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1. Introduction 
Among possible alternatives to global warming and energy resource depletion problems, polymer electrolyte membrane fuel cells (PEMFC) appear as promising energy conversion devices using hydrogen as energy vector. They are environmentally friendly and more efficient than standard combustion engines [1]. However, the efficiency of complete PEMFC systems has to be improved through a better control of operating parameters [2]. For instance, increasing the operating pressure generally improves the cell voltage, but it increases the auxiliary energy consumption as well. Hence, the optimal operating pressure maximizing the system net power (fuel cell plus auxiliaries) has to be found out via an appropriate control strategy. 
Especially focussing on the fuel cell, water management is one of the main critical issues to address. Indeed, water enhances the proton transport in the membrane. The lack of water in the membrane can lead to an important increase of the membrane resistance and thus to a decrease of the cell potential [3]. On the other hand, excess liquid water in the electrodes can reduce gas transport to the catalyst layers and, again, decrease the cell voltage[4]. The lack of humidification, drying, and excess of humidification, flooding, are thus harmful to the performances of the PEMFC. Accurate water content is therefore required in the cell. 

In this context, detailed numerical fuel cell models can lead to a good understanding of the mechanisms involved in the cell. The influences of the operating parameters on gaseous species, on liquid water distribution as well as on cell performances have been studied [5] [6]. In addition to the understanding, those numerical works are useful for fuel cell design [7]. However, no results on operating conditions leading to optimal internal humidification (well hydrated membrane without water excess in the electrodes) are presented in those works. 
On the other hand, control-oriented fuel cell system models and control algorithms have been developed. Mainly, the cathode inlet pressure and the oxygen stoichiometric ratio maximizing the output energy were determined by taking into account compressor energy consumption [8] [9] [10]. However, in those studies, little information concerning the effects of the operating conditions on the internal cell humidification exists; the membrane water content is often not taken into account in the models. Moreover, few comparisons between different humidification strategies have been led. Particularly, to our knowledge, no comparison between the different modes of hydrogen supply (dead-end or flow-through) exists.

This paper presents a control oriented dynamic pseudo 2D model of a polymer electrolyte membrane fuel cell which can help in developing real-time control systems. This model describes multi-component gas transport in the electrodes and water transport in the membrane. Based on this model, the effects of the cathode and anode inlet humidification on the internal cell humidification are studied. The values leading to the optimal internal cell humidification are computed for any given current demand. Finally, an analysis on different humidification strategies (flow-through and dead-end modes of hydrogen supply) is conducted. 

Nomenclature

A


Area (m2)

C


Molar concentration (mol(m-3)
D


Diffusion coefficient (m2(s-1)

F


Faraday’s constant (96485 C(mol-1)

i


Current density (A(m-2)

L


Length (thickness) (m)

N 


Molar flux in x-direction (mol(m-2(s-1)

P


Pressure (atm)

Q


Molar flow in z-direction (mol(s-1)

R


Universal gas constant (8.314 J(mol-1(K-1)

RH


Relative humidity (-)

SR


Stoichiometric ratio (-)
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Porosity (-)
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Membrane water content (
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Subscripts

an


anodic quantity
cat


cathodic quantity
CO


CO related quantity
ch 


quantity relating to the gas channels 


GDL


quantity relating to the gas diffusion layer

H2


hydrogen related quantity
i


quantity relating to the species i (i = O2, H2, H2O, N2 or CO)
N2


nitrogen related quantity
m


membrane related quantity
O2


oxygen related quantity
tot


quantity relating to the total gas mixture 

w


water related quantity 
Superscripts 

in


inlet quantity

int


quantity relating to the interface membrane/GDL
2. Numerical modeling 

2.1. Mathematical problem statement 
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Figure 1: Schematic of a PEM fuel cell
The modeled single fuel cell is schematically represented on figure 1. The feeding gases, hydrogen at the anode and air at the cathode, are humidified. These gas mixtures therefore contain water vapor. CO, the main impurity resulting from hydrogen production by reforming, is taken into account at the anode. Air is supplied in a flow-through mode only whereas hydrogen can be supplied in a flow-through or a dead-end mode. The gases flow along the gas channel in the z-direction. Meanwhile, gaseous species can diffuse towards the membrane in the x-direction. Convection and diffusion exist respectively in the gas channels and in the gas diffusion layers (GDL). In addition, in both regions, the bulk motion of gases yields species transport. Finally, gaseous species reach the catalyst layers (CL) where hydrogen and oxygen react to produce water at the cathode according to the electrochemical reactions. Water can be adsorbed or desorbed by the membrane at the catalyst layers, so that water is in liquid phase in the membrane [11]. It can be exchanged between the cathode and the anode. Water transport in the membrane is due to diffusion, to the electro-osmotic drag and to the bulk motion (also called convection). The electro-osmotic drag corresponds to the water transport relating to the proton transport from the anode to the cathode. 
The following main assumptions are considered in the model [12]. 

