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If transport is an essential means for the development of the economy, society and its mobility,
it has the drawback of leading to significant atmospheric pollution. As traffic density is very
high in large cities, air pollution is amplified by the various means of transport resulting from
the combustion of fossil fuels. Urban air pollution is mainly caused by vehicles generating
emissions harmful to human health. Our objective of this work is to analyze a strategy to
eliminate or reduce the emission of these pollutants (NOx, CO, CO2) during combustion. This
strategy aims to explore a clean energy source alternative to fossil fuels. This approach consists
of completely replacing the internal combustion scalar with the engine powered by fuel cells
using hydrogen. This motivates decision makers to choose hydrogen as an alternative fuel to
protect the urban environment and the health human from air pollution. This study shows that
it is possible to perfectly mitigate pollutants from urban transport systems by using a PEMFC
as an alternative clean energy source. Analyze a strategy to eliminate or reduce the emissions
of these pollutants (NOx, CO, COz) during the combustion of full fossil fuel in vehicle engines.
This strategy aims to exploit the energy vector represented by hydrogen in order to save human
life in more populated areas and protect the environment. The pressure, temperature and
concentration of each species (Oz, Hz and H20) are obtained from the resolution of the

electrochemical model coupled to the dynamic model, which we do not present here.

1. INTRODUCTION

The growing evolution of urbanization requires increasing
mobility in conjunction with the expansion of trade, which
aims to improve accessibility to different parts of the globe,
where it causes inflated traffic. In fact urban air pollution is
caused principally by transport systems (vehicles) and less
seriously by industrial activities [1, 2]. In the light of the
environment and energy, the development of a sustainable
economy is attracting more and more attention worldwide. As
a result, many countries have taken specific initiatives to
decarbonise their transport sector in particular [2-4]. In
summer, the maximum demand for electrical energy in urban
areas increases with the increase in temperature. It is evaluated
around 2% for each increase of 0.6°C [5]. Raising awareness,
sharing information and knowledge between cities around the
world, is essential for optimal mitigation of the urban heat
island effect [6]. Indeed, combustion of fuel oil generates
emissions of gases such as CO,, CO, Soot, unburned
hydrocarbons and even NOx whose rates are often very
important. Vehicle emissions, Figure 1, highlights the
formation of urban smog and global warming, produced by
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vehicle emissions [7-9]. The development of a low-carbon
economy is increasingly attracting decision-makers in order to
protect the environment and save energy. This is why many
countries have taken specific initiatives to decarbonise their
power generation units and for the transport sectors [9, 10].
The theoretical laws of stoichiometry’s applied to the
combustion of hydrocarbons show us that burning one kg of
diesel (C7, 25H13), gasoline (C7H16) or LPG (C3, 5H9)
respectively requires 14.6 kg, 15.3 kg or 15.6 kg of air in order
to produce nitrogen (11.2kg, 11.8kg or 12kg), carbon dioxide
3.2kg, 1.4kg or 3.0kg) and water (102kg, 1.4kg or 1.6kg).
These components exist in large quantities in nature, and are
chemically stable and essential for the maintenance of natural
balances; they are not pollutants but do contribute to the
greenhouse effect. But what happens when the laws of
stoichiometry are violated? This case can occur when two
mixtures (rich and poor) are burnt. In such configuration, one
obtains two other products (CO and NO) that are very toxic to
living organisms [11]. It has also been found that, whatever the
engines, these emissions increase significantly in urban traffic,
especially in traffic congestion and also during periods of
strong sunshine, Figure 1, [12]. For Diesel we have:
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It is necessary to develop urban transportation and make real
changes in the behaviour of its users. The solution adopted for
the reduction of these emissions generally consist of either
choosing the most efficient mode of public transport [13] or
the use of pre-mixed flames [14-16].

One of the state-of-the-art combustion technologies is
combustion without flame which appears to be necessary at
this stage as a means for reduction of air pollution [17].

