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Abstract

One of the major consumers of oil with concerns about climate change, pollutions and
depletion of fossil fuels is the transportation sector. The predictions about the increasing trend
of numbers of vehicle, considering two-wheeled and four-wheeled ones, imply a special focus
for alternative fuels which are sustainable and environmental friendly into the future. In this
context hydrogen is expected to play a lead role. The Proton Exchange Membrane Fuel Cell
appear as the best technology in the long term to produce electrical energy on board, while the
hybrid electric configuration for powertrains appear the most suitable arrangement for energy
optimization.

The main purpose of the Research is the theoretical evaluation of newly designed hybrid
electric powertrains equipped with Fuel Cells. These studies were carried out through
numerical modeling and simulation in Matlab/Simulink® environment. The results allow a
deeply analysis of the Fuel Cell stacks and the hybrid electric configurations with a special
focus on the power flows, energy balance, consumptions, logic of control, water and thermal
management, efficiency, etc., in order to improve the overall behaviour of sub-systems and of
the entire powertrain and in order to correctly dimension various components. The use of
simulation and numerical modeling is beneficial in terms of cost and time in comparison with
real prototyping. So, it can be considered as the first step in the design and testing of these
type of vehicles.

The Matlab/Simulink® model consists of several block connected each other where the
parameters which characterize each components are estimated under varying operating
conditions in accordance with some external conditions. The simulations are carried out for
several applications for a wide range of vehicle which comprise two-wheeled vehicles and
cars both for different segments and uses in theoretical urban, sub-urban and motorway
driving cycles. In the case of a two-wheeled vehicle, such as a Fuel Cell powered bicycle, the
driving cycle taken into consideration is not theoretical but real, since it is obtained directly

from measurements on board.



Sommario

Uno dei maggiori settori di consumo di petrolio e combustibili fossili € il settore dei trasporti.
Questo comporta conseguenze negative per cio che riguarda I’inquinamento ambientale ed i
cambiamenti climatici. Le previsioni di un aumento mondiale del numero di veicoli a due
ruote ed a quattro ruote, implicano una speciale attenzione per i combustibili alternativi e
sostenibili dal punto di vista ambientale. In questo contesto 1’idrogeno gioca un ruolo chiave.
Le celle a combustibile, infatti, ad elettrolita polimerico si presentano come la piu promettente
tecnologia nel lungo periodo per produrre energia a bordo dei veicoli. Tale tecnologia trova
applicazione nei veicoli ibridi in cui i flussi energetici sono ottimizzati.

L’attivita di ricerca svolta ha avuto come principale obiettivo 1’analisi numerica di sistemi a
propulsione innovativa equipaggiati con celle a combustibile. Questi studi sono stati condotti
attraverso la definizione di modelli matematici di simulazione numerica in ambiente
Matlab/Simulink®. I risultati consentono una dettagliata analisi delle celle a combustibile e
delle configurazioni di veicoli ibridi con particolare riferimento ai flussi di potenza, al
bilancio energetico, ai consumi, alla logica di controllo, all’'umidificazione della membrana,
al controllo termico, all’efficienza, ecc., al fine di dimensionare correttamente 1 vari
componenti. L’utilizzo della simulazione numerica consente un’analisi piu veloce ed
economica rispetto alla realizzazione dei prototipi. Pertanto, essa puo essere considerata come
il primo passo nella progettazione e nella sperimentazione di questi veicoli.

Il modello in Matlab/Simulink® consiste in un modello a blocchi dove i vari parametri
operativi sono stimati in diverse condizioni operative nel rispetto di alcuni vincoli predefiniti.
Le simulazioni sono svolte per diverse applicazioni per una vasta gamma di veicoli che
comprendono veicoli a due ruote ed automobili di diversi segmenti per tragitti, definiti
teoricamente, urbani, misti ed extra-urbani. Nel caso specifico di una veicolo a due ruote,
derivato da una bicicletta elettrica con I’aggiunta di una cella a combustibile, 1 cicli di guida
presi in considerazione non sono teorici, ma reali, in quanto ottenuti direttamente tramite

misurazioni a bordo del veicolo.
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1. Introduction

1. Introduction

1.1 Motivation

Owing to the limitation of fossil fuels and high consumption and pollution for transportation,
the vehicle industry is looking for other sources of energy. A Fuel Cell Hybrid Electric
Vehicle (FCHEV) could be a suitable solution considering the state of the art of electric
motors, power electronics, energy storage systems and fuel cell stacks. Since the integration
of all these components is a new challenge for the manufacturer, simulation before
prototyping is beneficial in terms of cost, design and performance.

Proton Exchange Membrane Fuel Cells (PEMFCs), which convert the chemical energy stored
in hydrogen fuel directly to electrical energy with water as the only product, are seen as one
of the most promising technology for clean and efficient power generation in the twenty-first
century. In fact, PEMFCs are able to reduce our energy use, pollutant emissions and
dependence on fossil fuels [1].

PEMFC are the most popular type of fuel cell and they are set to become the power source of
the future. The interest in PEMFC has increased during the last couple of decades due the
limitation of fossil fuels and their pollution concerns. Especially, when fueled with hydrogen
that is obtained from renewable energy resources, PEMFCs are characterized as zero-
emission energy generating technology [2].

The improvement in FC technology helps to achieve the main purpose of “zero emission” in
the passenger vehicle market. The design of “zero emissions” vehicles can be facilitated
through the optimization of the components in order to minimize the consumptions with
particular reference to the functions of the vehicles, the areas where they are driven and their
use with different driving style. In the last years, it has been demonstrated that FC vehicles are
very efficient but they need to be designed for a specific task, called “mission”, in order to

reduce the cost and to increase the efficiency. In fact, some parameters, such as the average



1. Introduction

power used by the vehicle and the minimum energy storage capacity, are dependent on the
mission [3] [4].

Interest in FCHEVs derives from several technical and economic considerations. In fact, a
purely electric vehicle presents characteristics, such as the autonomy range and recharging
time, which limit the adaptability of the vehicles to longer and more demanding missions.
Hybrid vehicles allow the autonomy to be increased due to the on-board stored hydrogen.
Furthermore, the hydrogen refueling time is lower than the recharging time of the batteries.
On the other hand, a hybrid vehicle requires a more complex architecture due the presence of
two different power sources [5] [6].

This Research presents the simulation of a powertrain for FCHEVSs in order to dimension the
Fuel Cell (FC) as primary source of energy and to investigate the power flows during both
motoring and recuperative braking. For this purpose a Matlab/Simulink® model has been built
up which can be used for a wide range of applications. The results of simulation show which
of the following is the best powertrain configuration for several vehicles: a bike in which the
traction force is provided by both electric motor and the pedaling of the cyclist, a bike in
which the traction force is provided only by an electric motor without pedaling, a motorcycle
for 2 passengers and cars which belong to the European segments A-B-C-D-E. All of these
vehicles are equipped with a Proton Exchange Membrane fuel Cell (PEMFC) and a Lithium-
lon battery. The presence of human force during the motion can be also taken into
consideration.

Specifically, the specific consumption, the total consumption in a definite route, the state of
charge of battery (SOC), the battery voltage and the amount of energy generated by FC will
be monitored. The model validation will be done by comparison between the obtained results
and scientific articles in the literature.

1.2  Scope of the research

Fuel Cell (FC) technology appears to be a very promising solution to replace petroleum-based
vehicles with the aim of reducing the combined issues of air pollution and rapidly depleting
oil. The main technological and economic barriers influencing the penetration of this
technology into the mass market regard hydrogen infrastructures, the degradation and
durability of some components and the high cost of FC stacks. The adoption of a hybrid

electric powertrain in which the power required for propulsion can be provided from both a
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primary source of energy and a Rechargeable Energy Storage System (RESS) allows the
dimensioning of the FC in terms of the average value of power required, because the
remaining rate needed for peak power is provided by the RESS and, consequently, the cost of
the powertrain is reduced.

Two-wheeled vehicles, such as electric bicycles, are very popular in dense urban areas where
traffic is an everyday challenge. This is especially true for China and the Asian Pacific area
where these vehicle types are a practical and economical means of transportation compared to
Internal Combustion Engine (ICE) driven vehicles. Consequently, many Original Equipment
Manufacturers (OEMS) and research centers have created prototypes of bicycles powered by
FC in order to analyze the benefit of hydrogen technology in transportations [7].

Historically, in the 1970s many OEMs started to develop Electric Vehicles (EVs) powered by
batteries due to the oil shortage. However, these electric vehicles powered solely by battery
had a restricted driving range. Meanwhile, automotive manufacturers have moved in the
direction of Hybrid Electric Vehicles (HEVs) based on ICEs because they are considered a
good solution in the short and medium term, whereas FCHEVs are considered a good solution
in the long term due their high efficiency and zero emissions [8] [9].

This interest has arisen globally in recent years due to the pressing environmental concerns,
representing a revolutionary change in vehicle design philosophy [10].

In fact, many scientific researches about the development of two-wheeled vehicles equipped
with FC have been published in the last ten years, such as Hwang who published the test
results of a PEMFC powered prototype bicycle in which the FC stack consisted of 40 cells
which has a power of 300W with an efficiency up to 35% and a distance-to-fuel ratio of 1.35
km/g [11].

In further projects two-wheeled vehicles have been tested and presented with the aim to
optimize the behavior of the powertrain, to increase the efficiency of the system and to extend
the autonomy of vehicles [12-18].

The Proton Exchange Membrane Fuel Cell (PEMFC) is the most promising technology for
automotive applications due to many attractive features, such as low operation temperature,
quick start-up, sustained operation at a high current density, low weight, compactness,
sufficient stack life time and suitability for discontinuous operation [19].

PEMFCs have recently passed the demonstration phase and have partly reached the

commercialization stage on account of rapid development and an impressive research effort
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worldwide. However, the remaining challenges that need to be overcome mean that it will be
several years before full commercialization can take place. While each challenge has been
focused on differently according to each application, there are three main challenges that are
common to each use: supply of high-purity hydrogen, cost reduction of the system and
various technological problems. Moreover, the development of FCHEV requires the on-
board integration of a fuel cell system and electric energy storage devices, with an appropriate

energy management system [20] [21].

1.3 Methodology

The main portion of the Research is based on computer simulations. The characteristics of the
Hybrid Electric powertrain and of the PEMFC system are implemented by using
Matlab/Simulink® models as simulation tool for process modeling and energy system
analysis. A component library, which includes models of Fuel Cell, Lithium-lon batteries,
driving cycles, control units, humidifiers, auxiliaries, etc., has been created. The physical,
electrochemical and thermodynamic equations that describe all occurring phenomena are
inserted in these models.

The design procedure consist of the following steps:

[ Selection of the vehicle J

v

[ Configuration of the Hybrid Electric powertrain ]{ --------

v

-
|

]

[ Calculation of power requested in different driving cycles J“' ----- -I
I

|

I

-l

v

[ Definition of energy management strategy ]4- --------- |
I

v .

[ Dynamical numerical simulation J :

I

1

I

v

[ Analysis of performances ]— ————— -I "I‘]T: I-LZEI-O-P;S-I
v

[ Best configuration ]

Fig. 1.1: Design procedure of the Research
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As indicated in the Fig. 1.1, some iterations will be done after each simulation in order to
assess the specifications of the newly powertrains to enhance the performance and reduce
their disadvantages. This procedure could be used for a wide range of vehicles with similar
topologies of the balance of plant and the auxiliaries devices. The size of the system will be
optimized in different driving conditions and for a wide range of applications. For instance an
enhanced analysis of two-wheeled vehicle and four-wheeled vehicle will be carried out
through the simulation of the real transportations targets.

The dynamic interactions among all components of a FC system make it difficult to design
newly designed FCHEVs because each of the design parameters must be carefully chosen for
better fuel economy, enhanced safety, exceptional drivability and a competitive dynamic
performance. Since prototyping and testing each design combination is cumbersome,
expensive and time consuming, numerical modeling and simulation are indispensable for
concept evaluation and analysis of FCHEVs. Also, the development of PEMFCs requires the
simulation of the entire system under different loading conditions, pressures of reagent gases
and temperature.

According to Fig. 1.2, the numerical model can be classified in steady-state, quasi-steady and
dynamic. In this thesis two different model are built up and presented: the first one for
simulation of PEMFCs (a steady-state model in zero-dimension) and the second one for

simulation of FCHEVs (a quasi-steady model in backward-facing).

PEMFC

o QMR

Fig. 1.2: Numerical model classification
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1.4 Overview of the thesis

The proceeding of PhD thesis is classified in the following chapters:
Chapter 1 presents the statement of purpose for this Research and the methodology used.

Chapter 2 provided the background of Fuel Cell technology and the balance of plant. The Fuel
Cell theory is explained with a special attention to the basic structure, the electrochemistry

and the thermodynamics.

Chapter 3 describes the layout of the studied hybrid electric architectures with a special focus
on the energy management, the rechargeable energy storage system, the operating parameters
and the experimental and theoretical driving cycles.

Chapter 4 presents the model of the Fuel Cell stack.

Chapter 5 explain the modeling of hybrid electric powertrains with the descriptions of the
Matlab/Simulink® models.

Chapter 6 describes the results of simulations for FC stacks (theoretical analysis compared
with the data provided by manufactures), two-wheeled vehicles (bike and motorcycles) and

four-wheeled vehicles (cars of European market segments).

Chapter 7 present the conclusions of the thesis including some comments about the results of

simulations, as well as starting points for further research.
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2. Proton Exchange Membrane Fuel
Cell technology

2.1  Fuel Cell basics

Proton Exchange Membrane (PEM) and its use in Fuel Cell (FC) is an attractive technology
for the sector of transport applications such as in cars and buses because of the high power
densities and the low temperatures which allow the requirement of FCs in transportations.
Basically, the operation temperature is around 80 °C, while, in contrast to other FC
technologies, a solid membrane is used as electrolyte. Moreover, the sealing, the assembly
and the handling is not as complicated as in other FCs. A further advantage of the low
operating temperature is that faster startups can be realized, which is very important for
transport applications. Consequently, a PEMFC is seen as the main candidate for
transportation applications [22] [23].

The future society based on the hydrogen as energy carrier refers to the vision of using
hydrogen as a clean energy source and is anticipated to compete with coal, natural gas and
gasoline as a fuel for power generation and transportation applications. Importantly, hydrogen
is an energy carrier and not an energy source because it is not available directly in nature as
pure gas but it must be produced by using other energy sources.

When the electricity is generated through renewable resources such as wind power,
hydropower and solar photovoltaic cells and then it is used for electrolysis of water, in this
case the hydrogen produced is virtually carbon-free. In the energy supply chain for industrial,
commercial and residential application as well as for transportations the hydrogen may be
able to store energy from intermittent renewable sources, such as solar and wind power plants
where the demand of electricity does not follow the same trend of the generated power. Thus,
electricity obtained from renewable sources can be used for electrolysis of water in order to

produce hydrogen which will be easily stored.
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One of the most promising way to use hydrogen is for automotive applications instead of fuel
obtained from oil. It use consist in a internal combustion engine (ICE) as fuel for combustion
or, alternatively, when used in FCs, as reactants to produce directly electricity which will be
provided to an electric motor for traction. FCs are the promising technology in long term
because they are far more efficient than the ICEs and hold several other advantages: they
produce only heat and water as exhaust products and, in comparison to batteries, FCs do not

discharge and provide power as long as fuel is supplied [24] [25].

2.1.1 Basic structure and characteristics

The structure of a PEMFC consists of proton exchange membranes, diffusion media, catalyst
layers, flow field plates, gaskets and end plates, as indicated in Fig. 2.1. The combination of
the membrane, diffusion media and the catalyst layer is also called the membrane electrode
assembly (MEA). Due to the reason that a single cell is only able to generate a small voltage
and current the FCs are connected in parallel or series to obtain an increase in voltage, current

and power output. These combinations of unit cells are called a stack [26] [27].
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Fig. 2.1: Basic structure of a single cell [26]

During the operation of a PEMFC, shown in Fig. 2.1, hydrogen is forced into the gas flow
fields at the anode while air is forced into the gas flow fields at the cathode. These reactants
are compressed and, in most cases, humidified to prevent a drying out of the membrane.
Usually, the humidification is applied only on the cathode side. Then, gases flow through the
respective Diffusion Media (DM) and diffuse into the respective Catalyst Layer (CL). The
used catalyst in PEMFCs is platinum. At the CL of the anode hydrogen is then oxidized,
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forming protons and electrons, at which the protons moving through the ion conductive
membrane and the electrons are conducted by the carbon support in the CL to the current
collector of the anode and then over an external circuit to the current collector at the cathode.
On the other, side in the cathode CL oxygen is reduced and then forms water with protons and
electrons. Afterwards, this product water is transported out of the cathode CL by the flowing
air.

During the whole operation also heat is generated due to inefficiencies. This heat has to be
conducted out of the fuel cell to avoid overheating. The polymer membrane only resists a

temperature rise up to roughly 95 °C [28].

Hydrogen gas
t

- —> 00
L
Anode
Unused hydrogen
00

gas output

Oxygen gas
(from air) input

Cathode

' ==> Air+Wateroutput

/NN

Gas flow ficld Diffusion media Catalyst layer

Fig. 2.2: Schematic view of fuel cell operations [28]

The membrane in a PEMFC is a thin layer of a solid electrolyte with a thickness in the range
of 10+100 um. The main tasks for the membrane are to conduct protons from the anode to the
cathode and to prevent a transport of electrons through the membrane. Hence a good material
for membranes must be highly conductive for ions and a good isolator. Moreover, it must be
chemically and thermally stable as well as mechanically robust. The most used material with
the current technologies is based on Nafion, a perfluorosulfonic acid. For the reason of higher
physical strength it has a backbone structure of polytetrafluoroethlene (PTFE). Two major
transports mechanisms are taking place in the membrane that is the proton and water
transport. However, there is a connection between both, because water in the membrane is
necessary for the proton transport [29].

The catalyst layer (CL) are very thin layers with a thickness of around 10 um. This is the
location where the hydrogen oxidation reaction (anode) and the oxygen reduction (cathode)
takes place. The CLs consist of three different phases, carbon support with dispersed platinum
catalyst particles on the surface, ionomer and void space. This structure is important for the

electrochemical reaction.
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The diffusion media (DM) is usually made of two different layers, the macro-porous layer and
the micro-porous layer. The main tasks of these layers are the electronic connection between
electrode and bipolar plate, protection of the CL from corrosion or erosion, mechanical
support to the membrane electrode assembly (MEA), transfer of reactants and heat and water
removal [30].

Gas flow fields distribute the reactants for the chemical reaction and remove the generated
water. The gas flow fields are designed in many different types of flow fields, such as
parallel, serpentine, pin-type or metal foam designs.

The tasks of the bipolar plates (BPs) which contain the gas flow fields are to provide
mechanical strength to the MEA and to guarantee a good conductivity for heat and electron

transport. The BPs are made of materials like non-porous graphite or stainless steel.

The main advantages of FC systems are:

No pollutants

High efficiency

Scalable design

No moving parts

Low maintenance

Various methods of supplying fuel
e Low noise

On the other hand, FC systems presents some limitations, such as:
e High cost
e Catalyst degradation with time

e Need of not still available fueling infrastructure

Although future markets for FC include portable, transportation and stationary sectors, these
advantages and limitations make the FC technology very suitable for transportation
applications. The transportation market will benefit from FC because fossil fuels will become
scarce and expensive. Moreover, in most developed countries legislation is becoming stricter
about controlling emission of vehicles. Consequently, FC allow a new type of vehicle that are

more efficient and environmental friendly than vehicles powered by other fuels [31].
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2.1.2  Fuel Cell electrochemistry and thermodynamics

A PEMFC fuel cell consists of a negatively charged electrode (anode), a positively charged
electrode (cathode) and an electrolyte membrane. Hydrogen is oxidized on the anode and
oxygen is reduced on the cathode. Protons are transported from the anode to the cathode
through the electrolyte membrane and the electrons are carried to the cathode over the
external circuit [32].

The equation (2.1) shows the basic chemical reaction of a fuel cell, that is reverse to the
electrolysis process.

H,+ %Oz — H,0 +electricity + heat (2.1)

The equations (2.2) and (2.3) shows the reactions that take place at the anode and cathode.

H, >2H" +2e" (at the anode) (2.2)

%OZ +2e” +2H" > H,O0 (atthe cathode) (2.3)

These reactants are transported by diffusion to the electrode surfaces, while the water and the
waste heat which are generated into the cell must be continuously removed. This process
present some critical issues which must be overcome.

The performance of a fuel cell is defined through its polarization curve. In such a graph the
cell voltage is plotted over the current or current density. To calculate the performance P of

one cell the cell voltage Ve has to be multiplied with the current I:
Veell - | =Pcell (2.4)

Usually, the highest power output is in the middle of the current axis where the product of cell
voltage and current reaches its maximum.

In case of the operating conditions require a high efficiency of the FC system, then the
operation point has to be shifted to small currents. The reason for that is the irreversibility at
higher currents, which result from electrochemical processes. So, more heat is generated

instead of electrical energy with higher currents. This aspect is explained numerically in the

11
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chapter 6 where a numerical simulation is carried out for electrochemical processes of a FC

stack. Mathematically, the waste heat Q" is calculated by following equation:

Q = (Vth _VceII)NceIIs ad (25)

Regarding the efficiency, it is important to describe how electrochemical and thermodynamic
processes governing the FCs. Fundamentally essential for that is the definition of the Gibbs
free energy as it is defined as the amount of energy available to do external work. In the case
of fuel cells this energy is used to move electrons around an external circuit and thus produce
electricity [23].

The following equation shows the maximum obtainable electrical energy within a fuel cell,

which is given by the change in Gibbs free energy AG of the electrochemical reaction:

AG=AH T -AS (2.6)

The enthalpy change AH represents the total available thermal energy. If the entropy produced
during the electrochemical reaction is equal to zero, then a fuel cell reach a theoretic
efficiency of 100 %. In this case, which is not real, all energy can be used. However, the
entropy is always generated within the FC system and, consequently, the T-AS term denotes
the unused amount of energy for direct purpose, but it is the amount of heat produced within a
reversibly and real working FC system. The theoretical voltage Vy, is calculated as if all the
energy stored in the hydrogen fuel can be transformed into electrical energy with an
efficiency of 100 %. Therefore, the Gibbs free energy change equals as well as the enthalpy

change and this lead to the following equation for the theoretical voltage:

— AH

V. =
" nF

(2.7)

If the higher heating value (HHV) is used then the result for is 1.48 V. In the equation (2.7), n
refers to the number of involved electrons (2 for hydrogen) and F is the Faraday constant. The
maximum achievable voltage of a fuel cell is called the open circuit voltage OCV. In that case

the system is reversible or has no losses. The value of OCV is usually approximately 1.2 V,

12
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though it is also dependent on partial pressures of the reactants and on the operation

temperature:

-AG
n-F

oCV = (2.8)

OCV is also defined ideal voltage. The cell voltage Ve is obtained as OCV minus all the
voltage losses (activation, ohmic and concentration):

V,

cel

| = OCV _Vact _Vohm _Vcon (29)

The effects of irreversibilies influence the polarization curve for activation, ohmic and
concentration losses with the trend shown in Fig 2.3.

