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Abstract: A one-dimensional computational model has been developed that can be used to identify
operating conditions for the cathode side of a proton exchange membrane fuel cell such that both the
inlet and outlet relative humidity is equal to 100%. By balancing the calculated pressure drop along
the cathode side flow channel with the change in molar composition, inlet conditions for the cathode
side can be identified with the goal of avoiding channel flooding. The channel length, height, width
and the land-to-channel width ratio are input parameters for the model so that it might be used to
dimension the cathode flow field. The model can be used to calculate the limiting current density,
and we are presenting unprecedented high values as a result of the high pressure drop along the flow
channels. Such high current densities can ultimately result in a fuel cell power density beyond the
typical value of 1.0–2.0 W/cm2 for automotive fuel cells.

Keywords: proton exchange membrane fuel cell (PEMFC); operating conditions; flow field design;
pressure drop; high current density; porous metal plates

1. Introduction

As proton exchange membrane fuel cells (PEMFCs) are becoming wider spread and
accepted, there is a general requirement to further increase the power density, especially if
new, high power density applications such as airplanes should become a reality. Currently,
the volumetric power density of a liquid-cooled fuel cell stack by Ballard Power Systems is
4.3 kW/L excluding endplates [1]. A schematic of a PEMFC is shown in Figure 1.

Figure 1. PEMFC schematic [2]. Upper part is anode and lower part cathode.
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In PEMFCs, hydrogen is internally combined with oxygen from air to create water
and generate electricity according to the following reactions:

Anode:
2H2 ⇒ 4H+ + 4e− (1)

Cathode:
O2 + 4H+ + 4e− ⇒ 2H2O (2)

Combined:
2H2 + O2 ⇒ 2H2O (3)

The molar amount of the consumed oxygen and hydrogen is related to the generated
electricity via Faraday’s law:

ṅH2,cons. =
I

2F
(4)

and
ṅO2,cons. =

I
4F

(5)

where F is Faraday’s constant (96,485 C/moles) and I is the total current generated, i.e., the
current density in every cell multiplied with the area of the cell and the number of cells in a
fuel cell stack that can be 200 and more in automotive applications.

Figure 2 shows a common fuel cell performance and power curve and the main
losses. It is quite typical that the power density of the fuel cell peaks at 80% of the
maximum, limiting current density. In fuel cell textbooks this limiting current density is
usually between 1.0 and 2.0 A/cm2, but automotive fuel cell manufacturers have probably
surpassed these values.

Figure 2. Typical PEMFC performance curve and main loss mechanisms.

The cell voltage of a single cell begins at the theoretical maximum of 1.23 V as dictated
by the Nernst equation. As the current density increases, there is a steep decline in fuel cell
voltage owing to the activation overpotentials that can be calculated with the Butler-Volmer
equation or by the Tafel equation. Further increasing the current density, there is a linear
drop-off in cell potential owing to an ohmic type of resistance, mainly caused by losses in
the polymer electrolyte membrane and by contact resistances [3]. Finally, the performance
typically decreases steeply as mass transport limitations set in. The area power density of
fuel cells is the product of the cell voltage and the current density. For automotive fuel cells,
a target value of 1.0 W/cm2 has been proclaimed by the Department of Energy (DOE) and
has been reached by automotive manufacturers.
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Owing to mass transport limitations, both the air and the hydrogen enter at a flow
rate higher than is dictated by Faraday’s law. The stoichiometric flow ratio, here denoted λ,
is defined as the molar flow rate of reactants entering the fuel cell over the molar amount
of reactants that are consumed in the electrochemical reactions, e.g., for the cathode side:

ṅO2,in = λc × ṅO2,cons. (6)

Because the cathode side in a fuel cell is usually operated on air, the amount of air
that is fed to the stack is accordingly higher. In general, the compressor work to supply
the air is among the highest parasitic power consumers in a fuel cell system, and therefore
the stoichiometry should be kept low (e.g., [4,5]). In a PEM fuel cell, the maximum current
density is limited by two physical effects:

• Mass transport limitations owing to the limited diffusion of oxygen to the reaction
sites. The equation that permits the calculation of this limiting current density for
a straight channel flow field will be shown below, and it is a direct function of the
oxygen concentration in the gas flow channels [5]. However, this equation includes
only the diffusive transport from the flow channels towards the catalyst layer, but not
the dissolution of oxygen into the electrolyte phase.

• Membrane overheating and a strong increase in cell temperature with increasing
current density. Both experiments [6,7] and simulations [8–10] have shown that the
temperature can rise as much as 10 °C at high current densities at the catalyst layer and
the membrane. While a higher temperature generally enhances the electrochemical
reactions, it was found that the proton conductivity of Nafion membranes is at a peak
at 60–70 °C, and it decreases steeply as the temperature increases beyond 75 °C [11,12].

To increase the current density beyond conventional values, both of these issues must
be resolved. The latter issue of overheating is closely related to the thermal conductivity of
the commonly employed porous gas diffusion layers (GDL) [9] which are in the region of
0.5 W/mK [13], and which increases to values between 1–2 W/mK when liquid water is
present under wet operating conditions [14]. The values for the dry thermal conductivities
were also obtained with a model by Yablecki and Bazylak [15].

The effect of GDL with varying thermal conductivity on the fuel cell performance
was recently investigated by Csoklich et al. [16], who concluded that thermal conductivity
should not be a decisive criterion for future materials developments of optimized GDLs to
improve fuel cell performance at high current densities, but rather the GDL structure. The
artificially made porous transport layer with the lowest thermal conductivity exhibited the
best cell performance and the highest limiting current density. However, a two-dimensional
modeling study in that work also revealed that the membrane temperature for the case
showing the best performance was as high as 95 °C for the same heating terms, although
the nominal cell operating temperature was 80 °C in all cases, and it is therefore doubtful
whether the current density can be further increased beyond values of 1.5–2.0 A/cm2.