· The model is a pseudo 2D model. The model computes species flow in the channel direction, but current density is assumed constant in the cell plane. Water fluxes at the membrane interfaces are also constant. 

· The cell temperature remains uniform in the cell [13].

· The total pressures remain uniform for both GDLs [13].

· Species are considered in gas phase only (no liquid water) in the gas channels and the GDLs. 2-phase water transport in the electrodes will be introduced in future works. The gas phase is an ideal mixture. 

· The cathode CL is integrated in the membrane to model water production whereas the anode CL is assumed to be infinitely thin as explained in [14]. 

· The gas crossover is neglected. 

2.2. Membrane water transport

Water transport in the membrane is modeled with the governing equations exposed by Springer et al. [15] and used by Fournier et al. [12]. Water concentration in the membrane follows the continuity equation (1).
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where water concentration 
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 relates to the water content 
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, which is the ratio between the water moles and the sulfate sites moles in the membrane. The water content is computed as:
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The molar water production rate in the catalyst layer, 
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 (mol(m-3( s-1), is given according to the Faraday’s law:
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Water transport across the membrane is driven by three phenomena: diffusion [15], electro-osmotic drag [15] and bulk motion [16]. Therefore the water flux across the membrane, 
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, is given by equation (4):
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In this equation, the first term describes the diffusion in which 
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, the water diffusivity in the membrane, is based on [15]:
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where 
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 as follow: 
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The second term in equation (4) is the electro-osmotic drag and is proportional to the current density with a water content dependant coefficient [15]: 
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The last term in equation (4) refers to the bulk motion, usually called convection. The velocity is computed via Darcy’s law with a linearity assumption on the total pressure in the membrane:
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 are respectively the membrane permeability (m2) and the water viscosity 
(kg(m-1(s-1). 

The boundary conditions of equation (1) are the water content at both membrane/GDL interfaces. These water contents are computed from the water pressure at the membrane/GDL interface via the sorption isotherm [15]. The sorption isotherm represents the balance between the water activity A in the gas and the membrane water content 
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 at the membrane/GDL interface:
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where 
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and the water vapor saturation pressure in [15] is given by (11):
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where 
[image: image31.wmf]0

P

 is the reference pressure (1 atm). 

2.3. GDL transport model (x-direction)

Gaseous species are respectively 
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 at the cathode. Their distribution in the GDLs are computed with the species conservation equation [3] in a one-phase flow:
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In this equation, the molar fraction 
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 of species i is defined by 
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The term 
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, refers to the bulk motion. The right part of equation (12) corresponds to the diffusion. The effective gas diffusivity of species i in the mixture m, 
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where j and k are the two other species of the gas mixture. Effective diffusivity refers to the diffusivity in a porous media. In the case of a random fibrous porous media, Nam [17] derived the effective diffusivity as follow.
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where 
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The binary gas diffusivity of the species i within j 
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 is computed similarly as Bird [18] proposed.

Fluxes at the membrane/GDL interfaces are boundary conditions of the equation (12). Except for water, these fluxes are computed according to the Faraday’s law:
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 is given as an output of the membrane sub-module.
The others boundary conditions of equation (12) are the molar fractions at the GDL/gas channel interface
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. They are computed according to equation (17). This equation expresses, in steady state, the mass transport between the bulk molar fraction in the channel 
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 and the molar fraction at the GDL/channel interfaces. The last term in equation (17) corresponds to the bulk motion of the mixture. The molar fraction 
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is the mass transfer convection coefficient (m(s-1) which is fixed using the Sherwood number [7]. 

2.4. Channel transport model (z-direction)

Whereas air is supplied in flow-through mode only, hydrogen can be supplied in flow-through mode or in dead-end mode. To describe gas transport in each mode, two models are developed. 
Flow-through mode

For each species, molar balance for a slice 
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where the molar flux in the x-direction 
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 is assumed to be uniform through the z-direction. The molar flows in the z-direction 
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In equation (19), the velocity of the total gas mixture in the channel, 
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, is computed in each slice using the relationship (20).  
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where the total pressure in the slice 
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 is based on the total pressure drop in the channel. The total pressure drop is given by the equation (21) [8]:
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. The decreasing total pressure along the channel direction is then assumed to be linear. 