Figure 1. a) Automobiles play an increasing role in
greenhouse effects and air pollution; b) Congestion increases
air pollution; ¢) Non-stoichiometry combustion generates
toxic carbon monoxide and carbon dioxide

Several models of turbulence for round jets have been used
for the calculation of hydrogen-type diffusion flames. The
most common model is the standard k-g with Pope Correction
[18], as well as the Realizable k-& model [19]. However, the
technique of using hydrogen in this way can be dangerous
because of its high flammability. In order to avoid this kind of
risk, it is recommended to use diffusion flame. Indeed, the
efficiency of the results depends both on the choice of
turbulence and the chemical kinetics models during
combustion. Today, the large deployment of electric vehicles
(EV) is one of the main options to reduce environmental
pollution. It is clear that electric vehicles (EVs) improve the
efficiency of energy conversion and reduces greenhouse
emissions by reducing the use of fossil fuels. From 2013 to
2015, EV market share grew significantly in most countries.
So if they use low-emission energy sources, the growing
number of electric vehicles will undoubtedly benefit the global
environment [20-23]. To reach the target of reducing
emissions from the urban transport sector by 14% by 2020, the
British government has supported the testing of electric
vehicles, predicting that it plans to play a major role in the
future transport sector, especially in urban areas. This type of
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vehicle will play, not only as a rapid response of the electrical
system, but also support, security operations of the electrical
system which will represent an alternative energy [24]. Air
quality, regarded a main infrastructure element in the urban
transportation system, and is considered as major criteria for
human settlement. Therefore, transport emitted air pollution
appears related to establishment of urban land use in
proportion to urban transportation network. Increasing
demand for the rest of the total residential areas, along with
this development of cities, has given rise to some
environmental issues [25-27]. Many studies focus on various
models for optimizing electric systems using electric vehicles
which have attracted several countries to consider the agent for
using this new fuel on a large scale to replace fossil fuels. The
USEIA also indicated that around 21% of world electricity
production comes from renewable sources (biofuels, biomass,
geothermal energy, hydroelectricity, solar and wind energy in
2011 with a target of 25% by 2040). This situation is illustrated
by Figure 2, which shows the net production, of industrial
scale installations, from photovoltaic (PV) and wind power.
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Figure 2. Net generations in GW-hours at utility scale
facilities from -a- solar photovoltaic and -b- wind turbines

From a technological point of view, fuel cells play the role
of a generator, which converts electrochemical energy directly
into electrical energy. They have many advantages: I- ¢ very
good energy efficiency, generally above 50%, depending on
the type of fuel cell, II- very little or no pollutant depending on
the used fuel, III- soundless, IV- Compactness, for instance
fuel cell prototypes may also be used for mobile phones,
laptops, etc., V- they can operate at low temperatures (=20-



80°C) and require little maintenance. The addition of an
electric motor to a conventional combustion engine not only
saves energy, but also contributes to the protection of the
environment by reducing harmful emissions. Hydrogen fuel
cells have the following advantages:

-The ability to provide high current densities compared to
reduced operating temperatures,

- Quick Start,

- Immediate response to changes in power demand,

- Emission-free operation [28-34].

Proton exchange membrane fuel cells (PEMFCs) are
electro-chemical devices that directly convert chemical energy
into electrical one. Such advantages make these cells,
particularly suitable for urban transport. It is therefore not
surprising to see that all major car manufacturers have their
hydrogen vehicle prototype, whether direct combustion
(BMW) or fuel cell (GM, PSA, Nissan, Daimler Chrysler,
Toyota, Honda, etc.). Worldwide studies predict that two
million fuel cell vehicles (buses and individual cars (Figures 3
and 4) will be on the road by 2020.

Suzuki SX4FC, Juillet 2008
Figure 3. Véhicules prototypes a pile a combustible

More generally, the enthusiasm for hydrogen is such that
numerous structures, bringing together industrial, academic
and governmental actors were established as a national and
international level [35]. For example, the International
Conference on Hydrogen Energy (ICHE),

X. Hydrogen

Figure 4. Urban transport system with zero emission: Buses
fuel cell in the testing stage

Recent studies on how to adapt batteries for vehicles have
shown that a combination of a stoichiometry’s factor and a
forced draft seems to provide the optimal thermal management
strategy of high-temperature PEM fuel cells [36, 37]. One of
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the most important operational issues for PEMFC that need to
be solved is the management of the produced water and heat.
Up to now, we have not been able to directly correlate the
results of the resistance to mass transfer measured by the
impedance channels and by visualization. But it was expected
that such a correlation would depend on the transmission line
model which is widely debated for the adjustment of low
frequencies. A more direct study of the resistance to oxygen
diffusion has been felt in works carried out by Coursange [38]
and Gilbert [39] who have developed an analytical approach
using undersized limiting current measurements and versatile
conditions. Since the performance is linked to these two
parameters, we propose an idea on how to solve these issues
by the processes of heat and mass transport through their
membrane [40].