125 — Reversible cell potential of 1.2 V

Open circuit voltage

100 T e
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T i
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Fig. 2.3: Generic trend for polarization curve due to the activation, ohmic and
concentration losses

The losses for activation, ohmic and concentration are also called overpotentials or

overvoltages in the literature.
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The activation losses are required to provide a given rate of electrochemical reactions: while
the kinetics of the hydrogen oxidation reaction has been considered to be very rapid, the
reaction at the cathode is rather slow and thus has the biggest contribution to the activation
losses. The activation losses are referred to the part of the polarization curve on the left side
(small current density). The activation losses are mainly calculated by Tafel equations which
are logarithmic relationship between losses and current density. With the increasing of
temperature the chemical reaction are faster and the activation losses are lower.

The ohmic losses are due to the proton transport within the membrane and electrodes, to the
electrical resistance of the electrodes and to the contact resistances. Low conductivity is a
result of an high resistance inside the cell. The value of conductivity depends on the water
content. The ohmic losses are calculated with the equations indicated in paragraph 4.2.1
where the parameters used are two: the current density i and the internal resistance r. The
resistance r depend on other parameters: the current density, the membrane thickness and the
proton conductivity. The conductivity, therefore, depends on the temperature and the water
content. Since a water management has to ensure an adequate level of humidification, the
water content, in the model, could be assumed as constant or it could be connected in the
Simulink® panel to the block of the water management.

The concentration losses are due to the mass transport phenomena that occur at high current
density. Those are mainly driven by current density, chosen materials, geometry of the fuel
cell and temperature. These are mass-transport-related losses due to hindered transport of the
reactants to the catalyst site. Hence the design of the electrodes and the acting partial pressure
of the reactants in the CL are important effects. And also there is a strong dependency of the
current density. In fact, the concentration losses exponentially increase at high current
densities because an increased amount of water within the cathode increase the flow
resistance of the reactants in the partially flooded layers. The main effect is that more oxygen
molecules have to move through the same cross section [33].

Normally, the efficiency of a fuel cell (based on voltage calculations) can be defined as the
cell voltage divided by the open circuit voltage:

Ve
— Ve 2.10
v ocv (210)

14
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More in detail, the efficiency in the ideal case is obtained by dividing the maximum output

work by the enthalpy input:

_AG

= (2.11)

Mec

If the values used are respectively -237.2 kJ/mol and -285.8 kJ/mol for AG and AH, the result
is equal to 83% which represent the maximum thermodynamic efficiency under standard
conditions.

The equation (2.10) is obtained from the relationship between Gibbs free energy and enthalpy

in case of hydrogen, as indicated in (2.12):

I:)out — n-F 'Vcell — Vcell r n-F 'Vcell (212)
P n-AH OCV  m-LHV

n

NMee =

2.2 Proton Exchange Membrane Fuel Cell for automotive applications
The automotive applications can have benefits from Fuel Cells because the fossil fuels, that
are mostly used in this sector, in the next future will became scarce and, consequently,
expensive. Moreover, the legislation is introducing increasingly stringent limits to the
emissions of vehicles. In this context, zero emissions vehicles are seen as a promising
solution, especially in the long term, to replace traditional vehicles based on Internal
Combustion Engines (ICEs). So, FCs allow to have powertrain more efficient and
environmental friendly which can be applied for a wide range of applications [34].

Proton Exchange Membrane Fuel Cells (PEMFCs) are shown as the potential candidate for
automotive applications because they allows compact design and achieves a high energy to
weight ratio. The principal advantage of them is the ability to operate at moderate
temperatures in the range of 60+80°C with a quick start-up. The efficiency of PEMFCs is
above 50%, while an internal combustion engine (ICE) have an efficiency of around 30%
(gasoline) or 40% (Diesel) [35].

Moreover, PEMFCs enable low noise and vibration operation, even during rapid accelerations
and in some cases could be of 50% lower than the corresponding ICEs. In respect, PEMFCs

contribute the reach less environmental emissions emitting in the atmosphere only water
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vapor as exhaust. In Fig. 2.4 are shown the projected GHG pollutions for different types of

light duty vehicles in the coming years [36-38].
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Fig 2.4: Prediction of greenhouse gas pollution [36]
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The main issues in commercialization of the PEMFCs are high manufacturing costs and
complex water management systems. A further challenge are varying seasonal ambient
temperatures. During winter, the fuel cell stack is more susceptible to damage caused by
formation of ice within the stack. Heating of the stack before cold start-up is also usually
recommended by the manufacturers to prevent freeze damage. Moreover, at colder ambient
conditions, the cell takes more time to reach the operating temperatures and the stack
performs inefficiently during this period.

The thermal management is also critical for the stack life. In fact, lower temperatures obstruct
the performance of the fuel cell, while, on the other hand, excessive heat could cause damage
to the stack. The management of the stack requires control of operating temperatures through
a cooling system.

Moreover, the reactants require blowers and pumps that consume around 15% of the power
produced by the fuel cell. Another challenge is the cost of these fuel cells. At present, the
estimated service life of PEMFCs operating in a vehicle is in the range of 2000-4000 hours.
Reaching a goal of 5000 hours require advanced manufacturing techniques. So, more durable

stacks require increased production costs. There are plans to reduce this cost by 2020 as
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indicated in the paragraph 3.5. Currently, the fuel cells cost significantly higher than ICEs and
until mass-produced, they will not be competing with the engines used currently [39].
Importantly, Fuel Cell Vehicles (FCVs) have the advantage to only require storage for
the fuel. An indicator about one important parameter such as the travel distance for
vehicles with different energy storages and corresponding weight of the vehicles is
indicated in Fig. 2.5. It can be observed that in order to have larger driving range, the
mass of the vehicle with batteries increases substantially. In this context, FCVs can
afford to conquer longer distances and can be regarded similar to ICE-based cars.
Obviously, as indicated in the paragraph 2.2 the hybridization of the vehicle, in fuel
cell hybrid electric vehicles (FCHEVs) allow to have both advantages of purely
electric vehicles (EVs) and fuel cell vehicles (FCVs) [38].
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Fig 2.5: Trend of vehicle mass over autonomy for different energy storage systems [38]

Hydrogen is a high energy content fuel. Still, its low density presents many technical
challenges in on board storage design. One approach of avoiding such a problem is on board
reforming of hydrogen. Pure hydrogen is the preferable fuel of choice as other fuels can cause
decomposition and degradation of the membrane. Also, PEMFCs are very sensitive to carbon
monoxide and, in case of presence of not desiderated substances, it require additional

purification system which increase the costs [40].
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On board compressed hydrogen storage in cylinders seems to be a feasible storage option. At
the moment, the price of hydrogen is about twice to that of gasoline and there is also a need to
develop the hydrogen infrastructure for availability and supply of fuel to dispensing outlets.
Refuelling stations for hydrogen to support the increasing number of vehicles are very
expensive to build presently, but it is a technical solution under development in several
research programmes.

In comparison to FCVs, the charging unit for the plug-in hybrid electric vehicles (PHEVS) is
cheaper at the moment; however the charging times are very high compared to the refuelling
of hydrogen. Moreover, storage volume occupied by the batteries is many folds more than
required for the PEMFCs. The logarithmical curves of storage volumes for batteries place
limitations in terms of size of the vehicle. In comparison, the hydrogen tank pressurized at
700 bar takes the least of the volume (see Fig. 2.6), and is more appropriate for light duty

vehicles where size of the automobile is one of the main concerns [38].
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Fig 2.6: Trend of energy stored on board over autonomy for different energy storage
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2.3 Balance of Plant

The equipment of the Balance of Plant (BoP) include all necessaries components to allow FC
operations, such as humidifier, air blower, pumps, heat exchangers, cooling circuit, flow

valves and control unit. In fact, while pressurized hydrogen is provided to the anode, air is
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compressed, cooled and humidified before entering to the cathode side, as the following

figure show:
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Fig. 2.7: Balance of Plant of a FC stack [41]

BoP components are critical for correct functioning of the stack due they are able to regulate
three important aspects of the system: reactant supply, water management and heat
management [41].
The principle of functioning of a FC stack consist of providing electrical power in a wide
range of operating and environmental conditions. This principle of functioning is constrained
inside a specific limitations: in fact the performance depends on a number of operating
conditions such as current density, reactant stoichiometry, relative humidity, inlet pressures,
temperature, etc. Consequently, each of these conditions has a big influence on the
performance.
For instance, operating the FC stack below the minimum theoretical stoichiometry leads to
premature durability issues. Stoichiometry is the ratio of real flow rate to the flow rate
required to support the reaction. The minimum value of theoretical stoichiometry required is 1
for both hydrogen and oxidant. Although, the performances are not sensitive to stoichiometry
at low currents, it is a critical at high currents.
Transportations installations require the overcome of the following obstacles in the
development of BoP:

e Cost reduction: recently the introduction of new materials and production methods has

increased the reliability of FC systems and, at the same time, reduced the cost of BoP

plant per KW/FC system.
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e Performance: in terms of time response, noise levels, consumptions, weight and space
constraints.

e Reliability: for a prognostics and health management.

e Extreme environment conditions: low or high levels of temperature and humidity.

e Efficiency: start-stop procedure, dynamic variations, transient, degradation process.

e Packaging: for the allocation of all needed components on board vehicles.

The BoP components have the important role to assure the proper performances of the FC
through the optimization of the mass flow rates, water injection and removal and voltage
output control. Usually, the complexity of the BoP depend on the size of the FC: a larger FC
require a more complex BoP.

More of the components shown in Fig. 2.7 are used to distribute air and hydrogen into and out
the FC. The reactants must be modified during several processes before entering in the FC at
the required conditions. Thus, blower, compressors, pumps and humidifier must be used in
order to deliver the gases into the FC at the correct temperature, pressure, humidity and flow
rate.

2.3.1 Humidifier

Since reactants need to be humidified before entering into the stack, the humidifier humidify
the inlet air through the water produced by chemical reaction inside the fuel cell. The
humidity needs to be increased to avoid local dry out of the fuel cell membrane at the air inlet.
The water production through the catalytic hydrogen combustion in the fuel cell exceeds the
water demand for cathode humidification and therefore a closed water-balance can be easily
achieved. The humidification is performed through shell and tube or plate membrane
humidifiers or direct water injection.

A model will be described in chapter 4 in order to define the correct way for water
management in the humidification process and for the estimation of the water injection flow
rate.

Theoretically, it is crucial for performances and durability that the content of water must be
adequate within the membrane: in fact the proton conductivity depends directly on the water

content and a deficiency of water in the membrane cause the degradation reducing the
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durability. But too much water reduce the performance leading to a flooding of the electrodes
and blocking the pores in the diffusion media.

The water management is a challenge in a PEMFC because the ohmic heating at high currents
cause the drying out of the membrane. Although some FCs does not need humidification, it is
always necessary in the larger FCs where the air or the hydrogen or both of them must be

humidify before entering into the cell.

2.3.2 Air blower, compressor and pumps

Air blowers, compressors, recirculation pump and water pumps are BoP components which
are very important in order to guarantee the correct behavior of the whole FC system and in
order to reach high performance levels. All of these components need to be regulated by the
control unit.

Usually, the air is provided to the FC through a blower which is driving by an electrical
motor. The air blower needs to supply air to FC stack. For start-up a battery provide the
power to the blower, while a part of the power output of the FC will be used to keep the
blower running. This amount of energy must be taken into consideration in the overall energy
balance of the system.

As the air compressor requires substantial energy to provide the required airflow, efficiency
of the air compressor is of particular importance. Furthermore, the air compressor needs to
accelerate rapidly to ensure low response time for the fuel cell system. Theoretically, a greater
concentration of oxygen per volume and per time increases the efficiency of the FC. At high
pressure, a lower mass flow rate is required and less water for humidification is needed.
Pumps need in a FC system in order to move water at a certain pressure. It is important to
choose a correct pump in accordance to efficiency, reliability, corrosion-free and the ability to

work at certain values of temperature, pressure, mass flow rates.

2.3.3 Heat exchangers

Heat exchangers extract the heat produced within the FC stack and maintain the desired
operating temperature which is critical for performances and durability. In fact, the cathode
air requires conditioning before it enters the fuel cell stack. The temperature needs to be
adjusted as close as possible to the fuel cell stack temperature to avoid local cold spots at the
air inlet. The state-of-the-art strategy for cathode air pre-heating is through a heat-exchanger.
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The heat exchanger needs to efficiently dissipates the thermal energy generated by the fuel
cell stack. This is particularly important for automotive systems due to the high power stack
and limited volume available for the heat exchanger. Furthermore, the heat exchanger control
has to be tightly integrated with the anti-freeze start-stop system by allowing fine control of

the thermal energy in particular for sub-zero operating conditions.

2.3.4 Cooling circuit and anti-freezing system

The freeze-start and system storage at freezing conditions of PEM fuel cells continues to be a
challenge resulting in high technical system efforts, additional system components and
therefore additional system weight and cost. The freeze-start represents an unavoidable
degradation of the fuel cells, which can lead to a reduced service life, declining performance
and severe damage or even destruction of the fuel cell system by the formation of ice crystals.
Under normal operation the fuel cell system has two byproducts: water and heat. Under low
temperatures the excessive water can freeze thus permanently damaging the system and
stopping the reaction by blockage. For a successful introduction of fuel cells in many markets
or applications an applicable solution for the freeze start and the storage of the fuel cell at
freezing environmental conditions is necessary especially in the field of portable and mobile

applications.

2.3.5 Flow valves

A valve is placed between the hydrogen tank and inlet manifold of anode which enables,
disables and adjust the hydrogen supply. This regulatory valve change the value of the
hydrogen pressure from high values to the desired one. The amount of hydrogen regulated by
this valve equals the stoichiometric hydrogen required of the cell. Stoichiometric ratio is
defined as the amount of reactant supplied to the amount which is consumed in the reaction.
Flow and pressure of oxidant into the cathode is regulated by the blower. The amount of
stoichiometric oxygen for the fuel cell reaction is manipulated by a controller which regulates
the electrical power of the blower, and hence compression and air flow.

2.3.6 Control Unit
Fuel Cell Control Unit controls BOP(Balance of Plant) of the fuel cell system for electricity

generation, controls the vehicle in response to the driver’s intention, including acceleration
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and breaking, and distributes generated electricity or electricity of sub-power supply unit such
as high voltage battery.

A power control unit of a fuel cell hybrid vehicle includes a first switching unit, a second
switching unit, and a control unit. One terminal of the first switching unit is connected to a
fuel cell stack and to an anode of a DC/DC converter in parallel, and the other terminal is
connected to an inverter. One terminal of the second switching unit is connected to the
inverter and to a cathode of the DC/DC converter in parallel, and the other terminal is
connected to a cathode of the fuel cell stack. The control unit switches contact points of the
first and the second switching units to selectively supply a voltage from one of the fuel cell

stack and a battery to a motor.

2.3.7 Turbines

When the FC system produce, at the outlet side, a gas which is hot and pressurized, a turbine
can be used in order to use the amount of energy of the outlet gas. The turbine has the
opposite function of the compressor and all consideration expressed for compressors are also
valid for turbines but with different direction of the power flows: in fact, while a compressor
must be more efficient as possible in order to reduce its consumption of electricity, a turbine
must be more efficient as possible in order to recover more energy. By the way, due its
inefficiencies a turbine can recover only a portion of work available and this amount is not
possible to cover the required power by other BoP components.

For instance, an example of the functions covered by compressor and turbine is shown in fig.
2.8. In this a scheme a FC stack operating at its voltage, temperature and pressure levels is
combined with some BoP components. The air stoichiometry is defined as well as the
efficiencies of BoP components. A model for this configuration could be built up starting
from the model described in chapter 4. In fact, the model can be expand to more other
components which are not considered in this research. These new possibilities for calculations
and simulations could include the amount of power required by compressor, the temperature
change of air during compression, the need of humidification and if it is useful to use a

turbine or not.
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Fig. 2.8: Compressor and turbine in a FC system
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3. Hybrid Electric Vehicles

3.1 Hybrid Electric configurations

A Hybrid configuration for a vehicle is when the propulsion energy is available from at least
two different sources of energy allocated on board of vehicle. When at least one of these
sources of energy is electric and it is directly used for propulsion the configuration is called
Hybrid Electric.

In accordance with this general definition, obtained from CEN EN 13447, a Hybrid Vehicle
(HV) has a powertrain which create at least two path of energy flow between the wheels and
the energy storages. These flows are unidirectional and bidirectional depending on the
typology of energy storage (gaseous or liquid fuel used in energy converters, electrochemical
storage, ultra-capacitors, etc.). A Hybrid Electric Vehicle (HEV) is a HV where at least one of
energies used for propulsion is electric. Purely EV are considered the best solution as
alternative powertrain because they are emission free, quiet and efficient. The main problem
is the low energy content of batteries and long recharge time that causes a limitation of the
autonomy of vehicles. As a result, FCHEV is a valid combination of the benefits of EVs and
the traditional ones [42].

Regarding technical aspects, HEVs can be classified into different families according to the
topology of the system. In the case of use of Fuel Cell (FC), as the primary source of energy,
the “series” hybrid configuration must be adopted. In this configuration the sum of the power
from the primary converter and RESS is electrical and the power is transferred to the wheel
only by an Electric Machine (EM) [43] [44].

In this thesis the design of a “series” hybrid configuration will be developed. A “series”
hybrid configuration, shown in Fig. 3.1, consists of a primary converter and a rechargeable

energy storage system that provides electric power to an electric motor.
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Fig. 3.1: General scheme of a “Series” Hybrid Vehicle

The Electric Motor (EM) works as generator during braking in order to recover energy. The
FC system consists of an FC stack with all its auxiliary devices, needed to supply hydrogen to
the anode and air to the cathode, to humidify and to cool. An Electronic Power Converter
(EPC) is connected between the stack and electrical node to regulate the voltage level. The
primary converter is fully decoupled from the driven wheels and, consequently, it can be
operated at high efficiency work condition or other selected work conditions, selected
through the optimization of the logic of control [45].

The “Series” configuration meets three special conditions:

+ two energy sources on board,;

the source that generates energy from fuel is called Primary Converter (PC) and it is
characterized by an unidirectional energy flow;
- the secondary source is constituted by a Rechargeable Energy Storage System (RESS)
which delivers and stores energy with a bidirectional energy flow.
The power requested from Electric Drive (ED) and needed for propulsion can be provided,
within certain limits, by the combination of the primary and the secondary sources: this
arbitrariness can be exploited to obtain special objectives such as reducing consumption or
emissions. The techniques and the methodologies used to reach the specific objective of
dimensioning of the system are the main objective of this Research.
The Primary Converter (PC) transforms the primary energy fuel into the electrical power.
Obviously this type of conversion can be achieved through a FC system or alternatively in
many different ways. Its output power is delivered to a DC-bus, which consist into an
electrical node, where the combination of electric powers coming from the two different

sources is obtained.
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The Rechargeable Energy Storage System (RESS) typically consists of an electrochemical
battery pack. The Electric Drive takes electrical energy from the node and transforms it into
mechanical energy, available at wheels. Normally it is constituted by an Electronic Power
Conditioner (EPC) and a three-phase Electrical Machine (EM) operating as motor during
traction phases, and as generator during braking.

Series hybrid drive trains offer several advantages: for instance, since the Primary Converter
is fully decoupled from the driven wheels, it can be operated at high efficiency work
conditions which can be further improved by optimal design and control. Consequently,
simple control strategies may be used as a result of the mechanical decoupling provided by
the electrical transmission. Also, electric motors have a near-ideal torque-speed
characteristics, so they do not need multi-gear transmissions. Furthermore, instead of using
one single motor and a traditional differential gear, two motors can be used, each of them
powering a single wheel. The ultimate refinement would be the usage of four motors, thus
making the vehicle an all-wheel-drive without the expense and complexity of differentials and
drive shafts running through the frame.

On the other hand, the “series” hybrid electric configuration presents some disadvantages: for
instance, the various subsystems add further weight and cost and the traction motor must be

sized to meet maximum requirements since it is the only system propelling the vehicle.

3.1.1 Two-wheeled and four-wheeled vehicles considered in this research

In this Research, the modeling will be set and carried out for a wide range of vehicles that
comprises the two-wheeled and the four-wheeled ones. Regarding the impact of these
different type of vehicles, it must be noticed how they are diffused worldwide. A two-wheeled
vehicle, also called motorcycle, is one of the most important transportation modes whose
design varies greatly to suit a range of different journeys: urban, long distance, commuting,
off-road and sport. Although the number of four-wheeled vehicles is higher, two-wheeled
vehicles are also one of the most affordable forms of motorised transport. In fact, in the non-
car-centric cultures of India, China and Southeast Asia, where more than half of the people in
the world live, two-wheeled vehicles outnumber four-wheeled ones. Statistically, as indicated
in Fig. 2.2, about 200 million motorcycles are in use worldwide or about 33 motorcycles per
1000 people. By comparison, there are about 1 billion cars in the world or about 141 per 1000
people, with about one third in service in Japan and the United States. In the developed world,
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motorcycles are frequently owned in addition to a car and, thus, used primarily for recreation
or when traffic density means a motorcycle confers travel time or parking advantages as a
mode of transport [46] [47].

/ Motorcycles I ® Cars
{ (33 per 1000 people) ' (141 per 1000 people)

Fig. 3.2: Number of two-wheeled and four-wheeled vehicles per 1000 people [46]

Some studies about the use of FCs in two-wheeled vehicles began to appear in the scientific
literature at the beginning of the twenty-first century [48].

In fact, researchers and engineers created prototypes of scooters equipped with FCs taking the
Asian market into consideration, in which there are more than 18 million scooters sold every
year [49].

Since scooters are so popular and are usually equipped with a two-stroke internal combustion
engine, they cause serious environmental air pollution and a big effort was encouraged by
governments to make vehicles more environmentally friendly [50].

In the early studies of FC scooter the PEMFCs emerged as the best FC technology to produce
the primary energy on board. In subsequent studies, in which prototypes were produced, the
use of PEMFCs was confirmed and the FCs were connected with batteries in hybrid systems.
For instance, prototypes of the FC scooter were presented in the 2004 by Hwang, in 2007 by
PHB-Hydrogen bike and by the Fuel Cell Institute of University of Esslingen, in 2010 by
SiGNa Chemistry, in 2011 by Suzuki and in 2012 by Asia Pacific Fuel Cell Technologies [51-
56].

3.2  Fuel Cell Hybrid Electric Vehicles

3.2.1 Layout

The primary converter is a PEMFC, while the RESS is a Lithium-lon battery which is chosen
for its good performance characteristics in terms of power density (W/kg) and energy density
(Wh/kg). In HEVs, the size of the RESS is defined in order to provide sufficient energy
storage capacity (Wh) and adequate peak power ability (W). The size requirement of RESS

varies significantly according to the characteristics of different power-trains such as pure
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Electric Vehicles (EVs), Hybrid Electric Vehicles (HEVs) and Plug-in Hybrid Electric
Vehicles (PHEVs). The EM, although it is the only component propelling the vehicle with a
size able to meet the maximum power requirement, has a near-ideal torque-speed
characteristic which means a multi-gear transmission need not be adopted. Importantly, the
EM works as a generator during braking in order to recover energy. In the electrical node the

combination of electric powers coming from the two different source is obtained [57].
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Fig. 3.3: Scheme of “series” hybrid configuration with FC for a vehicle

A “Series” Hybrid Electric powertrain, shown in Fig. 2.3, contains a primary source of
energy, such as an FC, an RESS, such as a Lithium-lon battery, and an Electrical Motor
(EM). Since the required power for propulsion (Pep) and auxiliaries (Paux) can be provided
from both RESS and FC, a Power Management Unit (PMU) is needed for the purposes of
handling and optimizing the power flows control strategy [58].