Using equations (18) to (21), the profiles of the partial pressures in the gas channel 
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Dead-end mode
In addition to the previous approach corresponding to flow-through mode, hydrogen can be supplied in a dead-end mode. In dead-end mode, no pressure variation is assumed along the channel (z-direction). However, gas species accumulation (transient regime) is taken into account using the following molar balance in the anode channel volume: 
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In both flow-through and dead-end modes, the boundary conditions of the channel transport model are the fluxes exchanged between the channel and the GDLs as well as the channel inlet conditions (
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2.5. Simulation conditions

The coupled equations described earlier are solved numerically by finite difference method with implicit scheme and coded in C programming language. The model is run in the Matlab-Simulink environment to solve the algebraic loops. In all the results shown hereafter, in addition to individual parameters analyzed in each paragraph, the used reference operating conditions are described in table 1. Relevant parameters describing the modeled fuel cell are listed in table 2. 

Table 1: Reference operating conditions

[image: image77.png]Parameter Symbol Units Value in H2 Value in H2 flow-
dead-end mode  through mode

Anode inlet gas pressure P, kPa 101325 101325
Cathode inlet gas pressure P kPa 101325 101325
Anode inlet relative humidity ~ RH,  _ 0 05
Cathode inlet relative humidity RH, — _ 05 05
Hydrogen stoichiometric ratio SR, _ 1 2
Oxygen stoichiometric ratio SR o - 2 2
Hydrogen inlet molar fraction y;’;: _ 1 1
Oxygen inlet molar fraction v _ 0.21 0.21
Cell operating temperature T K 33315 33315





Table 2: Model parameters
[image: image78.png]Parameter Symbol  Units Value
Membrane active area 4, w 78 x10™
Membrane thickness L, m 37x10°%
Cathode catalyst layer thickness L, m 10x107
GDL thickness Loy, m 280x107
GDL porosity & _ 05

Anode channels cross section area A w 14x10°
Cathode channels cross section area Ay e g 1344107
Anode channels length Ly m 1.158
Molecular weight of dry membrane EW  kgmorz. 09
Density of dry membrane P kg 2800
Membrane permeability K m’ 1.58x107
Water viscosity H 471x10™
Mass transfer coefficient between GDL /1, .. .57 0.09

and gas channel in the cathode

Mass transfer coefficient between GDL /1, .57 12

and gas channel in the anode





3. Results and Discussion

3.1. Assumption concerning the optimal internal cell humidification 
As explained in earlier sections, accurate water content is required to decrease the membrane resistance, but excess water in the GDL is harmful for mass transport. The influence of the internal cell humidification on cell performances can be examined through the current density progression along the channel (z-direction) as presented by Sun et al. [19]. 

In order to understand that current progression, figure 2 first presents the schematic trend of the water vapor pressure at the cathode. The discussion is focused on the cathode because this electrode contains much more water than the anode [20] due to the water production at the cathode and to the electro-osmotic drag always oriented from the anode to the cathode. The channel inlet gas is at point A with a given vapor partial pressure. By progressing through the channel to the outlet point B, water vapor content in the gas increases due to water production at the cathode. In addition, the water content increases from the channel to the catalyst layer because of the diffusion gradient.
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Figure 2: a) Cathode geometrical scheme and b) schematic progression of the vapor pressure at the cathode

