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Abstract

Modeling and Optimization of the Direct Methanol Fuel Cell System:
Relating Materials Properties to System Size and Performance

Brenton Edgar Bennett, M.S.E
The University of Texas at Austin, 2011

Supervisor: Jeremy P. Meyers

When designing a direct methanol fuel cell and evaluating the appropriateness of
new materials, it is helpful to consider the impact of material properties on the
performance of a complete system. To some degree, poor fuel utilization and
performance losses from methanol crossover and low reactant concentrations can be
mitigated by proper system design. In order to facilitate system design, an analytical
model is developed to evaluate the methanol and oxygen concentration profiles across the
membrane electrode assembly of the direct methanol fuel cell. In the first part of this
work, the model is used to determine fuel utilization as a function of the feed
concentration, backing layer properties, and membrane properties. A minimum
stoichiometric ratio is determined based on maintaining zero-order methanol kinetics,
which allows the fuel efficiency to be optimized by controlling these physical properties.
vi

The size of system components such as the methanol storage tank and the fuel pump can
be estimated based on the minimum methanol flow rate that those components must
produce to deliver a specified current; in this way, the system-level benefits of reduced
membrane crossover can be evaluated. In the second section, the model is extended by
using the Bulter-Volmer equation to describe the anodic and cathodic overpotentials
along a single cross-section of the fuel cell. An iterative technique is then used to
determine the methanol and oxygen concentration profiles in the flow channels. The
model is applied to examine the benefits of new low-crossover membranes and to suggest
new design parameters for those membranes. Also, the tradeoff between the power output
of the fuel cell stack and the size of system components is examined across a range of
methanol and oxygen flow rates.
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Chapter 1: Introduction
1.1 MOTIVATION
The direct methanol fuel cell (DMFC) is an electrochemical energy conversion
device that operates by converting methanol and water to carbon dioxide and protons at
the anode, CH3OH + H2O ⇌ CO2 + 6H+ + 6e-, and by reducing oxygen at the cathode, O2
+ 4H+ + 4e- ⇌ 2H2O. The primary advantage of the DMFC is that it can be operated with
a liquid feed, and therefore does not require a reformer or a bulky gas storage tank. Also,
because the oxidation reaction produces six electrons per methanol molecule, the DMFC
delivers a high specific energy. The simplicity and compactness of the fuel delivery
system makes the DMFC attractive for portable applications.
A paramount problem in the implementation of the DMFC is methanol crossing
over to the cathode, where it is oxidized, resulting in a depolarization of the positive
electrode and a waste of fuel. The origin of crossover lies in the fact that methanol is
completely soluble in water and that water is needed to swell the proton-exchange
membrane and to impart protonic conductivity across the membrane. One way to mitigate
this problem is to create a low-crossover membrane to replace standard perflourosulfonic
acid membranes such as Nafion®. Increasing the efficiency of the reactions at the anode
and the cathode through the design of the catalyst layers can also minimize crossover.
Finally, it is important to optimize the design of the flow channels and operating
parameters such as the methanol and oxygen feed concentrations and the temperature.
During the past two decades, numerous approaches to modeling the DMFC have
been taken. Most of these models focus on specific aspects of the fuel cell, such as
polarization, multiphase transport, or methanol crossover. In the majority of the models,
fuel utilization or system efficiency, if considered at all, is only given brief discussion.
1