In light of the above, we propose a protection strategy
against pollution of the urban environment, based on
renewable fuel. To do so, we need to study the performance of
a proton exchange membrane fuel cell (PEMFC).

2. ELECTRIC VEHICLE MODELING
2.1 Model description

The core of the battery consists of an assembly of a proton
conducting membrane and two volumetric electrodes. Two
electrochemical reactions are carried out on the surface of the
electrodes, more precisely at the level of the triple contact
Figure 5.

The choice of these batteries (PEMFC) is oriented by their
simplicity of design, low operating temperature and high
power density. They favour them in several fields of
application such as transport. The CFMEP operates at
maximum performance at temperatures between 70 and 90°C.
The power range of the applications is still relatively large; 0.1
to 250 KW [41]. A common configuration of fuel cell looks
something like that shown in Figure 6. Figure 6 shows a single
cell consisting of two porous electrodes, separated by an
electrolyte, through which gas diffuses. The distinction of a
battery compared to others is indicated by the choice of
electrolyte. The battery electrolyte in Figure 6 consists of a
thin membrane capable of conducting only positive ions.
Hydrogen is introduced into the cell on one side of the cell
while oxygen enters on the opposite side.

Hydrogen is catalytically oxidized to the anode to produce
protons as well as electrons, according to an electrochemical
reaction. These protons transported from the anode to the
cathode through the membrane, and the electrons transmitted
through an external electrical circuit will contribute to the
reduction of oxygen to produce water, according to an
electrochemical reaction. A single cell can generate around
1.23 V in open circuit and 0.5 V in normal operation [42]. If
we need a higher time it is in the present paper, we propose a
model in which the anode-channel feed consists of hydrogen
and water vapour, whereas humidified oxygen is fed into the
cathode channel. The fuel and oxidant flow rates are governed
by a stoichiometric flow where their diffusion takes place in a
porous medium constituted by the layers of catalyst and the
membrane necessary to mount a number of cells in series.

The diffusion and the catalyst layers with the membrane are
porous medium. Hydrogen oxidation and oxygen reduction
reactions are considered to occur only within the active
catalyst layers which can be described by:
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Figure 6. Basic configuration of a PEMFC

The gas-liquid interface moves from the catalyst layer to the
diffusion layer as the relative humidity of the cathode
increases. When the relative humidity of the cathode reaches
100%, the gas-liquid interface is close to the inlet of the gas
flow channel. The relative humidity of the cathode increases
when the condensed water in the pores of the porous medium
blocks the transport of the combustible. This causes the
performance of the cell and the power density to decrease.
Reducing the operating voltage of the cell reduces the distance
between the gas-liquid interface and the inlet of the gas flow
channel due to the high currents generated by large
electrochemical reactions. We are also witnessing the decrease
in oxygen and the increase in the fraction of water. The
transport of liquid water through the porous medium is driven
by the shearing in the channel and by the capillary forces for
this liquid water moves from the catalyst layer to the gas
diffusion layer [41, 42]. An ideal GDL must possess a number
of characteristics such as an efficient transport of gaseous
reactants to the catalyst layers, a good hydrophobicity and low
electron resistivity. It also plays a crucial role in the removal
of water (by-product of the chemical reaction) from the anode.

2.2 Problem formulation

In this model and for brevity, we do not present the
mathematical transport equations, the source terms and the
closest relations (it is similar to the above problem). Energy is
transported by conduction and convection in the three phases
(polymer, liquid, gas) of the fuel cell fig.6. In order not to
overload the text, the analysis of the dynamics, widely used in
the literature, will be omitted in this study. Energy is
transferred in the liquid, solid and gas phases which are
revealed in the different parts of the cell (Figure 6), by the
modes of conduction and convection. Ohmic polarization and
activation effects in the membrane and in the catalyst layers
are taken into account in the source term of the energy
equation [43].
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The governing equations of the thermo-chemical problem
can be written as follows:

+n )i
S — (nOmh nact)

T W (%)

In electrochemistry, the Nernst equation gives the
thermodynamic equilibrium potential (Nernst) of the electrode
relative to the standard potential (EO) of the redox pair
involved. It can be written as follows:

E (6)

Nernest

=10°T [4.31(In P +%In Fg*}+o.9755

In cell operation, the potential of the cell is lower than its
thermodynamic equilibrium potential because of the
irreversible differences in losses that must be taken into
account in the numerical simulation [44, 45].