The presence of a storage system allows dimensioning of the primary energy source regarding
the average required power because the remaining power can be provided by the RESS. Thus,
an important parameter in FCHEVs is the Hybridization Degree (HD) which is defined by the
ratio between the installed maximum power source of FC and the nominal power of the EM,

as indicated in the following equation [59] :

HD:Ei (3.1)
ED

In terms of HEV classification, the full spectrum of series HEV, see Fig. 3.4, starts from pure-
electric vehicles (EV) to full-power fuel cell vehicles (FCEV). FCHEVSs, hybrid vehicles in
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which the primary generator is a fuel cell, can certainly be classified according to the

aforementioned HEV classification [60].

EV

X

FCHEV

-Exa

FCEV

Fig. 3.4: Hybrid classification overview considering the Hybridization Degree (HD)
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Generally, the maximum power of the EM is higher than the nominal power because the
maximum power can be provided for a limited time while the nominal power can be provided
continuously. According to equation 3.1, vehicles with a high degree of hybridization mainly
use the storage unit for recovering energy and helping the power management strategy. In
comparison, vehicles with a low degree of hybridization present a dimension of the primary
source sufficient to generate the average value of the requested power left in the battery to
deliver the needed power for high requests. The degree of hybridization is equal to 0 % in the
case of EV and to 100 % in the case of Fuel Cell Electric Vehicles (FCEV), while the value
can change according to ideas of the vehicle designer in the case of hybrid architecture.

The differences in duty cycles of urban buses, generally repeated and therefore easily
foreseeable, and cars, unpredictable mixed urban and extra urban cycles, make very difficult
to define a general optimal hybridization degree. As a result of the high power primary energy
source vehicles with high hybridization degree mainly uses the storage unit for braking
energy recovery and management of acceleration quick transients. Indeed, these vehicles have
a small storage capacity compared with vehicles with lower hybridization degree. The power
fluxes within the FCHEV drive system are concept considering a vehicle mission of time
length ty, during which the Electric Drive require a certain power (Pep) expressed as function
of the time. So, the average value of requested power, which must be delivered by the primary

converter, is equal to:

30



3. Hybrid Electric Vehicles
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What are the advantages of HEVs versus conventional vehicles? Because of the secondary
power source, generally a battery pack, HEVs can reduce the transients in the primary
converter, thus attaining fuel economy or emission reductions. Also, the primary converter
can work at point of maximum efficiency during the cycles, thus its size can be reduced. Last,
in a HEV the braking energy can be recovered.
Summarizing, in a hybrid electric vehicle the storage system must be able to [61]:
e recover the braking energy;
o level the peak power required enabling the generator to deliver a constant power
which could be set on the average required power;
e deliver continuously the additional power required to compensate the maximum
request by ED.
e to store enough energy to avoid the complete discharge in the most challenging
driving cycles.
An FC system consists of an FC stack with all its auxiliary devices, needed to store and
supply hydrogen to the anode and to supply, compress and humidify air to the cathode.

Moreover, it comprises a cooling circuit, as shown in Fig. 3.5 [62].
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Fig. 3.5: General arrangement of a powertrain for FCHEV.
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The System of a FCHV is separated into four different system levels like one can see in Fig.
3.6. These levels are the Air System, Hydrogen System, Thermal System and Electrical
System.
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Fig. 3.6: Topology of PEMFC system for FCHEVs.

In the Air System the oxygen is provided at the cathode. As a first step the air, at ambient
conditions, is separated from undesirable particles in the filter and then it is compressed by a
compressor. Then, a heat exchanger is used to cool down the air because of the increase of
temperature during the compression. This help to prevent thermal damage to the humidifier
and to the membrane. Usually, an external humidification is needed and therefore a
humidifier is placed before the cathode, which uses the wet air at the outlet of the cathode for
the humidification of the inlet. At the end of the Air System there is a throttle for enabling the
compressor to build up the desired operating pressure.

In the Hydrogen System the hydrogen is supplied at the anode. For the pressurization of the
hydrogen gas no compressor is needed because it is stored at high pressure levels. So, the
pressure needs to be reduced till the desired pressure by a control valve. The hydrogen is
circulated by a jet-pump or a recirculation blower in order to avoid hydrogen losses. In some
cases, a humidification is also needed using the wet gas of the outlet.
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In the Thermal System all transformations needed to ensure that the operating temperature
remain at values less than 95 °C a needed are done. Moreover, in it the generated thermal
energy of the system is released to the surrounding. Basically, a coolant is circulated inside
the system by a coolant pump. The radiator is a crucial component which rejects the heat to
the ambient air. Compared with Internal Combustion Engines (ICEs) cars the cooling of fuel
cell systems is more challenging because the difference between operating and ambient
temperatures is lower.

In the Electrical System the electricity is controlled, converted and distributed within the
powertrain. Firstly, the generated electricity in the FC is converted to two different voltages
because for the traction grid a high voltage is needed, while for the onboard supply system
only a voltage of 12 V is required. Afterwards, the electricity is supplied to the electrical

motor and the auxiliary units [63].

3.2.2 Rechargeable Energy Storage System (RESS)
Recently, lithium batteries have been introduced in hybrid electric vehicles due their
characteristics of energy density, power density, no memory, low losses and slow discharge
when not used. Usually, Lithium-lon and Lithium-Polymer are taken into consideration.
In a Lithium-lon battery ions move from negative electrode to the positive electrode during
discharge and back when charging through the electrolyte and separator diaphragm.
Rechargeable Energy Storage systems (RESSs) are devices which store energy in various
forms such as electrochemical, Kinetic, pressure, potential, electromagnetic, chemical, and
thermal. The main characteristics required for automotive applications are:

e the amount of energy in terms of specific energy and energy density;

e the electrical power;

e the volume;

e the mass;

o reliability;

e durability;

o safety;

e (COSt;

e recyclability and environmental impact.
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Thus, the following characteristics should be considered for a correct selection of a RESS:

e specific power,
e storage capacity;
e specific energy;
e response time;

o efficiency;

o self discharge rate and charging cycles;

e sensitivity to heat;

e charge-discharge rate life time;

e environmental effects;

¢ initial and operating cost;

e maintenance.

For purely Electric Vehicles (EVs), batteries with an amount of stored energy in the range of

5+30 kWh for cars and up to 100 kWh for buses are required. Some characteristics for

different type of RESS are shown in Fig. 3.7.
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Fig. 3.7: Characteristics of various type of battery
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Theoretically, a battery is an electrochemical cell that transforms chemical energy into
electrical energy. It is made of an anode and a cathode which are separated by an electrolyte.
Electrons are generated at the anode and flow towards the cathode through the external circuit
while, at the same time, protons flow throughout the electrolyte.

Generally, the two most prominent types of battery used in EVs are Nickel Metal Hydride
(NiMH) and Lithium-lon (Li-ion). NiMH batteries are in most cases used as secondary energy
sources in hybrid electric vehicles, such as in Toyota Prius, where they are used in
conjunction with an Internal Combustion Engine (ICE), while Lithium-lon batteries are used
as primary energy sources in EVs, such as in the Nissan Leaf. The Nissan Leaf is a purely
Electric Vehicle powered by 12 x 4 cells (48 modules) providing a capacity of 24 kwh and
taking up to 8 hours to fully charge from a standard domestic outlet from zero State-of-
Charge (SoC), or 30 minutes from a 3-phase AC socket. The cost of the vehicle is around
35,000 $.

NiMH batteries are used in over 95% of all HEVs due their presence on the Toyota Prius.
Their major advantages are safety, environmental acceptability, low maintenance, high power
and energy densities, cost. Moreover, NiMH batteries are preferred in industrial and consumer
applications due to the design flexibility in a range between 30 mAh and 250 Ah.

NiMH batteries are currently priced at 250 $ to 1,500 $ per kWh, hence the total price of the
battery pack for a Toyota Prius varies between 600 $ and 3,000 $ per vehicle.

The structure of NiMH batteries, shown in Fig. 3.8, include an anode of hydrogen absorbing
alloys (MH), a cathode of nickel hydroxide (Ni(OH);) and a potassium hydroxide (KOH)
electrolyte [64].
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Fig. 3.8: Schematic view of the structure of a NIMH battery [64]

Lithium-ion batteries are light, compact and operate with a cell voltage of 4V with a specific
energy in the range of 100+180 Wh/kg. The anode is made of graphite and the cathode is
made of Lithium Metal Oxide. The electrolyte is typically a lithium salt. A scheme of the
operational principles, which the overall reaction is reported below, is shown in Fig. 3.9.

XLi* +xe” +LiCoO, — Li,0+CoO (3.3)
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Fig. 3.9: Operational principles of a Lithium-ion battery [64]
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Although a Lithium-ion battery store more energy than a NiMH battery, it have major issues
such as costs (1,000 $ per kWh), wide operational temperature ranges, materials availability
(Lihium), environmental impact and safety. It is observed that Lithium-lon batteries suffer
from electrolyte decomposition leading to the formation of oxide films on the anode and
severe oxidative processes at the cathode due to overcharging.

A comparison between different types of batteries in terms of energy density ids reported
below.
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Fig. 3.10: Comparison between different types of battery [64]

Historically, Lithium-ion operational principles and chemical structure has not progressed
much since their introduction to the market in the early 1990s by Sony and Asahi Kasei
following the pioneering work from Whittingham, Tarascon, Armand and Scrosati. By the
way, technical developments are urgently required, especially for performing and durable
material chemistries for both the electrodes and the electrolytes. The objective is to find
materials with high performance and durability. Currently worldwide efforts of researcher
focus on the replacement of graphite and LiCoO, with alternative high capacity and low cost
materials and on the replacement of ethylene carbonate-dimethyl carbonate with other
electrolytes which do not suffer from decomposition under oxidative regimes.

The supply of Li-ion batteries now exceed the demand, but the market is growing from 1.5 $
billion in 2011 to more than 9 $ billion in 2015. The previsions say that the market for

Lithium-lon batteries in the automotive sector will reach over 50 $ billion by 2020.
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Scarcity of lithium was once thought of as a looming concern for the electrification of vehicle
fleets. However, it should be noted that only around 1% of a lithium-ion battery is made by
Lithium by weight, implying around 0.08 kg of Lithium per kWh of storage capacity. That
means approximately 1+2 kg per EV. At present, Lithium is not recycled due to excessive
cost and energy requirements; however, if future supply shortages lead to increasing material

prices, the recycling of these batteries will become standard [64].

3.3 State of the art of alternative transportation systems including
FCHEVs

It is expected that alternative fuels will play an always more prominent role in the next
decades with the objective of gradually substituting fossil fuels. However, there is currently a
need of attractiveness of fuel alternatives for consumers. Such as, alternative fuel vehicles
only represented 3.4% of the European car fleet in 2012 and the use of alternative fuels in
heavy duty vehicles and maritime and aviation modes is negligible.

In Europe, the transportation sector is responsible for 32% of final energy consumption (352
Mtep) in 2012, as indicated in Fig. 3.11.

Agriculture
2.3%

Industry
25.6%

Households
and services,
etc.
40.3%

Transport
31.8%

Fig. 3.11: European energy consumptions for sectors [65]

In the transportation energy demand the road transport is the largest energy consumer with a
72.3% of the total. Aviation is the second largest consumer with a 12.4%, followed by
international maritime transport with a 11.5%. Rail transport accounts for 1.8% (60% of

which is used for electric traction), and finally inland navigation consumes only 1.1%.
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Biofuels Electricity Maritime Rail
11.5% 1.8%

20.7% Inland
navigation
1.1%

Aviation
12.4%

Kerosene
12.3%

Road
72.3%

Diesel
49.8%

Fig. 3.12: Energy demand in transportation for European market [65]

Moreover, in 2012, European transport depended on oil products for about 94% of its energy
needs. Europe imports around 86% of its crude oil and oil products from abroad, with a bill
up to 1 € billion per day.
The dependence of transportations on oil and fossil fuels must be reduced and, also, the
energy sources must be diversified. As seen in the above figures, almost all energy consumed
in air and waterborne transportations is petroleum-based in 2012. The percentage of road
transportations is of 94% petroleum-based, while the percentage of rail transportations is of
40% petroleum-based. However, in the medium and long term, most fuels should be
renewable in order to reduce the GHG emissions.
The different elements for description of fuels are:

o overall specifications;

e availability and potential production capacity;

e GHG and other emissions;

e energy consumption;

e maturity of fuel production;

e  COSts;

e maturity of vehicle/vessels and infrastructure technology;

e market size;

e supply infrastructure;

e market aspects.

The electricity and the hydrogen are two main carrier of energy that are studied in this
Research. Their main characteristics including the state-of-art are described as follow.
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Electricity is an energy carrier that can be converted from a wide variety of primary energy
sources. A certain quantity of electricity can be produced from renewable energy sources,
offering a nearly zero emission pathway, although this is not always the case, such as when a
combination of renewable and non-renewable sources are used.

At present, electricity for transportation sector is mainly used in the railways with a
percentage of 76% on the final energy use in transportations. In fact, 54% of the railway lines
are electrified in Europe. The growing trend in the use of electricity in transportations imply a
positive impacts on local air pollution. Importantly, the production of pollutants may be in
other areas than those of usage. For instance, if the EVs are used in towns, their electricity
supplier are based in the countryside. For this reason, the electrification of public transport in
urban areas is expanding rapidly in order to reduce local air pollution and noise levels in
urban areas. The full electrification of heavy-duty vehicles and buses through batteries cannot
happen in the short term, but a partial electrification by the use of plug-in and hybrid
technologies represent the current strategy and it is giving good results in terms of reduction
of noise and pollution.

The electricity generation mix in Europe is changing significantly: it now includes an
increased share of decentralized and variable renewable energy sources. More than 27% of
the capacity installed in 2013 came from renewable sources, such as hydroelectric, wind and
solar. Significant energy storage will be needed to accommodate growing shares of renewable
energy sources that, due to their variability, could present challenges to balancing supply and
demand on the grid. In this context, EVs could be a solution as part of a smart grid. EVs have
zero-tailpipe emissions and they can also give a contribution to reduction of GHG emissions
in case of power stations based on renewable sources of energy.

FCHEVs and hydrogen provide, also, an alternative proposal for transportations. Similar to
electricity, hydrogen is an energy carrier that can be produced from a wide variety of primary
energy sources. Currently, hydrogen is predominantly produced by steam reforming of
methane using a chemical transformation, but hydrogen can also be produced from renewable
or nuclear energy using electrolysis. Moreover, hydrogen can also produced by bio-methane
reforming or by organic feedstock.

The technology for hydrogen production is mature and efforts are directed to have a more
cheaper production. Also some efforts are requested for a necessary hydrogen refuelling

station infrastructure.
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The raise of irregular renewable energy sources, especially solar and wind energy, is causing
challenges in the management of energy infrastructures. So, the use of energy storage systems
is needed in order to have a grid stability. Hydrogen is considered as one of most prominent
solutions for large scale and long-term energy storage. The technical development which must
to be overcome in order to have a mature technology are in a always more advanced phase.
One of the key solutions is by conversion of electricity to hydrogen, which is already possible
through electrolysis.

Europe, U.S.A. and Japan are considered as technology leaders in Fuel Cell and Hydrogen
applications. One of the qualities of hydrogen is that it can be produced from virtually any
primary energy source. Productions systems could differ each other in terms of cost,
environmental performance, efficiency and technological maturity. Importantly, for the use of
hydrogen in fuel cells the hydrogen has to be purified to a high level, involving removal of
impurities that could impact fuel cell performance. Hydrogen is stored in tanks under very
high pressure up to 700 bars.

While hydrogen has very high energy content per kilogram and it is very light in weight, even
when highly compressed or liquefied. Therefore, it does not have high energy content per liter
or space required to store it.

Due to current limits in battery capacity and driving range which is, currently, in the range of
100+200 km for a small or medium car, EVs are considered as the most suitable powertrain
for smaller cars and shorter trips, such as urban and suburban driving cycles. Some studies of
driving cycles show how the most travel have an average daily distance of 50 km, which
match with the driving range of EVs. Considering the long time in which the cars are not in
motion, the driving range can be increased if customers charge EVs regularly while the EVs
are parked at the office or at home. Occasional longer driving range is also important to reach
a wide market and a fast charging of battery, which need to be further developed, could help
this purpose. The Tesla Model S in 2012 with a range of over 400 km has taken the market by
surprise and has encouraged the development of long range EVs in large and luxury car
segments.

The improvement of the driving range of EVs up to 400+500 km is a key factor for the
success of this technology in the upcoming years. By the way, the development of low cost
electric vehicles with a short driving range remain the big challenge for the introduction of
EVs in the large market. The EVs for these purposes include also the two-wheeled vehicles.
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The reasons are the mobility issues in big and crowded cities. The increase trend of electric
motors in road transport for cars and buses is reaching a market maturity, but the full
electrification of vehicles do not seem a realistic option in the near future. However, these
technologies should be considered in a long term perspective.

EVs and PHEVs holds great promise for passenger cars and light vehicles, while the point of
view for buses and heavy-duty vehicles is different. The recent developments in EVs and
battery technologies show that the capacity and the range of new vehicles become longer.
Currently, there are EVs, such as Tesla S, with ranges above 400 km, while other
manufacturers are looking for similar long range EVs. For instance, Audi R8 e-tron in 2016
with a 450 km range, Audi Q6 SUV, Porsche 717 with a 500km range in 2019, Landrover,
and Jaguar F-Pace SUV, 500 km range. Other manufacturers are expected to follow.

In the recent past there was a rapid increase in the number of new EVs and PHEVS, as well as
in recharging infrastructure, although sales are still limited if compared to the total vehicle

sales as indicated in Fig. 3.13. Therefore, expectations are high for the future.

+53%

+70%

W
1 N
)

+150%

+729%

Fig. 3.13: EVs sales in recent past [65]

The market sales of EVs in some countries are indicated in following figure.
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Fig. 3.14: EVs sales in some countries [65]

In 2014 almost 90000 electric cars were sold in Europe of which 55000 were purely EVs
equipped with only a battery and an electric motor. As shown in previous figure, the
percentage of the market penetration of EVs, including also PHEVs, where below 1% in most
countries, except for Norway and Netherlands. While the high rate in Norway comes from
purely EVs sales, the high rate in the Netherlands comes from PHEVSs sales.

In essence, a FC is very similar to a battery because it generates electricity from an
electrochemical reaction without combustion. However, a battery can store a limited amount
of energy and once depleted it must be recharged using an external supply. A FC is supplied
with hydrogen fuel which once depleted must be refueled allowing a significantly longer
distance in comparison with a battery. Summarizing, a FC is similar to an ICE coupled with
an alternator although a FC do not use a combustion, but oxidizes hydrogen electrochemically
with water vapor as the only exhaust product. Moreover, FCHEVs are intrinsically more
efficient than ICE-based cars with TTW (tank to wheel) efficiency over than 40%
considering the state-of-art of 2015. A FC is also similar to an ICE-based vehicle because it
can be refueled in some minutes for a driving range of more than 600 km. Also, the power
and the driving range of the car can be set independently since the first depends on the size of
the FC and the electric motor, while the driving range depends on the size of the tank. An
hybrid architecture combines a fuel cell (from 0 to 100%) and a battery (from 100% to 0 %)
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with a different levels of hybridization degree. Particularly, the “range extender” approach
allows to add a FC in an existing EV, with a certain value of hydrogen stored.

FCs also have can be used as on-board auxiliary power units (APUs) for road and non-road
applications such as in shipping or aviation.

Historically, the first FCHEV passengers vehicle was developed in 1997. Since then,
significant technological advancements have been achieved. The FC technology has been
introduced in public transport and in light duty two-wheeled and four-wheeled vehicles. Car
manufacturers introduced small demonstration prototypes and fleets in the period between
2000 and 2008. In 2009, all of the main manufacturers, such as Daimler, Ford, General
Motors, Fiat, Honda, Hyundai-Kia, BMW, Renault-Nissan and Toyota, addressed the
transportation sector requesting a hydrogen infrastructure and concentrating their efforts in
the development of the technology with the intent to commercialize a significant number of
FCHEVs. When the technology appeared mature, safe and ready for applications in road
transport, the commercialization process has begun within some specific market segments.
Currently, there are already more than 500 FCHEVSs operating in Europe, mainly in Germany,
Scandinavia, UK, Netherlands and France, while fleets of FC buses for public transport has
already started in London, Hamburg, Cologne, Milan, Oslo and other cities.

FCEHVs have been applied in a wide range of demonstration projects throughout the world.
The technological barriers identified as critical for the success of FCs in vehicles have mostly
been resolved. These includes start-up and operation in temperatures down to -30°C, driving
range up to 400 km, refuelling times less than 3+5 minutes for passenger cars and less than
10+15 minutes for buses, reliability of 95% and performance as well as ICE-based vehicles.
However, to become fully commercially possible, the costs of FCHEVs still need to be
reduced and lifetimes increased. Regarding to the lifetime, it has been increased from a few
hundred operating hours to several thousand operating hours, but more improvement are
expected in term of durability and lifetime.

Owing to significant improvements in technology which consist primarily in a cost reduction
and in a lifetime increase, some car manufacturers have already announced the market
introduction of FCHEVs for 2015 and for the following years. In particular, Toyota has
started to sell the Mirai model in Japan in December 2014 at a cost of 57400 $. Some such
vehicles are expected to be sold in Europe in 2015 while Hyundai is already offering its iX35
for either lease or sale in the UK and Scandinavia since late 2014.
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The current cost of the vehicles depend on the country and model and could oscillate between
55000 and 80000 €. The sales of the Toyota Mirai, word that in Japanese means "future”,
began on 15 December 2014. The Japanese government plans to support its
commercialization with a subsidy of 19600 $. Sales are starting in the US with a price of
57500 $ without government incentives. Sales in Europe are scheduled to start soon, but only
in UK, Germany and Denmark in a first stage. Daimler is expected to propose a model in
2017, but the price is not yet estimated. Hyundai has put it FC-based iX35 model on the
Dutch, Norwegian and Danish market at a price of 66000 €.

A resume table of major global manufacturers, which are including the FCHEVSs as part of
their product portfolio, are listed in the Fig. 3.15 [65].

Producer & Vehicle Key specifications Availability - cost
Daimler Mercedes Benz B-Class | About 200 Mercedes Benz
- B-Class F-CELL F-CELL B-Class F-CELLs are operated in
First released 2009/2010 Vehicles 100 kW Peak Output customer hand in Germany, Norway
currently running in Germany, 70 kW Continuous and California.
Norway, California Qutput The vehicles are leased to the

1,4 kWh Lithium-ion customer on a monthly leasing rate.

battery

380 km range (NEDC)
3.7 kg H2 storage

Honda The FCX Clarity has been on

- FCX Clarity (selective) lease to private drivers in
- FCX Concept launched in California since 2009

December 2014 and due to go into

production in November 2015 First sales to be made in Japan in

March 2016 followed by sales in
California and Europe (UK, Germany,
Scandinavia)

Hyundai: Small suv USA - California: lease only at

= ix35 Europe 100kW fuel cell & 60AH | $499/month plus taxes for 36 months,

= Tucson USA battery inclusive of fuel and maintenance

Production: up to 5,000 pa 365mile (584km) range

First released 2013. Vehicles 5.6kg H2 storage Europe - UK purchase at £53,105

currently running in Europe inclusive of UK specific purchase

(Germany, Belgium, Denmark, support for ULEVs. Lease option also

Norway, UK), South Korea and available

California

Toyota Executive 4 door saloon | USA - California: Purchase cost at

- Mirai car (similar to Lexus $58,325 plus taxes or lease at $499

Production: 3,000 pa GS300 size and spec.) per month with $3,649 initial deposit.