However, there are still some DMFC models that focus explicitly on the engineering
problems of fuel utilization, system level optimization, and system sizing [1] [2] [3] [4]
[5] [6] [7] [8] [9] [10] [11] [12]. What most of these models lack are simple connections
between materials properties, operating parameters, and system constraints and a
primarily analytic solution method that facilitates short run times across a wide range of
parameter spaces. A majority of the analytic models in the literature consider methanol
crossover [13] [14] [15] [16] [17] [18] [19] [20] [21] [22], but they do not consider in
depth the system-level problem of fuel utilization and its relationship to crossover.
1.2 OBJECTIVES
In the first part of this work, we calculate the magnitude of methanol crossover
for different membrane and backing layer properties in a system designed for optimum
fuel efficiency. First, analytical solutions are developed for the methanol concentration in
the anode flow channel, anode backing layer, and membrane based on the methanol feed
concentration and the methanol mass transfer coefficients in the backing layer and
membrane. Then a minimum allowable stoichiometric ratio is set in order to ensure that
the system is always operated with sufficiently high methanol concentrations so that the
anode reaction remains zero-order with methanol concentration. The inverse of the
stoichiometric ratio is the fuel efficiency, so by setting a minimum value on the amount
of fuel delivered, a maximum value on the fuel efficiency is set. Then the membrane and
backing layer properties can be optimized to deliver maximum fuel efficiency. Finally,
we demonstrate how to determine the methanol flow rate for a cell operating at its
minimum stoichiometric ratio. The sizes of the tank and fuel pump scale with the total
flow rate of methanol into the cell, so by calculating the minimum flow rate
corresponding to the maximum efficiency, we can estimate their minimum sizes.
2

In the second part, we consider further the effect of materials properties on the
tradeoff between fuel cell performance and system size. System size is a critical factor for
the cost and portability for small DMFCs. Running at high utilization rates (low flow
rates) will lower the size of the system components such as the methanol tank and the air
blower but will reduce performance and require a larger fuel cell stack to achieve a
certain power output. Conversely, running at low utilization rates (high flow rates) will
increase power output and reduce the stack size but will require a larger methanol tank
and air blower. A high priority was placed on using as many analytic solutions as
possible for simple use and fast run times in a MATLAB simulation environment across a
wide range of parameter spaces.
To extend the model described in the first section, we derive a set of onedimensional analytic solutions for the oxygen concentration in the cathode backing layer
similar to that for the methanol concentration in the anode backing layer and membrane.
The Bulter-Volmer equation is then applied with a fixed cell potential to determine the
local current density and the consumption of methanol and oxygen reactants along that
cross-section. This analysis is simplified by incorporating the analytic solution for the
magnitude of methanol crossover given in the first section. Using a forward difference
approach, the methanol and oxygen concentrations at the next point in the flow channel
are calculated. The model is stepped-down the flow channels in this manner, creating a
1D x 1D picture of the concentration profiles. At the end, the average current density and
the stoichiometric ratio are calculated.
Using the extended model, we first simulate polarization data for a cell operating
at fixed inlet concentrations and flow rates of methanol and oxygen. In order to validate
the model, we compare the model‟s predictions with experimental data for the
performance of DMFCs running at low utilization rates of both oxygen and air at 65 °C
3

and 90 °C. This data provides a base case for setting the standard kinetic parameters in
the model, such as the exchange current densities and the symmetry coefficients. We then
apply the model to anticipate the effects of using new low-crossover membranes from
Zhu et al. [23] on fuel cell performance, and offer suggestions on how to operate fuel
cells that use the new membranes.
The final part of the analysis considers the system level tradeoff between the
power output of the cell and the size of the methanol storage tank and the air blower. We
set a desired current output for the cell (50 mA cm-2 or 300 mA cm-2) and calculate the
power output at different oxygen and methanol flow rates and methanol concentrations.
We also further consider the system-level benefits of using the new membranes. The size
of the methanol tank and the air blower should scale linearly with the flow rates while the
marginal increase in power output will diminish as the flow rates increase. Therefore,
given a set of performance constraints, there should exist flow rates that minimize the
total size of the fuel stack in combination with the other system components.
1.3 ASSUMPTIONS
In order to maintain the simplicity of the model and to make clear connections
between material properties and system size and performance, numerous assumptions are
made throughout the work. First and foremost, any effects stemming from water transport
or carbon dioxide gas removal throughout the fuel cell are either ignored or incorporated
into the effective diffusion coefficients of the active components. Such effects would
include limitations on the mass-transport of the active components, changes in the
pressure drop in the cathode, and blocking of reaction sites. The methanol solution is
assumed to be an ideal incompressible liquid in an isothermal environment such that any
pressure or temperature gradients on the anode side can also be ignored. The air in the
4