Fernihough et al. studied the effect of PEMFC operating at temperatures as high as
120 °C using Nafion 212 membranes, and they found maximum current densites in the
region of 1.5 A/cm2 at 80 °C which increased to 1.8 A/cm2 at 100 °C, but decreased to only
around 1.2 A/cm2 at 120 °C [17].

In recent years, there have been efforts to replace the expensive carbon fibre papers
(CFPs) by cheaper perforated metal plates. With a thickness in the order of 50 microns,
these plates are also thinner than typical CFP [18]. To allow for under-land diffusion, these
metal GDLs need to be combined with a stand-alone micro-porous layer (MPL) which is
typically in the order of 50 microns thick [18], see Figure 3 below. The holes in the metal
plates are created with a chemical edging process, and they are 60–120 microns, whereas
the typical pore size of CFP is in the order of 10–50 microns [19], and while CFP have
porosities of 80–90%, the porosity of these metal plates is around 30–40%. Hussein et al.
have studied the performance of PEMFC with perforated metal plates, and the results
were very encouraging [18]. Compared to a fuel cell with a Freudenberg H2315 GDL, the
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cells with a perforated metal GDL showed an increased limiting current density of around
2 A/cm2, and an improved performance, partly owing to a decreased ohmic resistance.

Figure 3. The modeling domain includes only one flow channel and information about the channel
and land width.

Tanaka and Malan employed the computational fluid dynamics (CFD) software STAR-
CCM+ 12.02 (SiemensPLM, Plano, TX, USA) to study the performance of such metal plates
with honeycomb holes [20]. The model included detailed electrochemistry, and they found
a suggested improvement of 9.4% in cell power density. This model was single phase
and did not include a prediction of the membrane hydration level. The modeling domain
was restricted to one honeycomb pore which was sufficient to obtain first fundamental
understanding.

Later on, another CFD analysis was conducted by Berning and Tanaka [21], who
used a non-isothermal, multiphase model based on CFX-4.4 (ANSYS Inc., Canonsburg, PA,
USA) that included a prior developed membrane model [22]. The length of the channel
section was 600 microns, and five holes were resolved in the numerical mesh, limited by the
number of numerical blocks that could be used in that study. They surprisingly found that
the pores in the metal GDL remained open, i.e., that no liquid water was penetrating and
blocking the pores, despite the fact that the inlet relative humidity of the air was at 100%,
and that liquid water was residing throughout the MPL. Among the other findings were a
limiting current density higher than to 2 A/cm2, and the fact that the polymer electrolyte
membrane was predicted to be ideally hydrated, also owing to the fact that the predicted
maximum temperature increase was only in the order of 1 °C because of the high thermal
conductivity of the metal plates.

In earlier work, Berning et al. suggested that the pore-size distribution of CFP is
a key parameter in the liquid water transport through the GDL [23]: A wider pore-size
distribution can help keeping the pores open and allow for higher limiting current densities
as was demonstrated by Zhang et al. [24]. The reasoning was that in the extreme case of
a CFP with all identical pores, the water would obviously experience the same capillary
pressure in all pores, and therefore the entire porous medium would become flooded at a
certain threshold value for the water pressure. Therefore, it could be expected that the fuel
cells with perforated metal GDL will be subjected to severe flooding under wet operating
conditions. Separately, Owejan et al. [25] have found that the fuel cell performance for
a CFP with a wider pore-size distribution like SGL21BC is better under wet operating
conditions than for the Toray 060 paper which has a more regular structure with a narrow
PSD, thus supporting the speculations by Berning et al. [23].

An ensuing research question of that work was, whether fuel cell operating conditions
can be devised that might permit a constant relative humidity (RH) of 100% along the
cathode flow field channel. Berning and Djilali [26] have pointed out, how the change in
RH along the flow channel depends on the pressure drop along the flow channel and the
change in molar composition: owing to the pressure drop alone the RH would decrease
along the flow channel if the gas composition and temperature remain constant, as follows
out of Equation (19) below. On the other hand, in a PEMFC, oxygen is consumed and
water is being produced so that the composition of the gas changes along the flow channel,
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causing the RH to rise. It is a frequent observation that towards the outlet of both anode
and cathode side, channel flooding exists [25]. Such flooding can cause severe problems in
a fuel cell stack with hundreds of cells as this can lead to maldistribution of the feed gases.

The current work follows up on the previous work by Berning and Tanaka [21]. The
air enters the fuel cell at 100% RH, and it is the goal that the fuel cell operates in such a
way that the cathode side flow channel might remain at 100% RH from inlet to outlet. To
this end, we present a mathematical model that takes into account the pressure drop along
the cathode flow channel in a straight channel design. In addition, the change in molar
composition of the incoming air is calculated, assuming a constant current density. Thereby,
the resulting stoichiometric flow ratio that might allow for fuel cell operation at constant
RH is calculated as function of the current density. In a next step, the model is refined to also
calculate the limiting current density that could be attained under such conditions. Finally,
considerations concerning the fuel cell power density and the corresponding compressor
power are made based on an assumed cell voltage at the maximum operating current
density that is taken to be 80% of the limiting current density.

2. Model Description

Compared to the much more complex models that utilize the methods of CFD, the
model presented here is fairly simple. The pressure drop along the flow channel leads to a
decrease in RH of the cathode air, which is ideally compensated by the change in molar
composition owing to the electrochemical reactions, and the central question is: At which
stoichiometric flow ratio is the velocity such that the decrease in RH due to the pressure
drop is exactly compensated by the change in molar composition?