First released 2014. Vehicles being 114kW fuel cell &

deployed in Japan, Europe (UK, 16.5AH battery Europe - based on 66,000 Euro plus

Germany, Denmark) and California 300mile (483km) range | local taxes. Equivalent to £63,104 in
5kg H2 storage the UK, before purchase support

(£5,000) under the ULEV scheme.
Japan - sales began on 15 December
2014 at a price of ¥6.7 million

(~US$57,400) before a subsidy of ¥2
million (~US$$19,600).[

Fig. 3.15: Product portfolio of FCHEVs for major manufacturers [65]
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Since the electric propulsion is involved in different ways in road vehicle, such as in purely
electric vehicles (EVs), hybrid electric vehicles (HEVs) and Fuel Cell Hybrid Electric
Vehicles (FCHEVs), there are different stages of development of technology, as indicated in
Fig. 3.16 [66].

Types of EV PEV HEV FCEV

(i) Battery/ultracapacitor
(ii) Internal combustion engines
(i) Electric motor drives

Energy source (i) Battery (i) Fuel cells

Propulsion technique (i) Electric motor drives . i ) . . (i) Electric motor drives
(ii) Internal combustion engines
(i) Zero emission (i) Low emission (i) Zero emission
Characteristics and feature (ii) Short driving range (ii) Longer range (ii) Highest initial costs
(iii) Higher initial costs (iii) Complex (iii) Medium driving range
(i) Electric motor control
(i) Electric motor control (ii) Battery management (i) Fuel processor
Major techniques (ii) Battery management (iii) Managing multiple energy sources (ii) Fueling system
(iii) Charging device and optimal system efficiency (iii) Fuel cell cost
(iv) Components sizing
Regenerative braking (i) Yes (i) Yes (i) Yes

Fig. 3.16: Major characteristics of different type of electrification in vehicles [66]

Generally, an additional equipment is required to convert petrol into motion in a traditional
ICE-based vehicle: engine, radiator, transmission system, fuel delivery lines, lubrications
components, exhaust, catalytic converter, etc. In contrast, the source of energy (batteries) in
purely electric comprises the majority of the powertrain part, because motor, wiring and
transmission are relatively small. FCHEVs is between these two extremes due to the weight
and volume of FC stack and its Balance of Plant and due to the high pressure storage tank.

Fig. 3.17 demonstrates the impact that system weight and conversion efficiency have on the
specific energy of petrol, hydrogen and Lithium-lon batteries, using data from four modern
vehicles. In all cases, the effective specific energy is substantially reduced from the values

that get typically reported.
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Conventional Hybrid Hydrogen Battery
Volkswagen Toyota Honda FCX  Nissan

Reference vehicle

Golf VI Prius III Clarity Leaf
Fuel weight (kg) 40.8 333 41 171°
Storage capacity (kWh) 500 409 137 24
Specific energy 5 2ed 4 33.32 40*

(Wh primary / kg fuel) 12.264 12.264 33,320 140
Storage system weight (kg) 48 40 93 300°
Specific energy y ,

(Wh primary / kg of storage) 10,408 10261 1,469 80
Net power (kW) 90 100 100 80
Power plant and auxiliary weight (kg) 233 253 222 100
Specific energy 5 2 N

(Wh primary / kg total equipment) 1782 1,398 315 6o
Average conversion efficiency 21% 35% 60% 92%
Effective storage capacity (kWh 105.0 1431 820 01
useable)

Specific energy 374 489 260 55

(Wh useable / kg total equipment)

Fig 3.17: Comparison of petrol, hydrogen, electrical storage systems in four vehicles [66]

An accurate assessment of future propulsion systems requires a complete vehicle cycle
analysis, commonly called a well-to-wheels (WTW) analysis. In the WTW analysis there is
the energy uses and emissions associated with fuel production, called well-to-tank (WTT),
and the energy use and emissions associated with vehicle operation, called tank-to-wheels
(TTW).

A WTW pathway traces from the original energy source through conversion, distribution and
storage, to the wheels of the car. In Fig. 3.18 are reported the typical WTT and WTW
efficiencies for conventional and electric vehicles [64].

Vehicle Well to B Well to
Type Tank Tank to Wheel Wheel

. 32%- Charger Battery Inverter Motor Mechanical N 21.3%-

BEV 100% 90% 92% 96% 91% 92% 66.5% 66.5%

. 75%- Fuel Cell Inverter Motor Mechanical N 31.2%-

H FCEV. 1009 51.8% 96% 91% 92% 6% ) 6%
Hybrid 82.2% 30.2% 24.8%
Diesel 88.6% 17.8% 15.8%
Petrol 82.2% 15.1% 12.4%

Fig. 3.18: Tipical WTT and TTW for vehicles [64]
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California is the state leader in U.S. as FC development. In fact, in California there are most
of FC applications for stationary and transportations sectors. Especially, the state has
prioritized the development of a network of hydrogen fueling stations to support the roll out
of commercialized fuel cell electric vehicles, which started in 2014 with the delivery of the
first Hyundai Fuel Cell vehicles to lease customers.

California is also a national and international leader in the control of air pollution and
greenhouse gas (GHG) emissions from mobile and stationary sources. The California Air
Resources Board (ARB), founded in 1967, is tasked with protecting the public from exposure
to toxic air contaminants and GHGs. The agency is a key player in providing leadership in
implementing and enforcing air pollution control rules and regulations with the expected

scenario for transportations indicated in the figures 3.19 and 3.20. [67]
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Fig. 3.19: Scenario for light-duty vehicles in California [67]
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* ZEVs or Zero Emission Vehicles, include ultra-low emitting Plug-in Electric
Hybrid Vehicles (PHEVSs) along with non-poliuting fully electric cars and fuel
call vehicles

Fig. 3.20: Scenario of ZEV (Zero Emission Vehicles) in California [67]
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Historically, since the invention in 1838, FCs had been used in various applications such as in
spacecraft, submarine, road vehicles and stationary power plants. The first FC that powered a
vehicle was produced by General Motors (GM) in 1966, called GMC Electrovan. It was the
result of two year development effort lead by Dr. Craig Marks and utilized 32 fuel cell
modules with a continuous output of 32 kW and a peak power of 160 kW. The Electrovan
achieved a top speed of 70 MPH and had a range of 120 miles. However, the whole fuel cell
system turned the 6-seat van into a 2-seater due to the large hydrogen and oxygen tanks along
with the piping. After test driving in the GM facility and being shown off to journalists, the
project was discontinued due to the prohibitive cost and lack of hydrogen infrastructure at that
time.

Almost thirty years later, the fuel cell technology was revisited by automakers. Daimler-Benz
introduced the NECAR 1 (New Electric Car) to the public in 1994. The 50 kW PEMFC was
manufactured by Ballard which has become one of the leading PEM fuel cell manufacturers.
The NECAR 1 utilized a compressed hydrogen tank that stored the gas at 300 bar and
achieved a top speed of 56 MPH and range of 81 miles. The fuel cell and the storage system,
like the GM Electrovan, also took up the entire cargo space and left only two-seat space in the
van. NECAR 2, introduced two years later was featured a fuel cell system one third of the
weight of its predecessor.

During 1996 to 1999, several major automakers such as Toyota, GM, Mazda, Ford, Honda,
Nissan, and Volkswagen also brought fuel cell vehicles projects to fruition. They employed
fuel cells ranging in power from 10 to 75 kW and demonstrated vehicle ranges of up to 310
miles. Many of these auto companies had set goals to commercialize fuel cell vehicles in first
decade of twenty-one century, but none of these goals were realized.

In 2002, Toyota launched its first FCHEVs (called FCHV) in US and Japan. Its powertrain
comprised a 90 kW FC and a nickel-metal hybrid battery. At low speed the FCHV runs on
battery alone. The fuel cell and battery supplied power in tandem when higher performance
was required. The combined range of the fuel cell and battery was 155 miles. Since then,
eight major automakers have put in significant efforts to test the performance of the FC

vehicles. In the Fig. 3.21 are listed demonstration projects of FCHEVs.
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FC Range Max Hydrogen
Year Automaker Model Engine Power {miles) speed Pressure
(kw) (mph) (Bar)
Fuel cell/
2002 Toyota FCHV battery 90 180 96 350 18 leased in California and Japan
hybrid
A-Class F Fuel cell/ 60 vehicles in US, Japan, Singapore,
2002 Daimler CELL battgry 85 0 &7 700 and Europe start:ed in 2:303 J
hybrid
Advanced el 30 fleet vehicles in Sacramento,
2002 o Focus FCV bme,"’ 8 180 o 330 Orlando, and Detroit
hybrid
Advanced . .
2002 GM Fuel cell 94 170 100 700 6 placed in Washington DC
HydroGen3
Fuel cell/
2002 Nissan X-TRAIL battery 75 n/a 78 350 3 leased to Japanese government
hybrid
Fuel cell/ Demonstration project in the US
2004 Hyundai Tucson battery 80 185 93 350 between 2004-2009 and in Korea
hybrid between 2006-2010
Demonstration project in the US
2004 Kia Sportage Fuel cell 80 185 93 n/a between 2004-2009 and in Korea
between 2006-2010
. Fuel cell/ Leasing started in 2007. 100 vehicles
2006 GM E?::I:‘?x battery 93 200 100 n/a in California, New York, and
hybrid Washington DC
Small scale production of 200
2007 Honda FCX Clarity  Fuel cell 100 354 100 350 CRINE [P SR,
Leasing in Southern California and
Japan
~ Fuel cellf ) -
2008 Kia Borrego/Moj super 115 126 a3 200 Leasing to Seoul, Korean residents
ave FCEV . starting in 2009
capacitor
Y e e
2008 Toyota FCHV-adv battt?ry nfa 97 n/a n/a T e
hybrid —
Mercedes- Small series production started in
2009 Daimler Benz B-Class  Fuel cell 30 239 105 n/a 2009. 70 Deployed in Los Angeles
F-CELL and San Francisco by 2012
Fuel cell/
2011 Hyundai Tucson 1X battery 100 403 n/a 700 Tested 50 vehicles in 2011
hybrid
Fuel cell/ -
. Leasing in Sweden and Denmark
2012 Hyundai ix35 ::tbt:;y 100 365 100 n/a started in 2012

Fig. 3.21: Demonstration projects of FCHEVs [68]

Since Toyota and Hyundai have announced their commercially available FCHEVS, with the
specifications of Fig. 3.22, which will be used where the public hydrogen fueling stations are
located. Both models show similar ranges that exceed the best battery electric car in the
current market, such as Tesla S-85 with 265 miles in range. The fueling time for both models
is comparable to gasoline vehicles, which presents a significant advantage over the battery
electric car which requires at least 30 minutes to get around 80% of its range capacity.
Importantly, Toyota plans are to lower the price to achieve an anticipated full scale market

penetration in the decade of 2020s.
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Fuel Cell Range Fueling
Mak Model
SKEE S8 Power (kW) (miles) Time

Lease at Price includes

Hyundai Tucson Fuel 100 265 <10 min e fuel and

E Cell $2999 due at .
. maintenance
signing
. . ¥ 7 million in
Toyota Mirai unrevealed 435 3 min Japan ($68600) n/a

Fig. 3.22: Specifications of commercially available FCHEVs [68]

In 2013, Ford, Nissan, and Daimler signed a joint venture for developing FCHEVs to be
commercialized by 2017. A GM and Honda partnership is also aiming to bring FCHEVs to
the market by 2020. A timeline with main steps in FCHEVs development is shown in Fig.
3.23[68]
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oped by Daimler were the first
1 839 attempt to develop commercial-
The first fuel cell was ly viable fuel cell vehicles
invented by William Grove

1839

1966 2002 2003

f Bush administration
The first fuel cell powered World's first limited called for ¢ i

vehicle, named Electrovan, leasing program of

was demonstrated by GM Toyota's fuel cell
vehicles (FCHV) in transportation
Japan and the US

technology used for

2005-2011

US DOE's $170 miillior
Fleet and Infrastructure V.

2017

Ford, Ni

jointly d: to
make “affordable, mass-market
fuel cell vehicles by 2017

2020

2020

GM and Honda

Fig. 3.23: Timeline of main steps of FCHEVs development [68]
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3.4 State of the art of research and innovation programmes

The European Union though its research and innovation funded programmes has set
ambitious long-term targets for hydrogen systems and technologies. The targets which are
planned to reach for 2020 comprising an increase in the share of renewable energy,
improvements in energy efficiency and dramatic reductions in greenhouse gas emissions of
20%. The actions in the field of Fuel Cells and Hydrogen are under the supervision and
control of Fuel Cell Hydrogen Joint Undertaking (FCH JU) which is a partnership of public
and private companies, research centers, universities and institutions [69].

The FCH JU was established in May 2008 with a lead role of Fuel Cell and hydrogen
technologies in the provision of medium and long term solutions to energy challenges of
European Community. The budget for 2008-2013 amounted to around EUR 940 million,
jointly funded by the European Commission and Europe’s fuel cell and hydrogen industry and
research communities. With these funds, the FCH JU has carried out a Research and
Technology Development (RTD) programme, associated with the Seventh Framework
Programme (FP7). This programme is supporting basic and applied research and
demonstration activities across a range of applications in the transportation and energy
sectors, such as in hydrogen production, distribution and storage, early markets, cross-cutting
activities, commercialization, safety, manufacturing, regulations, codes and standards (RCS),
pre-normative research ((PNR)), socio-economic analysis, education and training.

Due to the success of the FP7, the FCH JU was renewed in June 2014 as part of Horizon
2020. The budget is now set at EUR 1.33 billion with activities focusing on two innovation
pillars: transportation and energy. The topics of these two innovation pillars are set out in the
Multi Annual Work Programme (MAWP) which is schematic represented in Fig. 3.24.
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TRANSPORT ENERGY

» Road vehicles * Fuel cells for power and combined heat &
* Non-road mobile vehicles and machinery power generation

* Refuelling infrastructure * Hydrogen production and distribution
* Maritime, rail and aviation applications « Hydrogen for renewable energy storage
including blending in natural gas grid

CROSS-CUTTING ISSUES

(e.g. standards, consumer awareness, manufacturing methods, studies)

... |
Fig. 3.24: two main pillars in MAWP [69]

The objective of the transport pillar is the acceleration of the commercialization FCs for use
in a wide range of transport applications. In fact, FCs play a lead role to the pollution
reduction in transportations giving the possibility to achieve a zero-emissions impact of
vehicles. The focus of this pillar in H2020 is on reducing the production costs of fuel cell
systems and increasing their lifetime so that they are competitive with conventional
technologies. These improvements will contribute directly to successful commercialization, to
the expansion of hydrogen refuelling infrastructure across Europe and to demonstrate and test
the durability, robustness, reliability, efficiency and sustainability of technologies, and ease of
customer use.

Through the actions of FP7 substantial progress has been made towards large scale
deployment of fuel cell vehicles in Europe:

e more than 200 cars will be demonstrated on Europe’s roads in a number of European
states in four projects: HZMOVES, HYTEC, SWARM and HYFIVE;

¢ six hydrogen refuelling station installations in HYFIVE project;

e cost per vehicle has been reduced,;

e more than 45 buses have been deployed across Europe in three projects: CHIC, High
V.LO City and HYTRANSIT. Additionally, 20 buses will be deployed under a fourth
project, 3EMOTION, which is starting in 2015. These projects have reached a
reduction in cost per bus over time, an improvement in fuel consumption and an
expansion of the geographical coverage across Europe;
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e more than 400 Material Handling Vehicles (MHVs) are planned for use across the
European states in four projects: HyLIFT-DEMO, MobyPost, HyLIFT-Europe and
HAWL,;

o four Auxiliay Power Unit (APU) applications are being developed and validated in six
projects: FCGEN, DESTA, SAPIENS, PURE, HYCARUS and SAFARI,

Regarding the action about research, the focus areas of FCH JU are related to following
aspects

e membranes through activities to develop and improve membranes for transportation
cells and stacks, catalysts through improvements to raise performance levels and
reduce costs in PEMICAN, ARTEMIS, IMPACT, IMMEDIATE, IMPALA,
CATHCAT, CATAPULT, NANOCAT and SMARTCAT projects;

e Dbipolar plates through developments and improvements to materials for better
performing components in STAMPEM, IRAFC and COBRA projects;

e manufacturing and process development through activities to support the near-term
production of components and subsystems in AUTOSTACK, LIQUIDPOWER and
AUTOSTACK-CORE projects;

e methodology and tools through the creation and development of modeling and other
tools to help industry to undertake projects in PUMAMIND;

e system and balance of plant (BoP) components through development and
improvement of components for better performance and reduced cost;

e advanced refuelling components and storage through activities to develop the
hydrogen refuelling process alongside storage options in PHEDRUS;

e storage development in SSH2S, COPERNIC and HYCOMP projects.

The objective of the energy pillar is the acceleration of the commercialization of in the fields
of fuel cells for stationary applications and in the field of production, storage and distribution
of hydrogen. This pillar is responsible for developing and demonstrating a number of different
technologies and tends to be less concentrated than the transportation pillar. The scope is to
advance the technologies of fuel cell stacks, BoP and complete systems to the point where
they are able to compete effectively with current power and heat-generation technologies. The

case of hydrogen production, storage and distribution there are three objectives: to develop
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and demonstrate hydrogen production using electrolysis with renewable power for energy
storage and grid balancing, to develop low-carbon hydrogen production from other resources
such as direct solar and biological and to develop and demonstrate technologies for hydrogen
storage, handling and distribution efficiently and effectively throughout the energy value
chain.

Cross-cutting projects support the commercialization activities of the two FCH JU pillars
(transport and energy). They are critical to the overall FCH JU strategy. They consist on
market support measures, public awareness, educational activities, socio-economic
assessment, tools and demonstrations [70].

Since the sustainable, secure and competitive energy supply and transport services are at the
heart of the strategy for a low carbon economy till 2020, the innovation and deployment of
new clean technologies are essential for a successful transition to a new sustainable economy
as indicated in ten milestones which define the reasons of such attention to hydrogen and fuel

cell technologies:

1) Fuel cell and hydrogen technology is vital for the future European economy.

2) Decisive action is needed now to maintain Europe’s global technology leadership for
the future.

3) A purely market-driven approach alone will not enable the introduction of clean
technologies.

4) Public Private Partnership is the appropriate structure to support the technological
shift.

5) Joint public/private effort needed for FCH technology breakthrough across sectors
reach €17,9 billion for 2014-2020.

6) Investment focus is twofold: improving the competitiveness of FCH technology
solutions and increasing the share of renewable sources in the hydrogen production
mix.

7) Combined public and private investment is needed for all stages of the innovation
cycle, from R&D to first-of-a-kind commercial references.

8) Bringing clean technologies to the point of market breakthrough might require a shift
from technology to sector support.

9) New financial instruments are needed to finance first-of-a-kind commercial

applications and support market introduction.
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10) Fuel Cell and Hydrogen technologies should benefit from various European

programmes.

The role of fuel cells and hydrogen in transport is crucial: FCEVs provide a clean alternative
and clear advantages for mobility for all travel circumstances, urban, intercity and longer-
distance. There are no major performance compromises to be made by the user in terms of
size, driving range or speed, refuelling time or other driving comforts in comparison to
traditional cars. In fact, FCHEVs have no emissions, are silent and hydrogen can be produced
from all renewable energy sources. FCHEVs has a Total cost of Ownership (TCO) advantage
over EV and PHEV in heavy-long distance car segments. Presumably, if investments are well
coordinated over the next 10 years, FCHEVs could be fully commercial by and competitive
with Internal Combustion Engines (ICE) by 2025. Generally, the objectives of FCH JU in
transport sector till 2020 are two: firstly, improve and validate hydrogen vehicle and
refuelling technologies to the level required for commercialization decisions by 2015 and a
mass market roll-out as from 2020 and, secondly, demonstrate competitive FCHEVs and
infrastructure solutions, by contributing around 500,000 FCHEVs and around 1000 public
hydrogen refuelling stations to the transition of the transport sector into electric drives [71].

In 2009, both the European Union and G8 leaders agreed that CO, emissions (GHG) must be
cut by 80% by 2050 and global warming stay below the safe level of 2°C. But 80%
decarburization overall by 2050 requires 95% decarburization of the road transport sector, as

indicated in the following graph:
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Fig. 3.25: Greenhouse Gas (GHG) emissions abatements [71]

Decarburization may be achieved through efficiency, bio-fuels and electric power-trains. With
the number of passenger cars set to rise to 273 million in Europe and to 2.5 billion worldwide
by 2050, decarburization may not be achievable through improvements in the traditional ICE
or alternative fuels alone, but electric vehicles (EVs, FCHEVs and PHEVSs) are necessary to
achieve GHG reduction goals. The benefits of these electric vehicles over ICEs are:
e electric vehicles have zero emissions while driving;
e significantly improving local air quality;
e they can be made close to CO,-free, depending on the primary energy source used;
e electric vehicles can be fuelled by a wide variety of primary energy sources including
gas, coal, oil, biomass, wind, solar and nuclear;
e help to reduce oil dependency;
e while ICEs have the potential to reduce their CO, footprint considerably through
improved energy efficiency, this is insufficient to meet the CO, reduction goal for
2050.

FCHEVs are almost technologically ready, although some further steps still need for improve
efficiency and durability, but they are not commercially available due some recent
developments, such as the implementation of 700 bar storage technology, address of safety

concerns, cold start reached to -25°C, or even lower, new materials (e.g. metallic bipolar
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plates) which have optimized heat management in the stacks, better understanding of the
mechanisms affecting durability, possibility to control and manage cell voltage. f Moreover,
common standards for hydrogen refueling have been agreed: standard connections and safety
limits and performance requirements have been established by several SAE22 and 1SO22
standards. With more than 500 passenger cars covering over 15 million kilometers and
undergoing 90,000 refueling, FCHEVs are now considered to have been comprehensively
tested in a customer environment. The result: the focus has now shifted from demonstration to
commercial deployment so that FCHEVs, like all technologies, may benefit from mass
production and the economies of scale. A summary of these recent developments are

indicated in the following scheme:

= Current systems have reduced = Innovations in materials allow
heat loss with remaining heat Hydrogen storage at 700 bar for
used for vehicle climate control increased driving range that = \oltage range of stack has
approaches gasoline ICEs improved, with power battery

providing additional buffering
capacity for increased stack

* Prototype systems have shown durability and efficiency

that appropriate membrane
humidity can be provided without
external humidifier

Catalyst requirement is
significantly reduced to 2-6
times catalytic converter
loading of conventional ICE.
Platinum in fuel cells is also
highly recyclable

= Cold-weather performance tests
have shown that cold start and
driving performance is equivalent
to ICE

Current fuel cell systems

fit into vehicle without
compromising cargo volume
and wvehicle weight

= Fuel stack net efficiency has
increased to 59%, with further
improvement leading to a
downsized system at lower cost

Acceptable cost will be

= Durability tests have shown that ach?eved_ by IEOZE! through
acceptable stack efficiency can design simplifications,

be maintained for the lifetime reduction of material use,
of the vehicle production technology and
economies of scale

Fig. 3.26: Recent technological improvements of FCHEVs [72]

The benefits of electric vehicles go beyond the decarburization of road transport and energy
security to address the key issue of air pollution in large and congested cities: the exhaust
from ICEs not only emits CO,, but also local pollutants such as carbon monoxide,
hydrocarbons and nitrous oxides. Diesel vehicles also emit particulate emissions. Although

these emissions are mitigated by catalytic converters, all pollutants that cannot be processed
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are released into the atmosphere, degrading air quality and reducing the ability of large cities
to meet air quality targets. On the other hand, these electric vehicles release zero emissions in
their “tank-to-wheel” process, with emissions limited to the “well-to-tank™ process: emissions
depend on the primary energy source used and can be potentially reduced to zero. Finally,
unlike ICEs, electric vehicles are virtually silent, also reducing noise pollution significantly
[72].
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4. Modeling of Fuel Cell stacks

4.1 Mathematical models in literature for FC modeling
Modeling is very helpful in the improvement of FC technology. The development of PEMFCs
requires the simulation of the entire system under different loading conditions, pressures of
reagent gases and temperature [73].
Modeling and simulation play an important role for the improvements, optimization and
design of the FC systems. The models, that can build up using different tools, must be
accurate and must be able to provide results quickly. The performance must be predicted
under different operating conditions [74].
In the literature, several models have been published for FCs. These model differs each other
from [75]:

e the number of dimension of the models (one, two or three);

e the dynamic, steady-state or quasi-steady analysis;

e the kinetics at anode and cathode (Tafel-type, Butler-Volmer, complex kinetics);

e anode and cathode phases (gas, liquid or a combination of them);

e mass transport;

e energy balance.