Using the trend described in figure 2, it is understandable that for an under-humidified cell, the local current monotonously increases along the channel. Indeed, the membrane hydration level at the inlet is low; and this involves a low local current density. Afterwards, liquid water is produced along the channel leading to a progressive increase of the membrane hydration. This yields a higher local current density. For an over-hydrated cell, the local current monotonously decreases along the channel. Indeed, reactants concentrations decrease due to increased liquid water content in the gases and oxygen consumption. There are also cases where the current increases in a first part of the channel, reaches a maximum, and then decreases along the channel. In these cases, the two opposite effects of cell hydration (drying and flooding) are locally present and the cell is not strictly over-humidified or under-humidified. The maximum current density is around the point where liquid water appears in the GDL along the channel. Indeed, at this point, the membrane is well humidified and there is no excess liquid water which prevents gas transport. In order to reach a good compromise between drying at the inlet and flooding near the outlet, it is therefore assumed that optimal internal humidification conditions are reached when liquid water appears at the cathode at the center of the cell along the channel direction (point F in figure 2).
According to the above discussion, the inlet relative humidities leading to the optimal internal humidification are computed for any given current density. Further developments on the optimal humidification conditions assumption will be addressed in latter papers. However, no matter which assumption is used, the trend of the next results, like the parameters influences, will remain unchanged. 
3.2. Optimal inlet relative humidities for a dead-end mode of hydrogen supply
Figure 3 shows the optimal inlet cathode (respectively anode) relative humidities versus the current density varying from 0 to 1
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 for different anode (respectively cathode) inlet relative humidities. The other operating parameters are summarized in tables 1 and 2.
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Figure 3: Optimal cathode a) and anode b) inlet relative humidity (dead-end mode)
Figure 3a shows that for any current density, an optimal cathode relative humidity exists. That optimal humidity varies roughly linearly with the current density which is convenient for control issues. However, the humidity variation range needed to pass from 0 to 1
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 is tight: for no anode humidification, this variation range is around 30% of the total humidity variation range. 
On the other hand, for a given cathode relative humidity, anode inlet humidity cannot be adjusted to reach optimal conditions for any current densities (figure 3b). For instance, for a cathode relative humidity of 30%, no matter what the anode humidification is, the cell is over-humidified for current densities more than 0.4
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.In fact, the cathode relative humidity has much more effects on the internal humidification than the anode one in steady state (figure 4 and 5). 
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Figure 4: Influence of the inlet cathode relative humidity on water vapor profile at the center of the cell (anode inlet relative humidity is 0)
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Figure 5: Influence of the inlet anode relative humidity on water vapor profile (cathode inlet relative humidity is 0.5)
The very low influence of the anode humidity is due to the dead-end configuration. In a dead-end mode and with no anode humidification, the total water flux in the membrane 
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 is null since no water can be removed at the anode. Therefore, the water diffusion flux 
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 in the membrane balances the electro-osmotic drag 
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 in steady state as shown in equation (23) (for a better understanding in this present analysis, the flux are absolute values only in order to speak in term of magnitude; note also that the convective flux is neglected in this discussion because the total pressures are set equal at the anode and the cathode). Thus, given the current density (so the electro-osmotic drag) and the water content at the cathode interface, the water content distribution in the membrane is determined in steady state.
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By humidifying the anode gas, the inlet anode water vapor has to be removed from the cell through the membrane (from the anode to the cathode) which results in a flux in the membrane 
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. Considering that the electro-osmotic drag is the same (the current density is constant), the anode humidification resulting flux reduces the diffusive flux in the membrane as shown by equation (24). As a matter of fact, the water content gradient is reduced. 
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Moreover, the anode humidification resulting flux results in adding more water at the cathode and, accordingly, in a higher water content at the cathode. 
Note that we do not consider in that discussion the change of the electro-osmotic drag due to the water content change in the membrane. Indeed, humidifying the anode obviously results in increasing water content in the membrane. Consequently, the electro-osmotic drag increases. Then, the diffusive flux increases, which results in decreasing the water content in the membrane. Consequently, the water content effect on the electro-osmotic drag is just limiting the other effects discussed above. 
However, for common operating temperatures (60°C), the anode humidification resulting water flux in the membrane is much lower than the electro-osmotic drag for a well humidified membrane and lower than the water production (less than 4% of the osmotic drag and 11% of the water production for a 50% anode inlet humidity at 1 atm and 60°C). Accordingly, this anode inlet relative humidity has little influence on the water gradient in the membrane and on the water content at the cathode. Thus, it has little influence on the water profile in the cell. No anode humidification is therefore required in a dead-end mode in steady state (another analysis led with the model showed that the membrane water content reaches 75% of its steady state value after a few seconds). 
3.3. Optimal inlet relative humidities for a flow-through mode of hydrogen supply

Figure 6 is the same as figure 3a but for flow-through mode.
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Figure 6: Optimal cathode inlet relative humidity (flow-through mode)
Compare to figure 3a, the main difference concerns the anode inlet humidity effect. The anode relative humidity has more influence in the flow-through mode than in the dead-end mode. However, this influence is still less than the influence of the cathode relative humidity. Even though water can be removed at the cathode and at the anode in flow-through mode, the observed dissymmetry is still due to the electro-osmotic drag from the anode to the cathode and to the water production at the cathode.

An additional observation shows that the optimal cathode humidification is higher in flow-through mode than in dead-end mode, except for very high anode humidification (anode humidification above 90% - this exception is not clear on the figure but it is revealed by a detailed analysis). Therefore, flow-through mode tends to decrease the internal cell humidification by easing water removal from the cell at mean and low anode humidification. On the contrary, flow-through mode tends to increase the internal cell humidification for very high anode relative humidification because more water is added into the cell.

