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Abstract 

Global energy scenarios foresee an increase in the energy demand and greenhouse gases 

emissions, unless some significant actions are taken. Switching to a clean and flexible energy 

carrier like hydrogen is of paramount importance. Fuel cells allow hydrogen to be converted 

into electricity without any thermal combustion process and with much higher efficiencies than 

traditional thermal engines. However, the design of cheap, robust and efficient fuel cell devices 

is still hampered by the complex physical phenomena involved. Hence, it is essential to develop 

high-fidelity models, able to represent practical operating conditions. In the thesis, a 2D steady-

state model of a proton exchange membrane fuel cell is presented, which accounts for fluid-

dynamics, species transport, charge conservation, electrochemical kinetics and water in all its 

forms. The objective of this work is to represent all the physical and chemical aspects that 

characterize the cell, and to analyse its performance in typical operating conditions. Compared 

to most previous studies, we fully represent the influence of water in the polymer membrane 

fuel cell. Besides steam and liquid water, we also consider the water dissolved in the membrane, 

to account for its influence on the ionic conductivity and on the mass transfer between the three 

phases. This yielded a framework that correctly predicts the behaviour of the cell at low 

voltages, considering both the anode dehydration and the diffusive losses. The governing 

equations are discretized using the finite element method and solved using the commercial 

software COMSOL Multiphysics®. The accuracy of the framework was both verified and 

validated using numerical and experimental data available in literature. Results show that a 

thorough model of water in all its phases is essential to predict mass transfer losses at high 

current densities. Furthermore, we obtained an optimum porosity of the catalyst, by exploring 

the trade-off between convective and ohmic losses. Finally, our parametric analysis suggested 

that optimizing the catalyst distribution has high potential for performance improvements.   
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Nomenclature 

 

 

  

cat catalyst layer

cp capillary pores

g gas phase

gdl gas diffusion layer

p polymer phase

v vapor phase

Superscripts

c concentration (mol/mm3)

D diffusion coefficient

E th Nernst potential (V)

F Faraday's constant

h fg enthaply of vaporization (J/kg)

k thermal conductivity (W/mK)

M Molar mass (kg/mol)

n number of electrons

P pressure (Pa)

R universal gas constant (J/molK)

s Saturation

S Source's terms

t thickness (m)

T Temperature (K)

u velocity (m/s)

V cell cell voltage

w mass fraction

W Potenza

L Work

G Gibbs free energy

z  Charge numebr

J Molar specific flow

Parameters and variable

φ potential (V)

ε volume fraction

γ switch function

λ polymer water content H2O/SO-
3 

μ viscosity (Pa s)

ρ density (kg/m3)

σ ionic conductivity (S/m)

τ tortuosity

efficiency

λH2 excess fuel coefficient

Greek letters

a anode

act activation

c cathode

C carbon

eff efective

evap evaporation

H2 hydrogen

i ionic

LV mass trasnfer form liquid to vapor

O2 oxygen

p polymer

v vapor

void void space

W water

WD water dissolved in polymer

WV water vapor

WL water liquid

WP water production

el elettrical

ohm ohmic effect

diff diffusion effect

agg agglomerate

Subscripts
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1.  Introduction to fuel cell 

Current topics such as the progressive depletion of fossil fuel reserves and the contextual 

increase in global energy needs, pollution and climate changes of the planet have been at the 

centre of international debates for several years. In particular, the unconditional increase in fuel 

prices and the need to reduce greenhouse gas emissions are pushing rapidly to research and 

experiment with renewable, low-cost and low-impact energy sources. One of the industrial 

sectors strongly influenced by the energy issue is the automotive world, which is going through 

a critical phase; today, in fact, the car is considered by the average customer as a costly mean 

of transport and little respectful of the environment. Therefore, the concept of sustainable 

mobility, which is based on the use of alternative fuel vehicles, is becoming more and more 

important recently. In fact, there are some studies that are evaluating the feasibility of realizing 

complex smart systems, where the fuel cell electric vehicles are used also in fuel cell Vehicle-

to-Grid (FCV2G) mode: when there is a peak of electricity demand, the car could be used to 

produce electricity to inject in the grid. [1]. In this context, in recent years hydrogen has 

attracted considerable interest as a clean energy resource of the future, and it has strongly 

pushed research and experimentation of technologies suitable for its use. It is evident that to 

guarantee the necessary eco-compatibility the hydrogen of the future must be entirely derived 

from renewable sources, with methodologies that, however, are not today still economically 

viable and able to compete with the most established industrial techniques derivation of 

hydrogen from fossil exhaustible sources. It is foreseen a significant increase in usage of Pemfc 

in the transport sector. In fact, all the major automobile manufacturers are currently investing 

in research and development of hydrogen fuelled vehicles to be commercialized within 10-15 

years. To reach this target, and realize other ambitious projects, fuel cell technology must 

continue to improve from the point of view of costs and performances [8]. 

Proton Exchange Membrane Fuel Cells (Pemfc) are among the best solution for both portable 

and small stationary applications, thanks to their high energy conversion efficiency, high power 

density and low pollutants emissions [2-5]. During the operation of the fuel cell, it is important 

to manage the temperature level because of heat release, that affects transport, kinetic and 

phase-transfer parameters [2-4]. Therefore, numerous mathematical models were developed 

with the aim of fully understanding the species momentum and thermal transport by coupling 

water and thermal transport [6,7]. Actually, there are still some challenging limits to be 

overcome such as the cost of catalyst and the low durability, that are the main reasons why the 
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wide spread application of Pemfc is difficult today [9]. During past decades, many researchers 

have made efforts to optimize the performance of Pemfc. 

Having a full understanding of how fuel cell works, and how to improve it, can be very 

important for developing an eco-sustainable future. In the past some have tried to study the cell, 

building computational models, but they were unable to fully simulate the cell behaviour, since 

they did not consider the management of water within it. Considering the cell in working 

conditions at high voltages, the influence of water inside is almost negligible [10], but changing 

the operating point to higher currents, the movement and the quantity of water in the cell, 

change the performance completely. The goal of this study is to have a complete model, able 

to represent all the physical and chemical aspects present in the cell correctly. In this way, it’s 

possible to have a fuel cell model perfectly working, to find the optimal configuration that 

allows to size efficient hydrogen vehicles. 

 

1.1. The thermodynamics of a cell 
 
The fuel cell is a device with which it is possible to produce, by electrochemical means, the 

oxidation reaction, with direct production of electrical energy; in some types, the cell works at 

high temperatures making the thermal energy available, thus operating in cogeneration of 

electrical and thermal energy. 

 

 

The most used fuel is hydrogen and the oxidizer are oxygen; the complete chemical reaction is 

the following: 

 

 

The reaction product is a mole of water for each mole of oxidized hydrogen.  

By spatially separating these reactions, the electrons transferred from the fuel are forced 

to flow through an external circuit (thus constituting an electric current) and do useful work 

before they can complete the reaction, as can be seen in Fig. 1. 

 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 (1) 
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The reagents can be fed continuously into the cell, from which the reaction products can be 

continuously discharged; the operation, from the thermodynamic point of view, is therefore 

with a steady-state run-off. 

From a thermodynamic point of view, 

the maximum electrical work obtained 

corresponds to the variation of the 

Gibbs free energy ΔG; the reaction is 

spontaneous and is thermodynamically 

favoured because the Gibbs free energy 

of the products is less than the energy 

of the reagents. 

Chemical energy can be defined as the 

property of a stream of mass 

characterized by high value of the 

Gibbs free energy. The classical 

processes to take advantage of 

chemical energy in order to produce 

electrical power is: 

 

• Producing heat at high T (thermo-chemical transformation) 

• Producing mechanical power using a shaft in a thermodynamic cycle fed by heat at high 

T (thermo-mechanical transformation) 

• Producing electrical power in alternator (electro-mechanical transformation) 

 

These processes are very complex and inefficient ways to exploit chemical energy. 

Electrochemical cells are able to directly convert chemical energy into electric energy with low 

value of irreversibility and high efficiencies, and they can also run in both directions, making 

it possible to spend energy in order to produce fuel. 

 

Defining n as the number of electrons involved in the reaction, E [V] as the reversible voltage 

(or electromotive force), F as the Faraday constant (module of the electric charge of a mole of 

electrons: F = 96485 [ 𝐶
𝑚𝑜𝑙
]. 

The variation in the Gibbs free energy can be expressed as: 

Figure 1 Schematic of a fuel cell 
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 ∆𝐺 = −𝑧𝐹𝐹𝐸 (2) 

 

 
𝐿𝑒𝑙 =

𝑊𝑒𝑙
𝑛𝑟°

=
𝐼𝐸

𝐼
𝑧𝐹𝐹

= 𝐸𝑧𝑓𝐹 (3) 

 

where 𝑧𝐹 is the number of electrons involved in the reaction, E [V] is the reversible voltage (or 

electromotive force), F [ 𝐶
𝑚𝑜𝑙
] is the Faraday constant (module of the electric charge of a mole 

of electrons. 

 

In an isothermal and isobaric process, the variation of the Gibbs free energy expresses the 

maximum electrical work that can be delivered (−𝑊𝑒𝑙) max: 

 

 ∆𝐺 = −𝑊𝑒𝑙 (4) 

 

The ΔH enthalpy variation of a reaction in a fuel cell represents the whole heat released by the 

constant pressure reaction; defining S as entropy, Q as the heat and T as the temperature in 

Kelvin: 

 

 ∆𝐻 = ∆𝑄 =  𝑇∆𝑆 (5) 

 

In an exothermic process, the produced heat, or reaction heat, can be defined as ∆𝐻𝑡𝑜𝑡 reaction 

enthalpy; this quantity can be calculated as the difference between the formation enthalpies 

∆𝐻𝑡𝑜𝑡 of the species that make up the reaction products and reagents: 

 

 ∆𝐻𝑡𝑜𝑡 = ∆𝐻𝑝 − ∆𝐻𝑟 (6) 

 

The efficiency of a generation process is the relationship between the useful energy (or power) 

and the total energy (or power) developed to produce the useful energy; in the case of fuel cells, 

the useful energy is expressed by the Gibbs free energy, while the total energy developed in a 

reversible process is given by the reaction enthalpy: 
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𝜂 =

∆𝐺

∆𝐻𝑡𝑜𝑡
=
∆𝑔

∆ℎ
 (𝑖𝑛 𝑚𝑜𝑙𝑎𝑟 𝑡𝑒𝑟𝑚𝑠) (7) 

 

The actual yield must take into account the electrical losses inside the load and the fuel losses; 

the electrical losses are due to internal dissipative phenomena associated with the current 

circulation and reduce the power produced by the cell. The fuel losses are inevitable to supply 

the electrochemical reaction completely, it is necessary to supply more reagents than what is 

required by stoichiometry and therefore there is an efficiency loss in using the fuel. With the 

factor λ𝐻2the excess of used fuel is taken into account. 

 

 
λ𝐻2 =

𝐺𝐻2
𝑒𝑓𝑓

𝐺𝐻2
𝑠𝑡𝑜𝑖𝑐ℎ

 (8) 

 

 

The mass flow rate G is calculated with the Faraday’s law: 

 

 
𝐺𝐻2 =

𝐼

𝑧𝑓𝐹
𝑀𝐻2λ𝐻2 (9) 

 

Efficiency calculated according to the flow rate: 

 

 
𝜂 =

𝑊𝑒𝑙
𝐺𝐻2∆ℎ

=
𝐼𝑉𝑐

𝐼
𝑧𝑓𝐹

𝑀𝐻2λ𝐻2∆ℎ
=

𝑉𝑐𝑧𝑓𝐹

𝑀𝐻2λ𝐻2∆ℎ
 (10) 

 

In this way it is possible to calculate the efficiency as a function of 𝑉𝑐  if the λ𝐻2 is known. 

 

 

1.2 Electrochemical kinetics 

 

The thermodynamic laws are used in order to study the equilibrium of a reaction, making it 

possible to predict how much fuel will react, and what power will be produced. The concept of 

rate of reaction is instead studied with kinetics. 
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Chemical kinetics studies the "speed" of 

chemical processes, so the variation 

over time of the quantity and quality of 

the chemical species that participate in 

it (see Fig. 2) and the relationships that 

bind it to the composition of the system, 

to temperature, pressure and to other 

chemical-physical factors; we try to 

determine the time necessary to obtain a 

conversion from reagents to products, 

allowing us to know the mechanism of the reaction, and also the set of steps and intermediate 

chemical species that creates the reaction in question. The fluid dynamics of the reactant 

mixture, especially the inlet velocity, and the speed at which the reaction occurs, may combine 

in a way that won’t allow the chemical reaction to reach the equilibrium in the reactor. It is 

necessary that the reaction rate is high enough to guarantee the achievement of this equilibrium. 

 

The rate of reaction can be changed by 3 factors: 

• Temperature (usually the increase of the temperature increases the rate of reaction) 

• The concentration of reagents (the increase of the concentration increases the rate of 

reaction) 

• The catalyst: the catalyst only changes the rate of reaction without modifying the 

equilibria dictated by thermodynamics, its presence only increases the reaction speed. 

 

Usually, a catalyst operates over the reactant molecules through an adsorption process. The 

interaction between fluid and the catalyst occurs at the level of the surface. 

  

An electrochemical reaction takes place as two different half electrochemical reactions 

occurring separately in the two electrodes. Each of the electrochemical reactions has its own 

given kinetic. The kinetic behaviour of a half electrochemical reaction is strictly related to the 

rate of reaction R. Differently from a normal chemical reaction, for which R is a function of 

the T only, the rate of reaction R for an electrochemical reaction is a function of T and potential 

gradient in the electrodes (𝑅 = 𝑅(𝑇, η)). 

So, it’s possible to define: 

Figure 2 Representation of the variation in the concentration 
of reagents on time [11] 
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𝑅 = 𝑘(𝑇)𝑒

𝛼𝐹
𝑅𝑇
𝜐𝑖𝑧𝑖𝜂  (11) 

 

Where 𝑘 is constant rate, that  is a function of T (𝑘(𝑇) = 𝐴𝑒−𝐸𝑎/𝑅𝑇), F is faraday constant, 𝜐𝑖 

is stochiometric coefficient of “i” species, Z is charge number of “i” species, 𝜂 is potential drop 

in the electrodes, 𝛼 is transfer coefficient and it is function of symmetry factor (𝛽 that is usually 

equal to 0.5), 𝑛𝑑𝑟𝑠 number of electrons transferred in the rate determining step of reactions. 

The potential gradient does not modify directly the activation energy of a reaction (like catalyst) 

but modifies the energy level of reactants and products phase. The advantages involved by η 

are subdivided between positive effect at reactants, and positive effect at products, and are 

expressed by symmetry factor 𝛽 and its complementary (1- 𝛽). 

Starting from the equation of R, it is possible to obtain an expression stating the relation 

between the current density “I” and voltage drop due to charge transport phenomena taking 

place when the reaction has been activated. 

 

 
𝑖 = 𝑖𝑜 [ 𝑒

𝛽𝐹
𝑅𝑇
𝜂𝑎𝑐𝑡 − 𝑒

(1−𝛽)𝐹
𝑅𝑇

𝜂𝑎𝑐𝑡] (12) 

 

𝜂𝑎𝑐𝑡 is the activation overvoltage: voltage drop that should be “spent” in order to activate the 

electrochemical reaction by increasing the rate of reaction. 

𝑖𝑜 exchange current density: current density exchanged when the electrochemical reaction is in 

equilibrium. Higher currents operation is the preferred condition, because the reaction 

activation is easier. This value depends on many factors: 

 

• 𝑙𝑡𝑝𝑏 

• 𝑡𝑦𝑝𝑒 𝑜𝑓 𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 

• 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

𝑙𝑡𝑝𝑏 is the length of the three-phase boundary: such a parameter takes into account the surface 

over which the reaction occurs. In order to make the reactions occur: 

• Molecules of reactants must be fed to the point of reaction (in porous phase) 

• 𝐻+ ions must be removed from the point of reaction (in ionic phase) 

• e−must be removed from point of reaction (electronic phase) 
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The point in which the three phases coexist is called three phase boundary. The union of all this 

point is the 𝑙𝑡𝑝𝑏. Larger value of this means larger areas over which the reaction can take place, 

so larger current density. A diagram of all this is shown in the Fig 3. 

