower (BL)
Regeneraotr (REG)
Combustion chamber (CH1, CH2)
Hot heat exchangers (EX1h, EX2h)
Cold heat exchangers (EX1c, EX2c)
Acoustic generator (GA)
Acousto-Electric Generator (AE)
Thermoacoustic stack (SP)
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Annex 13: External combustion Ericsson Split Cycle Engine
for Powertrain Automotive Applications
*This patent has been filed as part of this thesis work
Inventor: Wissam BOU NADER

This invention concerns a split-cycle external combustion engine known also as Ericsson engine. The
invention has a particularly advantageous, but not exclusive, application in the field of motor vehicles.
The engine comprises a compression cylinder for carrying out an air intake and compression phase
and an expansion cylinder for carrying out a relaxation and air evacuation. The expansion cylinder is
associated with a chamber of external combustion and an air heater to allow air expansion inside of
the cylinder. The phases of the engine cycle can then be executed simultaneously with an adequate
phasing. These two cylinders perform two cycles in two engine revolutions, as much as a four-stroke
twin cylinder of the same displacement.

Compression piston (13.1, 13.2)
Intercooler (25)
Recuperator (22)
Expansion pistons (15.1, 15.2)
Hot heads (20.1, 20.2)
Hot heat exchangers (18.1, 18.2)
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Annex 14: External combustion Ericsson Split Cycle Engine
for Powertrain Automotive Applications
*This patent has been filed as part of this thesis work
Inventor: Wissam BOU NADER

The invention generally concerns the generation of electricity from heat by applying the
thermoelectric effect known as the Seebeck effect. More particularly, the invention relates to a
thermoelectric machine for the primary conversion of energy in particular for applications in vehicles
and, in particular, vehicles hybrid electric vehicles with extended range. The invention also concerns
a vehicle including a thermoelectric machine, particularly in its powertrain.

Air blower (BL)
Regeneraotr (REG)
Combustion chambers (CH1, CH2)
Hot heat exchangers (EX1h, EX2h)
Cold heat exchangers (EX1c, EX2c)
Thermoelectric modules (TE1, TE2)
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Annex 15: Innovative Combined Cycle Gas Turbine System
for Extended Range Hybrid Electric Vehicles
*This patent has been filed as part of this thesis work
Inventor: Wissam BOU NADER

The present invention relates to the field of thermodynamic machines. The invention concerns more
particularly an assembly combining a gas turbine and a heat transfer fluid cycle known as Rankine
cycle.

GT compressor (C1)
Combustion chambers (CC1, CC2)
GT Turbines (T1, T2)
Reheater (R)
Steam evaporator (SE)
Steam turbines (ST1, ST2)
Condenser internal heat recuperator (IR)
Water pump (WP)
Steam condenser (SC)
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RÉSUMÉ
D'importants efforts de recherche ont été investis dans l'industrie automobile sur les nouveaux carburants et les nouvelles
chaînes de traction hybride électrique afin de réduire les émissions de carbone des véhicules. La consommation de
carburant de ces groupes motopropulseurs hybrides dépend des performances du convertisseur d'énergie utilisé, des
besoins énergétiques du véhicule, ainsi que de la stratégie de gestion énergétique déployée à bord. Cette thèse examine
le potentiel de nouveaux convertisseurs d'énergie comme substitut du moteur thermique à combustion interne (ICE). Les
systèmes de turbines à gaz sont considérés comme des convertisseurs d'énergie potentiel pour les chaînes de traction
hybride série (SHEV), car ils offrent de nombreux avantages intrinsèques à l'automobile, tels que la capacité de
fonctionner avec plusieurs carburants, la compacité, la réduction du nombre de pièces mobiles, la réduction du bruit et
des vibrations. Une analyse exergo-technologique explicite est proposée pour identifier les configurations
thermodynamiques réalistes. Une étude préconceptionnelle a été réalisée pour déterminer les rapports puissance/poids
de ces systèmes. Un modèle SHEV est développé et les composants du groupe motopropulseur sont dimensionnés en
fonction des critères de performance du véhicule. Des simulations de consommation sont effectuées sur le cycle
d’homologation WLTC, en prenant en compte les besoins en énergie électrique et thermique du véhicule en plus des
besoins en énergie mécanique, et en utilisant une méthode innovante d'optimisation comme stratégie de gestion de
l'énergie. Le cycle turbine à gaz (avec compression refroidie, régénérateur et réchauffe durant la détente (IRReGT)) est
priorisé car il offre un rendement et une densité de puissance plus élevés ainsi qu'une consommation de carburant réduite
par rapport aux autres systèmes investigués. De plus, un modèle dynamique a été développé et des simulations ont été
effectuées pour tenir compte de la surconsommation de carburant pendant les phases transitoires du démarrage. Des
essais ont également été mis en œuvre sur certains sous-systèmes du cycle IRReGT identifié. Les résultats montrent
une amélioration de la consommation de carburant avec l'IRReGT comme groupe auxiliaire de puissance par rapport à
l'ICE. Par conséquent, le système IRReGT sélectionné présente un potentiel, non négligeable, qui remplacerait le moteur
thermique à combustion interne dans les futures chaînes de traction hybride électriques.

MOTS CLÉS
Convertisseurs d’énergie, turbine à gaz, analyses exergétiques, chaînes de traction hybride électrique série,
optimisation, simulations dynamique, essais.

ABSTRACT
Significant research efforts have been invested in the automotive industry on alternative fuels and new hybrid electric
powertrain in attempt to reduce carbon emissions from passenger cars. Fuel consumption of these hybrid powertrains
strongly relies on the energy converter performance, the vehicle energetic needs, as well as on the energy management
strategy deployed on-board. This thesis investigates the potential of new energy converters as substitute of actual internal
combustion engine in automotive powertrain applications. Gas turbine systems is identified as potential energy converter
for series hybrid electric vehicle (SHEV), as it offers many automotive intrinsic benefits such as multi-fuel capability,
compactness, reduced number of moving parts, reduced noise and vibrations among others. An exergo-technological
explicit analysis is conducted to identify the realistic GT-system thermodynamic configurations. A pre-design study have
been carried out to identify the power to weight ratios of those systems. A SHEV model is developed and powertrain
components are sized considering vehicle performance criteria. Energy consumption simulations are performed on the
worldwide-harmonized light vehicles test cycle (WLTC), which account for the vehicle electric and thermal energy needs
in addition to mechanical energy needs, using an innovative bi-level optimization method as energy management
strategy. The intercooled regenerative reheat gas turbine (IRReGT) cycle is prioritized, offering higher efficiency and
power density as well as reduced fuel consumption compared to the other investigated GT-systems. Also a dynamic
model was developed and simulations were performed to account for the over fuel consumption during start-up transitory
phases. Tests were also performed on some subsystems of the identified IRReGT-system. Results show improved fuel
consumption with the IRReGT as auxiliary power unit (APU) compared to ICE. Consequently, the selected IRReGTsystem presents a potential for implementation on futur SHEVs.

KEYWORDS
Energy converter, gas turbine systems, exergetic analysis, series hybrid electric vehicle powertrains, optimization,
dynamic simulations, testing.
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