Some common assumption are used in the models, such as:
e ideal gas;
e incompressible and laminar flow;

e homogeneous and isotropic structures;

In this study, a Matlab/Simulink® dynamic model has built up in order to define the
performance of PEMFCs in terms of voltage, efficiency and power, to analyze the mass flows

of gases and water and to investigate the energy flow rates into the cell.
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The model, that describes the behavior of PEMFC under transient conditions, is based on the
thermodynamic and electrochemical equations available in literature. Since the simulation
process is carried out using the current density as input signal and the operating conditions as
input parameters, a parametric analysis has been done in different operating conditions.

4.2  Matlab/Simulink® model for FC stacks

The Matlab/Simulink® model proposed in this Research consist of the connected block
shown in Fig. 4.1. The input parameters, which are operating temperature, inlet pressures of
reactants, transfer coefficient, internal resistance, amplification constant, exchange current
density, limiting current density, cell area and number of cell are indicated with the
black/orange squares. Their values, which could be constant or variable, are inserted in the
Matlab workspace and can be changed in order to carried on the simulation with new
assumptions. The constant parameter, such as Faraday constant, universal gas constant or
number of electrons per mole of hydrogen, are indicated with grey/blue squares. The input
signal, which usually consist of the time in a simulation and which can be varied in a certain
range with a certain accuracy, in this case is equal to the current density and it will be
comprised in the range between 0+1.40 with an accuracy of 0.01. So, the results will show
how all operating parameters of the FC stack vary from 0 to 1.40 with an accuracy of 0.01,
that means 0-0.01-0.02-.....-1.39-1.40. The blocks “V_act”, “V_ohmic” and “V_conc” allow
to calculate the overpotentials for activation, ohm and concentration. These values are
subtratted to the Nerst potential calculated in “V_Nernst” in order to calculate the real voltage
in “V_cell”. The voltage is referred to a single cell and it will be used to calculate the power
output by multiplying it with the number of cells, the current density and the cell area. Three
more block allow to calculate the water injection for humidification, a mass balance and an

energy balance [76].

61



4. Modeling of Fuel Cell stack

]
=
=l a_
m ral ] | _
.E @ || [L ® "_*.w_...w_“ -
._,_. . _'. J':-t G0_smraar_in_su_in| I ‘E.:-P*-'
- - » [ e
§ B | e
= : -_|_' =
B = I—‘|
B B
=1 M
._.—.RLI_] B - |

Fig. 4.1: Matlab/Simulink® model

Since the simulations are carried out in function of the current density and not of the time
using parameters which are the same in the internal structure of the FC stack, the model is
steady-state and one-dimensional.

The Matlab/Simulink® model can be simplify through the following flowchart where the

calculations are described starting from the input values to the output ones.

\Z

Fig. 4.2: Flowchart of FC model
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4.2.1 Polarization curve

The performance of a PEMFC is characterized by polarization and power curves. All of these
characteristics are usually plotted over current or current density. The manufactures provide
the technical specifications of FCs through these type of diagrams [77].

The maximum obtainable electrical energy within a cell is given by the change in Gibbs free

energy AG of the electrochemical reaction, according to equation (4.1) [78].
AG =AH —T(AS) (4.1)

This Gibbs free energy is a measure of the maximum electrical work obtainable from a
chemical reaction at a certain value of temperature and pressure of reactants. So, the equation
(4.1) represent the energy available in the FC at any constant temperature and pressure.

The enthalpy change AH represents the total available thermal energy. If there would be no
entropy (AS=0) produced during the electrochemical reaction, then a FC reaches an efficiency
of 100 % because all energy could be used. However, there will be always entropy generated
within the system and so the term denotes the unavailable amount of energy. The electrical

work produced by a reversible reaction is given from (4.2).

—AG:deq:n-F-ocv “2)

Since the reaction becomes spontaneously if AG<0, an expression of OCV can be obtained
through (4.3).

~AG
nF (4.3)

OCV =

It can be seen that OCV is a function of the Gibbs Energy and consequently a function of
temperature [34].
In addition, the effects of pressure and concentration of reactant gases must be considered.

They are described by the Nernst equation (for hydrogen-oxygen fuel cell reaction).
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E g = OCV 4 1L || P
nF sz ' po'2

(4.4)

The value of AG at 353.15 K and 1 atm is equal to -228170 J/(K-mol). This value is used in

Matlab/Simulink® model, in which the Nernst voltage is calculated in the following block:

T

nF

D
(@

[nF]

Rt V_Nernst
Gf_lig

p_air

E_Nernst

Fig. 4.3: Block diagram in Simulink® model used to calculate the Nernst voltage

. . :.+
X
Gf_lig + * E_Mermnst

Divide2

Prodot®

Fig. 4.4: Block diagram detailed in “E_Nernst” subsystem
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The calculation of polarization curve is referred to a FC stack, characterized by an active area
(cm?) and a number of cells, which is operating at a predefined temperature. The values of
inlet hydrogen and air pressure are known and inserted in the model. The other useful
parameters for creating the polarization curve are:

e transfer coefficient o,

e exchange current density io;

e limiting current density iy;

e amplification constant o.;

e Gibbs function in liquid form Gs jig;

e constant for mass transport k;

e internal resistance R.

The Nernst voltage Enemst IS calculated using the saturation pressure of water and the partial

pressures of hydrogen, oxygen:

log( psat_HZO) =-2.18+0.03-T-9.18-10°-T?+1.45-10"-T? (4.5)
~05.[—Pu2___|_ (4.6)
ppHZ . 165' psat_HZO '
XIO(W
_ pair _ 4 7
ppoz - 4.19-j psat_HZO ( ' )
EXP(W
K

The real cell voltage is lower than OCV because it is reduced at higher currents due to
irreversible losses (or overpotential): the activation losses, ohmic losses and concentration
losses [79].

V

wn =E + AV

act

+ AVohm + AVconc (48)

Nernst
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Since all losses are negative, the real cell voltage will be lower than Nernst voltage.
Consequently, the actual work in a FC is less than the maximum available work due the
irreversibilies of the process.

Activation losses are caused, in the first part of the polarization curve, by the slowness of the

reaction near to the electrodes. Tafel equation (4.9) allow to calculate the activation losses.

AVact == RT Iog(llj

n-a-F (4.9)

The activation losses are calculated in the Simulink® model through the following block

diagram:

[0

Tc > Te

Alpha Alpha

i0

Y
=

V_act —»@

¥
)

¥
E]

Y
-

F

V_act

Fig. 4.5: Block diagram in Simulink® model used to calculate activation losses
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Fig. 4.6: Block diagram detailed in “V_act” subsystem

Ohmic losses are caused, in the middle part of the polarization curve, by resistance of

electrolyte to the crossing of electrons. Ohm law (4.10) allow to calculate ohmic losses.

AV =T -i (4.10)

The ohmic losses are calculated in the Simulink® model through the following block

diagram:

N ! V_ohmic —P@
r ™

Internal V_ohmic

Resistance

Fig. 4.7: Block diagram in Simulink® model used to calculate ohmic losses

: !
r
V_ochmic

Fig. 4.8: Block diagram detailed in “V_ohmic” subsystem
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Concentration or mass transport losses are caused, in the final part of the polarization curve,
by the reduction of pressure of reactants during the chemical reaction. The equation (4.11)

allow to calculate the concentration losses.

AV, = a, i ~In[1—_ij 1__i>o .
I it L else AVeone=0 (4.11)

The concentration losses are calculated in the Simulink® model through the following block

diagram:

D

k -k

V_cone [eonc]

Mass transport Alphat
Alphat —|

iL

iL V _conc

Fig. 4.9: Block diagram in Simulink® model used to calculate concentration losses

¥
[=

£
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1
] o
+ v _r.’_' V_conc

iL 0 Switch

¥
B
¥

Fig. 4.10: Block diagram detailed in “V_conc” subsystem

The parameters used in the model in order to calculate the polarization curve are listed in

Table 4-1 [80] [81].
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Table 4-1. Parameters used in the calculations of polarization curve.

Constant Letter Value
Transfer coefficient o 0.5
Internal resistance r 0.19 Q/cm”
Amplification constant o 0.085 AV/cm®
Mass transport k 1.1
Exchange current density io 1.2246-10" Alcm?
Limiting current density i 1.4 Alem?

4.2.2 Stack power

In order to define the performances of a PEMFC, a calculation of the available power must be
done.

The power provided from one single cell is obtained by the product of the cell voltage V¢
and the current | [82].

P

cell

=V, - (4.12)

In a stack with many cells connected in series the power generated is calculated with (4.13).

P.=V_-I-N

cell

cells (4-13)

The following block diagram contains the power calculation.

Fig. 4.11: Block diagram in Simulink® model used to calculate FC stack power

Several parameters must be considered when designing and modeling FCs. Since there are

only two independent variables, voltage and current, the sizing of the stack is very simple In
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fact, the output power can be easy calculated by the product of voltage and current, as
indicated in the equation (4.12). When the design involve the current density instead of a

current, the cell active area must be considered:

=— 4.14
Acell ( )

As mentioned in the chapter 5.2.1, the cell voltage and the current density are related to the
polarization curve. The manufacturers mostly use the values in the range 0.6+0.8 as nominal
cell voltage which must be multiplied by the number of cells to calculate the nominal voltage
of the stack. So, the number of cells is usually defined by the voltage required , according to
equation (4.15).

N

Ve =V (4.15)

cell cells

In the bipolar stack, the FC is constitute by several cells in series and the cathode of one cell

is connected with the anode of the next cell.

4.2.3 Water management

The humidification level of the membrane needs to be controlled in order to maintain the
correct ionic permeability. Normally some procedures can be employed to humidify the
reactants, air and oxygen because it is essential to ensure adequate water content within the
membrane for a good performance and durability of PEMFCs. On the contrary, too much
water within the PEMFC lead to a flooding of electrodes, blocking the pores in the diffusion
media or the flow channels [23].

The calculations of the water injection, in the model, is referred to a FC that generate a certain
power at a voltage level thorough a mass flow of hydrogen at ambient temperature. The
relative humidity of the air, the pressure of air and the stoichiometry ratio of oxygen play also
a role in the calculations. Liquid water is injected into the air in order to humidify and also
cool the FC.

The water injection flow rate can be estimated through the water mass balance.
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mH 20in:;_the_air_inlet + mH 20injected + mH 20generated = mH 20in_the_air_outlet (4-16)

The amount of water in air is:

Meino o e ar o = Sto, MMy, P Psat .
_in_the_air_inlet
Xo2 n-F Ph2o — (¢ psat)

- I\Icells (4.17)

where Sto; is the stoichiometric ratio of oxygen (equal to 2), Xo> is the fraction of oxygen in
air (equal to 0,2095), mmyyo is the molecular mass of water (equal to 18,015), ¢ is the relative

humidity and psy is the saturation pressure which is indicated in (4.18) [83].

i % -1 . 2 _ 3
— @(-580022T1)+1,3914:(~0,0486T )+(0,4176T *):+(~0,1445T °)+(6,5459In(T )) (4.18)

psat
The amount of water generated is:

, I
my 20generated n-F mm, 5o - Ncells (419)

And, the amount of water in the air at cell outlet is:

m _ _ — (Stoz — on) . MMy 50 . Psat .1-N
H20_in_theair_outlet on 4.F 101325_ psat cells

(4.20)

in which the value of psy is expressed in Pa and it is related to outlet air temperature [84].
These equations allow to calculate the water injected (expressed in g/s) through the following

diagram block:
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EBS ]
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T
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atm to kPa Te.inlet dmdt_H20_injected
nF dmdt_H20_generated — -
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Water injection flow rate WaterlTalance
relative humidity

Fig. 4.12: Block diagram in Simulink® model used to calculate water injected

dmdt_H20O_content
_in_air_out

dmdt_H20_content
_in_air_in

Add Pvs -
Saturation pressure st T 1'}"‘I

p_air_kPa

Fig. 4.13: Block diagram detailed in “Water injection flow rate” subsystem

4.2.4 Mass balance
Generally, the fuel cell mass balance requires that the sum of all of the mass inputs is equal to
mass outputs, which can be expressed as equation (4.21) [85].

Z(mi )input = Z(mi )output (4.21)

An example of mass balance is shown in fig. 4.12.
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H, (gas)
. H,0 (liq)
T2, Pra, M 2
u Thao, PH20, Mi20
FC —
0, (gas)

To2, Po2, Mo

Fig. 4.14: Mass balance scheme for a FC

In order to have a proper working conditions, fuel and oxidants must be supplied continuously
and, at the same time, water must be removed. Some calculations regarding mass flows need
to be implemented in order to define the right values of these flow rates. As shown in the flow
diagram of Fig. 4.14, hydrogen and oxygen enter into the cell at appropriate temperatures,
pressures and mass flow rates. Then, they react completely in the cell and the product of the
chemical reaction is water.

Generally, a mass balance consist of a balance between the input, assumed positive, the
generation, assumed positive, the output, assumed negative and the consumption, assumed
negative. The result of the arithmetic sum is equal to the accumulation which could be also
equal to zero in certain cases.

These flow calculations are critical for determining the correct flow rates for a FC. The inlet
flow rates for a PEMFC are (in which the flow rate are expressed in g/s):

mm,,

rhH2_inlet = StHZ ’ 2 F -l Ncells (422)
. mm

Moz_intet = Sto, 4—22 I Neays (4.23)
_ Sty, mm,,

mair_inlet =—22. W -l Ncells

02

(4.24)

The diagram block with mass balance is the following:
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[ : dmdt_02
N_cells
[nF] nF dmdt_air
St_H2 St_H2
5t 02 5t 02 dmdt_H2
Mass balance

Fig. 4.15: Block diagram in Simulink® model used to calculate flow rates
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Fig. 4.16: Block diagram detailed in “Mass balance” subsystem

4.2.5 Energy balance
The energy flows into and out of each process in a FC system need to be analyzed in order to
define the energy requirements for the process. The energy flows involved in that analysis
are:

e composition, pressures and temperatures of reactants;

e work produced,

e heat loss;

e energy content in products of chemical reactions.

An example of energy balance can be summarized in the following scheme:
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Work Heat
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_ ) Th20, P20, Mi20, XH20
> FC EEEE—
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Fig. 4.17: Energy balance scheme for a FC

The overall energy requirements for the process can be evaluated stating from the expected
power produced, the utilization of reactants and the heat loss. As indicated in fig. 4.15, the
fuel and the oxidant enter into the cell at certain values of temperature and pressures, while
after chemical reaction water, heat and electricity leave the cell.

Generally, an energy balance involve that the sum of energy inputs is equal to the sum of
energy outputs [86] [87].

D (0 )hnpu = 22 (0 )ipue+ Prc +Q (4.25)

where h; are the enthalpies of the fuel, the oxidant and the water vapor, Pgc is the electrical

energy generated and Q is the heat generated. All of these quantities, expressed in J/s, can be

calculated with the following equations:

h = -sh-T, (4.26)

Pec =1-Vear - N

ce

(4.27)

cells

Q=(254-V_,)-1-N (if the water leaves the FC as vapor) (4.28)

cells

where sh is the specific heat (J/g-K) and rh is the mass flow rate (g/s). The enthalpy of
hydrogen is referred to the high heating value (HHV) equal to 141900 J/g.

hy, =m(sh-T + HHV) (4.29)

While the enthalpy of water vapor is obtained with (4.30).
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h, 20_out = Mhi20 ~Shy 0 - T +2500 (4.30)

Finally, the energy balance is implemented in a Simulink® block diagram, as shown in fig.
4.23 and fig. 4.24, using the equation (4.31).

h., +hy 20 _in_the_air_inlet T hair_inlet —hy 20 _in_the_air_outlet — Prc —Q— hair_outlet =0 (4.31)

The efficiency of a PEMFC is calculated as the ratio between the electrical power and the
maximum power obtainable from hydrogen. Although the use of HHV or LHV in efficiency
calculation is a controversial point, as explained in Detlef Stolten: “Hydrogen and Fuel
Cells: Fundamentals, Technologies and Applications”, Paragraph 10.4.3 (Recommendations)
(2010) pp. 216-217, in this thesis the efficiency is referred to HHV.

__Pe (4.32)

hH 2,HHV

ey

[dmdt_H2] dmet_H2
H_hydrogen H_hydrogen

[dmdt_H20] dmdt_H20

t

¥

H_air_inlet

H_air_inlet

[dmdt_H20_generate

Y

d] dmdt_H20_generated

TC_iI'IlE't Te_inlet H_air_out H_air_outlet

%

F

dmdt_air H20_inlet H20 inlet

[dmdt_air]

k.

Power H20_outlet H20 outlet

b

T \ .
Electrical power —# Electrical_power

Heat
V_cell

dh

efficiency

0T

N_cells

Energy balance

Fig. 4.18: Block diagram in Simulink® model used for energy balance
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Fig. 4.19: Block diagram detailed in “Energy balance” subsystem

4.2.6 Validation
Veracity of the developed models is validated by previous studies and design data provided

by the Fuel Cell manufacturers. Thus, the results of simulation have been verified by
comparing them with datasheet provided by the main manufacturers of PEMFC.

In the present study the performances, in terms of voltage and power, and the efficiency of a
PEMFC stack has been quantified and assessed using a mathematical model built up in
Matlab/Simulink® environment.

The effect of inlet pressure of hydrogen and temperature has been analyzed. Their influence
on the polarization curve have been quantified for a single cell. This influence has also an
impact on the power curve and on the efficiency of the stack. Particularly, the mass and
energy balance showed as reactants and products of chemical reaction are directly
proportional. So their ratio is constant at each value of current density. In the other hand, the
obtained results showed as electrical power and heat are inversely proportional. Moreover, the
impact of energy flows trends on the theoretical efficiency of the PEMFC stack has been
examined.

The results of simulation have been verified by comparing them with datasheets provided by

Horizon Fuel Cell Technologies which is one of main manufacturers of PEMFC. The
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comparison is given in Fig. 6.9 and it contain the match between modeling and real cases of

polarization and power curves.

50— —2200
A —2000
A
45~ Power of modeling 2000W 1800
| |
-------- Voltage of modeling 2000W 1600
40 TS e T I S 1400
S e e e —_
S-S o S . 12003
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% T — . . o 1000 %
> Y ) . Voltage of modeling 200W + Power of Horizon 200 W o
30— A P ® Voltage of Horizon 200W 800
] . 4 Power of Horizon 2000 W |~(600
= Voltage of Horizon 2000 W| |
251 . = 400
Power of modeling 200W |00
P I I I I I 1 0
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Density current (A/cm?2)

Fig. 4.20: Model graphical validation

The model graphical validation is based on the comparison between results and technical
specifications of two different FCs: Horizon H-Series 200 W and Horizon H-Series 2000W.
The selected sizes for FCs allow to verify how the model is accurate in its result with two
different orders of magnitude. Since the curves provided by Horizon are expressed as function
of current, they are changed into a function of current density by dividing the current values
by the cell area. So, the FC of 200 W, which is made of 40 cells each of 75 cm?, reach its
maximum power at 9 A that means a current density of around 0.12 A/cm? While the FC of
2000W is constitute of 48 cells each of 500 cm? and reach the maximum power at 70 A, that
means a current density of 0.14 A/cm?. The model results of FC of 200 W are indicated with
continuous lines, while the model results of FC of 200 W are indicated with hatch lines. The
values provided by Horizon for commercial FCS are indicated by using marks. In the case of
power evaluation the marks have a good correlation with the lines. In the case of polarization

curves the marks seem to have a lower profile, but acceptable for difference.
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5. Modeling of fuel Cell Hybrid Electric
Vehicles

5.1 Modeling methods for HEVs

5.1.1 Creating mathematical models

Compared to conventional vehicles there are more electrical components in FCHEVS, such as
electric machines, power electronics, controllers, advanced energy storage devices and energy
converters. The dynamic interactions among these components make it difficult to design
newly designed FCHEVs because each of the design parameters must be carefully chosen for
better fuel economy, enhanced safety, exceptional drivability and a competitive dynamic
performance. Since prototyping and testing each design combination is cumbersome,
expensive and time consuming, numerical modeling and simulation are indispensable for
concept evaluation, prototyping and analysis of FCHEVs [88] [89].

Numerical models should be used to perform vehicle system simulations. They are classified
as steady state, quasi-steady or dynamic according to the level of detail of how each
component is modeled. On the other hand, models can be classified as “forward-looking”
models or “backward-facing” models according to the direction of calculation. Models that
start with the tractive effort required at the wheels and work backward towards the engine are
called “backward-facing” models. Models that start from the engine and work in transmitted
and reflected torque are called “forward-looking” models [90-92].

In this Research an enhanced analysis of three typologies of two-wheeled vehicles equipped
with hybrid electric powertrains, FCs and batteries is carried out through a quasi-steady
simulation model conducted with a step of 1 second in theoretical and experimental driving
cycles. The model has a “backward-facing” direction and a speed profile is used as input data
in the model in order to calculate the required power for traction. This type of simulation

allows the power flows of the system to be defined in a fast way and with a excellent
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accuracy. The “backward-facing” simulation is the preliminary step in the design process of
hybrid electric powertrain and is usually carried out in order to define the size of the energy
source. In fact, FCHEVs are characterized by a hybrid architecture with two different sources
of energy: a primary converter which converts hydrogen into electricity with a unidirectional
flow of energy and a Rechargeable Energy Storage System (RESS) which allow energy to be
recovered and help the primary converter to reach the peak during motion. The primary
converter consists of a PEMFC stack, while the RESS consists of a Lithium-ion battery.
These components are dimensioned through the simulation model where the most important
operating parameters, such as SOC and hydrogen consumption, are calculated. The key issues
of this Research are to calculate the operating parameter of the vehicles during various driving
cycles and to set the size of the energy sources and the electric motor. Moreover, the specific
consumption, the ratio of energy generated by FC and recovered by RESS, the voltage and
current profiles of all electrical components are calculated as result of simulations.

Although it could be useful to insert the data obtained from the PEMFC model into the
FCHEV model, in this thesis the input data for FC specifications are taken from User Manual
of FC manufacturers. In this way the behavior of FCHEVs is investigated as well as

commercial FCs are used for power generation on board of vehicles.