 
Figure 3 Simplified schematic of electrode–electrolyte interface in a fuel cell, illustrating TPB [11] 

 

1.3 Charge conduction 

 

The electrons are transported in electrodes, according to mechanisms of electrical conduction, 

produced by the electric field that acts directly on the charges. In the electrolyte takes place the 

transport of ions according to electrical conduction, diffusion and convection of the charge 

carriers, but the dominant mechanism is conduction. The electric current density 𝑗 from 

Faraday's law is: 

 

 

 𝑗 =  𝑧𝐹𝐽 

σ = |z|Fcμ 
(13) 

 

where z is the number of charges associated with the carrier, F is the constant of Faraday, the 

product 𝑧𝐹 is the electric charge of a charge-carrying molecule of the chemical species and 

allows the transformation from chemical quantities to electrical quantities, J is the flow specific 
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molar [ 𝑚𝑜𝑙
𝑐𝑚2𝑠

]. The measure of how well the cell allows the charge transport is indicated by the 

electrical conductivity. In fuel cells I have to consider both ionic and electronic conductivity, 

that is calculated in siemens σ (S Siemens), while c [𝑚𝑜𝑙
𝑐𝑚3
] is the molar concentration of the 

charge carriers present in the medium and μ [
𝑚2

𝑉𝑠
] expresses their mobility in the medium. 

The proton conductivity is much lower than the electrical one, so the voltage losses are mainly 

due to the motion of the ions rather than the electrons. To increase the efficiency of the cell, 

the electrolyte must have very high ion conductivity, in order to avoid drop of voltage, but it 

must not transmit the electrons or allow the reagent gases to permeate. 

The requirements that a good electrolyte must have are the following [12]: 

• for the material: high ionic conductivity, low electronic conductivity, low crossover, 

mechanical strength, easy workability, low cost; 

• for thickness:  low electrical resistance, low crossover, mechanical integrity, 

uniformity, high discharge voltage. 

The ohmic voltage drop caused by charge conduction con be expressed as: 

 

 
𝜂𝑜ℎ𝑚 = 𝑅𝐼 =

𝜌𝐿

𝐴
𝐼 =

𝜌𝐿

𝐴
(𝑖𝐴) = 𝜌𝐿𝑖 = 𝐴𝑆𝑅 (14) 

 

Where ASR is the Area specific Resistance. It depends on 𝜌 [Ω𝑚] that is the resistivity of 

material (the inverse of conductibility). 
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1.4 Mass Transport 

 

The mass transport mechanisms are 

both convective and diffusive, so the 

forces involved are, respectively, 

pressure and concentration gradients. 

Mass transport takes place initially in 

the channels, and then it is passed to the 

GDL (gas diffusion layer represented in 

Fig. 4) thanks also to the conveyors. In 

the GDL, where diffusion dominates, 

the reagents are directed towards the 

electrodes where the reaction takes 

place; Concentration gradients are at 

the origin of diffusive transport, 

governed by Fick's first law: 

 

 𝐽 = −𝐷𝑖∇𝐶𝑖 (15) 

 

where 𝐽 [𝑚𝑜𝑙
𝑚2𝑠
]is the molar specific flow, 𝐷𝑖 [

𝑚2

𝑠
] the molar concentration, and 𝐶𝑖 is the 

concentration of species;  

 

Molecular diffusion processes strictly affect the quantity of reactants in point of reaction. Given 

a certain molar flow of reactant, which is supplied to the electrode in bulk conditions, the 

diffusive process through which the fuel molecules are diffused across the electrode pores, will 

determine the reactant concentration 𝐶𝑖 in any of the point of the electrode. 

The diffusive process will be strictly related to the diffusive coefficient of the species 𝐷𝑖 

 

 
𝐷𝑖
𝑒𝑓𝑓

= (
𝜀

𝜏
)
𝑛

𝐷𝑖 (16) 

 

Where 𝜀 is the porosity of the GDL, 𝜏 is the tortuosity, and 𝑛 is a fitting parameter, 𝐷𝑖 is the 

diffusive coefficient of species “i” at bulk condition.  

Figure 4 Example of a GDL [29] 
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When the current to be delivered becomes larger and larger, the number of reactions in the 

reaction point increases as well, and the number of molecules needed to drive those reactions 

grow. In such situation the mechanism of molecular diffusion in the porous structure of the 

electrodes may become too slow to replace rapidly enough the molecules that have reacted over 

the electrode surface.  

Physically, diffusion phenomena will not be the direct responsible of a potential drop, but rather 

it will cause a reactant concentration reduction, which could cause a potential drop. It is 

representable with 𝜂𝑑𝑖𝑓𝑓 . 

The way to calculate the diffusion of the gas through the porous medium is the Fick equation, 

but in the case of several components present at the same time, a modified Fick formula is used. 

Maxwell-Stefan diffusivity equation is used. The Maxwell-Stefan diffusion (or Stefan-

Maxwell diffusion) is a model for describing diffusion in multicomponent systems. 

This equation can take into account the Knudsen diffusion. It is a mean of diffusion that occurs 

when the scale length of a system is comparable to or smaller than the mean free path of the 

particles involved . Consider the diffusion of gas molecules through very small capillary pores. 

If the pore diameter is smaller than the mean free path of the diffusing gas molecules and the 

density of the gas is low, the gas molecules collide with the pore walls more frequently than 

with each other. This process is known as Knudsen flow or Knudsen diffusion [13]. 

 

 Conveyors then perform 

the function of current 

collectors between one cell 

and the next and have both 

sides provided with flow 

channels: one conveys 

reactants of anode and the 

other one the cathode 

reactants; therefore, the conveyors are called bipolar plates. The main requirements for the 

materials are [4]: high resistance to chemical aggression, high chemical compatibility, high 

electrical and thermal conductivity, high mechanical resistance, easy workability, low cost. The 

most used material is graphite. There are three flow channel configurations: serial, parallel, or 

mixed connections; the goal is having a high homogeneity in the conveyance of reagents and 

products, low inlet pressure, high flow, absence of stagnation areas and accumulation. The Fig. 

5 shows some configurations of the flow channels in the bipolar plates. [14] 

Figure 5 Schematic of a bipolar plate with Conveyors [14] 

https://en.wikipedia.org/wiki/Mathematical_model
https://en.wikipedia.org/wiki/Diffusion
https://en.wikipedia.org/wiki/Diffusion
https://en.wikipedia.org/wiki/Mean_free_path
https://en.wikipedia.org/wiki/Porosity
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1.5 Polarization curve 

 

Temperature is a parameter that influences the quantities mentioned in the previous paragraphs; 

but the temperature distribution must also be taken into account since local deviations may 

occur from optimal conditions leading to a drop in overall performance, or hot spots may occur 

with the risk of deteriorating the materials and the cell itself. 

The thermal sources due to dissipative phenomena occur in the catalysis layer, in fact during 

the cell operation, many thermal fluxes are exchanged within the system. Such heat fluxes are 

generated by the occurrence of the reaction itself and overvoltage [14]. 

 

• All the overvoltage effects will generate heat  

• The effect of reaction thermodynamics will generate an exothermic or endothermic heat 

flux, depending on the working regime of the fuel cell. In case of Pemfc use to produce 

electricity (Galvanic cell) the will be generation of heat flux, so it is always be 

characterized by an exothermic reaction. 

 

𝑄𝑡ℎ = 𝑄𝑟𝑒𝑎𝑐𝑡 + 𝑄𝑖𝑟𝑟 = (−
𝑇Δ𝑠𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

) 𝐼 + (∑𝜂𝑗
𝑗

) 𝐼 = (−
𝑇Δ𝑠𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

+∑𝜂𝑗
𝑗

) 𝐼

= (−
Δℎ𝑟𝑒𝑎𝑐𝑡 − Δ𝑔𝑟𝑒𝑎𝑐𝑡

𝑧𝑓𝐹
+∑𝜂𝑗

𝑗

) 𝐼 = (−
Δℎ𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

− (−
Δ𝑔𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

−∑𝜂𝑗
𝑗

) 𝐼 

 

 
𝑄𝑡ℎ = (−

Δℎ𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

− 𝑉𝑐) 𝐼 (17) 

 

1) If we consider an ideal reaction in open-circuit condition, the entropy generation due to the 

reaction occurrence and transport phenomena is null, so all the chemical energy is totally 

transformed into electrical efficiency 

2) If there will be a real reaction in open circuit conditions, the entropy generation due to the 

reaction occurrence it would not be null, and there will be a production of heat. So not all 

chemical energy is transformed in electrical energy. 
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3) Finally, if we do a real reaction in closed-circuit condition, the entropy generation due to 

both factors won’t be null, so we will obtain a different behaviour of the polarization curve. 

 

 Case 1 Case 2 Case 3 

𝑉𝑐 −
Δℎ𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

 −
Δ𝑔𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

 𝑂𝐶𝑉 − (∑𝜂𝑗
𝑗

) 𝐼 

𝑄𝑡ℎ 0 
(−

Δℎ𝑟𝑒𝑎𝑐𝑡 − Δ𝑔𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

+∑𝜂𝑗
𝑗

) 𝐼

= (−
𝑇Δ𝑠𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

) 𝐼 

 (−
Δℎ𝑟𝑒𝑎𝑐𝑡
𝑧𝑓𝐹

− 𝑉𝑐) 𝐼 

 

Table 1 Explanation of the entropy generations according to the irreversibility of the cell and the voltage and 
current conditions 

 
A final aspect of thermal transport concerns the convective exchange with the environment, 

which takes into account natural transverse convection and forced longitudinal convection in 

the flow channels. The first, which takes place through the lateral surface of the cell, is limited 

by the small longitudinal thickness of the cell and by the edge thickness in the transversal 

direction, in which there is the heat exchange along the side wall; the second is due to the 

reaction products carried by diffusion in the electrode and by convection in the flow channels. 

As we have already seen before, the characteristic curve represents the trend of the voltage as 

a function of the current density. Irreversible phenomena that subtract potential from the ideal 

value in operation are called polarizations. At low currents, the characteristic curve is 

predominantly influenced by the activation bias. In the zone of intermediate values of the 

current density, there is a fairly linear trend where we can see the influence of the ohmic 

polarization and the fall can be estimated with the law of Ohm (ηohm = 𝑅𝐼  with R total cell 

resistance); finally, for high current densities, the reagents are consumed at a speed such that 

the flow through the electrodes is no longer sufficient to maintain an adequate concentration 

on the catalysis layer [15]. In Fig. 7 we can see the typical shape of the polarization curve of a 

fuel cell. The image shows the reasons why there is voltage reduction. In the first part the losses 

are due to the activation energy, then in the second part are due to the ohmic effect, and then, 

in the last part, the reduction is due to diffusion difficulties. 
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Figure 6 Typical shape of a bias curve  
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2.  Proton Exchange Membrane Fuel Cell 

Polymeric membrane cells operate at temperatures between 30 and 120 ° C [16]; the fuel has 

to be provided continuously and it is used directly without reforming process. The reaction that 

takes place at the anode is: 

 

 𝐻2 → 2𝐻
+ + 2𝑒− (18) 

 

While the one that takes place at the cathode is: 

 

 1

2
𝑂2 + 2𝐻

+ + 2𝑒− → 𝐻2𝑂 (19) 

 

therefore, the charge transporter ion is 𝐻+; the water produced is expelled to the cathode, with 

excess air as shown in Fig.7 

 

 
 

 

Usually the electrical efficiency of a fuel cell is around the 40 or 50 % [17]. These cells have 

some advantages: 

 

• high power density: 0.3 - 1 [ 𝑊
𝑐𝑚2
] [(the highest among the fuel cells) [18] 

• absence of corrosion problems typical of other types of cells with liquid electrolyte [19] 

Figure 7 Operation of a Pemfc [24] 
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• relative constructive simplicity  

• rapid cold start, on the order of minutes [18]. 

• High volumetric and gravimetric power density. [20,21] 

 

 

The cells, however, work at low temperature and this has the disadvantage of having a poor 

tolerance to the presence of CO in the fuel that would damage the catalysts. Since most of the 

hydrogen in the world comes from a process called steam reforming, where methane reacts 

with steam water at very high temperatures (usually 800 ° C) [22,23] and forms hydrogen and 

carbon monoxide. So, it is very important to make sure that the presence of CO in the flow of 

hydrogen is practically null, as it is a poison for the platinum catalyst. 

 

The Pemfc-type fuel cell is made up of several components in order to make it possible to 

transport the gas near the electrolyte, so that the electrochemical reaction can occur. The 

different components are shown in the Fig. 8 and then explained. 

 
Figure 8 The different components that make up the fuel cell [18] 

 
 

2.1 Bipolar plates 

 

The fuel is inserted through the current collector, and then must be properly distributed inside 

the cell through the bipolar plates. 
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2.1.1 Properties of bipolar plates 

 

BPPs are one of the most important components of the stack with about 80% of the total weight 

and 30-40% of the cost. BPPs must perform many functions [25,26]: 

 

• homogeneously distribute the gases on the cell area. 

• separate the combustible and oxidizing gas and prevent gas leaks. 

• collect current in electrochemical vicinity. 

• discharge the produced water. 

• guarantee the mechanical resistance of the cell 

• guarantee the electrical connection between cells and electrical output to another row 

of cells; 

• distribute the refrigerant fluid, remove the heat generated; 

• remove the water in the flood, ensure good management of both moisture and heat; 

• structurally support and separate each cell, including the separation of hydrogen and 

oxygen; 

 

2.1.2 Materials for bipolar plate 

 

The material to be used for the dishes must comply with the following conditions: 

 

• high thermal conductivity (greater than 20 [
𝑊

𝑚𝐾
] [25]): important for heat management; 

• high purity or low content of volatile and extractable components; 

• mechanical and chemical compatibility: each component must be able not to deteriorate over 

time and not to damage even the rest of the components. It is therefore very important to find 

the material that best suits the cell. The membrane and the catalyst are very sensitive and easily 

damaged areas. 

• they must show little aging; 

• highly polished surface; 

• be easy to build: these last two points are related to the costs and the quality of the dish. 

 

Initially, the material used was graphite, high-density graphite which included natural or 

synthetic graphite; graphite has an excellent corrosion resistance, high chemical stability and 
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the lack of components that can poison the membranes and catalysts and finally a good 

electrical conductivity during cell operation. However, its porous structure induces a fragile 

behaviour and allows the permeation of the gas through the channels formed after processing. 

The materials used for the bipolar plates are generally based on stainless steel, or titanium. 

These metal bipolar plates have high conductivity and thermal properties, good mechanical 

properties and negligible gas permeability.  

 

A set of features to be complied with according to the "United States Department of Energy 

(DOE)" by the BPP regarding performance and cost targets [27]. 

 
Figure 9 A set of features to be complied with according to the "United States Department of Energy (DOE)" by 

the BPP regarding performance and cost targets [27] 

 

2.2  The gas diffusion layer 

 

2.2.1 Properties of the layer 

 

The diffusion layer (gas diffusion layer, GDL) is a crucial component in the cell because it 

offers the following functions and properties [28]: 

 

• helps to distribute the reagent gases from the flow channels of the bipolar plates to the 

catalysis layer; therefore, the GDL must be porous enough to make the gas flow without 

too much trouble; 
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• helps to remove the water produced and accumulated in the catalysis layer towards the 

flow channels; therefore, it must have pores wide enough so that the water moves 

without blocking the pores; 

• provides a mechanical support to the catalyst layer and the membrane so that they resist 

the pressure exerted by the bipolar plates; therefore, the GDL must be constructed with 

a material that does not deform; 

• allows the conduction of electrons from the catalysis layer to the bipolar plates and vice 

versa with a low electronic resistance; therefore, the material must have a good 

electronic conductivity; 

• helps to transfer the heat produced by the catalysis layer to the plates in order to keep 

the cell at a desired temperature; therefore, the material must have a high thermal 

conductivity. 

 

2.2.2 Materials for the gas diffusion layer 

 

The layer is usually composed of carbon sheets, i.e. carbon fibers pressed or in carbon fabric, 

i.e. carbon fibers woven into a fabric-like material. The latter has a higher permeation rate than 

the carbon sheets. However, the carbon sheet supports provide greater stiffness and stability to 

the electrode. There are two type of gas diffusion layer [29]. 