2.1. Model Assumptions

The following assumptions are made:

• The air is an ideal gas.
• All product water exits the cell at the cathode side.
• The flow is laminar to calculate the pressure drop.
• The channel flow is perfectly mixed.
• The temperature is constant.
• Oxygen and hydrogen cross-over is negligible.
• The velocity is constant in each control volume.
• The current density is constant.
• The condensation of water when the RH exceeds 100% is neglected.
• Convective flow in the holes of the perforated plate and the MPL is neglected.

2.2. Model Equations
2.2.1. Variable Current Density

In the first version of this model, the current density was taken as an input parameter.
In a refined version of the model, the limiting current density was added as an output pa-
rameter to avoid assuming an input current density. With knowlegde of the limiting current
density, operating conditions at various lower current densities could be determined.

The geometry is shown in Figure 3 where WCh denotes the width of a single channel
and WL the land area width. The area of the membrane-electrode assembly that is supplied
by a single channel is:

AMem = (WCh + WL)× LCh = (1 +
WL
WCh

)× WCh × LCh = (1 + θLW)× WCh × LCh, (7)

where LCh is the channel length and θLW is the land-to-channel-width ratio. The cross-
sectional area of a single channel is:

ACh = WCh × HCh, (8)
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where HCh is the channel height. It can also be seen that the wetted perimeter is given by:

pwet = 2 × WCh + 2 × HCh. (9)

A central equation in this model is the Hagen-Poiseuille equation which relates the
velocity and the pressure drop in a circular pipe flow. It is conveniently written in the
following form:

∆P = 32µ
LCh

D2
h
× u (10)

where µ is the fluid viscosity which was automatically evaluated, and it is in the range
of 2.0 × 10−5 kg m−1 s−1, LCh is the channel length, u is the average velocity and Dh is
the hydraulic diameter of the channel. The Hagen-Poiseuille equation was fundamentally
derived for a circular pipe, and it requires the flow to be laminar. However, turbulent flow
could be easily captured as well by applying appropriate friction factors. For a rectangular
channel, the pipe diameter is replaced by the hydraulic diameter, according to:

Dh = 4 × ACh
pwet

. (11)

Here, ACh is the cross-sectional channel area and pwet the wetted perimeter. The
average velocity at the channel inlet is given by [8]:

uin = λ × i
4F

1
xO2,in

RT
Pin

AMem
ACh

, (12)

where i is the area-based current density, xO2,in is the molar oxygen fraction, Pin the inlet
pressure, R is the universal gas constant (8.314 J/mol-K), T is the temperature in [K], and
AMem the active area that is fed by one channel.

When applying the Hagen-Poiseuille equation, it becomes obvious that in case there
is a substantial pressure drop in the down-the-channel direction, the velocity increases
because of the density change, and this has to be taken into account. With knowledge of
the inlet velocity, the mass flow rate at the inlet can be calculated via:

ṁin = uinρACh (13)

where the mixture density ρ is calculated out of the local pressure and composition accord-
ing to the ideal gas law.

ρ =
PW
RT

. (14)

where P is the pressure in [Pa], W is the molecular mass of the mixture, R is the universal
gas constant 8.3145 J/mol-K, and T is the temperature in [K]. The mixture molecular mass
can be calculated out of the molar fractions according to:

W = ∑
i

xiWi (15)

The total mass flow at the inlet is the sum of the mass flow rate of oxygen, nitrogen
and water vapor which can be calculated out of the corresponding molar flow rates. The
molar flow rate of oxygen at the inlet is:

ṅO2,in = λ × I
4F

, (16)

and the corresponding molar nitrogen flow rate is:

ṅN2,in = λ × 79
21

I
4F

. (17)
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The molar inlet flow of water vapor can be calculated as [27]:

ṅH2O,in = λ ×
xH2O,in

1 − xH2O,in

(
1 +

79
21

)
I

4F
. (18)

The molar fraction of water vapor can be calculated out of the requirement that the
inlet relative humidity is 100%. Employing Dalton’s law, one obtains:

ϕin = 1 =
PH2O,in

Psat(T)
= xH2O,in ×

Pin
Psat(T)

⇒ xH2O,in =
Psat(T)

Pin
, (19)

where ϕ denotes the relative humidity. The saturation pressure can be calculated out of
Antoine’s equation:

log10(Psat) = A − B
C + T

(20)

where the pressure is in [Bar] and the temperature in [K]. The coefficients for water in the
temperature range of interest between 334 K and 363 K are A = 5.0768, B = 1659.793, and
C = −45.854, respectively [28].

As the cathode air streams down the channel, oxygen is consumed and replaced by
water according to a locally specified current density. In this study the current density was
assumed to be constant. At the same time, there is a pressure drop in the down-the-channel
direction which can not be neglected in these micro-channels investigated here, and this
leads to a change in density and the velocity. Therefore, the channel length was discretised
and split up into a number of sections with the length ∆x, as shown in Figure 4.

Figure 4. Flow channel discretization. Blue arrows indicate water vapour addition and red arrows
oxygen subtraction.

The velocity at the interface between any two elements was calculated based on the
updated mass flow rate and an updated pressure that fulfills the Hagen-Poiseuille equation
for each control volume with length ∆x. The mass flow rate of oxygen and water was
updated based on the assumption of a uniform current density in each control volume
(CV), and the velocity at the end of each CV was calculated as:

ui =
ṁi

ρi ACh
(21)

Regardless of the number of discretization volumes, this overall set of equations has
as many equations as unknowns and is therefore a solvable problem.

