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Preface

In recent years the concept of a fuel cell propulsion system has gained in attention
as a result of the need to reduce the fossil fuel consumption and greenhouse gas
emissions. Since the fuel cells suitable for vehicle application (polymeric elec-
trolyte membrane fuel cells) are fuelled by hydrogen, and deliver power as long as
fuel and air are supplied, they potentially can provide the range capabilities of an
internal combustion engine when used in a power system, but with clean and quiet
operation. Therefore, the fundamental benefit of this type of propulsion consists in
the possibility to adopt pollution-free electric drive-trains, without the drive range
limitations typical of traditional electric vehicles.

A fuel cell propulsion system operates in hybrid configuration with an electric
energy storage system (batteries and/or supercapacitors), in order to take advan-
tage of the best attributes of both power sources. In fact, against the driving range
capabilities of fuel cells, batteries and supercapacitors are characterized by defined
and limited energy storage, but are able to deliver large peak current without the
limitations due to the dynamic behavior of auxiliary sub-systems of the fuel cell
generator. Fuel cells and storage systems, therefore, complement each other in a
hybrid configuration where they supply the electric drive through an electric
parallel connection. Suitable management strategies have to be implemented to
optimize the energy flows within the overall power train, as function of power size
and road mission of the vehicle, with the goal of achieving peak acceleration
power, long range and recharge capabilities.

This book is organized to provide a general view of the present status of this
moving field, taking into account that the study of a propulsion system using
hydrogen as a fuel, an electric drive train for traction and electrochemical systems
as power sources requires some basic knowledge in different scientific disciplines.
The text is aimed at undergraduate or graduate-level students, and has been
structured in a theoretical part, dealing with the fundamental concepts involved in
the study of a fuel cell power train, and in a final practical section where the
principles previously illustrated are applied in design, realization and experimental
characterization of two real fuel cell propulsion systems.
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The introduction in Chap. 1 tackles the problem of energy strategies and their
implications in the transportation sector. Future availability of fossil sources,
potentialities of alternative sources, well-to-wheel analysis of conventional and
innovative propulsion systems are discussed in relation to their impact on the
future feasibility of efficient and carbon-free transportation means.

Hydrogen production, onboard storage and distribution technologies are
reviewed in Chap. 2, while basic concepts of electrochemistry are recalled in
Chap. 3, with an assessment of the state of development of fuel cells for auto-
motive applications, in terms of performance and durability.

The analysis of the main aspects to be faced in design and realization of a fuel
cell system as power source of an electric drive train is described in Chap. 4. Here
the problems connected to the choice of auxiliary components, their energy con-
sumption and integration in the overall system are discussed, paying particular
attention to the management of membrane humidification, hydrogen purge and air
supply as a way to optimize system efficiency and reliability.

The general theme of electric vehicles is covered in Chap. 5, with particular
reference to hybrid vehicles that adopt both fuel cells and batteries/supercapacitors
as power sources. The analysis of possible hybrid configurations is presented
together with a review of different types of electric energy storage systems.

Chapters 6 and 7 refer to two practical case studies, in particular two fuel cell
propulsion systems of different size. Here the technical characteristics of all
individual components are described, and the results of an experimental charac-
terization carried out on laboratory dynamic test benches are discussed. The
findings of these two chapters evidence the limitations and potentialities of fuel
cell power trains at the present state of development, in terms of performance,
efficiency, environmental impact and durability.

Naples, April 2010 Dr. Pasquale Corbo
Dr. Fortunato Migliardini
Dr. Ottorino Veneri
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Chapter 1

Possible Routes Towards Carbon-Free
Vehicles

It is widely documented that the continuously increasing energy consumption is
linked to population and economic growth. Industry, domestic and transportation
sectors augment their share of primary energy use, with a consequent higher
standard of living. The annual report of International Energy Agency (IEA), World
Energy Outlook 2008, gives some forecasts about the future primary energy
demands based on a Reference Scenario, which considers the effects of govern-
ment measures adopted up to mid-2008 [1]. Table 1.1, which summarizes these
previsions by fuel starting from 2006 until 2030, evidences that world energy
demands in the Reference Scenario should rise of about 45% in the period con-
sidered (with an average of 1.6% per year), with fossil sources (coal, oil and
natural gas) accounting of most overall increase (>80%). About half of the
projected increase is attributed to the emerging giants in the global economy
(China and India), which have to be considered as energy wasting countries due to
their enormous population, huge market size and lasting economic growth.

The relation between energy demand, population increase and continuous
amelioration of economic conditions is strictly connected to some crucial issues
regarding the human impact on the environment and the reserves of primary
energy resources. These questions are the basis of the worldwide diffused
awareness that concomitant growth of human population, economic prosperity and
energy demand, may not be sustainable far into the future without any modifica-
tion of the present model of economic and social development.

The main environmental concern is related to the increasing concentration of
carbon dioxide (CO,) in the atmosphere (with consequent enhanced greenhouse
effect), which is attributed to the combustion of carbon-containing fossil fuels and
considered responsible of the global climate change observed in recent years.
According to forecasts of World Energy Outlook 2008 (Table 1.2), the world
energy-related carbon dioxide emissions was about 28 billion tons in 2006, and
should increase up to about 42 billion tons in 2030 in the Reference Scenario,
considering both OECD and non-OECD countries. The percentage of these
emissions due to the transportation sector was about 18% in 2006, and represents a

P. Corbo et al., Hydrogen Fuel Cells for Road Vehicles, 1
Green Energy and Technology, DOI: 10.1007/978-0-85729-136-3_1,
© Springer-Verlag London Limited 2011



2 1 Possible Routes Towards Carbon-Free Vehicles

Table 1.1 Previsions of IEA

for world energy demand by Fuel 2006 2010 a2020 2030

fuel until 2030 Mtoe
Oil 4000 4200 4700 5100
Coal 3100 3500 4300 4900
Natural gas 2500 2750 3150 3750
Biomass 1150 1250 1500 1650
Nuclear 750 800 850 900
Hydro 250 270 300 400
Other renewables 40 90 150 250

Adapted from Ref. [1]
*Million tons of oil equivalent (one TOE = 11630 kWh)

Table 1.2 Previsions of IEA

for world energy-related CO, Country 2006 201.0 . 2020 2030
L . Billion tonnes
emissions until 2030
OECD 13 15 14 16
Non-OECD 15 16 23 26
World total 28 31 37 42

Adapted from Ref. [1]

very significant fraction if compared to the contribution of other economic sectors,
such as power generation (37%) and industry (17%) [1].

On the other hand, when environmental issues due to the human mobility are
considered, the specific aspect of global CO, emissions cannot be disjoined by the
evaluation of other environmental impacts at local level (especially in metropol-
itan areas, as well documented worldwide) connected to pollutant emissions typ-
ical of the internal combustion engines, which represent the current and mature
technology the road transportation means are almost totally based on.

The question of primary energy reserves is of fundamental importance not only
from the general point of view of energy supply necessary to the economic growth,
but also for the transportation sector, which is strongly dependent on fossil fuels
availability. Both spark and compression ignition engines are currently fueled with
carbon-containing fuels deriving from fossil sources (oil or natural gas), and are
continuously improved in order to meet the always more stringent legislative limit
on pollutant emissions.

However, the above-mentioned significant contributions to the greenhouse
effect of the transportation sector, the always present environmental issues in
urban areas, and the foreseeable scarcity of fossil fuels in some decades, strongly
drive the interests of private and governmental research centers towards the study
of novel propulsion systems, able to face the cited problems.

The next paragraphs in this chapter will examine in detail the issues anticipated
in these preliminary remarks, paying particular attention to the driving forces
towards the possible affirmation of hydrogen as an energy carrier in incoming
years: (i) the limitation of oil reserves, (ii) the necessity of ulterior reduction in
pollutant emissions from road vehicles to meet the more and more severe legislative
limits, (iii) the need of lowering the CO, emissions to control the greenhouse effect.
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1.1 Mobility Demands and Primary Energy Resources

Everywhere in the world, the acceleration of industrialization and economic
growth is accompanied by an increase of mobility demand, in particular in most of
the developing countries the requirements of mobility solutions able to drive the
pressing economic growth continues to outpace supply. In the last 20 years, the
number of cars and other vehicles is massively grown in many developed coun-
tries, while the vehicle ownership is rising at a rate of 15-20% annually in great
part of the developing world. Some recent projections show that some regions such
as Eastern Europe and Former Soviet Union are likely to reach OECD levels of
private transport by 2050, while China and Latin America will reduce the divide
significantly. Other regions, such as Africa, Middle East and rest of Asia should
see only small increase in their rates of personal mobility [2].

The worldwide increasing diffusion of environmental consciousness has
favored the affirmation of the sustainable mobility concept. This can be regarded
as the capability of a transportation system to meet the need of society to move
freely, improving the access of people to work, education and services, without
causing damages to the environment, as these could offset the socio-economic
benefits of accessibility improvements. This goal requires the development of new
strategies for enabling access to safer, cleaner and more efficient motorized
vehicles, public transit systems and transport infrastructures. All the concerns
which should be taken into account for the evaluation of sustainable mobility,
including the definition of a number of different indicators, have been the object of
specific programs, involving many worldwide automotive and energy companies
[2], and they will not reiterated here. This chapter will be instead focused on issues
directly connected to propulsion system technologies, starting in this paragraph
from a discussion on impact of increasing mobility demand on supply of transport-
related energy, in the context of overall primary energy availability.

Figure 1.1 shows the distribution of world energy consumption by sources in
2007 [3], it can be noticed that fossil sources represent the largest fraction of the
utilized sources (88%), with 36% for petroleum, followed by coal (28%) and
natural gas (24%). As almost 90% of the whole energy currently used in the
transportation sector derives from crude oil (petroleum), and about 65% of this raw
material is converted to fuels (the remainder goes to electric energy, building
heating, asphalts and chemicals), the main concerns regarding the availability and
environmental impacts of this fundamental primary energy resource have to be
discussed.

Petroleum has accompanied the industrial growth and the development of the
automotive market in the twentieth century. The reasons which have favored its
diffusion in substitution of coal are the higher energy density on mass basis (about
25% higher than coal) and its liquid state (easier and cheaper handling and
transportation). Until 1970s, the price of oil did not represent a problem, on the
contrary, it was an additional factor for affirmation of petroleum as energy source.
The first oil crisis at the beginning of 1970s brought out to attention of the great
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Fig. 1.1 World primary Nuclear Hydroelectricity
energy consumptions 2007 5.6% 6,4% .
(total = 11099 Mtoe) [3] ’ oil
36%
Coal
28%

24%
Natural gas

mass of people some limitations until then ignored: geopolitical and financial
involvements, depletion of available reserves, environmental impact. The first
concern, with its implications on oil price jumps, is not a topic of this book and can
be examined closely starting from other publications [4-8], while the environ-
mental impact related to the use of oil-derived hydrocarbons as current transpor-
tation fuels will be addressed in next paragraphs. Due to the crucial dependence of
transportation means on this resource, some considerations about the controversial
problem of future oil availability are presented here.

The limited availability of petroleum is not questionable, because of its fossil
nature, then exhaustible and not renewable (millions of years have been necessary
to form the oil today extracted, a period of time not comparable to that of its
utilization, which is restricted in few decades). The critical issues regard the
amount actually still present in the ground and the real possibility and convenience
of extracting it. The question of the existing reserves is not easy to be cleared,
because of a number of reasons: many oil producers may declare major reserves
than those really available in order to obtain financial or political credits, the
search of new oil-fields requires new prospecting technologies still under devel-
opment, any new technology which could favor an increase of production from
either existing or new oil-well imposes significant investments (today about 40%
of each well is exploited, and higher percentage would possible by more costly
technologies). However, a famous model, proposed by the geologist Hubbert on
1949 [9], can be used as basis for estimations about the petroleum left for the
future. The Hubbert theory analyzed the ultimate recoverable reserves of crude oil
in USA, and was based on the historical annual production data cumulated over the
total period of extraction, and on extrapolation of these data to the ultimate
extractable amount of petroleum. Applying this model, the oil production curve
results “bell shaped” and approximately symmetric, with an early period of
exponential growth of the production rate, followed by a maximum value and
successive diminution as the integrated production reaches the total amount of the
resource. The application of the Hubbert model predicted in the mid 1950s that oil
production of USA would reach a peak between 1965 and 1970 [10]. This pre-
diction turned out to be very close to the mark, in fact oil production of USA
reached a maximum in 1971, and after then they are importing petroleum with a
production reduced to about half than that of 1960. The peak oil theory has been
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widely re-proposed and discussed in recent years [11-14], and applied to world oil
production for incoming years. The results, in spite the above pointed out diffi-
culties of this type of prediction, converge towards the conclusion that oil
worldwide production peak should be reached around 2020 [15-17]. Without
considering here neither the apocalyptic scenarios of oil peak theory upholders,
nor the skepticism of its deniers, it is possible to observe that there is a virtual
agreement among geologists that world production of conventional oil will peak at
some point in a not too distant future. On the other hand, considering the other
fossil sources, natural gas (only marginally used in the transportation sector) will
see its production peak some years later than oil, while for coal (mainly used
worldwide for electric energy generation) this will occur some decades later.
Natural gas is directly usable as fuel for road vehicles (see Sect. 1.2), while coal
should be before converted to syngas (CO + H,) and subsequently to liquid
hydrocarbons by the Fischer—Tropsch process [18]; however, these solutions can
give benefits in terms of mitigation of the current dependence of transportation
sector on petroleum, but do not represent a solution for the problem of CO,
emissions (see Sect. 1.3). On the other hand, the use of biofuels for vehicles could
help to reduce the global CO, emissions, but issues regarding efficiency of the
production process limit them at a niche sector (see Sects. 1.2 and 1.3). These
considerations, together with the well-ascertained fact that energy and mobility
demand will only grow over time, and the diffused awareness about climate
change problem, appear as sufficient motivations to stimulate policy makers and
governments to plan effective implementation of alternative non-fossil energy
resources. The link between the development of different energy resources and the
decoupling of transports from petroleum consists in the possibility to exploit in
this field energy carriers alternatives to conventional fossil fuels, i.e. electricity and
hydrogen. This can be realized by a widespread diffusion of electric vehicles,
which could adopt two different solutions regarding the supply of energy to
the electric drive (see Chap. 5): electric energy storage systems (battery electric
vehicles, BEV) or electric energy generation systems, such as hydrogen
fuel cells, in hybrid configuration with batteries (hydrogen fuel cell electric
vehicles, HFCEV).

The interest of using hydrogen as fuel in the transportation sector is based not
only on its very high specific energy (see Sect. 1.2), but above all on its unique
characteristic of not emitting any carbonaceous emission during its utilization for
energy production, being water its only oxidation product. However, like elec-
tricity, it is not an energy source, but rather an energy carrier. In fact, although
hydrogen is the most abundant chemical element in the universe (about 80%, the
remainder being mostly helium) and the third most diffused element on earth after
oxygen and silicon, it is not significantly present on our planet in the free state
directly usable for energy production (diatomic gaseous molecule), but only in its
compounds. Therefore, hydrogen has to be generated from primary sources (water
and fossil hydrocarbons can be considered the most commune hydrogen sources),
and this conversion can be performed by several processes (see Sect. 2.1).
However, it appears obvious that if the fundamental advantage of hydrogen
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(lack of carbonaceous emissions associated with its utilization) has to be
maintained at a global level, the development of economically viable production
methods starting from carbon-free primary sources is mandatory (as discussed in
Sect. 2.1 the technologies for carbon capture and sequestration are far to be
practically exploited). At the present state of technology, this means starting from
water as primary resource, and using non-fossil electricity to dissociate water in H,
and O,, according to electrolysis process (see Sect. 2.1.2).

This immediately raises a problem of comparison in terms of well-to-wheels
efficiency between electricity and hydrogen, i.e., between BEVs and HFCEVs,
which will be faced later (see Sect. 1.3). The crucial aspect to be stressed here is
that both electricity and hydrogen can be considered as clean and sustainable
energy carriers only if they are produced by non-fossil sources, in particular if
hydrogen is derived from water by electrolysis using electricity generated by
renewable energy, the entire system from fuel production to end use on vehicles
has the potential to be “zero emission”, in terms of both greenhouse gases and
local pollution.

Figure 1.1 shows that 6.4% of the energy consumed worldwide is produced
from conventional renewable sources (hydroelectric), while only a marginal
fraction is generated from new renewable energy sources (about 0.4%, not
reported in Fig. 1.1). According to the most commonly accepted definition, a
renewable resource is one that can be replenished over a relatively short timescale
or is essentially limitless in supply. The new renewable resources—essentially
solar, wind and biomass, being tidal and geothermal very far from a commercial
exploitation—are worthy being greatly promoted because they constitute an
important alternative to fossil fuels. At this regards recent decisions of the
European Union (Decision N. 1639/2006/EC of the European Parliament, [19]) go
in this direction. The target is to reach a 20% share of energy from renewable
sources in the overall mix, focusing efforts on electricity, heating, and biofuels.

The main renewable source is the direct solar radiation, which can be exploited
for both direct and indirect electricity production. The power of the energy flow
coming from the sun depends on a number of parameters, such as season, latitude,
longitude, altitude, orientation, and inclination of the receiving surface, and at sea
level can reach the maximum value of about 1000 W/m?. It can be converted in
heat energy, which is either directly used in producing hot water or house heating
(solar thermal energy), or concentrated by mirror systems and then used for steam
production and consequent electricity by expansion in turbines (solar thermody-
namic energy). Moreover, the solar energy can be directly converted in electric
energy by using photovoltaic cells. These devices are composed by two thin layers
of semiconductors materials (n- and p-types, negative and positive, respectively),
between them an electric field is present due to the different nature of the two
materials (solar photovoltaic energy) [20]. The absorption of incident photons
(sunlight) generates an electron—hole pair, and when an external circuit is con-
nected to the cell, the electron and hole are separated by the structure of the device
(electrons to the negative terminals and holes to the positive terminal) thus gen-
erating electric power. The most mature solutions regarding the material used to
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generate the photovoltaic effect are based on silicon cells. Advanced designs have
achieved conversion efficiencies (defined as ratio between power of solar radiation
to maximum power supplied by the device) of almost 30% in laboratory condi-
tions, while efficiencies of 10-15% are available on current commercial devices
[21]. Research in this field is being also conducted in order to produce competitive
organic photovoltaic cells with significantly lower costs than silicon cells. As the
voltage obtainable from a single photovoltaic cell is too low for the most common
applications (about 0.5 V), the connection in series of several cells is necessary,
realizing arrays of cells usually installed in metallic frames and covered by anti-
reflection glass (photovoltaic modules for different applications).

Wind energy is currently proposed in the contest of new renewable sources for
the direct production of electricity by wind generators, with power capability
ranging from few Watts to Megawatts. The possibility to exploit the wind energy in
a specific geographic place depends on three main parameters: intensity, direction
and velocity of the wind in that particular site. Turbines are generally spaced
approximately three blade diameters apart, in all directions, leaving significant area
of land still available to be exploited for other purposes. Wind generators with
blades of 50 cm diameter are used as battery rechargers, while those with blades of
about 50 m can be used for electric energy production up 2 MW. The most diffuses
types of wind generators adopt two or three blades of about 30 m, and are capable to
generate an electric power of about 1500 kW. The wind generators are connected
each other to realize the so-called wind farm. Wind energy is classified according to
the range 1-5, corresponding to the average wind velocity in a site, where 5 is
the strongest. Typical output power densities for class 5 sites range from 3.2 to
5.7 W/m” [22]. As wind change and variability is caused by uneven heating of the
ground by the sun, the power of the wind can be considered as a form of solar
power. Assuming an average solar power density of 200 W/m?, the output power
density of 5.7 W/m? before considered corresponds to an efficiency of 2.85% for a
wind generator. This efficiency, although not directly dependent on solar radiation
as for photovoltaic, permits a comparison between the two renewable resources.
Wind power efficiencies are lower than photovoltaic of about one order of
magnitude, but whereas a solar photovoltaic array requires 100% of the land on
which the modules are placed, a wind farm occupies only a small fraction of the
land for the base of the turbine and access roads.

Biomass can be defined as any organic material available on a recurring base,
which can be transformed in a variety of products, such as energy, chemicals and
biomaterials, a possibility which has led in recent years to the concept of biore-
finery. The most obvious types of biomass are wood and crops, which are con-
sidered to be renewable as they can be continually regenerated by taking up carbon
dioxide from atmosphere during growth (through photosynthesis). In addition also
many types of organic wastes (forestry residues, straw, food waste, manure, etc.)
can be considered as biomass. At the end of their utilization biomass resources
return to the air, so creating a closed loop cycle. This evidences that also biomass,
like wind, can be regarded as a form of solar energy, which is transformed by
living organisms through their normal functions of growth and metabolism.
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A part from the physical upgrading of biomass for obtaining solid renewable fuels
(such as wood power, briquette and pellets), the energy production from biomass can
be realized by two basic types of processes: microbiological and thermochemical
methods. The choice of the specific process is effected evaluating the characteristics
of the initial biomass, in particular its carbon and nitrogen content (C/N ratio) and
humidity. A high nitrogen content implies green vegetable material, more suitable for
biochemical reactions, whereas a high carbon content indicates that the biomass can
be usefully exploited by combustion. Microbiological processes are involved in
obtaining a number of biofuels from different types of starting biomaterials:
bioethanol by alcoholic fermentation from any carbohydrate-containing materials,
biodiesel from plant oils or algae after transesterification of triglycerides with
methanol, biogas (a mixture of methane and carbon dioxide with traces of hydrogen,
nitrogen and hydrogen sulfide) by anaerobic digestion of complex organic materials,
such as animal dejections and by-products of several cultivations (C/N 15-30,
humidity higher than 50%), biohydrogen by conversion of protons to hydrogen gas
occurring during metabolism of many types of micro-organisms (hydrogenases) [23].

Unlike microbiological methods, the thermochemical processes permit the dry
biomass to be transformed, preferably with high C/N ratio, not only to chemicals
and fuels but also directly in heat and electricity, and can be divided in the
following groups: combustion, pyrolysis, and gasification. Combustion in the
presence of air is obviously the most simple and diffused method for converting
chemical energy in biomass to power (thermal and electric), being usually carried
out in furnaces, boilers, steam turbines and turbo-generators starting from dry
materials with humidity grade <50%. The other two methods are capable to supply
a variety of products as function of the operative conditions. Pyrolysis is the
incomplete thermal degradation in the absence of oxygen of any carbon-containing
material, it can occur already at temperatures lower than 400-500°C providing
products containing carbonaceous residues, gaseous compounds but mainly bio-oil
(or pyrolysis oil), a liquid mixture of different substances, such as alcohols,
aldehydes, ketones, esters and phenolic compounds. At temperatures higher than
800°C in the presence of air and water the complete gasification of biomass can be
observed. Coal or carbohydrates of different molecular length from biomass can
react with oxygen and steam to generate CO and H, (bio-syngas), which can be
directly used in gas turbines for power generation or converted to different fuels in
the presence of catalysts and at different operative conditions. In this contest the
Fischer-Tropsch process, based on the reaction between CO and H, to give water
and alkanes, in the presence of Fe based catalysts at 200-350°C and 10—40 bar,
represents a possibility to produce biodiesel starting from biomass. Finally,
another route to obtain hydrogen from biomass is constituted by the transformation
of biogas (biomethane), deriving from anaerobic digestion, in bio-syngas by the
steam reforming or partial oxidation reactions (see Sect. 2.1).

Electricity production from biomass (direct combustion or derived by biofuels)
presents some advantages: very low cost of the starting material with respect to
fossil fuels, zero net CO, emissions, security of supply and reduction of transport
distances when electricity is produced close to the biomass production site.
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However, from the efficiency point of view, it has to be considered that the
biomass formation always requires the conversion of solar energy to some type of
biomaterial, and this can be realized only by the photosynthesis process, whose
energy efficiency is lower than 1% (see Sect. 1.3).

The well-known limits of new renewable energies reside in their low energy
density (all of them), intermittency (solar, wind) and not always reliable predict-
ability (wind). For this reason in recent years the debate on nuclear energy has seen
a renewed interest, especially in countries where its utilization has not yet accepted
or widely diffused. In 2007 about 6% of the total world energy usage is produced
from nuclear (Fig. 1.1), in over 400 current operating nuclear plants. Several
recent publications analyze the main issues and last advances associated with
nuclear power [24-28], here limits and potentialities of this technology are briefly
described, in relation to the usage of electricity and hydrogen as energy carriers on
transportation means [29-33].

The commercial nuclear technology is still based on fission of isotope 235 of
uranium (***U). This is defined as fissile material since it is capable to absorb
neutrons of any kinetic energy (also low energy “thermal” neutrons). Uranium is
mainly present in natural deposits as U3Og, where 0.7% of uranium is constituted by
235U, the remainder being 2331, In order to have an amount of fissile nuclei
sufficient for reactor operation all fission reactors are fueled with uranium which
has been enriched to about 4% in the fissile **U. High energy neutrons produced by
the fission of >*°U can be absorbed by other ***U nuclei, so continuing the reaction.
The fission of one nucleus of *U produce about 200 MeV of usable energy, to be
compared with 4 eV produced by the oxidation of one C atom. During the overall
process, a huge amount of heat is produced through a controlled nuclear chain
reaction in a critical mass of fissile material. Potential future developments (fission
in fast neutron reactors (breeders), also known as fourth generation nuclear, which
could use 238U, much more abundant than 235U, and nuclear fusion) are decades
away from their practical utilization for producing energy.

The risks associated with highly radioactive spent fuel wastes, with the
uncertainties regarding the stability of the geological repositories for the
required length of time (about 200,000 years), and the not eliminable possi-
bility of accidents in plants, constitute fundamental causes of intense opposition
to the current nuclear technology. Another critical aspect is connected to the
ascertained reserves of uranium, which could not be sufficient to fuel over 400
already existing nuclear reactors (65,000 tons/year consumed) plus possible
future plants. The world reserves of uranium, as estimated by IAEA (Interna-
tional Atomic Energy Agency) as function of market price and with reference
to the current uranium production, should be sufficient for about 100 years at
100 USD/kg U;Og (approximately equal to the average price at the beginning
of 2010). However, this evaluation considers not only the reasonably assured
resources, but also the estimated additional ones, deduced from exploration
data relative to known deposits [34]. This problem could make impracticable a
substantial expansion of nuclear energy in next years, in particular the
requirements of uranium coming from strategically influent countries would
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create a competition for uranium provisions, compromising the nuclear plans of
the weaker countries. Other aspects of nuclear energy which could limit its
further development consist in very high investment costs and the feature of
guarantee the maximum efficiency only producing electric energy at constant
power, which would not be compatible with the typical absorption fluctuations
of the electric grid if electricity was totally produced by nuclear.

In comparison with the above critical concerns, the main advantages of nuclear
energy are constituted by very high specific energy (1 ton of U3;0g can produce
about the same electricity obtainable from 14,000 tons of coal) and the substantial
absence of greenhouse gas emissions, even if some CO, generation has to be
considered for other operations connected to working of a nuclear plant, such as
extraction of uranium from U;Og ore and plant fabrication. These significant
advantages could better express their potentialities if nuclear power generation was
integrated with energy storage systems based on hydrogen as energy carrier. While
thermochemical routes to produce hydrogen from water feedstock by using nuclear-
produced heat have not yet reached the prototype phase, the electrolysis process
based on low-cost nuclear electricity appears in the short term as the best approach
to store the surplus of energy produced by the reactor and not required by grid in the
same site of the nuclear plant [34], so permitting overcoming of one of the limi-
tations of nuclear reactors for electricity generation, i.e. the working at constant
power in proximity of the base load. In the long term, high temperature electrolysis
could be coupled to thermochemical water splitting, both enabled by nuclear heat
(see Sect. 2.1). Regarding the transportation sector, recent studies have compared
different possibilities of using nuclear energy for production of energy carriers for
vehicles, i.e. electricity, hydrogen, and liquid fuels (both synthetic and biofuels)
[31]. In this case, the role of the nuclear energy in the production of liquid fuels
would consist in supplying heat and/or electrolitycal hydrogen for the coal gasifi-
cation and Fischer-Tropsch processes. These analysis have evidenced that the
availability of low cost and carbon-free energy carriers, such as electricity and
hydrogen nuclear-derived, could reduce the CO, emissions in the production of
liquid fuels by eliminating the combustion of fossil materials for the required heat
supplying and would be essential for the future development of both solutions
before considered as zero emission vehicles, i.e. BEVs and HFCEVs.

Regarding the economic implications of the different energy supply processes
before considered, in recent years the approach based on Energy Return On
Investment (EROI) is gaining always growing assents [35-37]. Expressed as
function of time the EROI can be defined as the ratio of the delivered end-user
energy, E, (1), to the energy invested for its delivery, E.(¢) (all energy costs associated
with the fabrication of the plant, its management and dismantling), both quantities
being cumulative for the specified time #: EROI (f) = E (f)/E.(f). Assuming the time
t equal to the whole life cycle of the plant, E,(f) can be calculated with sufficient
reliability and data are readily available, while E.(#) needs an approach based on the
life cycle analysis (LCA), which is often object of estimates not convergent. On the
other hand, although in societies based on free market the correlation between
money and energy should be always verified, it is unavoidable that some distortions
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Table 1.3 Estimations of

. Fuel supply technology EROI
energy return on investment
(EROI) ratios for different Oil and gas (wellhead) 1940s >100
energy processes Oil and gas (wellhead) 1970s 8
Coal (mine mouth) (1950s) 80
Coal (mine mouth) (1970s) 30
Ethanol (sugarcane) 0.8-1.7
Coal to electricity 9.0
Hydropower to electricity 11.2
Nuclear to electricity (light water reactors) 4.0
Solar Photovoltaic to electricity 1.7-10

Adapted from reference [39]

can be introduced by extra-market interventions, such as governmental incentives in
favor of a particular technology [38]. For this reason, in spite of uncertainties about
the LCA evaluations, the EROI method appears more reliable than money-based
assessments, and data ranges present in literature are sufficient for an useful
comparison between different energy supply processes. Some estimates based on
reference [39] are reported in Table 1.3, where any value of EROI <1 implies a net
loss of energy, that is more energy has been consumed with respect to that produced
during the life cycle of the plant, while the higher EROI is, the more convenient the
production process results in energetic terms. It can be noticed that EROI for oil and
gas was very high (>100) before 1970, after then it rapidly decreased due to the
exhausting of the largest and cheapest wells. EROI of coal for electricity production
is still quite high (about 9), but this technology produces the highest CO, emissions
at parity of electric energy produced. Among carbon-free resources the EROI of
nuclear power to electricity is lower than fossil resources and comparable to that of
solar photovoltaics (about 1.7-10).

The EROI approach suggests that, in spite of the limitations of new renewable
energy resources above considered, the significant potentialities not yet entirely
exploited offered by these alternative technologies should convince scientists and
politicians to make any possible effort aimed at their widespread diffusion, in
order to limit the future necessity to resort to fossil or nuclear sources. In parti-
cular, electricity produced by renewable resources can be used for decentralized
production of hydrogen, with a strong interaction between these two clean energy
carriers, which could be extended to the transportation sector.

1.2 Internal Combustion Engines and Their Impact
on Air Quality

Motor vehicles are a key factor affecting both economy and lifestyle of popula-
tions in rich countries, and are gaining the same role in emerging nations. Thus, the
growth in human mobility demand is expected to continue, intensifying the neg-
ative impact of transportation means on environment.



12 1 Possible Routes Towards Carbon-Free Vehicles

The dominant technology used for almost two centuries to power both light and
heavy duty vehicles is based on internal combustion engines, that generate power
by converting chemical energy of the burning fuel into heat and then into
mechanical work, an energy transformation realized by either Otto or Diesel
thermodynamic cycle.

For a deep analysis of all issues regarding the internal combustion engines and
for a comprehensive examination of energy sources for transportation, which are
outside the scope of this book, other monographs are recommended [40, 41]. The
discussion of this section will be subsequently focused on interactions engine-fuel
and their effects on local and global environmental issues.

In the Otto cycle engine, the air—fuel mixture is burnt by using a timed
ignition generated by an external electric source (SI, Spark Ignition engine). This
principle can be practically realized in two different basic ways, reciprocating
engine with four or two strokes, and rotary engines. The four-stroke recipro-
cating engine is the most frequently used in both light and heavy duty vehicles,
and utilizes four strokes for gas exchange processes, controlled by valves (during
one working stroke the crankshaft turns twice): air—fuel mixture intake, com-
pression and timed ignition shortly before the piston has reached the top dead
center, working stroke (combustion and expansion), exhaust of combusted gases.
In the more recent development of spark ignition engines (SIDI, Spark Ignition
Direct Injection), the air flow is regulated by a throttle valve and is compressed
in the cylinder, while the fuel, managed by electronic injection systems, is added
to the compressed air inside the cylinder. This system ensures more accurate
control of air—fuel mixture in terms of homogeneity and carburation, with con-
sequent benefits for fuel consumption, performance and response in transient
phases. After ignition induced by the spark plug, combustion must develop in a
controlled way under all operative conditions, without autoignition phenomena.
These occur if ignition quality of the fuel does not meet that required by the
engine, provoking very sharp increase of temperature and pressure (knocking
combustion) with consequent damages to the engine. A retarded ignition could
avoid knocking also with poor quality fuels, but would imply higher exhaust gas
temperature with efficiency losses. The ignition quality of the gasoline is
described by the octane number, which is determined by comparing in a
reference engine the ignition characteristics of a gasoline to those of isooctane
(2,2,4-trimethylpentane) and heptane. Isoctane is assigned octane number of 100,
due to its prerogative to burn smoothly with little knock, while heptane is given
an octane number of zero because of its bad knocking properties.

Two stroke Otto engines, in which a working cycle is achieved with each
rotation of the crankshaft, can be smaller and lighter with respect to four stroke
ones, and are used almost exclusively on small motorcycle, due to unsolved
problems regarding fuel consumption and emissions. The rotary engine (or Wankel
engine) can be considered a variant of the four-stroke reciprocating engine, from
which it differs for its rotary piston and for the use of ports instead of valves for
gas exchange phases. This type of engine is not diffused on modern vehicles due to
its relatively high fuel consumption and exhaust gas emissions.
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In principle also Diesel engines can operate either with two or four strokes, but
in practice, while the four-stroke Diesel engines are present on the vast majority of
vehicles, the two stroke ones have some application only on large ships. The
modern four-stroke direct injection Diesel engine (CIDI, Compression Ignition
Direct Injection) differs from the SIDI Otto engine for the self ignition of the fuel
and more heterogeneous air—fuel mixture. The air intake is unthrottled and the
fuel/air ratio varies with the quantity of fuel injected. The energy required for
ignition comes from the high temperature of air compressed in the cylinder, which
determines the self-ignition of the fuel just before the end of the compression
stroke. This implies the adoption of very high compression ratios to reach the
temperatures necessary to ignition. The ignition delay (time between injection and
start of combustion) is necessary to be tuned in order to assure optimal engine
operation, with high efficiencies and low consumptions, exploiting the fuel self-
ignition properties. Too long ignition delay implies a steep pressure rise in the
combustion chamber, with consequent increase in noise and nitrogen oxides
emissions. The self-ignition properties of the Diesel fuel are quantified by the
cetane number, which is defined as volume percentage of cetane (hexadecane) in
o-methylnaphthalene. A cetane number of 100 is attributed to n-hexadecane, a
compound characterized by very high ignition quality, while a value of zero is
given to a-methylnaphthalene, with very low ignition properties. These engines
must operate in lean conditions (i.e. with air/fuel ratio higher than stoichiometric
requirements), in order to reach the complete combustion of the heterogeneous
mixture, with benefits in terms of efficiency and torque, but less power with
respect to SIDI engine of comparable size. The more recent versions of CIDI
engines use turbochargers to assure additional power (by feeding larger amounts of
fuel and air into the cylinders), and the so-called multi-jet common rail technol-
ogy, which permits reaching of very high injection pressures inside the combustion
chamber and utilizes sequential electronically controlled multi-injections of fuel,
with benefits on emissions, fuel consumption and noise. The CIDI engines reach
higher efficiencies when compared to SIDI engines, because of high compression
ratios and lean air—fuel mixtures.

Homogeneous charge compression ignition (HCCI) engines have received
much attention in recent years and are today becoming an industrial reality. They
combine the essential characteristics of Otto and Diesel engines; in particular, a
premixed homogeneous and lean air—fuel charge is compressed to the autoignition
point, permitting low NO, and particulate emissions, and efficiency values com-
parable to Diesel engines [42].

Nearly all motor vehicles today are propelled by either gasoline (Otto
engines) or gasoil (Diesel engines), which are carbon-containing liquids derived
from a non-renewable resource, such as crude oil. These fuels have been
always considered particularly suitable for vehicles because of their availability,
ease of use and high energy density. Because of different types of combus-
tion occurring in Otto and Diesel engines, completely different characteristics
are required for gasoline and gas oil, which are described in detail in the
reference [41].
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Gasoline is produced by fractional distillation of crude oil. It is a complex
mixture of about 500 hydrocarbons in the C,—~C;, range, belonging to four com-
pound groups: alkanes, cycloalkanes, alkenes, and aromatics. Straight chain or
branched alkanes are present in greatest amounts (about 50%), with smaller
quantities of cyclic alkanes and aromatics and trace amounts of alkenes. The most
important motor properties of a gasoline are its octane quality, which is respon-
sible for its resistance to autoignition, and volatility. This is expressed by distil-
lation behavior and vapor pressure, and permits obtaining of an ignitable air—fuel
vapor in the combustion chamber in all operative conditions, but can also affect
exhaust gas and evaporative emissions. Benzene and lead additives were formerly
used to control antiknocking properties of gasolines, but because of their toxicity
they are today substituted by isomerate higher aromatics, ethers (methyl fert-butyl
ether), alcohols.

Gasoline should be ideally converted to water and carbon dioxides during
combustion, however, also undesired compounds are present in engine exhaust gas
because of different phenomena occurring in the combustion chamber [40]. These
compounds can be grouped as total unburned hydrocarbons (THC), non-methane
unburned hydrocarbons (NMHC), carbon monoxide (CO), nitrogen oxides (NO,),
and particulate matter (PM). While improved engine technology has led to some
reduction in exhaust emissions, their dramatic reduction has been possible, thanks
to the introduction of exhaust gas treatment catalytic systems. Actually, more than
95% of these pollutants are converted (oxidized or reduced) on three-way catalytic
converters currently installed into the exhaust system of gasoline vehicles [43],
while their residual concentration can be affected by fuel reformulation in the
refinery. Several studies have been carried out about the effect of alternative
reformulations of gasoline on air quality; in particular the reduction of total aro-
matics and sulfur has been successfully investigated [41].

The gasoil for Diesel engines derives from the middle distillate fraction of
crude oil distillation. Unlike gasoline, it need to be easily decomposed at tem-
perature and pressure values reached in the combustion chamber, as a consequence
its composition is mainly based on alkanes and cycloalkanes (about 80-90%),
while the presence of different unsaturated compounds (aromatics and olefins)
permits other engine requirements to be met, such as low temperature behavior and
heating value. A high cetane number is beneficial not only for self-ignition and
starting behavior, but also for emission reduction and noise. As sulfur in the fuel
increases the emissions of sulfur dioxide and particulate matter, its content in
commercial Diesel fuels has been limited at very low levels (50 ppm in Europe
since 2005) and tends to be almost completely eliminated (10 ppm in Europe since
2009). Apart from the direct benefits on particulate emissions a sulfur content
reduction from 50 to 10 ppm could also increase the performance and durability of
oxidizing catalytic converters and give benefits in the form of reduced
sulfur-induced corrosion and slower acidification of engine lubricating oil.
Regarding the effect of gasoil hydrocarbon composition on exhaust emissions the
correlation between mutagenicity of exhaust gas and aromatic content has been
also assessed [44].
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Although air quality has improved over the last 20-30 years, there are still
significant pollution problems throughout industrialized and emerging countries,
especially in urban areas and densely populated regions. At this regard, the research
in the field of new engine and fuel technologies has been mainly forced by legis-
lators, rather than by marketplace. Governmental legislators are mandating
increasingly stringent standards for pollutant emissions from vehicles’ exhaust,
with a general warning also about fuel economy issues and lowering of greenhouse
gas emissions. In particular, reduced emissions from road transport are seen as an
important factor to improve air quality, particularly because the share of Diesel
vehicles in the overall sales of light duty vehicles is increasing. In the European
Union the Euro 5 and Euro 6 emission standards for cars have been fixed by the
introduction of Regulation (EC) N. 715/2007 [45] and it’s implementing regulation
(EC) N. 692/2008 [46]. These regulations revise the current emission limits for
motor vehicles (the Euro 4 standards, in force since 1, January 2005), and their
technical requirements take effect in two stages, with Euro 5 emission limits
coming into force since 1, September 2009, and Euro 6 emission limits since 1,
September 2014. The main effect of Euro 5 is to reduce the emissions of particulate
matter from Diesel cars from 25— 5 mg/km. This will make the introduction of
particle filters for Diesel car mandatory. Euro 6 limits mainly reduce the emissions
of nitrogen oxide from Diesel cars further, from 180 mg/km to 80 mg/km. As the
introduction of new technologies implies additional costs and determines an
increase in consumer prices of new vehicles, the new emission limit values of Euro
5 and Euro 6 have been calculated in order to ensure a benefit in air quality
standards without compromising affordability of cars for the consumers.

The necessity to meet the always more severe emission limits imposed by
regulators, together with concerns about the extent of crude oil reserves and
excessive dependence on oil-producing countries, have favored in the past decades
a strong interest towards the possibility of using alternative fuels to propel road
vehicles.

Natural gas is a fossil fuel very abundant in nature, but, at variance of crude oil,
whose reserves are located prevalently in the Middle East (about 65%), it is evenly
distributed around the world, with the largest known reserves in the areas of
ex-Soviet Union (35%) and Middle East (40%), followed by Asia, Africa, America
and Western Europe. It is mainly constituted by methane (85-99%, in dependence
of its source), with other compounds present in much lower concentrations: hea-
vier hydrocarbons (ethane, propane, butane, and their isomers), inert gases
(nitrogen and carbon dioxide), sulfur compounds (hydrogen sulfide, carbonyl
sulfide, mercaptans), traces of noble gas and water. This composition is respon-
sible for the main advantage of natural gas with respect to gasoline and gas oil
from an environmental point of view, in fact natural gas vehicle have much lower
non-methane hydrocarbon and particulate matter emissions, but higher methane
emissions, which imply less toxicity of the engine exhaust gas [47]. However, also
natural gas vehicles need the adoption of three-way catalytic converters (with
enhanced reactivity with respect to those designed for gasoline vehicles, due to the
higher chemical stability of methane) and modern electronic fuel control systems
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in order to meet the severe regulations on pollutant emissions. Furthermore, since
natural gas contains only 75% carbon by mass versus 86—-88% for gasoline and
gasoil, less CO, per unit of energy released is present in the exhaust gas (com-
parable to CO, emissions from a Diesel vehicle, which operates with lean air—fuel
mixture and higher efficiency). Regarding the motor characteristics, the methane
has a very high resistance to autoignition, which means high potential for use in a
high compression engine, and wider flammability range than other hydrocarbons,
allowing the engine to operate lean (but the need of using three-way catalyst
imposes a working in stoichiometric conditions). On the other hand, the volume of
the gas reduces the air breathing capacity of the engine, with diminution of engine
performance, which could be partially recovered by increasing the compression
ratio. However, as the majority of natural gas vehicles are bi-fuels aftermarket-
converted gasoline vehicles, then designed for specific antiknocking characteristics
typical of gasoline, the entire potential of methane cannot be exploited on these
vehicles. The low energy density of natural gas also causes storage problems on
board of vehicles, due to the pressurized cylinders necessary to store the gaseous
fuel, and consequent driving range limitations, especially for passenger cars.
Although a large amount of both light- and heavy-duty vehicles propelled with
methane are running in many countries, the main obstacles to widespread diffusion
of natural gas vehicles are still the absence of transportation and storage
infrastructure.

Liquid petroleum gas (LPG) is separated from natural gas by extraction of
heavier liquid hydrocarbons, removed before gas distribution, or derived by
processing of crude oil in refineries. It is constituted mainly by propane, and at
lower extension by butane, isobutane, propene, and butenes, in dependence of the
production method. In addition to these components, other species may be present
in trace amounts, such as sulfur compounds, water and tars. The major producers
and exporters of LPG are the Middle East, Canada, North Africa and the Far East,
while the main consumers are USA, Japan and Western Europe (about 10% in the
transportation sector). Presently, LPG supply exceeds demand in most petroleum-
refining countries, so its price is low compared to other hydrocarbons. It has good
fuel properties (higher octane rating and wider flammability limits than gasoline),
and as a fuel for spark ignition engines it presents many of the advantages as natural
gas, with the useful additional characteristic of being easier to store on board of a
vehicle, thanks to its liquid form at room temperature and low pressure (8—10 bar).
Also, emissions characteristics are similar to those of natural gas vehicles, with
differences regarding hydrocarbon composition at the exhaust, which is depending
on fuel composition (propane/butane mixture instead of methane, with lower H/C
ratio). The transformation of vehicles to operate with LPG is made either by the
user by retrofitting after vehicle purchasing, or by the manufacturer before sailing.
The LPG transformation kit interfaces with the standard vehicle electronic control
unit, so that all emission control systems are fully employed. LPG is considered
both as an alternative fuel and as an intrinsically clean fuel by many governmental
agencies, with consequent tax incentives or exemption from no thoroughfare in
some historical centers, which have promoted its diffusion.



1.2 Internal Combustion Engines and Their Impact on Air Quality 17

Methanol is currently produced from natural gas by steam reforming process
and is distributed primarily as an industrial chemical, but it could be produced also
by any carbonaceous material including biomass. It has many desirable combus-
tion and emissions characteristics, such as higher octane number and wider
flammability limits (lean combustion capability) than gasoline, in addition being a
liquid its storage and handling are much simpler than gaseous fuels. Light duty
methanol vehicles have NO, and CO emissions similar to gasoline vehicles, while
light hydrocarbons emissions are about half those gasoline vehicles. Emissions of
formaldehyde (a primary combustion product of methanol) are much higher with
respect to those of vehicles fueled by gasoline or other alternative fuels, but can be
easily controlled by exhaust catalytic converters. Its H/C ratio is higher than
gasoline or Diesel fuel, therefore it produces less CO, when burned. However,
methanol presents some serious limitations as motor fuel, in particular it is highly
toxic and corrosive, its energy density is lower than that of gasoline due to the high
atomic weight of the oxygen contained in its molecule, its mass heating energy is
about half with respect to gasoline. The most common methanol fuel is the blend
MB8S5, containing 15% of gasoline, which solves the cold start problems of meth-
anol, due to its volatility.

Since oil crisis of 1970, the potential use of fuels deriving from renewable
sources has been studied and proposed. In this perspective ethanol produced by
biomass (bioethanol) has received the major attention. Due to the fact that
bioethanol is produced from plants, its burning would lead to a complete recy-
clable carbon dioxide. It can be obtained by fermentation techniques from any
carbohydrate-containing materials, in particular from several types of cereals,
sugarcane, sugarbeet, and wood. Brazil and USA are the largest producers of
ethanol (two-third of the total worldwide production), obtained from sugarcane
and corn, respectively, while the contribution of Europe is lower than 10% (mainly
from sugarbeet). About 80% of the ethanol produced worldwide is utilized in the
transportation sector, where it is most commonly used as an oxygenate in blends
with gasoline, which can be burned in conventional spark ignition engines, while
specialized engines would be necessary to burn pure ethanol. In Brazil, the pro-
portion of bioethanol in gasoline is about 25% (“gasohol”), while in USA and
Europe concentrations of 10 and 5% are admitted, respectively. The main effect of
using ethanol in blend with gasoline consists in slightly lower emissions of light
hydrocarbons and CO. The possibility of using much higher concentrations of
ethanol has been permitted by the recent developments of the so-called “flexible
fuel vehicles” (FFVs), which are able to run with any mixture of gasoline and
ethanol up to a concentration of 85% ethanol (E85 fuel). In these vehicles, the
oxygen content of the fuel is monitored by sensors, in order to adjust all engine
parameters accordingly. As ethanol has no lubricant properties, its use as stand
alone fuel requires the adoption of additives to ensure the necessary lubricity of the
fuel. These vehicles have reached a large diffusion in Brazil, where about 80% of
new cars utilize the FFV technology. A large use of bioethanol in FFVs could
enable several countries to achieve their targets for CO, emission reduction,
however, since ethanol is mainly derived from grains and sugars, its production for
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transportation use is in direct competition with food production in most countries,
keeping ethanol price relatively high and discouraging its use as a motor fuel
except where it is strongly subsidized, such as in Brazil and USA. From this point
of view, ethanol produced from lignocellulosic feedstocks (woody and herbaceous
biomass) could represent a more suitable source of this renewable fuel.
Biodiesel is a renewable Diesel fuel substitute. Generally, it can be considered
as a Diesel fuel derived from any biomass; however, its current production method
is based on the transesterification reaction (or alcoholysis) of triglycerides by
methyl alcohol (methanol), to obtain a product known as fatty acid methyl ester
(FAME). Triglycerides can be contained in different fatty biomaterials, such as
vegetable oils and animal fats. In the European Union, world leader in production
and consumption of biodiesel, it is mainly derived from rapeseed and sunflowers,
while in USA, the predominant source is the soybean oil. The European Union is
expected to continue to be the main producer of biodiesel, thanks to the intro-
duction in 2003 of European Directive 2003/30/CE, which requires that 5.75% of
conventional fossil fuels will have to be substituted by biofuel. Triglycerides are
esters of three fatty acids and one glycerol, with the type of fatty acid depending
on the nature of the bio-source. FAME is regarded as “first generation” biofuel as
it is produced by only a small fraction of the crop (the oil extracted from the sees
of the plant), while second and third-generation biofuels will use the whole crop
thanks to new technology under development. In principle, vegetable oils could
be directly used in Diesel engines; however, some of their characteristics would
cause several problems in vehicle applications. In particular, the viscosity of
vegetable oils is about 10-20 times higher than that of petroleum Diesel fuel,
which implies very different injection and atomization characteristics. As fuel
injection systems of modern Diesel engines are very sensitive to viscosity change,
the problem deriving by the direct use of vegetable oils has been avoided by the
transesterification with methyl alcohol. However, the use of methyl alcohol
implies the introduction into the production process of an additional fossil energy
(methyl alcohol is produced by natural gas via syngas), which partially compro-
mises the closed-loop carbon dioxide circle regarded as the main environmental
advantage of using plants as energy sources. Biodiesel can be used in Diesel
engines neat or blended with petroleum Diesel fuel, and its beneficial properties
with respect to the conventional fuel include higher cetane number, zero sulfur and
aromatics content, lower particulate matter, CO and polycyclic aromatic hydro-
carbons (PAH) emissions (higher emissions of aldehydes can be controlled by
exhaust catalytic converters). While the use of FAME as a component of blended
Diesel fuels is commercially increasing (blend B20, containing 20% of biodiesel),
the neat FAME biodiesel is present only in niche market. Similarly to any other
fuel derived from plants (i.e. bioethanol) the worldwide limited landscape surface
for cultivation, with the consequent competition with food production, is a key
concern which strongly hinders the biomass fuel diffusion. Although the second
and third-generation biofuels promise to utilize the whole crop of non-edible
plants, land exploitation issues will remain of fundamental importance for all fuels
derived from biomass, especially if the very low efficiency (<1%) of the natural
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process converting solar energy in vegetable material is taken into account
(see Sect. 1.3). Recent studies have evidenced that the global potential for biomass
energy production could substitute not more than a few percent of current fossil
fuel usage [48].