3.4. Discussion on humidification strategies

To obtain a good membrane humidification, it is often considered that hydrogen has to be humidified and supplied in flow-through mode [21]. Our previous results suggest that a good membrane humidification can also be obtained with a dead-end mode. The present section concludes about these different strategies. 

For a 0.3
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 current density, figure 11 shows the water content profile in the membrane at the center of the cell along the channel direction for different humidification conditions (the operating parameters are given in the previous tables 1 and 2).
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Figure 7: Water vapor profile in the cell for different cases
For cases 1 to 4, the cathode inlet relative humidity is chosen in order to reach the optimal internal humidification (the water vapour reaches the saturation pressure at the cathode catalyst layer at the center of the cell along the channel direction; see section 3.1). Thus, the four cases are optimum cases for four different humidification strategies: flow-through mode with fully humidified hydrogen, flow-through mode without anode humidification, dead-end mode with fully humidified hydrogen and dead-end mode without anode humidification. The cases with a 100% anode inlet humidification ratio (case 1 and 2) lead to better membrane humidification. However, their profiles are very close to those of 0% anode humidification (case 3 and 4). Hence, the Ohmic losses are close for these four cases. The differences are less than 2%. Thus, for these four cases, the membrane humidification is almost the same. Even at high current densities, 1
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, the ohmic losses differences are not significant (less than 5%) between the four optimum cases considered. 
The performance for each humidification strategies (flow-through or dead-end with hydrogen saturated or not) is almost the same. It can therefore be concluded that humidifying the anode inlet is not significantly important. Hence, instead of using a hydrogen flow-through mode with a recirculation and humidification system at the anode, a simpler hydrogen dead-end mode with no anode humidification can be used; the membrane humidification in steady state is almost the same in both conditions. Only an adjustment of the cathode humidification is necessary in this case. This concluding remark is of a great interest for fuel cell design. According to this observation, the fuel cell system can largely be reduced and simplified for the same performances. However, purges have to be done and optimized to regularly remove water and inert gases.
Usually, it is considered that anode inlet humidification is required to prevent membrane drying near the anode, particularly at high current densities where an important electro-osmotic drag exists [21]. This seems in contradiction with our last conclusion, but it is not. Actually, for the same cathode inlet humidification and current density, a case where the anode inlet is humidified yields a significantly better membrane humidification than a case with no anode humidification as shown in figures 12 by comparing cases 1 and 5 (case 5 is not an optimal case). This last observation confirms the common consideration on anode humidification. However, in the previous discussion, the cathode humidification is set to reach the optimal conditions, depending on current density and anode gas humidification. In our comparison, the cathode inlet humidification is not constant for the two humidification strategies. This explains why our conclusion is not in contradiction with the common sense on the anode humidification effect.

4. Conclusion 

A dynamic pseudo 2D model of a polymer electrolyte membrane fuel cell is presented in this work. This model describes multi-component gas transport in the gas diffusion layers and in the bipolar plate channels. It also describes water transport in the membrane. It is a control oriented model which helps to develop a real time control system. 
In this paper, it is considered that the optimal cell internal humidification conditions are reached when liquid water appears at the center of the cell along the channel. This is a good compromise between flooding and drying. Therefore, the effect of the gas inlet relative humidities on the internal cell humidification is analyzed and the optimum value is computed. Particularly, dead-end and flow-through modes of hydrogen supply are compared. 

On the contrary to the cathode inlet humidification, the anode inlet humidification has almost no influence in a dead-end hydrogen configuration; its influence in a flow-through mode is not significant either. Moreover, it is found that, instead of using a hydrogen flow-through mode with a recirculation and humidification system at the anode, a simpler hydrogen dead-end mode with no anode humidification can be used to obtain almost the same membrane humidification. An adjustment of the cathode humidification is necessary in this case. Indeed, the anode is prevented from drying at high current density due to the water diffusion from the cathode toward the anode. 
All these results are of great interest because they allow to have a better understanding of the mechanisms involved in the internal cell humidification and to quantify the influence of both inlet cathode and anode relative humidities on the cell internal humidification in both modes of hydrogen supply. In the future part of this work, 2-phase transport (liquid water and gases) in the electrodes will be modeled. So, the effect of liquid water on the cell voltage will be taken into account (flooding). Then, the auxiliaries will be added to the model. Their energy consumption will be established. Finally, the complete PEMFC system efficiency will be computed for any operating parameters. Hence, using a multivariable search method, the optimum operating parameters will be determined off-line for a given current or power demand. Then, during the fuel cell system operation, these optimum parameters will be used as set points for on-line control. The system efficiency is so maximized in real time. This approach will improve fuel cell competitiveness compared to other technologies. 
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