In the first version of this model, the current density was employed as an input
parameter. With this, the only unknown parameter was the stoichiometric flow ratio. The
software that was used in these calculations was the Engineering Equation Solver (EES)
V11.653 [29], a powerful tool to conduct any kind of engineering calculations provided the
number of equations is equal to the number of unknowns. The solution method utilised
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by EES is a modified version of the Newton-Raphson method for a nonlinear system of
equations. It emerged, however, that EES was unable to find a solution for certain cases,
e.g., when the temperature was set to 60 °C. Therefore, the model was also transported into
MATLAB where a deterministic approach was successfully used.

2.2.2. Compressor Work

In a fuel cell system, the largest parasitic loss is usually the compressor work, calcu-
lated via:

Ẇcomp,ideal =
κ

κ − 1
RT
W

×
[(

P2

P1

) κ−1
κ

− 1

]
× ṁ (22)

Here, R is again the universal gas constant, and T is the gas temperature in [K]. For the
calculations below, the average annual temperature in Denmark of 281.15 K was assumed.
For the molecular weight W, we took the value for dry air of 28.84 g mol−1. Finally, in the
case of air, κ is 1.4. The mass flow rate ṁ for every unit channel is calculated automatically
by the model. However, as the air must pass the compressor before the humidifier, the mass
of the dry air is used, neglecting the water in the ambient air. Through the compression,
the air is also heated up to a value close to the fuel cell temperature.

The efficiency of a compressor depends strongly on its operating conditions. For
simplicity, we assume a constant efficiency of ηs = 80%, so that the compressor work is
calculated as:

Ẇcomp = Ẇcomp,ideal/ηs (23)

2.2.3. Limiting Current Density

Because it was unknown, whether the prescribed current densities could be achieved,
the limiting current density was added as a dependent parameter to the model. The
theoretical limiting current density in a straight-channel flow field is determined out of the
diffusion resistance between the bulk flow and the porous media, given as [5,30]:

il = 4F
CB

δ/De f f
= 4F

CB
Rdi f f

(24)

where CB is the molar concentration of oxygen in the bulk flow of the channel in [moles/m3],
δ is the diffusion length, and De f f is the effective diffusion coefficient of oxygen in the
humidified air through the porous metal plate and the porous MPL. The last two variables
can be combined into a diffusion resistance Rdi f f .

To calculate the diffusion coefficient of oxygen through the humidified air, the binary
diffusion coefficient between air and water vapour was employed [31]:

Dair−H2O = 1.87 × 10−10 T2.072

Patm
(25)

where Dair−H2O is the binary diffusion coefficient in [m2/s] and the pressure is given in
[atm]. In order to calculate the effective diffusivity in the porous medium, this binary
diffusion coefficient has to be corrected for the porosity ϵ and the tortuosity τ:

De f f = Dair−H2O × ϵ

τ
(26)

For the MPL, the porosity was set to 0.75 and the tortuosity equal to 3. For the diffusion
resistance inside the perforated plate, the porosity is calculated as:

ϵGDL =
πD2

hole
4ψ2 (27)
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where ψ is the pitch, i.e., distance between two hole centres. The typical diameter of the
holes ranges from 60–110 microns [18], and the land area between the holes is 50 microns,
meaning the pitch ψ will be 110–160 microns. In the porous metal plates, the tortuosity τ is
taken to be one. Thus, the total diffusion resistance is calculated as the sum of the resistance
in the MPL and the GDL:

Rtot = RGDL + RMPL =
δGDL

De f f ,GDL
+

δMPL
De f f ,MPL

(28)

where δGDL is the thickness of the GDL, while the diffusion length for the MPL was taken
as half the land width. The limiting current density is then calculated in every node j as:

iL,j = 4F ×
CB,j

Rtot
(29)

Finally, an average value is calculated, according to:

iL =
1
n

n

∑
j=1

iL,j (30)

With this, the current density as an input parameter to the model has been eliminated,
and the calculated stoichiometry is entirely a function of the operating conditions as well
as the geometrical properties of the channels, the GDL and the MPL. It is understood that it
is impossible to operate the cell at the limiting current density as the cell voltage would
be by definition zero. However, important insight can be gained because it is desirable to
operate these fuel cells at as high a current density as possible.

As was mentioned above, a weakness of this approach is that it neglects the resistance
of oxygen in the catalyst layer themselves, i.e., the dissolution into the ionomer phase.
Kudo et al. have shown that the single largest resistance to the oxygen transport is the
dissolution into the ionomer phase and have proposed an agglomerate model to account
for the various transport resistances [32,33].

2.3. Model Parameters

The parameter range investigated is listed in Table 1. The fuel cells in questions are
micro fuel cells with a straight-channel flow field that are shorter than typical automotive
ones, and it is the underlying idea to operate at high current densities.

Table 1. Overview of parameters and base case values.

Parameter Symbol Range [mm] Base Case [mm]

Channel Length LCh 50–150 100
Channel Height HCh 0.15–0.30 0.20
Channel Width WCh 0.15–0.30 0.20

Land Width WL 0.15–0.30 0.20

The temperature was varied between 60 °C and 80 °C, and the total pressure at the
cathode outlet was fixed to 1 atm. In the first part of this study, the current density was left
as adjustable parameter, and it was varied between 3 and 6 A/cm2.

3. Model Results
3.1. Calculation of the Stoichiometric Flow Ratio

The first study investigated the possibility of operating a PEM fuel cell at constant inlet
and outlet RH, where the cell temperature, the channel dimensions, and the current density
were used as input parameters. The question in all these cases was: At which stoichiometric
flow ratio will the decrease in RH due to the pressure drop be exactly balanced by the
change in molar fractions such that the RH might stay constant?
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By comparison to a model that is based on CFD, the current model is relatively coarse,
but it gives an indication about the feasibility of using certain geometrical properties and
operating conditions. Moreover, the calculations presented here can deliver the boundary
conditions that could be used in a CFD model.