Hydrogen is a fuel much different from those above considered, due to its
nature of carbon-free fuel, which implies obvious benefits in terms of exhaust
emissions. However when combustion is used as an oxidation process to
provide energy, NO, emissions are unavoidable, together with traces of
hydrocarbons and CO deriving from engine lubricant. A part from the absence
of carbonaceous emissions, the great interest towards hydrogen as a transpor-
tation fuel is based on its thermal properties. Its specific energy is about three
times higher with respect to both conventional liquid fuels (gasoline and Diesel
fuel) and natural gas; however, its volumetric energy density at atmospheric
pressure is more than three times lower than natural gas. This implies that if
hydrogen has to be used in automobile fuel tanks, it needs to be compressed at
very high pressure (at least 700 bar) to ensure a driving range per refill
comparable to that of conventional vehicles, or stored as a liquid in cryogenic
cylinders (see Sect. 2.3). Regarding its utilization in internal combustion
engines for road vehicles, hydrogen presents some beneficial characteristics,
such as very higher octane number and wider flammability than gasoline. While
low ignition energy and high flame speed can cause self-ignition phenomena or
flame flash-back during mixture preparation, the wider ignition range permits
very lean air/fuel mixtures to be burnt, giving a way of controlling the NO,
emissions. Recent developments of BMW have led to the seven series H,
prototype [49], with liquid hydrogen on board and an electronic fuel mixture
system, able to exactly regulate the hydrogen intake. The combustion on this
prototype is generally lean, with reduced NO, emissions, while the insulation
system of the cryogenic tank ensures loss-free storage of hydrogen for about
3 days with a refilling time of about three minutes.

If the aspect of vehicle exhaust emissions is considered as a priority, the above
considerations show that hydrogen is the most suitable fuel for the technology
currently adopted to power most of today vehicles (i.e. internal combustion
engines). However, other critical issues related to usage of this energy carrier, in
particular production and storage methods, besides the need of dedicated infra-
structures (see Chap. 2), suggest to evaluate the convenience of its utilization in a
wider context, taking into account atmospheric emissions at global level, and
estimations of well-to-wheels efficiencies.

1.3 Climate Change and Carbon-Free Fuel Chance

The greenhouse effect is a natural process which helps to regulate the earth’s
temperature, avoiding planet freezing. About half of the visible radiation coming
from sun pass freely through the atmosphere and is transformed in heat when
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absorbed by earth’s surface. Because of its temperature, the earth’s surface returns
this energy back to atmosphere in the form of infrared radiation. Some gaseous
species present in the atmosphere are capable to absorb and trap as heat a fraction
of the infrared energy emitted from earth’s surface after this has been heated by the
sun. Thanks to this natural phenomenon the average planet temperature is about
15°C, instead of —19°C which would be observable in the absence of natural
greenhouse effect. The most abundant natural greenhouse gases are water vapor
(mainly coming from ocean evaporation), carbon dioxide (derived from plant and
animal respiration) and methane (produced by anaerobic degradation of organic
materials), whereas other gases present in the atmosphere and able to absorb
terrestrial infrared radiation are removed in very short times and do not accumulate
in significant concentrations. For average survival times of 1 year or longer,
the greenhouse gas released at earth’s surface can be spread by the winds thorough
the atmosphere and may absorb infrared radiation at all latitudes and longitudes.
Human activities can further contribute to the presence of greenhouse gases in the
atmosphere, not only regarding the above-mentioned water vapor, carbon dioxide,
and methane (mainly derived from combustion of fossil fuels including natural
gas), but also with emissions of nitrous oxide (N,O, coming from use of fertilizers
in agriculture) and synthetic halocarbons (mainly uses as solvents, pesticides and
refrigerants). While it is not questionable that human activities have been causing a
concentration increase of greenhouse gases in the atmosphere, an intense scientific
debate is currently focused on alterations that this increase can determine on
earth’s natural equilibrium, enhancing the natural greenhouse effect and provoking
dangerous climate changes by the undesired earth’s global warming.

Table 1.4 shows a comparison between different greenhouse gases in terms of
removal times from atmosphere, climate forcing capability, and global warming
potential. According to IPCC 2007 Report [50], a climate forcing can be defined as
an imposed perturbation of earth’s energy balance, typically expressed in watts per
square meter (W/m?), whereas the global warming potential (GWP) of a gaseous
specie in the atmosphere is proposed as a measure of how much a given mass of
that gas is estimated to contribute to global warming. It essentially depends on
both the absorbance of the molecule with respect to infrared radiation and its time
removal, and is measured relative to the same amount of CO, for a specific
timescale (GWP of CO, is by definition 1). Table 1.4 evidences the effect of

Table 1.4 Removal times, climate forcing capability and global warming potential for the main
greenhouse gases

Chemical species Removal times Climate forcing GWP, 20 years GWP, 100 years

values (W/m?) time horizon time horizon
Water vapor Some days - - -
Carbon dioxide >100 years 1.3-1.5 1 1
Methane 12 years 0.5-0.7 72 25
Nitrous oxide 114 years 0.1-0.2 289 298
Hydrofluorocarbon 270 years 0.01 12000 14800

Adapted from reference [50]
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removal times on GWP especially for methane when time horizon is increase from
20 to 100 years, and the very high GWP of nitrous oxides and halocarbons for both
time horizons considered. On the other hand, though water vapor is very signifi-
cant in terms of infrared radiation absorbance (its contribution to the natural
greenhouse effect is preponderant, in the order of 60-80% of the total natural
greenhouse gases), climate forcing and GWP values are not reported for this
molecule. This is due to an important distinction which has to be taken into
account between climate forcing agents, able to create an initial change in the
climate, and feedback agents, responsible for amplifying the initial forcing. This
difference is connected to the removal times of chemical species from the atmo-
sphere, which results to be too short for water vapor (in the order of some days),
with respect to removal times of several years for the other species. Due to its short
atmospheric lifetime water vapor cannot force an initial climate change, but its
concentration in atmosphere can increase as a consequence of temperature increase
caused by long-lived climate forcing agents (other compounds in Table 1.4).
Additional water evaporation due to this temperature increase contributes to the
greenhouse effect generating further global warming, then acts as amplifying agent
of initial forcings, in a loop called positive feedback of water vapor.

Considering only the species able to act as climate forcing, since the contri-
bution to the greenhouse effect by a specific gas is affected not only by the
characteristics of the gas (time removal, climate forcing capability and GWP) but
also by its abundance, among gases reported in Table 1.4 carbon dioxide is
regarded as the most important greenhouse agent produced by human activities
because of high removal times (>100 years), significant climate forcing value, and
elevated concentration levels in the atmosphere (at least three order of magnitude
higher than methane and nitrous oxide, and six order of magnitude higher with
respect to halocarbons). Even if natural sources of carbon dioxide are about 20
times higher than those anthropogenic, over long periods (from years up to cen-
turies) natural sources enter into the natural carbon cycle (absorption by oceans,
photosynthesis, weathering of rocks). Then the problem of carbon dioxide as
regard climate change issues is connected to its additional release derived by
human activities, which is essentially constituted by fossil fuels burnings, and
made worse by deforestation. For this reason in recent years, the attention of
climate experts and intergovernmental organisms has been paid to the problem of
atmospheric CO, concentration increase and to possible effects on earth’s global
warming.

As mentioned before the link between greenhouse gases increase and global
warming is cause of strong disagreement in the scientific debate, in particular the
large uncertainty level regarding natural variability and time history of the most
important climate forcing agents makes that linkage very difficult to be
unequivocally established. In fact, the observation that the magnitude of the global
warming registered in the last decades is too large when compared to natural
variability can only suggest the validity of the relationship between greenhouse gas
concentration increase and climate change, but does not constitute a scientific
demonstration.
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In spite of these considerations, the following facts can be evidenced, according

to data reported in [50]:
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warming of the climate system is unequivocal, as shown by increases of
average air and ocean temperatures, rising of average sea level and widespread
of ice. In the period 1995-2006, 11 years out of 12 have resulted the warmest
years since 1850. The linear warming trend over the 50 years in the period
1956-2005 (0.13°C/decade) is nearly twice that of the period 1906-2005
(100 years). This increase is extremely significant, especially if compared with
the temperature rise which caused the end of the Glacial Period (about 1.5°C
in more than 5000 years). Furthermore, since 1961, the temperature of average
global ocean has increased at depths of at least 3000 m, while average sea
level has risen of 1.8 mm/year in the period 1961-2003, and of 3.1 mm/year in
the period 1993-2003. Satellite data since 1978 show that annual average
Arctic sea ice has shrunk by 2.7%/decade.

many natural systems of both continents and oceans are being affected by
regional temperature increases. Observations since 1980 evidence earlier
“greening” of vegetation in the spring and several changes in marine and
freshwater biological systems.

annual emissions of the most important anthropogenic greenhouse gas (CO,)
have grown by about 80% in the period 1970-2004, from 21 to 38 gigatons,
and represent 77% of the total anthropogenic greenhouse gases emissions in
2004, mostly due to energy supply, transport and industry (see Table 1.2 for
percentage data of CO, emissions). The global atmospheric concentration of
CO; has increased from a pre-industrial value of about 280 ppm to 379 ppm in
2005. The annual CO, concentration growth rate was larger during the period
1995-2005 (average of 1.9 ppm/year) with respect to the whole period of
observation available (1960-2005, with an average of 1.4 ppm/year).

global atmospheric concentration of other most important greenhouse gases
(CH4 and N>O) has increased as a result of human activities since 1750 and is
now much higher than pre-industrial values. Methane has increased from a
pre-industrial value of about 715-1732 ppb in the early 1990, and was
1774 ppb in 2005. Nitrogen oxide concentration increased from a pre-indus-
trial value of about 270-319 ppb in 2005. Many halocarbons, which were
practically absent in the atmosphere in pre-industrial era, has increased up to
values in the order of hundreds of ppt.

anthropogenic contributions to aerosol emissions (sulfate, particulate carbon,
nitrate and dust) can produce an appreciable but not determinant cooling effect.
feedback agents can amplify the response to a given climate forcing agent. The
role of water vapor as a positive feedback agent has already been examined
before, but another positive feedback can be produced by CO,, in fact
warming reduces both terrestrial and ocean CO, uptake, leaving higher con-
centration of this gas in the atmosphere for a given emission scenario.

The conclusions drawn by the experts of IPCC, based on the facts above

reported and on statistical analysis, is that the observed increase in global average
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temperatures since the mid-twentieth century is very likely due to the observed
increase in anthropogenic greenhouse gases, with an assessed probability of
occurrence >90%, while high grades of probability and confidence are also
attributed to the effect of global warming on ecosystems, economic sectors and
geographical regions [50].

The estimation of future climate changes is also object of debate, and has been
analyzed by IPCC on the base of different emission scenarios. The results of these
analysis evidence that if carbon dioxide emissions will continue to increase at the
current growth rate for anthropogenic causes (about 3%/year) its atmospheric
concentration will reach about 1100 ppm by 2100 (and in this case there will
remain few doubts about the severe negative effects on climate), while if CO,
emissions will be controlled maintaining the current annual level, they will be
about 520 ppm in the atmosphere by 2100. In the contest of these scenarios, many
climate models have been used to individuate an acceptable value for CO,
atmospheric concentration, i.e. a value compatible with the forecasts regarding
population and energy demand increase. A part from the different values proposed
as CO, concentration level to be stabilized (ranging from 450 to 550 ppm by
2050), there is agreement among researchers that this stabilization cannot be
achieved only by the improvement of current energy technologies, prevalently
based on fossil sources, although they are becoming continuously more efficient.
On the other hand, some proposed solutions about the possibility to solve the
problem of CO, emissions by sequestration of this gas in “safe” sites, such as
disused mines or oil wells and seabeds, are very energy demanding and still in an
initial stage of development [51]. As a consequence, it is a generally established
opinion that an acceptable value of CO, concentration in the atmosphere can be
reached by the mid-21st century only thanks to the implementation of energy
carriers generated from nuclear or renewable resources.

It has been already discussed before that electricity and hydrogen, produced by
carbon-free resources, can be regarded as clean energy carriers to be used in both
stationary and mobile applications. In particular, BEVs and HFCEVs represent the
fundamental instruments towards the implementation of alternative energy carriers
in a key sector such as that of transportation means. However, as any evaluation
regarding the employment of alternative energy sources cannot leave efficiency
issues out of consideration, the potential of BEVs and HFCEVs has to be assessed
and compared in terms of global efficiency, i.e. by “well-to-wheels” analysis, with
the two types of vehicles using fossil fuels—internal combustion vehicles (ICVs)
and hybrid thermal electric vehicles (HTEVs). In the latter, thanks to hybridization,
the internal combustion engine can be designed for the mean power of a typical
driving cycle instead of the maximum power required, allowing the engine to
operate in conditions closer to those of its optimal efficiency (details on working
characteristics of vehicles using electric drives are discussed later, in Chap. 5).
When this evaluation is effected for vehicles powered by different energy carriers,
it is necessary to consider the primary energy utilization efficiency as a measure of
comparison, in order to take into account the entire amount of energy involved from
the “well” to the “wheels”. Starting from an amount of any primary energy (the
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“well”) the following energy losses have to be considered to evaluate the final
energy usable for traction: (i) losses due to fuel production and distribution, in order
to attain the actual energy entering the vehicle, (ii) losses due to vehicle on road
management (conditioning, lighting) to draw the net energy entering the power-
train, (iii) losses due to road load and heat lost by the engine, to obtain the
remaining energy actually available for the “wheels”. These evaluations are very
complex as involve several assumptions on the long-term development of tech-
nologies which can present very different progress trends; however, quite a few
results regarding this type of comparison based on different primary resources are
present in scientific literature [52-54], and the results up today available seem to
converge towards some general conclusions. Tables 1.5 and 1.6 report the results of
such evaluations effected for the different types of vehicles above mentioned, with
reference to fossil and renewable energy resources, respectively. These data are
based on the comprehensive analysis reported in [52] and other references therein.

Table 1.5 evidences that well-to-wheels efficiencies of fossil resources are
approximately comprised between 20 and 30%, with a maximum value of 31%
estimated for BEVs using electricity derived by natural gas. The minimum well-to-
wheels efficiency is obtained for Diesel vehicles, in spite of the very high effi-
ciency of carrier production (95%), this is due to the lower efficiency of the
internal combustion powertrain with respect to electric or hybrid thermal-electric
ones (internal combustion engines could work at their maximum efficiency
comprised between 35 and 40% only in conditions close to their maximum power,
while all vehicles efficiencies in Table 1.5 are estimated on US Federal Test
Procedure driving cycle, characterized by a mean power very lower than the
maximum power of the vehicle). HTEVs present a very interesting well-to-wheels
efficiency, thanks to the higher vehicle efficiency if compared to ICVs. The pri-
mary energy efficiency evaluated for HFCEVs is also quite elevated (25%), but
hydrogen is considered deriving from natural gas by catalytic reforming processes
(see Sect. 2.1), then its production is accompanied by carbon dioxide emissions.

Table 1.5 Well to wheels percentage efficiencies for different types of vehicles starting from
fossil primary energy resources

Primary Energy Type of Primary energy to energy Vehicle % Well-to-wheels

energy carrier vehicle carrier % eff.? eff.? % eff.

Coal Electricity BEV 37 61 22

Natural Electricity BEV 51 61 31
gas

Natural Hydrogen HFCEV 73 (350 bar) 34 25
gas

Crude oil Diesel oil ICV 95 20 19

Crude oil Diesel oil HTEV 95 29 27

Adapted from Ref. [52]

“Includes carrier distribution efficiency (93% for electricity, 86% for compressed hydrogen,
99.8% for oil)

Evaluated on US FTP driving cycle, NiMH batteries for electric drivetrains
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Table 1.6 Well to wheels percentage efficiencies for different types of vehicles starting from
non-fossil primary energy resources

Primary Energy Type of Primary energy to energy  Vehicle % Well-to-wheels

energy carrier vehicle carrier % eff.* eff.? % eff.
Nuclear Electricity BEV 28° 61 17
Nuclear Hydrogen HFCEV 28 to electricity® 34 4.5
47 for electrolysis®
Photovoltaic Electricity BEV 11°¢ 61 6.7
Photovoltaic Hydrogen HFCEV 11 to electricity® 34 1.8
47 for electrolysis®
Biomass Electricity BEV 1 for photosynthesis® 61 0.26
42 for biomass to
electricity®
Biomass Hydrogen HFCEV 1 for photosynthesisd 34 0.20

59 for biomass to H,°

“Include carrier distribution efficiency (93% for electricity, 86% for compressed hydrogen [52])
®Taken from Ref. [52], evaluated on US FTP driving cycle, NiMH batteries for electric drive-
trains

“Taken from Ref. [54] and corrected for footnote a

dGenerally considered as comprised between 0.1 and 1% [55]

Table 1.6 refers only to non-fossil primary energy resources, and presents a
comparison between BEVs and HFCEVs, i.e., between electricity and hydrogen as
energy carriers for transportation sector, since both these two energy carriers can
be produced starting from several carbon-free resources, such as nuclear and
renewable. The well-to-wheels efficiencies show that only starting from nuclear
and producing electricity for direct use on BEVs, it is possible to obtain a primary
energy utilization comparable to that of fossil resources (17%), while very low
values can be estimated for solar biomass (0.26% for BEVs), mainly because of
low efficiency of the photosynthesis process (the efficiency of the natural process
which converts the energy of light—photons, electromagnetic waves—into
chemical potential energy stored in organic structures such as plants is generally
considered comprised between 0.1 and 1% [55]).

The overall well-to-wheels efficiencies for BEVs and HFCEVs starting from
solar biomass evidence that this path cannot be considered as a massive solution
for application of biofuels to electric vehicles, unless biomass is not obtained from
already existing organic wastes (forestry residues, straw, food waste, manure, etc.).

The comparison between electricity and hydrogen is more significant when
nuclear and solar photovoltaic are considered as primary resources. It is possible to
notice from Table 1.6 that for both these primary resources the well-to-wheels
efficiency of BEVs results about four times higher than of HFCEVs.

This is not only due to the higher efficiency of battery powered vehicles, but
also to the lower efficiency of the overall process necessary to assure hydrogen
feeding to fuel cells, i.e., production of electricity starting from the primary
resource plus hydrogen production by electrolysis (13% from nuclear and 5% from
photovoltaic, to be compared with values corresponding to electricity production



26 1 Possible Routes Towards Carbon-Free Vehicles

Table 1.7 Well to wheels percentage efficiencies for internal combustion vehicles fueled with
hydrogen produced from different primary energy resources

Primary Energy Type of Primary energy to energy  Vehicle % Weel-to-

energy carrier vehicle carrier % eff.” eff. wheels % eff.
Natural gas Hydrogen ICV 73 (350 bar) 20 15
Nuclear Hydrogen ICV 28 to electricity® 20 2.6
47 for electrolysis®
Photovoltaic Hydrogen ICV 11 to electricity® 20 1.0
47 for electrolysis®
Biomass Hydrogen ICV 1 for photosynthesis® 20 0.1

59 for biomass to H,*

“Includes carrier distribution efficiency (93% for electricity, 86% for compressed hydrogen,
99.8% for oil [52])

®Taken from Ref. [52], evaluated on US FTP driving cycle for Diesel vehicle and attributed to H,
vehicle

“Taken from Ref. [54] and corrected for footnote a

dGenerally considered as comprised between 0.1 and 1% [55]

for direct use on BEVs, 28 and 11% from nuclear and photovoltaic, respectively).
The hydrogen produced by electricity is then converted back to electricity by fuel
cells in HFCEVs, leading to the expectable conclusion of well-to-wheels effi-
ciencies lower than BEVs (4.5 and 1.8% starting from nuclear and photovoltaic,
respectively, to be compared with 17 and 6.7%).

The option of using hydrogen in conventional internal combustion engines is
analyzed in Table 1.7 in terms of well-to-wheels efficiency. These data show that
also attributing to hydrogen ICVs the same high vehicle efficiency of Diesel
vehicles (20%, Table 1.5), only producing hydrogen from natural gas (with carbon
dioxide emissions) it is possible to reach a primary energy efficiency comparable
to that of other conventional fuels for ICVs (19% for Diesel vehicles, Table 1.5).
On the other hand, if hydrogen is produced from nuclear or renewable resources,
the well-to-wheels efficiency for ICVs results always lower than the corresponding
efficiencies estimated for paths involving fuel cells and electric drivetrains
(HFCEVs, Table 1.6), with the additional drawback of NO, emissions at the
engine exhaust associated with hydrogen combustion.

The well-to-wheels analysis can give useful indications regarding the potential
of a specific technology in terms of primary energy utilization efficiency, but is not
sufficient to point to one technology or energy carrier as the best option. In fact,
the high well-to-wheels efficiency obtained for BEVs, especially starting from a
primary resource at high energy density such as nuclear, has to be weighed in the
light of indispensable requisites which road vehicles must have to be compatible
with their practical usage. Among these characteristics the driving range still
represents, on the base of current technology, the main limit to a widespread
diffusion of battery powered vehicles, essentially due to not yet satisfactory
performance of electric energy storage systems in terms of specific energy per
weight/volume of the storage. In particular, some evaluations based on the current
technologies [56] have evidenced that also with the most advanced Li/ion batteries
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the driving range obtainable with BEVs is about half with respect to that of
vehicles fueled with compressed hydrogen (both 250 and 600 bar) with severe
penalties in terms of vehicle weight, while very lower range values could be
reached with Pb/acid and NiMH systems. Then the problem of developing new
batteries characterized by specific energy comparable to that of conventional fuels
or compressed hydrogen appears to be the key factor towards the successful
introduction of electric vehicles in the consumer market and for their affirmation
as future transportation means at high efficiency.

The analysis of the different types of energy storage systems for electric
vehicles will be effected later (see Sect. 5.1), meanwhile in this paragraph, the
main functional parameters which characterize the performance of these systems,
i.e. storage capability and output voltage, are examined for different electro-
chemistry pairs, in order to highlight the current status of developing of BEVs and
give further indications useful to compare electricity and hydrogen as future
energy carriers in the transportation sector. In Table 1.8, the open circuit voltage
and specific energy are summarized for some today available batteries (Pb/acid,
Ni/Cd, NiMH) and other systems still under study (lithium and metal/air) [57-60].

The theoretical values of open circuit voltage (OCV) represent the electro-
chemical potentials of the single cell reaction, while the theoretical specific
energies are calculated applying the Faraday law.

When a practical battery is assembled, the weights of inactive components
(current collectors, electrolyte, binders, packaging) add to the total weight of the
battery without contributing to energy, then the actual values for both parameters
are also reported in Table 1.8 to take into account the characteristics and/or
limitations of the real systems and the possible variations among different battery
manufacturers [61]. In different countries, various organizations have been funded
with the aim of promoting research activities in this field, with the final goal of
developing new types of batteries characterized by improved cycle life, safety,
reliability and cost, but overall by a major breakthrough as regard the energy

Table 1.8 Open circuit voltage (OCV) and specific energy values for different types of battery.
Specific energy values for USABC and gasoline

Battery Theoretical Actual Theoretical specific Actual specific energy,
OoCV, VvV OoCV, Vv energy, Wh/kg Wh/kg
Pb/acid 2.1 2.0 252 30-45
Ni/Cd 1.35 1.2 244 40-51
NiMH 1.35 1.2 206 50
Li/ion 4.1 4.1 410 150
Li/polymer 3.5 3.0 1000 120
(MnO,)
Zn/air 1.65 1.5 1350 200-300
Al/air 2.7 1.6 8140 300-500
USABC - - - 200
Gasoline - - - 13000

Adapted from Ref. [57-60]
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storage capacity. All these organizations have individuated goals to be met by the
innovative batteries in order to fulfil the requirements of electric vehicles
acceptable by the market. As an example, in the United States the Advanced
Battery Consortium (USABC), founded in 1995 by Ford, General Motors and
Chrysler in cooperation with Department of Energy (DOE) have proposed that a
BEV battery should be able to store at least 200 Wh/kg to afford the vehicle an
acceptable driving range [59], and this value is generally accepted as term of
progress for battery development programs worldwide. For comparison the spe-
cific energy value established by USABC for future acceptable batteries and the
value for gasoline are also reported in Table 1.8. The actual specific energy data
evidence in detail the fundamental problem of today battery vehicles, i.e. the
driving range connected to limited specific energy of the currently available bat-
teries (maximum 50 Wh/kg for NiMH, and lower values for Pb/acid). On the other
hand, also with lithium systems, which are the presently more promising batteries
still under development, storage capabilities compatible with transportation
applications are not reached (maximum 150 Wh/kg for lithium/ion). The data of
Table 1.8 show also the very significant potentialities of metal air systems (also
regarded as semi-fuel cells, since the oxidant is supplied from outside), in
particular Al/air batteries offer a theoretical specific energy of almost the same
order of magnitude than gasoline, and an actual value about two times higher with
respect to USABC target. However, while lithium systems are in phase of
advanced development [62], the metal/air batteries require intense efforts of basic
research since they still present important limitations which affect not only actual
OCYV and specific energy values, but also power capabilities and durability [58].

The electric drivetrain is the common denominator for alternative propulsion
systems able to favor the introduction of carbon-free energy resources into the
transport sector, but the possibility to follow for these systems the most efficient
well-to-wheels path is based on the widespread diffusion of BEVs. Since these
types of electric vehicles are totally dependent on batteries as on board energy
source, and the electric storage systems require significant improvements far to be
reached, the extensive affirmation of BEVs appears as a long-term solution. On the
other hand, the urgency of giving fast and reliable answers to the problem of
anthropogenic greenhouse effect imposes scientists and policy makers to suggest
ways practicable on near and mid-term.

In this view, the approach of energy saving should be properly considered as the
first goal to be pursued by any energy policy, independently of nature of the
primary resource. At this regard an estimation of IPCC has argued that by the end
of this century at least 30% of worldwide energy demand could be satisfied by the
consequences of energy saving policies, rather than by novel clean technologies
[50]. The concept of energy saving should be applied to any type of technology
involved in human activities, such as buildings, industries, production processes,
but above all to the transport sector, with obvious reductions of emissions and
crude oil usage when conventional vehicles are considered. The examination of
Table 1.5, 1.6, and 1.7 clearly evidences which are the paths able to favor the
introduction of more efficient transport solutions on near-term, without completely
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abandon the already available technologies. After the most efficient option
represented by the path natural gas—electricity-BEVs (31%), other two very
convenient possibilities, in terms of well-to-wheels efficiency, are the hybrid
thermal electric vehicles (HTEV, 27%) using Diesel oil or gasoline as energy
carriers, and hydrogen fuel cell vehicles (HFCEVs, 25%) adopting hydrogen
produced from natural gas with commercial processes (see Sect. 2.1). While the
first option is already object of some commercial realizations, and permits a not
negligible reduction in pollutant emissions and fuel consumption with respect to
internal combustion vehicles, the second solution has to face the same techno-
logical issues of all fuel cell vehicles, but the utilization of mature and available
processes for hydrogen production would have the advantage to favor its rapid
introduction into the world energy system.

The further development and diffusion of these technologies, coupled to a
convinced policy of governmental incentives for high efficiency vehicles, could
give research makers and car manufacturers enough time to overcome technical
problems of totally carbon-free alternatives, such as HFCEVs and BEVs powered
by energy carriers deriving from nuclear and renewable resources (see Sect. 2.1.2
and Sect. 3.4). In particular, the hydrogen fuel cell vehicles, adopting non-fossil
hydrogen as on board energy carrier and fuel cells to generate electric energy, even
if represent a less efficient solution in terms of well-to-wheels analysis with respect
to BEVs and any other fossil-based technology, could become a proper answer to
the requirements of carbon-free transport systems on mid-term.

The Fig. 1.2 reports the carbon and hydrogen contents for some fuels which
have been adopted by humanity in the last three centuries. Starting from wood
(C/H = 9), which was the main fuel available before the industrial revolution, the
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Fig. 1.2 Carbon and hydrogen contents for different fuels
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C/H ratio has steeply decreased passing to coal (C/H = 1.63), oil (C/H = 0.56)
and methane (C/H = 0.25). In this perspective, hydrogen (C/H = 0) can be
regarded as the final step in continue research of abundant, easy to use and clean
fuels. However, the lack of hydrogen fuel infrastructure and the necessity to
produce it from carbon-free primary energy sources imply that only a strong co-
operation between legislators, vehicle manufacturers and energy companies could
favor the widespread diffusion of hydrogen as an economically feasible fuel for
future transportation systems.
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Chapter 2
Hydrogen as Future Energy Carrier

In the view of a desirable and drastic reduction of both world-wide greenhouse gas
emissions and not-renewable resource exploitation, the utilization of sustainable
energy sources, such as solar, wind, hydro, or biomass are a mandatory option as
well as the use of alternative fuels in the transportation field. In the context of new
advanced energy conversion technologies, since 1990s a strong interest of inter-
national scientific and industrial community has been addressed towards the
possible development of a global ‘hydrogen economy’ based on the hypothesis
that hydrogen could play a basilar role as future energy carrier [1-3], in particular
as innovative fuel in automotive field, where it could flank or, in a long-term
scenario, replace the traditional oil-derived liquid mixtures in passenger cars.
Hydrogen is the most common element in the universe, and its molecule (H,) has
the highest energy content per unit weight of any known fuel, but it never occurs
by itself on earth, as it always combines with other elements such as oxygen
(to form water as molecule) or carbon (to form hydrocarbons and coal). Thus, it
needs to be produced and for this reason it is not a primary source, but only an
energy carrier, which could be used in combination with electricity in an inno-
vative overall energy system.

In this chapter, the state of art on the main technologies for hydrogen pro-
duction, distribution and storage is detailed and analysed evidencing the technical
potentialities of this fuel and the barriers which hinder its massive diffusion in
automotive field. The key factor for a large utilization of hydrogen not only in
transportation sector but also in all the other energy markets is represented by cost
and efficiency of production technologies. In the first paragraph the technical
issues of the main hydrogen production methods are discussed taking into account
that hydrogen can be produced starting from a large variety of primary resources.
Moreover, the application of hydrogen in the transportation sector introduces
additional problems correlated to the creation of a large infrastructure network for
fuel utilization, strictly related to the selected production technologies. The
development of specific on-board storage technologies is necessary to match the
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high energy densities typical of the traditional liquid fuels (gasoline, diesel, LPG)
used to feed internal combustion engines in passenger cars. Hydrogen infra-
structure scenarios are briefly reported in Sect. 2.2, while Sect. 2.3 analyses the
potentialities of different on-board storage technologies.

2.1 Hydrogen Production

One of the advantages of using hydrogen as energy carrier is that all primary
resources such as fossil fuels, renewable energy sources (solar, wind, hydro,
geothermic, biomass) and nuclear power could be used for its production [4]. In
particular, it can be extracted from any substance containing hydrogen atoms, such
as hydrocarbons, water and even some organic matter. Thus, the different tech-
nologies utilize mainly these compounds as starting materials for the final H,
molecule formation. In addition it can be readily produced from synthesised
hydrogen carriers such as methanol, ammonia and synthetic fuels.

In Table 2.1, the contributions of the different sources to the current worldwide
hydrogen production are summarized, together with the available technologies
used for each raw material.

Almost half of the hydrogen used worldwide comes from steam reforming (SR)
of natural gas (48%), as it is the most economical route from hydrocarbon feed-
stock. The other contributions to hydrogen production are based mainly on partial
oxidation of refinery oil (about 30%) and coal gasification (18%), whereas only 4%
of the produced hydrogen derives by water electrolysis. The hydrogen is mainly
used to make ammonia for fertilizers, in refineries to make reformulated gasoline,
and also in the chemical, food and metallurgical industries.

The pathways involving fossil fuels (natural gas, refinery oil and coal) that
provide for almost 96% of the total production of hydrogen, release carbon dioxide
in the atmosphere.

Innovative strategies able to capture and sequestrate carbon dioxide emissions,
so-called Carbon Capture and Sequestration (CCS) technologies, are the object of
several analysis and heated debate. CCS technologies should be applied for an
environmental-friendly diffusion of fossil fuel-based H, production methods, but
they are presently in the embryonic stage of development and certainly would
involve a great growth of costs.

Table 2.1 World hydrogen

. . Raw material Technology %
production capacity from

different sources Natural gas Catalytic steam reforming 48

Refinery oil Partial oxidation 30

Coal Gasification 18

Water Electrolysis 4

Adapted from [5]
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On the other hand, water electrolysis, which is an intrinsic carbon-free method
as it involves splitting water into its component parts, hydrogen (H,) and oxygen
(Oy), is strongly limited because of the present high costs of electricity generation.
Thus, the costs will certainly represent one of the most important barriers to be
overcome for a sustainable massive production of hydrogen.

An overview of the strategies for hydrogen manufacture is reported in Fig. 2.1,
where all likely production technologies are related to the different resource
options.

The different methods could be classified as: (i) thermal, (ii) electrolytic or (iii)
photolytic processes, they will be all detailed in this Section.

The heart of the thermal processes consists of using the energy associated with
chemical reactions to obtain directly hydrogen (see Sect. 2.1.1). Hydrocarbon
reforming reactions as well as coal gasification are part of this type of processes. In
natural gas SR the fuel reacts with steam at relatively high temperature, producing
hydrogen and carbon dioxide [5]. In partial oxidation and gasification processes
the fuels react with a controlled oxidant mixture (air or/and oxygen, and steam)
producing similar product mixtures. A further method that should be considered as
‘thermal’ is the technology based on thermochemical cycles involving different
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chemical reagents [4]. In these processes hydrogen is extracted from water thanks
to heat combined with closed-chemical cycles, necessary to reduce the very high
water decomposition temperatures (>2500°C), difficult to be reached for heavy
limitations due to materials and heat source.

Electrolysis uses electricity to split water into hydrogen and oxygen by means
of an electrochemical approach (see Sect. 2.1.2). Hydrogen produced via elec-
trolytic processes can result in zero greenhouse gas emissions, depending on the
selected primary source of the electricity. In addition to renewable and nuclear
power, fossil fuels or biomass could be also used in stationary power plants to
produce electricity for water electrolysis (see Fig. 2.1).

The analysis of photolytic methods (see Sect. 2.1.3) completes the discussion
about hydrogen production. They use sunlight energy to split water into hydrogen
and oxygen by photo-electrochemical and photo-biological approaches. These
direct sunlight-based processes are currently in the very early stages of research,
but could offer long-term potential for sustainable hydrogen production with low
environmental impact.

2.1.1 Thermal Processes

The thermal processes require the use of thermal energy to favour the advance of
chemical reactions providing hydrogen as direct product. Thermal approaches
involve, as reactants, various resources which contain hydrogen atoms as part of
their molecular structure, such as hydrocarbons or water, and the conversion
advance aimed at directly obtaining high hydrogen yield can be further improved
by catalyst addition (hydrocarbon reforming) or should require chemical com-
pound usage (water splitting by thermochemical cycles).

Natural gas SR, hydrocarbon partial oxidation or coal gasification are all
examples of ‘thermal’ methods and they are described in Sects. 2.1.1.1, 2.1.1.2 and
2.1.1.4, respectively. The theoretical possibility to overcome the problem of
carbon dioxide emissions without using the CCS technology is based on other
possible ‘thermal’ methods, such as the hydrocarbon cracking (see Sect. 2.1.1.3),
or gasification of biomass-derived fuels (see Sect. 2.1.1.5). Also the thermal
production of hydrogen based on thermochemical cycles appears quite promising
(see Sect. 2.1.1.6), being its overall reaction based on the decomposition of water
aided by intervention of chemicals, anyway completely recycled.

2.1.1.1 Natural Gas SR

SR of hydrocarbons, in particular of Natural Gas (NG), is still today the major
industrial process for the manufacture of hydrogen [6-8].

This process was introduced in Germany at the beginning of the twentieth
century to produce hydrogen for ammonia synthesis, and it was further developed
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in the 1930s when NG and other hydrocarbon feedstocks such as naphtha became
available on large scale. H; is currently produced from NG in large quantities in
mixtures with nitrogen or carbon oxides for manufacture of ammonia, alcohols
(mainly methanol) and for Gas to Liquid (GTL) processes [6]. In particular, SR
produces a mixture of H, and CO (synthesis gas or syngas) that could be used
directly for the synthesis of methanol or higher alcohols, and for Fischer—Tropsch
synthesis.

Natural Gas feedstock is mainly constituted by methane molecule (CH,), which
represents the hydrocarbon with the highest H/C ratio. The composition of the NG
could slightly change in dependence of the geographic region where it is extracted,
but generally the mixture contains mainly small amounts of light hydrocarbons
(C,—C4). The compound present in the highest concentration is the ethane (C,Hg)
that can reach in some mixtures a volumetric concentration of 5%. Not negligible
traces of sulphur are often detectable in the hydrocarbon mixture.

A simplified scheme of methane SR is shown in Fig. 2.2, which includes all
main process steps involved in hydrogen production plants based on the SR
reaction [8].

Two units remove the sulphur concentrations (ppm), added to natural gas as an
odorant for safety detection, or present in higher hydrocarbon feedstocks, to
protect downstream catalysts (sulphur is a poison for SR catalysts) and process
equipment. In particular, the organo-sulphur species are converted to H,S at
pressures exceeding about 500 psig and temperatures higher than 350°C by
catalytic hydrodesulphurisation (HDS unit), and Co and Mo alumina-based par-
ticulates are used as catalysts. This step is not required for methanol but would be
necessary for any sulphur-containing petroleum-based fuels. A second unit permits
the H,S produced in the first step to be removed by a particulate bed of ZnO. When
necessary a further step for chloride removal should be included (not reported in
Fig. 2.2).

The third step is the heart of the process (steam reformer). Ni-based (Ni-Al,053)
catalysts, loaded in tubular reactors, favour the advancement of the following
reactions:

CH; + H,O=CO +3H, AH = +206 kJ/mol (2.1)
or for higher hydrocarbons:
CnHm + nH20 S nCO + (m + 21’1)/2 H2 (22)

Simultaneously in high- and low-temperature shift reactors, the so-called water
gas shift reaction produces further H, according to the exothermic equation:

CO + H,05CO, +H, AH = —41 kJ/mol (2.3)

Thus SR process is highly energy intensive as the Egs. 2.1 or 2.2 are highly
endothermic and requires high energy inputs, in dependence of the fuel. SR is
normally carried out at 800-900°C and about 0.1-0.3 MPa. Expensive alloy
reaction tubes have to be used to withstand the severe operating conditions.
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Fig. 2.2 Simplified scheme including all main process steps involved in hydrogen production
plants based on methane SR

The array of tubes filled with the catalyst is suspended in a furnace that supplies
heat for the highly endothermic reforming reactions.

In some cases carbon dioxide may replace steam to give a more favourable
H,/CO ratio for subsequent reactions of the products [8]:

CH, + CO, 5 2CO + 2H, AH = 4247 kJ/mol (2.4)

The product selectivity for all these reactions is controlled predominantly by
thermodynamics, i.e. the final product composition can be foreseen by multi-
component chemical equilibria calculations.

When other hydrocarbons (for example propane) are used as feedstocks, CH, is
the favoured product at lower temperatures, while hydrogen is preferred at
temperatures superior to 700—800°C [6], then the product gas leaves the tubular
reactor at temperatures between 700 and 950°C, in dependence of the particular
application. The necessity to operate at these temperatures introduces several
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potential problems. In particular, the thermal stability of catalysts needs to be
carefully verified [9], because steam tends to favour catalyst and support sintering
[10]. However, the major problem lies in the formation of coke, according to the
following thermodynamically possible reactions:

CH,4 = C + 2H; (methane decomposition) AH = +74.7 kJ/mol (2.5)

or for higher hydrocarbons:

CnH2n+2 =nC+ (l’l + 1) H2 (26)
2COC + CO, (Boudouard equilibrium)  AH = —173 kJ/mol (2.7)
CO +H,SC+H0 AH = —131 kJ/mol (2.8)

The coke can affect the performance of active sites of SR catalysts [11, 12],
determining their partial deactivation, with progressive loss of selectivity towards
synthesis gas production, blockage of reformer tubes and increasing pressure drop.

The above reactions are in equilibrium and the formation of coke via reactions
(2.7) and (2.8) becomes less favoured as the temperature increases. However, coke
formation via reactions (2.5) or (2.6) becomes increasingly important at higher
temperatures and, depending on the nature of the feed, can rapidly deactivate the
SR catalyst and block the reactor [12].

Therefore, the minimization of coking is one of the major factors controlling
the industrial application of SR. The thermodynamic of the process dictates
reaction conditions that favour coke formation cannot be avoided, but operating
conditions can be chosen to minimize coke. Temperature, pressure and feed
composition must be carefully controlled to avoid catalysts deactivation due to
coking. Perhaps, the most obvious way is to increase the steam to hydrocarbon
ratio to favour the reverse of reaction (2.8). Rostrup-Nielsen et al. [13] have
presented carbon limit diagrams which relate the propensity of the catalyst to coke
formation as function of to the H/C and O/C ratios in the gas phase.

The outlet from the secondary reformer contains about 10-14% CO (dry gas)
which is fed to a high-temperature water gas shift (WGS) reactor (Fig. 2.2),
typically loaded with Fe or Cr particulate catalyst at about 350°C. This further
increase the H, content lowering CO content to about 2% as governed by the
thermodynamic and kinetics of the Eq. 2.3, that is an exothermic reaction. Water
gas shift reaction equilibrium is sensitive to temperature with the tendency to shift
towards products when temperature decreases.

Then the product gas is fed to a low-temperature reactor where a Cu/Zn—Al,0;
particulate WGS catalyst works at about 200°C. Outlet CO concentration is
decreased to <0.5%, while the remaining CO, which can poison downstream
ammonia or methanol synthesis catalysts, is removed by pressure swing adsorption
(PSA) unit. This method exploits the adsorption capacity of different molecular
sieves or active carbon, which selectively permit the crossover of hydrogen but not
of the other compounds present in the effluents. This technology has been
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introduced relatively few years ago (the industrial application started in the 1970s)
and results highly reliable and flexible.

Starting exclusively from Egs. 2.1 and 2.3, considering a stoichiometric
mixture of CH, and H,O completely converted to H, and CO,, and taking into
account the heat of reaction supplied by combustion of CHy, it is possible to
calculate the theoretical energy associated with lower heating value (LHV) of
methane to produce H,. The minimum energy consumption which can be reached
by this process corresponds to 2.59 Gcal/1000 Nm® H, when starting from water
vapour, and 2.81 Gcal/1000 Nm® H, when starting from liquid water, as the real
process [6].

Hydrogen plants designed with conventional technology utilize reforming
temperatures below 900°C and high steam to carbon ratios (>2.5), to limit coke
formation problems. These plants are characterized by quite poor energy effi-
ciency, as significant amounts of process steam have to be condensed by large air
and water coolers. Moreover, investment costs are high, as large volumetric pro-
cess flows have to be handled [6].

Modern hydrogen plants utilize the new developments in SR and shift tech-
nology, allowing apparatus to be designed with reforming temperatures above
900°C and steam to carbon ratios even lower than 2.0 [6]. These advanced SR
plants have improved energy efficiency and reduced hydrogen production costs.
Currently, the processes require about 2.98 Geal/1000 Nm® H, implying that an
advanced reforming technology consumes about 6% more energy than the theo-
retical minimum.

In recent years, new concepts to produce hydrogen by methane SR have been
proposed to improve the performance in terms of capital costs reducing with
respect to the conventional process. In particular, different forms of in situ
hydrogen separation, coupled to reaction system, have been studied to improve
reactant conversion and/or product selectivity by shifting of thermodynamic
positions of reversible reactions towards a more favourable equilibrium of the
overall reaction under conventional conditions, even at lower temperatures. Sev-
eral membrane reactors have been investigated for methane SR in particular based
on thin palladium membranes [14]. More recently, the sorption-enhanced steam
methane reforming (Se-SMR) has been proposed as innovative method able to
separate CO, in situ by addition of selective sorbents and simultaneously enhance
the reforming reaction [15].

2.1.1.2 Hydrocarbon Partial Oxidation

An alternative route to produce synthesis gas starting from hydrocarbon feedstock
is the partial oxidation reaction (POX) [16]. This reaction utilizes the oxygen in the
air as oxidant and results moderately exothermic. The oxygen to carbon ratio is
lower than that required by stoichiometric complete combustion.

The stoichiometric equation for methane conversion is:
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CH4 + 150, — CO+2H, AH = —35.6 kJ/mol (2.9)
or for higher hydrocarbons:
C.H,, + I’l/2 0O, — nCO + m/2 H, (2 10)

The theoretical H, to CO ratio results lower than that of SR (about 2/3), as the
main oxidant is O, instead H>,O. However, a small amount of water is often added
to the reactor feed, to better control reaction temperature and coke formation [16].

The reactions (2.9) or (2.10) are not the exclusive routes of the process as other
stoichiometric equations are thermodynamically compatible with the mixture
composition fed to the reactor. Equations 2.1-2.8 involved in hydrocarbon SR
might occur also in partial oxidation, i.e. they are possible reaction pathways in
addition to (2.9) or (2.10). On the other hand, it is necessary to consider that
further equations related to several oxidation reactions could occur during fuel
conversion:

CH, + 20, — CO, + 2H,0  AH = —801.6 kJ/mol (2.11)
CO + 140, — CO, AH = —282.7 kI/mol (2.12)
H, + 150, — H,0 AH = —241.6 kI/mol (2.13)

POX involves the combustion of hydrocarbon feedstock in a flame with less
than stoichiometric oxygen required by complete combustion with production of
carbon dioxide (CO,) and water (H,0), according to Eqgs. 2.11-2.13, which in turn
react with the unreacted hydrocarbon (Egs. 2.1 and 2.4 in Sect. 2.1.1.1), to produce
carbon monoxide and hydrogen. Usually a slight excess (20-30%) of oxygen with
respect to the stoichiometric value required by equations (2.9) or (2.10) is fed to
the system. The most recognized reaction mechanism hypothesis is that the highly
exothermic total oxidation reaction consumes essentially all the available oxygen,
and the large amount of thermal power produced by the combustion is exploited by
endothermic reforming reactions. However, the POX process remains globally
exothermic.

A non-catalytic partial oxidation process based on the above reactions has been
largely used for the past five decades for a wide variety of feedstocks, in particular
heavy fractions of refinery, such as naphtha, vacuum fuel oil, asphalt residual fuel
oil, or even whole crude oil. The absence of catalysts implies that the operation of
the production unit is simpler (decreased desulfurization requirement) but the
working temperatures results higher than 1200°C. The high values of this
parameter permit satisfactory yield to H, and CO to be obtained without using a
selective catalyst.

A catalytic partial oxidation (CPO) reaction permits operation temperature to be
lowered and meets the requirements of recently proposed decentralized applica-
tions based on small-scale reformer plants [17], better than the SR or the non-
catalytic partial oxidation process. This evaluation is based on the dependence of
costs associated with both SR and CPO manufacture and management plants by
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power size. The potentialities of small-scale plants suggest a deeper discussion
about hydrogen distribution network scenarios that is carried out in Sect. 2.2.

The scientific community interest has been focused in recent years especially on
H, catalytic production by partial oxidation of methane, due to the large diffusion
of natural gas as primary feedstock. Coke formation and its deposition on catalyst
active sites represent, as well as for SR process, the main barrier to be abated for a
practical utilization of CPO in hydrogen production plants.

Methane CPO has been intensively studied to select new advanced catalysts
able to maximize hydrocarbon conversion, hydrogen yield and especially to
control catalytic deactivation phenomena, strictly connected to coke deposition
problem, similar to SR process [18-23]. The role of transition metal-based cata-
lysts in methane CPO reaction mechanism has been detailed [24], evidencing that
fuel dissociation step is crucial for a viable overall process rate at reasonable
temperatures, as expected taking into account the stability of methane molecule.

LPG could be another favourable feedstock for distributed hydrogen production
since it is easy to store and transport. Furthermore, LPG and NG appear attractive
because hydrocarbon mixtures with short aliphatic chains (C;—C,4) and no-sulphur
or other electronegative atoms (Cl, P) could limit carbon deposition and catalyst
poisoning. Commercial Ni catalysts used for SR plants have resulted very active
also for CPO of methane and propane, but deactivation resistance due to coke is
not yet acceptable [25-28]. Ni-based catalyst modification with rare-earth metal
oxide La,O5 can reduce the Lewis acidity of the catalyst surface and enhance its
ability to suppress carbon deposition [29], while among the various noble metal
catalysts Rh has been reported as active and stable [30]. Bi-metallic Ni—Pt cata-
lysts supported on Al,O5 result very promising if compared with monometallic
catalytic solids [31]. Mixed oxides containing Ce seem useful to formulate a
catalyst suitable for a durable hydrogen production, in particular CeO, is known to
be an oxy-transporter, i.e. it is capable to oxidize deposited carbon particles and to
actively participate in mechanism of redox catalytic reactions [32]. On the other
hand, the incorporation of ZrO, into CeO, lattice promotes the CeO, redox
properties, increasing the oxygen mobility within the solid solution formed [33].

If the water quantity added as feed increases up to a value corresponding to
neutral energetic balance between exothermic and endothermic reaction steps, the
overall process is denominated autothermal reformer (ATR). This approach
combines both SR and POX catalytic processes and it has been recently proposed
to optimize the performance in terms of compactness and efficiency of small-
medium production plants. This technology could permit a compromise between
the good efficiency of SR and the fast start up of POX. However, it needs a careful
control of in going mass stream [6, 7].

2.1.1.3 Hydrocarbon Decomposition

The direct thermal decomposition of methane or higher hydrocarbons represents
the unique approach for a theoretical direct decarbonization strategy [34, 35].
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Equation 2.5, moderately endothermic, already involved in SR or partial oxidation
processes as secondary undesired reaction, written for a general hydrocarbon

C,H,, — nC + 1, mH, (2.14)

evidences that theoretically hydrogen produced by this route results carbon dioxide
emission-free, with the additional potentiality of producing a valuable carbon
material.

The non-catalytic route, as for the other fuel processing processes, requires a
too high temperature (1300-1600°C) to obtain high reactant conversions, while a
catalytic approach would permit the working temperature to be lowered to more
practical values. Various Ni-supported catalysts [36-38], and more recently
innovative systems doped with other transition metals such as Fe and Co [39, 40],
greatly reduce the working temperature, but fast deactivation occurs, due to carbon
deposition. The activity loss strongly limits both efficiency and environmental
benefits, as catalyst regeneration is necessary, consuming additional energy and
producing carbon dioxide emissions.