5.2  Matlab/Simulink® model for FCHEVs

5.2.1 Simulink® model

Since FC systems are complex and expensive and dynamic interactions among the electrical
components make it difficult to analyze a newly designed hybrid system, accurate models
must be created to overcome difficulties of design and building new prototypes.

A flowchart of the simulation consist of the steps indicated in fig. 5.1, which define how the
input and the output data are connected each other. In this flowchart the simulation start with
the acquisition of the driving cycles. Some important parameters, such as the slope of the road
which could be a constant or function, need to be defined in this step. Then, accordingly to the
nature of the driving cycle a duration of the simulation and the time during each calculation
will be defined. The signal of power, which represent the output signal of the Electric Drive is
used as input signal by the Power Management Unit (PMU). The combination of the signal of
power requested and the State of Charge (SOC) of battery allow to implement the calculation

throughout the Fuel Cell and the battery. Finally, an energy balance will be done.
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requested by input Electric Drive
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output signals of power current, voltage,
for each source SOC and
of energy (FC consumptions
and battery) levels
N\ % o % - %

Fig. 5.1: Flowchart of simulation process

In this Research, a Simulink® model is used to investigate the energy flows of the FCHEV.
The whole model diagram, presented in Fig. 5.1, consists of several connected blocks. Each
block contains physical equations that regulate the behavior of components and sub-systems.
The input signal is the time in the “driving cycle” block. Then, all the quantities are calculated
as a function of time. In the Matlab/Simulink® workspace additional characteristics and
options are loaded, such as efficiencies and specifications of the vehicles, PEMFC and RESS.
Some iterations are included in order to verify the correct behavior of the simulator. The
power requested by ED is gained through the “Electrical machine with regenerative braking”,
“Inverter” and “Efficiency and auxiliaries” blocks. Then, its value is used in the “PMU” block
as input signal. The “Fuel cell” and “Battery” are regulated by the “PMU”. Lastly, the
“Energy balance” is done [76].
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Fig. 5.2: Simulink® model block diagram

The simulations are carried out several times in order to analyze the behavior of the

powertrain under different conditions. Some of these simulations are repeated with changed

values of input parameters is necessary, as indicated in the following flowchart:
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Fig. 5.3: Flowchart of simulation operations
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The display of the software, show in Fig. 5.5, contain the workspace with all parameters
considered in the simulations. This workspace is, usually, allocated on the right side of the
screen, while all files created in the same folder are listed on the left side in a command
window. From this command window is possible to open the model block which will be

displayed in another page as shown in Fig. 5.2.

File Edit View Debug Parallel Desktop Window Help

D)3 % 2289 o | & 2| @ | Current Folder| CA\Users\Domenico\Desktop\chiavetta Germania\simulazione dinamica - [ @
Current Foldk Command Window + 0 7 X | Workspace nOax
@ % || < simulazione dinamica # v | 0 &+| @ Newto MATLAB? Watch this Video, see Demos, o read Getting Started. % & E % B | stk Base - || B Select data to plot -
Value Size
MATLAB desktop keyboard shortcuts, such as Ctrl+5, are now custom 07000 1
In addition, many keyboard shortcuts have changed for improved coi <1 structs 1d
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<14 struct> 14
To keyboard shortcuts, use Preferences <1x struct> 1d
re: us default settings by selecting " 43 la
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Fig. 5.4: Matlab/Simulink® workspace

5.2.2 Driving cycles

This paragraph approaches the problem of the simulation of the real driving condition for a
wide range of vehicles.

A driving cycle is a series of data points representing the speed of a vehicle versus time. They
are produced by different countries and organizations to assess the performance of vehicles in
various ways, as for example fuel consumption and polluting emissions. An important use for
driving cycles is in vehicle simulations in order to predict the performance of internal
combustion engines, transmissions, electric drive systems, batteries, fuel cell systems, and
similar components [93].

Some driving cycles are derived theoretically, as is preferred in the European Union, whereas
others are direct measurements of a driving pattern deemed representative. There are three

type of driving cycles: realistic, pseudo-steady-state and stylized [94]:
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e realistic driving cycle which has a transient profile according to the type of trip which
could be urban, suburban, rural and motorway; a
e stylized driving cycle which has a theoretic profile.
e pseudo-steady-state which has protracted period at constant speed;
Three examples, shown in Fig. 5.5. a, b and c, represent three different type of driving cycles:
e NEDC (New European Driving Cycle) which is a styled cycle;
e TRAMAQ UG214 which is a realistic cycle (for calming traffic);
e EMPA T115 which is pseudo-state.

100 \ H E:"'\-'\"';-*}"ld"i"»“i'-lg ﬂ

' A

5 40 A A n i / \_!
RNV AN AN YAV S
NTAIRITAVRTTRIEIY

0 800 1000 1200

Time (s)

Fig: 5.5.a: NEDC (example of stylized cycle)
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Fig: 5.5.b: TRAMAQ UG214 (example of realistic cycle)
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Fig: 5.5.c: EMPA T115 (example of pseudo-steady-state cycle)

Each driving cycle is characterized by a kinematics parameters such as distance, time, speed,
acceleration, number of stops and related (positive speed, square speed, cubic speed).
The driving cycles are divided into a group. The most important of them are:

e EU legislative cycles

e UScycles

e Japanese legislative cycles

e Warren Spring Laboratory (WSL) cycles

e TRAMAQ UG214

e Millbrook

e OSCAR (from 5" framework project)

e ARTEMIS (from 5" framework project)

e EMPA
e Handbook
e MODEM

e INRETS (data logger around Lyon)

e MODEM-Hyzem (for hybrid vehicles)
e TRL

e FHB (for motorcycles)

A comprehensive description of these driving cycle and their use for motorcycles, cars, small,

medium and large vans, buses in urban, sub-urban, motorways and mixed contexts can be find
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in T J. Barlow, S. Latham, 1. S. McCrae, B. C. Boulter: “A reference book of driving cycles
for use in the measurement of road vehicle emission”, TRL Project Report PPR 354, 2009.

An experimental driving cycle is a specific collection of speed data which are directly
measured on road. These measurements can be taken over different type of vehicles with a
instrumentation and they can include measurements of slope and distance through a GPS
technology.

During this Research, some measurements was taken in Esslingen (Germany) with the
collaboration of researcher and student of Hochschule Esslingen. These measurements was
taken with a Grace One bike, shown in Fig 5.6, equipped with a data logger.

Fig. 5.6: Grace One Bike

The Grace One is a bike equipped with an electrical motor. The electrical motor is directly
controlled by the cyclist through an accelerator knob. The electrical motor is powered by a
Lithium-lon battery. A data logger, shown in fig. 5.7, is mounted on the bike in order to the

take measurements.

86



5. Modeling of Fuel Cell Hybrid Electric Vehicles

Fig. 5.7: Data logger

The measurements regards speed of vehicle (km/h), voltage (V) and current (A) of battery
pack, energy content (Wh) of the battery and total distance (km). Obviously the units of
measure can be changed in the numerical model according to their appropriate use in the

equations. An example of data in a small part of the measurements are shown in fig. 5.7.

h A" A =

.4879 45.08 29.21 323 0047
.4895 45.08 29.21 32.68 0065
.4911 45.10 27.74 32.75 0084
.4926 45.10 27.74 32.66 0102
.4941 45.10 27.74 32.74 0120
.4957 45.10 27.74 32.36 0138
.4961 45.55 6. 87 32.31 0156
.4964 45.55 6.87 32.31 0174
.4968 45.55 6.87 32.51 0192
.4972 45.55 6.87 32.20

.4986 45.15 25.38 32.42
. 5000 45.15 25.38 32.36
.5014 45.15 25.38 32.07
. 5028 45.15 25.38 32.48
.5034 45.46 11.04 31.99
.5041 45.46 11.04 31.99
.5047 45.46 11.04 31.68
.5053 45.46 11.04 31.48 . 0352
.5054 45.66 1.40 31.25 .0370

Fig. 5.8: Example of measurements of data logger
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A data logger of GPS is also used in order to have the GPS position of the vehicle, the
variation of altitude and a second measurement of the distance. The variation of altitude allow
to calculate the slope of the road as function of the time or to have an altitude profile. An

example of GPS measurements is shown in fig. 5.9.

[$PSRFTXT,version: GSw3.5.0_3.5.00.00-SDK-3EP2.01A %07
$PSRFTXT,TOW: 146688%10

$PSRFTXT,WK: 1715%67

$PSRFTXT,POS: 4159033 681921 4771605%1F

$PSRFTXT,CLK: 96751%21

$PSRFTXT,CHNL: 12%73

$PSRFTXT,Baud rate: 9600%66

$GPGGA,094213. 352,,,,,0,00,,,M,0.0,M,,0000%5F
$GPGLL,,,,,094213.352,V,N¥%73
$GPGSA’A31,:,:s’,s,,ssy’:*lE
$GPGSV,1,1,00%79
$GPRMC,094213.352,V,,,,,,,201112,, ,N%45
$GPVTG, ,T, ,M,,N, ,K,N%2C
$GPGGA,094214.296,,,,,0,00,,,M,0.0,M,,0000%51
$GPGLL,,,,,094214.296,V,N*7D
$GPGSA,A,1,,,,,,,,,,,,,,,*1E
$GPGSV,1,1,00%79
$GPRMC,094214.296,V,,,,,,,201112,, ,N*4B
$GPVTG,,T, ,M,,N, ,K,N¥2C
$GPGGA,094215.284,,,,,0,00,,,M,0.0,M, ,0000%53
$GPGLL,,,,,094215 284 ,V,N*7F
$GPGSAA1’!’,!”!”!’

’!’1
$GpPGsv,3,1,12,19,90,180,34,03,62,036,,07,44,318,,06,42, 043 *7F
$GPGSV,3,2,12,13,40, 245,,16 37 061 w11 5315 179 223,24, 206
$GPGSV,3,3,12,30,14,085,,01,11,178,,08,09,316,,21,-2,031,*65

$GPRMC,094215.284,Vv,,,,,,,201112,, ,N*49
$GPVTG,,T, ,M,,N, ,K,N¥2C
$GPGGA.094216.286..... 0.00...M.0.0.M..0000%52

Fig. 5.9: Example of measurements of GPS

The computing program of GPS and data logger have the functionality of analysis of data
through several type of diagram. Two examples of them are reported in Fig. 5.10 where the
measurement are plotted over the time. In the first diagram all parameters of data logger are

reported. In the second one the altitude profile is reported.
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Fig. 5.10: Example of plotting through data logger and GPS software

Different routes were selected in order to have enough data to proceed with a statistical
analysis. For instance three different routes were selected in Essingen (Germany) in a urban
and sub-urban way. Obviously, the motorway was not taken into consideration due the

typology of vehicle. The routes selected are shown in fig. 5.11.(a-b-c).
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Fig. 5.11.c: Route Hochschule — Altbach

The first block of the Simulink® model, shown in detail in Fig. 5.12, is called the “Driving
cycle” and contains the calculations of torque and power requested by the powertrain. A

driving cycle is a second-by-second set of speed values that the simulated vehicle is to attain
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during the simulation. Drive cycles are used in simulations to predict the performance of a
drive system. For instance, a wide range of standard driving cycles are used to test road
vehicles for fuel economy optimization and other purposes. Some of them are developed
theoretically and others are taken from direct measurements of a representative driving
pattern. A driving cycle can include frequent speed changes or extended periods at constant

speed.

Force (W)

\\\\\\\\

Subtras =
L] L s omega /ot

Derivative 1ir_wheel again

Fig. 5.12: “Driving cycle” block in Simulink® model

Mathematically, the equations which allow to calculate the force needed for traction are

indicated as following:

1
Fagro = ECX Aige " P+ venice (5.1)
FROLL = Cr ‘m-g (6.2)
Fingrria =M-a (6:3)
Feray =M- g -slope (5.4)

All of these quantities allow to calculate the power needed for propulsion if multiplied by the
vehicle of speed. In these equations C, is the rolling coefficient, Cy is the drag coefficient, g is
the gravitational acceleration, a is the acceleration of vehicle, Avenicie IS the frontal surface of

vehicle and m is the mass of vehicle.
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Summarising, this block follow the numerical procedure receive all contribution shown in
Fig. 5.13 as input values or signal available in the workspace of simulation software. This

values need to be set accordingly to the choices of the designer.

Fig. 5.13: Input contributions for calculations of power requested by Electric Drive

The driving cycle is upload in a “Function Block Parameters” which consist in a set of speed
values over the time. In the example below the driving cycle uploaded is ARTEMIS SRL, but
several different theoretical and experimental driving cycles are available in the workspace of

the model (due previous activities and analysis in this Research).

I E! Function Block Parameters: Driving cyc
Lookup

Perform 1-D linear interpolation of input values using the specified table. Extrapolation is
performed outside the table boundaries.

vector of input values:  ARTEMISRLtime

Table data: ARTEMISRL

Lookup meihod:[ lation-Ex

Sample time (-1 for inherited): -1

Apply |

Fig. 5.14: Function Block Parameters of a driving cycle
(in this example with ARTEMIS SRL)
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The speed values of driving cycles, and the values of altitude which are also uploaded as a
function block parameter, are used as input data for the calculation of the requested force
needed to overcome the resistances for aerodynamics, rolling, inertia and gravity. This sum of
resistances to the traction is the output, in terms of torque and power, of the block. Some other
parameters are used in this block, such as the rolling coefficient (C;), the drag coefficient (Cy),

the mass of vehicle (m), the radius of the wheel, etc.

5.2.3 Auxiliaries and efficiencies

The power calculated in the driving cycle need to be increased due the inefficiencies and the
presence of auxiliaries. In the model this step is included in three different block: the first one,
shown in Fig. 5.15, about the efficiency of the electrical motor (EM); the second one, shown
in Fig. 5.16, about the efficiency of inverter/converter; the third one, shown, in Fig. 5.17,
about the efficiency of mechanical components and transmission and the amount of power
used for auxiliaries. In such way the power requested by the Electric Drive (ED) is calculated
and it can be used by Power Management Unit described in the next paragraph.

The electrical motor has a efficiency table which consist in a 2-D function where the
efficiency depends on the torque and angular velocity. This table is usually provided by the
manufacturers. In any way, the use of the table has a very small influence on the overall
efficiency calculation since the value of the table are in a very small range about 0.9+0,95.
For this reason a simplified model can be set using a constant value. In the proposed model,
both methodologies can be applied by a manual switch that allow to use the constant value or

the lookup table.

2
e N

Constant

Terminatori

Manual Switch

® (1)

Power_EM

Constant1

Lockup *
Table (2-0) Divide Power_EM

to calculste efficiency

o [

Torque

2} - Torque_EM

domega/dt Terminator

Fig. 5.15: Efficiency of electric motor
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The power of the inverter is a constant value which is multiplied or divided to the power

depending on the direction of the power flow.

4,b_

eta inverter

—..
() i {1 )
" T —b—_. . H o
Power out DC Power in DC
Switch

4,b_

1/eta inverter

Fig. 5.16: Efficiency of inverter

The mechanical efficiency must be also considered although the adoption of an electrical
motor allow to eliminate a gearbox instead of a simplified mechanical transmission between

motor and wheels. The auxiliaries are considered as a constant value in this model.
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Fig. 5.17: Efficiency of mechanical components and power of auxiliaries

5.2.4 Power Management Unit
The presence of different energy sources in an FCHEV gives the possibility of sharing the
power propulsion according to some optimization rules. In the “series” hybrid solution, all

power flows are converted into electricity. The power generated in the fuel cell (Prc), the
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power stored in the battery (Pgart) and the power requested for traction (Pgp) flow into a node
as time dependent values.

In Fig. 5.18 the general arrangement of a FCHEV is shown. In this system all traction power
is converted to electricity and the sum of energy from two different source is made in terms of
electrical quantities. As primary converter is used a FC system which is constitute by a FC
stack and all device of Balance of Plant (BoP) such as humidifier, air blower, hydrogen pump
heat exchanger and flow valves. Instead of a FC system could be used an Internal combustion
engine (ICE) coupled with a three-phase alternator or a gas turbine also coupled with a
electricity generator.

The main power fluxes regards the source power (Pgc) that is obtained from conversion from
fuel, the energy storage system power (Press) that represent a secondary source of energy, the
power drawn by mechanical and electrical auxiliaries (Paux) and the power needed for
propulsion (Pgp) that is requested by the Electric Drive. All these powers are function of the
time. Since the power delivered by FC is not directly related to the power requested by the
ED, the “Series” hybrid configurations present a certain degree of freedom which allow to

dimension the whole system according to some dimensioning rules.

Primary Converter Electric Drive

i . ! Peo)
: FC HOl‘lZOll é.(ﬂ;——}m(—)Q‘(—>
i| H-Series ! i

1
]
1
]
1
]
1
1 :
| e e e e e e e e \ i Electrical Wheels '
A Pratr . 4 Motor/Generator ;
' | Auxiliaries i
RESS
PFc (signal) Lithium-Ion
battery Pep(signal)
ﬂSO(' (signal)

‘ CONTROLLER (Simulink® block)

Fig. 5.18: Scheme of FC Hybrid Electric powertrain

These dimensioning rules which allow the definition of the most important operating

parameters are as following [95-98]:

e The total power requested from the vehicle is the power requested from the electric
drive including the power for auxiliaries (Pep) and is determined by the vehicle

parameters, the trip characteristics and the efficiency of all components of the
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propulsion system. Pgp contains the sum of the power flow requested for propulsion
divided by mechanical and electrical efficiency of components plus the power flow

requested from auxiliaries (Paux):

Fiero + Foray + Frol +F “Vighi 1
PED (t) — |:( AERO GRAV ROLL INERT) vehicle :|+ PAUX

Mem ~ Mrrasm T7INVERTER

(5.5)

in the case that Pgp is negative with EM in generator mode, the value of produced electricity
decreases due to electrical and mechanical efficiencies. It turns out that equation (5.1) become
(5.2).

Pep () = [( Fagro *+ Forav + FroLt + Finert ) - VueniceTen Trras Tinverrer ]+ Paux (5.6)

e Regarding the RESS, Pgart is calculated as the difference between Pgp and Pec.
PBATT (t) = PED (t) - PFC (t) : (5.7)

The fuel cell produces electricity from hydrogen in a unidirectional way while the power
flows between battery and node and electrical machine and node are both bidirectional. For
this reason Pgc is always positive, while Pgp is positive when the electrical machine works as
a motor and negative when the electrical machine works as a generator and Pgarr IS positive
during discharging phase and negative during charging phase, shown in fig. 5.8, where all
power flows are connected to each other. A Power Management Unit (PMU) regulate the
values of power flows entering or leaving each sub-system.

Theoretically, it can be said that the needed power Pgp is constituted of an average value and

aripple. The ripple is the difference between the instantaneous power and the average value.
Peo (1) = Pop_ag +1(1), with avr[r(t)]=0 (5.8)

It is very reasonable to control and dimension the system in a way that the fuel cell provides

the average power and the battery provides the ripple (r(t)). It is very important to reduce the
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nominal power of the fuel cell in order to reduce the dimension of the system. This can be
achieved through an appropriate dimensioning of the fuel cell in consideration of its average
power value while in operation, whereby the battery is dimensioned to satisfy the peaks. The
energy stored in the battery is used as a control parameter for the control strategy of the fuel
cell. This value, called SOC, is maintained below an upper limit (SOCy), so energy can be
recovered during braking, and above a lower limit (SOC,), to have enough energy to support

the propulsion request. The control strategy of the fuel cell is described by equation (5.9).

if SOC>S0C, —» P, =0
if SOC_<SOC<S0C, — P.. =P, for P, >0, P, =0forP, <0 (5.9)
if SOC<SOC, — P =max|[P]

When SOC is below the lower limit, the FC will run at its maximum power to recharge the
battery without the need for a plug-in system. Next, when SOC is comprised in the range
between the lower and the upper limits the FC run at variable power. The logic of control can
optimize the value of the FC power within this range in order to avoid the FC following the
typical profiles of driving cycles which are discontinuous, characterized by steep and
unscheduled load transients. Lastly, when the SOC is above the upper limit the FC is switched
off. The SOC optimal value is in the range SOC -SOCy and it can be determined according to
a battery losses minimization criteria or alternatively, as adopted in this thesis, according to
typical behavior of vehicle in different driving cycles.

The auxiliary powers are also very important, although they are normally lower than the
propulsion power and less variable over time. Their influence depends on the size of the
system and the type of vehicle. It will be included as constant in the modeling tools of this
Research. In fact, when a new specific powertrain is designed the presence of all mechanical
and electrical device which absorb power must be taken into account.

In case of FC-based primary converter, the very high cost of the FC system makes very
important to reduce its size. This objective consists in a reduction of the nominal power of the
FC stack and can be achieved by making delivered only the average power requested by ED

(Pep_avg) and leaving the RESS to delivered the remaining power to reach the peak.
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The main purpose of the “Controller”, that could be also called Fuel Cell Control Unit
(FCCU) or Hybrid Control Unit (HCU), is to determine how to share the propulsion power
between the two source available.

The controller is the core of the Simulink® model and allows that the energy management
strategy application. As indicated in Fig. 5.18, the input data of this block are SOC and Pgp,
while the output data are Pec, PsatT, Prec and PLost. This block contains a logic control in
which the power request from ED is used to decide the energy source considering SOC. In
fact, the controller defines the operating point of FC and lets the battery provide the remaining
power rate. In this way Prc and Pgart are a function of Pgp and SOC, according to (5.9). If
Perr is negative, the power flow goes from ED to battery due to recuperative braking. This
power flow is called recovered power (Prec). If Prec > Pchemax), the exceeding power (Prost)

cannot be recovered, because of the battery charging power limitation. The equations are:

Preec (t) = Poo (1) (only for Pep < 0 and Prec < Pergmag)  (5.10)

Plost (t) = Prec (t)— Petom (t) (only for Prec > Pcro(max) (5.11)
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Fig. 5.19: FC and battery logic control in “PMU” block

Battery Power

The PMU block allow the simulation of different logics of control in order to reach a
maximum efficiency of the system and to reduce the transient which cause the degradation of
membrane. For these reasons the logic proposed above represent only a possible solution
which can be analyzed in deep or improved according to specific objective of the research. In
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this thesis the logic of control is defined in order to verify how it impact on the overall
behavior of the system and the results of this studies are explained in chapter 6. Some
conditional instructions are contained in the blocks as well as some limits for parameters. In
this logic any change could be done through new conditional instructions or upper or lower

limits for operational parameters.

5.2.5 Fuel Cell model

This block, shown in Fig. 5.20, defines the FC stack operating point. The FC characteristics
are included as lookup tables provided by the manufacturer. The included tables are:
polarization curve (in which voltage is plotted over current), power curve (in which power is
plotted over current) and consumption curve (in which consumption is plotted over power or

current). The real power of fuel cell is obtained by multiplying voltage with current:

Pec (t):VFC (t) e (t) (5.12)

i oL H2 H2 consumption (g}
> b b z >
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ﬂ Cument FC Voltage FC Distance
display display
energy required (Ws) pley pley
£ o =
P Integrator Froduct Fower B -
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Integrator2 energy produced (Ws)

cumrent over power [A)

Fig. 5.20: “Fuel cell” block

The fuel cell block is constructed by three “Function Block Parameter” which use the data
provided by manufacturer (Horizon fuel Cell Technologies) that consist of the functions of
consumption over power, current over power and voltage over current. The last one function
is the polarization curve. The input is constituted by the required power from FC stack. This

power is obtained by the product of voltage and current. So the “Function Block Parameter”
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of current over power allow to define the current level of the FC stack, while the polarization
curve allow to calculate the voltage. Also the consumption of hydrogen is calculated. These
parameters are defined in a quasi-steady iteration with a step of 1 second. The value of 1
second could be changed, but it seem the most reasonable value to have a good accuracy of
the results and a not excessive mole of data.