 

• Carbon Paper Gas Diffusion Layers (GDL) (e.g. Sigracet, Freudenberg, Toray, etc) tend 

to be thinner and more brittle than Carbon Cloth Gas Diffusion Layers.  Each type has 

a different mass transport, porosity, hydrophobicity, and conductivity. 

• Papers such as Toray are quite hard and brittle, with very little compressibility.  These 

are good for designs where a tighter tolerance is permitted in the compression and where 

the thin GDL is a critical factor.  Since they are so brittle, care must be taken when 

handling them in order to not break corners or otherwise damage the GDL. 

  

http://fuelcellsetc.com/store/Gas-Diffusion/Layers/Carbon-Paper
http://fuelcellsetc.com/store/Gas-Diffusion/Layers/Carbon-Cloth
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• The Carbon Cloth 

based GDL materials 

(see Fig. 10) are the 

most flexible and are 

generally quite 

mechanically robust 

but are also the 

thickest.  These are 

typically designed to 

have a fair amount of compression when assembled in the stack (anywhere from ~10% 

to 60% of the GDL thickness) and can act somewhat as compressible “springs” in the 

stack design. 

 

2.3 The catalyst layers 

 

The catalysis layer (catalyst layer, CL) is found between the PEM and the diffusion layer of the 

gas (gas diffusion layer, GDL); the 𝐻+ protons move between the catalysis layer and the PEM, 

and the electrons move between the catalysis layer and the GDL. On the CL, electrochemical 

reactions occur for the generation of electric power; the reactions are on the anode-side catalyst 

layer and on the cathode-side catalysis layer and both are active or three-phase boundary sites 

where the reacting gases [31,32], protons and electrons react on the surface of catalysis, thanks 

to the presence of platinum. A representation of how the catalyst is composed is shown in Fig. 

11. Regarding the reaction to the cathode, a factor influencing the performance of the catalyst 

is the removal of reaction water in the liquid phase. On the one hand, an excess of water hinders 

the transport of oxygen that fails to reach the cathode and consequently, by not completing the 

reaction , the cell performance decreases; on the other hand, a lack of water causes a decrease 

in the proton conductivity of PEM and Nafion in the catalysis layer, leading also in this case to 

a deterioration in cell performance [30,33]. The basic requirements of a CL are: 

 

• many active sites; 

• an efficient transport of protons from the catalysis layer of the anode to that of the cathode; 

• easy transport of reagent gases; 

• high electrical conductivity between the reaction sites and the current collector; 

Figure 10 The two type of GDL [29] 
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• high mechanical strength; 

•corrosion resistance. 

 

 

2.3.1 Properties of the catalysis layers 

 

Current catalyst technology involves using platinum Pt nanoparticles (typically 2-3 nm), 

supported by a carbon surface. The best catalyst for anode and cathode is platinum. In general, 

the higher the platinum content, the greater the performance, but there are also higher costs, 

which are a factor impeding the marketing of PEM. For this reason, we try to reduce the 

platinum content without compromising performance and durability. In terms of performance, 

platinum levels of 0.01 - 0.02 [𝑚𝑔
𝑐𝑚2
] have arrived in the laboratories, but with such low values, 

durability becomes problematic; at present, an optimum value of platinum loading, both in 

terms of performance and durability, is around 0.2 [𝑚𝑔
𝑐𝑚
] [18]. The Nafion content in the catalyst 

affects the performance of MEA, since it affects gas permeability and ionic strength. 

Another characteristic of the catalysis layer is the porosity, necessary for the transport of gas to 

active sites; unfortunately, the performance of the cell is not proportional to the porosity: if this 

is high, the mass flow increases but the proton and electrons decrease. 

 

 

Figure 11 Schematic picture of the catalyst 
layer geometry and its composition, exhibiting 

the different functional parts. The typical 
catalyst layer thickness l is 10 mm [29]. 
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2.3.2 Types of catalysis layers 

 

There are two principal types of thin film catalyst layers: one in which the layer is placed on 

the gas diffusion layer (catalyst-coated gas diffusion electrode CCGDL), and one where the 

layer is deposited on the proton exchange membrane (catalyst -coated membranes, CCM) 

[24,34]. For the CCGDL you can have: 

 

• a distribution of Nafion and of the uniform catalyst through the catalysis layer This method 

demonstrates excellent performance. 

• an uneven distribution of the catalyst or Nafion or both. In the first case, you can have a 

platinum gradient or along the cross section of the layer (i.e. from the PEM / CL interface to 

the CL / GDL interface) or along the longitudinal section of the layer (i.e. along the path of the 

reacting gases from the entrance to the exit); in the second case, only one direction is used, 

along the cross section. For the CCM we have: 

 

• Conventional CCM: currently a platinum - Nafion mixture applied to the membrane is used; 

• nanostructured thin film electrode; platinum is deposited on thin films and then placed on the 

membrane surface. 

 

2.4  The proton exchange membrane 

 

Nafion is a tetrafluoroethylene sulfonate and is constituted (Fig.12) by a main sequence of -

CF2- CF2-CF2- molecules linked together and by a chain of -O-CF2-CF-O-CF-CF2- which 

connects the region preceding a group of 𝑆𝑂3− 𝑎𝑛𝑑 𝐻+ ions. So, it is obtained by adding to the 

molecule of Teflon a lateral branch which ends with a hydrogen sulphite (𝐻𝑆𝑂3−). In this 

chemical group there is a very weak bond linking 𝐻+ and 𝑆𝑂3−. This gives rise to high mobility 

of 𝐻+ in polymer. The way in which the 𝐻+ ions are conduced across the electrolyte is called 

“hopping mechanism”, and it is a procedure by which 𝐻+ ions jump from one 𝑆𝑂3− site to the 

next one [35,6]. 
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Figure 12 Molecular structure of the nafion [24] 

 
2.4.1 Membrane properties 

 

To operate efficiently, a membrane should have the following requirements [35,19]: 

• possess a high proton conductivity; 

• be impermeable to gases and fuel; 

• balance the transport of water; 

• possess high thermomechanical and chemical stability; 

• be an electrical insulator. 

The ionic conductivity is a function of the 

quantity of water of the membrane (as shown 

in Fig.13), of the chemical and morphological 

structure of the membrane and of the 

temperature. Various factors affect the mass 

transport of oxygen: if the pressure increases, 

oxygen solubility increases; if the temperature 

increases, the oxygen diffusion coefficient 

increases but the solubility decreases; if the 

water content decreases, the diffusion 

coefficient decreases but the solubility 

increases. The flow of water through the 

membrane is given by a combination of 

electro-osmotic drainage (electro-osmotic 

Figure 13 Development of the proton conductivity of 
the nafion as a function of the water content of the 

nafion itself  
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drag) and back diffusion (water back diffusion): the first is due to the fact that each proton 

𝐻+ in the motion of migration from the anode to the cathode carries some molecules of water; 

the second mechanism occurs because the cathode accumulates many more water molecules 

than the anode, due to the fact that electro-osmotic drainage occurs and that the water is 

produced at the cathode so this different concentration causes the back diffusion from the  

cathode to the cathode anode. As the current density increases during the operation of the cell, 

electro-osmotic drainage increases; as a consequence, the level of dehydration at the anode 

increases so much that the membrane's ability to exploit backscattering to balance the water 

content on the two faces of the membrane is lost. Furthermore, the accumulation of water at 

the cathode leads to an increase in concentration losses since oxygen finds it more difficult to 

reach the cathode. 

The necessity to maintain the membrane hydrated involves the necessity to operate at T<100°C. 

So, there are some consequences [18]: 

 

1) Low T involves low rates of electrochemical reaction. Therefore, it will be necessary to 

introduce good quality catalyst, like Platinum. Then since platinum suffers from 

poisoning effect, especially of carbonaceous molecules, there will be low CO (Pt 

becomes ineffective if [CO] > 100 ppm). 

2) Pemfc can recover heat to produce thermal power. However, the low T of operation will 

involve low exergies for such thermal fluxes. Therefore, Pemfc can be coupled only 

with low T terminals at high surface. 

3) Low T means fast start up and shutdown down and fast varying load (automotive, 

residential applications) 

 

The thin membranes have a low mechanical resistance and therefore tend to get damaged in a 

short time; some of the factors that induce a decline in mechanical performance are hydrolysis, 

oxidative attack, depolymerization. Groups containing hydrogen have an influence on the 

thermal and chemical stability of fluoropolymers; for example, hydrogen peroxide (𝐻2𝑂2), the 

formation of which may be due to the oxygen crossover or to an incomplete reduction of oxygen 

on the surface of the catalyst, reacting with metallic contaminants (due to the presence of 

metallic bipolar plates) like 𝐹𝑒2+ or 𝐶𝑢2+, a form of radicals that attack PEM [18].  
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3 Water Management in a fuel cell 

During the operation of a fuel cell, because of the electrochemical reactions that combine 

hydrogen and oxygen, there is the production of water. In PEM cells it is essential to humidify 

the membrane, in order to guarantee the proton conductivity necessary to offer a good 

functioning of the cell without causing excessive voltage losses due to a high ionic resistance. 

It has already been discussed that due to the temperatures involved in this type of cells it is 

difficult to maintain an adequate humidification of the electrolyte membrane. In fact, at 

temperatures higher than 50 ° C the effect of evaporation of the water contained in the 

membrane is noticeable, which becomes insufficient if produced only by electrochemical 

reactions. An excessive dehydration of the same, in addition to causing a decrease in 

performance, can also be detrimental to the structural integrity of the membrane that is likely 

to break. Furthermore, the electrolytic membrane allows the transport of water in both 

directions: due to the structure of the polymers that constitute it, there is a good uniformity in 

the distribution of the water molecules inside it; however, particularly extreme operating 

conditions can cause a lack of uniformity in the water content and therefore concentration 

gradients can be found that significantly affect the cell performance, causing unevenness in the 

current, voltage and temperature values [35]. 

It is therefore clear that sufficient water must be contained in the polymeric electrolyte, 

otherwise the conductivity may decrease. In a PEMFC, water is formed at the cathode. In the 

ideal case, this water would bring the electrolyte to have the correct level of hydration. The air 

fed to the cathode should be able to dry out any excess water. Since the electrolyte membrane 

is very thin, the water would diffuse from the cathode to the anode, and in each region of the 

entire electrolyte an appropriate level of hydration would be realized. 

 

3.1 The problem of membrane drying 

 

The electrolyte membrane allows the transport of water in both directions: due to the structure 

of the polymers that constitute it, there is a good uniformity in the distribution of the water 

molecules inside it. However, there should not be as much water to flood the electrode, 

preventing the transport of the gaseous reactants in the diffusion layer up to the catalyst layer 

(Blocking). However, certain particularly extreme operating conditions can cause non-

uniformity in the water content inside the membrane, and therefore concentration gradients can 
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be found that significantly affect cell performance, causing current, voltage and very different 

temperatures inside the cell itself [36]. 

If the cell is at different temperature values, then the relative humidity can change considerably 

as it is a function of temperature. If it exceeds 100% then the water condenses and will be found 

in the liquid form (multiphase flow). Water can partially block some channels and lead to an 

uneven distribution of the reagents, reducing efficiency. 

The first problem is the drying effect caused by the flow of cathode air, especially at high 

temperatures. In fact, at temperatures higher than 60 ° C, the air will always be dried faster than 

water is produced by the reaction between 𝐻2 and 𝑂2 [36,18]. A very practiced method to solve 

these problems is to humidify the air, the hydrogen, or both, before their entry into the fuel cell. 

This process is often necessary and increases notably the efficiency of the fuel cell. 

Yet another complication is that the water balance in the electrolyte must be correct in every 

region of the cell. In concrete, some parts could be hydrated in the desired way, others too dry. 

For example, dry air can enter the cell, but passing over the electrodes can become so saturated 

that it cannot dry them from excesses of water. 

The air will always be fed through the flow cell greater than is necessary to provide 

stoichiometric oxygen. Problems arise because the drying effect of the air is nonlinear in 

relation to the temperature. To understand this phenomenon the effects must be considered 

quantities of the term’s relative humidity, water content and vapor pressure saturated. The 

amount of water vapor in the air varies greatly, depending on the temperature, from the position, 

climatic conditions and other factors. A simple method of measurement and description of the 

amount of water vapor in the air is to supply the ratio of water to other gases (nitrogen, oxygen, 

argon, carbon dioxide and others that make up dry air). This quantity is known otherwise as 

percentage of humidity, absolute humidity or specific humidity and is defined as: 

 

 𝑥 =
𝑚𝑤
𝑚𝑎

 (20) 

 

where 𝑚𝑤 is the mass of water present in the mixture, and 𝑚𝑎 is the mass in dry air. The 

total mass of moist air is the sum of the two. 

However, this does not give a good representation of the drying effect air. Air at high 

temperature, even if with a high-water content, can look very dry, and have a very strong drying 

effect. On the other hand, the air at low temperature, even if with a low water content, can be 

perceived as very humid. The reason for this is due to the variations in the pressure of vapor 
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saturated water vapor. This saturated vapor pressure is the partial pressure of the water when a 

mixture of air and liquid water are in equilibrium. If saturated, air cannot retain additional water 

vapor in a mixture. 

To determine how much water is needed to supply the inlet gas, the water produced during the 

operation of the fuel cell must be carefully analysed. If the relative humidity of the outlet air is 

much less than 100%, then the effect could be the drying of the cell, and the PEM would cease 

its operation. The only way to overcome this problem is to humidify one or both reagent gases. 

On the other hand, a relative humidity of more than 100% is impossible, and the flow of air 

would contain condensed water drops [37]. 

 

3.2 Transport of water in the membrane 

 

The proton conductivity of the membrane decreases as the water content decreases within it. 

The amount of water molecules that Nafion can retain depends on its molecular structure, but 

the overall membrane water content may vary due to various factors [38,53]: 

 

• Transport of water molecules from 

the anode to the cathode due to 

electro-osmotic drag (EOD). 

• Transport of water molecules from 

the cathode to the anode due to back-

diffusion 

• Water loss due to evaporation 

phenomena 

• Water formation at the cathode for 

electrochemical reaction. 

• Transfer of water by permeation due 

to pressure gradients between anode 

and cathode 

Some of these aspects are represented in Fig. 14. 

 

 

Figure 14 Typological movements of water through the 
membrane 
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3.2.1 Electro-osmotic drag 

 

The passage of the water molecules from the anode to the cathode linked to ionic transport is 

called electroosmotic drag (electro-osmotic drag). The electrolyte membrane is normally 

crossed by 𝐻+ protons that move from the anode to the cathode to complete the electrochemical 

reaction characteristic of the operation of the fuel cells. In practice, due to the molecular 

structure of water, some molecules of 𝐻2𝑂 are bound to the hydrogen ion to form a new ion 

called hydronium (𝐻3𝑂+) [39]. This ion crosses the membrane as normally happens with the 

𝐻+proton. The result of this phenomenon is the transport of water from the anode to the 

cathode. The factors that govern this passage are many, but the main conditions are the 

humidification of the membrane and the cell temperature. Therefore, this phenomenon is 

indirectly influenced by the humidification temperatures of the hydrogen and air flows and by 

the current to which the cell is made to work.  

As mentioned previously, through the hopping mechanism, the 𝐻+ion has the possibility to 

cross the membrane. The more the membrane is hydrated the more efficient this process is. 

Basically, the conducted ion is not only 𝐻+, but rather one it is possible to form the ions of the 

type between 𝐻3𝑂+, 𝐻5𝑂2+, 𝐻7𝑂3+ [18]. 

At the cathode the 𝐻+ ions are combined with oxygen and with the electrons that have passed 

through the external electric circuit and there is the production of water. 