3.1.1. Effect of Mesh Size

The effect of the mesh size was investigated and described in reference [34], and it
was shown that essentially 11 grid points are already sufficient to obtain a solution with
reasonable accuracy, and there were no differences when the grid was step-wise refined
from 21 cells to 51 cells. However, the calculations were only a matter of seconds, so that
the results presented here were obtained with a grid that contained 51 cells.

3.1.2. Effect of Channel Length and Width

The effect of the channel width on the resulting stoichiometric flow ratio is shown in
Figures 5 and 6. The effect of the channel width is similar to the effect of the channel height,
previously described in reference [34], in that a wider channel leads to higher stoichiometric
flow ratio such that the pressure drop effect along the channel is balanced by the effect of
the change in molar composition.

Figure 5. Calculated stoichiometry λ as function of channel length and width for different current
densities at 70 °C.

Figure 6. Calculated stoichiometry λ as function of channel length and width for different current
densities at 80 °C.
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The following trends were observed in detail:

• The lower cell temperature of 70 °C results in a higher stoichiometric flow ratio, the
general range being between λ of 6 for the wide, short channel and under 2 for the
narrow, long channel. With increasing current density, the required stoichiometry
decreases.

• In the case of 80 °C, the same general trend are observed concerning the channel
dimensions, but the required stoichiometries are lower, ranging from 3.5 to below 1.2.

Overall, the resulting values for the stoichiometry are lower than we originally ex-
pected. This, however, is encouraging as in the end it is the compressor work that is linearly
proportional to the mass flow rate of air, and a lower stoichiometry leads to a reduced
parasitic loss. This will be investigated in detail below.

3.1.3. Effect of Channel Length and Land-Width Ratio

Figures 7 and 8 show the calculated stoichiometries at two different temperatures for
a varying land-width ratio.

Figure 7. Calculated stoichiometry λ as function of channel length and land-width ratio θLW for
different current densities at 70 °C.

Figure 8. Calculated stoichiometry λ as function of channel length and land-width ratio θLW for
different current densities at 80 °C.
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The fundamental explanation for the observation that the resulting stoichiometric flow
ratio is lower for a longer channel is that a longer channel automatically leads to a higher
inlet velocity compared to a shorter channel, which also follows from Equation (12), and
thus leading to higher pressure drop. A lower stoichiometry on the other hand means
that the change in gas composition along the channel is more pronounced. Thereby, the
effect of the strong reduction in RH due to the high velocity (high pressure drop) has to be
balanced by a stronger change in gas composition, resulting in a lower stoichiometry for
longer channels. The same argumentation can be made for the change in current density.

It can also be seen that here, an increase in the land-width ratio leads to a lower
required stoichiometry. The reason for this is that every channel section now needs to
supply a wider land width with oxygen, but the effect is surprisingly small. For example,
Figure 8 shows for a current density of 6 A/cm2 and a channel length of 5 cm, the resulting
stoichiometry is λ = 2.1 at a land-width-ratio of one, and it decreases to λ = 1.7 for a
land-width-ratio of 3. From this, it might be concluded that a higher land-width-ratio is
generally beneficial, because in practice it would also lead to lower contact resistances,
but a closer examination also reveals that in that case the RH in the middle of the channel
exceeds the target value of 100% by far, and this would lead to channel condensation which
we aim to avoid. This will be discussed next.

3.1.4. Comparison of the Channel RH Distribution

The model also allows for an optimization procedure, given a certain interval of
parameters. In our case, we were interested in the best case and the worst case RH
distribution along the channel length. In all cases, the inlet and outlet RH was set to 100%,
but, as was mentioned above, it was observed that the RH increases to above 100% in the
middle of the channel such that undesired channel condensation would occur.

Figure 9 summarizes the range of the RH distribution. Clearly, a shorter channel and
low current density will lead to a more uniform RH distribution. In addition, the highest
temperature, highest and widest channel, and lowest channel-to-land ratio lead to the
highest RH uniformity while the opposite parameters lead to the worst case where the
calculated theoretical RH can exceed 180%. However, the amount if liquid water produced
would still be small because of the change in density between water vapor and liquid water.

Figure 9. Comparison of best and worse case RH distribution

In general, a wider land area is preferable as it will lead to a lower contact resistance.
On the other hand, the inlet RH can be drastically reduced in order to reduce the size of
the humidifier. Thus, in the future it should be investigated, under which conditions the
channel RH will remain below 100% when the inlet RH is decreased, while at the same time
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the membrane is prevented from dehydration. Such questions can be investigated with a
combination of the current one-dimensional model, and multi-dimensional CFD modeling.

The model developed so far gives no indication, whether it is in fact possible to operate
a fuel cell at such low stoichiometries and high currents. Therefore, the model was refined
and the limiting current density was added as a key parameter. However, the textbook
definition of the limiting current density only accounts for the mass transport resistances
between the gas flow channels and the cathode catalyst layer.

3.2. Calculation of the Limiting Current Density

In this section, modeling results will be presented with the enhanced model where
the limiting current according to textbook definition was taken into account. Because it
was found that the relative humidity exceeds 100% in the middle of the channel, the inlet
RH was reduced to 95% in these cases while the outlet RH was fixed to 100% for all cases.
Note that the model allows for an arbitrary specification of both desired inlet and outlet
relative humidity.

The number of material parameters that play a role is now quite large. It was a goal to
elucidate, what the maximum values for the limiting current density are reasonable. In the
following, the shortest channel length of 50 mm was used, along with the deepest channels
of 0.3 mm paired with the finest channel and land width of 0.15 mm, respectively.