Carbon-based catalysts and in particular their kinetics have been intensively
studied [41-43], because they should reduce the disadvantages related to metal-
based catalysts. Carbon materials are more available, have the potential of cost
reduction, do not require periodic regeneration because it is not necessary to
separate the carbon-product from the catalyst. The fluidised bed reactor technology
represents the optimal choice for this kind of hydrocarbon cracking process as it
can withdraw the carbon particles evermore, permitting a reliable storage of
produced carbon for further use [44—46]. A novel technological solution aimed to
improve activity and stability of carbon catalysts has been recently proposed [47].
The presence of small amount of O, in an autothermal approach seems to be the
best solution to minimize CO, emissions in the overall process.

Plasma technology has been proposed as alternative solution to be used in
different fuel processing pathways [4, 35, 48, 49]. Similar to catalysis, the plasma
approach could drastically increase the rate of the key reaction steps, mainly
related to fuel molecule dissociation, abating the activation barrier for the advance
of the overall decomposition reaction. The most common method utilizes a high
electric discharge produced by two electrodes (‘arc’), which determines intense
heat, and breaks down organic molecules into their elemental atoms. However, this
kind of processes suffers by many limitations, in particular the electricity cost
impact on overall efficiency needs to be accurately verified for a transition to
large-scale hydrogen production.

Recently, a laboratory atmospheric pressure microwave plasma reactor has
demonstrated to be useful for a single-stage, non-catalytic dry methane thermol-
ysis, resulting active and selective towards hydrogen production [50]. Similarly,
another novel process proposed for thermo-catalytic decomposition, based
on plasma generation of catalytically active carbon aerosol particles, has provided
very high efficiency (higher than 80%) at working temperatures below
1000°C [51].
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2.1.1.4 Coal Gasification

Another important thermal method is based on the gasification process, currently
used on industrial scale essentially to generate electricity.

This technology is also the oldest method for hydrogen production and could
convert any type of organic material, such as coal and other petroleum or biomass-
derived mixtures. The interest towards this approach comes from the practical
possibility of using coal as fuel that is the most world-wide available and relative
cheap fossil fuel [52].

The gasification of coal or other carbonaceous substances was largely used in
the past century especially for iron making. The process consists of a series of
chemical reactions finally producing, similar to reforming reactions, carbon
monoxide and hydrogen mixtures, also called ‘town gas’, which represented in the
past century an important chemical feedstock in North American, Europe and
China for domestic heating and lighting, public street lighting and domestic
fertiliser industry. However, the popularity of town gas decreased significantly by
the 1950s as natural gas became widely available. Gasification takes place at high
pressure (up to 60 bar) and temperature superior to 700°C, with a controlled
amount of oxygen and/or steam. Similar to hydrocarbon reforming-derived syn-
thesis gas, the effluent mixture may be used to produce hydrogen or methanol,
burned directly in internal combustion engines, or converted via the Fischer—
Tropsch process into synthetic fuel [53].

Coal substances have complex chemical structures and their compositions are
highly variable. For example a carbon/hydrogen composition in bituminous coal
may be represented as about one atom of hydrogen per atom of carbon. For a
generic gasification process based on the above coal feedstock, selected as refer-
ence carbonaceous fuel, the following (not balanced) overall chemical equation
can be written as:

CH + O; + H,O < CO + CO; + H; + other species (2.15)

The carbonaceous particles are heated and volatilized at temperatures ranging
from 1000 to 1500°C producing carbon oxides and hydrogen gaseous mixtures and
simultaneously char (pyrolysis).

A limited amount of oxidant (oxygen or air) is introduced into the reactor and is
mixed with crushed/pulverized coal feed (either dry or as slurry) to allow volatile
products and some of the char reacts with oxygen to form carbon dioxide and
carbon monoxide. The basic reactions for the CO and CO, formation are the
partial and total combustion of C, respectively

C+1,0, - CO AH = —110.4 kJ/mol (2.16)
C+ 0, — CO, AH = —393.1 kl/mol (2.17)

The exothermicity of the above reactions provides heat for the subsequent
gasification reactions. The char (or other resulting hydrocarbons) reacts with steam
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(but also with carbon dioxide) to produce carbon monoxide and hydrogen,
according to the following equation that is the reverse of Eq. 2.8

C+H,05CO+H, AH = +131 ki/mol (2.18)

In addition, the reversible gas phase water gas shift reaction (2.3) reaches very
fast equilibrium at temperatures typical of a gasifier. The above chemical equa-
tions balance all the product (CO, CO,, H,0, H,) concentrations of the process.

Gasification process could be inserted in a Integrated Gasification Combined
Cycle plant (IGCC) [54, 55] to improve the overall process efficiency. The syngas
produced in the gasifier is used as fuel in the gas turbine generator of the integrated
combined-cycle technology, which consists also of a heat recovery steam gener-
ator and a steam turbine/generator. A simplified scheme of a proposed gasification
overall plant for generation of both electricity and hydrogen is reported in Fig. 2.3.
The scheme evidences different steps to produce electricity and hydrogen. The
heart of the overall process remains the gasifier. The coal fed to the reactor is
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Fig. 2.3 Simplified scheme of an integrated gasification plant [54]
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exposed to steam and carefully controlled amounts of air or oxygen under high
temperatures and pressures. Sulphur is converted to hydrogen sulphide (clean-up
reactor in Fig. 5.3) and can be captured by processes presently used in the
chemical industry.

The exhaust heat from the combustion turbine is recovered in the heat recovery
steam generator to produce steam. The waste heat is passed to a steam turbine
system, while heat is recovered from both the gasification process and the gas
turbine exhaust in advanced boilers producing steam. The steam is then used in
steam turbines to produce additional electrical power, while the syngas mixture
could also feed a fuel cell plant (IGFC).

A potential advantage of this technology is that carbon dioxide can be easily
separated from the syngas and then captured, instead of being released into the
atmosphere [56-58]. If oxygen is used in a coal gasifier instead of air, carbon
dioxide is emitted as a concentrated gas stream in syngas at high pressure. In this
form, it can be captured and sequestered more easily and at lower costs. Finally,
plasma technology added to gasification plant has been recently proposed to
improve energy performance and quality of product mixtures [59].

Hydrogen could be produced from coal gasification with near-zero greenhouse
gas emissions only if CCS technology, in particular the crucial sequestration stage,
will be successfully developed in the next decades. In this view, the coal gasifi-
cation technology appears most appropriate for large-scale, centralized hydrogen
production plants, where handling of large amounts of coal and CCS technologies
could be more functionally managed. Significant technological efforts towards the
development of an advanced apparatus capable to enhance efficiency, environ-
mental performance and reliability appear necessary.

2.1.1.5 Biomass Gasification

The choice of a carbon neutral source class as feedstock for hydrogen production,
such as biomass substances, could permit the problem of carbon dioxide emissions
to be overcome.

In recent years, several methods for hydrogen production starting from biomass
materials have been investigated [60-62], and great efforts have been addressed in
particular in selecting advanced solutions for optimization of the previously ana-
lysed thermal processes, such as SR or gasification, by substituting the fossil fuel
feedstocks (coal or petroleum-derived fuels) with different types of biomass-
derived fuels.

In particular, biomass-derived materials could be converted in gasifiers, to
obtain a gaseous mixture of hydrogen, carbon monoxide, carbon dioxide and other
compounds, by applying heat under pressure in the presence of steam and a
controlled amount of oxygen, very similar to coal gasification process. On the
other hand, the produced syngas could be reformed to maximize hydrogen pro-
duction but it may also feed an electrical power plant coupled to an electrolysis
unit [63].
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Typically, a biomass-derived material contains substances constituted by car-
bon, hydrogen and oxygen atoms. As an example, the simplified not balanced
chemical equation representative of the overall gasification process for a reference
substance such as glucose is:

CgH,04 + O, + H,O = CO + CO; + H; + other species (2.19)

The exhaust gases contain CH,4, N,, H,0, tar, acidic and basic compounds
(NH3;, HCN, H,S) considered as impurities. Tar conversion has to be controlled to
maximize the reliability of mechanical equipments and to assure the operation of
the successive clean-up catalytic steps for final hydrogen separation and purifi-
cation [64]. This step involves the utilization of additional steam and selective
catalysts, affecting the overall efficiency of the process [65]. The operation with
oxygen instead of air may improve the efficiency of the process but it suffers the
costs associated with air liquefaction process, necessary for O,/N, separation.

The current industrial concept for biomass gasification is conditioned by several
problems, i.e. heterogeneity of material availability, relatively high costs of col-
lection and transporting the feedstock, and a relatively low thermal efficiency due
to the vaporization cost of the moisture contained in the biomass. In order to lower
capital costs many efforts are addressed towards the development of advanced
membrane technologies able to separate oxygen from air (when the gasifier utilizes
oxygen), replacing the cryogenic process of air liquefaction, and separate and
purify hydrogen from the produced gas stream [66].

Similar to coal, biomass gasification technology seems to be more appropriate
for large-scale, centralized hydrogen production, due to the nature of handling
large amounts of biomass and the required economy of scale for this type of
process, and it may be relevant in specific geographic zones where this feedstock is
readily available. However, it will be also useful to explore the future possibilities
to use biomass for improving economics of distributed and/or semicentral
reforming processes. In this respect, heterogeneous waste and in particular
municipal rubbish could represent an important feedstock, if thermally pretreated,
in medium-sized power plants.

2.1.1.6 Thermochemical Methods

The possibility to transform directly a high-temperature thermal source to chem-
ical energy makes quite attractive the water thermolysis process. This approach
represents a direct route for conversion of heat associated with a primary source
into hydrogen without intermediate steps; the constraint is that theoretically
attractive efficiency can be obtained only if primary sources producing high-
temperature energy are used.

Severe engineering barriers are correlated to the very high temperatures nec-
essary to split water exclusively by heat, together with the problems connected to
heat extraction and thermal management. These problems require the practical
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development of a more complex concept of water decomposition, based on multi-
step thermochemical processes. This approach is founded on the characteristics of
several chemical reagents, capable to lower the temperatures of water decompo-
sition down to a commercially viable value, inferior to 1200°C.

A schematic overall process involves at least two steps:

H,0 + 2X S 2XH + 150, (2.20)

2XHS2X + H, (2.21)

where X represents the generic chemical agent. Obviously the net balance reaction
is the reverse of Eq. 2.13:

H,0 SH, + 150, AH = 4288 kJ/mol (2.22)

where AH is calculated considering the water in liquid form. The nature and the
role of intermediate compounds (XH) are the key point for a successful process,
strictly related to the reaching of the following targets [4]:

1. Gibbs free energy variation of all individual reaction steps must approach zero.
2. The different steps should be minimal.
3. Direct and reverse reaction rates of the different steps need to be very fast.

A lot of thermochemical cycles have been proposed in literature [4, 67, 68],
potentially able to exploit the high-temperature energy coming from nuclear or
concentrating solar plants (CSP).

In particular iodine—sulphur reaction results quite attractive [68]. It consists of
three steps at different operation temperatures, which involve the HSO,4 and HI
dissociation and the re-production of both acids starting from I, SO, and H,O.
Particular interest is also focused on CeO,/Ce,0O5 cycle, cerium—chlorine cycle
(Ce—Cl), Zinc—zinc-oxide cycle (Zn/ZnO), but also on a Cu—Cl cycle, which is a
cycle with an electrochemical step [69].

This technology appears really promising for a massive efficient hydrogen
production but it is still far to be practically realized in few years, basically
because of engineering and material constraints associated with high operation
temperature (not inferior to 900-1000°C).

2.1.2 Electrolytic Processes

The possibility to store the surplus of electric energy produced by the power plants
into a hydrogen carrier represents an attractive potential solution to optimize the
overall efficiency of energy production and utilization. This idea requires a
technology able to transform the excess of produced electric energy into the
chemical energy of hydrogen molecule.
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A well-known electro-chemical method to obtain hydrogen using electricity is
the water electrolysis [70, 71], which permits the splitting of water molecule into
H, and O, according to Eq. 2.22 reported in Sect. 2.1.1.6.

The galvanic cells produce electric energy via electro-chemical reactions, while
electrolytic cells, such as those used in water electrolysis, are electrochemical cells
in which a chemical reaction is forced by added electric energy.

The galvanic cells are based on a spontaneous overall reaction characterized by
a negative value of the Gibbs free energy, which corresponds to the theoretical
electric work (see details in Sect. 3.1). The electrolytic cells represent exactly the
reverse of the galvanic process, then the overall reaction, characterized by a
positive value of the Gibbs free energy, is not spontaneous, and needs an external
energy resource to force the advance towards the products.

Different electrolysis technologies could be applied, from the commercially
available method based on alkaline cells to the new advanced cells based on proton
exchange membrane (PEM) and solid oxide mixtures as electrolytes. The basic
schemes of these electrolysers are shown in Fig. 2.4.

The alkaline device utilizes a solution of potassium hydroxide (KOH) as
electrolyte (Fig. 2.4a). The two semi-reactions of reduction (cathode side) and
oxidation (anode side) that occur in alkaline solution are, respectively

2H,0 4 2¢~ — H, + 20H" (2.23a)
20H™ — 10, + H,0 + 2¢” (2.23b)

The sum of the two semi-reactions (2.23a) and (2.23b) gives the overall
Eq. 2.22. Hydroxyl-ions represent the chemical species that close the electric
circuit through the electrolyte. The alkaline solution contains about 30 wt%
of potassium hydroxide and operates at about 80°C. Today, this technology gives
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Fig. 2.4 Simplified principle scheme for alkaline (a), PEM (b) and solid oxide (c) cells for water
electrolysis
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a very low contribution to the worldwide hydrogen production (see Table 2.1),
because of the high costs of electricity and the high but not complete conversion
efficiency [72]. Furthermore, the KOH solution could limit the resistance of used
materials because of corrosion phenomena. In the past years, many studies have
been addressed towards a further improvement of catalysed electrodes to optimize
the efficiency and reliability of the electrolytic process involving alkaline cells, but
the results have not yet satisfactory [73-75].

New advances of the other two electrolytic cells reported in Fig. 2.4 have been
recently encouraged to exploit the higher potentialities of PEM and solid oxide
technologies, as electrolyser components to be integrated in plants based on wind
and solar renewable sources [76, 77] or nuclear power [78], respectively.

As regarding electrolysis with PEM cells (scheme b of Fig. 2.4), which is just
the reverse of fuel cell operation mode, the interest derives by greater energy
efficiency, ecological cleanness, easy maintenance, smaller mass—volume char-
acteristics and high degree of gases purity [79—81]. Furthermore, it is expected that
future costs could be progressively reduced due to foreseeable technological
advances of PEM devices working as electric power generation.

The two semi-reactions involved in the process are:

2H,0 — O, + 4H™ + 4e” (2.24a)

4H" +4e” — 2H, (2.24b)

Equations 2.24a and 2.24b are the oxidation and reduction steps, occurring at
anode and cathode side, respectively, while the protons represent the ion species
passing through the solid polymer electrolyte. However, the overall electro-
chemical reaction is the same of alkaline electrolysers.

Recent studies have been devoted to the optimization of the already existent
PEM electrolysers, first exploring the possibilities to increase the working pres-
sure. The high pressure electrolysis (HPE) should reduce significantly the energy
costs for the successive fuel compression step. Currently, the on board-storage of
hydrogen in fuel cell cars (see details in Sect. 2.3) requires a compression stage
before feeding the vehicle, while the need for an external hydrogen compressor
could be avoided by pressurising the hydrogen in the electrolyser. The energy
required to produce high pressure hydrogen by high pressure water electrolysis is
estimated to be about 5% less than that required for devices working in atmo-
spheric conditions [82]. However, high pressure operation could affect the per-
formance of existent Nafion electrolytic membranes [83] and yield additional
problems regarding efficiency loss due to cross-permeation phenomena [81] that
implies also relevant safety issues. On the other hand, the application of this
technology for electrolytic hydrogen production is mainly related to costs of noble
metals used in membrane electrode assembly (MEA, see Sect. 3.2) materials,
requiring the development of new high performance and low cost materials [84].

PEM electrolysis process has been proposed especially for wind turbines or
solar photovoltaic (PV) panel utilizations. In this case, the electrolysis represents
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only a step in the overall hydrogen production process. Efficiency, reliability and
costs of overall integrated plants have to be carefully analysed, in particular taking
into account the typical intermittent operation mode of each renewable source.
Several configurations of PV arrays or wind turbines connected to an electrolyser,
based on PEM technology, have been considered evidencing the potentialities of
each solution [76, 77]. A possible optimal option is to select the PV panels so that
their voltage—current output matches the polarization curves of the electrolyser.
Solar PV energy has shown good potentialities as an electricity source for water
electrolysis but recent analysis related to environmental and economical issues
evidence that wind energy seems to be, at least for the existent technological level,
a more promising option to produce electrolytic hydrogen [85, 86].

The operative temperature could play a crucial role for the development of a
very efficient electrolyser plant. Solid oxide cells (scheme c in Fig. 2.4) have
been proposed for high temperature electrolysis (HTE), because of the strong
resistance at high temperatures of the related electrolytes. With respect to tra-
ditional room-temperature electrolysis HTE modules presents two main advan-
tages [87]:

1. electrical energy requirement is reduced because of better recover of residual
heat, which is cheaper than electricity

2. the power generating cycle, including also electrolysis reaction, is more effi-
cient at higher temperatures.

Currently yttria-stabilized zirconia and doped LaGaOj; systems seem the most
promising materials for developing high temperature (about or higher than 800°C)
and intermediate temperature (between 400 and 800°C) electrolysis technologies,
respectively [88].

This method could be used for nuclear, concentrating solar or geothermal power
plants without carbon dioxide emissions.

The process is based on the following two electrochemical semi-reactions:

H,0 + 2¢~ — H, + 0>~ (2.25a)

0> — 150, +2e” (2.25b)

where the ionic species are oxygen anions. As for alkaline and PEM electrolyser
technologies the overall reaction is Eq. 2.22.

In Fig. 2.5, a simplified scheme of a high-temperature electrolysis plant based
on nuclear power is reported [89].

Water is warmed up by outer heat in the boiler of the nuclear reactor, before
entering as steam into cathode side, where it decomposes according to Eq. 2.25a,
hydrogen molecule is removed as product, and oxygen anion moves to anode
through a solid oxide electrolyte with high oxygen ion conductivity. Oxygen ion,
loosing electrons at the anode side, is the reactant of the oxidation semi-reaction,
and is recovered as oxygen molecule, according to Eq. 2.25b.
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Fig. 2.5 Scheme of a HTE plant based on nuclear power [89]

The steam-hydrogen mixture exits from the electrolyser and the water/hydro-
gen gas mixture passes through a separator to obtain pure hydrogen, while a
portion of the electricity produced by the reactor is used to feed the electrolyser.

Electrochemical oxidation of coal has been investigated at the beginning of
1980s [90] to evaluate the possibility to limit the high electric power required by
H,O electrolysis, simultaneously overcoming the limitations of the conventional
hydrogen production starting from coal (see Sect. 2.1.1.4), related to the high costs
due to working temperature and separation units. The electrolysis of coal takes
place according to the following reactions:

C 4 2H,0 — CO, + 4H" + 4e~ (2.26a)

4H' +4e” — 2H, (2.26b)

Coal is oxidized at the anode, while protons are reduced to form hydrogen
molecule at the cathode. The low current densities achieved in the reaction (about
2.5 mA/ecm” at 1 V) have discouraged further studies in the successive two dec-
ades, but recent works on the development of noble metal carbon fibre electrodes
have demonstrated the possibility to improve their activity [91] justifying further
experimental tests aimed at fabricating a coal electrolytic cell (CEC) operating at
intermediate temperatures (40-108°C) [92]. Finally, another potential advantage
of the coal electrochemical oxidation is that downstream separation of gases is not
necessary as pure H, and CO, are generated in different compartments of the cell.
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2.1.3 Photolytic Processes

The photolytic effect represents another technology able to directly exploit the
sunlight, in addition to photovoltaic effect and concentrating solar technology.
This process could be theoretically used to directly dissociate water molecules into
hydrogen and oxygen [93]. The recent advances realized in this field [4, 94]
encourage a wide research effort aimed at individuating technological pathways
alternative to thermal, thermochemical and electrolytic approaches, for an useful
contribution to medium—long term hydrogen production.
In particular, two kinds of processes are under investigation:

1. the photoelectrochemical (PEC) process that uses photoactive cells in which
doped semiconductor electrodes are immersed in aqueous solutions or water;

2. the photobiological (PB) water splitting, related to the specific activity of
specialized microorganisms.

In the PEC process, an electronic charge formed at the surface of the anode,
radiated from solar energy, is able to generate an electron-hole pair. In the
presence of an electric field, holes and electrons are forced to move in opposite
directions determining the H,O oxidation to oxygen at the anode side and the
hydrogen ion reduction to molecular hydrogen at the cathode side. PEC research is
mainly focused on finding reliable semiconductors able to split water in an
energetically suitable way [95-97]. On the other hand, PB processes could exploit
the potentialities of algae and bacteria in consuming water and produce hydrogen
as a byproduct of their natural metabolic processes [98, 99]. This research is
focused on the possibility of modifying or engineering them, addressing the solar
energy selectively towards direct hydrogen production.

2.2 Hydrogen Distribution

The transition towards the so-called hydrogen economy requires the development
of infrastructure plans. Currently, few limited networks for hydrogen utilization
exist in the world, mostly concentrated in Europe (UK, Netherlands, Germany) and
USA, and located close to refinery site for petrochemical or other industrial
requirements.

A future massive network can be realized according to two possible scenarios:

1. a centralized management of the worldwide hydrogen production and distri-
bution, corresponding to the existent energy production strategies

2. adistributed territorial production and utilization, for which H; is produced on-
site at small-medium-scale filling station.

The analysis of the above strategies needs to include all the stages necessary to
produce and distribute the fuel for a widespread use, and should benefit from the
following two options for hydrogen transport and distribution:
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1. delivery of compressed gas or liquid by tracks
2. gaseous pipelines.

The choice is strictly related to the above scenarios, and depends on the
technologies and scale selected for hydrogen production [3, 100].

In Fig. 2.6, the most significant fuel supply options are represented, evidencing
individual steps concurring to the realization of each production—distribution
chain. The centralized manufacture of hydrogen requires means of transportation,
as well as intermediate storage capabilities. In particular, the utilization of
hydrogen produced as gas in centralized plants, located at sites quite far from the
user points, would require a pipeline grid. Pipelines seem more indicated to
transport large quantities of gaseous fuel, and to cover long distances. Road
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transportation by trucks, in both high-pressure gas and liquid, should become
competitive to move only small quantities of hydrogen.

On the other hand, a distributed manufacture, based on either on-site small
reforming plants or on small-size electrolyzers, would permit storage at the vehicle
facility and strongly reduce the specific impact of fuel distribution and transport
costs on a global techno-economic assessment.

Taking into account that hydrogen can be transported in pipelines similar to
natural gas, it is interesting to verify if the existing pipeline infrastructure could
be used, evaluating in particular the energetic limitations and the current
performance of materials of construction and of shut techniques. This analysis first
requires a comparison between the energy flows of hydrogen and methane.
The volumetric flow rate through a pipeline can be calculated according to the
following equation [101]:

0 = cp2sy | PLop2) —p2)° (2.27)
dZTLf '

where Q is the volumetric flow rate of the gaseous fuel (Nm*/h), C is a propor-
tionality constant (about 0.00013), D is the inner diameter (mm), / is the pipeline
efficiency, p; and p, are the inlet and outlet pressure, respectively (kPa), d is
the relative density compared to air, Z is the compressibility factor, T is the
absolute temperature, L the length (km) and f is the friction factor. In Fig. 2.7, a
scheme of a section of pipeline is shown with the indication of main parameters
affecting gas flow rate.

Considering the upper heating values of H, and CH, (12.8 and 40 MJ/Nm”,
respectively) as well as the wide difference in density values (0.09 for hydrogen
and 0.68 kg/Nm3 for methane, respectively), similar pressure drops have to be
overcome to match the same energy demand. On the other hand, the accurate
evaluation of compressibility and friction factor indicates that hydrogen is able to
transport at least 80% of the energy carried by NG [102].

Also the aspects related to compression stage and pressure reduction stations
need to be accurately considered. The performance of the centrifugal compressor,
quite satisfactory for natural gas processing, becomes significantly limited when
hydrogen is used, because of the need of higher rotational velocity, not compatible
with material strength [101]. On the other hand, hydrogen fragileness [103] could
represent a further problem for a sufficient reliability of the pipings and fixings

Fig. 2.7 Section of a pipe- DI P2
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during long-time operation, while hydrogen leakage, obviously higher with respect
to methane, can be significantly limited, especially if polyethylene pipelines will
be used for new hydrogen distribution infrastructures [101]. The transportation of
hydrogen inside pipelines in liquid cryogenic forms theoretically should increase
strongly the energy capacity, but it determines also a dramatic growth of capital
costs and severe safety problems [101].

As regarding the transportation of hydrogen using the road, currently hydrogen
travels mainly on trucks loaded inside high-pressure vessels (20 MPa). The overall
transportation capacity utilizing liquid reservoirs should be higher than commer-
cial vessels, in spite of much higher insulating and refrigeration costs that make
them not yet satisfactory for a widespread transportation.

The above discussion suggests that the development of a hydrogen system
concept based on distributed small-scale power plants should be easier. In this
respect, the most appropriate hydrogen production technologies are based on
PV-solar, natural gas reformer or wind-turbine resources, even if the last solution
expects some infrastructure network to transport hydrogen from the production
point to the user points.

The different pathways need to be environmental efficient and require a care-
fully evaluation of their impact not only on the costs but also on reliability, safety
and social acceptance [104]. Since in a decentralized approach infrastructure cost
related to hydrogen distribution is strongly reduced, a global economical evalua-
tion related to both production and distribution has to accurately consider this
perspective. On the other hand, the possibilities to lower the costs of centralized
hydrogen production and to improve the technologies involved in the creation of a
hydrogen transport and distribution infrastructure claim to be also carefully ana-
lysed. Optimization-based models capable to evaluate all these aspects for the
development of a viable long-term plan has been recently presented, to aid the
decision making process [105].

2.3 Hydrogen Storage

The storage capability of tanks is a crucial quality of fuels for road vehicles,
because of the need to match the large driving range user demands. The mileage of
conventional vehicles powered by liquid fuels reaches values clearly superior to
those of battery powered electric vehicles. This is the main reason why the electric
powertrain diffusion has been strongly limited up today. Hydrogen fuel cell
powertrains could enter in a massive automotive market as potential competitor
only overcoming successfully this important question.

The phase diagram for hydrogen is shown in Fig. 2.8, [106] while in Table 2.2
physical and thermodynamic data are reported for hydrogen in molecular form and
for commercial liquid fuels, i.e. gasoline, diesel, LPG and liquid natural gas (LNG)
that are high and low heating values, gravimetric density and volumetric energy
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Fig. 2.8 Phase diagram T (K)
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Table 2.2 Physical and thermodynamic data for automotive fuels
Property Gasoline  Diesel LPG LNG Hydrogen
Gas Gas Liquid
350 bar 700 bar
HHV (kl/g) 475 44.8 503 555 141.9 141.9 141.9
LHV (kJ/g) 445 42.5 45.6  50.0 120.0 120.0 120.0
Gravimetric density 737 820-950 510  410-500  23.5 39.5 70.8
(kg/m?)
Energy density (MJ/L) 342 37.3 253 259 29 5.6 10.1

densities. The volumetric energy densities for hydrogen are calculated for liquid
and gas form at pressure values varying from 350 to 700 bars.

The analysis of Fig. 2.8 evidences that hydrogen has very low boiling point.
Liquid hydrogen exists only in a limited pressure—temperature region starting from
the triple point and ending at the critical point. A narrow temperature range
between 14 and 33 K is able to maintain the H, molecule in the liquid state in
dependence of the pressure value (varying from 0.07 to 13 bar). The saturated
liquid specific volume at atmospheric pressure is 0.014 m>/kg, while for H, gas in
standard conditions (273 K and 1 atm) it results 11.1 m*/kg.

Table 2.2 evidences that hydrogen has very low gravimetric and volumetric
energy densities. Hydrogen has the highest energy to weight ratio values (HHV
and LHV), in particular it has nearly three times the energy content of gasoline and
diesel fuels, but it contains less energy for a given volume when compared to the
other fuels. Liquid hydrogen does not reach a density close to that of typical
conventional liquid fuels, while hydrogen in gaseous form reaches a value of
volumetric energy density lower than hydrogen in liquid form also at a pressure of
700 bar.

In the last years, the scientific community has investigated another interesting
option regarding H, storage, based on the adsorption method [107-109]. The idea
is that a strong reduction of volumes should be obtained by interaction of hydrogen
with solid materials, in particular applying knowledge in gas—solid heterogeneous
process and exploiting recent advances of the material science applied to physical
and chemical adsorption.
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The US Department of Energy (DOE) has established a series of targets which
should be met by hydrogen storage tanks, including those related to overall system
performance [110]. Both volumetric and gravimetric storage system performances
are considered basically crucial; the relative target for the year 2010 is fixed in
1.5 kWh/I and 2 kWh/kg as regarding system volumetric and gravimetric capacity,
respectively. These targets imply for the hydrogen storing material volumetric
density values of at least 45 g/l and gravimetric density not lower than 6 wt%. The
following sections contain an overview on hydrogen storage in molecular form
(compressed gas and liquid) and some details about the main technological
improvements related to the storage by absorption or adsorption processes.

2.3.1 Hydrogen Storage in High Compressed Gas Form

The compression in cylinders with a maximum pressure of 200 bar is a reliable
well-established technology, today widely used for hydrogen and natural gas
storage. Higher pressures permit the volumetric capability to be improved but not
negligible power consumption has to be taken into account when high compression
ratios are reached.

The ideal compression (in isothermal conditions) work can be calculated
according to the following equation:

L=AG=RTZInE (2.28)
P

where AG is the Gibbs free energy variation (corresponding to the ideal useful
work L), R is the gas constant, 7 the Kelvin temperature, Z the compressibility
factor and p/p° the ratio between the final and initial pressure value. Z factor is
approximately 1 in the range 1-100 bar, when the hydrogen behaviour can be
approximately assumed as ideal, while at high pressures the density of H, affects
its compressibility and Z significantly increases in dependence of critical param-
eters of temperature and pressure.

It can be derived that for p/p® = 700 an energy loss due to ideal compression
results about 2.2 kWh/kg, but in a real compression stage the energy losses are
significantly higher because of the irreversibilities that also determine non-iso-
thermal operation. Pressure increments could affect in a not negligible way the
impact of the hydrogen compression step on the well-to-wheel efficiency evalu-
ation for hydrogen fuel cell vehicles [111], the energy consumption at 700 bar is
about 10% of the H, LHV [112]. Additionally, the heat produced during the
compression stage gradually reduces the gas density, limiting the positive impact
of compression on energy density of the tank.

Dynamic compressors, commercially used for natural gas compression, could be
used in case of moderately high compression (p/p° up to 200-300), while alter-
native volumetric devices are necessary for higher pressure ratios. With respect to
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methane the hydrogen compression introduces some specific difficulties, related to
the different volumetric energy densities and to the choice of dedicated fixings
[107]. On the other hand, at higher pressures the gravimetric density of the tank
progressively decreases because of the increasing thickness of cylinder walls.

Austenitic stainless steel or aluminium alloys are widely used for 200 bar
cylinders but recent advances in lightweight composite cylinders have permitted
hydrogen storage systems reliable up to 700 bar to be developed. Composite
materials are constituted by high-strength fibres, mainly carbon-based that are
wrapped around the cylinders in layers. Several types of advanced high-pressure
cylinders could be designed to improve volumetric and gravimetric density in
dependence of the weight ratio between metal and composite: from a whole metal
to a plastic liner or a fully wound composite overwrap, passing by different per-
centages of metal liner and composite overwrap.

In order to match the safety issues, future pressure vessels include three layers:
an inner polymer liner, overwrapped with a high-strength and high-elasticity
carbon fiber composite, and an outer layer of an aramid-material capable of
withstanding mechanical and corrosion damage [107].

Recent approaches aimed at improving the unsatisfactory gravimetric and
volumetric capacities are based on compressed cryogenic technique [110].
In particular by cooling a tank to nitrogen liquefaction temperature (77 K) the
volumetric capacity results three times higher with respect to conventional high
pressure tank.

2.3.2 Hydrogen Storage in Liquid Cryogenic Form

The liquid cryogenic technology might represent a valid alternative to high-
pressure gas storage approach [113]. It can be used to increase significantly
(see Table 2.2) the unsatisfactory volumetric density values of hydrogen stored as
gaseous compound. At a very high pressure (700 bar), the gravimetric density of
hydrogen in gaseous form does not reach 40 kg/m*, while as liquid it reaches about
70 kg/m>. However, some technical aspects need to be considered for an overall
analysis of this technology.

The Linde cycle is a simple cryogenic process based on Joule-Thompson
effect. It is composed of different steps: the gas is first compressed, then
preliminarily cooled in a heat exchanger using liquid nitrogen, finally it passes
through a lamination throttle valve to exploit the benefits of Joule—-Thomson
expansion. Some liquid is produced, and the vapour is separated from the liquid
phase and returns back to the compressor through the heat exchanger. A simplified
scheme of the overall process is reported in Fig. 2.9.

The process is rather expensive because of high electricity costs for compres-
sion and the low Joule-Thomson inversion temperature of hydrogen (203 K), that
involves high energy consumption necessary to maintain the hydrogen continu-
ously cooled (about 30% of its LHV) [114].
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Furthermore, the boil-off effects must be considered because of the liquefaction
temperatures (21 K). A very low external thermal exchange fluctuation could
produce appreciable vaporization. The font of these variations could be originated
by the exothermic transformation of electronic configuration of hydrogen molecule
from ortho to para [107], by the thermal irreversibility of fluid compression, or by
the different heat exchange mechanisms with outside. This problem is emphasized
for tanks of small size (100 1, typical value for cars), because heat leaks are
proportional to the surface to volume ratio, and the high initial density could
significantly decrease during the time.

The materials used in the different size vessels are based on stainless steel or
aluminium alloys, but also on polymeric materials, such as Teflon. The sphere
form is ideal for the minimization of vapour release, due to its minimum surface to
volume ratio with respect to all other possible geometries, and for the limitation of
stress and uniformity of strain distribution. On the other hand, the manufacturing
costs for spheres are too high, in compared with cylindrical shape which is the
most economical solution.

Recently, a new liquefaction approach based on the magnetocaloric effect has
been proposed [115]. The method is based on the characteristics of some magnetic
materials that heat up when placed in a magnetic field and cool down when
removed from it. The magnetic refrigeration can develop its potentialities in terms
of overall efficiency for liquefaction process, as it is theoretically able to exploit
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almost completely (up to 90%) the efficiency of the Carnot cycle, which represents
the reference cycle for the cooling process. However, the practical feasibility of an
integrated plant based on this method is far to be experimentally verified.

2.3.3 Hydrogen Storage in Solid Materials

Hydrogen storage devices based on high pressure gas and cryogenic liquid tech-
nologies do not reach the storage performance of conventional transportation
liquid fuels. On the other hand, they suffer also of important safety issues related
to the utilization of severe operative conditions necessary to improve, even if only
partially, the very low gravimetric and volumetric energy densities typical of
hydrogen molecules. An interesting alternative is the storage of hydrogen based on
the principle of forming hydrogen containing carriers from which the fuel can be
extracted when necessary. Then the idea is to develop materials able to soak up
and release hydrogen, thank to absorption and/or adsorption processes [116].

Metal hydrides are ‘hydrogen atom’-carriers usable as storage system [107,
110, 116, 117]. The method is based on specific properties of some metals that
readily absorb gaseous hydrogen, thanks to their capability to accept hydrogen
atoms, derived by its molecule splitting, inside their interstitial sites in reasonable
operative conditions.

The absorption process is a reaction of hydrogen gas with a metal, and results
moderately exothermic. Then during the charging phase, which occurs typically at
30-60 bar, some heat needs to be removed, while during discharging phase slight
changes in operative conditions (temperature and pressure) permit the quantitative
amounts of gaseous hydrogen molecules previously charged to be released,
according to:

M + x/2H, S MH, (2.29)

where M indicates the metal used for hydrogen storage.
A schematic hydrogen absorption mechanism consists in the following three
steps:

1. mass transport of gas molecules to the solid surface

2. physical adsorption with successive molecule dissociation

3. transition of hydrogen atoms to the metal bulk with formation of new solid
phases.

During the third step, at a specified temperature value, the metals bind hydrogen
(previously dissociated as atoms in the adsorption step) producing an intermediate
solid solution [107, 118]. Increasing the pressure the interaction between hydrogen
atoms and metal framework sites becomes stronger, nucleation and growth steps
start bringing to the formation of a hydride solution. The concentration limits
relative to the formation of the two above solutions (intermediate and hydride)
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change with temperature, typically the concentration difference decreases when
temperature increases, and becomes zero when the critical point is reached. Until
the two solid phases coexist the temperature remains practically constant, and the
hydrogen concentration increases inside the intra-metallic mixture, evidencing that
the hydrogen amount is reversibly stored at the fixed temperature with slight
pressure variations. Finally, the intermediate solution disappears and all hydrogen
atoms are entangled in the hydride solid solution. Further hydrogen absorption
could occur when the hydrogen concentration increases up to the maximum value
compatible with the atom insertion inside the voids of the metal framework.

The strong interest towards metal hydrides is strictly related to the potential
of significantly increasing the volumetric density of hydrogen packing (up to
0.2 kg/m°) that largely exceeds the density of liquid hydrogen (about 0.07 kg/m>).
The operative temperature and pressure of the absorption process depend on the
type of hydride, and are the key parameters affecting the efficiency of a hydrogen
storage device for automotive application.

The different metal hydrides can be classified in two main categories:

1. Low desorption temperature.
2. High desorption temperature.

The first class is characterized by those metals and metal alloys (iron, titanium
and nickel) which require only a small amount of heat to release hydrogen. This
heat might be easily withdrawn by the process fluids of a fuel cell powertrain. On
the other hand, some hydrogen can be released also at room temperature, but this
problem could be overcome by preliminary tank pressurizing, followed by a
gradual pressure diminution when hydrogen content within the hydride decreases.

Beside the basic advantages of high volumetric density and low energy inputs,
this class of hydrogen storage materials is attractive also for the operational safety.
Unfortunately the gravimetric energy density does not reach the targets useful for
road vehicle application, essentially because of the high molar mass of metal
framework.

The second class includes other hydrides based on light elements, such as alkali
and alkaline-earth metals, first of all the metal alloys of magnesium [107, 117-121].
These materials are very interesting because of their acceptable gravimetric
hydrogen storage capability, but their poor kinetic properties at moderate temper-
ature strongly limit the practical application. In particular MgH could contain
theoretically hydrogen up to about 8% in MgH form, but absorption and desorption
processes occur only at elevated temperatures (>200°C), and then require large
amount of heat to release hydrogen. The catalytic role of different additional
materials such as metal oxides or transition metals has been extensively investi-
gated in magnesium alloys to reduce release temperature and improve Kinetics
[122, 123], but the results do not evidence significant improvements of their
performance.

Recently, metal-doped aluminium hydrides have been proposed as further
potential hydrogen storage materials [107, 123]. Among lightweight metal
hydrides the lithium and sodium alanates (NaAlH,, LiAlH,) have been widely
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studied for their characteristics of high hydrogen content and low release tem-
peratures [124-126]. Reversibility and kinetic of the hydrogen absorption/
desorption cycle are critical issues also for this class of compounds. NaAlH,
hydride can provide 5.5 wt% of hydrogen under reasonable conditions, by a
decomposition reaction made reversible thank to the usage of a catalyst [127],
while lithium alanate utilization appears not possible because of the irreversibility
of the first decomposition step.

Other solid materials are able to storage H, storage thanks to the adsorption
method. The process may be physical or chemical, in dependence of the energetics
of the adsorption mechanism. Physisorbed hydrogen is weakly bound to the solid
surface because of the ‘attraction’ between the adsorbate (hydrogen) and the
adsorbent (solid material); this is due to the induced dipole moment of a non-polar
adsorbate interacting with its own image charge in the polarizable solid. On the
other hand, chemisorbed hydrogen is strongly ‘attached’ to the material active sites
as result of a chemical bond formation between the adsorbent and the adsorbate in
a monolayer on the surface. Both the processes can occur especially on porous
materials as they require high surface area to maximize the available sites for
hydrogen uptake, while molecular affinity is a key parameter which determines the
selectivity of the material towards a particular molecule, especially for chemical
adsorption.

In the last decade high storage capacities have been claimed for carbon nano-
structures, theoretically able to match the automotive targets by means of
adsorption [107, 109]. Activated carbon has been first proposed and has shown
promising storage capability of about half of liquid, at 50 bar, but exclusively at
77 K [128]. Other types of carbon materials based on nanostructured frameworks
have been then selected and proposed. In particular, the narrow pore size distri-
bution of single-walled carbon nanotubes (SWNTs) makes them attractive can-
didates as adsorbents for hydrogen molecules [129, 130], but the early promising
experimental results have been the object of controversy [131, 132].

On the other hand, also carbon nanofibers based on stacked graphite layers
seem show appreciable gravimetric storage capacity at room temperature and at
moderate pressure (about 120 bar) [133], but other experimental results obtained
on similar nano-materials appear contradictory [134], and the hydrogen storage
mechanism is still far to be understood.

Zeolites, which are a well-known class of molecular sieves and have been
proposed in the past for several industrial applications (ion exchange, adsorption,
heterogeneous catalysis), are also investigated, but their storage capacity remains
not satisfactory also at 77 K [135].

A recent scientific interest has been addressed towards a new class of structured
nanoporous materials, constituted by metal organic frameworks (MOFs), whose
potentialities are related to their low bulk density and very high specific area,
ranging from 1000 to 6000 m*/g [136]. They are synthesized by linking inorganic
clusters with various organic linkers [137], through strong bonds. The interest
towards MOF compounds is related to the theoretical possibility to optimize the
hydrogen storage exploiting both selective binding energy and high specific area
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effects. Several MOF have shown promising results at 77 K with adsorption
capacities up to 7.3%, while at room temperature hydrogen uptakes is still not
higher than 1% [138, 139].

Recent strategies for improving carbon nanostructures performance based on
the spillover mechanism have been investigated. Hydrogen spillover uses a sup-
ported metallic catalyst able to dissociate the hydrogen molecule. During the
successive phase of the process hydrogen atoms migrate to the substrate and finally
permeate through the substrate surfaces and/or into the bulk materials [140].
Thanks to this technique, an appreciable higher storage capability at room tem-
perature (up to about 2.4%) has been obtained by some authors for different types
of materials [141].

Chemical hydrogen storage could represent another interesting alternative
approach. It consists of on-board hydrogen generation through a chemical reaction
which starts from a hydrogen-containing material, characterized by high gravi-
metric energy density, followed by final off-board regeneration. The storage
material needs to be produced, and usually involves hydrolysis reaction. Specific
chemical hydrides are used, such as sodium borohydride (NaBH,) [142]. The
following chemical equation describes the process occurring in aqueous solution:

NaBH, + 2H,0 — NaBO, + 4H, (2.30)

Equation 2.30 is irreversible, moderately exothermic, and can be controlled in
the presence of a suitable catalyst. When used on-board of vehicle the residual
compounds must be removed and regenerated off-board. This technique could
represent an applicative approach especially if liquids are used to store hydrogen,
but results too expensive and limited by very high regeneration energy require-
ments [143]. Recently, the Los Alamos laboratories have proposed a new process
able to improve the efficiency of the regeneration phase by addition of appropriate
digesting and reducing agents to the spent fuel [144].
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Chapter 3
Fuel Cells for Automotive Applications

According to the general definition of galvanic cell, any type of fuel cell can be
regarded as a device able to produce DC electricity directly from chemicals. The
same definition could also be applied to batteries during its discharging phase, but
two substantial differences exist between batteries and fuel cells: (i) in a battery the
chemicals providing the electron flow are contained into the same body of the
device, putting a limit to its capacity (specific energy of the battery) while in a fuel
cell they are continuously supplied from external sources, (ii) a battery is able to
give back the DC electricity previously stored in it (during its operation as elec-
trolytic cell, in the recharging phase), and produced elsewhere, while a fuel cell
generates DC electricity by fuel electrochemical oxidation. When a rechargeable
battery receives DC electricity, a chemical reaction is forced to occur, composed by
two semi-reactions on each of the two electrodes, which are involved in the
chemical transformation (electrolysis, see Sect. 2.1.2). The electricity stored as
chemical energy into the new materials formed on electrodes is ready to be spon-
taneously released when an electric circuit is closed between the two terminals, with
reinstatement of the original electrode materials. Differently, in a fuel cell the
electrochemical oxidation of an external fuel takes place on electrodes which do not
undergo chemical changes, in particular the fuel is oxidized at the anode, while the
oxygen is reduced at the cathode, producing DC electricity, heat, and other chemical
compounds, whose nature depends on the type of fuel oxidized at the anode. For
applications in the transportation sector, electricity is considered the main product,
while the chemicals produced and heat are byproducts (for stationary applications,
such as co-generation plants, also heat has to be considered as prime product).

A more detailed description of different types of batteries and other electric
energy storage systems for electric vehicles can be found in Sect. 5.3, while a
description of the main characteristics and properties of fuel cells for automotive
application is given here, starting from some basic concepts of electrochemistry
and thermodynamic, and focusing the attention on the operative parameters to be
regulated to obtain the best performance in the specific application.

P. Corbo et al., Hydrogen Fuel Cells for Road Vehicles, 71
Green Energy and Technology, DOI: 10.1007/978-0-85729-136-3_3,
© Springer-Verlag London Limited 2011
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3.1 Basic Concepts of Electrochemistry

The fundamental process by which a galvanic cell produces DC electricity starting
from chemicals is an oxidation-reduction reaction (redox reaction), defined as a
reaction in which the atoms of the species involved have their oxidation state
changed. The oxidation state is described by the oxidation number of the atom in
the given compound, and expresses the amount and the sign of the charge ideally
assumed by the atom in the specie in question, after attribution of the pairs of
electrons in each bond to the most electronegative atom in the molecule (some
practical rules, compatible with this general principle, are used to calculate the
oxidation number of a specific atom in a compound [1]). In a redox reaction an
atom is oxidized when its oxidation number increases, whereas it is reduced when
that number decreases. Regarding the reaction mechanism, the variation of the
oxidation state can be realized by a transfer of either electrons or atoms, but in
many cases both of them are observed. If a transfer of electrons is present, an
oxidation corresponds to a loss of electrons, while a reduction implies a gain of
electrons, and the overall redox reaction can be utilized in an electrochemical
system, which can be regarded as an energy converter in which chemical energy is
transformed into electric energy (galvanic cell) or vice versa (electrolytic cell).

In an electrochemical converter an overall redox reaction is divided into two
semi-reactions which take place on physically separate electrodes, anode, and
cathode, for oxidation and reduction semi-reactions, respectively. For a generic
redox reaction, involving the species A and B in equilibrium, the overall reaction
and two semi-reactions can be schematized as follows:

Overall Redox : Ajeq + Box S Aox + Bred (3.1)
Oxidation (anode) : Aeq S Aoy + ne” (3.2)
Reduction (cathode) : By + ne™ = Breg (3.3)

where n is the number of electrons involved in semi-reactions.

The electrons transferred during the redox reaction move through an external
circuit, exiting from the anode after oxidation, and entering into the cathode for
reduction. The two semi-reactions can occur because the two separate spaces are
inter-connected by a conductive liquid or solid phase (electrolyte) able to transfer
ionic species, thus permitting the closing of the electric circuit. Then the elec-
trolyte has to be ionically conductive, whereas the electrodes have to be electri-
cally conductive and, in the case of gaseous reactants, sufficiently porous to allow
the transfer of reactants and products to and from the reaction sites (see Sect. 3.2).

It is possible to build a scale of potentials for different electrochemical pairs in
standard conditions (298 K, 1 atm for gases or unit concentration for solutions)
assuming the pair hydrogen/ion-hydrogen as an arbitrary reference semi-reaction,
and assigning to it a potential of zero volt:

2H" +2¢ SH, E° =0V (3.4)
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The potential in standard conditions (E°) of other electrochemical pairs can be
obtained with respect to Eq. 3.4, permitting the compilation of a list of semi-
reaction potentials (electrochemical series). In this list, all the semi-reactions are
written in such a way to evaluate the tendency of the oxidized forms to accept
electrons and become reduced forms (positive potentials correspond to spontaneous
reductions) [2]. These potentials can be correlated to thermodynamic quantities if
the electrochemical system behaves in a reversible way from a thermodynamic
point of view, i.e., when the electrochemical system is connected against an external
cell with the same potential, no chemical reaction occurs, while any infinitesimal
variation of the external potential either to produce or to absorb current is exactly
inverted when the opposite variation is applied (reversible or equilibrium poten-
tials, E.q). When the equilibrium of the semi-reaction considered is established
rapidly, its potential against the reference can be experimentally determined.

Any redox reaction is accompanied by a change of free energy (AG) at a given
temperature and pressure. However, when the reaction is carried out in an elec-
trochemical way, the transport of electric charges due to a total potential difference
is associated with an electric work, which is given by:

Wa = qE (3.5)

where E is the difference between cathode and anode potentials (E, — E,), and g is
the total charge transported, which can be expressed as a product of number of
moles of electrons transferred in the simplest balanced equation for the reaction in
question (n) by the Faraday constant (F, amount of charges on 1 mol of electrons):

q = nF (3.6)

On the other hand, a fundamental thermodynamic equation defines the change
of free energy of a reaction as:

—~AG = Wiy — PAV (3.7)

where —AG represents the fotal reversible work obtainable from the reaction (W),
diminished by the work associated with any possible volume change in the reaction
system (PAV, work of expansion). Since in an electrochemical reaction neither work
of expansion nor any other form of work are involved, from Egs. 3.5 to 3.7:

—AG = Wy rey (3.8)

Hence, if the electrochemical system is reversible (or has no losses, all the free
energy can be converted into electric energy):

AG = —nFE, (3.9)
from which

AG
Eeq = _ﬁ (310)
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This equation permits the calculation of the equilibrium cell potential E.q from
the change of free energy associated with a redox reaction for a given temperature.

If the pair oxygen—water in acidic solution is considered against the reference
pair, the following semi-reactions can be written:oxidation of hydrogen at the
anode:

HyS2H 42 EC=0V (3.11)

reduction of oxygen at the cathode:
1
502+2H+ +2" SH,0 E =123V (3.12)
therefore the over all redox reaction is:
1
H2+§OZ‘I>H20 E° =123V (3.13)

which is the spontaneous reaction occurring in fuel cells using hydrogen as fuel.
The value of E° = 1.23 V for the cell of the reaction (3.13) can be calculated from
Eq. 3.10, with the change in free energy at 25°C and 1 atm AG® = —237.2 kJ/mol,
n = 2, F = 96.485 Coulombs/electron-mol. It represents the theoretical potential
for the electrochemical cell based on reaction (3.13), or also the reversible open-
circuit voltage of the cell, at 25°C and atmospheric pressure.