 

3.2.2 Back diffusion 

 

The formation of water at the cathode due to the electrochemical reactions and the different 

water intake through the two streams cause a concentration difference of water at both ends of 

the electrolyte membrane. Usually the concentration at cathode is greater because it has the 

production of water and moreover, having air flow rates more due to the need for a considerable 

excess of this to get good cell performance, a considerable amount is introduced through the 

gaseous flow if this is humidified. The difference in concentration leads to a transport of water 

for the natural tendency of the system to bring itself into equilibrium conditions. The transport 

takes place according to the rules of diffusion through porous means. Usually the water that is 

moved due to this phenomenon goes from the cathode to the anode. For this reason, we speak 

of back diffusion. This phenomenon is also greatly influenced from the working conditions and 
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therefore from the degree of humidification of the membrane and from the working temperature 

[15]. 

 

3.2.3 Transfer of water due to pressure gradients between anode 

and cathode 

 

This is achieved by increasing the pressure in both chambers. In the event of flooding problems, 

the cathode pressure is kept lower than that of the anode, to allow a faster escape of water. 

While if the pressure in the cathode is greater than that of the anode, the water will move 

towards the anode. The motion of water is determined by Darcy’s law: 

 

 
𝒖 = −

𝑘

𝜇
𝛻𝑃 (21) 

 

Where u is the velocity of water displacement, μ is the viscosity of the membrane, 𝑘 the 

permeability of the membrane. This factor is very important. In case of excessive flow of water 

due to the osmotic drag electrode, if the pressure in the cathode chamber is greater than that of 

the anode, the quantity of water passing from the cathode to the anode is increased, with the 

useful effect of keep the membrane more hydrated. So, you can play with the pressure of the 

chambers in case of drying (increase cathode pressure) and in case of high production of water, 

you can increase the pressure of the anode to allow a faster escape of water. 

 

3.2.4 Water loss due to evaporation phenomena 

 

The amount of water inside the membrane also changes due to evaporation. At the anode this 

phenomenon can be harmful because it leads to the membrane dehydration and decreased 

performance due to excessive resistance to the passage of protons. On the contrary, at the 

cathode this phenomenon can be positive because it is partly able to limit the phenomenon of 

flooding. This is indeed the reason for the considerable excess of air supplied to the cathode. 

To avoid an excessive accumulation of water on the cathode side which causes a lowering of 

the performance because it prevents the passage of oxygen to the reaction sites, it comes send 

an excess amount of air to facilitate the expulsion of water either through the evaporation of 

part of this, both through transport phenomena. It is difficult to quantify the water that 
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evaporates and the one that is transported outside the cell. It is possible to carry out balances 

on the flow of water entering and leaving the cell and, evaluating its performance during 

operation under various conditions, hypothesize situations of dehydration or flooding if 

performance declines. Fuel cells are often made to work at higher pressures than that 

environment because performance is improved as expressed from the Nernst equation [40]. 

Because of the problems of flooding usually the pressure on the cathode side is kept lower than 

that of the anodic side. In fact, one back pressure on the air side prevents the expulsion of water. 

If you want to apply a high back pressure to the cathode, there must be further increased excess 

air. Different pressures on the two sides of the membrane lead to a transport of water due to 

pressure gradient. 
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4 Computational model of PEMFC 

The fuel cell model that will be represented is a 2D model. The model then cuts the cell with a 

plane x, y in order to represent both the chambers and the membrane and not to consider the 

thickness along the z plane. Usually all the layers of the cell have the same thickness except 

the channel, which is narrower than the membrane and the porous medium. A 3D representation 

of the fuel cell is given by the Fig. 15: 

 

 

 

 

 

 

 

 

 

 

 

 

 

A plane that cuts perfectly along the z axis as shown in Fig. 16, so as to obtain a 2D 

representation of the problem that includes all the main components of the cell, even in the 3D 

study because of the symmetry that has the cell along this plane it is possible to represent only 

half a cell to save on the computational cost of the calculation. Through the 2D representation, 

however, we do not lose any main aspect for the study of the cell if not that of the different 

behaviour in the corners of the cell. 

Figure 15 A 3D representation of fuel cell 
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In the end the geometry of the problem and their respective domains are shown in Fig. 17: 

 

 
 

 

While for the boundary conditions are explained in Fig. 18. 

Figure 16 Cut plane along z directions 

Figure 17 2D representation of fuel cell (Not in scale) 

 

Flow direction 
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Figure 18 Nomenclature of boundary conditions (not in scale) 

 

As we will see later, the 2D study was done with geo-data and the physical conditions of input 

and equilibrium taken from the article by Seigel et al. [41]. From here on it will be explained 

how the model was solved. 

 

 

4.1 Introduction to computational model 

 

To solve the fuel cell model, we must first analyse the different domains within it then identify 

the physical phenomena that take place inside the cell and find and the right equations to 

represent them. Every physical phenomenon is therefore represented by an equation and is 

applied only in the area of the cell where the physical one takes place. The cell model includes 

the reactants distribution channels, the porous medium with the catalyst zone, and the 

membrane. The bipolar plate and the manifold are not shown. Assuming this we can divide the 

cell into different domains, where different physics are present. The different domains are 

represented in a 2D view in Fig. 17. 
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The fuel cell can be divided into different domain: 

 

1. Channel anode: where hydrogen mixed with water, all in gaseous form, enter in the fuel 

cell. 

2. GDL anode: the reagent (𝐻2) enters in the porous medium and diffuses through it in 

order to approach the catalyst. 

3. Catalyst anode: the reagent reacts thanks to the presence of the catalyst (platinum) 

realizing of electrical charges. 

4. Electrolytic membrane: where 𝐻+ are transferred. 

5. Catalyst cathode: In this zone takes place the oxygen reduction reaction with formation 

of 𝐻2𝑂. 

6. GDL cathode: the other 

reactants (𝑂2) enters the 

porous medium and 

diffuses through it. It is 

humidified. 

7. Channel cathode: Here 

comes the needed to 

provide the oxygen to the 

reaction, and where the 

exhaust gases are expelled. 

 

On the anode side, humidified hydrogen gas (with steam water) is inserted, while on the cathode 

side, a moist air is inserted (then containing 𝑂2, 𝑁2 and 𝐻2𝑂). Inside the cell we also have two 

other water phases: 

 

1) dissolved water i.e. absorbed by the membrane, which is affects the ionic conductivity of 

the nafion 

2) Liquid water, formed when its pressure can exceed the saturation value  

 

Therefore, to represent water in its different forms, it is necessary to use different physics (and 

therefore equations) since its physical behaviour changes a lot. 

 

 

Figure 19 External fuel cell diagram [35] 
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4.2 Assumptions for the fuel cell model 

 

Hypotheses to study the cell are necessary to simplify the problem. The study carried out on 

the fuel cell is in the steady state condition. Thanks to their low working T, fuel cells have a 

fast start up and switch on/off. So, studying the steady state is a reasonable method because the 

transient time is very fast [42].  

Other hypotheses adapted for the model are: 

• The reactant and production in gaseous form are assumed to be ideal gas mixture. 

• The electrode is treated as an isotropic and homogenous porous medium and the 

porosity and permeability are constant in all cell. 

• The flow in channel is laminar, therefore low Reynolds values. 

• The membrane is impermeable for gas phase. In ideal cases, there are losses since the 

polymer membrane is not perfectly impermeable to molecules and electrons. But this 

kind of losses are not represented in the model. 

• The electrical losses in the GDL and bipolar plate are negligible. 

 

4.3 Governing equations 

 

There are several physics to be applied inside the cell (refer to Tab. 2 for more information 

regarding how they should be applied).  

 Channel 
anode 

GDL 
anode 

Catalyst 
anode Membrane Catalyst 

cathode 
GDL 

cathode 
Channel 
cathode 

Continuity 
and 

Brinkman 
X X X  X X X 

Chemical 
species 

transport 
X X X  X X X 

Conservation 
of charges 

 X X X X X  

Dissolved 
water 

  X X X   

Liquid Water 
transport X X X  X X X 

Table 2 Governing equations and their application domains 
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4.4 Equations for the gaseous species 

 

4.4.1 Continuity’s equation 

 

The reagent gases are inserted into the cell through the channels that transport the gas into the 

GDL, so that they can spread in the porous medium. Inside the channel enters a flow of fluid 

and it is essential that the conservation of the mass is respected. The continuity equation 

prescribes the mass conservation of the gaseous species. 

 

Thus, the first equation to be inserted is the continuity equation. Conservation is applied to both 

the entire anode compartment and the cathode compartment. 

 

 𝛻 ∙  (𝜌𝒖) = 𝑆𝐻2 + 𝑆𝑂2 + 𝑆𝐿𝑉 + 𝑆𝑤𝑝𝛾𝐿𝑉 + 𝑆𝑤𝑑𝛾𝑤𝑑 (22) 

 

Where: 

𝜌 is the average density of the components [ 𝑘𝑔
𝑚3𝑠
], 𝒖 the velocity of fluid [𝑚

𝑠
], 𝑆𝐿𝑉 represent the 

condensation or evaporation value of water [ 𝑘𝑔
𝑚3𝑠
] , 𝛾𝐿𝑊 it is the function of gasses-liquid water 

switch, which we will see in section 4.3.3, 𝑆𝑤𝑑 is the water in the dissolved phase that include 

EOD and back diffusion given by the difference of pressure [ 𝑘𝑔
𝑚3𝑠
], 𝛾𝑤𝑑 it is the function of 

dissolved-liquid water switch, which we will see in section 4.3.3, 𝑆𝑤𝑝 is the water product by 

the reaction [ 𝑘𝑔
𝑚3𝑠
]. 

In the two electrodes we have H2 and H20 for the anode, and O2, N2 and H20 for the cathode. 

The source terms in the continuity equation can be different from zero, due to the 

electrochemical reactions in the catalyst layer, and they are zero in other parts of the 

computational domain. 

They can be computed as follows 

 

• Cathode catalyst layer 

 
𝑆𝑜2 = −(

𝑖𝑐
4𝐹
) |𝑅𝑒𝑓𝑓| (23) 
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𝑆𝑤𝑝 = (

𝑖𝑐
2𝐹
) |𝑅𝑒𝑓𝑓| (24) 

 

• Anode catalyst layer 

 
𝑆𝐻2 = −(

𝑖𝑎
2𝐹
) |𝑅𝑒𝑓𝑓| 

 
(25) 

Where: 

𝑅𝑒𝑓𝑓  is the reaction rate [ 𝐴
𝑚3
], 𝐹 the Faraday constant [ 𝐶

𝑚𝑜𝑙
], 𝑀𝑖 it is the molar mass of each 

species [ 𝑘𝑔
𝑚𝑜𝑙
]. 

 

The continuity equation maintains the conservation of all species present in the cell except for 

liquid water and dissolved water. For these two forms of water additional equations will be 

added to take account of their motion and their production. 

 

4.4.1 Brinkman’s equation 

 

Within the channel and the porous medium, the reactants move both for the speed imposed on 

the gas due to the difference in pressure between the inlet and the outlet of the channel, and by 

diffusion due to the difference in concentration. 

To calculate the velocity of gas within a channel, the Navier stokes equation is usually used. 

But inside the cell there is not only the channel but also the porous medium. To represent the 

speed inside the porous medium it is not suitable to use the Navier stokes, but it must be 

modified to take into account the porosity of the medium which reduces its permeability. 

Therefore, a modified version of Navier stokes, the Brinkman equation, is used. 

 

The Brinkman equation takes into account the additional friction due to the porous media. It 

appears as a mix of Darcy’s law and the Navier-Stokes equations. They extend Darcy’s law to 

account for dissipation of kinetic energy by viscous shear as in the Navier-Stokes equation and 

we also take into consideration convective transport [43]. 

As in the Navier Stokes equations, the dependent variables in the Brinkman equations are the 

directional velocities and pressure. The flow field determined by the Brinkman equations comes 

from balancing momentum in the x, y and z direction. 
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Putting the term of porosity 𝜀 equal to 1, Navier stokes is obtained.  

 

• Navier stokes:  

 ρ(𝒖 ∙ ∇)𝒖 = ∇ ∙ [−𝜌𝐼 + 𝜇(∇𝒖 + (∇𝒖)𝑇] + 𝐹 (26) 

 

Combined with the Darcy equation seen in Eq. (21) we obtain: 

 

• Brinkman: 

 
𝜌𝑓 [

1

𝜀
(𝒖 ∙ ∇)

𝒖

𝜀
] = ∇ [−𝑃𝑓 +

𝜇𝑓

𝜀
(∇𝒖 + (∇𝒖)𝑇)]  − (

𝜇𝑓

𝐾
+ (𝜌𝑓∇ ∙ (u)

1

𝜀2
)𝒖 + 𝑭 (27) 

 

Where 

𝒖 is the velocity of fluid [𝑚
𝑠
] , 𝜀 is the porosity of the GDL, 𝜇𝑓 is the viscosity [ 𝑘𝑔

𝑚 𝑠
], 𝐾 is the 

permeability  [𝑚2], 𝜌𝑓 is the density of fluid mixture [𝑘𝑔
𝑚3
] , 𝑃𝑓 is the pressure [𝑃𝑎]. 

We use the Brinkman equation to calculate the transport and the velocity of the incoming fluid 

calculating as if it were a single fluid with a medium rho that depends on the components of the 

fluid and their concentrations.  

Finally, to complete the equation it is necessary to provide the appropriate boundary conditions. 

In this case it is necessary to impose the pressure or the speed at the inlet of the fluid and to 

make the flow null along all the walls. It is very important that the boundary conditions are set 

correctly to create a laminar condition. 

This physics too must be applied on domain Γ1, Γ2 and Γ3 for the anode, and Γ5, Γ6 and Γ7 for 

the cathode. While the boundary conditions are: 

 

Wall 𝒖 = 0 On  𝜁2, 𝜁5, 𝜁6, 𝜁7, 𝜁8, 𝜁9, 𝜁13, 𝜁14, 𝜁15, 𝜁16, 𝜁18, 𝜁22  (28) 

 

Inlet 

anode 
𝑢𝑎,𝑎𝑣𝑔 = 1.547 [

m

s
] On  𝜁3  (29) 

 

Inlet 

cathode 
𝑢𝑐,𝑎𝑣𝑔 = 3.747 [

m

s
] On  𝜁21  (30) 
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Outlet 

anode, 

cathode 

𝑃 = 30[𝑝𝑖𝑠𝑔] On  𝜁1, 𝜁19  (31) 

 

4.4.2 Chemical species transport’s equation 

 
Species transport was derived for the reactant and product gases on the anode and cathode sides. 

For the gas transport we use the Maxwell-Stefano diffusion model. Species transport was 

solved for H2 and H2O on the anode side and O2, N2 and H2O on the cathode side. 

 

While generally we use the Fick equation in order to study the transport by diffusion of an 

element, in this case it’s required a different kind of approach. The Maxwell-Stefan equation is 

used to treat the diffusion along the canal and the porous medium. This is a model that describes 

diffusion in multicomponent systems. It is necessary to calculate the diffusion of the element 

within the channel, while also considering the presence of other elements.  

The Binary diffusion coefficient (BDC) of gas species can be calculated by [44]: 

 

 
𝐷𝑖𝑗 = 𝑎 (

𝑇

𝑇𝑟𝑒𝑓
)
1.75

 [
𝑚2

𝑠
] (32) 

 

Where: 

𝑎 = 9.15𝑒 − 5, 𝑇𝑟𝑒𝑓 = 307.1 for H2-H2O 

𝑎 = 2.56e − 5, 𝑇𝑟𝑒𝑓 = 307.15 for N2-H2O 

𝑎 = 2.2𝑒 − 5, 𝑇𝑟𝑒𝑓 = 293.2 for O2-N2  

𝑎 = 2.82𝑒 − 5, 𝑇𝑟𝑒𝑓 = 308.1 for O2-H2O 

 

This will allow us to construct a symmetric matrix with all the BDC coefficient, and, 

consequently, to obtain the diffusion value of each single component. 

 

For both the anode and cathode, the number of species equations is less than the number of 

species. More precisely the number of equations to insert is given by the number of species 

present minus one. This is given by the fact that the last equation representing the last species 

is resolved by difference together with the overall gas phase conservation equation, which is to 

say that since the sum of all the species is already calculated, the last will be derived by simple 
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difference.  At the anode, only the equation of species for water vapor is resolved. The hydrogen 

mass is calculated from the solution to the water vapor equation and to the overall conservation 

of the gaseous phase equation. At the cathode, both the equations of the oxygen and vapor 

species are resolved, while the nitrogen mass fraction is then determined from the difference. 