Experience from using the built-in optimization tool in EES has shown that these
values yield the highest limiting current densities. For the holes in the metal GDL, again
the values for the lowest transport resistances here were chosen. All properties are listed in
Table 2.

Table 2. Overview of parameters for the calculation of the limiting current density.

Parameter Symbol Value [mm]

Channel length LCh 50
Channel height HCh 0.300
Channel width WCh 0.150

Land width WLa 0.150
Hole diameter Dhole 0.110

Hole pitch ψ 0.160
GDL thickness δGDL 0.050
MPL thickness δMPL 0.075

Figure 10 shows the resulting local limiting current density and the local RH dis-
tribution for three different temperatures. It is noted that the limiting current densities
are surprisingly high, especially in the beginning of the channels where they range from
15–19 A/cm2, depending on the temperature, and where the lowest temperature yields the
highest value.

Figure 10. Calculated limiting current density (left axis) and relative humidity (right axis) distribution.
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This results out of the fact that at the lowest temperature, the gas phase contains less
water vapour and consequently a higher volume fraction of oxygen, and it is only the
concentration of the oxygen that is considered for the calculation of the limiting current
density. The combined thickness of the GDL and MPL is just 125 microns, and thus
considerably less than typical materials [19].

Moreover, compared to standard CFP, the metal GDL has a lower porosity in the order
of 35–40%, but an assumed tortuosity of unity, and the combination of both makes their
diffusion resistance smaller. Another reason for the observed high limiting currents is the
high inlet pressure which leads to a high oxygen concentration. Even the short channels of
50 mm length yield a pressure drop of 20–50 kPa over the length of the channel.

As was explained above, for the calculation of the overall limiting current density, the
average values of the local ones were taken into account. It can be expected that when
the fuel cell operates in a nearly isothermal mode as was observed when using the metal
GDL [21], the current density is highest at the cathode inlet where the oxygen concentration
is also highest.

The current proposed method of operating the fuel cell at constant (or controlled)
relative humidity necessitates high pressure drops in the down-the-channel direction to
accommodate the product water. An obvious advantage is that there will be no channel
flooding, which has been the subject of extensive research efforts [25]. In order to judge,
whether this method of fuel cell operation is generally preferred, the added mass flow rates
and pressure drops that lead to a higher compression power need to be factored in.

Kudo et al. [32,33] have determined the additional oxygen resistance inside the poly-
mer electrolyte, and found it to be substantial. Therefore, the limiting current densities
according to the textbook definitions are a mere indication of how much oxygen can be
transported towards the CCL, and in any way it is obvious that the fuel cell can not be
operated at this limiting current as the cell voltage would be zero by definition.

3.3. Calculation of the Fuel Cell Power and Compressor Work

All considerations so far have been useful indications as to how the operating condi-
tions of a PEMFC might be tuned, but in the end it is the performance of the fuel cell system
that has to be optimized. It is well known that the compressor that supplies the air is a
large parasitic loss in the fuel cell system, and high oxygen stoichiometries in conjunction
with high pressure drops will lead to high parasitic losses [4].

To calculate the fuel cell power density in conjunction with the compressor work for
the mass streams of air, the fuel cell voltage has to be taken into account. For simplicity, it is
taken here to be 0.5 V. For the calculations of the compressor power, a constant compressor
efficiency of 80% was assumed. In reality, compressor performance charts are complex, and
the pairing of the compressor and the fuel cell stack is of great importance.

In this section, the theoretical net power of a fuel cell stack operated at an RH of 100% at
both cathode inlet and outlet is calculated. Other input parameters are the channel geometry
and the hole size and distribution of the porous metal GDL which have a strong influence on
the limiting current density. While the channel geometry are the base case values as given in
Table 1, the holes in the metal GDL were taken to be 100 microns in diameter with a pitch of
150 microns, thus a spacing of 50 microns. The thickness of the metal GDL was 50 microns
which is in a similar range as the one made by Hussein et al. [18]. In the calculations of
the limiting current density, the thickness of the metal GDL is of great importance. For
example, when the GDL thickness is 50 microns, the limiting current density in case of
a 50 mm long channel at 65 °C is 13.07 A/cm2, while it drops to 10.35 A/cm2 when the
thickness is 100 microns and 8.57 A/cm2 when the thickness is 150 microns.

With these input parameters, the limiting current density can be calculated by the
model. However, as it is impossible to operate a fuel cell at the limiting current density, it is
assumed that the maximum operating current density is 80% of the limiting current, and
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it is denoted as i80. As mentioned above, it is then assumed that the operating voltage is
Ucell = 0.5 V at this current. The net power density is calculated out of:

ẇnet = Ucell i80 − Ẇcomp/AMEA (31)

Clearly, this assumption has to be revised with better understanding of the fuel
cell polarization curve. The calculated power density is taken to be 80% of the limiting
current density multiplied with the assumed cell voltage. All other parameters are directly
calculated by the model, using only the geometric parameters and the requirement that
both inlet and outlet relative humidity are at 100% as input parameters.

Some of the detailed output parameters of our model are summarized in Tables 3–8
for the three different channel lengths and four different temperatures. In Tables 3–5, the
following observations are made:

• The limiting current densities which are the averaged values over the length of the
cell are surprisingly high, ranging from 8.38 A/cm2 to 13.52 A/cm2. These values are
calculated out of the oxygen concentration inside the flow channels, and therefore
they vary with pressure drop and compositions. A higher temperature means that
there is a higher concentration of water vapour in the mixture to yield a relative
humidity of 100%, and therefore the limiting current density decreases with increasing
temperature. The dependency between the limiting current density and the channel
length is weak, and this suggests that the longer channels might be preferable. For
large-scale applications such as automotive, it is difficult to see how channels in the
order of 50 mm could be practical.