Equation 3.8 gives the maximum amount of useful work (electricity) obtainable
at the outlet of the electrochemical converter, whereas the amount of energy
entering the converter is given by the chemical energy contained in chemical
substances providing the electron flow. For hydrogen fuel cells this energy corre-
sponds to the enthalpy variation of the reaction (3.13) (AH), also called the
hydrogen’s heating value, defined as the difference between the heats of formation
of products and reactants. At 25°C and atmospheric pressure, water is in liquid
form, and in these conditions its heat of formation is —286 kJ/mol, whereas for
vapor water is 242 kJ/mol, the difference being the heat of evaporation of water at
25°C (44 kJ/mol). As heat of formation of elements is by definition equal to zero,
the enthalpy of reaction (3.13) results to be —286 kJ/mol if the produced water is
considered in the liquid state (higher heating value of hydrogen, AHypv), and —
242 kJ/mol if vapor water is obtained as product at 25°C (lower heating value of
hydrogen, AH; yv). The negative sign for AH means, by convention, that heat is
released by the reaction (exothermic reaction).

While hydrogen heating value can be used as a measure of energy input in a
fuel cell, the creation of entropy, which accompanies every spontaneous chemical
reaction, is regarded as a measure of irreversible losses which limit the amount of
useful work obtainable from the fuel cell, according to the second principle of
Thermodynamics. The fraction of hydrogen enthalpy which can be transformed
into electric work in a fuel cell is then given by the following equation:

AG = AH — TAS (3.14)
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Table 3.1 Free energy,

enthalpy (higher heating T(®K)  AG (KJ/mol)  AHupy kJ/mol)  AS (kJ/mol/K)

value), and entropy for the 298 —2373 —286.0 —0.163
reaction (3.13) at different 333 —231.6 —284.8 —0.160
temperatures in the range 353 —228.4 —284.2 —0.158
298-373 K [4] 373 —2252 —283.5 —0.156

where AS is the difference between entropies of products and reactants in reaction
(3.13), and the product TAS represents the fraction of inlet chemical energy
converted into thermal energy instead of electricity.

If the same reaction (3.13) is realized in an internal combustion engine, i.e., as
combustion reaction, the entropy change remains unaltered (because it depends
only on the same overall chemical reaction involved in both processes), but not
100% of AG can be converted in useful work, but only a fraction of it, according to
Carnot theorem [3].

The substitution of (3.14) into (3.10) gives the dependence of the theoretical
potential on temperature (potential value decreases when cell temperature
increases); however, the values of thermodynamic quantities involved in Eq. 3.14
do not change in significant way up to 100°C (as shown in Table 3.1), which is the
temperature range typical of polymeric electrolyte fuel cells, suitable for auto-
motive applications (as discussed later). Then the effect of temperature on the
theoretical potential can be neglected for these types of cells, while its effect on
practical potentials of operating fuel cells is positive and not completely negli-
gible, and it is examined in Sect. 3.3.2.

For a fuel cell based on reaction (3.13) a basic thermodynamic analysis can also
evidence the positive effect of reactant pressures on cell potential, which is
expressed by the Nernst equation written for gaseous reactants and products [5]:

RT
nkF

0.5
E = E° 4 pPtPo, (3.15)

Piyo

where py,0 = 1 if liquid water is produced by the fuel cell.

Equation 3.15 shows that the cell potential E increases at higher reactant
pressures, and of course it is lower when a diluted oxidant is used, i.e., air instead
of pure oxygen. The practical effects of reactant pressures in real fuel cells will be
discussed in Sect. 3.2.

The above recalls of basic thermodynamics are also useful to define the concept
of theoretical fuel cell efficiency. If AG represents the useful electrical work
obtainable at the outlet of a fuel cell, and AH the inlet chemical energy, the
theoretical efficiency ny, can be calculated by the following equation:

AG

M = Ay (3.16)

which becomes for the cell based on reaction (3.13), considering the higher heating
value for hydrogen and AG at 25°C:
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2373
" = 586.0

As the efficiencies for internal combustion engines are generally calculated
with respect to the lower heating value of the fuel, also for fuel cells the theoretical
efficiency can be evaluated using the hydrogen’s lower heating value as AH value,
in this case Eq. 3.16 becomes:

=0.83 (3.17)

228.7

242.0 09 (3.18)

Nin
This last calculation is justified by the fact that both internal combustion
engines and fuel cells produce water in vapor form; however, since some devices
for recovery of heat of evaporation could be adopted in designing of fuel cell
systems, and taking into account that the hydrogen’s higher heating value repre-
sents all the energy available at the inlet of the electrochemical converter, the use
of AHyyy can be considered more appropriate for the calculation of the maximum
theoretical efficiency of a fuel cell. By applying Eq. 3.10 to hydrogen’s higher
heating value, it is possible to calculate the cell potential corresponding to all the
energy entering the converter based on the reaction (3.13) (which results to be
1.48 V), then Eq. 3.16 applied to hydrogen fuel cells can be written also as:
AG/nF  1.23

—22 - 083 (3.19)

o = AR nF T 148

Of course, since AG and AH are used in the definition (3.16), the theoretical
efficiency of a fuel cell depends on the redox reaction on which it is built. In any
case the theoretical efficiency, calculated from thermodynamic quantities, corre-
sponds to an operative condition of infinitesimal electronic flow (by definition of
reversible process), which practically means no current drawn from the converter.
As it is shown in the following sections, also at open-circuit (no current through
the external circuit) the voltage of real fuel cells is slightly lower than E°, and the
main problem of the electrochemical energy conversion is to obtain potentials in
practical conditions (when current is drawn) as near as possible the open-circuit
voltage, in order to maximize the real efficiency of the device.

3.2 Proton Exchange Membrane Fuel Cells

Any type of fuel cell is based on a redox reaction in which a fuel is oxidized at
anode side by an oxidant which is reduced at the cathode side. The result is the
production of an electronic flow through an external circuit, together with
chemicals and heat, while the presence of the electrolyte permits the electric
circuit to be closed inside the cell. Several types of fuel cells can be today used for
many applications, and they differ in dependence of the nature of the electrolyte,
which determines the operative range of the cell, and then the type of used fuel. In
particular, the most used fuel is hydrogen; thanks to its high reactivity also at
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Table 3.2 Classification of fuel cells and their main characteristics

Fuel cell Electrolyte (ions exchanged) Catalyst Fuel Oxidant Temperature (°C)
PEM Polymeric membrane (H") Pt H, 0, air  40-90*

AFC KOH (OH") Pt/Pd Ni H, 0, air  60-220

PAFC Phosphoric acid (H") Pt H, O, air  160-200

MCFC Li and K carbonates (CO%’) Ni H, Light HC® O, air  600-700

SOFC  Zr oxides (O*7) - H, Light HC® O, air  600-1000
DMFC  Polymeric membrane (H") Pt P—Ru CH3;0H O, air  90-130

#Operative temperature range of current PEM fuel cells, not taking into account for the new
materials for high-temperature membrane (>100°C) under study

"Light hydrocarbons, mainly methane or products deriving from methane reforming reactions
(see Sect. 2.1)

relatively low temperatures, but in fuel cells operating at higher temperatures
(>500°C) also hydrocarbons can be oxidized. The most used oxidant in all fuel
cells is oxygen, contained in sufficient concentration in atmospheric air. All fuel
cells today known can be classified on the base of the electrolyte, to which their
acronyms are usually referred:

e Polymer electrolyte membrane or proton exchange membrane (PEM) fuel cells
Alkaline fuel cells (AFC)

Phosphoric acid fuel cells (PAFC)

Molten carbonate fuel cells (MCFC)

Solid oxide fuel cells (SOFC)

Direct methanol fuel cells (DMFC)

Table 3.2 reports the classification of the different types of fuel cells with some
technical characteristics [6]. In this table the different electrolytes are specified
together with the type of ions exchanged through them, while the catalysts indi-
cated are those used on both anode and cathode to accelerate the semi-reactions
(not necessary for SOFC; thanks to their high operative temperature).

The field of employment of a particular fuel cell is determined by its working
characteristics, in particular by its operating temperature and fuel utilized.

High-temperature fuel cells are very promising for electric energy generation in
large stationary plants, offering higher electric efficiencies with respect to con-
ventional electric power generators, with minor environmental impact. In this field
PAFC, MCFC, and SOFC are in demonstration stage, from few hundred kilo Watts
up to mega Watts units.

Low-temperature fuel cells (PEM and DMFC) present the major possibility of
diffusion in transportation means and portable devices, because high temperature
could be a problem for both these types of application. However, regarding
DMEFCs, the high toxicity of the fuel (CH3;OH) discourages their utilization on
vehicles, where large fuel tanks are necessary, and restricts their diffusion to the
field of consumer electronic portable equipments. On the other hand, the current
stage of development of DMFCs requires further improvements of these devices
before their wide practical utilization, especially regarding low efficiency and fast
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decay issues [7]. AFCs could operate at room temperature, but their major limit is
the CO, sensitivity of the electroclyte (KOH); therefore, the use of this kind of cell
is restricted to special applications.

PEM fuel cells, based on the redox reaction (3.13), are the most suitable for
transportation applications for a number of reasons. Beside their low operative
temperature, they are also characterized by quick start-up, high efficiency, good
transient response, and absence of corrosive liquid electrolytes, all features
strongly appreciated for automotive utilizations.

The PEM fuel cell operating principle is schematized in Fig. 3.1, where pure
hydrogen is indicated as fuel. Hydrogen ions produced by the semi-reaction (3.11)
flow from anode to cathode passing through the electrolyte, whereas electrons are
forced to take the external electric circuit in order to provide useful work.
Hydrogen ions are driven through the electrolyte by the potential difference across
it, deriving from the anode fuel oxidation.

At cathode side the electrons coming from the external circuit combine with
hydrogen ions coming from the anode side and with oxygen from air feeding to
produce water. This is removed from cathode side by the air stream, and exit
together with nitrogen and excess of oxygen not consumed in the overall elec-
trochemical reaction. As the reaction (3.13) is exothermic (see Table 3.1), another

Fig. 3.1 Basic principle of a
PEM fuel cell (relative Electric load
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product obtained at the cell outlet is heat, which needs to be controlled by a
cooling system (see Sect. 4.4).

Regarding its structure, a PEM fuel cell is constituted by three types of com-
ponents: a membrane—electrode assembly (MEA), two separators or bipolar plates,
and seals between MEA and plates. The MEA consists of a thin sheet of an ion-
conducting polymeric membrane, two dispersed catalyst layers, and two gas dif-
fusion layers (GDL). A number of cells can be connected in series, obtaining a
stack of fuel cells, able to reach the total power required by a specific application.
In this case the stack voltage is simply the sum of single cell voltages, the stack
current is the product of current density (A/cmz) by the cell active area (cm2), and
the output power is of course the product of stack voltage and current. For each
practical realization both active area and number of cells have to be determined on
the base of design inputs, i.e., desired power output and voltage, other than weight,
volume, and cost restrictions.

3.2.1 The MEA: Membrane

The key characteristic of a PEM fuel cell resides in the nature of the electrolyte, a
polymeric membrane whose optimal working temperature is currently restricted in
the range 40-90°C. This implies that fuels less reactive of hydrogen cannot be used,
and also with this fuel the addition of a catalyst on both electrodes is necessary.
Moreover, the low operative temperature implies also the necessity to use a very
pure hydrogen, in order to avoid the contamination of catalysts by impurities. In
particular, the processes providing the hydrogen to be used in PEM fuel cells must
involve a phase of post-purification of hydrogen-rich stream to reduce at ppm level
the concentration of carbon monoxide (deriving from the not complete oxidation of
the feedstock, see Sect. 2.1), because CO can be easily adsorbed on Pt catalysts at
the operative temperature of PEM fuel cells, hindering the dissociative adsorption
of hydrogen, thus dramatically lowering the cell potential [8].

The function of the polymeric membrane electrolyte is to permit the transfer of
protons produced in anodic semi-reaction (3.11) from anode to cathode, where
they react with reduced oxygen to give water. This process is of course essential
for fuel cell operation, as it allows the electric circuit to be closed inside the cell.
On the other hand, the membrane must also hinder the mixing between fuel and
oxidant, and exhibit chemical and mechanical properties compatible with opera-
tive conditions of the fuel cell (temperature, pressures, and humidity).

The most diffused material for membranes is based on co-polymers of tetra-
fluoroethylene (TFE) with perfluorosulfonate monomers. The resulting co-polymer
is constituted by polytetrafluoroethylene polymeric chain (PTFE, commercially
known as Teflon) in which some fluorine atoms are substituted by sulfonated side
chains. The monomer perfluoro-sulfonyfluoride ethyl-propyl-vinyl ether is used in
membranes commercialized by Dupont with the registered trademark Nafion™
(Fig. 3.2), which is the most well-known material used as electrolyte in PEM fuel
cells.
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In this type of membrane, as well as in similar products made by other man-
ufacturers, the Teflon-like backbone is responsible of very high chemical resis-
tance (due to the strong bond between carbon and fluorine), high hydrophobic
characteristics, and good mechanical properties. The hydrophobic feature is useful
to favor the expulsion of product water out of the cell, in order to prevent flooding
phenomena, while the mechanical strength permit the production of very thin films
(down to 50 pm).

On the other hand, the ionic bond between oxygen and hydrogen in sulfonic
groups favors a mechanism of clustering of side chains within the overall structure
of the co-polymer, due to the mutual attraction between protons and sulfonate
anions from different molecules. As sulfonic groups are highly hydrophilic, their
clustering inside a material substantially hydrophobic generates nano-domains of
strong affinity toward water molecules, which can significantly be absorbed by the
co-polymer up to 50% of its dry weight. An abundant collection of water mole-
cules around the hydrophilic regions creates large water reservoirs, where protons
result weakly bonded to sulfonate anions (dissociation of proton from sulfonic acid
is of course promoted by water) and able to move and transfer among neighboring
nano-domains, and then through the supporting long polymeric chain. This
mechanism of proton conduction is a mixture of a diffusion through water solvent
and proton skipping between the sulfonic acid groups. It is the most accepted
mechanism to explain the proton transport in Nafion membranes [9]. In order to
have a satisfying proton conductivity (at least 0.01 S/cm) the ratio of the number
of hydrophobic monomers to hydrophilic monomers has to be approximately
comprised in the range 3—7. The proton conductivity achieved in well-humidified
Nafion-like membranes can be as high as 0.2 S/cm at PEM fuel cell operative
conditions.

The necessity of adequate membrane hydration, with the associated risk of
drying out, limits the operative temperature of PEM fuel cells under 100°C.
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As water in a PEM fuel cell is initially produced in the vapor phase, the membrane
hydration from this phase is more relevant with respect to water uptake from liquid
phase. In particular, when water is collected by vapor phase, two distinct mech-
anisms can be individuated: at lower vapor concentration ion solvation occurs
inside the membrane, while in conditions of pre-saturated vapor phase polymer
swelling is observed with accommodation of a larger amount of water. At this
regard an experimental polynomial equation has been proposed to correlate water
content of membrane with water partial pressure [10]:

2 3
) =0.043 +17.18 - — 39.85 (pi) +36 (}) (3.20)

Psat sat sat

where 4 is the number of water molecules per sulfonic group present in the
co-polymer, p is water partial pressure, and py,, is the saturation pressure.

The maximum amount of water that can be taken by the polymeric membrane
depends also on the state of water, in particular a Nafion membrane in liquid water
can take approximately 50% of water more than from vapor phase. However, an
excess of liquid water in contact with the membrane of a PEM fuel cell can
determine flooding phenomena which strongly decrease its proton conductivity. On
the other hand, an increase of temperature up to 90°C favors a strong improvement
in proton conductivity with respect to room temperature, while low humidity
conditions have been found to cause fast degradation of Nafion-like membranes
[11]. As a consequence, the necessity of an accurate humidification of the poly-
meric membrane is one of the key aspects affecting both performance and reli-
ability of PEM fuel cells (see Sect. 4.5). If the currently used polymeric membranes
exhibit their interesting properties (high conductivity, chemical stability, and
mechanical flexibility) in highly hydrated conditions, then the maintenance of high
humidity at temperatures higher than 90°C would require heavy pressurization, that
could imply energy costs not compatible with high efficiency expected from these
systems. For this reason many studies are currently being carried out about the
possibility to realize proton exchange membranes characterized by more water-
independent proton conductivity, or by higher water retention capability, then able
to operate in PEM fuel cells at temperature higher than 100°C (in the range
120-150°C) and low pressures. Such membranes could also provide an improved
CO tolerance, being well known from thermodynamic analyses that adsorption
capacity of platinum toward carbon monoxide decreases at higher temperatures. In
particular it has been found that while CO tolerance is 10-20 ppm at 80°C, it
becomes 1000 ppm at 130°C and rises up to 30,000 ppm at 200°C [12, 13]. Recent
results confirm that a typical reformate gas with CO percentage comprised in the
range 2-5% can be fed to PEM fuel cells working at temperature above 180°C
directly from the fuel processor [14]. In this way the need for CO cleanup by
catalytic selective oxidation of the fuel reforming stream could be eliminated,
significantly improving the overall system efficiency. In addition, as the rate of heat
removal is proportional to the temperature difference between the system and the
environment, the increase in PEM fuel cell working temperature above 120°C
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would simplify the fuel cell cooling device, making possible the use of radiators
currently adopted in internal combustion engine vehicles, with a gain in weight
energy density and then in overall efficiency [15]. On the other hand, the heat
recovered by a high-temperature PEM fuel cell would be higher, making more
attractive the applications in the co-generation field. Lastly, also the water man-
agement would be greatly simplified, because in a PEM fuel cell operating above
100°C water on the membrane would exist only in vapor state, while the absence of
liquid water would increase the exposed area of electrocatalysts, thus improving the
diffusion of reactants into the reaction layer [16].

High-temperature operation in PEM fuel cells using Nafion-like membranes is
presently impeded by polymer degradation above 120°C and increase of mem-
brane resistance as a consequence of loss of hydration (alteration of proton
transport mechanism due to reduction of water nano-domains). In particular,
conductivity losses correlated to low humidity conditions on Nafion-like mem-
branes can reach some orders of magnitude [17], strongly increasing the Ohmic
losses (see Sect. 3.3.1) with lowering of voltage, power, and efficiency. This has
determined the direction of studies aimed at finding new materials able to over-
come the above limitations [18]. These materials can be subdivided into four
classes: (1) modified perfluorosulfonic acids, (2) non-fluorinated hydrocarbon
polymers, (3) inorganic—organic composites, and (4) acid—base polymers (poly-
benzimidazoles, PBI). The first class of materials is based on the incorporation of
hydrophilic inorganic additives into the perfluorinated membrane to increase the
polymer swelling and the binding energy of water. Several hygroscopic additives
have been proposed for incorporation in Nafion membranes (Zr(HPO,),, SiO,,
TiO,) with different methods of preparation, obtaining composite materials
characterized by variable water retention and electrochemical performance [19,
20]. The second approach is based on the utilization of aromatic polymers as
membrane backbone, which are cheaper than perfluorinated ionomers, and can
contain polar groups characterized by high water absorption in a wide temperature
range [21]. Thermal and chemical stability of these materials are the main limi-
tations hindering their practical application. The third solution is based on the
rationale of using an inert organic polymer as binding medium for a large quantity
of an inorganic proton conductor of high performance [22]. As high proton con-
ductivity materials are often crystalline, they are suspended in inert organic
polymers, such as polyvinylidene fluoride (PVDF), nevertheless the difficulty of
obtaining satisfactory film-forming properties is the main limitation of this option.
Acid-base polymers represent the state of the art in the field of high-temperature
polymeric electrolytes, and are essentially constituted by a basic polymer doped
with a non-volatile inorganic acid or blended with a polymeric acid [23].

PBI is today considered the most interesting basic polymer for preparation of
acid—base membranes, especially if doped with phosphoric acid [24]. In Fig. 3.3
the scheme of the commercial PBI known as Celazole® is shown.

The aromatic nuclei of PBI are responsible of its good characteristics of
chemical stability, whereas the basic functional groups act as proton acceptors like
a normal acid-base reaction. Amphoteric acids, such as phosphoric or phosphonic
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acids, are preferred due to their capability to act as both proton donor and acceptor,
they permit proton transfer by a dynamic process of breaking and forming of
hydrogen bonds [25]. These membranes present interesting features in terms of
proton conductivity, mechanical flexibility, and thermal stability; however, dura-
bility, start up time, and dynamic response are still critical issues, especially if
automotive applications are considered [26].

Apart from water uptake and proton conductivity, another important physico-
chemical property of a polymeric membrane for PEM fuel cells is its gas per-
meation, which can be considered a measure of membrane impermeability toward
reactant species. Permeability is defined as the product of diffusivity and
solubility:

P=DS (3.21)

if D is expressed in cm?/s and S in mol/cm®/Pa, the permeability can be expressed
in mol cm/s/cm?/Pa, where cm represents the membrane thickness, the surface
area of the given material is expressed in cm?, mol/s is the gas flow rate passing
through the membrane at the pressure of 1 Pa. The most used unit for gas per-
meability is Barrer, being:

1 Barrer = 10~ "%cm? /s/cmHg (3.22)

An ideal membrane for PEM fuel cells should hinder the passage of other
species other than solvated protons, but due to material porosity and solubility of
hydrogen and oxygen in water, some reactant can actually permeate through the
membrane. For a dry Nafion membrane hydrogen permeability is comprised
between 20 and 70 Barrer in the temperature range 25-100°C and 1 bar, whereas
oxygen permeability is about one order of magnitude higher, and both are higher
for a wet membrane [27]. Regarding the permeation rate, this is of course pro-
portional to permeability, pressure, and exposed surface of the membrane, and
inversely proportional to its thickness.

3.2.2 The MEA: Electrocatalysts

The electrodes in a PEM fuel cell have the fundamental function to provide a
support where the electrochemical reactions take place. As both the electrochemical
semi-reactions have to be catalyzed, to occur at temperatures under 90°C, the
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electrodes must offer an adequate support for highly dispersed catalyst particles.
These are the reaction sites which have to be reached not only by gaseous reactants,
but also by electrons and protons. Therefore, the catalyst layer must be in intimate
contact with a porous and electrically conductive structure for gas and electrons
transfer (GDL, see Sect. 3.2.3) and with the electrolytic membrane.

The most diffused catalyst for both semi-reactions is platinum, which is sup-
ported on carbon powders (typically 40 nm) in order to optimize the dispersion of
metal particles and the active surface area, then to increase the reaction rate. The
carbonaceous material of the support assures the conduction of the electrons
produced at the anode and received by the cathode. The ratio Pt/C has to be
optimized, in fact while a thin layer of carbon support (high Pt/C) could give
advantages on the rate of proton transfer and gas permeation into the catalyst layer,
a lower Pt/C ratio (smaller Pt particles) permits a larger surface area to be
obtained. Moreover, the impregnation of catalyst particles with a calibrated
amount of proton conductor (the same ionomer used for membrane) allows all
catalyst particles to be reached by protons and extends the three-phase boundary
contact between gas, electrolyte, and catalyst, with great benefit in terms of
reduction of platinum concentration. Optimal values of Pt/C ratios for current
realizations have been found to be comprised between 10 and 40 wt%, with a
platinum loading of 0.4 mg/cm? [28], whereas the optimized content of ionomer in
the catalyst layer results to be in the range 20-50 wt%, in dependence of fabri-
cation method and platinum loading [29]. At this regard novel carbon supports are
currently under development to improve PEM fuel cell performance, in particular
materials able to assure more efficient proton conduction from the catalytic sites to
the membrane are considered. Recently, the grafting of polymers onto carbon
black surfaces has been proposed, and promising results have been obtained with
polystyrene sulfonic-grafted carbon black as support of platinum—ruthenium-based
catalysts, in terms of reduced ohmic drop and increased proton transfer with
respect to commercial carbonaceous supports [30]. As carbon supports can
undergo electrochemical oxidation within the PEM cell in some severe operative
conditions, such as fast dynamic phases and repeated start up/shut down actions,
the platinum surface area can be reduced with worsening of cell performance
[31, 32]. About this issue some studies have proposed the use of carbon nanocages
as catalyst support, evidencing the possibility to significantly reduce the electro-
chemical carbon corrosion; thanks to both the strong hydrophobic nature and
graphitic structure of these materials [33].

3.2.3 The MEA: GDL

Two GDL, whose main task is to allow uniform access of gaseous reactants to the
catalyst layer, are located on both anode and cathode side, and can be considered
as an integrant part of the MEA. They are interposed between the catalyst layer
and bipolar plates, and are constituted by a porous carbonaceous material, such as
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paper or cloth, able to conduct the electrons exiting from the anode and entering
the cathode. The GDL does not participate in the electrochemical reaction, but
carries on many important functions, in particular: electron transfer between cat-
alyst layer and bipolar plates, diffusion of gaseous reactants from bipolar plates to
catalyst layers, water transfer between catalyst layers and bipolar plates, heat
transfer from reaction sites to bipolar plates, mechanical separation between
membrane and bipolar plates. Typical values of thickness in commercial GDL are
comprised between 100 and 400 um, with densities ranging from 0.2 to 0.7 g/cm’
and porosity between 70 and 80% [34].

While both through-plane and in-plane electronic conductivities play a key role
in controlling the capability of the GDL to transfer electrons from reaction sites to
bipolar plates, the porous nature of the GDL material guarantees an effective
diffusion of all reactant molecules from the high concentration region outside of
the GDL to the inner side at lower concentration, next to the catalyst layer, where
the molecules are consumed by the electrochemical reaction. An effect of spread
out of the gases thorough the porous structure ensures the uniform contact of gas
molecules with the entire surface of the membrane. As the mean free path of gas
molecules is many orders of magnitude lower than pore diameters of a GDL,
the diffusion of reactants is not regulated by a Knudsen mechanism, but mainly by
the convective flow resistance [34]. The GDL porosity is also fundamental for
water management inside the cell, as it offers a pathway for the transfer outside the
MEA of liquid water produced by the cathodic reaction, preventing flooding
phenomena at 100% RH (relative humidity), but also permits water coming from
external humidification systems to reach the membrane and avoid electrolyte
drying out at higher operative temperature and low RH (see Sect. 4.5).

The importance of this aspect has determined the tendency to treat the surface of
the GDL with different substances. While the hydrophilicity of GDL could help the
membrane correct humidification at low RH, they are in general treated with
hydrophobic polymeric microporous sheets (mostly PTFE, or fluorinated ethylene
propylene), privileging flooding issues [35, 36]. The effect of hydrophobic polymer
content on liquid water and oxygen gas transport has been investigated, with results
showing how the trade-off between hydrophobicity and permeability can be solved
by an optimal PTFE loading in the GDL (20%) that reduces the mass transport
limitations and increases the oxygen diffusion kinetics [37]. On the other hand other
studies have been recently presented about the possibility to use additional coatings,
different from hydrophobic polymers, with the aim of finding an optimal balance
between hydrophilic and hydrophobic properties and of extracting the maximum
power from the stack. In particular, thin films of nano-scaled inorganic oxides
(Al,0O3, TiO;) have been deposited on hydrophobic commercial GDL with for-
mation of three-dimensional surface structures able to improve both transport of
gases and water retention in low-humidity conditions [38]. Chemical vapor depo-
sition techniques have been used to deposit microporous carbon nanotubes struc-
tures on commercial macroporous carbon papers, without addition of hydrophobic
coatings. This type of GDL has shown significant advantages in terms of
mechanical robustness; thanks to the reinforcing presence of multi-walled carbon
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nanotubes (MWCNT) in the microporous layer on carbon paper fibers, and valuable
polarization characteristics of the cell at 80°C and RH in the range 70-100%,
attributed to hydrophobic properties of MWCNTs and absence of PTFE [39].

3.2.4 The Bipolar Plates

In a single cell the electrons produced at the anode side are directly transferred to
the cathode through the external circuit, whereas in a multicell configuration
adjacent electrodes have to be electrically connected each other (the terminal
electrodes permit the transfer of electrons to the electric load). In principle this can
be realized by the direct connection of adjacent electrodes; however, the low
electric conductivity of electrodes and the thinness of their structure could cause a
not negligible loss of voltage, suggesting the utilization of specific components to
transport electrons from the anode of a cell to the cathode of the adjacent cell. This
fundamental task is carried out by bipolar plates, which are built with the aim to
accomplish several important functions associated with the stack assembly. In
particular, a part from the electric contact between adjacent cells, they have to
favor the heat transfer between cells and cooling separators, and to house the gas
“flow field,” i.e., a channel system machined into the plate that permits the
movement of reactants from the gas inlet to the cell outlet, assuring in this way the
uniform feeding of the MEA and the management of water adduction and/or
removal. A single bipolar plate inside the stack is machined on both sides in order
to carry hydrogen gas on one side and air on the other, while the end plates have a
channel system only on one side and are electrically connected via the external
circuit. On the other hand, cooling units can be inserted inside the bipolar plate,
separating the two flow fields, and operate as inactive cells through which a
cooling fluid (generally deionized water) can flow and remove the heat produced
by the electrochemical reaction.

Different concepts have been studied and used for the configuration of the
channel system, from simple parallel channels to more complex arrangements [40],
while several materials have been proposed to meet the requirements of chemical
compatibility, corrosion resistance, electric and thermal conductivity, gas imper-
meability, robustness, lightness, and cost [41]. In particular, gas impermeability is a
very important requisite, because it is necessary to avoid the direct oxidation of the
fuel that would imply consequent loss of useful electrons and local heating dan-
gerous for the MEA.

An example of a stainless steel serpentine-based gas flow field is reported in
Fig. 3.4 for a simple small size PEM stack (64 cm” as active area).

The most suitable materials result to be non-porous graphite, metals (aluminum,
stainless steel, titanium, and nickel), and composite solids. Graphite made non-
porous by impregnation with impermeable substance was early used for bipolar
plates, but its applicability is limited by difficulties in machining and consequent
costs. The metal plates present the obvious advantages of high robustness and low
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Fig. 3.4 Serpentine gas flow
field in a bipolar plate of a
simple PEM stack

cost, but their high specific weight affects negatively the power density of the
stack, whereas the severe operating environment inside the fuel cell (pH 2-3 and
temperatures of 60-80°C) could cause their rapid corrosion, with metal dissolution
and diffusion of metal ions inside the membrane (blocking of sulfonic acid sites)
and consequent reduction of proton conductivity and cell durability. Moreover, a
layer of corroded metal on the plate surface increases its electric resistance and
reduces the output power of the cell. For these reasons the surface of metal plates
is treated with not corrosive and electrically conductive coating layers, such as
conductive polymers, graphite, noble metals, metal carbides, or nitrides.

The lightness and robustness of titanium plate has suggested recent studies
about the possibility to improve its surface properties with the aim of preventing
the formation of passive films (high resistivity oxides), which while would act as
corrosion protectors, could also work as electric insulator increasing the interfacial
contact resistance between the bipolar plate and the GDL, with consequent aug-
ment of the ohmic losses [42]. On the other hand, due to the high cost of the pure
metal, as well as of proposed surface modifications (platinum and iridium), tita-
nium could not meet the low-cost requirements typical of the automotive field. In
this view inexpensive metals, such as stainless steel and aluminum, have been
object of major applications. In particular, aluminum has been modified by elec-
troplated nickel alloys, providing materials characterized by the typical robustness
and machining facility of metals, high electric conductivity, and corrosion resis-
tance in the acidic medium of the fuel cell environment [43]. Recent researches
have also analyzed the possibility to improve the surface properties of stainless
steel plates, to find a compromise between corrosion resistance and electric con-
ductivity, i.e., between graphite and metal properties, by coating with conductive
amorphous carbon layer [44].



88 3 Fuel Cells for Automotive Applications

A large diffusion may be found also for composite materials, carbon, or metal
based. In the first case different types of polymeric resins (thermoplastics, such as
polypropylene, polyethylene, and PVDF, or thermosettings, such as epoxies and
phenolics) are filled with carbonaceous powders (graphite or carbon blacks), to
provide a material characterized by very high chemical stability in the fuel cell
environment and satisfactory properties of electrical conductivity, but which
cannot offer sufficient robustness at thickness lower than 2 mm. The metal com-
posite plates are essentially based on combinations (sandwiches of different layers)
of stainless steel, porous graphite, and polycarbonates, with the aim to exploit the
characteristics of different materials. Their fabrication can be more complex but
this is compensated by the possibility to incorporate other functional components,
such as manifolds, seals, and cooling layers.

3.3 Sensitivity of PEM Stacks to Operating Conditions

As anticipated in Sect. 3.1, when a current is drawn from a fuel cell, the actual
potential is always lower than its equilibrium value E°. Then the variation of the
actual potential with the current, when an electric load is applied to the cell, is the
main factor affecting its actual efficiency. The relationship between cell potential
and current is described by the so-called polarization curve.

3.3.1 The Polarization Curve

In Fig. 3.5, the experimental polarization curve for a PEM stack of 500 W is
reported together with the output power supplied by the stack in the experimental
conditions indicated in the caption. This stack is constituted by 32 individual fuel
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cells connected in series, with an active area of about 64 cm? each (one example of
its bipolar plate is shown in Fig. 3.4) [45]. On the abscissa of Fig. 3.5 the current
delivered by the stack is reported, while the current density could be used to
compare stacks based on cells of different sizes, making the ratio between the
current delivered and the cell active area.

The parameter R reported in the legend of Fig. 3.5 (stoichiometric ratio) is
defined as R = Re¢/Roicn, Where R is the ratio between the air and hydrogen
mass flow rates, while Rgch is the same ratio as required by the stoichiometric
equation of H, oxidation (see Sects. 4.3 and 6.2).

It can be noticed that also in the absence of electric load, when gaseous reac-
tants are fed to the stack but the electric circuit is open (zero current) the total stack
voltage is lower than the theoretical or thermodynamic value
(OCV =123 V x 32 cells = 39.4 V at 25°C and ambient pressure), and it cor-
responds to a voltage at zero current of about 0.96 V per cell (31 V/32 cells),
which cannot be explained by the slight shifting from standard conditions of
temperature and pressure (see Sect. 3.3.2). The terms polarization or overpotential
are used to describe the difference between the actual electrode potential and the
equilibrium potential, and represent the driving force for the electrochemical
reaction, i.e., the potential difference necessary to produce current. On the other
hand, the existence of overpotential in real systems evidences that also without
circulation of current in the external circuit some energy losses are present, which
of course are expected to increase when an electric load is applied. In fact, the
characteristic curve of Fig. 3.5 shows also that, for the real system considered,
after a voltage drop of about 5 V at lower current (up about 2 A), a slower and
linear voltage diminution occurs up to the maximum power (480 W at 30 A).
Starting from the energy supplied by a specific electrochemical reaction, all
voltage losses can be generally associated with the fraction of that energy which is
used by the cell to accomplish the electrode reactions at the desired speed, then
they are somehow correlated to the electrode kinetics, while the rest of the reaction
energy remains available for external use, such as production of useful work.

3.3.1.1 Losses Due to Activation Overpotential

The theoretical interpretation of the first voltage drop at low current is based on the
Butler—Volmer equation, which is derived by an analysis of electrode kinetics and
provides a general description of the relationship between current density and
surface overpotential for an electrochemical converter [46]:

i = io{exp {W} —exp {%} } (3.23)

where i is the current density delivered by the cell and i is the exchange current
density, which represents the continuous flow of electrons occurring at the
electrodes when reactants and products are in equilibrium conditions, i.e., when no
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net current is observed through the external circuit and the rates of forward and
backward reactions are equal. It can be considered as the rate of electrochemical
forward and backward reactions at equilibrium, and can be regarded as analogous
to the rate constant of chemical reactions. Moreover in equation 3.23:F — E° =
over potential

orq 18 the charge transfer coefficient for the reduction reaction, which repre-
sents the fraction of overpotential necessary to move from the equilibrium con-
dition. It is comprised in the range 0 to 1.0 and depends on the reaction involved
and electrode material

®ox = charge transfer coefficient for the oxidation reaction

F = Faraday, R = universal gas constant, T = absolute temperature.

Equation 3.23 evidences that some difference between equilibrium and actual
potential (E — E° #0) is necessary to realize an electrochemical reaction and to
observe a current density through the external circuit. The overpotential in this
equation is called activation polarization, it is present at both anode and cathode of
a fuel cell and is correlated with electrode kinetics. The activation polarization is
associated with the energy required to break and reform the chemical bonds
involved in the transformation of reactants into products. The consequent reduc-
tion of energy available to produce useful power is related to the reaction rate, in
particular higher electrode kinetics imply lower activation losses. A measure of the
electrode activity in the specified electrochemical reaction is given by the
exchange current density iy (higher iy means higher electrode activity). In
hydrogen/oxygen fuel cells the reduction reaction at cathode is much slower than
the anodic oxidation, in particular the cathode exchange current density is several
order of magnitude lower with respect to the anodic exchange current density. This
means that the overpotential on the cathode is much larger than that on the anode,
then the Butler—Volmer equation, which is valid for both anode and cathode of a
fuel cell, can be written solely for the cathode reaction:

i. = io,c{exp {_aRd’CF(EC — Eg)} — exp [OCO“F(EL_ECO)} } (3.24)

RT RT

and assuming valid the “high polarization” approximation (E, much lower than
E., cathode overpotential is negative), the second term of Eq. 3.24 can be
neglected [47], obtaining:

. . —ORd cF(Ec - E:;))
= : 3.25
lc = loc €Xp |: RT ( )
From Eq. 3.25 the cathode activation overpotential can be derived:
RT ]
E°—E, = In—<- (3.26)
aRd,cF 0,

Equation 3.26, derived by electrode kinetics, has the same form of an empirical
equation proposed by Tafel [48, 49], which gives the relationship between
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activation overpotential (V,.) and current density. Setting RT/orq. F equal to a
constant A, Eq. 3.26 becomes:

Viete = Aln—= (3.27)
lo,c

where the constant A (called Tafel constant) is higher when the electrochemical
reaction is slower, whereas i is higher for a faster reaction.
Equation 3.27 can be written also in the form:

Vact,c =a+ blog(l) (328)
where

RT

OCRd,cF

RT .
a=-23 (fod,cF> log(ip) and b =12.3

The plot of overpotential versus current density in log scale gives the param-
eters a, b, and i, (b is called the Tafel slope). Equation 3.28, which is only valid for
i > io, suggests that the exchange current density i, can be also regarded as the
current density value at which the overpotential begins to exert its function to
make possible the electrochemical reaction, becoming different from zero.

The Tafel equation can be used to model the activation losses in polarization
curve, in fact assuming that these are the only losses in a fuel cell, the cell voltage
is given by:

E= Ec - Ea =F — Vact,c — Vacta (329)

As seen before, in a hydrogen/oxygen fuel cell the anode polarization can be
neglected, then Eq. 3.29 for this type of fuel cell can be written:

E—E V=B -y <l> (3.30)
oF 14

For PEM fuel cells with platinum-based electrocatalysts « is about 0.5 for
hydrogen electrode, and comprised in the range 0.1-0.5 for oxygen electrode,
while typical values for the constant iy at 25°C and ambient pressure are about
0.1 mA/cm? at the cathode and about 200 mA/cm? at the anode [50].

From the above consideration it is clear that the exchange current density is the
main factor affecting the activation overpotential, then the optimization of a PEM
fuel cell performance requires the maximization of iy. This can be obviously
accomplished by increasing the catalyst activity, that means to raise the surface
area, cell temperature, and reactant pressure (this last effect should also favor gas
adsorption on catalyst sites).

Equation 3.30 with the proper values of the parameters o and i can be used to
fit the polarization curve in the region of low current, in particular the logarithmic
dependence of current on polarization can model the fast decrease of voltage
observed under 2 A (Fig. 3.5). However, it cannot explain the shift from the OCV
value, for which a further interpretation is necessary.
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3.3.1.2 Losses Due to Fuel Crossover and Internal Current

Even if the polymeric membrane in a PEM fuel cell is designed to permit only the
passage of hydrated hydrogen ion, some electric conductivity and gas permeation
cannot be avoided. Then at open-circuit, when no current can be observed through
the external circuit, two phenomena can occur at the anode side of a PEM fuel
cells, called fuel crossover and internal current. They can be described as follows:

fuel crossover: some not oxidized hydrogen can pass through the electrolyte
membrane to reach the cathode, where it can be directly oxidized by oxygen,
wasting two electrons for each hydrogen molecule. The hydrogen crossover
depends on membrane permeability and thickness, and on difference between
hydrogen partial pressure on the two side of the membrane.

internal current: some hydrogen is oxidized at the anode side with production
of two electrons per molecule. These do not flow through the external circuit
(which is open) but pass through the electrolyte membrane directly to the cathode.

Both the above phenomena produce the same effect to transfer electrons directly
from anode to cathode and to consume a small quantity of hydrogen at open-
circuit, in spite of no useful current is generated. Then this hydrogen consumption
correspond to a current density associated with electron flow through the elec-
trolyte membrane, which is a current density subtracted from that necessary for
useful work production. This loss could be considered negligible in energy terms,
but for conditions close to open-circuit the consequent reduction of potential is
significant. The occurring of internal current allows the application of Eq. 3.30 also
at open-circuit, using the internal current density in the ratio /i, at the place of the
external one. For the entire range of current densities Eq. 3.30 becomes:

o o RT_ [i+iip
E=FE —Viin=F F ln< i ) (3.31)
where the total cell current density is sum of the current density circulating
through the external circuit far from the equilibrium conditions (i) and of the
current density lost through the membrane at open-circuit (i;,). Setting i = 0 in
Eq. 3.31, it is possible to calculate the open-circuit voltage of a PEM fuel cell,
which generally results significantly lower with respect to the theoretical value. At
practical current density values, that is when an appreciable electron flow is
present in the external circuit, the difference between hydrogen concentrations on
the two sides of the membrane decreases, then the driving force for hydrogen
permeation is strongly reduced, and the crossover losses become negligible (a
typical value for i, is 2 mA/cm? [50]).

3.3.1.3 Losses Due to Electric Resistance

The sharp slope change of the polarization curve in Fig. 3.5 suggests that after the
first steep voltage diminution up to 2 A, attributed to activation and internal
current polarization, another type of losses become predominant.
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The linear and slower decrease of stack potential with current shown in Fig. 3.5
can be simply explained with the Ohm’s law, then the voltage losses due to this
effect are described by the following equation:

Vohm = (l + iin)Rin (332)

where i is the current density and R;, is the total cell internal resistance, mainly
constituted by electric resistance of cell components and resistance to ionic flow
through the electrolyte membrane. Typical values of R;, are comprised in the range
0.1-0.2 Q cm? [34].

High conductivity of electrodes, GDL and bipolar plates, and membrane thin-
ness are the obvious ways to reduce the effect of resistive losses.

3.3.1.4 Losses Due to Mass Transport Resistance

The polarization curve in Fig. 3.5 stops when the stack power is close to its
maximum nominal value (480 W at 30 A), because other sources of voltage losses
would become predominant for higher values of current, whose effect could
seriously damage the stack. These losses derive from resistance to the mass
transport of gaseous reactants toward the catalytic sites, and of products water out
of the cell. The mass transport resistance becomes predominant at high current
density, when the rate of reactant consumption is higher than its supply flow rate,
and water accumulation inside the cell is faster than its removal. The consequence
of this phenomenon is that for a particular current density value (called limiting
current, 1), the concentration of reactants on electrode surface, and then the stack
voltage, would rapidly decrease down to zero. The voltage drop associated with
the effect of mass transport resistance can be described by applying the Nernst
equation (3.15) to the hydrogen partial pressure gradient density between gas bulk
and electrode surface at high current:

_RT_(py
Ve = 2Fln< ) (3.33)

where V,, is the voltage change due to mass transport resistance, and py, and p, are
the hydrogen partial pressure in the bulk and at the electrode surface, respectively.
Assuming a linear diminution of hydrogen partial pressure when the current
density increases from i to iy, the variation of ps with current density results:

i
Ps = Pb — Pv— (334)
L

Equation 3.34 evidences that the hydrogen partial pressure on the electrode
surface is the same as in the bulk at zero current density, and becomes zero when
the current density reaches the limiting value i; . By combining Eqgs. 3.33 and 3.34
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the relationship for voltage losses associated with mass transport polarization is

obtained:
RT i,
Ve ==—1 3.35
v oF n(iL—i) (3:35)

which takes into account for the fast voltage drop associated with mass transport
losses when the current density approaches its limiting value. This rapid voltage
decrease is not represented in Fig. 3.5 as it would occur at current values dan-
gerous for the stack. In these conditions the sudden lack of uniformity of indi-
vidual cell voltages, accompanied by the straight down potential diminution, could
cause the reversal of the electrochemical reaction in some cells, which would
operate as electrolysis cells, with direct mixing of hydrogen and oxygen, strong
rise of local temperature, and possible damages to the MEA.

All polarization phenomena described above can occur at both anode and
cathode of a PEM fuel cell, but due to the higher reaction rate of the hydrogen
anodic oxidation with respect to the oxygen cathodic reduction, the anodic
polarization can be considered much smaller.

If the contribution of ohmic losses (Eq. 3.32) is substituted in Eq. 3.31, the
following general relationship between cell potential and current density can be
obtained:

E=FE — Vact,in - Vohm‘in =E°——In

RT i+ iin
oF

- > — (i + im)Rin (3.36)
lo

Equation 3.36 is valid for current densities lower than the limiting value i , then
it does not consider the mass transport resistance, but with the proper values of the
parameters o, i;,, and ij it can be used to fit the polarization curve of Fig. 3.5,
taking into account for the cell active area and number of cells.

3.3.2 Effect of Operative Parameters on the Polarization Curve

The operative parameters which can be regulated to optimize the stack perfor-
mance are MEA humidification, reactant pressure, stack temperature, and stoi-
chiometric ratio. While the role of membrane humidification, already partially
discussed in Sect. 3.2, is closely considered in Sect. 4.5 and in case studies
(Chaps. 6 and 7), the influence of the other parameters is examined here with
reference to the stack of Fig. 3.5. These effects have already been described from a
thermodynamic point of view (see Sect. 3.1), while kinetic implications are con-
sidered in this section for their importance in determining the stack efficiency.

As an example, Fig. 3.6 shows the effect of the relative air pressure on the stack
voltage for two different current values, 12 and 25 A [45].

During the above experiment the pressure difference between anode and
cathode is maintained under 40 kPa, according to instructions of the stack
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Fig. 3.6 Effect of air pres- 24
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manufacturer, while the other experimental conditions are indicated in the figure
legend.

The positive effect of pressure is evident at both the current values considered,
in particular if the air pressure is increased at 12 A from 10 to 50 kPa, a stack
voltage gain of about 4 V is obtained, while raising the air pressure up to 70 kPa at
25 A, a stack voltage of 18.5 V is observed, with an increase of about 5 V with
respect to the value at 10 kPa. An analogue behavior can be observed when the
hydrogen pressure is increased, with a stack voltage gain of about 2 V for a
pressure raise from 10 to 20 kPa (data not shown in Fig. 3.6).

A higher polarization curve when cell operating pressure is increased can be
expected on the base of the Nernst equation (3.15), but the concomitant increase of
ig, due to the higher concentration of reactant gases on electrodes, with the con-
sequent improvement of the hydrogen/oxygen reaction rate, has to be also con-
sidered [34].

The effect of stack temperature on the polarization curve is shown in Fig. 3.7,
for the temperature range 303-333 K.

Figure 3.7 shows that varying the stack temperature from 303 to 333 K, a
voltage increase of about 10% is obtained at all current values after 2 A. This
effect cannot be significantly enhanced because of the narrow temperature range
which is usually adopted in real stacks (comprised between 300 and 350 K).

Since the electrochemical reaction (3.13) is exothermic (Table 3.1), a potential
loss should be expected by thermodynamics; however, the results reported in
Fig. 3.7 evidence that kinetic implications are prevalent in determining the global
effect of temperature on stack efficiency, in particular the increase in the exchange
current density and the improvement of mass transport properties can be invoked
to explain the behavior represented.

The effect of the stoichiometric ratio on the stack performance is shown in
Fig. 3.8 in terms of total stack voltage versus R for different values of current.
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The oxidant is easily supplied to a PEM stack as air fed by compressor. In order to
obtain satisfactory and uniform performance for all cells in the stack it is necessary to
feed an excess of air with respect to the stoichiometric reaction of hydrogen oxidation
(R > 1), to overcome the limitations on mass transport on the cathode side.

The experimental data of Fig. 3.8 show that the effect of R on stack perfor-
mance is limited at low current (2-5 A), and becomes more evident increasing the
load (5-20 A); however, for all current values it is advantageous to run the stack at
R > 2. The upper limit of R which is convenient to use in different conditions
depends on the load that is on the hydrogen flow rate consumed at the anode side.
In fact to assure an excess of air at high current implies a not negligible power
consumption of the compressor used to supply the oxidant to the cathode side.

Also this aspect is closely examined in Chap. 4 and in case studies of Chaps. 6
and 7, but it is anticipated here by the analysis of data reported in Fig. 3.9, where
the ratio between the power absorbed by the air compressor used for the tests of
Fig. 3.8 and the power supplied by the stack is plotted versus the power supplied
by the fuel cell system (FCS power). The results show that an acceptable
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compressor consumption (about 10% of stack power) is obtained for high output
power (from 200 W up to maximum load) maintaining the stoichiometric ratio not
higher than 2, while at low loads the necessity to maintain a minimum air flow rate
implies that the energy losses due to the compressor represent a large fraction of
the power supplied by the stack.

3.4 Durability of PEM Fuel Cells

Durability is a fundamental and necessary feature for PEM fuel cells to see a wide
diffusion as a practical power source in any application field. The requirements for
fuel cell lifetime vary with the specific application, in particular a duration of at
least 5000 h is mandatory for use on cars, while even longer periods are needed for
bus and stationary employments (for most applications an acceptable degradation
rate is considered to be comprised in the range 2—-10 uV/h [51]). However, the wide
variability of operative conditions usually encountered in automotive applications,
such as dynamic driving cycles, startup/shutdown phases, and freeze/thaw, makes
also the target for car very difficult to be met with the current technologies.

Since the concept of durability decay is strictly connected to that of aging, in
the sense of a progressive and not reversible loss of performance, a general
examination of this feature for PEM fuel cells has to include some considerations
about the main processes that can cause the degradation of materials used for
components of these systems (electrocatalysts, membranes, GDL, and bipolar
plates), which is mainly related to working conditions of high humidity and
temperature, oxidizing or reducing environment, and dynamic operation.