cathode is assumed to be an ideal gas, and only water in the vapor phase is considered
explicitly at the cathode. Much work has been done, most notably by Scott et al. [24] and
by Wang and Wang [25], to show that two-phase effects at the anode can be important
even in liquid-feed DMFCs, but this model does not consider those effects. Instead, we
assume that the behavior of the backing layers can be characterized simply by an
effective diffusion coefficient and by their thickness.
All fluxes and current densities are defined per unit of superficial area, and all
transport properties, most notably the diffusion coefficients, are effective transport
properties, modified from bulk values by appropriate corrections for volume fraction and
tortuosity. The term “current” will always refer to the specific current density unless
otherwise noted. We also neglect convection across the thickness of the cell. The
methanol flux across the cell is dominated by diffusion in the anode backing layer and is
a combination of diffusion and electroosmotic drag in the membrane, while the oxygen
flux is due solely to convection down the flow channel and molecular diffusion in the
cathode backing layer. Due to the high oxidation potential of methanol at the cathode, we
assume that any methanol reaching the cathode catalyst layer is immediately oxidized.
Therefore, the methanol concentration is set to zero at the cathode end of the membrane,
whereas the oxygen partial pressure maintains a finite value at that boundary.

5

Chapter 2: Methanol Concentration1
The methanol concentration in the cell can be broken down into two orthogonal
concentration profiles: the concentration profile across the thickness of the cell (Figures 1
and 2) and the concentration profile down the flow channel as methanol is consumed
through reaction and crossover (Figures 3 and 4). To find the concentration profile in the
anode backing layer, we first assume that the membrane electrode assembly (MEA) is
well-sealed such that any methanol entering the anode backing layer is either consumed
in the desired reaction at the anode or crosses over to the cathode through the membrane.

diffusion
only

diffusion
and drag

no methanol

anode
backing
layer

membrane

cathode
backing
layer

thin catalyst layers
Figure 1:

Cross-section of the cell including a qualitative rendering of the methanol
concentration profile.

1

Portions of this chapter and all figures are taken from Ref. [11]. The first author of that publication, J.P.
Meyers, is the faculty supervisor on this thesis, and all transcription was done with his permission.
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2.1 ANODE BACKING LAYER
Assuming the only transport mechanism at work in the backing layer is diffusion,
the methanol flux density is
.
The flux is constant at steady state, so

(1)

, which implies that the resulting

concentration profile in the backing layer is linear.
When the concentration at the anode goes to zero, the crossover current
disappears, and the limiting current in the backing layer is
.

(2)

Therefore, the maximum rate of transport from the flow channel to the electrode and
membrane is set by cfeed, which is the methanol concentration in the flow channel, the
effective methanol diffusion coefficient

and the backing layer thickness

. The crossover current can now be described as a function of this limiting current
.
It is important to note that the term

(3)

will later be defined as a function of

known variables and the desired current . Hence, the only unknown term in this
expression for the crossover current is . This expression will later allow us to make a
crucial substitution for

and solve for .

2.2 MEMBRANE
We assume that the concentration of methanol at the cathode is driven to zero and
define the current as positive (from the anode toward the cathode) because the oxidation
reaction is occurring at the anode. In order to keep this model as simple as possible, we
7

also choose to ignore variations across the thickness of the anode catalyst layer when
considering the methanol concentration. This assumption is valid in this model because
the catalyst layer is approximately an order of magnitude thinner than both the membrane
and backing layer. Previous work [16] [17] [18] [26] justifies this approach, as these
papers show that, even at high current densities, the change in methanol concentration
across a thin catalyst layer is much smaller than it is across either the membrane or the
backing layer.
The methanol flux across the membrane is driven by diffusion and electroosmotic
drag. Both forces will drive methanol toward the cathode, and the methanol flux is
.