The BDC coefficient for all component of the flow is obtain in the porous regions, with a 

modification due to porosity and tortuosity factors [36]. 

The specie equations are divided into two terms: the first is equal to the product of velocity, 

mixture density and gradient of the mass fraction, while the second term is the product of the 

mass fraction and the divergence of the total mass flow. 

 

The general form of Maxwell-Stefan is [45]: 

 

 

𝜌𝑔𝐮 · ∇𝑤𝑖 − ∇ · (𝜌
𝑔𝑤𝑖∑𝐷𝑖𝑗

𝑒𝑓𝑓

𝑗

(∇𝑥𝑗 +
1

𝑃𝑓
[(𝑥𝑗 − 𝑤𝑗)∇𝑃𝑓])) = 𝑆𝑖 

         𝑆𝑇𝑜𝑡,𝐻2𝑂 = 𝑆𝐿𝑉 + 𝑆𝑤𝑝𝛾𝐿𝑉 + 𝑆𝑤𝑑𝛾𝑤𝑑  

         𝑆𝑇𝑜𝑡,𝑂2 = 𝑆𝑂2  

(33) 

   

 

Where 𝑥𝑗 =
𝑤𝑗

𝑀𝑘
𝑀𝑛 and 𝑀𝑛 = (∑

𝑤𝑖

𝑀𝑖
𝑖 )

−1

,𝑠 is the saturation of the liquid water,𝑤𝑖 is the mass 

fraction of species “i”, 𝑀𝑖 is the molar mass of species “i”, 𝑤𝑖 is the molar concentration, 𝐷𝑖𝑗 is 

the BDC, and 𝑆𝑖 is the source term for species.  

For simplicity we consider that: 

 

 
𝑵𝒊,𝒎𝒂𝒙 = 𝜌

𝑔𝑤𝑖∑𝐷𝑖𝑗
𝑒𝑓𝑓

𝑗

(∇𝑥𝑗 +
1

𝑃𝑓
[(𝑥𝑗 − 𝑤𝑗)∇𝑃𝑓]) + 𝜌

𝑔𝒖𝑤𝑖 (34) 

 

 

To calculate the BDC value, we must take into account, the porosity and tortuosity when we 

are in the medium. The diffusion of the material is slowed down, in this case.  

 

Therefore, the diffusion in a porous media is calculated as follows: 
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𝐷𝑖𝑗,𝑝 = (

𝜀

𝜏
)
𝑛

𝐷𝑖𝑗 (35) 

  

Where 𝜀 is the porosity of the porous media and 𝜏 is the tortuosity factor. 

Due to the presence of water, the gas has a further difficulty in spreading in the porous medium 

and this could reduce the concentration of the reagent in the vicinity of the catalyst, and 

consequently reduce the performance of the cell. The presence of water reduces diffusion 

according to the following equations [36]: 

 

 𝐷𝑖𝑗
𝑒𝑓𝑓

= (1 − 𝑠)𝐷𝑖𝑗,𝑝 (36) 

 

The source terms are different according to the species treated.  

For the oxygen we have only the term seen in Eq. (23). As far as oxygen is concerned, the 

source term represents the oxygen consumption due to the chemical reaction between the 

reagents. The amount of reacting mass depends on the reaction rate, which calculation mode 

will be explained later. Regarding the water, the concept is a bit more complicated. We have 

three terms 𝑆𝐿𝑉 + 𝑆𝑤𝑝𝛾𝐿𝑉 + 𝑆𝑤𝑑𝛾𝑤𝑑 that were also present in Eq. (22). The terms source 

represents in writing order: 

• condensation-evaporation of water (𝑆𝐿𝑉) 

• the production of water from the reaction (𝑆𝑊𝑃 only in the cathode) 

• transition from dissolved steam (𝑆𝑊𝐷) 
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The 𝑆𝐿𝑉 will be discussed in section 4.6.2. 

The mass quantity of water produced 

depends on the rate of reaction and is given 

by the sum of the mass of 𝑂2 and by the 

mass of 𝐻2 reacting within the cell. The 

𝛾𝐿𝑉 coefficient that multiplies the source 

term separates the water that is produced 

as vapor and the water produced as liquid. 

The switch function shown in Fig. 20 

shows the rapid change in value depending 

on the steam pressure value. If the pressure 

in the cathode is very high and reaches the 

saturation, the water will be produced 

directly in the liquid form, instead of steam. This is calculated with the 𝛾𝐿𝑉 coefficient which 

is represented as follows [41]: 

 

 
𝛾𝐿𝑉 = 1 − 0.5 [ 1 + tanh(

𝜌𝑤𝑣
𝑔

𝜌𝑆𝐴𝑇
𝑔 − 59) ]  (37) 

 

Therefore, when the density is greater than the saturation ( 𝜌𝑤𝑣
𝑔

𝜌𝑆𝐴𝑇
𝑔 > 0.98), the coefficient takes 

the value of 0 and no steam is produced, but only liquid water. The quantity of water produced 

by the reaction can be seen from Eq. (24). 

The last term concerns the transition from steam to dissolved water. The phase change that can 

take place is only from steam to dissolved and never the opposite. The hypothesis made is that 

water, evaporating from the dissolved phase, passes directly from the vapor phase into the liquid 

one [41]. Thus, steam water can only be absorbed by the membrane in both chambers, and the 

source term can only be negative. The 𝛾𝑤𝑑 coefficient is defined as follows (it will later be 

explained in the section 4.6.1). 

 

 
𝛾𝑤𝑑 = 0.5 +  

(𝜌𝑤𝑣
𝑔
− 𝜌𝑤𝑣

𝑝 )

2|𝜌𝑤𝑣
𝑔
− 𝜌𝑤𝑣

𝑝
|
 (38) 

 

Figure 20  switch 𝛾𝐿𝑉 function 
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it is a switch function that can only assume the values 0 and 1. When the density of the water 

is greater than that of the dissolved water, the value of 𝛾𝑤𝑑 is equal to 1, otherwise it is 0. When 

the term 𝛾𝑤𝑑 is equal to 1 then the term source will be negative and there will be passage of 

water from dissolved steam. Like the Brinkman’s equation, this physics must be applied on 

domain Γ1, Γ2 and Γ3 for the anode, and Γ5, Γ6 and Γ7 for the cathode. 

In this case, as a boundary condition, different conditions must be imposed on entry and exit. 

At the entrance it is imposed the initial concentration (or even the mass or molar fraction) of at 

least n-1 species, so that the last one is calculated accordingly. It is necessary, instead, to impose 

that the diffusive flow of all the components of the fluid is equal to 0 at the output. To this in 

all the other wall is added the usual "no flux" condition. 

 

Wall 𝒏 ∙𝑵𝒊,𝒎𝒂𝒙 = 0 On  𝜁2, 𝜁5, 𝜁6, 𝜁7, 𝜁8, 𝜁9  (39) 

 

Inlet 

anode 
𝑤𝐻2𝑂 = 0.62 On  𝜁3  (40) 

 

Inlet 

cathode 

𝑤𝐻2𝑂 = 0.1 

𝑤𝑂2 = 0.21 
On  𝜁21  (41) 

 

Outlet 

anode 
𝛻𝑤𝐻2𝑂 = 0 On  𝜁1, 𝜁19  (42) 

 

Outlet 

Cathode 

𝛻𝑤𝐻2𝑂 = 0 

𝛻𝑤𝑂2 = 0 
On  𝜁1, 𝜁19  (43) 

 

Where 𝒏 is the normal unit vector orthogonal to the surface. 

 

 

4.5 Energy equations of the cell 

 

In this section we will discuss the equations that determine the energy and the useful effects of 

the cell, i.e. electric and thermal power. 
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4.5.1 Charge transport’s equation 

 

The generation of electrical energy is calculated by studying the motion of the charges, both 

positive ions 𝐻+ within the membrane, and of the electrons along the GDL and the bipolar 

plate. To study this phenomenon, it is enough to calculate the conservation of the charge along 

the application domain. Protons travel through the membrane Catalyst, while electrons transfer 

through the Catalyst and GDL too. Conservation of charge is performed for both proton and 

electrons. 

 

1. The solid phase potential equation represents transport of electrons in the solid 

conductive regions (GDL and catalyst layer): 

 

 ∇ ∙ (𝜎𝑒∇ϕe) + 𝑆𝜙,𝑒 = 0 (44) 

 

2. The membrane phase potential equation depicts transport of protons in the MEA that 

consists of both catalyst layers and the membrane itself, expressed by:  

 

 ∇ ∙ (𝜎𝑝∇ϕ𝑝) + 𝑆𝜙,𝑝 = 0 (45) 

 

In the above equations ϕs and ϕp denote electrical potential of solid phase (electron) and 

membrane phase (proton) respectively, 𝜎𝑒 the electrical conductivity of the solid phase and 𝜎𝑝 

is the protonic conductivity of the membrane phase. The terms 𝑆𝜙,𝑒 and 𝑆𝜙,𝑝 are the volumetric 

source terms, which exist only in the catalyst layer and are determined based upon the transfer 

current densities. 

The local current densities in anode and cathode can be obtained by the Butler–Volmer 

equation. Due to the different characteristics of anodic and cathodic electrochemical reaction, 

the polarization potential loss is minor in anode and relatively great in cathode. Also, the effect 

of the reactant concentration on the reactive rate, i.e. current density, should be taken into 

account. So, the original Butler–Volmer equation is modified for calculating the anodic and 

cathodic local current density, in order to find the cell reaction rate expressed as follows [46]: 
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𝑅𝑎𝑔𝑔,𝑖 = 𝜃 (1 − 𝑠)𝐴𝑣𝑖𝑜,𝑘 (

𝑐𝑘
𝑝

𝑐𝑘,𝑟𝑒𝑓
𝑝 )

𝑗

[𝑒
(
α𝑎𝐹
𝑅𝑇

)
− 𝑒

−(
α𝑐𝐹
𝑅𝑇
)
] (46) 

 

Where the general subscript “i” is “a” representing anode with k” representing 𝐻2, or “i” is “c” 

representing cathode with k” representing 𝑂2 representing cathode. 𝑖𝑜,𝑘 is the exchange current 

density, s is the saturation water, 𝜂𝑎 and 𝜂𝑐 are activation overpotentials of the anode and 

cathode, respectively, 𝐶𝐻2  and 𝐶𝑂2  are the molar concentrations of hydrogen and oxygen 

dissolved in the membrane phase, α the cathode transfer coefficient, 𝑛𝑎 the electron number of 

anode reaction,  𝑛𝑐 is that of cathode reaction and 𝜃 is the agglomerate effectiveness. In the 

anode side the ratio between the concentrations is elevated to 𝑗 =0.5. The source’s terms 

 

Cathode catalyst 𝑆𝜙,𝑝 =  𝑅𝑎𝑔𝑔,𝑐 , 𝑆𝜙,𝑒 = −𝑅𝑎𝑔𝑔,𝑐 
(47) 

Anode catalyst 𝑆𝜙,𝑝 = − 𝑅𝑎𝑔𝑔,𝑎 , 𝑆𝜙,𝑒  =𝑅𝑎𝑔𝑔,𝑎 

 

The ionic and electronic conductivity are very different. The electronic conductivity is much 

higher than the ionic one and is assumed constant throughout the GDL and catalyst. While the 

ionic conductivity that applies only to the two catalyst and the membrane is a function of the 

degree of humidification of the membrane according to the following formula [36]: 

 

 
𝜎𝑝 = (0.5139𝜆 − 0.326) exp [1268 (

1

303
−
1

𝑇
)] [

𝑆

𝑚
] (48) 

 

𝜆 is the ratio between the moles of water contained in the membrane and the moles of 𝑆𝑂3−, that 

will be discussed in the section 4.6.1, the more water there is in the membrane, the better the 

conduction will be (as seen in section 3.4). 

An important factor that reduces the rate of reaction is liquid water. The greater the amount of 

liquid water, the lower the rate of reaction and the performance of the cell, too. Therefore, a 

term that takes into account the amount of water is added to the equation of 𝑅𝑎𝑔𝑔,𝑖. 

The dissolved molar concentration of species in the polymer phase is given by Henry’s law 

[36]: 

 

 𝐶𝑖,𝑚 = 𝐻𝐶𝑖
𝑔 (49) 
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where H is the Henry constant, 𝐶𝑖
𝑔

 and 𝐶𝑖,𝑚 are the molar concentrations of species existing in 

gas phase and in membrane phase (or Nafion, polymer phase), respectively. 

 

The value of current in anode and in cathode is the same, so it is possible to determine the value 

of 𝜂𝑐 and 𝜂𝑎 : After that the activation over voltage is calculated like: 

 

 𝜂𝑎𝑐𝑡 = 𝜂𝑎 + 𝜂𝑐 = 𝐸𝑡ℎ − ϕe − ϕp (50) 

 

Where 𝐸𝑡ℎ is the open circuit voltage, defined as follows [47]: 

 

 𝐸𝑡ℎ = 1.229 + 0.85 × 10
−3(𝑇 − 298.15)

+ 4.3085 𝑥 10−5𝑇 × (ln(𝑃𝐻2) +
1

2
𝑙𝑛(𝑃𝑂2)) 

 

(51) 

It’s important to consider that the catalyst layer is porous and made up of clumps of carbon-

supported Platinum catalyst, surrounded by a thin layer of Nafion [52]. The gaseous reactants 

must dissolve into the polymer phase and diffuse through the polymer film to reach the reaction 

sites. In order to account for the effect of diffusion resistance through the catalyst with porous 

and agglomerate structure, the reaction rate is modified by an effectiveness factor, θ, which is 

a measure of how readily reactants diffuse through the catalyst grain. We define 𝑅𝑑,𝑖 reaction 

rate without agglomerate effects as follows: 

 

 
𝑅𝑑,𝑖 =

𝑅𝑎𝑔𝑔,𝑖

𝜃
 (52) 

 

Where “i” can be “a” representing anode, or “c” representing cathode 𝜃(≤ 1) can be 

determined by following equation: 

 

 
𝜃 =

3

𝛽𝑎𝑔𝑔,𝑖
(

1

tanh(𝛽𝑎𝑔𝑔,𝑖)
−

1

𝛽𝑎𝑔𝑔,𝑖
) (53) 

 

Where 𝛽𝑎𝑔𝑔 is Thiele’s modulus, defined as follows [49]: 
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𝛽𝑎𝑔𝑔,𝑖 = 𝐿𝑎𝑔𝑔√

𝑅𝑑,𝑖

𝐷𝑖
𝑚𝐶𝑘

𝑝𝐹
 (54) 

 

where 𝐿𝑎𝑔𝑔 the characteristic length of catalyst particle, 𝑅𝑑,𝑖 is the reaction rate without 

agglomerate effects and 𝐷𝑖𝑚 is species diffusivity of reactant in the polymer phase.  

The term of effectiveness reduces the rate of reaction of the cell and consequently leads to a 

lower production of electricity. The term of effectiveness is used in order to measure how 

rapidly reactants react across spherical agglomerates. 

Obtaining an effectiveness of 1.0 means that the diffusion of the reagents through the 

agglomerates does not meet resistance, while an efficiency of less than 1.0 means that the 

agglomerate resists the limitation of reactor distribution at reaction rate. So, we know that 

values lower than 1 reduce the rate of reaction and therefore the efficiency of the cell [52]. 

 

This physics must be applied on domain Γ2,Γ3 for the anode, Γ5, Γ6 for the cathode and in the 

membrane Γ4. 

As for the boundary conditions, this time they are at the two ends of the GDL and in the whole 

cell contour (composed of GDL, catalyst and membrane). 

The anode electrode is considered as the electric ground (ϕp = 0). Also, the electrical potential 

of the cathode electrode is assumed as the cell voltage. (ϕp = 𝑉𝑜𝑐). So, the value of voltage of 

the cell is known. 

The insulation boundary condition is applied for the other walls. 