As discussed before the amount of platinum catalyst used in electrocatalysts of
a PEM fuel cell is supported on carbon in the form of nanoparticles, in order to
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achieve high metal dispersion at relatively low precious metal loading. Then the
main problem of aging of electrocatalysts to be avoided or controlled is the
increase in catalyst particle size, which causes diminution of active surface area
and then of catalytic activity. The coarsening of Pt nanoparticles during PEM fuel
cell operation has been extensively studied, and different mechanisms have been
proposed [52], among which the so-called Ostwald ripening is supported by
experimental evidences [53]. This mechanism is based on dissolution and diffusion
of Pt particles in the ionomer phase, with successive redeposition on other parti-
cles, leading to their size growth. The same mechanism of dissolution and diffu-
sion of Pt particles into the membrane produces also the effect of a degradation of
proton conductivity properties of the ionomer, caused by platinum reduction
(the presence of hydrogen can determine an effective reducing ambient) and its
precipitation inside the membrane bulk [54]. Other possible routes for catalyst
agglomeration have found experimental supports, and they are based on coales-
cence of Pt nanoparticles caused by nanocrystallite migration on the carbonaceous
support surface [55].

Also corrosion problems of the carbon support have been considered as a cause
of electrocatalyst durability loss [32], in particular carbon oxidation can occur
through electrochemical oxidation at the cathode, with formation of CO,
(C 4+ 2H,0 = CO, + 4H" + 4e7), or through water gas shift reaction, with the
production of CO (C + H,O = CO + H,). Both these routes are catalyzed by Pt
[56, 57] and subtract carbon useful for platinum loading, with consequent metal
sintering and decrease of the electrochemical surface area [58].

Since Pt dissolution is favored by high electrode potential, relative humidity,
and temperature, the possibility to limit the risk of electrocatalyst aging is based on
the use of Pt—alloy catalyst instead of pure platinum, at least for the cathode, which
is characterized by higher potential with respect to anode, and by adoption of
operative conditions not too severe in terms of humidity and temperature. While
this last point requires interventions on the membrane structure, the study of
catalyst materials has evidenced that a minor tendency to sintering can be obtained
by the addition of non-noble metals, such as Ni, Cr, or Co, to the Pt cathode
catalyst [59, 60], suggesting a possible pathway for future work. On the other hand
also the potential application of non-platinum catalysts is under study, in particular
transition metal complexes with structures based on porphyrines and related
derivatives have been proposed to substitute noble metals [61], but their activity
performance is still far from those of Pt-based catalysts.

The carbon corrosion issues are faced by the study of different carbonaceous
supports, such as carbon black or carbon nanostructures. Recent results evidence
the superiority of graphitized carbon with respect to amorphous carbon black in
terms of corrosion resistance, and the promising characteristics of carbon nano-
cages when Pt sintering effects are considered [62].

Another critical issue regarding durability of PEM fuel cells is the reliability of
the electrolytic membrane, which can undergo mechanical, thermal, and chemical/
electrochemical degradations [63]. The mechanical degradation consists in
different types of failure (cracks, pinholes, perforations) which are favored by
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varying operative conditions of fuel cells, especially when used for transportation
applications. In particular the possibility of degradation is mainly related to dif-
ferent RH conditions, whose effect can range from membrane shrinkage in the
absence of external humidification to swelling and in-plane compression at high
RH levels. Any type of mechanical failure is very dangerous for stack life,
especially pinholes and perforation, because they can allow the crossover of
reactant gases with direct hydrogen combustion on the catalyst surface, consequent
strong heat release, and local hot spot generation. This initiates a cyclic process of
increasing crossover and perforations which can lead to the fast stack degradation.

The thermal degradation of the membrane is connected not only to diminution
of proton conductivities properties at high temperatures and low RH levels, but
also to decomposition of Nafion in proximity of local hot spots. Moreover, the
frequent temperature changes typical of automotive applications can produce
severe limitations to proton conductivity, gas impermeability, and mechanical
resistance of Nafion membranes, due to phase transformations associated with the
wide range of temperatures encountered (from freezing to about 80°C). The
mitigation strategies for this degradation cause consist essentially in removal of
residual water by gas purging.

The chemical/electrochemical degradation is related to the attack on the
membrane and catalysts by peroxide and hydroperoxide radicals, produced by
anode and cathode reactions. The formation of these species and the consequent
membrane aging is accelerated in OCV and low-RH conditions. The overcoming
of this problem requires the developing of new materials able to resist against
peroxy radicals, either by addition of free-radical inhibitors (or peroxide decom-
position catalysts [64]) during the membrane fabrication or by modifications of its
structure [65].

The degradation of the GDL is not clearly assessed because of the difficulties in
separating the effects from contiguous elements, such as catalysts and bipolar
plates. While some decrease of GDL conductivity and hydrophobicity has been
associated with loss of PTFE and carbon, due to temperature and electrochemical
surface oxidation during fuel cell operation [66], a recent study suggests that
hydrophobicity changes of GDL can be considered negligible in 10000 h tests
under high humidification [67].
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Chapter 4

Design of Hydrogen Fuel Cell Systems
for Road Vehicles

A fuel cell stack does not work by itself, but its operation requires the utilization of
several auxiliary sub-systems to permit an efficient and reliable electric power
production. In this chapter all these components are described, evidencing their
role in determining the fuel cell stack operation. In particular, this discussion is
aimed at verifying if and how a fuel cell system (FCS) could really match all
vehicular requirements, evidencing the parasitic losses of auxiliary components
and dynamic performance in terms of response to start-up, frequent stop and go
phases, fast load changes, variable power levels. The interaction between FCS
performance and management strategies necessary to guarantee an optimal stack
operation in automotive applications is discussed, with a brief overview of FCS
costs.

Several models of FC vehicles fuelled by H, have been produced by many car’s
industries in the past two decades, characterized by interesting performance and
promising reliability (i.e., Mercedes-Benz presented at the end of 2009 the new
model B class F-Cell equipped with new generations of fuel cells, Li-ion batteries,
and advanced fuel storage tanks). Other solutions with the stack fed with liquid
fuels (methanol, gasoline, and diesel) have been also proposed, but they require an
on-board fuel processor to transform the liquid mixture into hydrogen. In this case
the impact of the fuel processor on the choice of the hybridization level for the
whole propulsion system (see Sect. 5.5) and on stack durability needs to be
carefully considered. Dynamic response of FCS with processor unit would be too
slow mainly because of its thermal inertia, implying that the stack has to operate
almost in steady state conditions, while the unavoidable presence of some com-
pounds in reformer outlet stream, such as CO or NH3, also in very low concen-
trations, are dangerous contaminants for the activity of stack electrodes. Recently
it has been estimated that start-up time would be less than 4 min to lower the CO
level present in the stream at acceptable values [1], but long-term durability of
stacks fed by reformate stream is far to be demonstrated.
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On the other hand, the use of a fuel processor on-board of a vehicle makes it too
complex for a practical commercialization in the automotive field, independently
on carbon emissions associated to utilization of not renewable fuels.

Moreover, PEMFC systems fed by pure hydrogen show the highest relative
performance in terms of system dynamics, costs of fuel cells (the precious metal
loading of anode is minimum), and in terms of stack and system power densities,
which result 1.3 and 0.6 kW/I, respectively [2, 3].

In this chapter the discussion is limited to the so-called direct hydrogen fuel cell
system (H,FCS) excluding from the analysis alternative configurations utilizing
hydrogen containing carriers (hydrocarbon mixtures, methanol) instead of pure
hydrogen as feed.

4.1 Hydrogen Fuel Cell Systems: Preliminary Remarks

The main operative characteristics of PEMFC stacks can be summarized in the
following points:

1. Different fuels can be used but hydrogen is the best reducing agent for an
efficient and reliable operation of PEMFC.

2. Oxygen is the ideal reactant to feed cathode side of the stack, however also air

feed is suitable, but in this case an excess of oxidant is required.

. Water is the product of the electrochemical reaction.

. Pressure and temperature increase the individual cell performance.

5. The electrolytic membrane needs to be maintained properly hydrated in all
operative conditions of pressure and temperature.

6. Heat is a by-product of fuel cell reaction and progressively boosts the stack
temperature.

7. The stack temperature cannot exceed 90°C.

W

Thus, the optimization of PEMFC performance in terms of efficiency and
reliability requires a proper design and management of reactant feeding sections,
as well as of cooling and humidification sub-systems [4].

The selection and sizing of auxiliary devices, also called ‘balance of plant’
(BOP) components, depends on their interactions with the stack and on all other
possible inter-connections inside the overall system.

In Fig. 4.1 a scheme of a direct hydrogen FCS is reported. The scheme points
out all input and outputs of the plant: the oxidant is ambient air, while the fuel
enters into the FCS coming from the selected H, storage device (see Sect. 2.3).
The electrochemical hydrogen oxidation produces electric energy, water and heat,
the last two can be partially recovered for stack management. The same Fig. 4.1
indicates the main FCS subsystems necessary to manage reactant feeding, control
stack temperature, and assure adequate membrane humidity level during stack
operation. The interconnections between all sub-systems, shown in Fig. 4.1,
underline the necessity of a complex integration among BOP components and
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Fig. 4.1 General scheme of
a direct H, PEMFC system
(H,FCS) for vehicles

FC stack

Electric
energy

stack, to optimize the FCS efficiency and reliability and to fully exploit the
dynamic performance of PEMFC.

The design of the fuel feeding section has to be focused on the optimal feeding of
hydrogen to the anode compartment of the stack. Details about the behavior of the
main components involved in hydrogen feeding management are given in Sect. 4.2.

Different typologies of air supply systems are examined in Sect. 4.3, in par-
ticular their performance are analyzed in terms of pressure working and power
consumption.

Thermal management system is necessary because the reaction heat gradually
elevates the MEA temperatures. This aspect, related also to humidification issues,
requires the development of a sub-system able to control both stack temperature and
heat flux inside the overall system. The related discussion is presented in Sect. 4.4.

FCS water management is the key factor for an efficient and reliable operation
of a PEMFC stack. Membrane hydration control and water balance for a durable
operation of FCS are the main objectives of this sub-system, whose design and
control issues, strictly connected to thermal management but also to reactant sub-
system components, are discussed in Sect. 4.5. The possibility of interactions
between the wet and warm cathode outlet stream and the components of thermal
and water management sub-systems is also discussed.

The analysis of the above sub-systems refers to BOP components suitable for
fuel cell vehicle applications, and underlines the main aspects related to the
framework of interactions inside a whole FCS.

A discussion about a basic configuration for a H,FCS is carried out in the
Sect. 4.6, where an integrated plant is studied analyzing the main issues to be faced
for optimizing overall efficiency and reliability. The effect of the main operative
parameters on the system working is discussed, analyzing the dynamic behavior
issues related to fast load changes and warm-up phases. A brief overview on costs
expected for stack and BOP components closes this chapter.
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4.2 Hydrogen Feeding System

The layout of the fuel feeding sub-system and its management strategy depends on
the typology of fuel tank installed on-board. For any type of hydrogen storage
system (see Sect. 2.3), the main parameters to be controlled in hydrogen feeding
sub-systems are: working pressure, relative humidity, fuel purity grade, and fluid-
dynamic conditions.

Hydrogen can be supplied either in dead-end or in a flow-through mode. The
choice of feeding pure hydrogen as fuel, rather than hydrocarbon derived hydrogen
mixtures, permits the choice of the so-called “dead-end” configuration as option
of fuel feeding. In this case hydrogen is loaded to the stack as pressurized gas,
thanks to a valve normally closed placed at the outlet. It means that the current
supplied by the stack determines the occurrence of a fuel flow rate through the
anode channels, exclusively related to the power required. On the other hand, the
hydrogen flux stops in the absence of load. This solution needs generally a purge
valve to drain out the possible excess of nitrogen and water accumulated in the
anode side during stack operation. This valve is generally an electronic controlled
solenoid valve. An alternative operative mode, suitable also if fuel cell vehicle is
equipped with a fuel reformer, is represented by the so-called “flow-through”
configuration. This option requires additional components such as hydrogen
recycle pump or ejectors. The choice between the two configurations affects the
design of the specific sub-system and could influence its integration with the other
FCS components.

A scheme of a fuel feeding sub-section in a direct hydrogen FCS for automotive
application is shown in Fig. 4.2. Pressure regulation sub-system design has the
objective to regulate inlet pressure to assure the hydrogen flow rate necessary to
the chemical reaction. The inlet pressure and fuel purge represent the main
parameters to be controlled in both operative modes, however, the role of the
purge valve is different for the two possible configurations. In a dead-end con-
figuration and when air is used as oxidant, nitrogen tends to crossover from the

Fig. 4.2 A scheme of a
generic pure hydrogen
feeding sub-system in
flow-through mode. Without
ejectors the same scheme
refers to dead-end mode

: On-off valve

: Pressure regulator

: Proportional valve

: Pressure transducer
: Stack

: Ejectors at high and
low flow

: Purge valve
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cathode flow field through the electrolyte to the anode side. As fuel is consumed in
the fuel cell, the concentration of nitrogen in the anode compartment increases,
thus accumulating therein and negatively impacting the performance of the fuel
cell [5]. Moreover, the humidification control (see Sect. 4.5) could create operative
phases characterized by a dangerous stagnation of liquid droplets on surface of
electrodes in cathode and anode sides, favoring flooding of the compartments and
fuel starvation, and then interfering with the access of the hydrogen fuel during
stack power requirement. Then the purge action, draining out the possible excess
of nitrogen and water accumulated in anode compartment, can eliminate most of
liquid molecules from the catalyst surface and refresh the feed. As a consequence
the overall strategy for maintaining the well-hydrated cell membranes, assuring a
reliable and efficient stack operation with minimization of nitrogen crossover and
simultaneously avoiding the flooding phenomena, should involve the periodic
acting of the purge valve. This is normally closed but, when necessary, the control
strategy expects to open it by managing the opening frequency for a specified
opening time, sufficient to drain the contaminants but not too long for undesired
leaking of useful fuel. In order to evaluate the effect of purge operation on FCS
efficiency, it is possible to define a coefficient expressing the ratio of fuel
converted to fuel supplied (7, in Sect. 6.2), which can reach values higher than
90% in optimized realizations [6, 7].

On the other hand, in flow-through mode a system layout based on fuel recir-
culation by means of a pump or ejector-diffusers can be adopted in the anode
circuit [8]. In this case a portion of the exhausted fuel is recirculated from the
outlet to the inlet section through a loop and mixes with fresh fuel from the fuel
supply. An important advantage of this solution is that the mixed fuel entering the
fuel cell stack is at least partially humidified, and this aspect can bring strong
benefits to an overall humidification management strategy, avoiding or minimizing
external humidification of anode stream (see Sect. 4.5). However, nitrogen could
cross-over from the cathode side through the conductor membrane to the anode
side and then could affect the fuel purity in the recirculation loop. This behavior
reduces the performance of the fuel cells and the efficiency of the recirculating
device. In addition, contaminants from the fuel source can also be accumulated in
the anode flow fields (and/or in anode recirculation loop) as fuel is consumed.
Thus, this approach does not exclude the use of a purge valve; indeed it is highly
recommended that a remainder portion of anode stream is purged periodically, in
order to limit fuel purity decrement during FCS operation. However, the proper
management of this layout of fuel feeding section could improve the control of
anode humidity and purity, minimizing hydrogen escape. In ejector systems, based
on Bernoulli’s principle, the supply flow passes down through a nozzle and
Venturi tube. They are passive devices that need no parasitic power, however, their
actual performance, in terms of optimal regulation of anode humidity with recir-
culating flow, should be improved to match all automotive FCS requirements [9].
Instead of ejectors a blower could be inserted in the anode loop to increase the
pressure and recirculate hydrogen. This solution permits sizing and controlling the
sub-system adding an independent parameter for FCS management, but it is not
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immune from problems. In particular a proper cooling of the warm gaseous
mixture containing hydrogen, nitrogen and steam, is required to maintain a sat-
isfactory durability of the hydrogen recirculation blower. Furthermore, the addi-
tion of other components determines an increase of parasitic power consumption
of the overall FCS [8].

Finally the possibility to utilize electrolysers to elevate hydrogen pressure and
recirculate it inside anode flow fields in H,FCS power sources has been recently
considered [10]. This electro-chemical approach for hydrogen pumping could be
effected with an external additional smaller PEMFC component, connected to the
stack devoted to electric power generation, or alternatively using in electrolysis
mode a group of cells of the main PEMFC stack.

In flow-through operation a slight voltage decrease of individual cells is observed
with respect to the simple dead-end configuration, but also a more stable fuel cell
performance, i.e., due to a minimum intervention of parasitic purge. The role of purge
in an integrated humidification strategy is further discussed in Sect. 4.5.

4.3 Air Feeding Systems

The sub-system described in this section has the function to feed the oxidant to the
cathodic compartment. Air is the oxidant commonly used in PEMFC, while the use
of pure oxygen in high pressure cylinders, in spite of higher stack performance, is
generally not preferred for a practical application on fuel cell vehicles since the
addition of oxygen tanks in fuel cell propulsion systems would limit the space
available for the hydrogen fuel storage devices, which is one of the most critical
issues for a practical application of hydrogen fuel cell vehicles. Moreover, oxygen
must be produced, concurring to a well-to-wheel efficiency decrease.

The key parameters to be controlled in this sub-system are air mass flow rate
and pressure. Therefore, this section is focused on the characteristics of devices
capable to realize useful pressure and flow rate of the oxidant feed (blowers and
compressors), postponing the discussion about the integration of air supply system
with the other FCS sub-systems to the successive three sections, which are dedi-
cated to thermal and water management strategies and to overall system perfor-
mance optimization.

Free convection mode is not sufficient to assure a satisfactory oxygen con-
centration at the cathode surface and then an acceptable fuel cell power [11]. Thus,
the most adopted solution for the design of oxidant feeding section is represented
by the utilization of a compact air compressor device [1]. The overall air supply
system is based on the air compressor, but could also include an expander in high
pressure plants (pressure higher than 2 bar), to recover a part of pressure energy.

An important aspect related to air supply sub-system for the attainment of
optimal FCS operation is the selection of a compressor highly efficient in all
operative conditions suitable for automotive application.
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The theoretical energy consumption of a compressor (as well as any machine
transforming mechanical energy) in reversible adiabatic conditions can be calcu-
lated by the following equation:

P2
L :M—hﬁ:/v@ (4.1)

mecc

P1

where Li,gecc is the reversible ideal mechanical work necessary to actuate the
compressor, h; and h, are the enthalpy of the fluid before and after the com-
pression stage, v is the specific volume of the fluid, and p is the working pressure,
that changes from the entering value p; to the exit value p,.

The operative conditions suitable for air feeding section in H,FCS suggest that
the air stream can be considered as ideal gas mixture. The relationship of poly-
tropic compression for an ideal gas is:

k
DZHXG% (4.2)
1
and in adiabatic conditions:

k=@=1/r v=c/c

where T, is the entering temperature value, 7, represents the exit value after
compression stage, ¢, and ¢, are the specific heat at constant pressure and volume,
respectively. The parameter k assumes the value of 0.285 for air.

The ideal power consumption (P;q) related to isoentropic (adiabatic) com-
pression can be calculated according to:

k
Pid =My - Cp- T1 . (2—2> —1 (43)

1

where m, is the air mass flow rate. The equation (4.3) evidences that the theoretical
energy losses necessary to run a compressor depend almost exclusively on mass
flow rate and on compression ratio (p>/py).

Furthermore, a real machine designed for adiabatic compression does not reach
the ideal point of reversible iso-entropic process, because of unavoidable irre-
versible transformations. The reversible work associated to the pressure increase
inside a fluid can be always calculated as fpp] * ydp, while the net enthalpy variation is

directly related to mechanical energy consumption, which increases with
irreversibilities.
Then the efficiency (#.) of a compressor is defined as:

f;lz vdp

Lmecc

Ne
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where Lpe.. 1S the total mechanical energy required to reach the final desired
pressure value. Furthermore, the efficiency parameter 7. includes also the addi-
tional contribution related to friction of moving parts (mechanical losses). Finally
the real power consumption of a compressor device can be calculated as:
Piq
Prea = — (4.5)
C
On the other hand, a fraction of power consumption related to compressor can
be recovered from the electric work obtainable from exhaust gas by using a
turbine. This electric power can be calculated according to the following equation:

%
Preal = Mex * Cpex * Tex : [1 - (patm> X nexp (46)
Pex

where 1., represents the turbine efficiency while the other parameters are strictly
related to FCS management. In particular, m., is the exhaust flow rate, T.x and pex
correspond to stack temperature and pressure, while ¢, is the specific heat of the
exhaust mixture. The choice of a proper high efficiency compressor is an important
criterion also when Compressor Expander Module (CEM) groups are selected in
high pressure plants [4].

In Fig. 4.3 two schemes of the air supply sub-system are reported, related to
both low and high pressure fuel cell plants. As the air supply sub-system implies
the highest power consumption among all BOP components, and could heavily
affect the overall system efficiency (see Sect. 4.6), the utilization of blowers
(Fig. 4.3a) would permit to limit power losses, even if their impact on the overall
efficiency would not be negligible. In fact, blowers not only require a not negli-
gible electric power consumption especially at minimum load, but they can pro-
vide low air pressure values, then limiting cell voltages and thus stack efficiency
(see Sect. 3.3). In any case the low cost and simplicity make this solution more
appropriate for small size power trains (1-10 kW).

On the other hand, high pressure determines a higher energy consumption
associated to the compressor, then a CEM can be used to recover some energy
from the pressurised cathode exhaust stream (Fig. 4.3b). This solution adds
complexity to the on-board power plant and can be usefully applied in medium
large-size fuel cell power trains (10-100 kW).

The air feeding strategy must minimize the disadvantages related to an excessive
parasitic power consumption and meanwhile to oxygen starvation. The last problem
exists when air is fed to cathode side instead of pure oxygen, and depends on
variable partial pressure of oxygen during stack dynamic operation. The control
strategy capable to overcome the O, starvation is based on a careful regulation of
inlet pressure to realise values of air flow rate higher with respect to stoichiometric
requirements. Oxygen concentration in the air intrinsically decreases crossing
through the reaction cells. The inert nitrogen moles contained in the air remain
unchanged during stack operation, and oxygen concentration drops at the catalyst
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surface, requiring then an excess of air variable as function of load. In particular the
stoichiometric ratio R (defined in Sect. 3.3) needs to be about 2 in a wide range of
operative conditions (details about air management strategy and related R values
are reported in case studies, Chaps. 6 and 7). On the other hand, if the risk of
starvation is reduced, the energy consumption related to compression stage of
higher mass flow rates could increase dramatically, strongly limiting the overall
FCS efficiency (see also Sect. 4.6).

A further requirement to be satisfied by the oxidant supply device is represented
by dynamic performance in a wide range of air flow rates. This aspect is crucial in
some hybrid power train operative modes characterized by high stack dynamics
(full power or soft hybrid configurations, see Sect. 5.5).

A compressor should also match the other typical requirements of a road
vehicle, in particular noise, cost reduction, and compactness. A further consider-
ation derives from the quality of oxidant required by the stack. The air must be
very clean since the presence of few small oil droplets or traces of chemical
contaminants could damage dramatically the fuel cells, reducing their efficiency
and durability. Therefore, PEMFC systems require oil-free compressors or air
filtration for removing particulate and contaminants (sulfurs, salts, CO, and
hydrocarbons).
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Several typologies of blowers or compressors are potentially suitable for fuel
cell application. In Fig. 4.4 a flow diagram of all compressor types is reported,
distinguishing two main classes (dynamic and positive displacement) and different
typologies for each (reciprocating and rotary as positive displacement devices, and
centrifugal and axial as dynamic machines).

Among dynamic machines a centrifugal compressor results more efficient and
cheaper than axial compressors in the power range useful for vehicular applica-
tions. Motor-driven compressor/blowers for air feeding in small medium-size
FCSs are based on centrifugal type impellers [4]. In a side channel blower
(Fig. 4.5) the energy coming from the motor is transferred to the air which is
accelerated radially and circumferentially. The fluid is forced into the side chan-
nels, determining a pressure and kinetic energy increase. Thus, the air is again
accelerated and transported along a spiral path through the impeller and the side
channels until it is discharged. The balanced rotating impeller represents the
unique moving part of the compressor. A further advantage of this device is that
there is no contact between the impeller and the housing, eliminating abrasion
phenomena and generally material consumption, thus improving its reliability and
durability. Finally the side channel blower is completely oil-free and produces low
noise levels.

The blowers operate in a limited pressure range, but they are able to satisfy the
overall pressure drop through stacks operating at low pressure (lower than 0.5
relative bar) [12, 13].

Fig. 4.4 A basic scheme of
compressor classification Compressors

Positive displacement

Fig. 4.5 Side channel
blower for fuel cell applica-
tions. A/B air inlet/outlet,

C side channels
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The centrifugal air compressor at high speed seems the actual best choice for
FCS sized up to 100 kW [14]. The operation principle is the same of the
centrifugal blower, depending on transfer of energy from a rotating impeller to the
air. The pressure is created by converting the angular momentum determined by
the rotating impeller. Higher speeds permit high efficiency values to be reached.
The centrifugal air compressor is an oil-free compressor by design. The oil
lubricated running gear is separated from the air by shaft seals and atmospheric
vents. A high pressure air management system based on dynamic machines has
been successfully developed and applied to an 80 kWe FCS. It consists of a CEM
group, constituted by axial-radial liquid-cooled compressor coupled to a variable
nozzle radial turbine [15].

Positive displacement compressors offer more flexible compression ratio at low
fuel cell loads, moreover rotating devices offer the additional advantage of a not
fluctuating or flow rate with respect to alternative machines.

Within the class of rotating positive displacement particular interest has been
recently addressed toward scroll and screw compressors.

A scroll compressor uses two interleaved spiral-like vanes to compress air
stream. Generally one of the scrolls is fixed, while the other scroll is mobile and
orbits without friction in eccentrical way. Several air bladders are formed and
moved towards the center of the two spirals reducing their volume. The pressure
increases and then the air can be discharged. The operation of this kind of machine
results less noise and more smooth than alternative devices and reliable in the low
volume range [16]. Water in a scroll compressor could be used as both lubricant
and coolant, permitting nearly isothermal compression to be obtained [17]. The
advantages of scroll compressors have been then exploited in the development of
prototypes of compressor/expander modules to be used for designing air supply in
pressurized FCS [18].

Rotary screw compressors represent a different type of rotating positive dis-
placement and have been largely used in the last decades for industrial applications
and in particular for air conditioning and refrigeration systems. Their performance
is attractive in terms of efficiency, compactness, simplicity, and reliability.
A screw machine consists essentially of a pair of meshing helical lobed rotors
which rotate within a fixed casing that totally encloses them. As the mechanism
rotates, the meshing and rotation of the two helical rotors produces the internal air
compression by means of a series of volume-reducing cavities which capture the
inlet stream. Outlet stream is then discharged after volume reduction in the cav-
ities. Capacity control for these compressors is accomplished by variable speed
and variable compressor displacement.

Screw compressors can be either single or multistage machines, in dependence
of the final desired pressure level. In multistage option the air is compressed by
several sets of screws and can achieve pressure values higher than 0.5 relative bars.

Recently twin screw devices equipped with water injection have been inten-
sively studied in order to optimize their performance in view of a possible
application as BOP component suitable to feed cathode stream in FCS. The uti-
lization of water as cooling and sealing medium permits controlling both operating
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temperatures and air leakage, limiting power consumption and thus optimising the
compressor efficiency [19]. On the other hand, the additional power consumption
due to water injection slightly reduces the overall consumption.

4.4 Thermal Management System

The design of the temperature control system has a strong effect on both perfor-
mance and dynamics PEMFC [20-22]. The electrochemical conversion of hydro-
gen occurring in polymeric electrolyte fuel cells produces heat as by-product, due to
the unavoidable irreversibilities of the process. This heat elevates the temperature
of local reaction sites inside the MEA, and progressively of the entire stack by
conductive transmission through bipolar plats and by convective flow within the
reactant feeding channels. As the cell voltage during stack operation drops well
below the reversible value (about 1.2 V), ranging from 0.9 V to about 0.5 V in the
entire current density range, according to the Ohm’s law (see Sect. 3.3), the fol-
lowing equation can be used to calculate the thermal power produced inside the
stack:

O0=AV=(Vyg—V)xI (4.7)

where Q is the produced heat rate, I is the electric current flowing through the
cells, while Vi4q and V are the reversible and actual cell voltage values, respectively.

The dynamics of temperature change associated with the produced power is
derived by the following differential equation:

0

mx cp

T /ot = (4.8)

where 07/0¢ (time derivative) is the rate of temperature change, m is the whole
mass stack, ¢, represents the stack average specific heat. Equation 4.8 is further
discussed in Sect. 4.6, where the dynamic behavior of the overall FCS and the
optimization of integrated management strategies are clarified.

The design issues of thermal management sub-system depend on the total
produced heat and of consequence on the sizing of the stack. The mass flow rate of
coolant (usually deionised water) can be derived by the definition of thermal
capacity described by the following equation:

. Q

M0 = Cp X (Tf — Ti)

where Q is the produced heat rate, c;, is the specific heat of water, while Ty — Tj is
the temperature difference of the coolant between stack output (7%) and input (7;).
A value of Ty — T; not higher than 5 K is advisable [11].
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In Fig. 4.6 a scheme of cooling circuit related to FCS for automotive appli-
cation is shown. The main components are the pump for liquid circulation, the
water reservoir and the heat exchanger with fan. For small size stacks (from 100 to
500 W) it is possible to use only air forced by fan to cool directly the stack, while
for higher powers, more suitable for automotive requirements (1-100 kW), it is
reasonable to use an internal coolant circuit fed by a liquid, such as de-ionised
water or ethylene glycol-water mixtures, to improve the heat removing capacity of
an order of magnitude with respect to the gas.

The stack cooling is not the unique aspect to be examined in the context of FCS
thermal management, but also the possibility of heat recovery has to be also
considered. At this regard, additional devices have to be used, such as air-to-air
heat exchangers, humidifiers, or condensers that partially exploit the enthalpy
content of cathode outlet and coolant streams [23]. In particular enthalpy wheels,
which are rotary air-to-air heat exchanger, can be used to preheat the inlet
exploiting the enthalpy content of the wet and warm cathode outlet stream, which
is a gaseous mixture at the approximately the same temperature of the stack in
saturated conditions. They transfer mainly heat but allow also moisture to be
exchanged. The device is quite compact and can achieve high energy transfer
effectiveness. It is constituted by a cylinder filled with a permeable material with
high surface area (polymer, aluminum, or synthetic fiber), necessary for the sen-
sible heat transfer. The driving force for realizing the exchange is the thermal
gradient between the opposing air streams.

The enthalpy exchange is accomplished through the use of typical adsorbent
materials such as silica gel, zeolites or other molecular sieves which transfer water
molecules by the difference in the partial pressure of vapor within the opposing air
streams. The operation of a FCS that includes this component requires specific
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Fig. 4.6 Water cooling sub-system for H,FCS
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methods able to dynamically control the rotational speed of the wheel according to
the process variables.

4.5 Water/Humidification Management System

Polymeric proton exchange membrane needs to be maintained properly humidified
to guarantee a satisfactory ion conductivity during stack operation (see Sect. 3.2).
In fact it exists a strong relationship between proton conductivity and water
content of Nafion material used as membrane in PEMFC [24, 25]. Unfortunately
the water produced at cathode side and the air moisture could be not sufficient to
maintain properly wet the membranes in all working conditions, because of
complex phenomena involving water within MEA [26] (Fig. 4.7).

The Fig. 4.7 refers to water fluxes occurring inside a MEA fed by pure
hydrogen in dead-end configuration (see Sect. 4.2) and by not saturated air stream.
The following four events are evidenced:

1. The water is produced on cathode electrode surface (O, + 2H* + 2e~ — H,0).

2. A back diffusion occurs from cathode side to anode through the electrolyte
because of concentration gradient.

3. H,O molecules are dragged by protons during stack power requirement
(electro-osmotic drag).

Purge
cathode
electro-osmotic drag [][][ ) stream
4 water
removal
H.O
o production
back diffusion (‘ 1 0|0
ANODE ELECTROLYTE CATHODE
H2 mLer AIR INLET

Fig. 4.7 Water behavior inside MEA of PEMFC
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4. H,0 molecules in cathode compartment are removed by continuous flow of not
saturated air stream; a similar event, but of minor magnitude, occurs also in the
anode compartment in recycling hydrogen configuration or during purge in
dead end configuration.

The electro-osmotic drag could limit the effect of back diffusion mechanism by
transfer of water from the anode to cathode side, thanks to the drag of hydrated
protons, with a linear relationship with current density [27].

Finally water removal capacity of reactant streams, especially air stream,
withdraws definitively a part of the water from the cell module. These quantities
could become very significant at high temperature, exceeding the water produced
by electrochemical reaction. This happens because evaporation rate and saturated
vapor pressure of water increase with temperature in a non-linear relationship [1].

In Table 4.1 saturation pressure of water vapor and related maximum humidity
ratio are reported as function of temperature in the range of interest for PEMFC
utilization and atmospheric pressure. The humidity parameter is defined as ratio
between the mass of water vapor present in saturated air to the mass of the dry air.

At high temperatures air streams could contain large water amounts as vapor
phase, maintaining a continuous strong potential of drawing water molecules by
electrode surface, as relative humidity value (RH, defined as ratio between
gravimetric density of actual vapor to gravimetric density of saturated vapor at the
same temperature) remains always well below 100% along the entire cathode
feeding channel. The temperature of wet air stream typically remains lower than
local surface temperature of electrode, thus evaporation rate is fast concurring to
drying out of membrane that represents one of the main problems to be faced for
an optimal operation of FCS [1], especially at low pressure. The above criticality is
well evidenced if we consider that the electro-osmotic drag causes a movement of
water molecules from anode to cathode side, only partially balanced by the
counterflow related to diffusion by concentration gradient. On the other hand, the
working pressure could strongly affect the maximum humidity amount of air
stream, as pressures higher than atmospheric value reduce the water requirement
necessary to reach the saturation.

Table 4.1 Effect of

. Temperature (°C) Saturated pressure of Maximum humidity
temperature on saturated air

parameters, P = 1 atm water vapor (kPa) ratio (gy,0kgary air)
0 0.6 3.8
10 1.2 7.5
20 2.3 15
30 4.2 27
40 74 49
50 12 78
60 20 120
70 31 190

80 47 270
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The above considerations about the effect of several operative conditions
(current density, temperature, and pressure) on membrane hydration evidence that
the primary target of water management strategy is to avoid possible drying out
phenomena, making necessary the development of proper strategies to maintain an
adequate humidity grade inside the membrane during all FCS operative conditions
suitable for automotive application. Water addition to reactant streams could be an
useful approach, as the control of the humidity content of hydrogen and air streams
entering into the stack certainly limits the above described drying phenomena.

But another important complication is related to a not uniform distribution of
humidity inside the electrolyte and on the catalyzed electrodes, and to the even-
tuality of incipient flooding phenomena, due to an excess of water bulked inside
the fuel cell module that could dangerously limit the reactant entrance to active
sites of catalyzed electrodes. This phenomenon could be present also without
external water addition, because dry air streams entering into the cell module
gradually moisturize creating the possibility of local flooding at the end of their
path [28].

Flooding phenomena should be avoided by careful management of the entire
FCS, but if the complication occurs, it is necessary to act rapidly on hydrogen
feeding management procedure or on air flow rate control, in order to drain the
excess of water overheaped in both anode and cathode compartments. The
purge valve in fuel feeding circuit (see also Sect. 4.2) should be open with
different frequency or delay, as well as air flow rate should be varied modi-
fying transitorily the stoichiometric ratio (see also Sect. 4.3). As better dis-
cussed in Sect. 4.6 humidification management procedures can surely affect
overall FCS efficiency, furthermore the careful control of both drying and
flooding phenomena could condition not only the design of the stack (MEA and
flow field channels) but also the layout of the integrated FCS, by inclusion of
additional ancillary components, that can cooperate to a limitation of overall
efficiency.

The different humidification approaches could be classified as internal or
external methods. Internal humidification means that humidification procedure
concerns exclusively the inner spaces of fuel cell stack, while external humidifi-
cation involves modifications in feeding stream humidity ratio outside of the stack
[1, 29].

The simplest method is the “self-humidification”, based on the principle that a
fraction of water content of the membrane remains inside the polymeric material
and water produced by reaction during stack operation is sufficiently absorbed by
the electrolyte [30]. No external humidification is required and the membrane
humidification is controlled acting on internal operative parameters, with a man-
agement that exploits exclusively the transport mechanisms through the electrolyte.
Self-humidification is limited by the membrane diffusion properties. At high MEA
temperature (>90°C) the back diffusion rate of water becomes the limiting factor,
because water uptake by reactant gases increases with temperature and water
transport due to electro-osmotic drag increases with current density. Since the
membrane limits the back diffusion rate, the electro-osmotic drag becomes
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the dominant mechanism and water is transported away from the anode and hence
the anode will dry out while cathode will become flooded. Then temperature and
stack power are the key parameters to maintain wet the membranes in self-
humidification conditions.

The membrane hydration is related also to air flow management. Air stream
passes through cathodic compartment becoming progressively warm and wet, and
favors a drying effect, that is strongly non linear in its relationship with temper-
ature. At temperature higher than 60°C the relative humidity of outlet air can result
easily lower than saturation (100%). By controlling the R parameter it is possible
to manage RH close 100% of exit cathode streams and then to control hydration of
membranes. Small size FCS (<3 kW) could operate in reliable self-humidification
condition if a proper working temperature (<60°C) was adopted in FCS man-
agement, correlated to adequate stack powers during the execution of pre-defined
driving cycles [6]. The maximum power drops of about 40% but the efficiency
remains high.

A further “internal” technique, known as “internal membrane humidification”
uses liquid water injection directly inside the stack, specifically designed to receipt
“water droplet spray”. A portion of the membrane is set aside to humidify the inlet
gas and liquid water is injected directly into this inactive portion of the stack,
permitting then the possibility for a more flexible water management thanks to an
additional governable parameter [31, 32]. Internal humidification strategies gen-
erally reduce the complexity of the FCS design, and present a further important
advantage: the gases are conditioned inside the stack, and their temperature is very
close to membrane temperature itself, avoiding fast evaporation and then dehy-
dration. However, a portion of membrane is not used for reaction and the power
density decreases.

On the other hand, the use of external humidification is essential at high tem-
peratures, because the concentration gradient of H>O in the membrane of indi-
vidual cells would be more uniform if both air and hydrogen streams were
humidified externally. The external water supply helps to balance the combined
effects of electro-osmotic drag and back diffusion permitting to maintain the
performance of the membrane. External humidification is practically useful also
below 60°C, at least for medium large-size FCS.

A possibility is to saturate at different temperatures the reactants before they
enter into the stack [33]. This approach can be accomplished by several procedures
based on external dewpoint, external evaporation, steam injection with down-
stream condensers, or flash evaporation. High temperature values allow to absorb
significant water amount in gas streams and then transport it inside the stack
compensating the water losses due to internal fast evaporation. However, the main
problem with external humidification is that the gas cools after the humidifier
device, the excess of water could condense and enter the fuel cell in droplet form,
which floods the electrodes near the inlet, thereby preventing the flow of reactants.
On the other hand, “internal liquid injection” method appears preferable for
example with respect to the steam injection approach because of the need of large
energy requirement to generate the steam.
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Most common humidifier devices are used mainly for air hydration, but
sometimes also for hydrogen humidification, and are based on bubblers, water
evaporators, enthalpy wheels, membranes, or on a pump for liquid water injection
inside a mixer or directly inside the first part of the cathode side collector.
Membrane humidifiers or injection pumps have been prevalently proposed for
hydrogen humidification.

In bubblers the gas directly passes through the liquid in an external wash bottle,
but the control of relative humidity is hard to be accomplished in all operative
conditions. Furthermore, the wet stream cooled before entering the stack can form
small droplets very dangerous for cell performance maintenance.

The humidification of the reactant gases could be successfully realized by using
membrane humidifiers [34, 35]. The water content of a wet stream can be trans-
ferred across a semi-permeable membrane to a dry stream (Fig. 4.8). The mem-
brane separates the dry stream compartment from the other compartment crossed
by with liquid water or wet stream. Theoretically the dry stream could increase its
water vapor content along the entire interface area of the membranes from the inlet
up to close the saturation value at the exit of the device. The design includes a
tubular form for the humidifier and a counterflow to optimize the exchange. This
device could be more suitable for FCS management with respect not only to
bubbler humidifier but also to water vapor injection method, as the last systems
need additional equipments, make the whole system complex and increase

Dry stream
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Fig. 4.8 Principle of membrane-based humidification
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parasitic energy consumption. The basic material used in membrane technology of
PEMFC (Nafion) has been also proposed for membrane fabrication in humidifier
devices [35] (see Sect. 3.2).

In the last decade some companies have patented new solutions that combine
humidification and cooling [36]. Plug Power Inc. has designed an innovative cooler-
humidifier [37], constituted by a plate with a flow of liquid water to remove heat on
one side, and wicks that moisten the reactant gases on the other side. Evaporation of
water at the humidification side provides additional cooling.

There have also been attempts to control the water in the cell by using porous
graphite plates or by external wicking connected to the membrane to either drain
or supply water by capillary action. More reliable forms of H,O management are
based on continuous flow field design and appropriate operating conditions [38].
A temperature rise can be used between the inlet and outlet of the flow field to
increase the water vapor carrying capacity of the gas streams. Recent studies have
been addressed towards the development of advanced materials for improving
membrane performance. A new method involves multilayer composite polymer
electrolytes [39] where the humidifying layer contains platinum catalyst particles.

Another widely used method involves evaporation of liquid water injected into
the gas stream [36]. An atomizing nozzle could be used to inject water into the gas
flow streams of hydrogen and air. The latent heat required for H;O evaporation
causes gas temperature decrease, thus a heater around the injection chamber is
necessary. In addition, a long pipe equipped with heaters is useful to fully water
evaporation, avoiding condensation. In this case humidity control could be difficult
as well as the transient response would result very low, limiting the practical
application of this solution.

The water balance inside FCS requires at least a water condenser located at the
outlet of the stack. This device has the dual role to condense a significant part of
the water content of the warm and wet cathodic outlet stream (a mixture of
nitrogen, oxygen, and water vapor with the probable presence of small water liquid
droplets) for re-cycling in humidification devices, and to transfer/recover a part of
significant thermal energy content of the cathode stream. The condenser could also
collect, but in minor quantities, the excess water content of the anode compart-
ment. The condenser is then aimed at maintaining the vehicle endurance and to
cooperate to efficiency maximization.

4.6 Integrated Fuel Cell System: Efficiency,
Dynamics, Costs

Life cycle assessment studies demonstrate the potentialities of vehicles powered by
fuel cells in terms of both total emission and energy consumption reduction [40—42].

In particular, while the global environmental benefits of hydrogen are essen-
tially depending on the selected production technology (see Sect. 2.1), and the
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electrochemical approach for hydrogen oxidation assures intrinsically zero local
emissions, the potentialities of the fuel cell power generator play the crucial role in
determining the efficiency of a fuel cell propulsion system. On the other hand, the
expected fuel consumption of a vehicle depends not only on energy conversion
efficiency of the FCS but also on lightness and compactness of all propulsion
system components.

The FC power system could be practically applied in transportation field if it
demonstrated to own some essential qualifications, not limited to energy effi-
ciency, but extended to operation durability, also in terms of water neutrality, and
to FCS dynamic response during start-up and variable driving requirement phases.

Beside the characteristics of the main components involved in stack manage-
ment, already previously underlined, in this section the system integration con-
cerns involving dynamic behavior of individual sub-systems are analyzed,
detailing their impact on efficiency evaluation and stack response in automotive
conditions. The inter-connections between the stack and some crucial ancillary
components are specifically discussed to itemize the basic design issues of an
integrated FCS and to support the analysis of management strategies for vehicle
consumption optimization in several automotive conditions.

For a low pressure configuration the air supply system includes the com-
pressor preceded by a filter, while for a high pressure option a CEM group could
be adopted, adding an expander to the compressor and recovering the high
energy content of the outlet stream. In low pressure plant the hydrogen section is
based on dead-end configuration with a purge valve electronically controlled,
while in high pressure configuration the purged hydrogen should be used
optionally in a burner to enhance operation of the expander/turbine [43]. Higher
hydrogen exhaust flow rate increases the electric power recovered from turbine
reducing parasitic losses but the net efficiency results lower because of a minor
utilization of the fuel [43].

A representative scheme of a low pressure FCS plant for automotive application
is shown in Fig. 4.9. The reactant supply sub-systems could directly interact with
thermal and water management sub-systems, by means of a simultaneous transfer
of heat and mass into the humidifier devices, which should be inserted at the
entrance of the stack for both reactants. Thermal sub-system includes an internal
coolant circuit that is essentially constituted by a liquid pump, a radiator necessary
to reject the stack waste heat, and a liquid reservoir. Other minor but equally
important components are the de-ionizer filters, thermostat, and valves.

However, the cooling sub-system should expect interactions with the humidi-
fication devices inserted in air and hydrogen feeding pipelines. In particular the
warm cooling liquid outgoing from the stack can transfer a fraction of its enthalpy
content to feeding streams for their humidification, before passing through the air
cooled radiator. Humidification/water sub-system is constituted by all humidifiers
inserted in the overall layout, and by a water recovery loop, which concur to
realize an overall process water circuit.

This sub-system includes in particular condensers and demisters at the outlet of
cathode and anode compartments to recover a significant part of the high water
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content of the exhaust cathodic stream, and in minor quantities of the anode outlet
stream. The recovered water could be used as feed of humidifiers installed in the
entrances of the stack for oxidant or for both reducing and oxidant streams,
concurring to the operation of stack in water neutral conditions, improving reli-
ability of the power generator.

4.6.1 FCS Efficiency

The behavior of fuel cells in terms of individual and overall voltage as function of
current density represents the basic performance from which an overall efficiency
evaluation has to start. The impact of the parasitic consumption of auxiliary
components involved in the system management strategies on the net power
produced by the fuel cell stack represents the second important step to be carefully
evaluated.

The main ancillary components that concur to reduce the gross stack power are
reported in Fig. 4.10. The auxiliaries are actuated electrically, and the total DC
power produced by stack is partially consumed by the motors that move the
compressors and pumps, and by the electricity necessary to supply the radiator fan
and the controller.

The power consumption of ancillary components results particularly significant
in the low power ranges [44], and among them the air compressor provides the
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major contribution, in particular an air compressor alone in low pressure plants, or
Compressor Expander Modules in high pressure plants, would spend about 7-10%
of the net produced power by the stack. All the auxiliary components determine an
average consumption of about 25% of the net stack power [12, 45].

The role of auxiliaries can be also clarified by curves of Fig. 4.11, where stack
and system efficiency are shown as function of current density for a PEMFC stack
of 2.5 kW [46]. The FCS curve shows unsatisfactory efficiency values at very low
current density (lower than 100 mA/cm?), in particular evidence that electrical
ancillary devices strongly affect the net stack power in the power range corre-
sponding to the non-linear variation region of cell voltage. When net stack power
increases a profile tending almost to a plateau in a wide range of load is obtained
[12, 13, 45, 47], corresponding to the linear profile of polarization curve.

Stack needs to operate in this last range in most part of driving conditions in
order to guarantee high conversion efficiency. Efficiency loss due to fuel cells is
then limited to the resistance to proton flow through the polymeric membrane. The
system efficiency profile at low current density can be explained taking into
account that fuel cells are more efficient at part load (see stack efficiency curve),
and the impact of parasitic component consumption on net produced power
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gradually reduces with the load (see the area comprised between the two curves of
Fig. 4.11).

The performance of the air compressor affects both stack and system efficiency
by means of the impact of flow rate level and working pressure on both cell
voltage and compressor consumption [48, 49]. Low pressures and low stoichi-
ometric ratios minimize the compressor consumption but stack efficiency results
negatively affected (see also Sect. 3.3).

On the other hand, the choice of working at high pressure assures improvements
in individual cell performance, beside the disadvantage related to the not acceptable
energy consumption of the compressor, but it determines other advantages,
essentially related to the possibility of reducing the severe requirements for thermal
and water/humidification devices. In particular the water necessary for stream
humidification is reduced as well as the higher temperature differences minimize
the costs and the sizes of heat exchangers [1, 45]. The size of power plant could
address the choice of working pressure (see Sect. 4.3).

4.6.2 FCS Dynamics

Another important automotive qualification for a fuel cell engine is its dynamic
response to driving requirements. Vehicle drivability should require very fast
accelerations and rapid decelerations. It is desirable that the power generator is
able to deliver maximum power (almost up to 90%) with very short time delay.
Conventional engines are able to support the dynamic drivability requirements, but
the fuel consumption on overall driving cycles results strongly affected by the
contribution of these phases characterized by several not optimized working
conditions. Hybrid solutions have been recently proposed to improve pollutant
emission levels and fuel economy, exploiting the best efficiency conditions of
internal combustion engines. Hybridization approach, that involves a significant
contribution of energy storage systems (traction batteries, supercapacitors), should
be used also in fuel cell vehicles with the aim of minimizing hydrogen con-
sumption and maximizing the performance of the overall propulsion system.
Electric energy storage systems can assist the FCS or the internal combustion
engines in supporting high power dynamic requirements of the vehicle and permit
energy recovery during braking phases. Then the hybridization approach would
permit the steady state operation of the power generator. This possibility results
really interesting for IC engines, because emissions and fuel consumption could be
strongly reduced, while these advantages need to be carefully verified in fuel cell
vehicles. Hybridization does not change significantly the concern of evaluating the
dynamic characteristics of the FCS [45], as fuel cells present high efficiency at part
load and system efficiency is high in a wide range of loads. Load variations could
then intercept many working points at high efficiency. Thus, the analysis of their
dynamic performance in a wide range of operative conditions appears desirable.
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First of all it is important to analyze the response rate to transient or dynamic
requirements of all individual sub-systems, included the stack [50]. The electro-
chemical phenomena that occur inside the fuel cell stack are very fast, while water
and thermal management systems show an enormous inertia with respect to typical
vehicle requirements. In particular working temperature is a crucial parameter for
designing BOP components such as heat exchangers, condensers and humidifiers
devices to match dynamic requirements. Equation 4.8 could be used to demon-
strate that the thermal capacity of the whole stack limits the dynamic in temper-
ature change.

On the other hand, fuel supply system response (when hydrogen is stored in
high pressure tanks) results intrinsically faster than air supply system. The
dynamics of this last sub-system appear particularly significant for the evaluation
of dynamic performance of an overall FCS [48], as air compressor response is the
limiting step for an adequate response of stack to load requirement changes. In
particular the variations in air flow rates have to guarantee instantaneous stoi-
chiometric ratios always not much lower than 2 during fast accelerations [49].

A dynamic corresponding to a variation rate from 10 to 90% of maximum power
in about 5 s appears the best actual performance of a well-balanced FCS for
automotive application [6]. However, the reliability of the stack undergone to
several dynamic cycles based on the above power variation rate need to be verified.
The question is firstly to instantaneously avoid flooding at low temperature or
de-hydration at high temperatures. FCS management strategies have to consider the
low response rate to changes in working conditions of water/thermal sub-system.
A variation of operating temperature may occur only slowly, while dynamic
operation of FCS requires rapid shifting in electric power production.