• The assumed operating current i80 is 80% of the limiting current, and it therefore
shows the same behaviour as the first column. The power density curve of a fuel cell
typically peaks at 80% of the limiting current, as was also suggested in Figure 2. In
practice, fuel cell manufacturers can adjust the amount of catalyst such that the power
density shows the desired behavior.

• The stoichiometric flow ratio is the value that corresponds to the operating current
density i80. As was noticed before, the calculated values are surprisingly low, which is
due to the fact that the channel height and width are small, causing a high pressure
drop. In fact, for the current cases, it is the stoichiometry that is limiting the length
of the channels as clearly it is not physical to go to values below 1. Already a case of
λ = 1.11 as was calculated for a channel length of 150 mm and a temperature of 80 °C
seems not plausible. In any case, experiments are required. From the model alone we
can deduce that the stoichiometry is a key output parameter because it determines
the maximum channel length. It can also be expected that for a fuel cell operating
temperature of 85 °C, the channel length is limited to around 100 mm. However,
findings from the first part were that a higher channel results in higher stoichiometries,
and a quick test revealed that when the channel height is increased to 300 microns, i80
becomes 6.85 A/cm2 instead of 6.70 A/cm2, and the corresponding stoichiometry is
1.32 instead of 1.11.

• The next column lists the pressure drop. In conjunction with the total mass flow
rate, this is a key parameter for the sizing of the compressor. For typical automotive
applications, turbocompressors deliver a pressure in the range of 2–2.5 bar, hence
up to 250 kPa. In the current application, the pressure drop is lower but for a fuel
cell system it is quite high. It must be remembered that this high pressure drop is
required to accommodate the product water and keep the relative humidity ideally
constant from inlet to outlet. The required pressure drop decreases with temperature
because the total mass flow rate also decreases, and it scales almost linearly with the
channel length.

• The Reynolds number have been monitored because it is important to stay in the
laminar flow regimes. Generally, for straight channel flow, turbulence will set in at
Re number of 2000, and laminar flow is a key assumption when using the Hagen-
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Poiseuille equation for the calculation of the pressure drop as was done here. The
benchmark value of 2000 is an approximation and frequently observed in experiments,
but in the gas flow channels here, the flow is disturbed and one oxygen molecule is
replaced with two water molecules, and therefore we can expect the onset of turbulence
at a lower Re-number.

• The final column lists the mass flow rate. As mentioned above, in conjunction with
the pressure drop, this parameter is key for the sizing of the compressor. Interestingly,
the mass flow rate does not scale linearly with the channel length. Together with the
observation that the limiting current density shows only a weak dependency on the
channel length, this might also be an argument to use longer channels. Thus, a given
compressor can serve a larger and more powerful fuel cell stack. This will be shown
in more detail below.

Overall, the most important observation is probably that the mass flow rates would
suggest to use as long a channel as possible, but the ultimate length of the channel is limited
by the stoichiometric flow ratio and the operating temperature. The channel length has
only a weak effect on the calculated limiting current density.

Table 3. Key results I as function of temperature for a channel length of 50 mm.

Tcell il i80 λ ∆P Re ṁ
[°C] [A/cm2] [A/cm2] [-] [kPa] [-] [mg/s]

65 13.07 10.45 3.75 50.35 792 3.13
70 12.03 9.62 3.07 42.32 623 2.47
75 10.72 8.57 2.50 34.85 483 1.90
80 9.07 7.26 2.02 27.78 367 1.42

Table 4. Key results I as function of temperature for a channel length of 100 mm.

Tcell il i80 λ ∆P Re ṁ
[°C] [A/cm2] [A/cm2] [-] [kPa] [-] [mg/s]

65 13.19 10.56 2.54 107.9 1048 4.15
70 11.96 9.57 2.06 89.8 794 3.14
75 10.44 8.35 1.66 72.9 591 2.32
80 8.57 6.86 1.34 57.0 427 1.66

Table 5. Key results I as function of temperature for a channel length of 150 mm.

Tcell il i80 λ ∆P Re ṁ
[°C] [A/cm2] [A/cm2] [-] [kPa] [-] [mg/s]

65 13.52 10.81 2.15 170.9 1337 5.29
70 12.14 9.71 1.73 141.6 987 3.91
75 10.44 8.35 1.38 114.2 712 2.80
80 8.38 6.70 1.11 88.0 494 1.92

Next, Tables 6–8 list information concerning the power generated by the fuel cell sys-
tem. While this is certainly a key parameter, the considerations suffer from the assumption
that the cell voltage is 0.5 V at the operating current i80. Therefore, these calculations are
merely of exemplary nature and have to be revised with a better understanding of the
polarization curve. The following key results are summarized:

• The first columns list the specific power delivered by the fuel cell, and it is merely the
product of the operating, maximum current density i80 and the cell voltage. Clearly,
the lower operating temperatures yield the highest power, simply because the limiting
current densities were higher. The drop off in power becomes steeper at the higher
temperatures; while the relative drop-off was 10% between 65 °C and 70 °C it is 20%
between 75 °C and 80 °C.
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• The specific compressor power calculated out of the mass flow rate and the pressure
drop according to Equation (23). This value also decreases with increasing temperature,
owing to the fact that both pressure drop and mass flow rates decrease.

• The percentage of the compressor power compared to the fuel cell power is slightly
higher than the values calculated by Berning et al. [4]. Given all other uncertainties, it
should probably be kept around 5%, but for automotive applications, the size and cost
of the compressor plays an important role as well.