- ENersnl - 7730! - 770mh - 77conc (7)

cell

The Ohmic losses in the electrolyte are calculated using
Ohm's law [46]:

i
770mh = lo2

m

®)

The proton conductivity in the membrane phase was
correlated by Boulanger et al. [4], through the equation:

1 1
= - ——— 9
o, =(0.5139y —0.326).exp(1268.( 303 T ) ©))
The water content in the membrane H>O/SO, ¥y,0/s0,
depends on the molar concentration of water Cj;, and the

activation polarization are considered from the literature [47]

Vioysor = 22— 10
H20/503 %—o.ozsc}}‘zo (10)
where, M™ is the molecular coefficient of the membrane and
p:;c is the density of the dry membrane. The activation

polarization is given by [48, 49]
n.= [§1+§2.T +<&,T.In(C_ )+ .§4.'I'.In(i)] (11)

where, i is the current density, CO- is the oxygen concentration
at the cathode catalytic interface, is the hydrogen
concentration at the anode catalytic interface, and &1, &, & and
&, are the parametric coefficients for each fuel cell model:

& = —0.948 (12a)
& =[283 + In(A%° + C4)].107° (12b)
& =7.6.10"° (12¢)

& =—1.93.107* (12d)
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In Eq. (7), #conc 1 the concentration polarization of the over-
potential:

RT i

N =—5p IN| 1-5— (13)

The pressure, temperature and concentration of each species
(oxygen, hydrogen and water) are obtained from the resolution
of the dynamic model coupled to the electrochemical model,
which we do not present here.

3. MODEL VALIDATION

We note that at present, the polarization curve is the only
experimental data available in the literature, polarization
curves are therefore commonly used to validate the agreement
between the digital model and the experiments. Figure 7
gathers the results obtained by the present model and that
obtained experimentally by Cheng [50] at a temperature T =
353.15K. The curve of polarization versus current density for
the average model agrees well with that of Cheng.

10 I —a— Exp. model

—a— MNum. model
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current density (Afem )

010 0.125

Figure 7. Comparison of the predicted performance curves
with the experimental data of Cheng [50]

4. RESULTS AND DISCUSSION

In the Fuel cells, for urban transport, the influence of the
flow and the electrochemical reaction on the concentration
distribution of reactants (O2, H»), production (H2O) and on the
temperature in all parts of the fuel cell shows that there are two
important regions to consider. The first region has the thermal
and mass boundary layers along the canal, see Figure 4. We
observe that the increase in thickness of the boundary layers
of the reactants is more nuanced than that of water and
temperature. The second region (membrane electrode
assembly (MEA) presents the electrochemical reaction and the
porous medium effect. The results show that the mass and heat
diffusion in the porous medium is slowed down because of the
permeability effect. This influences the performance of the
hydrogen fuel cell.



4.1 Temperature effect on the polarisation curve

The polarization curve of the cells, at normal operating
temperature and humidity, is illustrated in Figure 8. Low and
high operating temperatures limit the cell performance. In fact,
the potential of the cell decreases significantly with respect to
the optimum operating temperature (353 K) between 333 K
and 343 K, as the resistive losses in the membrane increase.
The improvement of the cell potential, generated by the
operating temperature, can be explained by the reduction of
losses in the cell and of the iconic conductivity which results
from a lower resistive loss in the membrane. Although the
extent of the operating temperature reduces Ohmic losses,
transport and activation, at temperatures 353 K and 363 K,
Figure 8, the cell potential decreases due to an increase in
partial pressure. In addition, an excessive operating
temperature may lead to dehydration causing a drop of ionic
conductivity, which could result in excessive thermal stress
and cause a rupture of the membrane. The electrolyte potential
improves when the input flow is well humidified and the
membrane is well dehydrated. Therefore, temperature can
have a positive effect on oxygen reduction, but resistance to
protons is higher. Saying then that the dehydration of
electrolytes has a dominant influence on the reduction of the
cathodic reaction