Two crucial phases have to be considered:

1. Taking into account that an optimal strategy should expect a maximum tem-
perature level (about 75°C), during minimum power working points at high
temperature the water produced inside the stack results very low, in spite of a
fast evaporation from the membrane. Humidifier operation is then essential to
assure saturated streams inside the stack. Fortunately the operative conditions
are beneficial (low air flow rate and high temperature) for exploiting the per-
formance of thermal/humidification devices.

2. During start up, when the stack temperature and then performance (voltage) are
low the passive BOP devices devoted to stream and stack humidification
(enthalpy wheels membrane humidifiers) do not work as they are essentially
based on the difference of temperature and then are practically excluded by the
FCS management; on the other hand, at low temperature the requirements for
stack humidification are strongly reduced and membrane could self-hydrate if a
sufficient water production (proportional to power requirement) occurs.

The presence of water in the system makes FCS susceptible to freezing, and
specific procedures are necessary to purge almost completely the stack when it
stops during winter seasons in cold countries [43]. A portion of catalyst surface
(especially at cathode side) could be covered with ice becoming not capable to carry
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out the electrochemical reaction. At present, rapid unassisted cold start of PEMFC
stacks is still hardly feasible, especially when room temperatures reach values
lower than —20°C [51]. The warm-up of the stack starting from subfreezing tem-
peratures implies that stack temperature must be raised above 0°C before the ice
completely covers the cathode surface, blocking the reaction progress. Managing
buildup of ice is the key to realize an effective start-up, and recent modeling studies
suggest that it is useful to operate the stack near short-circuit conditions [51], as
“ohmic heat” (Eq. 4.7) is the largest heating source at low cell voltages [52].

4.6.3 FCS Costs

A discussion on manufactured costs of fuel cell vehicles, with particular emphasis
to PEMFC stacks and BOP components, is useful to assess the present limits for
the commercialization with high production volumes. Recent evaluations evi-
denced that the estimated costs related to PEMFC and integrated FCSs results too
high, at least four to five times higher than conventional engines [15, 53, 54]. At
this regard PEMFC stack materials and the relative complexity of FCS play an
important role in determining the overall expected cost. A drastic reduction of the
costs is then crucial for a realistic application in automotive field.

Projected costs for an high pressure plant of about 80 kWe realized by Argonne
Laboratories in 2005 have been fully estimated [15], considering the existent
technology but also including some conceptual future possibilities for improved
materials and related FCS management strategies. In the Table 4.2 a breakdown of
the most significant costs for FCS components, expressed as percentage ratio
between the individual component and actual reference FCS cost, is summarized. It
can be noted that the stack is largely the most expensive device in H,FCS (63%), but
future developments could strongly reduce its impact on overall cost (about 30%).

The electrodes represent, in stack manufacture, the main outlay (77%), while
membranes (6%), gas diffusion layers (5%), and bipolar plats (5%) follow spaced
out. Electrode costs are strictly related to the very expensive Pt content. Thus,

Table 4.2 Projected costs for stack and BOP components

FCS component Projected actual Projected future
cost (%) cost (%)

Stack 63 30

Air management system 13 12

Water management system (humidifiers) 7 3

Fuel supply system (blowers and ejectors) 4 4

Coolant pumps and fans 4 3
Miscellaneous and assembly 9 9

Total

Overall FCS cost 100 61

Adapted from ref. [15]
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many efforts are aimed at significantly reducing Pt loading in electrocatalysts
[55, 56]. Recent results evidence that the activity of Pt catalysts in cathode reaction
can be maintained or even enhanced by partially replacing the noble metal with the
cheaper nickel [57], while a new deposition method could offer promising
potentialities in terms of interfacial durability [58]. On the other hand, the deg-
radation mechanisms of the different components of MEA and in particular related
to Pt particle sintering [59] need to be continuously verified for future innovative
cheaper materials.

The most important cost abatement of BOP components will probably derive by
further developments in fuel cell membrane technology, especially in terms of
higher resistance to humidity level changes during power system operation [15]. In
particular these advances would permit to reduce dramatically the requirements for
the water management sub-system by eliminating some expensive devices. The
necessity to operate at high pressure should be suppressed as option, making the
turbine not necessary, but especially the plant could exclude membrane humidi-
fiers (impact on costs reduces from 7 to 3%) and hydrogen purge valves. These
actions have obvious positive effects not only on the overall cost, but also on the
reliability and simplicity of the FCS. On the other hand, the high costs of MEA,
bipolar plates of the stacks as well as of dedicated BOP components could benefit
from the potential of cost reduction trend related to larger volume of production.
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Chapter 5
Electric Vehicles in Hybrid Configuration

While hybrid thermal electric vehicles (HTEV) are emerging as a viable option to
improve efficiency and environmental impact of private cars, the alternative of
pure electric vehicles have been always considered with the aim of decoupling the
use of oil from transportation sector assuring zero local emissions [1]. However,
the limitations of electric vehicles equipped with traditional energy storage sys-
tems, essentially vehicle range and battery recharging time, justify the strong
research interest towards new solutions based on the hybridization of basic electric
vehicles by adding other energy storage devices and electric power generators on
board. In this context, fuel cells are the prime candidates, thanks to their high
efficiency and capability to use hydrogen as fuel without generating pollutant
emissions [2].

The utilization of fuel cells in propulsion systems for road transport applica-
tions raises the question of the optimal hybridization level between on board
generation and storage of electric energy (batteries, supercapacitors).

The main issues of hybrid propulsion systems are discussed in this chapter,
drawing attention to basic characteristics of power train components and aspects of
energy management within each hybrid configuration. The main characteristics of
electric drives are described in Sect. 5.2, different types of electric energy storage
systems are analyzed in Sect. 5.3 and Sect. 5.4, while different configurations of
hybrid electric vehicles are discussed in Sect. 5.5, with particular reference to fuel
cell propulsion systems (Sect. 5.5.4).

5.1 Electric Vehicles: Preliminary Remarks

After the invention of the first electric carriage by R. Anderson between 1832
and 1839, practical and more successful electric road vehicles were realized by
both T. Davenport and R. Davidson around 1842, using non-rechargeable
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electric batteries. Improved-capacity storage batteries were developed by G.
Plante in 1881, paving a promising way for electric vehicles. Then, mass
production of rechargeable batteries made possible a fairly wide use of electric
vehicles, which began to be commercialized by the end of the nineteenth
century. The first car to exceed 100 km/h was an electric vehicle, well know as
‘La Jamais Contente’, driven by the Belgium racing driver Camille Jenatzy.
Later in 1916, Woods proposed a hybrid car with both an internal combustion
engine and an electric motor. At that time electric vehicles had many advan-
tages over the other vehicles, such as gasoline or steam cars, especially in terms
of reliability, vibration, smell, and noise. On the other hand, the other type of
vehicles, such as steam engine and internal combustion engine vehicles, needed
start up devices and their thermal efficiency were low. Nevertheless, at the
beginning of the twentieth century, the decline of electric vehicles occurred,
and was caused by several factors: the long time required to recharge the
batteries, the increasing necessity of longer-range vehicles, discovery of new
oil wells, the invention of the electric starter by Charles Kettering, the mass
production of internal combustion engine vehicles. Among the above problems,
the limited range of battery electric vehicles (BEVs) still remains the most
critical one, together with the higher cost with respect to internal combustion
vehicles of similar size [3, 4].

The use of electric vehicles on a large scale implies that batteries need to be
recharged, and this can be accomplished by three different ways.

The first solution to recharge an electric vehicle is the domestic charger
installation, used for overnight charging. The second form of charging is repre-
sented by public charging stations, which provide the recharge of batteries while
cars are parked at supermarket, railway stations, work places or even residential
roads. Finally, the third form of recharging is represented by roadside recharging
stations with similar service as petrol station offer for conventional vehicles
nowadays.

The wide use of electric vehicles should imply the widespread of battery
charging facilities, which represent an essential and substantial investment for the
development of the electric vehicle technology. The consequence would be the
further development of both battery chargers and power supply infrastructures,
together with the innovation of the components strictly related to electric vehicles.

In any case, the recharge of an electric vehicle would take much longer time
than the few minutes required for refueling the tank of both liquid and gaseous
fuels. The possibility to overcome the problem of refueling rate by the adoption of
hybrid electric technologies represents one of the reasons that justify the increasing
interest towards these vehicle configurations [3].

The main components of BEVs are a rechargeable battery pack, an electric
machine with its power drive, a cabling system, a cooling system and a vehicle
structure [5]. The electric and mechanical connections between the main com-
ponents of a BEV are shown in Fig. 5.1. The battery pack is generally recharged
from the electric distribution network via a plug. The battery charger can either be
on board or part of the charging point.
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Fig. 5.1 Electric and
mechanical connections
between the main compo-
nents of a BEV
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Nowadays the worldwide market offers a range of electric vehicles which
fundamentally use the configuration described in Fig. 5.1. For example, from the
smallest to the biggest ones it is possible to mention: electric bicycles, electric
wheel chairs, tricycles, small commuter vehicles, delivery vehicles, electric golf
buggies, electric cars, delivery trucks and buses. The fact of the matter is that
private electric cars do not play an important role in the field of BEVs, but each of
the above types of vehicles fills a different niche in its specific market.

The scheme of Fig. 5.1 represents the base of all other types of electric vehi-
cles, both those using an additional traction engine on board (HTEV) and those
adopting alternative storage/generation electric energy systems to power the
electric drive (hydrogen fuel cell electric vehicles, HFCEV, solar vehicles and
vehicles using flywheels and supercapacitors).

5.2 Electric Drives for Road Vehicles

The main characteristics of electrical drives are reported in this section from the
point of view of the application of these components to road electric vehicles.

Electrical drives are composed of rotating electric machines (which transform
electric energy into mechanical energy or viceversa), power electronic converters
and controllers connected together in order to operate the whole electrical drive in
steady state or variable speed working operations.

Rotating electric machines fundamentally can be subdivided in two main types:
direct current (DC) machines and alternating-current (AC) machines. All types of
rotating electric machines have a stationary part, called stator, and a rotating part,
called rotor. Generally the rotor is connected to a shaft which the mechanical
torque acts on.

In rotating electrical machines, several conductors are distributed along the
inner and outer sides of the air gap between rotor and stator, which are electrically
excited. These conductors carry currents in the rotor and stator conductors creating
resultant magnetic fields, which vary in space and time. The interaction between
the two magnetic fields causes a resultant electromagnetic torque, which have a
very important effect on the steady-state and transient behavior of the machine.
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The main technologies of electric machines used for electric road vehicles are:
DC motors, induction motors, permanent-magnet brushless, DC-switched reluc-
tance motors [2]. These different types of electric machines are analyzed in the
following sections of this chapter.

5.2.1 DC Electric Machines

The DC motor, whose basic principle is shown in Fig. 5.2, represents the simplest
typology of electric machine, widely used for many domestic and industrial
applications.

The most common DC machine, also called brushed DC motor, is characterized
by the presence of a collector, which is essentially a set of electric contacts
electrically insulated among them. The rotor windings are equally distributed
along the rotor surface and their terminals depart from and arrive to each contact of
the collector. The application of a DC voltage to the rotor windings, by means of
carbon brushes in contact with the collector, generates a magnetic field with a
polarity spatially changed by the position of brushes with respect to the collector.
At the same time a stationary magnetic field is generated in the stator part, by
means of permanent magnets or winding collocated on a magnetic structure. The
interaction of these two magnetic fields generates a rotation of the rotor with
respect to the stator.

Classic brushed DC motors present limitations due to the need for brushes to
press against the collector, with the consequence of friction resistance. At higher

Fig. 5.2 Principle of opera-
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speeds, brushes increase difficulty in maintaining contact, creating sparks, because
of some irregularity in the collector surface. This sparking limits the maximum
speed of the machine, as too-rapid sparking will overheat, erode, or even melt the
collector. The current density per unit area of the brushes, in combination with the
resistivity of the material, limits the performance of the motor also causing
electrical noise. Brushes eventually wear out and require replacement, and the
collector itself is subject to wear and maintenance or replacement.

Other types of DC motors are classified according to their specific stator
excitation, based on four standard methods of supplying current to the excitation
windings for brushed DC motor: parallel DC machines, series DC machines,
compound DC machines and separately excited DC machines (Fig. 5.3a—d) [6-8].
The parallel DC motor has the ability to self-regulate its speed, but it is particularly
difficult to control, because in some circumstance, a reduction in supply voltage
have very little effect on the speed. The main advantage of the series DC motor is
that the torque is very high at low speed and falls off while the speed is increasing.
This characteristic is useful in some applications, for example, the starter device of
internal combustion engines, but it is not what a road vehicle generally requires.
The compound DC motor is designed to combine the advantaged of the motors
from which is derived.

In separately excited DC machines (Fig. 5.3d) the excitation is obtained by
means of field windings which have a supply separated from the rotor windings,
and this gives a separated control of speed and torque, according to what is
required in an electric vehicle. Separately excited brushed DC motors were widely
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Fig. 5.3 Different methods of supplying current to the excitation windings for brushed DC
motor. a parallel DC machines, b series DC machines, ¢ compound DC machines, d separately
excited DC machines
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Fig. 5.4 Scheme of a swit-
ched reluctance motor

used in the past as traction motors for electric vehicle, especially for their easy
regulation. They were then substituted by induction motors for their robustness,
reliability and low cost, as described in the following paragraphs.

In permanent-magnet DC machines, the excitation static magnetic field is
generated on the stator by using permanent magnets. DC-switched reluctance
motors have ‘notches’ or ‘teeth’ on both stator and rotor, which are called salient
poles. Each couple of opposite poles on the stator carries a couple of excitation
coils electrically connected in series to form a couple of magnetic poles, whereas
the rotor has no windings. When a DC voltage supplies a phase of the stator
windings, the rotor rotates to minimize the reluctance of the magnetic circuit
through rotor and stator. In Fig. 5.4, an example of switched reluctance motor is
shown [1, 3].

The DC motor is still used for some specific traction applications, but has been
almost completely substituted by other types of motors, which are becoming more
common for the electric vehicles.

5.2.2 AC Electric Machines

AC machines have one or more sets of three-phase windings distributed on the
stator. The number of these set of windings is called number of poles of the electric
machine. These three-phase windings are distributed along the stator in a sym-
metrical way in the space. For that reason, when a three-phase AC voltage is
applied to the stator winding a rotating and sinusoidal magnetic field is generated
along the air gap. The orientation of that magnetic field changes according to the
sign of the three-phase AC currents flowing in the windings. The rotating magnetic
field rotates at the so-called synchronous speed, which is equal to the pulsation of
the three-phase voltage (w = 1/f) divided by the number of poles [9].
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Asyncronous AC machines, also called induction machines, have rotor windings
realized with conductors soldered together with two end rings, realizing what is
known as squirrel gage (see Fig. 5.5). The interaction of the rotor conductors with
the rotating magnetic field generated by the stator windings induces electromotive
forces and thus currents in the rotor windings, which interact with the cause that
generates the same currents (Lenz’s law) [10]. The consequence of that magnetic
mutual interaction is that also a rotor magnetic field is generated, rotating at the
same synchronous speed and with alternative poles. The attraction and repulsion
between the stator magnetic field with the rotor magnetic field generates an
electromagnetic torque, which is different from zero only when there is syn-
chronization between the two magnetic fields of rotor and stator, or in other words
when the two magnetic fields rotate at the same speed with respect to the stator or
the rotor and the rotor speed is different from the synchronous speed.

The working principle of the induction machines is based on the fact that rotor
currents are induced by the stator currents, and this is the main cause of losses in
the rotor windings, which makes these types of machines less efficient than other
brushless machines [11]. However, asynchronous machines are widely used and
their mass production makes them reliable and well developed, for that reason
their cost is quite low.

Synchronous AC machines have a stator similar to the asynchronous machines,
which has usually a three-phase stator winding. Whereas there are two types of
rotor structures: round cylindrical rotor and salient pole rotor as illustrated
schematically in Fig. 5.6. The rotor field is generated by permanent magnets or a
DC current winding, as reported in the same figure. In the first case they are called
permanent-magnet synchronous AC machines.

The DC rotor winding is supplied with an external DC voltage by means of a
brush-ring system, similar to the brush-collector system for the DC electric
machine. The excitation of the rotor winding can also be obtained with a DC
generator, known as exciter, located on the rotating shaft, or other excitation
systems using AC exciter and solid state rectifiers.

In synchronous AC machines the synchronization between the stator and rotor
magnetic fields is achieved since the rotor magnetic field is fixed with respect to a
rotor observer and thus it operates at the same speed as the rotor, which is the same
speed of the stator magnetic field.
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Fig. 5.6 Schematic illustration of synchronous machines of a round or cylindrical rotor and
b salient rotor structures

Variable reluctance synchronous AC machines represent other types of syn-
chronous machines which do not require any excitation system on the rotor [3].

5.2.3 Control and Power Electronics

DC machines are simpler and cheaper, because their speed regulation is based on
scalar controls. For that reason they need simple electronic boards to control the
DC electric drive operations. Moreover, they have the advantage that they can be
fed by the DC supply already on board. On the other hand, the principal disad-
vantage is represented by the maintenance required, since for instance brushes
need to be periodically checked and changed. Another point to take in consider-
ation is that fuel cell electric vehicles equipped with brushed electric machines
would require specific safety devices to avoid that sparks of the collector during
the commutation might interact with the hydrogen used as fuel on board.

Asynchronous machines have the great advantage to be mechanically robust,
because of their simple rotor windings. Nevertheless, AC electric drives require
sophisticate control algorithms, based on vector relationships between the regu-
lation parameters and the cost of their implementation is quite high. Although,
nowadays electronic components and especially microcontrollers are becoming
cheaper than in the past and for this reason AC drives are now more competitive
than DC drives also in terms of cost.
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Variable speed drives are generally based on a set of an electric machine driven
by power electronic converters and controls, which are implemented in electronic
cards. The whole system makes possible the speed regulation of the electric
machine.

In Fig. 5.7, the scheme of a generic DC electric drive supplied by a battery pack
is shown, and it also represents the traction drive for a BEV.

The DC-DC converter changes the electric characteristics of voltage and cur-
rent supplied by the electric source in order to feed the electric machine and satisfy
the load mechanic requirements.

AC electric drives require more sophisticated converters when they are supplied
with DC sources, because electric machines requires periodic voltage and current
waves with a variable frequency depending on the load requirements. In Fig. 5.8,
the scheme of an example of three-phase induction motor driven by a pulse-width-
modulated inverter is reported. In this scheme a three-phase bridge connection
with six power modules is shown to form the so-called inverter. Each power
module can be composed by a number of power switches connected in parallel to
carry higher currents. Across each power switch (IGBT) a parallel diode is con-
nected to provide a return path for the phase current when the power module is
switched off.

For the design of an electric vehicle, it is important taking into account that the
use of high battery pack voltage affects the design of the power electronics. In fact,
high values of voltage mean low current and then reduced losses due to voltage
drops in the power electronics. However, the values of voltage are limited by
safety considerations.

The voltage waveform which feeds the motor is controlled by pulse-width
modulation (PWM) of each of the six power modules, by means of control signals
optimizing the motor phase currents. The PWM is controlled evaluating the motor

Fig. 5.7 DC electric drive of
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Table 5.1 Characteristics of power switching components

Transistor Maximum Maximum Maximum operating  Easy of Cost
type blocking voltage steady current frequency (kHz) paralleling

M A
Thyristor 6000 4000 1 Not required  Low
GTO 6000 6000 1 Not required ~ High
Mosfet 1000 100 1000 Easy High
IGBT 1200 400 100 Easy High

Adapted from Ref. [12]

torque by measuring stator currents and deducing the air gap flux from the motor
phase voltages and then controlling the whole electric drive in order to produce the
maximum load torque for the minimum value of current. Snubber circuits can be
connected across each power module to control the shape of the switching
waveform, they generally consist of a resistance-capacitor in parallel with the
power module and an inductance in series with the power module. A capacitor
bank is generally connected between the positive and negative input terminals of
the inverter to filter the DC input voltage and to reduce the ripple of the high
frequency currents generated during the PWM switching.

Before 1990s, thyristors and transistors were used as power modules for AC
drive systems. Since then other semiconductor switching power modules have
been used, such as GTO, MOSFETs, IGBTs, and combination of them. Nowadays
IGBT and MCT-based inverters are used by electric drives manufacturers for the
electric car market. The key characteristics of the different types of technology
used for power electronic component are reported in Table 5.1. However, other
power switching modules are currently under development [12].

The power dissipated by the semiconductor components is considerable for an
electric road application and for that reason heat-sinks are essential. This means
that the voltage drops across the semiconductor component and this value of
voltage drop is an important characteristic to be considered in the selection of the
component for the specific application. Moreover, it should be taken into account
that in AC drives each current passes through two power components in series
rather than through a single component required in DC converters.

Since the same voltage drops across each electronic switch when it is con-
ducting, it means that the losses in AC inverters are significantly higher than those
in DC converters. Another consideration to be taken into account for the design of
an inverter for electric cars is the necessity of a cooling system. Natural air, forced
air or liquid cooling systems could be used, the dimensions of the heat-sink being
designed by the efficiency of each cooling method.

5.3 Storage Electrochemical Batteries

The term storages batteries or accumulators is used for devices able to
supply electric energy stored in active materials by means of electrochemical
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oxidation—reduction reactions, which convert chemical energy to electrical energy
(see Sect. 3.1). They consist of one or more cells joined together and generally
connected in series, depending on the voltage or capacity required by the designer
[13]. After their discharge, batteries are recharged electrically to their original state
by passing a controlled current through them in the reverse direction to that of
discharge. The term battery pack is often used by electric vehicle designers to refer
to the overall storage system composed by more batteries connected in series or
parallel, with the function of supplying the electric drive.

Next sub-sections report the definition of the main operative parameters that
characterize the battery working and some details about the electrochemistry of
different types of batteries.

5.3.1 Main Operative Parameters of Batteries

5.3.1.1 Battery Voltage

The battery voltage is the voltage value measured at the battery terminals when the
battery is delivering energy. The nominal voltage for a battery is a voltage ref-
erence value which the battery is referred to and it gives approximately the voltage
when the battery works properly in the working range defined by the manufacturer.
Traction batteries are usually referred as 6 or 12 V nominal voltage batteries, and
these units are connected in series to produce the required voltage. In practice, this
voltage changes as a function of the battery current: the voltage falls when the
current is given out and rises when the battery is being charged. For example,
Figs. 5.9 and 5.10 show the lead—acid cell voltage as a function of time for a
constant current charge and discharge.

The voltage drop observed in 5.10, typically 0.02-0.03 V, at the beginning of
discharge, is related to the delay of the anodic discharge reaction (see Sect. 5.3.2),
due to the electrolyte saturation with lead ions.

Fig. 5.9 Lead-acid cell
voltage charge for a constant
charge as a function of time
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Charging time [h]
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Fig. 5.10 Lead-acid cell
voltage discharge for a con-
stant current discharge as a
function of time

Cell voltage [V]

Discharge time [h]
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The operative working condition of a battery can be represented by simple
equivalent circuits, which are only valid for charging or discharging operations
without considering the current transient phenomena. The discharging equivalent
circuit of a battery is shown in Fig. 5.11.

In this case, the battery is represented by a fixed voltage E, connected in series
with a resistance R,. The voltage Vi, at the terminals of the battery is different
from the open circuit voltage E,, because of the drop in voltage caused by the
internal resistance R;. Thus, if I is the current flowing out of the battery, as shown
in Fig. 5.11, the terminal voltage of the battery is expressed by the following
equation:

Voaw = Eo — R11. (51)
If I = 0, obviously the terminal voltage equals the open circuit voltage:
Vbat = Eo. (5.2)

The internal resistance R; for electric vehicle batteries should be evidently as
low as possible. The charging equivalent circuit of a battery is shown in Fig. 5.12.
The difference with the discharging equivalent circuit is the resistance R, and
the switch S. The resistance R, takes in account the charging losses, which start to



5.3 Storage Electrochemical Batteries 143

be effective when the switch is closed and that happens for values of V higher than
a specific value depending on constructive characteristics of the battery.

5.3.1.2 Battery Capacity

The battery capacity represents the electric charge that a battery can supply.
Instead of using the Coulomb, which is the SI unit for the electric capacity but is
an inconveniently small unit, the Amphour (Ah) is commonly used to refer to the
capacity of electric vehicle batteries. Batteries are characterized by a nominal
value of capacity, determined with predefined procedures. However, the real
capacity of a battery depends on the current values drawn out from it. This
changing in the expected capacity is caused by uncompleted or unwanted reactions
inside the cell. This effect occurs in all the types of batteries, but it is particularly
accentuated for lead—acid batteries. Figure 5.13 shows typical discharge curves for
different discharge rates (I, I,..., I), where the black line shows the available
capacity as a function of the discharge time.

The capacity of batteries used to supply electric vehicles is generally referred to
a 5 h discharge, and in that case, the capacity is represented with the symbol Cs.
Moreover, the value of battery capacity is often used to represent a current value,
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for example a battery with a capacity C = 52 Ah, can be discharged at a current of
2C or 0.4C, to mean that the discharging current is 104 or 20.8 A, respectively.

5.3.1.3 Battery Energy and Power

The SI unit for energy is the Joule, but for batteries the Watthour (Wh) is preferred
to Joule, which is a very small unit. 1 Wh is equal to 3600 J. The energy stored in
a battery (Ey,) depends directly on the charge (C) and voltage at its terminals
(Vbaw), as expressed by the following relation:

Evae (Wh) = Vi (V) - C (Ah). (5.3)

However, as both battery voltage and capacity depend on the battery charge and
discharge rate, the evaluation of the energy stored in a battery could reduce sen-
sibly if the electric energy is released or charged quickly, with high discharge or
charge current.

Specific energy is the electric energy stored for one kilogram of battery mass
and its unit is Wh/kg. Since the energy stored in a battery depends on many factors
such as temperature and discharge rate, the specific energy can be only approxi-
mately evaluated for the battery mass.

Specific power is the electric power obtainable per kilogram of battery and its
unit is W/Kg. The evaluation of this variable has to take in consideration that the
real power given out by a battery is highly dependent on the load connected to its
terminal. Moreover, it is convenient to operate the battery at its maximum power
only for a short time of few seconds, otherwise the battery life might be seriously
compromised and the battery would operate in a very inefficiently way.

Generally batteries with high specific energy have a low specific power. In
other words many types of batteries can store a large amount of energy, but they
can only give it out at low rate. That means to drive the vehicle over a long
distance at a low speed.

To compare different types of batteries, in terms of specific power and specific
energy, it is helpful using the Ragone plot, which is a graph of specific power
versus specific energy. Figure 5.14 shown a Ragone plot for the main typologies of
battery currently under development. Ragone plots are also used to make a
comparison between batteries and other technologies of energy storage, such as the
super capacitors and flywheels [1, 3, 5].

5.3.1.4 Amperhour and Energy Efficiency

The amperhour efficiency is defined as the ratio of the amperhours supplied by a
battery to the amperhours required to give it back to the state before discharge.
The amperhour efficiency is generally less than 100% and the real value depends
on the type of battery, temperature, rate of charge and state of charge. In particular,
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the amperhour efficiency could be very close to 100% for a state of charge ranging
from about 20 to 80%, but the efficiency might fall down greatly for values of the
charge under 20%, depending on the type of battery.

Energy efficiency is defined as the ratio of electrical energy supplied by a
battery to the electrical energy required to give it back to the state before dis-
charge. The energy efficiency is strongly dependent on how the battery is used, in
particular the energy efficiency can decrease considerably when the battery is
charged or discharged very rapidly.

5.3.1.5 Battery Lifetime

The number of cycles of a battery is a parameter representative of the battery
lifetime of the battery and it affects the vehicle maintenance costs. The number of
cycles of a battery represents the number times the battery can be completely
charged and then discharged, without compromising its properties to store energy.
Hundreds of cycles are guaranteed by many battery companies, although this
number depends on the battery type.

Many types of batteries loss a certain amount of the initial charge when they are
unused, and this phenomenon is called self-discharge. For that reason, some
batteries need to be periodically recharged, if they are left unused for long periods
of time. Self-discharge is related to kinetics of chemical reactions occurring inside
each type of battery, and then it is strongly dependent on temperature.

Several types of storage batteries have been studied and tested for many years
to be used on electric vehicles and other of them are presently under development.
The key characteristics of the most used batteries to supply electric cars and the
more promising ones are presented and analyzed below.
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5.3.2 Main Characteristics of Different Types of Batteries

5.3.2.1 Lead-acid Batteries

The lead batteries had their industrial beginning with the first experiments of
Plante on storage batteries in 1859 [14]. Since then many other type of storage
batteries have been studied and tested, but lead—acid batteries have been the most
largely developed and represent the type of battery most widely used in the past
century.

A lead—acid battery is constituted by a spongy lead anode, a porous lead dioxide
cathode and an electrolyte based on a aqueous solution of H,SO,4 (about 2.3 M).
During the discharge phase, when current is drawn, both electrodes react with the
electrolyte to form surface lead sulfate, according to the following semi-reactions [15]:

at Pb anode (negative terminal)

Pb + SO2™ — PbSO, + 2¢~ (5.4)

where the generation of electrons due to lead oxidation allows the occurring of an
electric current through an external circuit
at PbO, cathode (positive terminal)

6) PbO, + 4H' — Pb*" 4 2H,0 (5.5)
(ii) Pb*" 4+ 2¢~ — Pb*" (5.6)
(iii) Pb*" + SO~ — PbSO, (5.7)

where the hydrogen from sulfuric acid reacts with oxygen of lead dioxide to form
water, while the lead is reduced by the electrons coming from the external circuit
to a form suitable to react with the sulfate ion.

Then the overall electrochemical process involved in the voltage production by
a lead—acid battery is:

Pb + PbO, + 2H,SO4 — 2PbSO, + 2H,0 (5.8)

to which an open circuit voltage is 2.1 V at room temperature is associated. The
reversed reaction is of course involved in the charge process, when the lead sulfate
is broken down, lead oxide is deposited on the positive electrode and lead is
deposited on the negative electrode.

Different types of lead—acid batteries have been developed as energy sources
for many power applications, like traction and backup or standby power systems.
The flooded lead—acid batteries have an excess or flooded electrolyte and they
were the largest used at the beginning of the last century for many applications.
Valve-regulated lead—acid (VRLA) batteries were developed as an alternative to
the flooded lead—acid batteries, in order to maintain levels of distilled water and
prevent drying of cells, which means safe operation for battery packs in electric
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vehicles applications. They are characterized by an specific energy of 35-50 Wh/kg
and specific power higher than 150 W/kg, and are called “no maintenance”
battery, because they require minimal attention or low maintenance by the user.
Two types of VRLA batteries are available commercially: the first is based on
absorbed glass mat (AGM) and the second on the gel technology. AGM batteries
have the best performance, because they have the lowest internal resistance,
whereas their specific gravity is about 1.2 times the flooded Pb-acid and about 1.3
the VRLA gel batteries, but several critical factors such as ventilation, space
requirements, acid containment, safety, environmental impact, material recycla-
bility have to be carefully taken in consideration by the designer.

5.3.2.2 Nickel-Zinc Batteries

Nickel oxide electrodes constitute the positive plates of several storage systems
(among which nickel-zinc, nickel cadmium, nickel metal-hydride, sodium—nickel
chloride) [16]. In recent years, the high-specific energy and specific power of Ni—Zn
systems has increased the interest in their use for electric vehicles with respect to
the past years, when their application was essentially limited by a short cycle life.

In these systems, the discharge semi-reaction occurring at the nickel electrode is:

2NiOOH + 2H,0 + 2¢~ — 2Ni(OH),+20H" (5.9)

while the zinc electrode is involved in the following dissolution-precipitation
semi-reactions:

(i) Zn +40H™ — Zn(OH)} +2¢~ (5.10)
(ii) Zn(OH);” — ZnO + 20H™ + H,0 (5.11)

The electrolyte is a solution of aqueous KOH (usually 20-35 wt%) with 1 wt%
of LiOH (which is saturated with ZnO), whose function is to enhance the charge
acceptance of NiOOH electrode. The overall discharge reaction is the following:

Zn + 2NiOOH + H,0 — ZnO + 2Ni(OH), (5.12)

with a cell voltage of 1.75 V at room temperature. During the charge phase ZnO
and Ni(OH), are dissolved with re-deposition onto the electrodes of zinc and
nickel oxide.

This type of batteries is characterized by a specific energy of about 70 Wh/kg
and a specific power of about 150 W/kg, great temperature tolerance, from —39 to
81°C, and a quire flat discharge characteristic. Nevertheless, the key problem for
these batteries was the maximum number of deep discharge cycles, principally
caused by the high solubility of the zinc oxide. After years of development, the
Ni—Zn batteries have today reached the commercial viability, and present per-
formance comparable to those of Ni-Cd and Ni-MH systems.
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5.3.2.3 Nickel-Cadmium Batteries

Nickel-cadmium batteries use a hydrate nickel oxide as positive electrode, a
metallic cadmium as negative electrode and an aqueous solution of potassium
hydroxide as electrolyte [17]. The production of electrons at the negative plate
during discharge occurs via the following semi-reaction:

Cd + 20H™ — Cd(OH),+2¢" (5.13)

while at the nickel positive plate the discharge reaction involves a mechanism of
proton transfer between nickelic and nickelous hydroxide within the homogeneous
solid phase:

NiOOH + H" + ¢~ — Ni(OH), (5.14)
As a consequence the overall discharge reaction is the following:
2NiOOH + Cd + H,O — 2Ni(OH),+Cd(OH), (5.15)

with a cell voltage of 1.30 V at room temperature. During charge cadmium
hydroxide at the negative electrode is re-converted to metallic cadmium, while at
the positive electrode a proton is lost by nickelous hydroxide to re-form nickelic
hydroxide.

Nickel-cadmium batteries represent a good compromise between specific
energy, specific power and reliability, but they suffer from the memory effect, due
to the growth of cadmium crystalline particle size. In particular, they have a
specific energy of 50 Wh/kg, a specific power of 200 W/kg and can accept high
charge and discharge current rate, and this last characteristic makes them inter-
esting for electric vehicle manufacturers. Moreover nickel-cadmium batteries can
store slightly more energy per unit in weight than lead—acid batteries, and have a
fairly high rate of self-discharge at high temperature. Nevertheless a very
important issue to take into consideration is the toxicity of cadmium and the
danger of an environment contamination, because the recycling of nickel-cad-
mium batteries is complex. Those reasons have arrested the use of these systems
and made more attractive other types of batteries.

5.3.2.4 Nickel-Metal Hydride Batteries

The Ni-MH batteries use the same positive electrode and electrolyte as the Ni-Cd
systems, while hydrogen storage alloys are adopted as the negative electrode in
substitution of toxic cadmium. The metal alloys in which hydrogen is stored can be
based on mixtures of nickel with rare earth, or blends of nickel with titanium,
vanadium and zirconium. During discharge the cathodic semi-reactions are the
same as the Ni—Cd batteries, while at the anode the electron production is given by
the following semi-reaction:
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MH-+OH — M+ H,0 +e” (5.16)

during charge reduction of water determines hydrogen adsorption into the lattice of
the inter-metallic alloy to form the metal hydride.
The overall discharge cell reaction can be written as:

NiOOH + MH — Ni(OH),+M (5.17)

to which a cell voltage of 1.32 V at room temperature is associated. Unlike
other nickel based batteries the charge—discharge mechanism in a Ni-MH
system is not based on anodic dissolution—precipitation, but employs the proton
transfer in homogeneous solid phase between nickel hydroxide and hydrogen
storage alloy.

The Ni-MH batteries started their existence since the beginning of the last
century and their performance, especially in terms of capacity, have been
improving dramatically. Today nickel-metal hydride batteries are considered a
better solution for electric vehicle applications than nickel-cadmium batteries,
because of their better performance without the toxicity issues of cadmium
[18]. They have a specific energy greater than 50 Wh/kg and a specific power of
200 W/kg. Moreover, these batteries tolerate over 600 full charge/discharge
cycles to 80% depth of discharge and they can be recharged in a quite fast way
to 80% of the full capacity. Their cells tolerate both overcharge and over-
discharge, because of the reactions of gas recombination inside the cells. The
disadvantages of Nickel-metal hydride batteries are low power, fast self-dis-
charge, and sensibility to temperature. More recent versions of this type of
batteries present cooling by air or liquid systems to reduce their size and obtain a
faster recharge. Moreover, they are rather more expensive than lead batteries in
automobile applications.

5.3.2.5 Sodium—-Nickel Chloride (Zebra) Batteries

The last type of nickel based battery here considered is the so-called sodium-
nickel chloride or Zebra battery, firstly developed in 80s in Pretoria, South
Africa (Zebra stands for ZEolite Battery Research Africa). The anode is made of
liquid sodium, the electrolyte is based on sodium ion conducting f-alumina and
the cathode is constituted by nickel chloride. This is flooded with liquid NaAICl,
which acts as a secondary electrolyte, i.e., its function is to enhance the transport
of sodium ions from the solid nickel chloride to and from the alumina electrolyte
[19]. They work at high temperature (157°C is the temperature necessary to have
sodium in its molten state, but the better performance is obtained in the range
250-350°C) and operate with the following discharge semi- reactions:at the
anode:

Na — Na® +e” (5.18)
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at the cathode:
NiCl, + 2Na™ + 2¢~ — Ni + 2NaCl (5.19)
to have the following overall cell reaction:
2Na + NiCl, — 2NaCl + Ni (5.20)

with a cell potential of 2.58 V at the working temperature. During discharge the
sodium ions produced at the anode are transported through the electrolyte to the
cathode, where react with NiCl, to form NaCl. During charge sodium metal and
nickel chloride are re-generated. The specific energy is about 100 Wh/kg with a
specific power of 150 W/kg.

Generally, the heat insulation is guaranteed by a double skinned stainless steel
box with 2-3 cm insulation layer between the skins. Moreover the insulation is
completely empty of all gas and it works in vacuum condition.

In order to keep the Zebra batteries at the high temperature required for their
operation, they need to be kept connected to the electric network when they are not in
use. This represents a limitation of their application, and makes them more suitable
specifically for public transportation means, rather than small private vehicles.

Limitations in the production and commercial development of these batteries are
essentially due to the fact that they will never be used for laptop and mobile phones.

5.3.2.6 Lithium Batteries

Lithium batteries are showing a great potential to provide electric vehicles with
sufficient performance in terms of acceleration and driving range [S]. Lithium
metal is attractive as battery anode material mainly due to its lightness and high
voltage. The use of a lithium based anode in these systems implies some concerns
of safety hazard, due to the high reactivity of the metal. For this reason, in the so-
called lithium-ion batteries, both positive and negative electrodes employ lithium
“host” compounds, where an intercalation process occurs, i.e., lithium ions are
reversibly removed or inserted without a significant structural change to the host.

The negative material is based on graphitic carbon, while the positive one is
realized by using a metal oxide as lithium source compound, of the LiMO, or
LiMO, type (M = Co, Ni, or Mn). In these systems the lithium ion conducting
electrolyte is based on a solution of a lithium salt in organic solvents [20]. The
resulting electrochemical reaction is the following:

— charge
xC + LiMO, < LiC + Li, MO, (5.21)

< discharge
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which involves a cyclic transfer of lithium ions from the cathode (the lithium
source) to the graphite anode, with no metallic lithium present in the system. The
cell voltage is 3.8 V at room temperature.

This type of Li battery has already widely diffused in the electronic consumer
market, however for automotive applications the presence of a liquid electrolyte
is not considered the best solution in terms of safety, then for this type of
utilization the so-called lithium polymer batteries appear more convenient. They
are based on a polymeric electrolyte which permits the transfer of lithium ions
between the electrodes [21]. The anode can be composed either of a lithium
metal foil (in this case the device is known as lithium metal polymer battery) or
of lithium supported on carbon (lithium ion polymer battery), while the cathode
is constituted by an oxide of lithium and other metals, of the same type used in
lithium-ion batteries, in which the lithium reversible intercalation can occur. For
lithium metal polymer batteries the overall cycling process involves the lithium
stripping-deposition at the anode, and the deintercalation—intercalation at the
anode, according to the following electrochemical reaction, written for a Mn-
based cathode:

— charge
xLi + LiMn,0, 5 Li,, Mn,0, (5.22)
«discharge

The absence of liquid phases facilitates the construction of leak-proof and light-
weight containers, which represents an additional advantage for automotive
applications. In particular it is possible to realize sandwich of foils at low cost,
with the great advantage on the packaging flexibility and insensitivity to shock and
vibration damage, as required by users.

Recent developments in the field of lithium batteries have been focused on the
possibility to reach very high energy and power densities by using new types of
anode and cathode. Metals and semiconductors, such as Al, Si, Sn, Bi, have been
considered for their capacity to form alloys with lithium, which are characterized
by a theoretical charge capacity very higher than traditional carbon materials
(in particular, a Si-Li alloy presents a theoretical specific capacity of 4200 mAh/g,
to be compared with 371 mAh/g of graphite [22, 23]). However, the large volume
change associated with the formation of the alloys (by lithium intercalation/de-
intercalation) rapidly leads to electrode pulverization, strongly limiting the cycling
capability of the battery [23]. To overcome this type of limitation different solu-
tions are under study, from reduction of metal particle size down to nanoscale
[24, 25] to utilization of composite materials (in which an inactive component
added to the active metal acts as a buffer for volume variations [26, 27]) or metal
hydrides as anode [28]. The researches about the cathode of lithium ion batteries
are intensively oriented on high voltage spinels and high capacity layered lithium
metal oxides [29-32].
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Even with the current technology the lithium polymer batteries represent the
state of the art in the field of electric energy storage systems, since they are
characterized by very interesting values of the basic electrochemical parameters,
as already reported in Table 1.8 in comparison with other batteries today available.

The main advantage of lithium—ion batteries consists in the fact that they can be
charged and discharged faster than other batteries, such as Pb-acid and NiMh
batteries, because of the quick reversibility of the lithium ions. Moreover, the
specific energy of lithium—ion batteries is about 150 Wh/kg, this means for electric
vehicles a large increase of driving range with respect to the previous types of
batteries (Fig. 5.14; Table 1.8).

As with Pb-acid and NiMH batteries, lithium—ion batteries must be controlled
during their operation to prevent that overcharging conditions might occur dam-
aging the battery. For this reason the development of battery management systems
to guarantee the correct behavior in each working condition is a key issue for this
type of batteries.

The Li batteries have recently received much attention from automobile
industries thanks to their characteristics of light weight and good specific power;
however, the lower costs of Ni-MH batteries, together with their demonstrated
durability and reliability performance, could retard the application of Li ion sys-
tems [33].

5.3.2.7 Zinc-Air Batteries

These are non-rechargeable batteries (so-called primary batteries, while
rechargeable ones are known as secondary batteries) which utilize a metallic
zinc anode, an aqueous solution of KOH as electrolyte and a porous carbon-
based air diffusion cathode. The discharge semi-reactions are the following:at
the anode:

Zn +40H™ — Zn(OH); +2¢~ (5.23)

where oxidation of zinc produces electrons that flow through the external circuit,
while at the cathode water and oxygen from air react to form hydroxyls, which
migrating through the electrolyte reach the zinc anode:

0, +2H,0 +4e~ — 40H™ (5.24)
The overall cell reaction is:
27Zn + 0, + Hy0 4 40H™ = 2Zn(OH);~ (5.25)

to which a cell voltage of 1.65 V at room temperature is associated.

The main problem of this type of battery is the scarce recharge ability of the
negative electrode due to the formation on zinc of deposits which degrade the
anode behavior [34]. As a consequence, these batteries are usually recharged by
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mechanical replacement of the spent anode, for remote recharging. Because of this
type of recharging the zinc—air batteries can be also regarded as zinc—air fuel cells,
where the zinc is the replaceable fuel and the air flow, supplied from outside of the
battery system to the cathode side, controls the reaction rate. Because of their
specific operation zinc-air batteries require a proper air-management system to
ensure the right amount of air into the battery for the required power. These
batteries require particular attention during their operation, because quick charge
rates and deep discharges below the minimum voltage could permanently
damage the battery. High value of energy (200 Wh/kg) can be stored in zinc—air
batteries with a low specific power (80 W/kg) (Fig. 5.14; Table 1.8), for that
reason zinc-air batteries could be conveniently connected to high power energy
storage systems (supercapacitors, Sect. 5.4.2).

5.3.2.8 Aluminum-Air Batteries

The study of aluminum anodes for high specific power Al-air batteries is gaining
in recent years an increasing attention [35] due to the very promising theoretical
performance of this type of batteries (theoretical specific energy higher than 8000
Wh/kg, Table 1.8). These systems generally use alkaline electrolytes and are based
on the following discharge semi-reactions:at the anode:

Al +30H™ — Al(OH);+3e” (5.26)
at the cathode:
0, +2H;0 44~ — 40H™ (5.27)
Then the overall energy productive cell reaction is:
4Al + 30, + 6H,0 — 4AI(OH), (5.28)

The main practical problem of this type of battery is the tendency of the anode
to corrosion, according the following parasitic reaction:

Al + 3H,0 — Al(OH),+3/2H, (5.29)

This phenomenon degrades the Coulombic efficiency of the anode, then it has
to be minimized for practical applications where high capacity is required. This
could be overcome by particular aluminum alloys more resistant to corrosion, but
the competing requirement of fast anodic dissolution makes very difficult the
research of the suitable material [36, 37]. Another possibility to improve the anode
performance is to modify the electrolyte composition by adding corrosion inhib-
itors [38]. The difficulties met up today in this field leave the possibility to use the
aluminum-air batteries only as mechanically rechargeable systems, with practical
performance (300-500 Wh/kg) very far from the theoretical values (Table 1.8;
Fig. 5.14).
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Fig. 5.15 Principle of operation of a vehicle using a flywheel as auxiliary energy storage
5.4 Alternative Energy Storage Systems

In this section, the main characteristics of alternative electrical energy storage
systems, such flywheels and super capacitors, are described, as these devices
might play an important role in the development of vehicles powered by electric
propulsion systems.

5.4.1 Flywheels

An energy storage system using flywheels is essentially composed by a plane disk
rotating around its axis of symmetry. The kinetic energy of the spinning disk is
released when the rotating velocity slows down. This can be obtained connecting
an electric machine working as a generator to the disk by means of a gearbox, as
shown in Fig. 5.15. Power electronics is required to match the electric generator
output to the electric drive to power the vehicle. The flywheel is reaccelerated
mainly during the regenerative braking, when the kinetic energy of the vehicle can
be transformed in kinetic energy of the spinning disk. In particular, the electric
energy coming from the main power drive of the vehicle during breaking supplies
the electric machine, which works as a motor in this case. Alternatively, the
flywheel is connected to the wheels of the vehicle by means of a clutch. The
intervention of the clutch depends on both the speed of the vehicle and the power
chosen by the designer for the electric machine and the control technique of the
DC-AC converter [3, 4].
The energy E stored by a flywheel is given by:

1
E:EM# (5.30)
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where I, is the moment of inertia and o is the rotational speed of the disk in
radians per second. Taking into account the above formula, it is clear that the
energy storage capability for a flywheel depends on its size and rotating speed, and
also on the resistance of the material of which the flywheel is made. For this
reason, many efforts have been made to increase the intrinsic low specific energy
of flywheels by using ultra-strong materials, magnetic bearings and running the
flywheel in inert gas or vacuum to reduce friction losses.

However, the use of flywheels needs to take into consideration also their safety
due to the consequence of a breaking of the flywheel, which can be made more
likely by the gyroscopic effect of the rotating disk [39], or of a crush of the vehicle
currying a rotating flywheel on board. In this case, without the proper precautions,
the flywheel energy would be released almost instantly with dangerous
consequences.

5.4.2 Super Capacitors

Capacitors are devices composed by two conducting plates which are separated by
an insulating material. A schematization of a capacitor is shown in Fig. 5.16, where
a DC voltage is applied to the capacitor, obtaining as a consequence one plate
positively charged and the other one negatively, with the result that the device can
store a charge and hence energy, since opposite charges attract each other.

The charge Q. stored by a capacitor of capacitance, C (F), at the voltage of
V volt is expressed by the equation:

0.=C-V (5.31)

Generally capacitors are used in small size as components in electronic circuits,
but they can provide large energy storage in the same way as flywheels. The
capacitors with large plate areas have large energy storage capability and they are
called super capacitors. The energy in Joules that a capacitor can store is expressed
by the following equation:

Fig. 5.16 Schematization of Positive charge  Negative charge
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E. = %c V2 (5.32)

whereas the capacitance C (F) of the capacitor is given by the equation:

A

C=¢ 7 (5.33)
where ¢ (Farad per meter) is the permittivity of the material between the plates.
A is the plate area and d is the distance of separation between the plates. Modern
super capacitors have distance of separations between the plates very small and
this make them really interesting as energy storage systems. The capacitance
results from the formation on the electrode surface of a layer of electrolytic ions.
They can have high surface areas, e.g., 10° m?/kg, and this make possible to fit
capacitors of thousand of Faradays in small containers [3, 39].

However, the voltages at the terminals of each capacitor can only be between 1
and 3 V, and this represents the main problem of this technology, because it limits
the amount of energy that can be stored. For this reason, more capacitors have to
be connected in series in order to store energy at a reasonable voltage, since from
Eq. 5.32, it derives that the energy stored increases as the voltage squared.
However, being the total capacitance C of n capacitors Cy, C,, C, connected in
series given by the formula:

1 1 1 1

C7C1+C2+W+Cn (5.34)
this type of connection implies a reduction of the total capacitance, in addition to
an increase of costs.

Another problem of capacitors connected in series is given by the charge
equalization between each capacitor forming the stream, since the same current
flows through the series circuit. The difference in charge of each capacitor is
generally caused by self-discharge phenomena due to small difference in the
insulation between the plates of each capacitor, or by a small difference in
capacitance among the capacitors of the same series. The consequence may be an
overcharging of some capacitors, which means a voltage value higher than 3 V,
with irreversible damages of the device.

The solution for this problem is the use of an equalisation circuit, which is
essential in systems composed by at least six capacitors in series. This equipment
monitors each capacitor testing the voltage across each pair of its terminals, and
eventually moves charge from one capacitor to another to guarantee the same
value of voltage across the series.

Equalisation circuits increase the cost of capacitor energy storage systems.
They also require energy to work. However, these circuits are very efficient and
have a very low current consumption [40].

Super capacitors have relatively high specific power and low specific energy,
like flywheels. For this reason both these devices can be used as energy storage
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systems for regenerative breaking. They could be also used alone in a vehicle, but
the best use of these components is in hybrid configurations for giving out energy
during accelerations and receiving it during braking in a rapid way. Moreover,
super capacitors are safer than flywheels, as they do not present problems of
mechanical breakdown and gyroscopic effects; however, other devices such as
power electronics converters are generally required to step up and down the
voltage.

Several research studies have been carried out with super capacitors playing a
significant role in the management of energy on board [41-45].