In the function block parameters the data provided by manufacturer are inserted as indicated

in Fig. 5.21 where the example of the polarization curve of a FC of 2000 W is shown.

7 — 5
ﬂ Function Block Parameters: Polarization curve @
Lookup

Perform 1-D linear interpolation of input values using the spedified table. Extrapolation is
performed outside the table boundaries.

Main Signal Attributes
Vector of input values:  current_for_voltage2000 Edit...

I Table data:  voltage_table2000

Lookup method: | Interpolation-Extrapolation -

Sample time (-1 for inherited): -1

oK ]| Cancel || Help Apply

/|

Fig. 5.21: Function block parameters of polarization curve expressed
through a function of the voltage over current

Summarizing, the model of FC define the point of functioning of the FC in the polarization
curve starting from the power requested by the PMU. In this way the value of requested
power allow to define firstly the current and secondly the voltage. As last calculation, the
hydrogen flow is calculated by using the consumption curve. This process is described by
following flowchart:
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Power requsted by PMU
e input of the model taken from "PMU" block

Current

¢ Calculated by using the curve with power vs. current
Voltage ‘

e Calculated by using the "polarization curve" starting
from cuerrent value

Consumption

¢ Calculated by using the curve with consumption vs.
power

Verify

e Verification of the power output calculated by
multipling voltage and current

Fig. 5.22: Flowchart of FC model

5.2.6 Battery model
The following electrical scheme allows to represent the behaviour of a lithium-lon battery is
the:

|
« —
R
e

®
Fig. 5.23: Equivalent circuit of a Lithium-lon battery

In general, the voltage of a Lithium-lon battery can be calculated by the equation:

Vearr = B _(R' IBATT) (5.13)
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where Ey is a function of SOC, which is a very important parameter in FCHEVs because the
efficiency of the battery depends on this value. Experimental results have demonstrated that
for Lithium-lon batteries the influence of SOC is very small in comparison with Lead-Acid or
Ni-MH batteries. The initial value of the SOC depends on the energy level of the battery
which is indicated as capacity. This value increases or decreases as a consequence of a current

flow into or from the battery:

(5.14)

The prefixed minus in the numerator indicates that SOC decrease when battery current is
positive during discharge. The time dependent battery current is derived by dividing Pgarr,
calculated in (5.5), through Vgarr calculated in (5.9):

lgarr (t) = e (tg

Vearr (t (5.15)

The power flow lost in the battery is:

I:)BATT(Iosses) (t) = R ) I ? (5.16)

The equations (5.9), (5.10), (5.11) and (5.12) define the mathematic relations between input
parameters (power required, SOC initial, capacity, nominal voltage, internal resistance) and
output parameters (SOC, current, voltage, losses) in this block, as shown in fig. 5.23.
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Fig. 5.24: “Battery” block

The battery block define the operating parameters of the battery starting from the initial
conditions. The State Of Charge (SOC) is an important parameter which change continuously
during operations. In fact, it is defined in the model through an integration. The starting point
is defined in terms of initial SOC and power provided or received. An internal resistance is
also considered, while the efficiency of the battery is expressed as function of the SOC

through the value of E,.

5.2.7 Energy balance

n this block, the power flows of the FCHEV power train are transformed by integrations to
define the values of the total amount of each energy source. The objective is to calculate the
amount of generated energy by FC, provided by the battery, lost due to battery limitations and
used by ED. All these quantities are expressed in [Wh]. The algebraic sum must be around
zero (not exactly because of the nature of simulation), as explained in equation (5.17).

t_end t_end t_end

[Pecdt+ [Pygrdt— [Ppdt=0  (where Pep are taken only if positive)  (5.17)
0 0 0

The energy balance gives an indication about the importance of each component in the system
and can be used to choose the best dimension of the whole power train.
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Also, in this analysis a verification of the power flows in the electrical node is done. The sum
of power flow in the node must be around zero (some oscillation around this value is caused

by the nature of simulation):

Prc (t)+ Paarr (t)— P () + Posr () =0 (5.18)

This balance could be used in order to analyze the percentage of contribution of each source
of energy in a hybrid system and in the meantime to verify if the difference between the
energy produced and used is equal to the amount of energy stored in the Rechargeable Energy
storage system (RESS). Importantly, due the characteristics of the model, the accuracy, the
simplification of the electro-chemical phenomena, the result of the algebraic sum is not equal
to zero but it will be around zero. This can be considered as a consequence of the

approximations.

5.2.8 Considered FC stacks
The Fuel Cells taken into consideration in this Research for simulation in HEVs and for
validation of numerical modeling are the HORIZON H-SERIES PEM FC. This family of FC
comprises stacks of the following sizes (Watt): 12, 20, 30, 100, 200, 300, 500, 1000, 2000,
3000, 5000.
The manufacturer (Horizon Fuel Cell Technologies) provides the all data sheet with all
technical specifications in the manuals, shown in Fig. 5.26, on the website
(www.horizonfuelcell.com). The technical specifications are referred to:

e dimensions;

e polarization curve;

e hydrogen consumptions;

e type of reactants;

e points of functioning;

e levels of voltage, power and current;

¢ instructions for safety, set-up and maintenance.
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@ Horizon

Fuel Cell Technologies

H-200 Fuel Cell Stack
User Manual

&
i

Fig. 5.25: User manual of a HORIZON FC H-SERIES of 200 W, as indicated in the

manufacturer website
Obviously, these stack can be assembled to reach requested levels of power which are not

directly reached by a single stack. An example of the technical specifications of the H-
SERIES 200 W, as indicated in the manufacturer website, is reported below:
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O Herizon
4. Technical Specification
Type of fuel cell PEM
Number of cells 40
Rated Power 200W
Performance 24V @ 8.3A
H2 Supply valve voltage 12V
Purging valve voltage 12V
Blower voltage 12V
Reactants Hydrogen and Air
External temperature 5 to 30°C
Max stack temperature 65°C
H2 Pressure 0.45-0.55bar
Hydrogen purity =99,995% dry H2
Humidification self-humidified
Cooling Air (integrated cooling fan)
Stack weight (with fan & casing) |2230 grams(£50grams)
Controller weight 400 grams(+30grams)
Dimension 11.8cm x 18.3cm x 9.4cm
Flow rate at max output* 2.6 L/min
Start up time =30S at ambient temperature
Efficiency of stack 40% @24V
Low voltage shut down 20V
Over current shut down 12A
Over temperature shut down 65'C
External power supply+* 13V (£1V), 5A

Fig. 5.26: Technical specification of a HORIZON FC H-SERIES of 200 W, as indicated
in the manufacturer website

The performance characteristics, that consist of three diagram where the voltage is plotted
over current, the consumption is plotted over power and power is plotted over current, as

indicated in the manufacturer website, are reported below:
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O Horizon

9. Performance Characteristics

Performance characteristics of the stack are presented. All performance data is given
for baseline operating conditions, defined at seaJlevel and room ambiant termperatura.
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Fig. 5.27: Performance characteristics of a HORIZON FC H-SERIES of 200 W, as
indicated in the manufacturer website

This performance are reported in the Matlab/Simulink® model as a library in the workspace.
In this way the performance of all H-SERIES FCs are available for simulations. The plotted
diagram of the performance characteristics of the FC of 200 W, as a result of the plotting, is

shown below:
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Polarization curve of H-Series FC 200 W
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Fig. 5.28: Performance characteristics of a HORIZON FC H-SERIES of 200 W, as
obtained by plotting in Matlab/Simulink® model

5.2.9 Validation

The validation was carried out by the comparison of the result with a paper written by Hwang
[11], where a fuel cell powered bike was created and tested with a fuel-cell system of 300 W.
The system includes FC stack, metal hydride canisters, air pumps, solenoid valves, cooling
fans, pressure and temperature sensors and a microcontroller and it is installed on a

commercial electric bicycle. Results show that the ratio of travel distance to fuel consumption
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of the prototype electric bicycle is about 0.74 g/km which seems reasonable in comparison
with the consumptions of FC-E- Grace One.

Moreover, a comparison between the battery voltage profiles of different cases available in
scientific literature and the battery voltage profile obtained with the model of this thesis can
be done. This comparison show how the voltage follow a similar profile in a rage which is in
the range between the maximum value of voltage and 10 % less. Also, the SOC follow the
same trend around the SOC, in a driving cycle with enough time to have a converged value of
SOC.
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6. Simulation results

6.1 Investigation of power flows in Fuel Cell stacks

6.1.1 Results of simulations for FC stacks
The simulations results give indications about the behavior of PEMFCs through diagrams in

which voltage, losses, power, mass flow rates, water for humidification and energy flow rates
are plotted over current density or current.

Particularly, the performances have been estimated in three different cases in which the
operating temperature and the hydrogen inlet pressure have been varied respectively from 50
°C to 80 °C and from 1 atm to 3 atm. The diagrams are referred to a single cell, but they can
be used for a FC stack multiplying the estimated parameters by the numbers of cells.
Moreover, the water management analysis has been done under different conditions of
relative humidity (0.5, 0.7 and 0.9). Finally, the efficiency of the cell has been studied through
the investigation of the energy flow rates into the cell which consist in the mathematical
balance of gases enthalpies, heat generated and electricity produced [99].

The model validation has done by the comparison between simulation results and
manufactures datasheets.

The simulations has been done in three cases in which cell area, relative humidity, ambient
temperature and stoichiometric ratio at the anode and cathode are fixed, while temperature
and pressure are variable. This general assumptions are indicated in Table 6-1.

Since a FC stack is made of several cells connected in series, the simulation is referred to one

single cell and the results can be used for a stack id multiplied by the number of cells.
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Table 6-1. General assumptions

Parameter CASE CASE CASE

A B C

Acenl (cm?) 100 100 100

¢ (relative humidity) (-) 05 05 05

Tambient (°C) 25 25 25

Sty (-) [29] 125 125 1.25

Stos (-) [29] 2 2 2

Neeiis (-) 1 1 1

T. (operating temperature | 50 80 80

°C)

PH2 (atm) 1 1 3

Using the Matlab/Simulink® model explained above, the graphs of Nernst voltage,
overvoltages (activation, ohmic and concentration), cell voltage and power over current

density are obtained.
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Fig. 6.1: Nernst voltage vs. current density
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Fig. 6.2: Activation, ohmic and concentration losses (with assumptions of Table 6-1)
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Fig. 6.3: Polarization and power curves (with assumptions of table 6-1)

The diagrams show, in case C, a slight increase of voltage and consequently of power
compared to the cases A and B. The electrical power produced by the cell in the case C is
higher than cases A and B at the same hydrogen flow. This modest increase has a greater
influence with an high number of cells.

In the range between 0+0.25 A/cm? the following diagram show how is the difference in a

parametric simulation with three different levels of hydrogen inlet pressure:
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Fig. 6.4: Polarization curve for a parametric analysis regarding three different

values of hydrogen pressure

Importantly, the effect of pressure are due only to the hydrogen pressure. The operating
pressure in the cell is a weighted average of reactants pressure and, consequently, additional

energy is not required to compress the air, while the hydrogen pressure is reduced from the

high value of storage system.

Using the general assumptions of Table 6-1 (the simulation give the same results for cases A,

B and C), the amount of water injected at three different levels of relative humidity is

indicated in Fig. 6.5.
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Fig. 6.5: Water injected vs. current density at three different levels

of relative humidity.

As a natural consequence of the higher amount of water content in the air used as reactant, an

higher value of relative humidity imply a reduction of the water injected.
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Using the general assumptions of Table 6-1 (the simulation give the same results for cases A,

B and

Mass flow rates (g/s)

C), the flow rates are:
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Fig. 6.6: Mass flow rates vs. current density with assumption of Table 1 (CASE A,B and

C give the same results)

With the general assumptions of Table 6-1 (CASE B), the energy rates are:
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Fig. 6.7 : Energy flow rates vs. current density with assumption

of Table 6-13 (CASE B)

The diagram shows a linear trend for energies of reactants and water, a parabolic trend for

electrical power and an exponential trend for heat. Since the heat is related to losses, at higher

currents the theoretical efficiency decreases.

Importantly, the theoretical efficiency do not consider the presence of auxiliaries devices as

compressor or cooling system. In fact the trend of efficiency is steadily decreasing.
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6. Simulation results

In Table 6-2 is indicated the total amount of energy that flow through the FC. The relationship
between electrical power and heat is expressed through the percentages of energy flows,
indicated in the Table 6-3. This investigation show as the electrical power percentage

decrease and heat percentage increase with current density while their sum remain constant.

Table 6-2. Values of energy flow rates (W) for each inlet and outlet flow at various levels

of current density.

Current density (A/cm2)

0,1 0,2 0,3 04 0,5 0,6 0,7 0,8

Inlet air inlet 0,16 |034 |052 [0,70 |0,88 1,06 1,24 1,42
energy hydrogen 16,74 | 35,35 |53,95 [72,56 |91,16 109,76 |128,37 |146,97
flows (W) | H20 inlet 5,58 11,77 (17,97 | 24,16 | 30,36 36,55 42,75 48,94

Total (inlet flows) | 22,48 |47,46 | 72,44 | 97,42 | 122,40 |147,38 |172,36 |197,34

air outlet 1,64 3,46 5,29 7,11 8,93 10,76 12,58 14,40
Outlet

H20 outlet 9,55 20,17 | 30,79 [41,40 |52,02 62,63 73,25 83,87
energy

electrical work 9,44 19,36 |28,75 | 37,58 | 45,80 53,33 60,06 65,85
flows (W)

heat 1,84 4,47 7,62 11,33 | 15,65 20,66 26,47 33,22

Total (outlet

flows) 22,48 | 47,46 | 72,44 |97,42 | 122,40 |147,38 |172,36 |197,34

Table 6-3. Values of percentages of energy flow rates regard the sum of inlet and outlet

flows.

Current density (A/cm2)

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

air inlet 0,7% 0,7% 0,7% 0,7% 0,7% 0,7% 0,7% 0,7%
Inlet hydrogen 74,5% 74,5% 74,5% 74,5% 74,5% 74,5% 74,5% 74,5%
percentages

H20 inlet 24,8% 24,8% 24,8% 24,8% 24,8% 24,8% 24,8% 24,8%

air outlet 7,3% 7,3% 7,3% 7,3% 7,3% 7,3% 7,3% 7,3%
Outlet H20 outlet 42,5% 42,5% 42,5% 42,5% 42,5% 42,5% 42,5% 42,5%
percentages | electrical work 42,0% 40,8% 39,7% 38,6% 37,4% 36,2% 34,8% 33,4%

heat 8,2% 9,4% 10,5% 11,6% 12,8% 14,0% 15,4% 16,8%
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6. Simulation results

6.2 Theoretical and experimental driving cycles

Before proceed in the selection of theoretical driving cycles or in the analysis of experimental

driving cycles for two-wheeled vehicles obtained through the measurement activities carried

out at Hochschule Esslingen, some consideration is done. A driving cycles allow to define,

according to the procedure explained in the paragraph 3.2.3 about energy management

strategies, the required power for motion by vehicles. This quantity is strictly related to the

average power during the trip. This analysis is demonstrated though the following

calculations in which different theoretical driving cycles are used, in the numerical model, as

reference for the same two-wheeled vehicle in a route without slope. The result are shown and

listed in Table 6-4 and Fig. 6.8 where the correlations can be noticed.

Table 6-4: Some of the theoretical driving cycles available in literature

Driving cycle time |Distance | Average speed | Average required
= (s) (km) (km/h) power (W)
TRL congested urban 1040 1.915 6.6 92
TRL urban 1222 6.145 18.1 276
MODEM 1 1217 5.810 17.2 322
ARTEMIS urban 1028 5.314 18.6 346
INRETS urban fluide 3 1067 7.232 24.4 443
EMPA LSA 770 4.161 19.4 578
EMPA RX 1169 12.390 38.2 860
EMPA Kreisel 513 4.876 34.2 863
HYZEM route 1 700 7.820 40.2 1148
INRETS route 1 888 9.270 37.6 1158
Handbook S3 2537 31.330 44.4 1189
Handbook R3 1208 15.910 47.4 1328
ARTEMIS rural (limited to 80 km/h) 1036 14.880 51.7 2006
TRL suburban & rural (limited to 80 km/h) | 1092 15.980 52.7 2017
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Fig. 6.8: Comparison between the results of average required power listed in the table

(markers) and function of power required vs. vehicle speed
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Although the power demand depends on several factors, which are variable in driving cycles,
such as slope, acceleration and deceleration the average power is strictly related to the average
speed. In fact, the results indicated in Table 6-4 follow the same profile as the power required
over speed.

Usually driving cycles, that are defined in terms of vehicle speed as a function of time, are
employed for conducting test of emission levels. So, hundreds of driving cycles have been
used in the measurements of emissions according to the legislation of different countries. In
this Research, is not possible to have a comprehensive description of all theoretical available
driving cycles because they are high in number, but the emphasis is given to the most used

driving cycles.

6.3 Strategies for dimensioning two-wheeled vehicles
6.3.1 Input data for trips and vehicles

The aim of this Research is to design the power train for an FC-driven electric-bike. A
GRACE ONE electric bike was used for experimental measurements. The characteristics of
GRACE ONE and of the Motorcycle are listed in Table 6-5 [100] [101].

Table 6-5. GRACE ONE E-bike characteristics and Motorcycle characteristics used in
Matlab/Simulink® model.

Characteristics GRACE ONE E-bike Motorcycle

Mass vehicle (without passengers) 33 kg 180 kg

S . 113 kg 340 kg
Mass vehicle (including passengers) (1 passenger) (2 passengers)
Rolling resistance coefficient C, 0.005 0.012
Drag coefficient Cy 1 1
Vehicle frontal surface 0.4 m* 0.7m’
Eta inverter 0.90 0.90
Eta electric machine 0.92 0.92
Eta transmission (EM is mounted directly on 0.98 0.95
the rear axis for GRACE-ONE)

The simulation model is based on a set of experimental data measured directly on board the
vehicle. The data inserted in this Research refer to a specific route from Esslingen to Altbach
(Germany). The measurements were taken at Hochschule Esslingen. A data logger is mounted

on the E-bike in order to measure consumed total capacity requested, battery voltage, battery
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current, speed, distance terrain slope through GPS. The measurements are taken with a step of
1 second. In order to have statistical data, the route was followed several times in two
different ways: the first one with the combination of electric motor and pedaling by cyclist
(human-electric hybrid) and the second one with the only the contribution of an electric motor

for traction (pure electric hybrid). The results are listed in Table 6-6.

Table 6-6. Total capacity [Ah] required from
battery in EV in the route Esslingen-Altbach.

Human-electric hybrid Pure electric
5.60 9.62
5.97 9.69
7.18 9.91
5.64 10.88
5.34 9.49
Average | 5.94 9.91

The average value is 5.94 Ah under first condition and 9.91 Ah under the second one with a
saving of 40 % of energy. Importantly, the simulation with pedaling will be done with a
reduction of 40 % of the effective power needed for propulsion. The value of 40 % was
defined through a statistical analysis over several different trips and conditions.

The efficiency and the performances of a PEM fuel cell are included in Matlab/Simulink®
model through functions in which voltage (V), power (W) and consumption (L) are plotted
over current (A). Clearly, the Horizon FC stack H-SERIES is used and its technical
specifications are provided from the manufacturer. The Horizon H-SERIES can cover a power
range between 10 W and 5 KW. An example of polarization, power and consumptions curves
of 200W FC is presented in Fig. 6.9 [102].

Even though in this section the profiles of a 200 W FC are represented, in the
Matlab/Simulink® model different FCs of 200, 300, 500, 1000, 2000 and 3000 W are inserted

and their use is done by means of the simulator.
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Fig. 6.9: Performance characteristics of the FC stack Horizon H-SERIES 200W

Lithium-lon batteries are used in the GRACE ONE E-bike to store energy for propulsion. Its

characteristics influence the vehicles autonomy whereby charging needs a long time and a

plug-in connector is needed. In the Matlab/Simulink® model, a Lithium-lon battery with the

specifications of Table 6-7 is considered.

Table 6-7. Lithium-ion battery specifications.

Parameter GRACE ONE FC-E-motorcycle
FC-E-bike
Capacity 12 Ah 20 Ah
Nominal Voltage 48V 48V
Energy content 576 Wh 960 Wh
Max current in charging 20 A S0 A
Max current in discharging 50 A 120 A
Max power in charging 960 W 2400 W
Max power in discharging 2400 W 5760 W
Internal resistance in charging 0.014 Q 0.014 Q
Internal resistance in discharging 0.012 Q 0.012 Q
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6. Simulation results

The Matlab/Simulink® model allows a preliminary evaluation of the average power required
by ED, which is listed in Table 6-8 for the vehicles of this Research. The average values are
very important because the size of the FC must be at least equal or superior to these values. In
fact, the energy generated on board by the primary converter must satisfy the total

requirement by the entire powertrain in order to avoid any additional source of energy.

Table 6-8. Average power required for propulsion.

Vehicle Number of Average power

passengers requested by ED
FC-E-bike (human-electric hybrid) 1 186.4 W
FC-E-bike (pure electric hybrid) 1 251.4 W
FC-E-motorcycle 2 1880.5 W

The simulation allows the estimation of the performances, in terms of efficiency and
consumption of the FCHEV powertrain considering several different combinations.

Since the efficiency over the SOC curve of Lithium-lon batteries is rather flat according to
[30], the simulation helps a better understanding of control logic. In fact, the efficiency of the
battery changes from 86 % (SOC=0.2) to 90% (SOC=0.8). Simulations were carried out using
SOC lower and upper limits of 0.7 and 0.8. The driving cycle is related to an Esslingen-
Altbach route with a Grace One as pure electric hybrid. The vehicle speed profile (average
24.66 km/h) and the effective power for propulsion (average 314 W) are shown in fig. 6.10.
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Fig. 6.10: Speed and power of a GRACE ONE (pure electric hybrid)
in Esslingen-Altbach route

The values of SOC_ and SOCy are 0.7 and 0.8 since these values allow recovering the
available energy during descent, deceleration by recuperative braking. Furthermore, a high
value of the SOC slightly improves the overall efficiency of the system.

The two-wheeled vehicles considered in this thesis are listed below:

S
TWO = *FC-E-bike human electric hybrid @/@

Whe e1 Ed *FC-E-bike pure electric hybrid
. *FC-E-motorcycle
vehicles

Fig. 6.11: Two-wheeled vehicle considered in this thesis

6.3.2 Results of simulation of the GRACE ONE FC-E-bike (human-electric hybrid)

Firstly, the evaluation of FC sizing was conducted with a repetition of single trips. The results
of SOC levels during simulations are shown in Fig. 6.12. The results show that the FC power
must be of 200 W for GRACE ONE as human-electric hybrid. In fact, the on-board generated
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energy is enough to keep the SOC level up to 0.65 after a trip of 25000 km and a distance of
190.84 km. Consequently, an FC of 200 W, used as primary converter, allows the requirement
to be satisfied by ED with a reduction of the size of the system and consumptions of

hydrogen.