Y —
06

T v T T T v
08 1.0 12
current density {Afcm’)

Figure 8. Temperature effect on the Cell polarization curves
4.2 Humidity effect on the cell polarisation curve

Note in Figure 9 that the reduction of Ohmic losses along
with increasing relative humidity improves the potential of the
cell. However the effect of relative humidity in the range
(100%-110%) on this potential is not significant cell potential
for the relative humidity from 100% to 110%. This agrees with
the fact that the excess water from its condensation, in the
vicinity of the anode and the actual concentration of water
vapor in the anode catalyst layer, did not exceed 100%. The
dry input flows increase the electrolyte voltage losses. This
will negatively affect the rate of reaction at the cathode level
by reducing the conductivity of the protons in the polymer
electrolyte. In fact, this depends linearly on the water
contained therein. At low current densities, where joule
heating and reaction heat are low, the condensation of water in
the cell has a considerable impact involving the preponderance
of latent heat.
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Figure 9. Humidity effect on the Cell polarization curves
4.3 Pressure effect on the Cell polarization curves

The same effect is observed in the case of the pressure on
the characteristic of polarization of the cell. Indeed, we can
read on Figure 10 that for the pressure of 5 bars, the
characteristic parameters of the cell are very close to those
corresponding to 353k (I=1.1 A/ cm? V=1.18V and P =
0.64 W/ cm?).

08 10 12

e
current density (Alem?)

Figure 10. Pressure effect on the Cell polarization curves
4.4 Conductivity effect on the Cell polarization curves

Figure 10 Evolution of the voltage and power as current
density functional for different conductivity and humidity. It
shows the voltage and power as functions of the current
density for different conductivity. On this polarization curve,
obtained thanks to a digital simulation, a significant decrease
in voltage and power density is observed with the increase in
current. This results from the different types of losses in the
cell. The power reaches its maximum an optimal current of
0.64W/m? (for 1.1 A/m2, U=1. 28 V and I=14W//m?) Figure 9
and 0.875W/m? (I=1.4 A/m?, U= 1.3V and hm = 0.125 1061)
Figure 11. For automotive traction, only PEMFCs can
contribute to the protection against air pollution in urban
spaces in a very efficient way.
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Electrodes/catalyst

Electrolyt Multi-Cell Stack

Gas flow bipolar plates
a) Detailed structure of a cell

(c) charge station

Figure 12. A multi-cell stacks made up of multiple cells to
increase the voltage

4.5 How to profit from these techniques results

At the environmental level, the noise pollution is also very
low since the applications envisaged do not have moving parts.
It should also be noted that the reaction products of the
batteries are non-polluting and therefore harmful gas
emissions from the battery alone are essentially zero. The
assembly techniques, which are particularly suited to PEMFCs,
are in principle simple and offer a wide range of applications
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from 1W, for small applications, up to several hundred kW for
large applications. One can classify the fields of application
into three categories: stationary, automotive and portable. In
the automotive case, the battery of a car must consist of a
number of cell units, placed in series as shown in Figure 12,
so that their useful power is equal to that of the battery.

5. CONCLUSION

The model discussed in this paper illustrates several
important phenomena in the cell and allows a detailed analysis
of each component. The main noticed and concluded effects
are:

*The increase in current density leads to an increase in water
transfer, thus increasing the drying of the membrane.

*Applying a pressure gradient in the opposite direction of
water flow and/or feeding the cell with moister hydrogen leads
to compensation for this dehydration.

*The contribution of water convective and migration are
intensive compared to the water diffusion.

*The number of cells required for a battery used for a 6-ch
car is 85 cells, the size of which does not exceed that of two
conventional batteries.

«In addition, the modelling of electrochemical kinetics and
electrical conduction. PEMFC fuel cells allow us to operate
and improve existing models. With the optimization and
validation of concepts according to various approaches in.
optimal operating conditions for these fuel cells. This
motivates decision makers to choose hydrogen as an
alternative fuel to protect the urban environment and the health
human from air pollution.

In perspective, the study is in progress to establish an
optimization of energy management in a fuel cell electric
vehicle to improve its performance in terms of acceleration
and long life of the fuel cell.
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