5.5 Hybrid Propulsion Systems

A generic hybrid vehicle is powered by at least two different power sources on
board. There are many possible variations of hybrid vehicles depending on
the type of source and the mechanical and electric connections among them.
The battery pack play a key role in any type of hybrid vehicle, and has to be
designed taking into account that battery duty cycle and therefore depth and
frequency of discharge is dependant on the hybrid configuration chosen for the
vehicle. In hybrid configurations for which the battery storage system is used to
assist energy sources on board only during acceleration, hill climbing and slow-
speed moving, the battery remains in the same state of charge for most of its
life, and thus deep discharges do not happen very often. This way of operate for
batteries tends to make the battery life longer that those used for pure electric
drives or hybrid configurations with a small storage system where the power is
mainly supplied by the energy source on board, such as a motor-generator with
a thermal engine or a fuel cell system. On the other hand, vehicles with a low
energy storage system require a high recharging rate during regenerative
braking, which is a characteristic satisfied by storage systems with a high
specific power.

These considerations are closely examined in the following sections, where
different type of hybrid vehicles are described, starting from those already com-
mercially diffused (HTEV) up to hydrogen fuel cell electric vehicles (HFCEV),
passing through less usual solutions, such as vehicles using solar energy or
alternative storage systems [3, 4].

5.5.1 Hybrid Thermal Electric Vehicles

Hybrid vehicles equipped with an internal combustion engine, batteries and an
electric motor/generator (HTEV) is the most commonly studied and experimented.

The basic configurations for HTEVs are the series hybrid and the parallel
hybrid, which are shown in the Figs. 5.17 and 5.18, respectively [1]. In the series
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Fig. 5.17 Series hybrid configuration

hybrid, the mechanical force for the traction of the vehicle comes from the electric
drive, which is supplied either by a rechargeable battery pack, or by an electric
generator driven by an IC engine, or by both of them. Whereas, in the parallel
hybrid the mechanical force for the traction of the vehicle can come either from an
IC engine, or from the electric drive, or from both of them at once.

The electric connections shown in Figs. 5.17 and 5.18 evidence that in series
hybrid configuration the battery can be recharged by both the IC-based generator
and the electric drive, while in parallel configuration only by the electric drive. The
electric drive for both the configurations can operate also as a generator to recover
energy into battery during the regenerative braking operations, when the kinetic
energy of the vehicle can be converted in electric energy.

The series hybrids are actually used only for particular applications, and the
principal ones are diesel powered railway engines, ships, vehicles with a separated
motor for each wheel. The main disadvantage of the series hybrid is that there is
only an energy flow from the storage system to wheels, which must pass through
all components of the configuration, while the fundamental advantage consists in a
considerably low cost of the system.

On the other hand, the parallel hybrid has two main energy fluxes from the
storage systems to wheels (from battery or fuel tank), with the advantage that the
machines and the other components can be smaller and cheaper, because only part
of the total energy that reaches the wheels has to pass through them. Moreover, a
parallel hybrid can operate in different ways. For instance, the IC engine can be
switched off, in that case the vehicle is powered only electrically with batteries,
and this operation could result particularly advantageous in city districts with
restrictions on the environmental pollution. Another simple way to operate this
configuration is when the batteries are disconnected and only the IC engine give
power to the vehicle, an operative way useful when traveling on highways and a
low constant power is required. Alternatively, a parallel hybrid vehicle can
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usefully operate with a proper balance between the powers coming from both the
engines, which are typically regulated to optimize the performance of the IC
engine in terms of exhaust emissions and fuel economy. This mixed operation
strategy is typically managed to operate the IC engine in steady-state regime, i.e.,
in a high efficiency working point. In this case, if additional power is required, it
can be taken from the electric motor, while a possible surplus of energy produced
by the IC engine can be saved into batteries through the electric motor which in
this case operates as a generator. The IC engine can be turned off when the battery
is fully charged or when the total power required by the road mission is low,
because in that case the thermal engine has a very low efficiency.

The ‘degree of hybridization’ is a useful parameter characterizing parallel
hybrid vehicles. The value of this parameter is defined as the total power of the
electric motor divided by the sum of the total power of electric motor and IC
engine, according to the following equation:

DOH — total power of electric motor
~ total power of electric motor -+ total power of IC engine

A high value of the degree of hybridization means that the hybrid vehicle has a
small IC engine that operates at its maximum efficiency for most of its operation
time.

There is a large number of possible variations for the parallel hybrid configu-
ration, besides that shown in Fig. 5.18, proposed by most of the major automobile
companies. Some of them, for example, have a small electric machine in line with
the crankshaft, where is usually located the flywheel in a IC engine vehicle.
Another parallel hybrid configuration has the IC engine and the electric drive
connected to different axles, as shown in Fig. 5.19, in particular in this case the IC
engine drives the front wheels, the electric system the rear wheels and the road

|
|
|
L
Rechargeable w DC-AC TRASMISSION
BATTERY 4: CONVERTER
; 2
| Electric Drive o 7,
nd N
IC Engine g

Fig. 5.18 Parallel hybrid configuration
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connects the electric with the mechanical system. For this configuration, the bat-
tery is charged by regenerative braking operations, but the IC engine could power
harder to maintain speed and charge the battery by means of the road connection,
which transfers energy from the IC engine to electric drive operating as electric
generator.

Other variations of the above configurations are possible considering that the
energy recharging the battery could comes from the electric network or other
power supply units, while the car is parked or, however, not in use [3].

Hybrid thermal vehicles are more expensive than traditional vehicles, because
they include more than one energy source on board. However, there are some
components of traditional vehicles which are not required for hybrid vehicles and
can be made some savings. For instance, in the series configuration there is no
need for the gear box because the electric drive regulates the motor speed elec-
tronically, transmission is simplified and differential is useless if the motors are
directly connected to the wheels. The starter can be eliminated in both series and
parallel configuration since electric machines do not need any specific devices to
start. Many hybrid vehicles are currently on the market and this sector is growing
rapidly worldwide.

5.5.2 Solar Vehicles

Vehicles powered by solar panels located on board are quite expensive because of
the high cost of photovoltaic cells, which require high sunshine to work efficiently.
Nowadays photovoltaic cells are raising high efficiencies with decreasing cost but
it is unlike that cars for everyday use could be exclusively powered by solar panels
essentially because of large surfaces for the photovoltaic cells required to power a
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road vehicle. However, solar cells could be used to keep the batteries of any type
of electric vehicle topped up.

In Fig. 5.20, the scheme for the configuration of a solar vehicle is reported. The
DC-DC converter is required to adapt the voltage generated by the solar system to
the voltage range proper of battery pack and electric drive. The converter is mono-
directional because no energy flux goes from the battery and motor drive toward
the solar panel [3, 4].

5.5.3 Vehicles Using Flywheels and Super Capacitors

Due to the small amount of energy that flywheels can store, vehicles using fly-
wheels are generally trams or city busses equipped with one or more flywheels.
These devices can be speed up by an electric motor, supplied when the vehicle
stops at the bus station to pick up passengers. Moreover, the flywheel is acceler-
ated by the regenerative braking, when the kinetic energy of the vehicle is
transferred to the kinetic energy of the flywheel. Flywheels can also be combined
with batteries with the advantage of reducing battery weight. In Fig. 5.21, a
simplified scheme for a vehicle equipped with battery and flywheel is shown.

Super capacitors can be used in addition to batteries in electric vehicles. In
Fig. 5.22, a simplified scheme for a vehicle equipped with battery and super
capacitors is shown [4]. The super capacitors allow the kinetic energy of the
vehicle to be recovered when the vehicle slows down, increasing the availability of
power peaks during rapid accelerations. In this way, an optimal management of
batteries can be accomplished.

Super capacitors and flywheels, as high power storage systems, can be used in a
wide range of hybrid vehicles, combined with one or more power energy devices,
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Fig. 5.22 Configuration of electric vehicle equipped with super capacitors and batteries

such as batteries, fuel cells, solar panels, and IC engines. Plenty of combinations
are possible and imaginable in that sense [4, 13].

5.5.4 Fuel Cell Electric Vehicles

The integration of a fuel cell system in an electric power train results in a rather
complex system constituted by the combination of energy storage systems, energy
sources, electric converters and various auxiliary devices.

In principle, a fuel cell power train could operate in so-called full power mode,
i.e., all the power required by the electric drive could be supplied by the FCS,
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while a small battery would permit the vehicle start up. This option would permit
the elimination of a heavy and large battery pack, but requires the FCS follows all
the load variations imposed by the road mission. As seen in Chap. 4, such a
solution implies the acquisition of a stack of power at least equal to that of the
electric drive, with consequent significant impact on costs, and the difficulty of
the FCS to follow in a reliable way all fast dynamic demands typical of automotive
applications. For this reason, the hybrid configuration is generally preferred in a
fuel cell propulsion system, where the electric energy storage system is generally
connected in electric parallel with the fuel cell system, and a DC-DC converter is
used to match the FCS variable voltage to the voltage required by the electric drive
(Fig. 5.23).

The simultaneous utilization of FCS and battery within a fuel cell pro-
pulsion system can be accomplished by two basic ways: (i) the battery pack
can be minimized (but not eliminated as in full power) assigning the role of
generating most energy required by the load to the FCS (soft hybrid config-
uration), (ii) the FCS can be sized to provide the base load, i.e. a power value
close to the average power of the expectable road mission (hard hybrid
configuration), while larger battery pack are necessary to satisfy the dynamic
requirements.

The main benefit of the soft hybrid option is the reduced use of batteries, which
could have the minimum capacity necessary to feed the vehicle auxiliaries, giving
a limited contribution to peak powers and save energy during the regenerative
braking phases. On the other hand, the hard hybrid option offers the possibility to
limit the cost of the FCS, which would work mainly in steady-state conditions,
then in more reliable way.

The soft hybrid configuration represents the most flexible solution for the
energy management in all the possible driving conditions of an automotive
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application. For instance, if the dynamic requirement is not too demanding the
FCS can follow the load variation up to its maximum power, while the
assistance of batteries becomes essential when very high acceleration perfor-
mance are required by the driver. On the other hand, the hard hybrid option
assigns to batteries the task to satisfy also the fastest dynamic requirements,
but could not be able to manage the energy of batteries in not expectable
driving conditions. However, when the driving cycle is previously known, and
is characterized by an average power much lower than the cycle power peaks,
the hard hybrid configuration is preferred, because a much smaller FCS can
be adopted.

The electric energy storage system usually adopted in fuel cell power trains
consists of electrochemical batteries and/or super capacitors. The latter represent a
promising alternative to batteries, because they have an extremely high specific
power and higher charge and discharge efficiency than any types of batteries. For
these reasons super capacitors can be used to cover power peaks, especially
required during accelerations and during regenerative breaking to save the vehicle
kinetic energy.

Other configurations of fuel cell vehicles can be realized combining the
advantages of different types of storage systems. As an example, the Fig. 5.24
shows the combination of rechargeable batteries with a super capacitor system. In
this case, a three-way converter is required to connect the two storage systems with
the fuel cell stack and interface the different voltage versus current characteristics
of the devices interconnected [46].

Super CAPACITOR
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Fig. 5.24 Configuration of fuel cell vehicle equipped with rechargeable batteries and super
capacitors
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Chapter 6
Case Study A: Fuel Cell Power Train
for Mopeds

6.1 Description of the 3.5 kW Fuel Cell Power Train

The experimental results discussed in this case study are obtained on a fuel cell
power train installed on a laboratory test bench. It is constituted by a 3.5 kW
electric drive connected in hybrid configuration to a 2 kW PEM fuel cell system
(FCS) and an electrical energy storage system (lead batteries). The main technical
specifications of the FCS are reported in Table 6.1, whereas its scheme is shown in
Fig. 6.1 [1, 2].

The system is based on a PEM fuel cell stack (2.5 kW maximum power) equipped
with all the auxiliary components required for the stack operation, such as air supply
unit, fuel supply unit, cooling system, humidification system, and a management
unit. Hydrogen is supplied by 200 bar cylinders connected to a laboratory gas
decompression unit. A side channel compressor (see Sect. 4.3), operating in the
range 25-40 kPa, is used to feed air to the cathode side, the cooling system is
realized by a de-ionized water circuit equipped with sensors to measure temperature
and flow rate. The diameter of the hydrogen purge valve guarantees a minimum
absolute value of pressure at anode inlet, in particular not lower than 130 kPa while
in order to control the stoichiometric ratio (R), air flow rate is regulated through the
speed regulation of the electric motor directly connected to the air compressor and
then measured by a variable-area flow meter.

Two pressure transducers are located upstream of the stack to monitor anode
and cathode pressure during the experimental runs. A spiral heat exchanger, using
external water at room temperature as second fluid, is used to control the
temperature of the cooling water. The FCS humidification strategy is based on
the deionized water injection method (see Sect. 4.5), activating the injection when
the outlet air temperature is higher than 60°C.

The fuel cell system is equipped with several sensors able to measure the air
and water flow rates, the temperatures of cathode outlet stream and of water in
cooling circuit, the hydrogen pressure, stack current and voltage, and individual
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Table 6.1 Technical specifications of the fuel cell system

Fuel cell system

Stack output electric power Max. 2.5 kW, dead-end
Electric power after DC-DC Max. 2.0 kW

Stack output voltage range 22-34V

Power rate Max 500 W s~

Cell number 34 cells

Hydrogen Purity: 99.999 H,

FCS inlet gas pressure: 500 kPa

FCS inlet gas stream: at least 3 Nm® h™'
Nitrogen Purity: 99.999 N,

FCS inlet gas pressure: 500 kPa

FCS inlet gas stream: at least 1 Nm?® h™!

Max stack temperature 343 K

Max cooling water 333K

Air compressor Side channel, 24VDC, max press. 16 kPa
Hydrogen purge valve Cut-off valve, normally closed, 24VDC, NPT 1/8”
Cooling water pump 24VDC, 20 kPa, 7 I/min

Humidification water pump 24VDC, 500 kPa, 0.17 1/min

CONDENSER
Purge valve
Water collection tank
Vi V2 w LIDJ
8 o) Heat
I
> = Exchanger
<< <
(&)
Na
V2
AIR OUT

Water collection tank

V1 = ON/OFF Valve
V2 = Flow rate regulation valve |

P = pressure sensor /V\
F = flow rate sensor + o/

| = current sensor
| ELECTRIC LOAD DREGHSEL

V = voltage sensor
T = temperature sensor

AIR

Fig. 6.1 Scheme of the fuel cell system experimental apparatus and location of the sensors

cell voltages. National Instruments FieldPoint units are used to acquire all the
voltage signals generated by the sensors and to control the overall system. The
system is also provided with a small lead-acid battery of 24 V and 6 Ah for
the start-up operation of the system, when the energy supplied by the stack is lower
than the electric request by the auxiliaries.
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Fig. 6.2 a Overall scheme of fuel cell power train on test bench. b Electrical connections
between stack, batteries, and load with location of sensors

Figure 6.2a shows the scheme of the integrated fuel cell power train as installed
on the laboratory test bench, whereas Fig. 6.2b shows the electric connections
between the stack, storage system and electric drive. In particular, the stack
electric outputs are connected to the DC-DC converter, whose function is to raise
the stack output voltage to the value required by the battery pack and electric drive
connected in electric parallel. The energy flow is unidirectional from stack toward
DC bus, while the battery pack can be recharged by both stack and engine (during
regenerative braking) as well as discharged when the energy required from the
engine is higher than the energy provided by the fuel cell system. Current and
voltage transducers are used for monitoring the main power flows between the
components of the system. Furthermore, some security switches are installed in
case of unpredictable events which require the instantaneous disconnection of the
battery pack and/or stack from the other parts of the system to avoid any damage.
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Table 6.2 Technical

specifications of the electrical Type of drive Brushless
drive Maximum power 3.5 kW
Rated current 32 A
Maximum current 100 A
Link voltage 48V
Motor voltage 35V
Rated speed 3000 rpm
Maximum speed 6000 rpm
Fig. 6.3 Characteristic 25 T T T T T 5
curves of the electric engine : : i : i 45
20 ‘ 4
= 35
é 15 3 g
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The electric drive is selected among those commercially available for appli-
cations on electric mopeds. In particular, a brushless electric drive with a rated
power of 3.5 kW and maximum speed of 6000 rpm is used. The technical spec-
ifications of this electrical drive are reported in Table 6.2, while the Fig. 6.3 shows
its characteristic curves in terms of power and torque versus revolution speed.

This engine is supplied by an inverter and is coupled to an eddy current braking
machine. The electric drive performs the speed regulation electronically in forward
and backward directions, for this reason the ratio between the engine and wheel
speed is fixed for this kind of vehicle and therefore no gear is present, but only a
speed reducer between the wheel and motor shaft. A flywheel, previously designed
taking into account the vehicle inertia, is interposed between the electric motor and
the electric brake. The vehicle mass was fixed considering a commercial electric
scooter as reference vehicle (178 kg driver included).

The electric brake is an eddy current brake, which can simulate different
aerodynamic drags, rolling resistances, and driving cycles using a specific software
developed in Labview.

The stack output voltage ranges from 34 V at open circuit to 22 V at full load,
while the electric motor is supplied at 48 V DC. For this reason, a DC-DC con-
verter (see Sect. 5.2) is used to match the stack output voltage with that required by
the engine. In Table 6.3, the technical specifications of the DC-DC converter are
shown.
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Table 6.3 Technical

specifications of the DC-DC Type of converter DC-DC
converter Nominal power 2.8 kW
Maximum input voltage 36 V
Minimum input voltage 16 V
Nominal input voltage 24V
Nominal output voltage 48 V
Output current 1-50 A
Table 6.4 Technical -
specifications of the lead-acid Type of battery Lead-acid
battery pack Nominal voltage of the pack 48 V
Nominal voltage of each battery 12V
Number of batteries 4
Battery capacity 38 Ah

Downstream of the converter, a DC bus connects this device in electric parallel
with the battery pack to supply the electric drive. Voltage and current sensors are
installed on batteries and upstream—downstream the DC-DC converter, as shown
in Fig. 6.2, to monitor the electric energy flows between the different components
of the propulsion system. The DC-DC converter allows the stack output power to
be varied according to the selected control strategy. Furthermore, some security
switches are adopted, in order to instantaneously disconnect the electric load from
battery pack and/or stack. An I/O laboratory board is used for data acquisition and
setting of the electrical parameter affecting the DC-DC converter behavior.

A lead-acid battery pack is used as electrical energy storage system, constituted
by 4 units, each one of 12 V and 38 Ah. The choice of using lead-acid batteries is
essentially motivated by its low cost and good efficiency [2]. The technical
specifications of the battery pack are reported in Table 6.4.

A dedicated acquisition system is connected to the single cells of the stack to
monitor and save data of cell voltages during the different runs. Moreover, a d-
Space board was dedicated to acquire and control all the signals of the fuel cell
power train.

The control strategies are programmed in Matlab-Simulink, compiled in C++
and then downloaded into the DSP processor of the d-Space board. The controlled
management of the fuel cell system during the dynamic tests operates on hydrogen
purge, air flow rate regulation (stoichiometric ratio), external humidification, and
stack temperature.

6.2 Efficiency Calculations

In this paragraph, the efficiency calculations to evaluate both the fuel cell system
alone and the overall propulsion system are reported starting from the parameters
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acquired by sensors located in the experimental plant introduced in the previous
sections. These calculations are also valid for the other case study analyzed in the
next chapter.

The stack efficiency is calculated by the following equation:

\%4
Nstack = V_ (61)

id

where V is the measured output stack voltage and Viq is the reversible open circuit
stack voltage (1.23 V), given by —AG/2F (see Sect. 3.1), while the theoretical or
thermodynamic stack efficiency is given by the Egs. 6.3-6.9.

As discussed in Sect. 4.2, during stack operation a partial hydrogen purge is
necessary, then it is possible to define a fuel utilization efficiency (#;) as ratio
between mass of fuel reacted in the stack and mass of fuel entering the stack. It can
be experimentally set by fixing the opening time and the opening frequency of the
anode purge valve. The efficiency losses due to all the auxiliary components (air
compressor, water pump, cable resistance, other electrical, and minor components)
necessary to the stack operation can be taken into account by an experimental
coefficient (1,,s) expressed as ratio between power at DC-DC converter inlet and
stack power. The total efficiency of the fuel cell system is then calculated by the
following equation:

NMrcs = Min * Mutil * Mstack * Mabs (6.2)

which expresses the ratio between the power at DC-DC converter input and the
theoretical power associated with the fuel entering the stack. The experimental
determination of DC-DC converter (1pc) and electrical drive (ngp) efficiency is
also performed. Both are calculated as ratio between outlet and inlet power of the
devices. The electrochemical efficiency of storage batteries is defined as ratio
between the integral of the instantaneous current during a discharge and the same
integral during a charge, if the status of the battery before and after the calculation
is the same:

14
flddt
Moare = (i— (6.3)
JI.dt
0

where Iy and I, are the battery current during the discharge and charge periods,
respectively, while 74 and ¢, are the lengths of these periods. The determination of
this efficiency for a specific type and sample of battery, with reference to a par-
ticular driving cycle, requires the experimental evaluation of the battery state of
charge (SOC), which is based on specific tests which are beyond the scope of this
case study. On the other hand, for lead-acid batteries, used in this case study, it has
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been experimentally verified that very low energy losses can be detected if charge
and discharge operations are very fast, in particular in short cycles of charge and
discharge (about 30 min) an energy efficiency higher than 92% has been obtained.
Since for the experiments presented in this case study and the following in the next
chapter the single periods of charge and discharge of the battery pack last not more
than 2 min, and the current involved is higher than 10 A only during the fast
acceleration phase of the R47 cycle (see next paragraphs), a value of 100% for the
battery energy efficiency is assumed valid in all tests. On this hypothesis, it is
possible to define the battery state of charge as:

SOC(r) = soC’ + / Tpau (2) dt (6.4)

10

where SOC" is the known battery state of charge at the time . This definition is
utilized in this paper to instantaneously calculate the battery SOC during the
driving cycles, starting from the experimental measurements of battery current and
voltage.

Finally, the total efficiency of the power train (ypt) on the driving cycle is
defined by the following equation:

E
pr = Ein —tadEban (6.5)
where:
1
Epan = / Vioatt * Toanrd? (6.6)
i
f
Eload = / T - opdt (6.7)
n
t
Ey, = niﬂ!MHZ “Aeelts - 1 - %dt (6.3)

where Vi, is the battery voltage, I, the battery current, Ty, the brake torque, 4.,
the engine speed, My, the hydrogen molecular weight, n..s the cell number, I the
stack current, Ej,,q the energy provided by the engine during the overall test
procedure, while Ey, is the energy coming from hydrogen and E,, is the net
energy exchanged by the battery pack during the cycle.
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6.3 FCS Characterization: Energy Losses in Steady-State
Conditions

The Fig. 6.4 shows the characteristic curves of the stack, in terms of voltage and
power versus stack current. The stack output voltage decreases from 32 V, at low
load, to about 22 V, at the highest load tested (115 A), when the stack power
reaches the peak value of 2.5 kW. The polarization curve presents a linear rela-
tionship between voltage and current in the working range of 10-90 A, with a
voltage decrease from 27 to 24 V.

The experimental conditions to obtain these characteristics are the following:
stack temperature of 60°C, hydrogen pressure ranging from 20 to 50 kPa, air
pressure ranging from 10 to 16 kPa, and stoichiometric ratio (R) ranging from 2 to
6 (for definition of R see Sect. 3.3). As regarding the purge intervention strategy,
the opening frequency of the purge valve adopted for all tests reported in this
chapter is proportional to stack power (and then to the water amount produced by
the reaction), corresponding to a constant value of #,q (0.90).

The Fig. 6.5 shows the relation between R and the stack power, which is used for
all the tests reported in this chapter. This figure evidences that the selected
air management strategy determines R values decrease from R = 9 at open circuit
to about R = 2 for a stack power between 500 and 2000 kW. These values
of R are specifically selected to minimize the air compressor energy losses (see
Sect. 4.3).

As regarding the humification strategy, the quantity and frequency of water
injected is chosen according to the criterion of regulating both water injection and
fuel purge (see Sect. 4.2) according to individual cell voltage uniformity (see
Sect. 6.4). Apart from this general criterion, the injection pump is automatically
activated when outlet air temperature is higher than 333 K, with water flow rate of
0.17 1/min and injection time of 1 s every 10 s [1], to assure sufficient membrane
hydration also in conditions of high temperatures.
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The voltage data of Fig. 6.4 are presented also in terms of stack efficiency curve
in Fig. 6.6, where 7y, is plotted against the electric power produced by the FCS
and measured at the DC-DC converter inlet. In the same figure, the actual and
“theoretical” curves of FCS efficiency (nrcs) are also reported, they refer to the
real consumptions of ancillary components or to the “ideal” losses expected for
that same system after optimization of all individual components (maximum FCS
efficiency in Fig. 6.6). The stack efficiency varies from 0.7 at 0.1 kW to 0.56 at
1.8 kW of FCS power, while actual FCS efficiency does not result higher than
50%, due to the different sources of energy loss inside the system.

In order to better understand the above values for FCS efficiency, the main
parasitic losses are shown in Fig. 6.7, where each curve is representative of the
electric power absorbed by each auxiliary component of the FCS, and is reported
as a function of the DC-DC converter power. The major consumption is due to the
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air compressor (about 120 W, when the FCS generates a power of 1.8 kW), while
minor losses are related to the cooling and humidification of water pump (about
10 W each and constant with respect to the load). Further energy consumptions are
due to cables connecting the FCS to DC-DC converter (about 80 W at the highest
load) and undetermined system losses, measures as about 20 W when the stack is
off and about 70 W when is switched on, and depending on several electric
components, necessary in a FCS designed for laboratory tests, such as sensors,
electric valves, wires, induction relays, and electronic control boards.

The consumption of these last auxiliary components might be partially reduced
with a specific design of the FCS for a real vehicle, but the energy losses due to the
air and water management system would be quite difficult to be lowered. In this
respect, the maximum FCS efficiency (55% at medium load, see Fig. 6.6) takes in
regards to the only loss sources due to the air compressor, hydrogen purge, and
water pump.

6.4 Dynamic Performance of the FCS

The dynamic behavior of the FCS is firstly verified starting from the analysis of the
energy lost during the start-up phases, evaluating the performance as function of
acceleration rates [2]. In particular, warm-up tests are performed starting from two
different initial stack temperatures, 15 and 30°C. For each one of these tempera-
tures, two accelerations of 20 and 200 Ws™~' are used up to the stack power of
1200 W. At the end of each acceleration phase, a steady-state operation follows
until the stack temperature reaches the value of 45°C.

Other dynamic tests are affected varying the stack power and evaluating the
stack response to hydrogen purge, external humidification, and air management
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strategies described in the previous sections. These elements can be utilized with
the aim to individuate the areas of reliable working to be used in the dynamic tests.

The Figs. 6.8 and 6.9 show stack and FCS efficiencies versus time for the tests
starting from the temperature of 15°C. In both these two tests, the selected value of
final stack temperature of 45°C is reached in about 10 min, while the stack effi-
ciency achieves a value (0.53) a little bit lower than that maximum (0.59) already
at the end of the accelerations ramps (1200 W).

When the stack temperature reaches the value of 45°C, the stack efficiency
increases from 0.53 to 0.59, and when power reaches its set maximum value
(1200 W) the FCS efficiency increases from 0.45 to 0.50 in both tests. From
Figs. 6.8 and 6.9, it is possible to evaluate the energy losses due to the warm-up
period of 600 s, they resulted about 5% of the FCS steady-state maximum effi-
ciency. Moreover, the energy losses are not significantly affected by the power
acceleration variation from 20 to 200 Ws™'. Start-up operations are also verified at
the starting temperature of 30°C and 200 W s~ ' (Fig. 6.10), the results evidence
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that energy losses associated with the warm-up phase in these conditions decrease
to about 2%.

An important point to consider about the stack management, with reference to
an electric power train operating in dynamic conditions, as determined by road
requirements, is the regulation of the stack temperature together with the other
control parameters of water and reactants to avoid mass transfer limitations and
membrane drying out or flooding. Moreover, the interaction between stack and
auxiliaries has to be balanced taking into account the optimization of fuel cell
system efficiency and reliability (see Sect. 4.6).

A statistical indicator can be used for the evaluation of the individual cell uni-
formity, which is selected as representative of a reliable operation of the stack [3].
This indicator is a coefficient of percentage variation, C,, that can be calculated by
the following equation:

(6.9)

where V; is the voltage of individual cells, V is the average cell voltage and n is the
number of cells. A value of C, of 2% is considered acceptable for a regular
working of the stack in tests described in the following [3].

The results reported in Figs. 6.11, 6.12, 6.13, 6.14, 6.15, 6.16, and 6.17 [3]
refer to experiments performed using a series of power steps up and down, each
of them characterized by a rate of about 150 W/s. The Fig. 6.11 shows stack
power, stoichiometric ratio, and temperature acquired as a function of time,
whereas the coefficient of variation C, related to individual cells is reported in
Fig. 6.12.

Two time acquisition windows (in the range of 0-1040 s and 1820-2120 s) are
specifically analyzed in Figs. 6.13 and 6.14. In the first window, the stack power
increases up to 1.8 kW, while no temperature control is adopted until 335 K.
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This implies a spontaneous stack heating characterized by an initial temperature
increase rate of 1.5 K/min, which becomes 2.5 K/min for a stack power higher
than 1 kW. The stoichiometric ratio, following the relation reported in Fig. 6.5,
reduces rapidly from 2.4 to 1.7 during the acceleration phases. The coefficient of
variation C, results much less than 2% in the range of time considered, indicating
an acceptable regularity of stack working (Fig. 6.12). The function of the hydrogen
purge is highlighted in Fig 6.13 showing the individual cell voltages with the
relative pressure of hydrogen measured at anode inlet for the total acquisition time.

Moreover, it is possible to observe that the drops of hydrogen pressure, due to the
purge action, are followed by a voltage recovery for those cells more affected by
flooding phenomena. This behavior is more evident at the highest loads and tem-
peratures, as confirmed during the second phase of the experiment (Figs. 6.11, 6.12).
In fact, after cooling from 335 K (1356 s) to 300 K (1510 s), obtained switching
on the external water circuit of the heat exchanger, a steady-state condition at
2 kW with stoichiometric ratio of 1.7 is reached in a time window of 300 s
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(1820-2120 s in Fig. 6.11). No temperature control is adopted during this period of
test, obtaining a temperature increase from 315 to 333 K at about 3 K/min. The
result in terms of individual cell voltage and inlet hydrogen pressure as function of
time is reported in Fig. 6.14, that shows as the effect of the purge determines a
stronger positive effect on cell voltage recovery with respect to the lowest load
conditions. In fact, several peaks of C, reach values slightly higher than 2%, indi-
cating faster but still tolerable flooding phenomena in some individual cells
(Fig. 6.12).

A detail of individual cell voltage acquisition during one single purge operation
is reported in Fig. 6.15, which refers to the purge peak at about 1870 s corre-
sponding to the stack power of 2 kW (Fig. 6.14).

The three curves correspond to three acquisition instants, two of them before
the purge, and the third one just after it. This last figure evidences that some cells,
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in particular those closer to the end plates, are more sensitive to flooding since
purge intervention permits a clear voltage recovery.

The effect of the humidification strategy can be deducted by analyzing a third
acquisition window (2180-2400 s) for the experiment of Fig. 6.11, shown in
Fig. 6.16, where the individual cell voltage and hydrogen pressure measured at
anode inlet are reported versus time.

The Fig. 6.11 evidences that during this time window three different steady-state
conditions are reached at 338 K, when the stack load decreases from 1.5 to
0.15 kW. In detail, the stack current is hold at 40 A (1.1 kW) for about 60 s, at 23 A
(0.7 kW) for 40 s, and finally at 5 A (0.15 kW) for 30 s. During the entire test phase
both purge and humidification management appear to be suitable for the optimal
stack operation. This is evidenced by maximum C, peaks of 1.5% in correspon-
dence with purge intervention (at 2250 s, Fig. 6.12) and 1.4% at 2315 s due to
external humidification, whose effect becomes more evident at lower stack power
(from 0.7 kW), when the purge is not utilized and the minor water production
enhances the membrane dehydration. The voltage recovery of individual cells due
to external humidification is detailed in Fig. 6.17, where the voltage is reported for
three instants, just before the second cell voltage reduction (2280 s in Fig. 6.16),
then for the instant corresponding to the maximum of this peak (2312 s), and for the
final value after the stabilization of the voltage (2315 s). In spite of the particular
sensitivity of some cells (N.6 and N.28) to water management, the C, values result
acceptable also for the last phase of the experiment of Fig. 6.11.

In order to clarify the effectiveness of the external humidification strategy in
stack managing, a further experiment is shown in Figs. 6.18 and 6.19. This test is
effected in a steady-state condition corresponding to the maximum efficiency of
the FCS at 1.2 kW and R = 1.9. Stack current, voltage, and temperature are
reported as function of time in Fig. 6.18, while C, and hydrogen pressure are
shown in Fig. 6.19.

During this test, the stack temperature is left rising from 303 to 338 K, with a
variable increase rate from 2.5 to 1.5 K/min. The regular stack operation is
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maintained with the purge strategy described above (see Sect. 6.3), at least for
temperatures up to 325 K (800 s), while for higher temperatures a slow and
progressive increase of the coefficient of variation is observed from 2 to 4%. Over
800 s, the progressive increase of membrane electric resistance, due to its dehy-
dration, evidenced the necessity for the stack of external humidification already
from 325 K in steady-state conditions at 1.2 kW. After this temperature, the
humidification technique previously described is adopted, but this does not result
in C, diminution (Fig. 6.19) while the more evident effect of purge confirmed the
lasting phenomenon of membrane dehydration.

The results of Figs. 6.11, 6.12, 6.13, 6.14, 6.15, 6.16, 6.17, 6.18, and 6.19
evidence that water management in a PEM fuel cell system has to be accurately
optimized with strategies depending on stack power and temperature, for prede-
fined values of stoichiometric ratio. The results of Fig. 6.20 and Table 6.5, which
refer to 20 different steady-state experiments of about 1 h, can be used to analyze
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Table 6.5 Stack and FCS efficiency, and C, for the experimental points reported in Fig. 6.18

Experiment Stack Stack power Stack FCS Coefficient of variation
No. temperature (K) (W) efficiency  efficiency C, (%)
1 293 245 0.655 0.171 0.32
2 298 252 0.661 0.173 0.36
3 303 255 0.667 0.175 0.35
4 303 460 0.633 0.398 0.41
5 308 465 0.635 0.400 0.42
6 310 465 0.649 0.408 0.44
7 313 650 0.638 0.452 0.43
8 313 855 0.614 0.472 0.51
9 318 820 0.619 0.472 0.55
10 318 1010 0.608 0.472 0.59
11 318 1460 0.579 0.461 0.94
12 323 1290 0.617 0.480 0.96
13 323 1460 0.588 0.466 1.04
14 323 2050 0.554 0.446 1.72
15 328 1502 0.588 0.470 1.44
16 328 2240 0.556 0.448 1.88
17 333 1815 0.578 0.464 1.96
18 333 2395 0.553 0.449 1.92
19 338 2220 0.563 0.456 1.98
20 338 2405 0.541 0.439 1.97

this important issue. In Fig. 6.20, the relation between stack power and temper-
ature is reported for those experimental points corresponding to the reliable fuel
cell system operation (C, < 2%). As previously discussed, the purge strategy is
based on the criterion to increase the purge frequency in proportional way with the
stack power, maintaining constant the fuel utilization coefficient (about 0.90),
while the external humidification is used only when temperature is above 333 K.
The region upward of the upper dotted line corresponds to operative conditions
characterized by flooding phenomena (region A), while that downward of the
lower line comprises working points characterized by the tendency to dehydration
of cell membranes (region B).

This diagram gives useful indications about the control strategy to be adopted
during dynamic operations, in particular regarding humidification, purge, and
cooling procedures. For instance, if during a particular transient operation the stack
working point falls inside the region A, the control system has to react by
increasing purge frequency and stopping the heat removal from cooling circuit,
taking into account the slow stack heating dynamics with respect to automotive
demands. On the other hand, if the working point falls inside the region B, it is
necessary to reduce the stack temperature and increase the quantity of external
water injected.

In Table 6.5 the C, values for all experimental points of Fig. 6.20 are reported.
These data, calculated as average on the entire length of acquisition runs, increased
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with the stack power from 0.32 to about 2%, while the instantaneous values, not
reported in Table 6.2, were not higher than 4%. In the same Table 6.5, the stack
and FCS efficiencies are also reported, the values obtained indicate that in the
range of temperatures investigated in Fig. 6.28 the FCS efficiency is comprised
between 0.40 and 0.48, except for the conditions of low load, when auxiliary
components consume most of the produced electric energy [3].

6.5 Characterization of the Overall Power Train on Driving
Cycles

The aim of the experimental tests performed on the overall power train is the
evaluation of efficiency and the individuation of the basic energy management
strategies necessary to assure proper vehicle operation. The experimental inves-
tigation is performed in dynamic conditions on two different urban driving cycles,
the R47 and R40, considered by the European regulations on vehicle emission
control. In Fig. 6.21a and b, the two cycles are reported in terms of motor speed
versus time.

In particular, the R47 cycle (Fig. 6.21a) is imposed by European legislation for
exhaust emission measurements of mopeds powered by internal combustion
engine, and here is used in absence of specific legislation regarding electrical
mopeds. The R47 cycle requires the maximum power in the initial phase up to the
maximum speed (6000 rpm), then a period of constant speed of 50 s at maximum
speed, a fast deceleration up to 2400 rpm, a second period of constant speed, a
final deceleration up to zero speed. The R40 cycle (Fig. 6.21b) comprises three
phases, the first two characterized by acceleration, constant speed (1500 and
3200 rpm) and deceleration steps, while the last one presents two steps at constant
speed (5000 and 3500 rpm), before returning to zero speed.

The R40 cycle is required by the European legislation to evaluate the exhaust
emissions of motorcycles and, after addition of a fourth phase at higher speed, also
for passenger cars. It is used in this chapter to evaluate the performance of the fuel
cell power train on a typical urban route, not strictly associated with the driving
way assumed for a moped. The acceleration phases of the two cycles correspond to
stack power increase rates of 100 W/s for R40 and 500 W/s for R47.

6.5.1 Analysis of the FCS Dynamic Behavior on Driving Cycles

In Fig. 6.22a, b, the acquisition versus time of stack current, voltage, and tem-
perature is reported for one R40 and four consecutive R47 driving cycles,
respectively [1]. The purge, humidification, and stoichiometric ratio control
strategies described in the previous sections are used also during these tests.
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Fig. 6.21 a European driv-
ing cycle R47. Motor speed
versus time. b European
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speed versus time
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The experiments are described without taking into account the start-up issues,
already analyzed in Sect. 6.4.

Since the power train operates in soft hybrid configuration (with a power limit
only for the R47 cycle), the stack power is imposed by the engine requirements,
and only the stack temperature can be regulated. However, as all water manage-
ment interventions produce their effects on times longer than typical dynamics of
driving cycles (an order of magnitude of 100 s with respect to 1 s) and are cor-
related to slow stack temperature dynamics, an optimal temperature profile cannot
be imposed on the basis of instantaneous power requirements, but the choice of
operative temperature ranges is necessary. This choice is taken considering the
mean stack power of the two cycles (400 W for R40, 760 W for R47), according to
results of Fig. 6.20 (about 310 K for R40, 320 K for R47). As a consequence, any
shifting from the reliable performance could be attributed only to working pecu-
liarities of dynamic phases.
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Figure 6.22a shows that during the R40 cycle the stack current profile versus time
reproduces the cycle peaks reported in Fig. 6.21b, with accelerations always
<100 W/s, while voltage varies accordingly and temperature does not appreciably
increase (about 0.25 K/min). Instead, during R47 cycle (Fig. 6.22b) the maximum
power value reached by the FCS is limited to about 1 kW (about 48 A inFig. 6.22b),
while the temperature increases at 0.5 K/min from 315 to 323 K (a value reached
after the fourth cycle), because of the higher power involved and longer test duration
with respect to the experiment of Fig. 6.22a.

In Fig. 6.23a, b, the coefficient of variation is reported as function of time for
R40 and R47 driving cycles, respectively. Fast and transient excursions outside the
optimal region of Fig. 6.20 occur at fuel cell system minimum power of both
cycles and for the highest power peak of R40 (170 s in Fig. 6.22a). However, for
R40 cycle these excursions do not involve significant losses of cell voltage
uniformity, as evidenced by values of coefficient of variation always below 2%
(Fig. 6.23a), indicating that the short durations of shifts from the optimal region of



188 6 Fuel Cell Power Train for Mopeds

Fig. 6.23 C, profiles versus a 2 ! ! !
time during a R40 cycle and
b R47 cycle L e

HIH b snsassssnsnssnssfussnsnrsnnesninesfiosninsnnnsss st snimemmrsnasns

12

Cv [%]

08 [

0.6 f--temmeot-

04 : i :
0 50 100 150 200

o
@
T
I

Cv [%]

. i i i |
0 50 100 150 200 250 300 350 400 450
Time [s]

Fig. 6.28 do not affect the cell uniformity neither during minimum power nor
during transient phases. On the other hand, during R47 the excursions outside the
optimal working region have comparable duration with respect to R40, but the
higher accelerations involved in the cycle determine some peaks of C, overcoming
4% in correspondence with the transient phases (Fig. 6.23b).

A detail of individual cell voltages for the peak at 410 s is shown in Fig. 6.24,
where three instants are reported, the one just before the acceleration, the time
corresponding to the maximum acceleration, and just after voltage stabilization. It
is possible to observe that several cells are responsible of the C, value higher than
4% and that all cells show a lower voltage during acceleration with respect to the
stabilized values.

This behavior seems related to the different dynamic response of stack and air
compressor, as evidenced in Fig. 6.25a and b, where air flow rate and stack power
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are reported for the phases of maximum load variations in R40 and R47 cycles,
respectively. While for R40 cycle air flow rate and power increase with compa-
rable ramps during the acceleration (Fig. 6.25a), for R47 the air flow rate is not
able to follow the power profile (Fig. 6.25b), because of the dynamic limits of the
air compressor. R acquisitions for R47 test are reported in Fig. 6.26. This figure
shows that R values <1 are reached in points of maximum acceleration, in contrast
with the necessity of using an excess of air.

However, these transient excursions do not affect significantly the reliable
operation of the stack, which results capable for this reason to tolerate not only fast
shifting from power—temperature correlation, but also instantaneous not optimal
values of R.

6.5.2 Analysis of the Overall Propulsion System on Driving
Cycles

The behavior of the overall power train on driving cycles is analyzed considering
both the soft and hard hybrid configurations (see Sect. 5.5). For each procedure,
the stack power is regulated by acting on the DC-DC converter output voltage and
current. In particular, a constant value of the voltage reference is adopted, always
higher than any possible battery voltage, in order to continuously direct the
energy flow from stack toward load and/or batteries. Regarding the DC-DC
converter output current, this is controlled as function of the hybrid configuration
adopted.

The main results of the experimental tests regarding the hard hybrid configu-
ration on the R47 cycle are reported in Fig. 6.27a—c. The Fig. 6.27a shows the
distribution of the power between FCS, electric drive, battery pack versus the cycle
length. The output power of the fuel cell system is fixed at two constant values by
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limiting the DC—DC converter output current. The two values of power are chosen
equal to 900 and 450 W, corresponding to the two phases of the cycle at constant
engine speed. The motor power (Fig. 6.27a) reaches its highest value (3500 W)
during the first acceleration phase, then decreases up to 1200 W corresponding to
the first step at constant motor speed, finally decreases up to negative power values
during the deceleration phase, when the electric machine operates as generator. At
the end of this deceleration, the motor power reaches the second phase at constant
speed (220 W), followed by the last deceleration phase up to zero speed.

The battery power curve shows that the storage system plays the role of
compensating the difference between the motor power requirements and power
supplied by the fuel cell system (Fig. 6.27a). In particular, the electric energy
flowing from the battery pack permits the motor power peak to be satisfied,
whereas during the regenerative braking, when the electric machine is operating as
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generator, the battery power drops to negative values indicating a partial recovery
of energy. During the driving cycle, the battery pack changes its state of charge
(Fig. 6.27¢c). The fastest discharge is observed during the first acceleration,
whereas the fastest recharging happens during the first deceleration phase, when
the batteries are recharged by both the electric machine working as generator and
stack.

During the first step at constant speed, a slower SOC decrease is observed,
whereas the last two phases of the cycle (second constant speed step and last
deceleration) define the further battery recharging. The power associated with the
amount of hydrogen entering the stack and power measured at inlet and output of
the DC-DC converter during the cycle are specifically reported in Fig. 6.27b. The
last two curves evidence the energy loss caused by the DC-DC converter, whereas
the comparison with the hydrogen power plot visualizes the energy loss associated
with the fuel cell system.

The main results obtained by the tests performed in soft hybrid configuration with
the R40 cycle are shown in Fig. 6.28a—c. During these tests, the contribution of the
batteries to the energy requirement, which comes from the electric drive, is mini-
mized by controlling the DC-DC output power. In Fig. 6.28a, electric drive, battery,
and DC-DC converter powers versus cycle length are reported. The DC-DC con-
verter dynamic behavior is shown in Fig. 6.28b, where the DC-DC converter input
and output powers are monitored during the cycle together with the hydrogen power,
in this way indication of the energy losses before the electric drive is given.

The Fig. 6.28c reports the behavior of batteries during this test by the profile of
battery state of charge versus the cycle length. The dynamic behavior of the fuel
cell system permits the energy requirements from the electric drive to be instan-
taneously satisfied by the stack, with only a small contribution of the batteries.
Therefore, in this test the batteries play the main role of recovering electric energy
during the regenerative braking phases, as evidenced by negative values reached
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Fig. 6.27 Experimental
results obtained on the fuel
cell power train in hard
hybrid configuration for the
R47 driving cycle: a battery,
input electric drive, and out-
put DC-DC converter powers
versus cycle length, b hydro-
gen, input and output DC-DC
converter powers versus
cycle length, ¢ battery state of
charge versus cycle length
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Fig. 6.28 Experimental
results obtained on the fuel
cell power train in load fol-
lowing configuration on the
R40 driving cycle: a battery,
input electric drive, and out-
put DC-DC converter powers
versus cycle length, b hydro-
gen, input and output DC-DC
converter powers versus
cycle length, ¢ battery state of
charge versus cycle length

Power [W]

Power [W]

SOC [Ah]

2 4]0 o P S—— i R s R s AR Wi

500 -

-1000 f-

3000

2500

]
11| N —
1000 frevseemnenfeness

500 f--

207 ; ; ; ;

2069
2068

2065

2061
206

- Battery Power : :
— Elec. Drive Power aire st e R 4
—— FCS Power (DCIDC OUT) | !

1 l | 1

650 700 750 800
Time [s]

-

— DC/DC IN Power
DC/DC OUT Power
| — H2 Power

H
e
H
1

T
-
1

650 700 750 800
Time [s]



194 6 Fuel Cell Power Train for Mopeds
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by the battery and electric drive power curves. It can be observed from Fig. 6.28c
that two recharging steps are obtained when the electric drive operates as generator
during the second and fourth deceleration phase of the cycle.

The electric energy recovered during the regenerative braking phases can be
evaluated for both cycles, as percentage of the energy entering the electrical drive,
it results about 8 and 16% for R47 (Fig. 6.27) and R40 (Fig 6.28), respectively.

The instantaneous efficiency of the stack and FCS are shown in Fig. 6.29 for
R47 cycle in hard hybrid configuration and in Fig. 6.30 for R40 cycle in soft
hybrid configuration. According to the results obtained in steady-state operation,
during the low load phases the stack efficiency reaches the value of about 0.7,
whereas during the power variations required by the electric drive the efficiency
decreases down to the lowest value of about 0.6, in correspondence with the most
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Table 6.6 Efficiency of the power train and its subsystems during R40 cycle [2]

Fuel cell system DC-DC converter Electric engine Power train
Soft hybrid 0.48 0.80 0.75 0.29
Hard hybrid 0.51 0.87 0.75 0.33

demanding phase of the driving cycles, and to about 0.65 at medium load con-
ditions. With regard to the FCS efficiency in soft hybrid approach, it varies
between 0.13 and 0.48 (Fig. 6.30) and follows the load curve of the cycle repro-
ducing the same efficiency values obtained for each power in the corresponding
steady-state operation (see Sect. 6.3). In the soft hybrid, the stack operates for
several minutes at the minimum load, for this reason the system energy losses
determine a strong decrease of the instantaneous system efficiency. This fact
negatively affects the average efficiency calculated on the entire cycle
(see Table 6.6). In the hard hybrid configuration, the instantaneous efficiency of
the system is almost equal to the highest steady-state value for most of the time
lasting the cycle (Fig. 6.29), providing this way a better average efficiency.

The comparison between soft and hybrid approach can be further accomplished
by analyzing the energy flow values involved within the power train during the
same cycle (R40 cycle). In Fig. 6.31a, the electric energy profiles instantaneously
exchanged by electric drive, battery pack, and FCS with the electric bus are
reported versus cycle length for a hard hybrid configuration, on the assumption
that the energy at the beginning of the driving cycle is zero. In this test, the value
of power fixed at the DC-DC converter output is selected corresponding to the
average power of R40 cycle (about 300 W).

Up to 150 s, the energy flow provided by FCS is always higher than the electric
drive requirements, implying that the battery SOC remains always higher than its
initial value, while after 150 s the storage system compensates the difference
between electric drive requirements and the energy provided by the FCS. In
Fig. 6.31a, the negative derivative for battery energy indicates that energy is
entering into the storage system, coming mainly from FCS and also from electric
drive during braking phases of the cycle, when the motor operates as generator.

In Fig. 6.31b, the histogram corresponding to the monitoring of individual cell
voltages during the test is reported, evidencing the very uniform cell working
expectable for a stack managed in steady-state conditions (most cells showed
voltages comprised between 0.77 and 0.79 V).

In Fig. 6.32, the results of the experiment on the scooter power train in soft
hybrid configuration are reported. The power at the DC-DC converter output is
controlled in order to supply the electric drive with all the power instantaneously
required during the R40 cycle. In Fig. 6.32a, the electric energy profiles instan-
taneously exchanged by electric drive, battery pack, and FCS with the electric bus
are reported versus cycle length. The FCS profile follows almost completely the
electric drive energy requirements, and the limited contribution of batteries is
evident during all the cycle length. The dynamic performance of the stack is
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Fig. 6.31 Hard hybrid procedure during R40 cycle on fuel cell scooter. a electric energy profiles
instantaneously exchanged by electric drive, battery pack, and FCS with the electric bus versus
cycle length. b histogram of individual cell voltage during the steady-state FCS working

analyzed by monitoring of individual cell voltages during all the R40 cycle length.
In Fig. 6.32b, three acquisitions corresponding to three instants of the third
acceleration phase of the R40 cycle are shown. Only at the end of the acceleration
phase (about 2 kW) an appreciable but not dangerous cell working irregularity is
observed, while a very good dynamic performance is provided by the stack during
all the other phases of the cycle. This management strategy appears to be par-
ticularly suitable for a scooter application, where weight and size issues of on
board electric energy storage systems are more stringent, suggesting to satisfy
driving range demands mainly by the fuel.