1 T I T
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—FC 300 W
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S0C (1)
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time (s) x10°

Fig. 6.12: SOC levels for Grace One FC-E-bike

Secondly, the behavior of the hybrid system is analyzed thorough the graphs of SOC and
hydrogen consumption, as indicated in Fig. 6.13. The graph of total hydrogen consumption
indicates how much hydrogen is used in the FC stack according to the power requested by the
ED and the SOC which is also shown in the fig. 6.4. Since the dimension of the primary
converter was calculated in a longer driving cycle, the SOC is almost constant due the fact
that its range is comprised between 0.68 and 0.70. A total consumption of 4.67 g is needed

for a trip of 12.87 following the profiles of speed and slope used in the simulation [103].
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Fig. 6.13: Behavior of powertrain for GRACE ONE as human-electric hybrid
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6.3.3 Results of simulation of the GRACE ONE FC E-bike (pure electric hybrid)
Firstly, the evaluation of FC sizing were conducted with a repetition of a single trips. The
results of SOC levels during simulations are shown in fig. 6.22. The results show that the FC
power has to be 300 W for GRACE ONE as pure electric hybrid. In fact, the on-board
generated energy is enough to keep the SOC level up to 0.6 after a trip of 25000 km and a
distance of 190.84 km. The value of FC power in this case is superior to the previous case
because the Grace-One as pure electric hybrid does not receive energy from the passenger.
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Fig. 6.14: SOC levels for GRACE ONE FC-E-bike

Secondly, the behavior of the hybrid system is analyzed thorough the graphs SOC and
hydrogen consumption, as indicated in fig. 6.15. Since the dimension of the primary converter
is superior to the human-electric hybrid and the contribution of the passenger is zero, the total
consumption of hydrogen is greater than 4.67 g and is equal to 9.11 g. The SOC is maintained

in an adequate range due the fact that its range is comprised between 0.64 and 0.70.
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6.3.4 Results of simulation FC- E-motorcycle.

For this vehicle some parameters must be modified compared to GRACE ONE. In particular,
the mass of vehicle is increased from 113 to 340 kg considering 2 passengers, the frontal area
is increased from 0.4 to 0.7 m?and the rolling resistance coefficient is increased from 0.005 to
0.012.

The New European Driving Cycle (NEDC), limited at 80 km/h, is the basis for this
simulation. The altitude profile is related to Esslingen-Altbach route. The driving cycle, in

which the average speed is 33.4 km/h, is shown in fig. 6.16.
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Fig. 6.16: NEDC used in Simulink® model
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A simulation is done with several cycles for 25000 seconds to analyze the SOC of battery in a
system with a FC of 1000 and 2000 W. As indicated in fig. 6.25, the energy generated from
FC is enough for FC-E-motorcycle equipped with a FC of 2000 W because the SOC is
maintained in an appropriate range. Moreover, the final SOC, after a range of 223 km, is
above 0.65. Indeed, the best hybrid configuration for the motorcycle can be done with a
powered FC of 2000 W.
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Fig. 6.17: SOC of FC-E-motorcycle during simulation

An enhance analysis of this vehicle, using the NEDC cycle (1220 seconds) is represented in
fig. 6.18, where SOC and hydrogen consumption are shown. The profile of total hydrogen
consumption is influenced by the logic of control of the FC which work at maximum power
when the SOC is below 0.7. The importance of the driving cycle is evidenced in the part after
800 seconds when speed is upper than before. In fact, the architecture of the hybrid system is
conceived in order to use both FC and RESS in most demanding phases. Nevertheless the
vehicle works with two passengers, high speed and binding slope the SOC remain up to 0.56
at the end of the trip.
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Fig. 6.18: Behavior of the powertrain for FC-E-motorcycle

The higher consumption of the motorbike, compared to GRACE ONE, is acceptable due to
the increased amount of hydrogen stored on board.
The layout of the powertrain is proposed in Fig. 6.19 using the external dimensions of the

principal components and taking into consideration a Piaggio Vespa scooter, which are
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(dimensions are expressed in mm): 350x183x303 for Horizon H-Series 2 kW PEMFC stack,
180x80x300 for Lithium-lon commercial battery, $220x220 for 5 kW electrical motor and
$170x380 for high pressure hydrogen tank.

1155

1851

Fig. 6.19: Layout of the powertrain for a FC- E-motorcycle

In this configuration the RESS and the FC are positioned under the seat, the EM is positioned
in the housing of the Internal Combustion Engine and the hydrogen tank is positioned on the

left side of the rear wheel replacing the exhaust pipe.

6.3.5 Comments

Veracity of the developed models is validated by previous studies and design data available in
scientific literature. Assumptions relating to driving cycles and operating conditions are based
on open literature and personal communications. Simulation results and associated analysis
should therefore be considered in view of all the assumptions presented in the dissertation and
papers.

The results of the model exposed in this Research are summarized in Table 6-9 in which the
most important working parameters of two-wheeled vehicles, such as average power
requested by ED, peak power of EM, maximum power of FC, power and capacity of Lithium-

lon battery and hydrogen consumption, are listed.
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Table 6-9. Configuration summary.

RESS | Average RESS FC Pep H2
. capacity Pep max power | power | (peak) | consumption
Vehicles . .
requested | discharging | (peak)

(Ah) (W) (W) w) | (W) (9/km)
FC-E-GRACE ONE 12 186.4 2500 200 | 2500 0.37
(human-electric hybrid)
FC-E-GRACE ONE 12 251.4 2500 300 | 2500 0.71
(pure electric hybrid)
FC-E-Motorcycle 20 1880.5 7800 2000 | 7800 2.88

To summarize, in Table 6-10, an overview of the results of simulations is reported in order to

compare the energy requirements of three different vehicles.

Table 6-10. Results of simulations.

. Energy | Energy | Energy | SOCkE -
Time of . .
Vehicles simulation Distance | required | from from SOC,
by ED FC RESS
(s) (km) (Wh) | (Wh) | (Wh) (W)
FC-E-GRACE ONE 1686 12.87 1104 | 866 | 238 - 2.5%
(human-electric hybrid)
FC-E-GRACE ONE 1873 12.83 196.2 | 1459 | 50.3 - 4.1%
(pure electric hybrid)
FC-E-Motorcycle 1220 10.42 638.8 484.7 154.1 -13.3%

The values 0.40, 0.59 and 2.88 (g/km) are an estimation of the consumption respectively for

the bike as human-electric hybrid, the bike as pure electric hybrid and the motorcycle. The
energy required by the ED is equal to 110.4, 196.2 and 638.8 (Wh) for the vehicles in the

same order as before. This amount of energy is provided by the FC and the RESS with the

contributions indicated in the table. The ratio of the energy provided by the FC is equal to

78.4 %, 74.3 % and 75.8 % respectively for the three vehicles, while the ratio of energy

provided by the RESS is the remaining percentage until obtaining 100%. The ratio of the

energy provided by the FC defines the relationship between the energy generated by the FC

and the energy requested by the ED. Since the propulsion systems were designed with the

same criteria, similar values of this percentage were expected. Consequently, the efficiency of
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the entire drive system is almost the same for the three vehicles of this study. The SOC
variation indicates how much energy will be available in the RESS at the end of the trips. The
Pec, for all vehicles, is higher than the average required power by ED in order to satisfy the
energy requirements in the most demanding cases.

The value of the maximum power requested for traction allows the same drivability of
traditional vehicles to be maintained, such as electric bikes and ICE-based motorcycles. Since
the peak power of the EM must be provided for a limited time, the nominal power of the EM
is lower than the peak and it is equal to 1300 W for FC-E-GRACE ON human-electric hybrid,
to 2400 W for FC-E-GRACE ONE pure electric hybrid and to 5000 W for FC-E-Motorcycle
that means a degree of hybridization respectively equal to 65 %, 67 % and 64 % for the
vehicle indicated before.

6.4  Strategies for dimensioning four-wheeled vehicles

6.4.1 Components sizing of hybrid electric powertrains with fuel cell for passengers
cars

In this research a technical analysis about a wide range of Fuel Cell Hybrid Electric Vehicles
(FCHEVs) has been conducted with the focus on the passenger cars of European segments,
indicated in Fig. 6.20.
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eCar (European Segment A) &
eCar (European Segment B)
eCar (European Segment C) \
eCar (European Segment D) ﬁ
eCar (European Segment E) —

Fig. 6.20: Four-wheeled vehicle considered in this thesis

The performance of the vehicles was tested with six theoretical driving cycles which are
referred to as rural, urban and highway routes using a Matlab/Simulink® model in order to
determine the most convenient configurations of the system. The results of the simulations
give indications about the power required for traction and auxiliaries, the State Of Charge
(SOC) of RESS and the hydrogen consumption of FC.
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In this Research, the dimensioning of FCHEVs has been optimized starting from the
acquisition of theoretical driving cycles in different conditions for a wide range of car
segments. Simulations have been conducted using the parameters which characterize the
vehicles and the missions in order to define the average power required by the wheels. Then,
this value is used as a reference for the dimensioning of the FC stack and the car
configurations are proposed and analyzed.

The calculations were implemented using a block diagram, shown in Fig. 6.21, in which the
power and the torque required by the wheels (Pep) was calculated by the sum of the
aerodynamic, rolling, gravitational and inertial forces occurring during the motion. This value
was adopted due to the presence of mechanical and electrical losses before its use in PMU as
the input parameter. The task of PMU is to define the ratio of power provided by FC and
RESS. The power of FC, hydrogen consumption, current and battery voltage and SOC are

continuously monitored [76].

Avg

Average
Power ED Power —DIMI
FC Power - FC power
Consumption
Reference torque - Torgue » S0C Fuel cell
omega momega  Power ED Battery current » Batt_current
d omega/ dt »!d omegald Battery Power - Battery power  Battery voltage »| Batt_voltage
-C- Power_max_FC -
Driving cycle Electrical motor/generator, p soc ,@
efficiency and auxiliaries ow:(r:max Power Management Unit Rechargeable Energy
(PNU) Storage System (RESS)

Fig. 6.21 Matlab/Simulink® block diagram used for FCHEV simulation

6.4.2 Input data and classifications for driving cycles and cars
A driving cycle is a series of data points representing the speed of a vehicle versus time. They

are produced by different organizations to assess the performance of vehicles in various way
[104].

The driving cycles considered in this Research are listed in Table 1 which contains the total
distance, duration, average speed, slope and variation of altitude for each driving cycle. The

slope was assumed constant with values of 1%, 2% and 5% according to the average speed.

129



6. Simulation results

Table 6-11. Specifications of driving cycles used in this Research [105]

Distance | Time Average Slope Variation of
Driving cycle (km) ) Speed (%f; altitude

(km/h) (m)
MODEM Urban5 6.34 1027 22.2 5% 317
NEDC 11.02 1220 33.6 5% 551
Handbook R2 55.30 2572 7.7 2% 1106
MODEM Hyzem highway 46.21 1804 92.2 2% 924
Artemis High motorway 30.21 1065 102.1 2% 604
EMPA BAB 32.64 1000 117.5 1% 326

Vehicle segments in Europe do not have formal characterization or regulations, but they tend

to be based on the document of the European Commission about the merger regulation

between two cars manufactures (Hyundai and Kia) in which the vehicles are classified in

segments with letters A, B, C, D, E according to the American classification [106].

The segments taken into consideration in this Research are listed in Table 6-12, in which the

cargo volume is also indicated.

Table 6-12. European classification of cars (American classification in the brackets).

Segment Definition Examples Cargo volume

MINI

A |(CITY CARS) Fiat 500, Toyota Aygo, Citroen C1. <24m
SMALL

B (SUBCOMPACT CARS) Opel Corsa, VW Polo, Renault Clio. 2.41<m’<2.83
MEDIUM

C (COMPACT) Audi A3, Alfa Romeo Giulietta, Peugeot 308. 2.83<m®<3.11
LARGE

D Audi A4, Mercedes C, Mazda 6. 3.11<m%<3.40

(ENTRY-LEVEL-LUXURY)

EXECUTIVE
(MID-SIZE-LUXURY)

VVOLVO S80, BMW 5, Mercedes E.

>3.40 m®

A complete description of European car segments is reported in the following scheme:
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¥ A-City = <3,800 mm * Hyundai i10 6
oy * 3 door hatchback = Smart
= €8k-15k
- 3 B -Super- = 3,700-4200mm = Toyota Yaris 23
ﬁ mini = 5 door hatchback = Mercedes A
= €10k-20k
ﬁ C - Medium = 4,000-4,500mm = Honda Civic 23
= 5 door hatchback = Ford Focus
= €15k - 25k
ﬁ D-Upper = 4,400-5000mm = Renault Laguna 13
medium = 4 door sedan = Honda FCX
= €25k-45k = Mercedes C
ﬁ E-large = 4,700-5100mm = Mercedes E/S
= 4 door sedan = Lexus GS
= €40k-120k
F —Luxury = 2/4 door sedan = Maybach <1

= > €100k

18 bbb

S— Sport * 2 door coupe * Mercedes CLK <1
» >£30k * Missan 3702
M1 - Small = 3,900-4,400 mm  * Mercedes B 12
MPY * 5door MPV * Renault Scenic
= €10k - 30k
M2 —Large = >4,400 mm * Mercedes R
MPY * 5door MPV
» €25k-50k
J1—Small = 3,700-4,000 mm = Hyundai
suv = 5 door 4x4 Tucson
* €10k-30k * Toyota RAV4
J2-Large = 4,000-5100 mm = Toyota 3
Suv * 5 door 4x4 Highlander
= €25k-75k * Ford Explorer

Fig. 6.22: Scheme of European Car segments

The input data of the vehicles are listed in Table 6-13. The mass of the vehicle includes a

mass of 280 kg for passengers and bags. The auxiliaries include air condition, compressor of

FC stack, lights and converters. The maximum power of FCHEVs must be inside the ICE

power range, indicated in Table 6-13, in order to maintain the same drivability as traditional

vehicles [107].

Table 6-13. Vehicle parameters used as input data.

Parameter A B C D E
Mass simulated (kg) 1290 1430 1590 1840 2020
Drag Area = Cx-A (m?) 0.625 | 0.639 | 0.665 | 0.623 | 0.644
Rolling coefficient (-) 0.010 0.011 0.012 0.012 0.012
ICE power range (kW) 36+44 | 44+66 | 66+88 | 88+110 |110+169
Auxiliaries power (kW) 1000 1000 1200 1400 1400

The calculation of the power needed in a vehicle mission was made using the following

equation:

I:)ED

_avr

1 tl[)t

tot 0

[ Pt
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6. Simulation results

In fig. 6.23 the values of average power required for propulsion, in the driving cycles
considered in this Research, are graphically exposed. Obviously, a higher demand of power
was requested by larger vehicles in faster driving cycles.
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Fig. 6.23: Average power required from ED and auxiliaries in various driving cycles

The values of average power required shown in fig. 6.30 are used as reference in the proposed
configurations of Table 6-14. The dimensioning of the hybrid architecture follows two basic
rules: the power of FC must be equal or higher than the average required power in the most

demanding driving cycle and the degree of hybridization must be in an appropriate range.

Table 6-14. Hybrid Electric configurations selected for car segments

Parameter A B C D E
EM nominal power (kW) 29 44 59 73 100
EM peak power (kW) 44 66 88 110 150
FC power (kW) 25 32 38 45 60
Degree of hybridization (-) 0.85 0.73 | 065 | 0.61 | 0.60
RESS power (kW) 19 34 50 65 90
RESS voltage 400 400 400 400 400
RESS capacity (Ah) 40 50 60 70 80
RESS max current in discharging (A)| 48 85 125 163 225
RESS max current in charging (A) 19 34 50 65 90
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6.4.3 Results of simulations for passengers cars
The behaviour of powertrains has been analyzed for the configurations of Table 6-14 and the

most important parameters are monitored during the driving cycles of table 1. In this section
the results in terms of SOC and total hydrogen consumption are graphically exposed for the
mission of the vehicles in three driving cycles (NEDC, MODEM Hyzem highway and EMPA
BAB), graphically exposed in Fig. 6.24.
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Fig. 6.24 Driving cycles: a) NEDC b) MODEM Hyzem highway ¢) EMPA BAB, with
speed (km/h) vs. time (s) [99]

The SOC graphs indicate how the energy content of the battery varies over time: it remains
higher than 0.64 in all cases due to the size of the primary converter. The graph of the total
hydrogen consumption indicates how much hydrogen is required for each driving cycle and it
is greater for car segment E, then decrease till car segment A. When the power demand has a
high level the SOC decrease but it remain always in a range between 0.6-0.7, as indicated in
figures 6.25, 6.26 and 6.27 [108].
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Fig. 6.25: a) State of charge of battery, b) total hydrogen consumption, in NEDC.

0.72 T

—~0.68- :"-\.," _.\*«' B
aogel | Segment A 5, i
===-Segment B

----- Segment C KV
0.64- | ——SegmentD "' 1
=== Segment E

0.62 | | | 1 | | 1 | l

0 200 400 600 800 1000 1200 1400 1600 1300
a) time (s)

~900 . .

2

s || Segment A

2 -==-Segment B

E ool =" SegmentC | 7 e |

9 —Segment D

8 = Segment E

c

¢

3300_ ...... PG 4

I ‘%,ﬂ\”"

T #

-

0

[ G 1 1 | | | 1 | 1 |
0 200 400 600 800 1000 1200 1400 1600 1800

b) time (s)

Fig. 6.26: a) State of charge of battery, b) total hydrogen consumption,
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Fig. 6.27: a) State of charge of battery, b) total hydrogen consumption, in EMPA BAB.

The specific consumption indicated in grams of hydrogen per kilometer is reported in the
table 6-11, which give indications about the consumptions in different working conditions.
For instance, although the EMPA BAB present a higher average speed, the consumptions in
this driving cycle are lower than NEDC and MODEM Hyzem highway due the lower slope of
the road and the reduction in numbers of accelerations and stops&goes [109].

Table 6-15. Specific consumption with different slope of road (g/km).

Driving cycle A B C D E
NEDC
17.7 19.8 20.9 24.0 24.7
(slope 5%)
MODEM Hyzem highway
17.6 18.0 18.1 20.0 20.2
(slope 5%)
EMPA BAB
11.7 12.9 13.5 14.6 15.2
(slope 1%)
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6. Simulation results

Since the consumptions for vehicle are usually calculated without slope because almost the
totality of trips starts and finish at the same altitude, the results of Table 6-15 are calculated
with a value of slope equal to zero. The obtained values of consumptions are listed in Table 6-
16 and they can be used for comparison with consumptions of ICE-based vehicles.

Table 6-16. Specific consumption with slope equal to zero (g/km).

Driving cycle A B C D E
NEDC 11.9 13.8 15.8 17.1 19.2
MODEM Hyzem highway 11.6 12.7 13.1 13.9 14.6
EMPA BAB 9.0 9.7 10.8 11.2 12.2

These values give indications about the consumptions of a vehicle in the listed driving cycles
with a slope equal to zero. Although the slope should be considered as an important parameter
in simulations, its influence need to be considered in the dimensioning of the ED and the
primary converter in order to guarantee enough power for challenging values of slope. By the
way, mostly of real driving cycles starting from and finish to the same place. In other words,
mostly of real driving cycles has an algebraic sum equal to zero which allow to carry out the
simulations with a value of zero for slope.
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7. Concluding remarks

7.1  Summary of analysis
7.1.1 Modeling of fuel Cell stacks
In the present thesis the performances, in terms of voltage and power, and the efficiency of a

PEMFC stack has been quantified and assessed using a mathematical model built up in
Matlab/Simulink® environment.

The effect of inlet pressure of hydrogen and temperature has been analyzed. Their influence
on the polarization curve have been quantified for a single cell. This influence has also an
effect on the power curve and on the efficiency of the stack. Specifically, the mass and energy
balance showed as reactants and products of chemical reaction are directly proportional. So
their ratio is constant at each value of current density. On the other hand, the obtained results
showed how electrical power and heat are inversely proportional. Moreover, the effect of
energy flow trends on the theoretical efficiency of the PEMFC stack was examined.

So, the results show how all parameters have a certain influence on the overall behavior of the
FC system in terms of efficiency, consumptions, durability and performances. In particular, it
is possible to notice which parameters must be increased or reduced in order to have a better
dimensioning of the stack.

7.1.2 Modeling of two-wheeled vehicles equipped with Fuel Cells
The dimensioning of a hybrid architecture and the logic of control of energy management

strategy have a great influence on the improvement of FC technology and the applications in
transportations. As discussed above, in the design phase a hybrid electric powertrain needs a
numerical model in order to configure the system arrangement and the components size
properly and to predict the behavior of the powertrain. For this scope, a simulation model was

constructed using Matlab/Simulink® software by following a hybrid electric “series”
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configuration equipped with a PEMFC stack and a Lithium-lon battery. The model validation
confirms the accuracy of the mathematic model which is suitable for the development of the
logic strategy control and the dimensioning of the system. Simulation results demonstrate that
the proposed model can be used for the dimensioning and optimization of FCHEVs.

In this Research, the best configuration of the hybrid electric powertrain was defined for 2-
wheeled vehicles in three case studies. Both sources of energy were dimensioned in term of
power (FC of 200, 300, 2000 W and RESS of 2500 and 7800 W for cases studies) and
capacity (RESS of 12 and 20 Ah). These vehicle are used for different purposes and although
they present a different system configuration, they have similar efficiency. Moreover, the
performance of these vehicles was analyzed in experimental driving cycles which reproduce
the real mobility needs.

The optimization of the working parameters, such as upper and lower limits of state of charge,
point of functioning of the FC, voltage and current of electrical components were monitored
during the driving cycles. The dimensioning of the FC and lithium-lon battery were tested in a
long simulation in which a single driving cycle was repeated several times up to a total
duration of 25000 seconds. In these simulations the energy generated on board appeared
sufficient to meet the traction needs characterized by the driving cycles with challenging
speed and slope.

The results of the study are summarized as follows:

1) Two different power sources were connected in a hybrid configuration, such that both
types of power can be delivered simultaneously. The presence of an energy storage
system allows dimensioning of the primary converter, which has a unidirectional flow,
on the average power required for traction and auxiliaries. The storage system can
compensate for the deficiencies of the primary converter in the case of higher demand
for power.

2) The control strategy managed a model in which the power provided by the FC is able
to satisfy the requirement of the ED although the control strategy must consider also a
deep analysis of durability of the FC stack during changing working conditions.

3) The enhanced analysis of a “long” mission of the vehicle during repeated driving
cycles allowed the behavior of the powertrain in range extender conditions to be

assessed.
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4) A low value of the relationship of the power generated by the FC over the power
provided by the RESS was used in order to reduce the size of the hybrid powertrain.

5) The voltage and the current of all the electric components was monitored and
consumption was estimated for the two-wheeled vehicle considered in this Research.

7.1.3 Modeling of four-wheeled vehicles equipped with Fuel Cells
In this Research the hybrid electric configurations of vehicles of European car segments were

defined. The solutions proposed were tested through the numerical simulation of the principal
parameters of the vehicles over time: SOC and hydrogen consumption. An enhanced analysis
which includes the monitoring of the current and voltage of FC and RESS was described in
this thesis.

Since a hybrid electric powertrain has two different sources of energy, the relationship
between the primary converter and the energy storage can be defined by the designer of the
vehicle. In any case, the primary converter must be higher than the average value of the power
required in the most demanding case. If this relationship is satisfactory the SOC will be
maintained above a lower limit for all driving cycles and the energy content of the energy
storage will be enough to supply energy to the EM, as in the cases in this Research. On the
other hand the size of the primary converter should not exceed the minimum requirement in

order to reduce the cost of the powertrain.
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