 

Wall 
𝑹𝒂𝒈𝒈,𝒂 · 𝒏 = 0 

𝑹𝒂𝒈𝒈,𝒄 · 𝒏 = 0 
On  𝜁5, 𝜁8, 𝜁10, 𝜁14, 𝜁16, 𝜁7, 𝜁9, 𝜁12, 𝜁15, 𝜁18  (55) 

 

Anode 

inlet 

GDL 

𝜙𝑒 = 0 On  𝜁1, 𝜁19  (56) 

 

Cathode 

inlet 

GDL 

𝜙𝑒 = 𝑉𝑐𝑒𝑙𝑙 On  𝜁1, 𝜁19  (57) 
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4.6 Equations for water management 

 

Dissolved phase moves through the membrane due to difference in concentration, and because 

of the effect of electroosmotic drag. In the cathode the water passes from the dissolved phase 

to the vapor phase, and if its pressure is greater than the saturation pressure, then the water can 

condense and pass to the liquid phase. The liquid phase is present only in the cathode, because 

in the anode, due to the passage of water due to the EOD at higher currents, there is an anode 

dehydration (because in the anode the passage of water occurs at higher currents, determining 

its dehydration). 

It is assumed that all 3 phases are in equilibrium. Source’s terms are defined using high mass 

transfer rates in such a way to maintain the equilibrium between the 3 phases [41]. 

 

The amount of current generated depends on the degree of hydration of the membrane, so the 

amount of dissolved 𝐻2𝑂 present in the membrane. At higher currents, part of the membrane 

dehydrates and the current falls. 

The water dissolved is calculated with the parameter “a” (water vapour activity) that depend 

by the polymer water content 𝜆. 

 

4.6.1 Dissolved water’s equation 

 

To treat the passage of water both for electro-osmotic drag, both for back-diffusion, and for 

hydraulic permeability the Eq. (59) is used. it is important to know that inside the catalyst, there 

is a fraction of polymer that is able to absorb water and transport it inside/outside the 

membrane. 

 

The membrane can be treated as a fluid with infinite viscosity and where there is no mass 

diffusion. The concentration of water 𝐶𝑊𝐷
𝑝  in the membrane is calculated through the Polymer 

water content 𝜆 parameter which depends on the type of membrane (Nafion 1100) [53,55]. 

 

 
𝜆 =
𝐶𝑊𝐷
𝑝 𝑀𝑚𝑒𝑚
𝜌𝑚𝑒𝑚

 [
𝑚𝑜𝑙 𝐻2𝑂

𝑚𝑜𝑙 𝑆𝑂3
−] (58) 
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It can be modelled with the Nernst Planck equation. The Fick law is combining with Ohm’s 

law, and the current density of an electromechanical potential is obtained. 

 

 
𝑛𝑑𝛻 ∙ (ε𝑝𝜆𝛻𝜙𝑝) − 𝛻 ∙ (𝐷𝐷𝑊

𝑝 𝛻𝑐𝑤
𝑑) − 𝛻 ∙ (

𝐾𝑝,𝑚𝑐𝑤
𝑑

𝜇𝑤
𝛻𝑃𝑓) = 𝑆𝑤𝑑 (59) 

For simplicity we consider that: 

 

 
𝑵𝒅𝒊𝒔 = 𝑛𝑑(ε𝑝𝜆𝛻𝜙𝑝) − (𝐷𝐷𝑊

𝑝 𝛻𝑐𝑤
𝑑) − (

𝐾𝑝,𝑚𝑐𝑤
𝑑

𝜇𝑤
𝛻𝑃𝑓) (60) 

 

Where 𝑛𝑑 is a constant that represents the number of water molecules carried per unit of proton 

transferred ,ε𝑝 is the is the polymer fraction present in the catalyst, λ represents the amount of 

water present in the membrane, 𝜎𝑚 is the ionic conductivity, Φ 𝑝 is the potential of the 

membrane, 𝐷𝐷𝑊
𝑝  is the diffusivity of water in the membrane, 𝑐𝑤𝑑  is the water concentration in 

[
𝑚𝑜𝑙

𝑚3
] in the membrane, 𝐾𝑝,𝑚 is the permeability of water in the membrane and 𝜇𝑤 is the 

viscosity of the liquid water. 

The first term represents the EOD that depends by a constant [11]: 

 

 
𝑛𝑑 =

2.5

22F
 (61) 

 

The water is carried by the current from the anode to the cathode, and the force, direction is 

given by the gradient of potential 𝛻Φ 𝑝 The mobility of water along the membrane, however, 

depends on the amount of water already present λ and ionic conductivity. Moreover, in the two 

catalyst because the polymer is not present in the whole domain but with a certain fraction ε𝑝, 

the mobility is less than the membrane. 

 

After that, the second term represent the diffusivity (which characterizes the back diffusion). 

Inside the membrane the water diffuses due to the difference in concentration through the 𝐷𝐷𝑊
𝑝  

calculated with Eq. (62): 

 

 
𝐷𝐷𝑊
𝑝 = 1.3 x 10−10exp [2416 (

1

303
−
1

T
)]  [

m2

s
] (62) 
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The last term represents the hydraulic permeability. In case of different pressure between the 

two chambers the water undergoes a further thrust in the direction where the pressure is lower. 

The passage of water also depends on the viscosity 𝜇𝑤 and the permeability that is a function 

of the amount of water already present in the membrane [50]: 

 

 𝐾𝑝,𝑚 = 2.5 ∙ 10
−20λ [m2] (63) 

 

The dissolved phase is maintained in equilibrium by 𝑆𝑤𝑑 that is present only in the catalyst 

layers in both chambers, and is calculated as follows: 

 

 𝑆𝑤𝑑 = ℎ𝑚(𝜌𝑤𝑣
𝑔
− 𝜌𝑤𝑣

𝑝 ) (64) 

 

The source term (that is defined in [ 𝑘𝑔
𝑚3𝑠
] ) depends on the constant coefficient ℎ𝑚 (chosen large 

enough to maintain equilibrium) and the difference in density between the steam water in the 

channel and the density of the steam water in equilibrium with the polymer. The equilibrium 

density depends on the saturation density (hence the operation T) and the coefficient a. The 

latter is the vapor water activity that can be calculated according to the degree of humidification 

of the membrane [41]: 

 

 𝜌𝑤𝑑
𝑝 = 𝜌𝑤𝑣

𝑔
𝑎 (65) 

 

 𝑎 = 1.76e−6λ−4 + 2.17𝑒−4𝜆−3-8.80𝑒−3𝜆−2+0.16λ-0.12 (66) 

 

If the polymer is not very wet, the value of “a” will be less than 1 and will try to absorb the 

water, otherwise if it is very wet the value of “a” will be greater than 1 and will tend to be 

watered with dissolved water. So, the value of “a” will be less than 1 in the area of the anode 

because it dehydrates, and greater than 1 in the area of the cathode where it accumulates and is 

expelled. The trend of "a" as a function of λ is shown in the figure Fig.21. Anode dehydration 

leads to a reduction in cell performance as it reduces electrical conductivity according to Eq. 

(46). 
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Figure 21 Water activity as function of λ 

 

Water that leaving the dissolved phase passes directly and into the liquid as show by the term 

𝑆𝑤𝑑(1 − 𝛾𝑤𝑑). Water passes to the dissolved phase from the vapor phase as shown in 𝛾𝑤𝑑𝑆𝑤𝑑  

(seen Eq. (22)) [36]. The variable 𝛾𝑤𝑑 is a switch term, that becomes 1 when water is leaving 

the dissolved phase and zero otherwise. And lastly, water entering or leaving the dissolved 

phase is reflected by the term 𝑆𝑤𝑑/𝑀𝑤 in the equation for dissolved water transport, in both 

areas, anode and cathode. Because of 𝑆𝑤𝑑 is in [ 𝑘𝑔
𝑚3𝑠
]  dividing by the molar mass I find the 

[
𝑚𝑜𝑙

𝑚3𝑠
] that is used to calculate 𝑐𝑤𝑑 . 

 

The domain of application of this physical is only the zone comprising the two catalyst 

Γ3 𝑎𝑛𝑑 Γ5 and the membrane Γ4. For the boundary conditions the outflow and non-flux are 

present in this physics.  

 

Outlet Anode and 

cathode side 
−𝒏 ∙ ∇𝑐𝑤

𝑑=0 On  𝜁6, 𝜁17  (67) 

 

Wall −𝒏 ∙𝑵𝒅𝒊𝒔=0 On  𝜁8, 𝜁10, 𝜁14, 𝜁9, 𝜁12, 𝜁15,  (68) 
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4.6.2 Liquid water’s equation 

 

By applying the volume average approach to the continuity equation and then using Darcy's 

law for both the liquid and gas phases, the governing equation of the liquid water transport is 

expressed as follow [54,41]: 

 

 𝜌𝑊𝐿𝒖 ∙ 𝛻𝑠 − 𝜌𝑊𝐿𝛻 ∙ (𝐷𝑤𝑙
cp
𝛻𝑠) = −𝑆𝐿𝑉 + 𝑆𝑤𝑝(1 − 𝛾𝐿𝑉) − 𝑆𝑤𝑑(1 − 𝛾𝑤𝑑) (69) 

 

For simplicity we consider that: 

 

 𝑵𝒘𝒂𝒕 = 𝒖𝑠 − (𝐷𝑤𝑙
cp
𝛻𝑠) (70) 

 

The degree of freedom in this physics is the variable "s" that represents the saturation of water. 

This variable is dimensionless and represents the ratio between the volume of liquid water and 

the volume of pores in the section in which it is located. 

 

 
𝑠 =

𝑉𝑊𝐿
𝑉𝑝𝑜𝑟𝑒

 (71) 

 

To obtain the mass then it is necessary to first obtain the quantity of volume of water formed 

knowing the porosity of the medium, and then to multiply by the density of the liquid. 

 

The expected result is the formation of liquid water inside the porous medium in the cathode 

side, while in the anode it is practically nil (due to the electro-osmotic effect). 

In this study it is assumed that the liquid water velocities are null in the porous media, but in 

other studies, this hypothesis remains debated especially when large liquid water droplets are 

present [36]. In other articles the speed of water is considered instead. However, the speed of 

the water can never be the same as that of the gas, but it is very reduced due to its high viscosity 

and the difficulty of moving inside the porous medium. 

Within the porous medium, the speed is neglected, and therefore the liquid is transmitted only 

by capillary diffusion, since the movement of fluids in unsaturated porous media is limited due 

to the surface tension and adhesive forces. 
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Considering only the porous medium, then the convective term is neglected, and the capillary 

diffusion is calculated with the following formula [56]: 

 

 
𝐷𝑊𝐿
𝑐𝑝 =

𝜌𝑤𝑙𝑔

𝜇𝑊𝐿
𝐾(𝑠)

𝜕𝑃𝑐
𝜕𝑠
  (72) 

 

Where:  

𝜇𝑊𝐿 is the water viscosity [𝑘𝑔
𝑚𝑠
] 

𝐾(𝑠) the permeability of liquid water [𝑚2] 

𝑃𝑐 is the capillary pressure [Pa] 

 

The diffusion of the liquid (see Fig.22) and 

the variation of the capillary pressure as a 

function of its saturation are written using 

empirical equations as a function of water 

saturation [51]: 

 

 𝐾(𝑠) = 𝐾1,𝑎𝑏𝑠𝑠 (73) 

 

 𝜕𝑃𝑐
𝜕𝑠
= −𝐴 × 𝐷[𝑒[−𝐴(𝑠−𝐶)] + 𝑒[𝐴(𝑠−𝐶)]] (74) 

 

While the constant coefficients are calculated in centimetres as it follows [51]: 

 

• 𝐴 = 3.7  

• 𝐶 = 0.494 

• 𝐷 = 0.0173  

 

In the channel, however, I consider the velocity of the liquid equal to that of the gas, since there 

is no resistance to the motion of the liquid as the velocity of the gas is very high, the liquid that 

has formed or has arrived in the canal is rapidly transported out of the cell. Therefore, in the 

channel the presence of liquid will be very low and will not modify the gaseous motion. 

Figure 22 Capillary diffusion of liquid water 
according to saturation 
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Liquid water, that is generated within the channel, it is given by the three source terms. Liquid 

water is formed either by condensation of the steam water, or by the passage of the water from 

dissolved to liquid, or by the production, due to the reaction of the hydrogen, of water directly 

in the liquid phase. 

The first term is the of condensation and evaporation. This term is defined as: 

 

 𝑆𝐿𝑊 = 𝜓𝑠𝛾𝐿𝑉 − 𝜓(1 − 𝑠)(1 − 𝛾𝐿𝑉) (75) 

Where 𝛾𝐿𝑉 is a switch function which depends on the ratio between the vapor density and the 

density saturation of the water (see Eq. (37)), 𝜓  it is a constant coefficient chosen wide enough 

to maintain the balance between the three phases of the water. 

The 𝜌𝑆𝐴𝑇
𝑔  it is obtained by knowing the value of the saturation pressure with the variation of the 

temperature as given in Tab. 3 [57]. 

 

 

 

 

 

 

 

 

 

 

 

 

If the pressure of water exceeds the saturation pressure, then it condenses and passes to the 

liquid state. Vice versa, if the formation of liquid water is excessive, and the pressure of the 

liquid is below that of saturation, the liquid evaporates and goes back to the vapor phase. 

 

Temperature [K] 𝑃𝑠𝑎𝑡 [Pa] 

298.15 0.031698e5 

308.15 0.056291e5 

318.15 0.095953e5 

328.15 0.15763e5 

338.15 0.25043e5 

348.15 0.38597e5 

358.15 0.5786e5 

368.15 0.84609e5 

Table 3 Saturation pressure as a function of temperature 
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Figure 23 Behaviour of the 𝑆𝐿𝑊 source term as a function of saturation pressure 

 

The first source term, the condensation-evaporation (see Fig. 23), is applied throughout the 

compartment of both chambers (catalyst-GDL-channel), while the other two source terms are 

calculated only in the catalyst of each chamber. 

 

We have already spoken before of the term source for the production of liquid water. The 

difference lies only in the multiplicative coefficient next to it, so that the source term is applied 

only if the steam water pressure is saturated. This way, instead of producing steam, from the 

reaction, directly liquid water will be produced. 

 

The last source term is the one governing the passage from dissolved water to liquid water. As 

we already said before, the water that leaves the dissolved phase goes directly to the liquid 

state. When the 𝛾𝑤𝑑 coefficient is 1 the source term is 0, while when it is 0, we have the liquid 

water formation. 
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Like the continuity equation and chemical species transport equation, this physics must be 

applied on domain Γ1, Γ2 and Γ3 for the anode, and Γ5, Γ6 and Γ7 for the cathode. 

As boundary conditions, it is assumed that the reactants flow rate that entering the chambers 

are dry. So, this condition is set via a Dirichlet condition. While at the exit the convection is 

considered dominant and the diffusion is neglected. Throughout the rest of the domain the No-

flux condition is imposed. 

 

Wall 𝒏 ∙𝑵𝒘𝒂𝒕 = 0 On  𝜁2, 𝜁5, 𝜁6, 𝜁7, 𝜁8, 𝜁9, 𝜁13, 𝜁14, 𝜁15, 𝜁16, 𝜁18, 𝜁22  (76) 

 

Inlet at anode 

and cathode 
s = 0 On  𝜁3, 𝜁21  (77) 

 

Exit at anode 

and cathode 
∇s = 0 On  𝜁1, 𝜁19  (78) 

 

4.7 Numerical methods 

 

4.7.1 Method and program used 

 

The equations have been solved using the COMSOL Multiphysics® software which uses the 

finite element method (FEM).  To solve the problem of convergence, the study was divided 

into 6 segregated steps: 

 

1. Velocity and pressure of anode side 

2. Mass fraction of water in the anode side 

3. Velocity and pressure of cathode side 

4. Mass fraction of water and oxygen in the cathode side 

5. Electrolyte potential, Electrode potential 

6. Saturation water in anode compartment, saturation water in cathode compartment 

 

The Newton method is used to find solutions to the problem. it is an iterative model that 

generates a succession of points starting from an initial point X0 which after a certain number 
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of iterations converges to an approximation of the root of the function. The damping factor for 

each segregated step was chosen in order to obtain the convergence of the problem [58]. 