The values of efficiency obtained for the main components of the power drive
by experimental measurements are reported in Table 6.6 for R40 cycle in soft and
hard hybrid configurations. The evaluation of power train total efficiency takes
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Fig. 6.32 Soft hybrid procedure during R40 cycle on fuel cell scooter. a electric energy profiles
instantaneously exchanged by electric drive, battery pack, and FCS with the electric bus versus

cycle length. b histogram of individual cell voltage at three instants during the third acceleration
phase of the R40 cycle

into account the amount of energy needed to level the initial and final SOC for
both the tests.

The fuel cell system efficiency results slightly higher for the hard hybrid pro-
cedure (pcs = 0.51) than soft hybrid (ygcs = 0.48). According to the above
discussion, during the hard hybrid test the stack is controlled to operate in a fixed
working point, corresponding to the highest FCS efficiency, whereas during the
soft hybrid experiment the stack is left free to follow the load variations, then the
fuel cell system for some periods of the cycle works in a condition of low effi-
ciency. The DC-DC converter efficiency in hard hybrid results slightly higher
(npc = 0.87) than the value obtained for soft hybrid (npc = 0.80), because of
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dissipations involved during the transient and low load phases of the load fol-
lowing configuration. The data of Table 6.6 show that the power train efficiency
can be mainly affected by the operation of the fuel cell system, through the values
of 7gcs and 1pc.

It is necessary to specify that the above efficiency values are evaluated
assuming a value of battery efficiency equals to 100%, and this is justified by the
fact that the use of the batteries to satisfy the power demands is quite limited in
both the cycles, in particular it is practically negligible for the soft hybrid
approach.

A comparison with the commercial scooters powered by 50 cm? spark ignition
engines, made in terms of energy consumption per unit of traveled distance on the
same standard driving cycle, evidences that a very strong reduction of consumed
kJ km ™! is possible for the fuel cell power train, in particular its overall efficiency
results about 2.5 times better than conventional propulsion systems.
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Chapter 7
Case Study B: Fuel Cell Power Train
for Cars

7.1 Description of the 30 kW Fuel Cell Power Train

Figure 7.1a—c shows the three main sections of a laboratory plant specifically
designed for characterization of a 20 kW PEM stack, which was chosen to supply
the electric drive for road vehicles analyzed in this chapter.

These sections include: hydrogen feeding, air feeding with humidification, and
stack cooling systems. The stack specifications and detailed technical character-
istics of the auxiliary components, with all the mechanical and electric devices
necessary for stack operation, are reported in Table 7.1.

The fuel feeding system is reported in Fig. 7.1a. High purity hydrogen or
nitrogen, necessary for the cell and hydrogen pipeline purge, are fed by high
pressure cylinders (200 bar), while a pressure reduction stage (7 bar maximum) is
installed at the hydrogen inlet.

For all the experimental tests the PEM stack operates in dead end configuration,
i.e., the anodic compartment is maintained closed and pressurized. A purge electric
valve is placed at the hydrogen line outlet to drain the excess of water diffusing
zfrom the cathode to the anode side through the polymeric membrane (see Sect. 4.2).
Hydrogen flow rate is calculated by the current drawn, taking into account the
amount of hydrogen purged. Defining a fuel utilization coefficient (1,4) as ratio
between the mass of fuel reacted in the stack and the mass of fuel entering the stack,
it was preliminary fixed at 0.90 according to indications of the stack manufacturer.
This value can be experimentally set by pre-defining the opening time and frequency
of the anode purge valve, and measuring the purged volume.

The air management system is shown in Fig. 7.1b. A side channel compressor is
used for low pressure experiments (below 130 kPa), while a centralized air
compression plant is used to study the effect of air pressure on stack performance
(between 130 and 250 kPa). An important issue to be considered is the cell humid-
ification to guarantee that the stack works properly, since the electrolyte membrane
needs to be continuously hydrated (see Sects. 3.2 and 4.5). That humidification is

P. Corbo et al., Hydrogen Fuel Cells for Road Vehicles, 199
Green Energy and Technology, DOI: 10.1007/978-0-85729-136-3_7,
© Springer-Verlag London Limited 2011
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Fig. 7.1 The three sections of the fuel cell system experimental apparatus: a hydrogen feeding,
b air feeding and humidification, and ¢ stack cooling

realized by flowing air through a bubbler filled with de-ionized water, which is
heated at different temperatures by an electric resistance before feeding the cathode
side. Air relative humidity is controlled by humidity and temperature sensors at the
cathode inlet. Stack temperature is measured by a thermocouple placed at the outlet
of the cathode side. During experiments at low pressure, the air flow rate is measured
by a variable area flow meter and regulated by acting on the compressor motor
controller in order to assure the necessary stoichiometric ratio. Two pressure trans-
ducers are placed upstream of the stack to monitor the anode and cathode pressure
during the experimental runs (Fig. 7.1a, b). During all the experimental tests, the inlet
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Fig. 7.1 (continued)

hydrogen pressure is set higher than 30 kPa with respect to inlet air pressure. A water
condenser is located at the stack outlets before venting to verify the water balance in
the system. A cooling system, shown in Fig. 7.1c, is adopted to control the
temperature in the range 290-346 K and is composed by a de-ionized water circuit
equipped with a pump and sensors to measure pressure, temperatures, and flow rate.
In order to guarantee a sufficient uniform temperature through the cells, a difference
of temperature not higher than 5 K is accepted between inlet and outlet cooling
water temperatures. This is achieved by imposing the cooling water flow rate at the
value required by the maximum stack power (4 m®> h™") and using a spiral heat
exchanger fed with external water to control the cooling water temperature.

Two tanks of 50 1 are used as water containers, respectively, for the humidi-
fication and cooling circuits. On—off, three way and tuning valves permit pressures
and gas flow rates to be regulated.

The stack characterization is carried out by connecting it to a variable resistive
load able to control the discharge current electronically, making possible the
evaluation of different operative conditions with different values of constant
current (Table 7.1).

A dedicated acquisition system able to monitor and register the voltages of the
individual cells during the different runs is adopted. Moreover a d-space board is
used for the acquisition and control of all signals associated with the FCS system
components (valves, sensors, and transducers).
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Table 7.1 Technical specifications of the PEM fuel cell system
PEM fuel cell stack

Number of cells

Maximum power

Stack voltage range

Stack maximum
current

Auxiliary components

Air supply compressor

Water pump

Heat exchanger

80 cells
20 kW
50-80 V
360 A

Side channel compressor, max flow rate 95 Nm3/h, max pressure
320 mbar, 1.1 kW

Centrifugal pump C090, flanged to 24 VDC motor, max pressure
40 kPa, max flow rate 100 1/min

Spiral heat exchanger, eight tubes (size 9.53 mm), shell diameter
273.05 x 263.6 mm

Acquisition and control system

d-Space board

Sensors

Air mass flow meter
Water flow meter
Temperature sensors
Pressure transducers
Humidity transducer

Current transducer
Voltage transducer
Electric load

Type

Rated power

Input current
Input voltage
Remote control of

Sampling time of 0.01 s

Variable area flow meter, 0-60 Nm>/h, accuracy 1.6% of full scale

Variable area flow meter, 0-5 Nm?*/h, accuracy 1.6% of full scale

Resistance thermometer, 0-100 °C, accuracy 0.5% of full scale

Pressure range 0-500 kPa, accuracy 0.5% of full scale

Testo Hygrotest 600/650 humidity temperature; accuracy of up to
+1% RH

Closed loop, Hall effect, accuracy 0.65% @ 300 A

Closed loop, Hall effect, accuracy 0.7% @ 100 V

IGBT electronic converter connected to electrical resistances
20 kW

0-300 ADC

0-100 VDC

0-10 VDC

stack current

Electrical resistances 4 kW modules

A DC-DC converter of 20 kW based on IGBT technology is interconnected
between the fuel cell system (FCS) and the electric load in order to adapt the
variable stack voltage to the electric load voltage. For the fuel cell dynamic
characterization, the DC-DC converter outlet is first connected to a resistive load,
then to the power train. The resistive load can dissipate electric energy up to a
maximum of 20 kW controlling electronically the discharge current. The DC-DC
converter is equipped with current and voltage sensors to evaluate instantaneously
the electric power flow between the FCS and the electric load or the power train. It
is controlled by the d-space board, which is programmed to follow the desired
stack current reference during the tests.

The test bench for the power train characterization is realized by using a
120 kW dynamic electric brake composed by a three-phase asynchronous machine
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and converters providing a bidirectional flow of the energy with respect to the
electric network. The power train test bench can be easily reconfigured by software
using different sets of data for testing different types of vehicles, driving cycles,
rolling resistances, and aerodynamic drags.

The 30 kW electric drive for road applications is composed by an asynchronous
machine and IGBT inverter, both of them using the same water cooling system.
The 6,000 rpm maximum motor speed is reduced by means a gear box which only
provided the forward and reverse gear. A lead-acid battery pack composed by 24
batteries connected in series is used as storage system, with each battery having a
nominal voltage of 12 V and an electric capacity of 50 Ah. The battery pack is
also equipped with an electric switch for its connection or disconnection to the
power train.

The electric drive, DC-DC converter and Pb battery pack are equipped with
sensors able to monitor all the main parameters of the electric power train during
the tests. All the analogic and digital signals are connected to a d-space prototyping
system, programmed by means of MathWorks MATLAB development tools.

The experiments on the overall power train (see Sect. 7.5) refer to the European
R40 driving cycle, shown in Fig. 7.2 and already described in Sect. 6.5 (Fig. 6.21b).
It is composed by three phases, the first two being characterized by a sequence of
acceleration, constant speed and deceleration steps, while the last one presents two
steps at constant speed, before returning to zero speed. This driving cycle is used in
this chapter to evaluate the performance of the fuel cell power train on a road
mission typical of urban areas.

7.2 FCS Characterization: Effect of Operative Parameters

The experimental characterization of the FCS described in the previous paragraph
is first performed using the operative conditions recommended by the manufac-
turer for maximum stack performance.
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The tests are run at the temperature of 346 K and reactant pressures of 250 kPa.
The air flow rate is set for each load value in order to assure the correct stack
operation and minimize air compressor power consumption and water flow rate
necessary for the humidification. This regulation of oxidant flow rate determines a
value of R ranging from 6 at low load to 2 at full load. An excess of air with
respect to the stoichiometric requirement is always necessary due to the mass
transport limitations on the cathode side (see Sect. 4.3). The stack humidification is
performed by saturating the inlet air stream at the temperature value approximately
equal to the measured one at the cathode outlet.

In Fig. 7.3, the characteristic of the 20 kW PEM stack is reported in terms of
voltage and electric power as a function of stack current. The voltage versus
current diagram represents the polarization curve, which describes the stack
behavior for different loads (see Sect. 3.3). The stack output voltage decreases
from 78 V at open circuit to about 55 V at the highest load tested (360 A), while
the power increases with current and the highest power value (20 kW) is reached
at the current value of 360 A. It can be noted that in a wide range of load
conditions (60-300 A), the voltage is essentially linearly dependent on current,
indicating that the voltage drop in this range is mainly due to resistive losses. For
higher currents, a phenomenon of mass transfer limits the stack performance,
while the voltage drop observed at low loads is due to the slow activation of the
electro-catalysts (see Sect. 3.3).

In Figs. 7.4 and 7.5, the voltages of the individual cells are reported for the
open circuit and full load, respectively. It can be noted that a rather uniform
distribution of voltage is obtained also in severe operative conditions when the
stack works at maximum power, with no endangering of the optimal stack
operation.

The different terms involved in the generation of power are reported in Fig. 7.6
as a function of stack current. In this figure, Py, is the electric power produced
by the stack, P.omp is the power absorbed by the air supply device, Ppymp is the
power consumption of the cooling water pump, Py, is the power necessary to
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humidify the inlet air at 70°C, P, refers to the heat absorbed by water cooling,
Pirou 1s associated with the enthalpy of the cathode outlet stream, and Py, is the
power related to the fuel fed to the stack, calculated by hydrogen high heating
value, taking into account the fuel utilization coefficient (see Sect. 7.2). All the
above power terms are calculated from experimental measurements, except for the
air supply consumption, since a centralized compression plant is used for all tests
conducted at higher pressure. For this reason, the compression consumption is
estimated from the literature [1, 2]. It can be noticed that the power entering the
stack as fuel (Pg,) is recovered as stack electric power (Pgck), cooling heat (Poo1)
and as part of the heat flowing from cathode side (P,ion). Whereas, the main
energy losses are due to the humidification and compression devices (8.5 kW at
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360 A, which corresponds to maximum load), and the constant and negligible
consumption of 110 W is due to the cooling water pump.

The effect of the main operative parameters on both stack performance and
electric consumptions of the auxiliary devices is shown in Figs. 7.7, 7.8, 7.9, and
7.10, whose results can be utilized to select the working conditions suitable for
automotive application. The effect of the reactant pressure on the fuel cell per-
formance is shown in Fig. 7.7, where the stack voltage is reported versus current
for three values of the air pressure obtained with the centralized compression plant
at the temperature of 346 K, minimizing the air flow rate for each load and setting
the humidification temperature equal to stack temperature for each current value.
Decreasing the pressure from 250 to 130 kPa, the stack performance is not
significantly reduced. In fact, the maximum effect is observed at 300 A when the
stack voltage decreases from 56 V at 250 kPa to 52 V at 130 kPa (see Sect. 3.3).
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The experimental evaluation of other effects associated with the operative tem-
peratures and stoichiometric ratio is performed in a range of pressure around
130 kPa, using the side channel air compressor whose characteristics are described
in Table 7.1. The effect of the stack temperature on the voltage measured at the
stack terminals is shown in Fig. 7.8. In this case, the temperature is controlled by
varying the water flow rate in the heat exchanger shell while the air flow rate and
humidification conditions are the same as those of Fig. 7.7. It can be observed that
a decrease in temperature from 346 to 305 K determines a voltage reduction <10%
up to 70% of load (200 A), while a satisfactory stack behavior at 313 K is detected
in almost all load conditions (see Sect. 3.3). Then, the effect of the stoichiometric
ratio is verified for three different loads at the stack and humidification tempera-
ture of 313 K. From Fig. 7.9, it can be noted that values of R higher than 2 are
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always convenient, in particular when increasing the load. Moreover, no signifi-
cant effect is observed for R > 2.5 for all loads.

In Fig. 7.10, the behavior of the side channel air compressor is reported in terms
of power consumption as a function of air flow rate for three different settings of
pressure drop at the outlet of the device. The air flow rate can be varied by
regulating the compressor motor speed and controlling the motor reference volt-
age. It can be noted that a value of 135 kPa of pressure drop permits the air flow
rate necessary for the stack maximum load (about 45 Nm? hfl) to be reached with
a power consumption of about 1.4 kW. This consumption decreases at partial load,
which is a condition which frequently occurs for a FCS operating on a vehicle.
Another consumption reduction can be achieved by choosing the minimum
humidification temperature to maintain a correct stack membrane functionality.
A specific experiment is performed humidifying the stack at room temperature
(287 K) and allowing the stack temperature to reach 313 K with reactant pressures
derived from the compressor characteristics shown in Fig. 7.10. The acquisition of
stack voltage and current versus time is reported in Fig. 7.11a, while the stack and
humidification temperatures are presented in Fig. 7.11b. After 3,500 s, the stack
temperature reaches 313 K with a voltage of 62 V at 60 A, only 5% less than the
value measured when humidifying at the same stack temperature (Fig. 7.8). In this
case, the correct membrane operation is verified by monitoring the individual cell
voltage at the end of the test as shown in Fig. 7.12. A similar regular behavior is
observed also at higher loads, in particular for a stack power up to 12 kW.

The whole characterization of the FCS in the experimental conditions of
Fig. 7.11 allows the stack and FCS electric efficiency to be calculated (see
Sect. 6.4) and reported in Fig. 7.13 as a function of the stack power. The FCS
efficiency is about 47% in a wide range of load conditions, with a slight decrease
after 8 kW of stack power.

For a vehicle application, the humidification system at room temperature should
be designed taking into account criteria of constructive simplicity and reliability.
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Then, the system based on the bubbler does not appear as the most convenient
solution. A system based on electronic injection of water into the cathode inlet
manifold, whose action depends on the uniformity of the individual cell voltages,
could be the most effective technique for automotive applications. This solution
would involve the use of an injection pump, which, however, would not affect
significantly the FCS electric efficiency shown in Fig. 7.12. Another not pre-
dominant contribution to the energy losses due to the FCS auxiliary components
can be identified in the electric consumption of the fan/radiator, which is useful to
control the cooling water temperature on board of a vehicle [3].

7.3 Analysis of the Dynamic Behavior of the FCS

The interaction between stack and its auxiliary components in dynamic conditions
has to be investigated to obtain indications about the possibility to adopt hybrid
configurations that require fast load variations of the FCS (up to 6 kW/s). The
hydrogen purge, external humidification, stack temperature, and stoichiometric
ratio have to selected with the aim of individuating working strategies able to
assure reliable operation in dynamic conditions. Moreover, the transient perfor-
mance of the FCS have to be analyzed during warm-up phases, which are char-
acterized by similar acceleration slopes (6 kW/s).

This experimental analysis can be carried out on the FCS connected to a var-
iable resistive load by means of the DC-DC converter, which is controlled to
simulate the instantaneous current requests of electric drive. The tests described in
the following are performed varying the slope of the acceleration phases, between
5and 50 A s, on the base of the stack current requirements. For each working
condition, the uniformity of individual cell voltage during the transient step is
assumed as indicator of stack operation reliability.
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The results obtained from this investigation can be utilized to design the power
train control strategies on the same R40 driving cycle.

7.3.1 Performance of the FCS During Load Variations

For the following tests, the fuel utilization coefficient is set at the constant value of
0.90, the stoichiometric ratio ranges between 6 and 1.8, for a stack power from
700 W to 12 kW. With regard to the stack humidification, the inlet air is saturated
at room temperature (290-300 K) to minimize the amount of energy required for
the best membrane hydration and reduce the electric consumption of the humid-
ifier and the purge frequency [4]. As a consequence, the stack temperature is
controlled at about 315 K, to avoid any dehydration of the membranes.

The first test on the FCS connected to the resistive load is run utilizing a
simplified R40 test cycle, with just three neat peaks, in order to obtain accelera-
tions phases in terms of current requirements of 5 A s~ and maximum power of
about 10 kW. The values of the air flow rate are preliminarily set in steady state
conditions for the whole load range comprised in the test cycle, in order to
guarantee a minimum power consumption of the air compressor compatible with
satisfactory values of the cell voltages. In particular, a control strategy for the
compressor was adopted choosing R values equal to 1.8 in the range 100-240 A,
and making them drop from 6 to 2 from open circuit to 100 A. In Fig. 7.14, the
stack current and voltage measured during this test are reported as function of the
cycle length. The stack voltage reaches the minimum values of 63, 52, and 48 V
for the three current peaks of 80, 180, and 240 A, respectively. The R values
reproduce the steady state settings with minimum R = 1.8, while air flow rate
reaches 35 m®> h™' at 240 A. The stack voltage profiles in Fig. 7.14 are in
agreement with data of the polarization curve obtained on the same stack, sug-
gesting that the dynamic of 5 A s~' does not compromise the regular stack
operation, as confirmed by the distribution of the individual cell voltages, shown in
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Fig. 7.15 for the instant corresponding to 240 A. In particular, it can be noticed
that the voltage of most cells is close to 0.6 V, while only a voltage decreases
between the first cell (about 0.4 V) and the last group of 20 cells (values of voltage
comprised between 0.45 and 0.55 V for few cells is measured). As expected, the
behavior of these cells results better for all the other values of current. Since no
cell decreased under 0.4 V during the test, it means that the dynamic considered is
satisfactorily supported by the FCS for the cycle utilized.

The data for the R40 cycle is then modified to obtain acceleration phases of
10 A s™', and another experiment is carried out on this cycle according to the
target of minimizing the compressor consumption. The results of this test are
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Fig. 7.15 Individual cell voltage acquisition during the experiment of Fig. 7.14 at t = 170 s
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reported in Fig. 7.16, showing the stack current and voltage as function of cycle
length, while R and air flow profiles are plotted in Fig. 7.17. Only a slight voltage
decrease is measured in correspondence of the main current peaks (130 and 230 A)
compared with the steady state values. The control law of the compressor makes
possible R values only slightly lower than 1.8 for a short transient time at the end
of acceleration phases, with air flow rate up to 35 m®> h™" at about 230 A. In fact,
Fig. 7.18, which shows the individual cell voltage acquisition plotted as function
of cycle length, evidences a general slight decrease of all cell voltages, with the
first one under 0.5 V already for the second peak current (130 A) and under 0.4 V
in correspondence of the highest current peak (230 A). The FCS behavior at
10 A s™' suggests that the dynamic performance requires some modification in
management strategies for higher current rising rates. This is confirmed by the
experiment reported in Figs. 7.19, 7.20, 7.21, and 7.22, where a simple dynamic
cycle of current is tested with the same compressor management strategy of the
experiment of Fig. 7.17. This cycle is characterized by an acceleration ramp of
50 A s, a short stationary phase at 220 A and a deceleration step at the same rate
of acceleration. In Fig. 7.19, the acquisition data for the current cycle is reported
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together with the total stack voltage. This voltage drops down from 71 to about
45 V at the end of the acceleration step, then remains constant during the sta-
tionary phase (5 s), and rise again during the deceleration step. The R and air flow
rate profiles, reported in Fig. 7.20, evidences that the compressor operation is
stressed by the high dynamic adopted, in particular the faster dynamic of this test
determines an appreciable effect on the stoichiometric ratio, whose profile
decreases below 1.5 at the end of the acceleration phase. This behavior is further
evidenced in Figs. 7.21 and 7.22, where the individual cell voltages are plotted as
function of cycle length and as histogram acquired at the instant corresponding to
the highest current peak, respectively. A problem of stack malfunctioning is
clearly evidenced for several cells, in particular the first one dropped under 0.3 V,
while the other three cells among the last 20 did not reached 0.4 V. The reason for
this behavior is attributed to difficulties of the air compressor in supplying the right
values of stoichiometric ratio (Fig. 7.20), and this suggests to change the air
compressor strategy in order to increase R values during the fastest dynamic
phases. Figures 7.23, 7.24, 7.25, and 7.26 show the results of a test on the R40
cycle operating at 50 A s™' during the acceleration phases, but modified regarding
the maximum power, which is limited to the optimal power obtainable by the stack
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Fig. 7.21 Individual cell 1
voltage acquisition versus
cycle length during the
experiment of Fig. 7.19
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Fig. 7.22 Individual cell voltage acquisition during the experiment of Fig. 7.19 at the instant of
maximum acceleration (t = 10 s, 220 A)

in the experimental condition adopted (12 kW with respect to 25 kW required by
the cycle). For this test the air management strategy is modified, increasing the air
flow rate in the range 0-200 A (see Sect. 7.4).

In Fig. 7.23, the stack current and voltage is reported as function of cycle
length, while Fig. 7.24 shows the corresponding R and air flow rate for the
modified air management strategy. The voltage profile results acceptable for the
whole cycle, with values never lower than 47 V, while R values does not decrease
under 1.8 also during the fastest acceleration phases.

The analysis of the results obtained for the individual cells (Figs. 7.25 and 7.26)
confirms the benefit of the new air management strategy on the stack dynamic
behavior, in particular most cells show a regular operation in the whole load range,
while only for some cells a significant voltage reduction is observed at the end of
the acceleration phases, with a partial voltage recovery during the stationary
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Fig. 7.23 Stack voltage and
current versus time for a
dynamic test at 50 A s!
based on the R40 cycle

Fig. 7.24 Stoichiometric
ratio and air flow rate versus
time for the experiment of
Fig. 7.23
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Fig. 7.25 Individual cell voltage acquisition versus cycle length during the experiment of Fig. 7.23
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Fig. 7.26 Individual cell voltage acquisition during the experiment of Fig. 7.23 at the instant of
maximum acceleration (t = 175 s, 230 A)

Fig. 7.27 Stack power ver-
sus time during a sequence of
eight fast load variations from
0.7 to 8.5 kW

Stack Power [kW]

0 150 300 450 600 750 900
time [s]

phases. No cell drops under 0.4 V, except for the first one whose voltage decreased
at about 0.3 V, confirming the same trend already observed at 10 A s~ ' [5].

The results of the FCS characterization performed with faster load variations,
composed by a sequence of eight fast load variations from 0.7 to 8.5 kW, are
reported in Figs. 7.27, 7.28, 7.29, 7.30, and 7.31. In Fig. 7.27, the stack power
versus test length, with an acceleration slope of about 6 kW/s, is shown. The value
of about 47°C is selected as initial stack temperature to overcome the limitations
due to the electrochemical reaction and diffusion kinetics with respect to warm-up
conditions. The inlet air is humidified at the same temperature, while the cooling
system is controlled to maintain the stack temperature in the range 50-55°C. The
hydrogen purge and air feeding strategies are evidenced by the acquisitions of
hydrogen pressure and stoichiometric ratio during the test length (Figs. 7.28 and
7.29, respectively). Hydrogen pressure drops every 45 s according to the



218 7 Fuel Cell Power Train for Cars

frequency fixed for the purge strategy described in the previous paragraphs. Its
pressure changes from 40 kPa at minimum power (0.7 kW) to 34 kPa at maximum
constant power (8.5 kW) and drops to 28 kPa for each purge action.

The profile of the stoichiometric ratio, plotted in Fig. 7.29, evidences that
R decreases below 1.5 throughout all the fast acceleration phases, indicating
limitations of the compressor to supply enough air in the transient phases, while
resulted 1.9 during steady state phases.

The function of the hydrogen purge and stoichiometric ratio control is high-
lighted in Figs. 7.30, 7.31, showing the C, values and the individual cell voltages

Fig. 7.28 Hydrogen inlet
pressure versus time during a
sequence of eight fast load
variations from 0.7 to 8.5 kW

H2 Inlet Pressure [kPa]

Fig. 7.29 Stoichiometric
ratio versus time during a
sequence of eight fast load
variations from 0.7 to 8.5 kW

Stoichiometric Ratio

Fig. 7.30 Coefficient of var-
iation (C,%) versus time
during a sequence of eight
fast load variations from 0.7
to 8.5 kW
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Fig. 7.31 Individual cell
voltage versus time during a
sequence of eight fast load
variations from 0.7 to 8.5 kW

Cell Voltage [V]

reported for the entire acquisition time, respectively. The coefficient of variation
C, is mostly lower than 1% for the entire range of time considered, while few
sharp peaks up to 2.2% are observed during the acceleration phases (R < 1.5),
evidencing an acceptable regularity of stack working. Moreover, a slight voltage
recovery is observed for those cells more affected by incoming flooding phe-
nomena (Fig. 7.31), specifically when the hydrogen pressure drops due to the
purge intervention.

7.3.2 Behavior of the FCS During Warm-up

In this section, the experimental results regarding the analysis of the FCS during
the warm-up phase are presented. The tests are carried out starting from 18°C, for
two different acceleration values (150 and 1,500 W/s). Regarding the stack
humidification, the inlet air is saturated at the same temperature adopted for the
stack at the beginning of the tests, to avoid membrane de-hydration.

The individual cell uniformity is monitored by using the coefficient of per-
centage variation C, as statistical indicator already introduced in Sect. 6.3. For the
analysis reported in this paragraph a value of C, equals 2.5% is considered
acceptable for a regular working of the stack.

In order to study transient response of the stack during the warm-up phases the
following experiments are carried out connecting the FCS to a resistive load
electronically controlled. Starting from the temperature of 18°C the stack power is
gradually increased up to about 8 kW by using two power accelerations (150 and
1,500 W/s). After each acceleration the system is left in steady state condition
until the temperature of about 45°C is reached for the stack.

In Fig. 7.32, the stack current, voltage, and temperature are shown versus time
for the test at 150 W/s, while Fig. 7.33 shows a magnification of the stack power
and stoichiometric ratio during the acceleration phase. It can be observed that the
stack temperature reaches its final value in about 10 min, while the stack voltage
reaches the minimum value of 53 V at the end of acceleration slope (55 s), then
increases up to about 60 V at 45°C. The stack current reaches the pick value of
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Fig. 7.32 Stack voltage, 200
current, and temperature ver-
sus time during warm-up test
at 150 W/s
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140 A at the of the acceleration phase, then slowly decreases to 130 A as the
system is controlled to maintain the constant power of 7.8 kW. The stoichiometric
ratio profile (Fig. 7.23) evidences a regular variation passing from the highest
value at low load (R = 6.7) to the final value of R = 1.9 at the power level of 7.8
kW. The data shown in Figs. 7.32, 7.33 suggest that the operative conditions
selected for this tests satisfy a acceptable dynamic behavior of the FCS, as the total
stack voltage results comparable to that obtained in steady state conditions. This is
confirmed by the analysis of the individual cell voltages acquired during the whole
experiment, whose results are reported in Figs. 7.34, 7.35, where C, versus time
and individual cell voltages at the moment corresponding to the maximum C, are
shown, respectively. In particular, C, resulted always lower than 1.2% and almost
constant during the test (Fig. 7.34), evidencing a uniform distribution of cell
voltages (Fig. 7.35), with the minimum voltage (0.63 V) for the cell N.1 at the end
of the acceleration phase (maximum C,) and most cell voltages comprised
between 0.65 and 0.67 V.

The warm-up phase is also studied using a slope of acceleration 10 times
higher (1,500 W/s). The results are shown in Figs. 7.36, 7.37, 7.38, and 7.39
evidencing the tendency of the FCS to operate with irregularity only at the end of
acceleration phase, in particular the total stack voltage decreases to about 50 V for
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Fig. 7.35 Individual cell voltage acquisition during warm-up test at 150 W/s at the instant
corresponding to maximum C, (90 s)
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Fig. 7.37 Stoichiometric 8
ratio and stack power versus
time during the acceleration
phase in warm-up test at
1,500 W/s
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Fig. 7.39 Individual cell voltage acquisition during warm-up test at 1,500 W/s at the instant
corresponding to maximum C, (32 s)
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a short-transient period (about 5 s, Fig. 7.36), R decreases below 1.5 at 7 kW
(time = 32 s in Fig. 7.37), C, profile shows a sharp peak of about 2.5% at the
same instant (Fig. 7.38). The stack dynamic behavior is better detailed in
Fig. 7.39 reporting the individual cell voltages at the moment corresponding to the
end of the acceleration phase (maximum C,). It can be observed that the cell
voltage distribution significantly worsens compared to results of Fig. 7.35, but no
cell voltage drops below 0.4 V, which can represent a limit value for a reliable
stack operation, endurable only for few seconds. The results of Figs. 7.36, 7.37,
7.38, and 7.39 represent the acceptable limit for the stack tolerance to dynamic
conditions of warm-up, and provide useful quantitative indications of the power
ratio between the fuel cell generator and the battery during the start up [6].

7.4 Effect of Different Air Management Strategies

The results shown in previous sections suggest the crucial role of the oxidant
supply system, in particular the effect of the stoichiometric ratio (air flow rate) on
FCS efficiency and dynamic performance. In order to give further information
about this issue, in this paragraph different air management strategies are closely
examined, with particular reference to their influence on cell voltage uniformity
and air compressor parasitic losses.

The behavior of the subsystem composed by stack and air compressor is studied
using four different management strategies, which allows different profiles of
stoichiometric ratio versus stack current to be obtained, as discussed in the
following analysis.

If the stack efficiency is calculated using the equation already shown in
Sect. 6.4:

\%
Nstack = V_id7 (7 l)

the following coefficient (#sc) can be used to evaluate the effect of air compressor
power consumption on the net power provided by the stack:

Pstack - Pcomp

Ysc = > (7-2)

P stack
then the efficiency of the sub-system composed by stack and compressor (SC) is
calculated by:

Nsc = Mstack * Vsc- (7.3)

The individual cell uniformity during the dynamic tests is evaluated by using
the coefficient of percentage variation Ci.

In Table 7.2, the relative uncertainties of the calculated experimental parame-
ters are reported. The results are analyzed focusing the attention on effects that air
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Table 7.2 Relative

uncertainties of calculated Parameter Uncertainty (%)
experimental parameters R 3.8

Peomp 1.4

P stack 14

Nstack 07

7sc 4.0

Nsc 4.7

Calculated starting from the sensor accuracies reported in
reference [3]

compressor management strategies have on the stack performance, for different
power variation rates. The dynamic tests of the FCS are conducted on different
working cycles, changing the stack current variation rate from 2 to 50 A/s. These
values are selected with the aim of simulating the acceleration requirements of a
fuel cell vehicle of size and power compatible with the 20 kW FCS, for instance,
the power requirements of a city car or an urban minibus equipped with a nominal
30 kW electric drive running on the European R40 driving cycle are considered
[7]. During the dynamic phases of this cycle, which lasts about 20 s with accel-
erations of about 1 m/s?, peak power requirement of about 50 kW for the vehicle
selected are certainly expected. Evaluating an average efficiency for the electric
drives and DC-DC converters of about 0.8 and FCS average total voltage of about
55 V, the above value of engine peak power means a stack current derivative of
about 50 A/s.

During experiments all the main parameters characteristic of stack operation,
such as stack current and individual cell voltage, reactant pressure, air and cooling
water temperature, and humidification level are continuously monitored. Stack
temperature and reactant pressure during the tests are maintained below 330 K and
150 kPa, respectively.

Figure 7.40a shows the profiles of stoichiometric ratio versus stack current for
different compressor management strategies, which can be obtained by imposing
different references of the compressor motor speeds as function of stack current,
while Fig. 7.40b reports the air flow rate values corresponding to the different
strategies. The curves 1 and 2 of Fig. 7.40a refer to compressor motor speed
regulations which determine two constant air flow rates of 33 and 24 Nm3/h,
respectively, and are obtained with constant voltage reference of the motor speed
(4 and 3 V). The other curves in Fig. 7.40b refer to variable air flow rates, in
particular the curve 3 is related to R values comprised between 2 and 3 in the range
of 100-200 A, obtained with a linear voltage reference increase up to 4 V (140 A
as stack current), corresponding to an air flow rate almost linearly increasing from
12 to 33 Nm’/h in the range 0—150 A, and constant at this value up to 200 A.
Finally, the curve 4 is obtained with a control which allowed the compressor to
reach R = 2 already at 100 A and to keep it constant at higher loads, with an linear
flow rate increase from 16 to 33 Nm’/h in the range 100-200 A (Fig. 7.40b). This
management is realized imposing a first increase of compressor voltage reference
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from 1.5 to 2 V (60 A as stack current), then after a constant phase at 2 V the
voltage reference is linearly increased up to 4 V in the range 110-200 A of the
stack current. This last management strategy allows the compressor consumption
to be minimized with R values such as to guarantee a regular stack operation in
steady state operations.

The study of the effects of compressor management strategy on the efficiencies
of stack and subsystem (SC) composed by stack and compressor is preliminarily
carried out in steady state conditions. In particular, the stack efficiency (9swck) 18
calculated by using the Eq. 7.1 starting from the data obtained at 313 K with the
compressor management curve 4 (Fig. 7.40a, b) and reported in Fig. 7.41 as
function of stack current. A linear trend can be observed in the range 30-200 A
corresponding to an efficiency decrease from 0.7 to 0.5. The 74,k curves for the
other management strategies are not reported because they are not significantly
affected by R > 2. In Fig. 7.41, nsc (Eq. 7.3) is also reported for all the different
compressor management strategies of Fig. 7.40a.

Differently from stack efficiency the nsc values are clearly dependent on the
profile of R utilized, due to compressor consumptions connected to different motor
speed regulations. In particular, highest nsc values decrease from 0.60 to 0.53
passing from management curve 4 to 1, with major differences in the field of lower
loads (under 100 A).
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For the tests carried out with the compressor management strategy N.4 a simple
current cycle is used, whose dynamic is characterized by an acceleration ramp
(2, 10, and 25 A/s), a stationary phase at 160 A and a deceleration step at the same
rate of acceleration. In Fig. 7.42a—c, the acquisitions of the main operative
parameters during cycle length are shown for the test at 2 A/s. In Fig. 7.42a, the
current cycle is reported together with the total stack voltage. This drops down
from 71 to about 49 V at the end of the acceleration step, then slowly increases up
to 51 V during the stationary phase (110 s), and rises again during the deceleration
step. The R and air flow rate profiles (Fig. 7.42b) show that the compressor
working is not stressed for the slow dynamic adopted, as their values are exactly
corresponding to those expected by the imposed management strategy for every
instant of the cycle. The slight voltage increase, observed in Fig. 7.42a during the
stationary phase, can be correlated with the stack temperature increase, which is
possible to observe in Fig. 7.42c. However, the initial phase of this voltage
increase (between 80 and 100 s) can be also related to the thermal management
strategy adopted during the test. In particular, the flow of the external water
through the heat exchanger is stopped just before the beginning of the cycle, when
the stack output temperature is decreasing. This justifies the initial stack cooling
shown in Fig. 7.42c, and the voltage behavior between 80 and 100 s. Figure 7.42¢c
also evidences the constant values of inlet air humidity and temperature (100% and
303 K, respectively).

The results obtained at 10 A/s are shown in Fig. 7.43, in particular the voltage
profile reported in Fig. 7.43a is practically coincident with that related to 2 A/s,
with a more regular behavior also at the beginning of the stationary phase, because
during this test the stack is not previously cooled by external water through the
heat exchanger.

The temperature profiles are reported in Fig. 7.43c, where it is evidenced that
output air and cooling water temperatures slightly increase during the test fol-
lowing almost the same values. The imposed values of air humidity and inlet
temperatures are also reported in Fig. 7.43c. The faster dynamic of this test
determines an appreciable effect on the stoichiometric ratio (Fig. 7.43b), whose
profile decreases below R = 2 in the range 15-20 s at the end of the acceleration
phase. These effects are more evident in the test effected at 25 A/s (Fig. 7.44b),
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with the same thermal management of Fig. 7.43c. In addition, also the voltage
profile results affected by the faster dynamic, as stack voltage reaches lower values
(47 V) for about 10 s just after the acceleration phase (Fig. 7.44a).

A further indication of the effect of the load variation rate on the stack working
regularity is obtained by the calculation of C, values, carried out on the base of the
acquisition versus time of the individual cell voltages. The C, profile referred to
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tests of Figs. 7.42, 7.43, and 7.44 are reported versus cycle length in Fig. 7.45,
where the differences between the C, values for the three current ramps (2, 10, and
25 A/s) are evidenced. While at 2 and 10 A/s the C, profiles show a regular
behavior associated with stack power values rather than dynamic ramps, at 25 A/s
a strong effect of dynamic requirements is observed on C,, as this coefficient
reaches almost 3.5 at the end of the acceleration step.
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This behavior is evidenced in Fig. 7.46, where the individual cell voltages
corresponding to five significant instants of the cycle are reported, in particular just
before acceleration (r = O s), just after acceleration (f = 10 s), two instants of the
stationary phase (+ = 20 and 34 s), and at the end of deceleration step (r = 45 s).
An evident problem of stack malfunctioning is observed at r = 10 s, especially for
the last 10 cells, due to difficulties of air compressor in assuring the necessary
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stoichiometric ratio values (Fig. 7.44b), while the cell voltage recovery at ¢ > 10 s
indicates the correlation between R values and voltage behavior.

The current cycle of Figs. 7.42, 7.43, and 7.44 can be utilized to verify the
stack—compressor interaction in higher dynamic conditions. Figure 7.47a, b
reports the results obtained with a ramp of 50 A/s and the compressor management
strategy N.2 (Fig. 7.40), corresponding to a constant air flow rate of 24 Nm’/h,
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which allows the reaching during the stationary phase of the cycle R values similar
to those obtained with the management strategy N.4. During this test, the output
cathode temperature is maintained constant at 315 K, with 303 K and 100% of
relative humidity at the inlet. In Fig. 7.47a, the voltage profile reaches the mini-
mum value of about 48 V at the end of the acceleration step, with a partial
recovery up to 51 V at the end of steady state phase. This behavior shows a stack
working irregularity, not evidenced by the R profile reported in Fig. 7.47b, which
follows the values reported in Fig. 7.40.

The utilization of the management strategy N.1 provides the results shown in
Fig. 7.48 (same thermal management of Figs. 7.43, 7.44, and 7.47), in particular
stack voltage does not decrease under 53 V maintaining this value almost constant
during the stationary phase, while R follows the values expected by Fig. 7.40 and
reaches about 2.5 at 160 A. The difference in stack performance observed between
the management strategies N.1 and 2 is confirmed by the C, values reported in
Fig. 7.49, which evidences that the statistical indicator of cell voltage regularity
does not reach the value 2.5 for the highest flow rate (33 Nm?®/h) while it over-
comes the value 3.5 for 24 Nm>/h at the end of the acceleration phase. This
confirms that during the fastest dynamic phases the necessity to preserve stack
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Fig. 7.49 C, profiles versus
cycle length for the experi-
ments of Figs. 7.47 and 7.48
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durability requires stoichiometric ratio values higher than those optimized for
stationary operations or for very slow dynamics.

In order to identify the best compromise between compressor consumption and
stack dynamic performance the management strategy N.3 is verified for two different
current variation rates, 25 and 50 A/s (Figs. 7.50 and 7.51, respectively). This
management strategy allows R values higher with respect to the strategy N.4 to be
realized, in particular reaching R = 2.5 (33 Nm’/h) at 160 A. For both dynamic
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ramps the voltage profiles suggest a regular stack operation, with minimum voltage
values always higher than 52 V (Figs. 7.50a and 7.51a). Regarding R profiles the
steady state values are reached after <5 s from the beginning of the stationary phase
for both ramps, while an appreciable difference is observed only at the end of the
acceleration step, in particular at 50 A/s a slight and fast reduction (R < 2) is evi-
denced (Fig. 7.51b). The calculation of C, evidences that this management strategy
makes possible the regular stack working also for 50 A/s, as shown in Fig. 7.52, in
fact the C, values never overcome 2.5 also during the fastest acceleration phase.
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The compressor management issues discussed above are finally verified in the
range of high loads utilizing a cycle of current characterized by two successive
acceleration steps at 50 A/s, each one followed by a steady state phase, the first
one at 160 A and the second one at 240 A. A final deceleration step at 50 A/s takes
back the stack to the initial current value. The compressor management strategy
N.3 is adopted for the entire cycle length, with the aim to limit compressor con-
sumptions and check stack operation regularity in more severe conditions.

In Fig. 7.53a, the stack current variation during the cycle and the corresponding
voltage values are reported versus time. As expected the first acceleration step
reproduces the same results shown in Fig. 7.51 in terms of stack voltage, as well as
regarding stoichiometric ratio values (Figs. 7.51b and 7.53b), while during the
second acceleration step a voltage decrease is observed from 52 to 45 V, with
the corresponding R diminution from 2.5 to 2 (Fig. 7.53). Figure 7.53b also reports
the air flow rate profile evidencing the different values imposed by the selected
management strategy during the cycle, 33 Nm>/h after the first acceleration phase
and 38 Nm’/h during the second one.

Some acceptable individual cell irregularities during the second acceleration
phase are evidenced by the C, values shown in Fig. 7.54, where the statistical
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Fig. 7.54 C, profiles versus 3
cycle length for the experi-
ment of Fig. 7.53
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Fig. 7.55 Individual cell voltage for five significant instants of the experiment of Figs. 7.53
and 7.54

indicator is reported versus time for the entire cycle. The first peak at about 2.5
reproduces that observed in Fig. 7.52, while the second peak at about 2.8% is due
to the second acceleration step, and is associated with incoming difficulties of air
feeding encountered by some cells. This is better evidenced by the results of
Fig. 7.55, where the acquisitions of all individual cells are reported for initial and
final instants (r = 0 and t = 55 s), for the two C, peaks (+ = 10 and ¢ = 35 s) and
for the relative minimum between the two C, peaks (¢ = 25 s) which corresponds
to the initial instant of the second acceleration step. It is evident that the problem
of the last section of the stack regarding the air feeding capabilities, in particular at
t = 10 and r = 35 s, while at t = 25 s a partial voltage recovery is observed, due
to the major oxygen availability during the first stationary phase.

The results reported above show that the compressor management strategy
adopted during the dynamic operations tested clearly affects both individual cell
voltage regularity (and then stack reliability) and FCS efficiency. In fact, although



236 7 Fuel Cell Power Train for Cars

the strategy N.4 allows the minimum compressor consumption to be assured,
especially in the field of low powers, it does not guarantee the reliable stack
operation in more elevated dynamic conditions (starting from 25 A/s). On the
other hand, the strategies N.1 and 2, based on the regular operation of the air
compressor, evidences the necessity of higher air flow rates during dynamic
phases, in particular at 50 A/s, but implies a strong efficiency loss, as indicated by
the steady state results of Fig. 7.41. The best balance between efficiency optimi-
zation and dynamic response of the FCS is then reached by the management
strategy N.3 characterized by R values only slightly higher with respect to the
strategy N.4 up to 200 A. This strategy allows a regular stack voltage to be
maintained up to 50 A/s also in the field of high powers, while the overall effi-
ciency decrease with respect to the strategy N.4 could be considered not signifi-
cant, as suggested by the results obtained in stationary conditions (Fig. 7.41).

A further improvement of efficiency and regular stack working in conditions of
high loads could be reached by increasing the reactant pressure, in particular this
could prevent too low cell voltages at the highest loads (<0.5 V), which are
observed in Fig. 7.55 [3].

7.5 Fuel Cell Power Train Tested on the R40 Driving Cycle

The propulsion system is powered in a hybrid configuration by using lead batteries
and the 20 kW PEM stack described in the above paragraphs. The experimental
tests in dynamic operation are carried out on a laboratory test bench utilizing the
European R40 driving cycle, varying both dynamics and maximum power of the
test cycle for different hybridization levels between FCS and batteries.

As previously discussed (Sect. 5.5), the battery pack of a fuel cell power train
can be either minimized assigning the role of generating most energy required by
the load to the fuel cell stack (soft hybrid), or sized in order to provide all dynamic
requirements of the vehicle allowing the utilization of a smaller FCS (hard hybrid).

The first experiment on the fuel cell power train is carried out imposing to the
R40 cycle an acceleration slope corresponding to the stack current the variation
profile of Fig. 7.14 (5 As™') and the air management strategy of Fig. 7.17
(minimum compressor consumption). The results obtained are shown in Fig. 7.56,
where the power distribution between engine, battery pack, and DC-DC converter
is reported versus cycle length. The engine power reaches three maximum values,
which are 5, 10, and 15 kW, at the end of the three acceleration phases of the R40
cycle, then after the stationary phases diminishes up to negative power values
during the deceleration phases, when the engine operates as generator. The control
strategy adopted for this test is based on the hypothesis that the hybrid vehicle is
used as pure electric vehicle at the start up and for partial loads, in particular the
energy flows inside the power train are regulated to satisfy the engine requirements
only by batteries up to about half of the engine maximum power. For higher loads
the FCS satisfies all the engine demands following the same dynamic of the cycle,
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and recharges the batteries (Fig. 7.56). The results of the previous paragraph
guarantee that no dynamic limitation can be expected during this experiment. The
batteries are recharged during both deceleration phases (regenerative braking) and
stationary phase when the FCS power overcomes the engine demands. The
behavior of battery power affects its state of charge (SOC) during the cycle, in fact
a slight decrease of battery SOC is observed (about 0.2%) at the end of a single
R40 cycle managed according to Fig. 7.56. In Table 7.3, the values of efficiencies
calculated for the power train and its main components on the R40 cycle are
reported. The total efficiency of the FCS (ygcs) is calculated as ratio between the
power at DC-DC converter input and the theoretical power associated with the
fuel entering the stack. The DC-DC converter (pc) and electrical drive (4gp)
efficiencies are calculated as ratio between outlet and inlet power of the devices.
Then the total efficiency of the power train (1pt) on the driving cycle is determined
using the following equation, assuming a battery efficiency of 100% and taking
back the final SOC to the initial level [8]:

et = Mrcs * Mpc * MED- (7.4)

For the test reported in Fig. 7.56, an efficiency of 46% is obtained for the FCS,
which operates on the cycle mainly in conditions of partial loads, characterized by
high efficiency [3]. For DC-DC converter and electric drive efficiencies of 78 and
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74% are evaluated, respectively, with an overall efficiency value for the power
train of about 27%.

The next experiment is performed increasing the slope of the acceleration
phases of the same R40 cycle, in order to obtain current variations of 10 A s_l,
and maintaining the same air management strategy of Fig. 7.56. The results of this
experiment are shown in Fig. 7.57, where the power distribution between engine,
battery pack, and DC-DC converter is reported versus the cycle length. For this
cycle a different control strategy is adopted, based in particular on the fact that all
power requirements from the electric drive are mainly satisfied by the FCS already
at the start up, while the contribution of batteries is limited to about 30% of the
power demands during the acceleration phases. This strategy is chosen according
to the soft hybrid option, aimed to minimize the intervention of the energy storage
devices. The results of Fig. 7.57 clearly show that the dynamic behavior of the
FCS permits the energy requirements from the engine to be instantaneously
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satisfied by the stack. In this test, the batteries mainly plays the role of recovering
energy during the regenerative phases, as evidenced by the negative values
reached by the battery and engine power curves. The energy recovered during the
regenerative braking phases results about 15% of the total energy entering into the
electric drive during the cycle. The data reported in Table 7.3 show that significant
differences are not observed in terms of efficiency values for this test with respect
to the experiment of Fig. 7.56, in particular an efficiency value of 26% is calcu-
lated for the total power train.
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Fig. 7.59 Hard hybrid procedure during R40 cycle. a Electric energy profiles instantaneously

exchanged by electric drive, battery pack, and FCS versus cycle length. b Histogram of individual
cell voltage during the steady state FCS working
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The hard hybrid configuration of the power train is analyzed through a test
performed on the cycle R40, modified with slopes of acceleration phases corre-
sponding to stack current variation rate of 50 A s~' and a maximum power
demand of 35 kW. The results of this test are shown in Fig. 7.58, where the
electric power of the electric drive, batteries and FCS are reported as function of
the time for a sequence of three successive cycles. The FCS operates as a power
levelling source during the whole cycle (5 kW at the DC-DC converter outlet),
while the dynamic requirements are provided by the batteries. Using this strategy,
the FCS works in conditions of maximum efficiency, as evidenced by data of
Table 7.3. In particular, the FCS efficiency resulted about 48%, and a significant
increase is observed also for the DC-DC converter efficiency, which raises up to
84%, while the overall power train efficiency is about 30% [5].

The behavior of the power train in hard hybrid configuration can be also ana-
lyzed in terms of energy profiles of engine, battery pack, and FCS exchanged
during the cycle (Fig. 7.59a). During this test, similarly to the experiment of
Fig. 7.58, the stack power is fixed at a value corresponding to the maximum FCS
efficiency, while the energy requirements from the electric drive are satisfied by
both FCS and storage systems. The satisfactory working regularity of the 20 kW
stack during this experiment is confirmed by the histogram of Fig. 7.59b, where
the individual cell voltages are reported for a particular instant of the FCS steady
state operation [9].
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