• The next columns lists the net power density, i.e., the fuel cell generated power density
minus the specific compressor power, and this should be the most important column
overall. In the current analysis, the values are biased towards the lower temperatures
because of the assumption of a constant cell voltage at the given, high, operating
currents. Net power densities in the region of 4 W/cm2 would be very high by
current standards, and such high value also results out of the high operating current
densities. At a temperature of 80 °C, the assumed cell voltage of 0.5 V may not be too
optimistic. When considering the role of the channel length, this result would be a
strong argument for the shorter channels, but it must be kept in mind that the mass
flow rate of air did not scale linearly with the channel length.

Table 6. Key results II as function of temperature for a channel length of 50 mm.

Tcell ẇcell ẇcomp ẇcomp/ẇcell ẇnet Ẇabs Em
[°C] [W/cm2] [W/cm2] [%] [W/cm2] [W] [J/g]

65 5.23 0.601 11.5 4.63 0.925 296
70 4.81 0.389 8.08 4.41 0.885 358
75 4.29 0.237 5.53 4.05 0.810 426
80 3.63 0.132 3.60 3.50 0.699 492

Table 7. Key results II as function of temperature for a channel length of 100 mm.

Tcell ẇcell ẇcomp ẇcomp/ẇcell ẇnet Ẇabs Em
[°C] [W/cm2] [W/cm2] [%] [W/cm2] [W] [J/g]

65 5.28 0.776 14.7 4.50 1.80 434
70 4.79 0.491 10.3 4.29 1.72 547
75 4.17 0.292 6.99 3.88 1.55 669
80 3.43 0.157 4.58 3.27 1.31 789

Table 8. Key results II as function of temperature for a channel length of 150 mm.

Tcell ẇcell ẇcomp ẇcomp/ẇcell ẇnet Ẇabs Em
[°C] [W/cm2] [W/cm2] [%] [W/cm2] [W] [J/g]

65 5.41 0.955 17.7 4.45 2.67 505
70 4.86 0.598 12.3 4.26 2.55 653
75 4.18 0.349 8.36 3.83 2.30 820
80 3.35 0.183 5.46 3.17 1.90 990

• The total power per channel Ẇabs is listed in the next column. It is the net specific
power density multiplied with the active area. Therefore, the longer channels deliver
more power per channel than the shorter ones. Important is the combination of a
suitable compressor and the fuel cell stack with sufficient power supply. For example,
the compressor by Bosch that delivers around 250 g/s of air in the 20 kW power class
would be suitable to power a stack of the size 250 g/s/1.92 mg/s × 1.90 W ≈ 250 kW for
the long channels at 80 °C, but only a stack of the size 250 g/s/1.42 mg/s × 0.699 W
≈ 125 kW with shorter channels, assuming it is suitable to deliver at the required
pressure. In the first case, the total number of channels would be 130,000. Taking the
number of plates in an automotive fuel cell stack to be 260, we would need 500 parallel
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channels per plate, and taking a channel and land width in the order of 0.5 mm, the
stack would be 250 mm wide. In the latter case, the same considerations would lead to
a stack of the same height, a width of 340 mm and 50 mm long channels that delivers
half the power owing to the limitations of the compressor.

• The last columns was introduced to accommodate for the fact that the longer channels
require a lower amount of mass flow compared to shorter channels, and it was calcu-
lated out of the power per channel divided by the mass flow rate per channel. Here,
the highest temperature and the longest channel yield the highest value. However,
how practical this particular property is remains to be seen.

4. Conclusions

A one-dimensional model of the cathode flow channel in a PEMFC has been developed
to investigate, under which conditions such fuel cells may operate at a constant relative
humidity. To this end, the pressure drop along the flow channel was calculated with the
Hagen-Poiseuille equation, and the change in the molar gas composition was calculated
assuming a uniform current density. Moreover, it was assumed that porous metal plates
with uniform hole distribution were used as porous transport layers instead of the more
common carbon fiber papers for improved waste heat management. First input parameters
of the model were the current density and temperature, both of which were varied, and the
back pressure which was taken to be ambient in the current study. Other input parameters
were the channel dimensions and physical properties of the metal GDL and the MPL. Thus,
all geometrical parameters are taken into consideration, and therefore this model can be
used for dimensioning the cathode flow channels.

The first key output parameter was the stoichiometric flow ratio that would allow pos-
sible constant RH operation. This parameter, along with the calculated pressure drop, could
be used as a boundary condition in a detailed CFD analysis. The calculated stoichiometry
depends on all channel dimensions, and the values are generally low and depend on the
current density.

In order to eliminate the current density as input parameter, the model was then refined
to calculate the limiting current density which depends on the oxygen concentration in the
flow channel and the diffusion resistance between the channel and the cathode catalyst
layer. The calculated limiting current densities turned out to be surprisingly high which
was caused by the high pressure drop of these fuel cells which lead to a high oxygen
concentration at the inlet region, and the generally lower diffusion resistances of the thin
metal GDL. Simplified calculations of the expected cell power density yielded values in the
region of 4 A/cm2, afforded by the high current density and an assumed cell voltage of
0.5 V. The compressor work should not exceed 5% of the fuel cell power, and this suggests
operating temperatures in the region of 80 °C.

Recently, our research group has published a CFD analysis that verifies the principle
findings of the here presented study in that such high current densities appear feasible [35].
It was verified that the unprecedented high pressure drop allows the air to expand inside
the cathode flow field channels and thus make room for the product water with the result
that channel flooding is prevented. In the future, it could furthermore be explored, how the
pores of the metal GDL could be distributed such that a desired adjustment of the effective
diffusion coefficient from inlet to outlet could be obtained [36].
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