 

In order to avoid computational error during the study, changes were made to the equations to 

avoid numerical errors. Often some variables reached null values, or too high that led to the 

lack of convergence of the simulation. For example, Eq. (38) was written as: 

 

 

𝛾𝑤𝑑 = 0.5 +  
(𝜌𝑤𝑣
𝑔
− 𝜌𝑤𝑣

𝑝 )

1𝑒−6 + 2|𝜌𝑤𝑣
𝑔
− 𝜌𝑤𝑣

𝑝
|
 (79) 

 

in order to avoid computational problem with the value of 𝛾𝑤𝑑 = 0, a very small value is added 

which does not change the effects of the equation but avoids computational problems. 

The Eq. (53) and Eq. (73) have been modified following the same criterion in order to reach the 

convergence of the problem. 

 

4.7.2 Parameters and variables 

 

The relevant design and operating parameters are summarizing on Tab. 4 and Tab. 5. The 

comparison with the Seigel’s problem is possible thanks to the presence of the same geometry 

and physics’ inputs. The cell was run at a cell temperature of 80 ◦C with the reactant gases on 

both the anode and cathode zones maintained at temperatures of 80 °C throughout the cell, the 

pressure outlet of 30 [Psig] and relative humidity of 100% at the inlet, exactly like done in 

Seigel. Mass flow rate, at both the anode and cathode, corresponded to a stoichiometric ratio 

of 6 at a current density of 1 [ 𝐴
𝑐𝑚2
] [41]. In Tab. 6, boundary conditions are indicated which 

solve the problem and their field of application. Subsequently, Tab. 7 represents the domains 

in which the source terms of each physics are applied. Finally, Tab. 8 shows the degrees of 

freedom of the problem and the domains in which they are calculated. 
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Property Value Description  Reference 
𝜇𝑎 2e-5 [Pa s] Anode viscosity [41] 

𝜇𝑐 1e-5 [Pa s] Cathode viscosity [41] 

𝜅𝑔𝑑𝑙  1.8E-11 [m^2] Permeability of GDL [59] 

𝜇𝑊𝐿 4E-4 [kg/ (m s)] Liquid viscosity [60] 

𝐷𝑂2 2E-7 [m/s] Diffusivity of Oxygen in polymer [41] 

𝐷𝐻2  7.9E-7 [m/s] Diffusivity of hydrogen in polymer [61] 

𝑖0,𝐻2  30 [A/m^2] Current reference in anode [15] 

𝑖0,𝑂2  0.0041 [A/m^2] Current reference in cathode [41] 

𝐶0,𝑂2 1.18 [mol/m^3] Reference concentration of oxygen [41] 

𝐶0,𝐻2  26.6 [mol/m^3] Reference concentration of hydrogen [41] 
F 96487 [s A/mol] Faraday's constant [59] 
ℎ𝑑𝑎  0.64 Solubility coefficient for the anode [41] 

ℎ𝑑𝑐  0.19 Solubility coefficient for the cathode [41] 

𝛼𝑎 0.5 Anodic transfer coefficient [15] 

𝛼𝑐 0.55 Cathodic transfer coefficient [15] 
g 9.81 [m/s^2] Gravity [-] 
ρ
𝑊𝐿

 970 [ kg/m^3] Density of liquid water at 80°C [57] 
R 8.314 [J/mol/K] Universal constant of gas [-] 
ρ
𝑚

 2000 [kg/m^3] Density of membrane [63] 
Mnafion 1.1 [kg/mol] Molar mass of membrane [63] 

Table 4 Physical properties 
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Property Value Description 
𝑊𝑔𝑐 30 [cm] Width channel 
Lgc 0.001 [m] Length channel 
𝐻gc 0.001 [m] Height channel 
𝑡𝑐𝑜𝑙 2.9E-4 [m] Collector thickness 
𝑡𝑎𝑔𝑑𝑙  2.9E-4 [m] Thickness GDL anode 
𝑡𝑐𝑔𝑑𝑙  2.54E-4 [m] Thickness GDL cathode 
𝑡𝑐𝑎𝑡 1.65E-5 [m] Catalyst 
𝑡𝑚 5.08E-5 [m] Membrane thickness 

ε𝑣𝑜𝑖𝑑
𝑔𝑑𝑙  0.375 Degree of vacuum in GDL 

ε𝑣𝑜𝑖𝑑
𝑐𝑎𝑡  0.31 Degree of vacuum in catalyst 
T 353 [K] Temperature 
𝑃𝑖𝑛 310 [kPa] Inlet pressure 
Eth 1.19[V] Theoretical open circuit voltage 
Ψ 20 [kg/ (m^3 s)] Evap/Cond mass transfer coefficient 
σe 600 [S/m] Electric conductibility 
Av 6.99E6 [1/m] Specific reaction area of catalyst 
Vcell Varies [V] Operating voltage of cell 
wH2 0.38 Mass fraction at inlet of hydrogen 
MH2𝑂 0.018 [kg/mol] Molar mass of water 
hm 500 [1/s] Dissolved/water mass transfer 
Pan 2.0684E5 [Pa] Relative pressure outlet anode 
Pcat 2.0684E5 [Pa] Relative pressure outlet cathode 
ε𝐶
𝑐𝑎𝑡 0.24 Polymer volume fraction in the catalyst 
Lagg 4E-7 [m] Mean agglomerate size 

Τ 3.5 Tortuosity 
wH2𝑂𝑎 0.60 Mass fraction at inlet of water in anode 

MH2 0.002 [kg/mol] Molar mass of hydrogen 
MO2 0.032 [kg/mol] Molar mass of oxygen 
MN2 0.028 [kg/mol] Molar mass of nitrogen 
wO2 0.21 Mass fraction at inlet of oxygen 

wH2Oc 0.1 Mass fraction at inlet of water in cathode 

𝑈𝑎𝑛 1.547 [m/s] Inlet velocity anode 

𝑈𝑐𝑎𝑡 3.747 [m/s] Inlet velocity cathode 

Table 5 Design and operating parameters for validation study 
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Source’s 

terms 

Channel 

Anode 

GDL 

Anode 

Catalyst 

Anode 
Membrane 

Catalyst 

Cathode 

GDL 

Cathode 

Channel 

Cathode 

𝑆𝑜2     X   

𝑆𝐻2   X     

𝑆𝜙,𝑖   X  X   

𝑆𝑊𝑃     X   

𝑆𝑤𝑑   X  X   

𝑆𝐿𝑊 X X X  X X X 

Table 7 Source terms present in the model and their application domains 

 

Boundary’s 

condition 

Anode 

 inlet 

Anode 

inlet 

GDL 

Anode 

inlet 

Catalyst 

Anode  

outlet 

Cathode 

outlet 

Cathode 

inlet 

Catalyst 

Cathode 

inlet 

GDL 

Cathode 

inlet 

Momentum’s 

equations 

𝑢𝑎,𝑎𝑣𝑔

= 1.547 [
m

s
] 

/ / 
𝑃

= 30[𝑝𝑖𝑠𝑔] 

𝑃

= 30[𝑝𝑠𝑖𝑔] 
/ / 

𝑢𝑐,𝑎𝑣𝑔

= 3.747 [
m

s
] 

Oxygen / / / / ∇𝑤𝑂2 = 0 / / 
𝑤𝑂2

= 0.21 

Water vapour 𝑤𝐻2𝑂 = 0.62 / / 
∇𝑤𝐻2𝑂

= 0 
∇𝑤𝐻2𝑂 = 0 / / 

𝑤𝐻2𝑂

= 0.1 

Dissolved 

water 
/ / No Flux / / No Flux / / 

Liquid water 𝑠 = 0 / / ∇𝑠 = 0 ∇𝑠 = 0 / / 𝑠 = 0 

Membrane 

potential 
/ ϕ𝑝 = 0 / / / / ϕ𝑝 = 𝑉𝑐𝑒𝑙𝑙 / 

Thermal 

Energy 
𝑇 = 353 [𝐾] / / / / / / 

𝑇

= 353 [𝐾] 

Table 6 Value of the boundary conditions 



67 
 

Degree of 

freedom 

Channel 

Anode 

GDL 

Anode 

Catalyst 

Anode 
Membrane 

Catalyst 

Cathode 

GDL 

Cathode 

Channel 

Cathode 

Continuity 

and 

Brinkman 

𝑃𝑓, 𝒖 𝑃𝑓, 𝒖 𝑃𝑓, 𝒖 𝑃𝑓, 𝒖 𝑃𝑓, 𝒖 𝑃𝑓 , 𝒖 𝑃𝑓, 𝒖 

Fick’s 

Diffusion 
𝐶𝐻2 , 𝐶𝐻2𝑂 𝐶𝐻2  , 𝐶𝐻2𝑂 𝐶𝐻2  , 𝐶𝐻2𝑂  𝐶𝑂2  , 𝐶𝐻2𝑂, 𝐶𝑂2  , 𝐶𝐻2𝑂, 𝐶𝑂2  , 𝐶𝐻2𝑂, 

Charge’s  ϕ𝑒 ϕ𝑒 , 𝜙𝑝 𝜙𝑝 ϕ𝑒 , 𝜙𝑝 ϕ𝑒  

Nernst-

Planck 
  𝐶𝑤𝑑 𝐶𝑤𝑑 𝐶𝑤𝑑   

Liquid 

Water 
𝑠 𝑠 𝑠  𝑠 𝑠 𝑠 

Table 8 Degrees of freedom 
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5 Result and discussion 

5.1 Model verification 
 
A mesh convergence study was conducted to select the required degree of precision, see fig. 

(24). The mesh created is a "Mapped meshing" suitable to maintaining good mesh density 

across the domain. In the most important areas, for example the two catalyst, it has been made 

finer because in these domains there are great gradients. The final mesh, represented in Fig. 25, 

chosen divides the domain into 140 x 242 elements and it was acceptable because the error with 

respect to the first mesh is less than 1%, as you can see in the Tab. 9 and Tab. 10 and in Fig. 

24. 

 

Number of elements 
Relative error respect to the most precise 

mesh (52500 elements) 

2989 78.3% 

8470 24.4% 

16065 9.5% 

33880 1.05% 
Table 9 Oxygen relative error 

 

Number of elements 
Relative error respect to the most precise 

mesh (52500 elements) 

2989 19.3% 

8470 8.15% 

16065 3.23% 

33880 0.84% 
Table 10 Liquid water relative error 
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Figure 24 Grid independence of oxygen (relative error=1.05%) and water (relative error=0.84%) 

 

 

 
Figure 25 Final mesh chosen 
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5.2 Model validation 

 

In order to validate the numerical model, we compare the polarization curve we obtained with 

the one obtained by Seigel et Al [41] in their study, which compares their model with 

experimental results. The comparison is shown in Fig. 26 for the polarization curve, and in 

Fig.27 for the power curve. 

 
Figure 26 The comparison between the polarization curve obtained from the model, and that obtained from the 

Seigel model 
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Figure 27 Comparison of the power curve of the Pemfc, with the reference curve taken from the article by Seigel 

et all [41]. 

From the Fig. 26 curve it is also possible to note the 3 different behaviours of the cell according 

to the voltage, exactly as we said in the section 1.5: 

 

• In the first part the losses are due to the activation energy  

• In the second part are due to the ohmic effect 

• In the third part the reduction is due to diffusion difficulties 

 

The biggest difficulty is that of representing the diffusion losses, because to be represented it 

must necessarily take into account the multi-phase flow of water. This trend is reproduced with 

high accuracy thanks to the formation of liquid water, which reduces both the diffusion of the 

reactants and the rate of reaction. 

An analysis without considering the formation of liquid water, yields a large difference between 

the two-polarization curve. The model without water formation cannot reproduce the diffusion 

difficulties of the reagents, as shown in Fig. 28. 

On the other hand, if we do not even consider the water flowing along the membrane, but we 

take the membrane completely humidified, the losses are reduced. So not considering the water 

inside the PEMFC leads to a big error of evaluation. 
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Figure 28 In red the polarization curve without formation of liquid water, in blue the model curve considering 

also the water. 

 

5.3 Analysis in nominal conditions 

 

Where there is no porous medium, the velocity of the gas is greater, whereas in the porous 

medium, the velocity becomes almost negligible and the phenomenon becomes prevalently 

diffusive. The velocity along the height of the channel is represented in Fig.29. 
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Figure 29 The anode velocity profile inside the fuel cell. It is present only in the anode compartment. 

 
The Fig. 29 shows the trend of the velocity along the perpendicular direction of the cell more 

precisely. Note how along the channel the velocity is that of the classic parabolic profile, while 

along the porous medium the fluid is very slowed down until it stops at the end of the catalyst 

(see Fig.30). 

 

 
Figure 30 Velocity profile at 0.4 Volt in the anode side 
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The concentration of oxygen along the channel (Fig. 31) tends to decrease as it reacts, and 

therefore its concentration will be lower near the catalyst where the reaction takes place. 

 
Figure 31 Molar concentrations of oxygen at 0.4 Volt 

The iso-lines of oxygen concentration have different slopes in the three zones. This is due to 

the different value of diffusivity in the 3 zones. In the porous medium the diffusion is more 

dominant than convection, but especially in the catalyst, the diffusion is greatly reduced both 

for the lower degree of vacuum and for the greater quantity of water. 
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[ a ] 

 
[ b ] 

 
[ c ] 

Figure 32 Water anode concentration in 3 different voltage cases. [a]: 0.6 V; [b]: 0.4 V; [c]: 0.25V 
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In the anode side the steam water is absorbed by the membrane, hence its concentration 

decreases as visible in Fig. 32. As at low voltages the current is greater, and the effect of EOD 

is more relevant.   

 

The concentration of steam water along the cathode decreases and begins to dehydrate. We can 

see in Fig. 33 how the water absorbed by the membrane is distributed along the thickness of 

the membrane. This figure represents the water content along a vertical line positioned at 

x=0.15 m and crossing the cathode catalyst, the membrane and the anode catalyst. We can see 

that the distribution of water in the membrane is regulated by the three factors seen in the 

equation 63. The motion due to EOD is prevalent at high value of current and the water will 

tend to move towards the cathode and at the anode side the membrane will be drier. 

 

 
Figure 33 Variation of water within the membrane at different voltages at x=0.15 m 

 

Near the catalyst there is a large production of steam water due both to the completion of the 

reaction and the evaporation of liquid water. The steam water concentration in the cathode is 

shown in Fig. 34 and its pressure relative to the saturation pressure is shown in Fig.35. 
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Figure 34 Molar concentration of steam water at the cathode 

 

 
Figure 35 Ratio between the steam water pressure in the cathode and its saturation pressure. 

 

As we have already said the liquid water is created by the dissolved water released by the 

membrane, or by the chemical reaction. From the fig. 36 we note that most of the water is 

produced in the catalyst near the cathode entrance. This is because the reaction rate has the 

maximum value near the inlet where the concentrations of the reagents are greater. Also, for 

the membrane, the concentration of dissolved water is higher at the entrance, higher currents 

result in more water transported by EOD. The contribution of both lead to a peak of liquid 

water in the catalyst and at the inlet side. As can be seen in the cathode channel, the value of 

discharge is zero, so the amount of water to be studied is only found in the porous medium, in 

fact the iso-line in Fig. 37, represent only the GDL and catalyst layer. 
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Figure 36 Surface plot of saturation water in cathode compartment. 

 

 
Figure 37 Iso-lines of the saturation curve. 

The importance of water and its movements along the cell are all represented in the model. As 

for the ohmic losses (i.e. the slope of the polarization curve), when at high currents the anode 

dehydrates too much leads to a reduction in the performance of the cell, since it increases the 

resistivity of the cell to the ions. Moreover, at high currents, the formation of too much liquid 

water leads to a reduction of both the diffusion of the reagents and therefore to a consequent 

reduction in the rate of reaction. 

 

Since no liquid water enters the cell inlet, the production rate of the liquid water must be equal 

to the quantity that is expelled from the cell. To see this, it is calculated a simple balance 
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between the water produced in the whole cell domain, and the one that comes out. The results 

are shown in Tab. 11. 

 

Property Value Description 

Volt [V]  0.4 Voltage of cell 

𝑆𝐿𝑊  [
𝑘𝑔

𝑚 ℎ
] 0.685 

Evaporation-

condensation term 

𝑆𝑊𝐷(1 − 𝛾𝑊𝐷) [
𝑘𝑔

𝑚 ℎ
] 0.577 

From dissolved to 

liquid 

𝑆𝑊𝑃(1 − 𝛾𝐿𝑉) [
𝑘𝑔

𝑚 ℎ
] 1.115 

Water product in liquid 

form 

𝜌∫𝑠𝒖 [
𝑘𝑔

𝑚 ℎ
] 2.399 

Total amount of water 

leaving the cell 

Table 11 Mass balance of the liquid water, calculated in 𝑘𝑔
𝑚ℎ

  

Water sources must be equal to the one that comes out. From the sum of the first three we obtain 

that the relative error between produced water and outlet water is less than 1%. Thus, suggest 

that conservation of liquid water is enforced with sufficient accuracy. 

 

5.4 Parametric analysis 

 

Once a model that representing all the physical aspects of the cell has been obtained, we can 

move to a parametric analysis of some variables to see how these influences the power 

generated and the efficiency of the cell. Among the changes made to the cell, we consider 

variations in operating parameters, and variations of design parameters. 

 

5.4.1 Variation of operating parameters 

 

The two most important parameters that regulate the amount of water present in the cell are 

pressure and temperature. 

For each variation in pressure and temperature, the two fully humidified reagent gases must 

always be maintained (100% relative humidity and reconsider the new value of Open circuit 
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voltage. The open circuit voltage is calculated with the Nernst equation seen in equation Eq. 

(51) and the respective values used in the various conditions are shown in Tab. 12 and Tab. 13. 

 

Property Description 
Value 

𝑇 = 70°𝐶 𝑇 = 80°𝐶 𝑇 = 90°𝐶 

𝐸𝑡ℎ [𝑉] 
Open circuit 

Voltage 
1.1972 1.1900 1.1800 

𝑤𝐻2𝑂,𝑎 

mass fraction 

of water at the 

anode entry 

0.535 0.62 0.73 

𝑤𝐻2𝑂,𝑐 

mass fraction 

of water at the 

cathode entry 

0.066 0.1 0.152 

Table 12 Change of input parameters when temperature changes 

 

The temperature range, however, cannot vary too much [62]. The operating temperatures of a 

Pemfc cell of this type are from 60 to 80 degrees. Raising its temperature too much should be 

avoided, otherwise the membrane and other materials could be damaged [18,20]. 

As we can see in Fig. 38, with increasing temperature, the activation losses increase. At low 

voltages the high T curve has lower current values, while the ohmic losses are reduced. In the 

part of the diffusion losses, however, in all three cases of T the situation does not change, 

therefore the temperature does not influence the diffusion losses. 
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Figure 38 Different polarization curves by varying the temperature. 

In the case of pressure, however, if we increase the pressure value of the reagents, the 

concentrations near the catalyst will be greater, and therefore an increase in the power will be 

produced, but at the same time the high pressure prevents the water from evaporating, and this 

increases the losses by diffusion. . At low pressures the reactant concentrations decrease, but 

the diffusion losses decrease as we can see in the Fig. 39. 

Property Description 
Value 

𝑃 = 30 𝑃𝑖𝑠𝑔 𝑃 = 20 𝑃𝑖𝑠𝑔 𝑃 = 10 𝑃𝑖𝑠𝑔 

𝐸𝑡ℎ [𝑉] 
Open circuit 

Voltage 
1.1900 1.1811 1.1693 

𝑤𝐻2𝑂,𝑎 

mass fraction 

of water at the 

anode entry 

0.62 0.71 0.78 

𝑤𝐻2𝑂,𝑐 

mass fraction 

of water at the 

cathode entry 

0.1 0.13 0.185 

Table 13 Change of input parameters when pressure changes 
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Figure 39 Polarization curve for different values of pressure  

To reduce diffusion losses at higher voltages, the formation of liquid water must be avoided. 

The percentage of water to be inserted is calculated in order to have the reactants with a lower 

percentage of humidification. 

The values entered in the model, in order to have a degree of humidification of 80%, are 

indicated in the Tab. 14. 

 

Property Description Value 

𝑤𝐻2𝑂,𝑎 mass fraction of water at the anode entry 0.57 

𝑤𝐻2𝑂,𝑐 mass fraction of water at the cathode entry 0.077 

Table 14 Value of inlet mass fraction of water in the case study with lower humidity 
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Figure 40 Comparison between the polarization curves with different relative humidity in input 

 
From Fig. 40 we can notice that when entering with relative humidity of 80%, the diffusion 

losses are reduced, when the air manages to "capture" part of the liquid water that is in the cell. 

Thus, the performance of the low voltage cell is improved. 

 

5.4.2 Variation of design parameters 

 

As the reactants pass through the pores, they arrive near the catalyst where they complete the 

electrochemical reaction. For a fixed volume of carbon of the catalyst layer, a decrease in the 

catalyst layer void fraction was obtained by adding ionomer. The result as shown in Fig. 41.  
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Figure 41 Variation of the current intensity by varying the degree of vacuum at a constant voltage of 0.4 V 

The optimal catalyst layer void fraction at this voltage is 0.03. At even smaller values of vacuum 

we have a very sharp reduction in current. This is due to rapidly increasing concentration 

overpotential. As the void fraction and permeability decrease, reactant transport by diffusion 

and advection within the catalyst layer drops very quickly. If the degree of vacuum is reduced 

too much, the reagent gas and the water vapor cannot permeate in the catalyst, and this leads 

not only to a reduction in concentration, but also to the reduction of water in the membrane. 

Since there is less water vapor near the catalyst, the membrane will be less humidified, as we 

can see in Fig. 42. The losses by diffusion at high currents are less clear, because due to the 

reduction in concentration, the rate of reaction is limited and there is not a too high production 

that limits the diffusion of the reagents (see Fig.43). 
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Figure 42 Polymer water content at 0.4 Volt and at x=0.25 m. 

Instead, in the opposite direction, if the degree of vacuum increases too much, the ionomeric 

fraction must decrease, the porous medium is no longer able to connect the reactant gas and 

current production is reduced. The increase in porosity improves mass flow and reduces 

concentration overpotential, and it also increases the ohmic overpotential [52]. 

 
A comparison with the polarization curve is made with respect to the base case with the optimal 

value of  ε𝑣𝑜𝑖𝑑𝑐𝑎𝑡  and a much lower value (ε𝑣𝑜𝑖𝑑𝑐𝑎𝑡  = 0.0003) is show in Fig. 43 and in Fig. 44 for 

the power-curve. 
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Figure 43 Polarization curves to the various " 𝜀𝑣𝑜𝑖𝑑𝑐𝑎𝑡  ". At very low values of " 𝜀𝑣𝑜𝑖𝑑𝑐𝑎𝑡  " the losses of diffusions are 

very high, and the efficiency of the cell is lower than the base case. 

 
Figure 44 Comparison of the power curves considering the case with the optimal degree of vacuum 

 

 



87 
 

Another parameter of interest that can be modified is the catalyst layer distribution of platinum 

particles [64]. When calculating the rate of reaction, Butler-Volmer current is multiplied by Av 

in order to obtain the rate of reaction. In the base case of the model, the value of Av has been 

assumed to be constant throughout the domain of the catalyst. Its value can be modified in order 

to have a different distribution along the surface of the catalyst, making sure that its absolute 

quantity does not change value. The modification is made to the catalysts (both anode and 

cathode) in order to have the highest possible increase. 

To understand the physical trend, it is important to study how the rate of reaction along the x-

axis and the y-axis varies. 

The variation along the x direction is different according to the height at which we take the 

measure. In general, however, the variation along the x-direction is not very relevant as shown 

in Fig. 45. 

 

 
Figure 45 Reaction rate along the anode x direction.  

 

The red curve located closer to the membrane is at a height y closer to the membrane, and has 

a higher value, but the initial part is affected by the presence of water and the value closer to 

the entrance is lower.  
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To understand how the performance of the cell is affected by Av along x direction we consider 

the following straight. The variable x varies the length of the cell, while 𝑃1 indicates the slope 

of the line. 

 

 

𝐴𝑣 = 𝐴𝑣𝑟𝑒𝑓

(

 1 +
𝑃1
𝑊𝑔𝑐
2

(𝑥 −
𝑊𝑔𝑐

2
)

)

  (80) 

 

Parameter 𝑃1 = [- 1; 1] varies the slope of the line, and 13 inclinations have been tested to see 

which the best is. The straight line is applied in the same way to both the catalyst of the anode 

and to that of the cathode at 0.4V. 

 

 
Figure 46 Representation of the lines to some values of 𝑃1 

 

From the Fig. 46 it is noted that when the value 𝑃1 is positive, the line is decreasing from input 

to output, while when 𝑃1 is negative vice versa. 

The variation of the produced current has been studied at every variation of inclination of the 

line, and the result is shown in the Fig. 47. 
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Figure 47 Current values when parameter 𝑃1 changes. 

We note that the maximum is obtained for 𝑃1= -0.1, ie for a straight line with a slight decrease. 

This is since the rate of reaction at the entrance is much lower due to the presence of the liquid 

water formed. 

Studying the case without formation of liquid water we obtain different result, seen in Fig. 48.

 
Figure 48 Current values when parameter 𝑃1 changes in case of no formation of water 
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So, we understand that, the best distribution of Av is obtained, putting more platinum catalyst 

loading where the rate of reaction is higher. The presence of liquid water leads to a reduction 

in rate especially at the entrance where the formation of liquid is greater. Furthermore, a case 

was studied in which the value of Av was higher than the referment Av and the study of the 

distribution along the x-direction of the cell was repeated and shown in Fig. 49. 

 

 
Figure 49 Current values when parameter 𝑃1 changes. Case when Av=15000 [ 1

𝑚𝑚
]   

 
The best distribution is obtained for 𝑃1= -0.4. This is because, as Av is higher, the reaction rate 

increases, and more water is produced at the entrance. This leads to a better solution when Av 

is more outgoing. 

In both cases (both with referment Av and with increased Av) the variation of performance is 

not very high. With an optimal distribution where the progress of Av along the length follows 

the trend of the reaction rate the maximum possible increase can be obtained. The percentual 

increase in performance from the base case to the best case is calculated in the Tab. 15. 
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Property Description Value 

𝐼𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒 [
𝐴

𝑐𝑚2
] Current density 1.179 

𝐼𝑏𝑒𝑠𝑡 𝑐𝑎𝑠𝑒 [
𝐴

𝑐𝑚2
] Current density 1.1812 

∆𝐼

𝐼𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒
[−] % of variation 0.068% 

𝐼
𝐴𝑣=15000 [

1
𝑚𝑚

]
[
𝐴

𝑐𝑚2
] Current density 1.345 

 

𝐼
𝐴𝑣=15000 [

1
𝑚𝑚

]

𝐵𝑒𝑠𝑡 𝑐𝑎𝑠𝑒 [
𝐴

𝑐𝑚2
] Current density 1.356 

 

∆𝐼

𝐼𝐴𝑣=15000
[−] % of variation 0.811% 

 

Table 15 Variation of cell performance from the basic case to the best case 

 
 
From the Tab. 15 we understand that the variation of the rate along the x-direction is not very 

relevant. While in Fig. 50 is shown that along the thickness of the catalyst there is a large 

variation in the rate of reaction. The value increases by almost one order of magnitude along 

the thickness of the catalyst. 
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Figure 50 Variation of the rate of reaction along the thickness of the catalyst. Starting from the membrane until 

reaching the interface between GDL and catalyst. 

 
To understand how the performance of the cell is affected by Av along y direction we consider 

the following trend: 

 

 
𝐴𝑣 = 𝐴𝑣𝑟𝑒𝑓

𝑦 − (𝐻𝑔𝑐 + 𝑡𝑐𝑔𝑑𝑙 +
𝑡𝑐𝑎𝑡
2 )

𝐻𝑔𝑐 + 𝑡𝑐𝑔𝑑𝑙 − (𝐻𝑔𝑐 + 𝑡𝑐𝑔𝑑𝑙 +
𝑡𝑐𝑎𝑡
2 )

𝑃2 + 1 (81) 

 

Exactly as before, a straight line with variable slope is considered to study how the performance 

of the cell varies in the different configurations. We analyse the cell for 13 different value in 

the range 𝑃2 = [-1;1] with voltage of cell at 0.4 Volt. The distribution is applied to both catalysts, 

for positive 𝑃2 we have a decreasing line up to the interface with the membrane, while for 

negative 𝑃2 vice versa. 
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Figure 51 Study of the current production trend, by varying the slope of the distribution function of the platinum 

catalyst loading at x=0.15 m  

From Fig. 51 it is clear that the best configuration result is 𝑃2 = -1, that is when the straight line 

has its highest possible value near the membrane.  

 

Property Description Value 

𝐼𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒 [
𝐴

𝑐𝑚2
] Current density 1.179 

𝐼𝑏𝑒𝑠𝑡 𝑐𝑎𝑠𝑒 [
𝐴

𝑐𝑚2
] Current density 1.281 

∆𝐼

𝐼𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒
[−] % of variation 8.68% 

 

Table 16 Variation of cell performance from the basic case to the best case 

 
Also, from this study we understand that it is more convenient to add more catalyst, where the 

reaction rate is higher. We also note that the cell performance variation is more significant than 

the x direction case, as we can see from the Tab. 16. 
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Changing the distribution of Av reduces the ohmic losses, but not those of distribution. As you 

can see in fact the cell fails to go beyond the current value of 1.4 [A/cm^2] because the high 

rate of reaction at some point produces too much water, which becomes liquid, and begins to 

slow down and block reactions, as shown in Fig. 52, while in Fig. 53 there is the graph of 

power. 

 
Figure 52 Difference of the polarization curve with different distribution of catalyst loading. 
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Figure 53 Difference of the power curve with different distribution of catalyst loading. 
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6  Conclusion 

In this work, the elementary physics of a polymer membrane fuel cell was illustrated, showing 

all the aspects related to the motion of the water and how it changes the performances of the 

cell. A fuel cell model has been developed to predict the main physical phenomena involved 

and identify design trends and guidelines. We considered gas dynamics, species transport, 

water mass transfer between all its forms and ions and electrons transport. 

To understand better how the water influences the performances of the cell, we have considered 

three different states of water, and each of them has its own physics, and therefore is resolved 

with a different equation. Many articles from literature model the fuel cell in single phase mode: 

they study all aspects of the fuel cell without taking into account the motion of water both in 

the membrane and in the liquid phase in the presence of excessive production. Through these 

models the losses due to activations and the ohmic drops can be well represented, but they do 

not correctly model the anode dehydration (with increase of ohmic losses) and the diffusion 

losses. The amount of water present in the model is able to influence both the ohmic aspects of 

the cell, and the diffusive aspects. In this way it is possible to take into account the behaviour 

of the cell at low voltages; 

The governing equations are discretized using the finite element method and solved with a 

damped Newton method, using the commercial software COMSOL Multiphysics®. 

So, in this study, it was shown how the computational model of the cell was constructed, how 

it was validated and how it adequately reflects the behaviour of the cell, also by varying the 

operating parameters. Results show that the liquid water transport within the cell must take into 

account the loss of performance, due to reduction of rate of reaction even at low current 

densities. Moreover, the water transport through the Nafion and portions of the catalyst have 

an important role with respect to both ohmic losses and diffusion losses at the cathode. 

A modification of the most significant design and operating parameters was carried out to 

investigate potential improvement of the device. It was demonstrated that the efficiency of the 

cell is strongly dependent on both the catalyst loading and porosity. This shows that in design 

studies, it is very important to study the optimum of these parameters, which can hardly be 

changed after installation. An optimal value of catalyst porosity has been found, which makes 

the concentration of reactants near the membrane. Concerning the catalyst loading, we analysed 

the effect of the specific active area per unit volume by varying its distribution along the domain 

of the catalyst. Using simple linear distributions, a 10% current density gain could be obtained.  
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In the future, one could think of optimizing the distribution of platinum through a topology 

optimization under costs constraints. This study must be done in order to optimize the rate of 

reaction to the working conditions that are more exploited in the cell. Noting from the study 

how the rate of reaction varies within the catalyst, it is possible to think of new Pemfc 

configurations where the catalyst has a different thickness and study how the rate and the 

consequent formation of water changes.  
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