(4)

We assume that the electroosmotic drag of methanol is directly proportional to the
methanol concentration,

; with these assumptions incorporated into the

model, we can solve for the concentration profile in the membrane. The constant
equivalent to the factor

, where

is

is the drag coefficient for pure water and

is the water concentration in a membrane exposed to pure liquid water.
Neglecting the effect of methanol concentration makes

dependent only on

temperature, so it is a constant under our assumption of isothermal conditions.
The flux of methanol across the thickness of the membrane must be uniform at
steady state, which implies that

. Therefore, the concentration profile is

defined by
.
After applying the boundary conditions
, Eq. (5) has the solution
8

(5)
at

and

at

.

(6)

is a dimensionless ratio of the flux due to exclusively to electroosmotic
drag at a reference concentration relative to the limiting value of the flux due to diffusion
alone. As the plot below shows, increasing the strength of the drag force relative to the
diffusion force increases the amount of methanol in the membrane and stretches the
concentration profile toward the cathode.

Figure 2:

Normalized methanol concentration profile as a function of distance across
the membrane for different values of phi.

We have information about the rate at which methanol can move across the
backing layer, and the rate at which any methanol that crosses the anode catalyst layer
will move across the membrane, but we seek to describe these rates as a function of the
9

two layers‟ transport and geometric properties, as well as the local value of the
concentration in the flow channel. To simplify the mathematics from here, we define
another dimensionless parameter n, which is a function of

,

and

:

.

(7)

n is a dimensionless ratio of the flux across the membrane subject to the operating
conditions of the system relative to the value of the flux that would be without
electroosmotic drag. Now canode can be defined in terms of the crossover current

:

.
Substituting canode back into Eqn. (3), we can solve for

(8)

in a different form
,

where

(9)

is a dimensionless ratio of the limiting current

in the membrane relative to the limiting current in the backing layer.

serves as a proxy

for the amount of methanol that crosses over to the cathode.
2.3 ANODE FLOW CHANNEL
Assuming the velocity

of methanol in the flow channel is constant, the

total flow rate of methanol in the anode flow channel is given by
,
where

(10)

and the feed concentration down the channel is given by
,

10

(11)

where

is the distance down the channel, and

is the channel separation

width, that is, the width of electrode perpendicular to the channel flow that is fed by a
single channel.

is the area of the anode that receives the methanol flowing

through the channel. The effects of other parallel channels are ignored.

anode
backing
layer

membrane

cathode
backing
layer

w

wchannel

current (i)
crossover (ix)

Methanol from the flow channel is either
consumed in the desired reaction or
crosses over to the cathode.
Figure 3:

Methanol consumption in the fuel cell.

While we allow for the crossover current
simplifying assumption that current density

to vary with position, we make the

is independent of position along the anode

flow field channel. While not strictly accurate, a cross-flow anode and cathode
configuration and zero-order methanol kinetics suggest that local current densities are not
a function of local methanol concentration and therefore might be treated as independent
of position in the anode channel. This significantly simplifies the analysis and offers
simplicity in examining the overall performance of the system.
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After substituting Eqn. (9) for ix and applying the boundary condition
with

at

, the solution is to Eq. (11) is
,

(12)

A more useful formulation of the feed concentration is to define
.

(13)

As a check on the reasonableness of this solution, we can find ω in the limit where the
crossover (in this case represented by ) goes to zero:
.
As expected, ω is unity at

(14)

and goes to zero at the end of the channel. The

parameter s in the equations above is defined as
.

(15)

s is the stoichiometric ratio for the methanol flow: the rate at which methanol is delivered
to the inlet of the cell relative to the amount of methanol that is consumed in the preferred
electrochemical reaction. Hence, it represents the inverse of the fuel efficiency. This ratio
is the critical point in this analysis, and in the following chapter we use it to optimize the
system-level fuel efficiency.

12

Chapter 3: Fuel Efficiency 2
3.1 UPPER LIMIT ON FUEL EFFICIENCY
In a region with sufficiently low methanol concentration at the anode, the anode
potential must increase sharply in order to sustain a current as the methanol oxidation
reaction transitions from zero-order to first-order [27].

Rather than model the

complicated transition to first-order methanol kinetics, which would require a substantial
overpotential at the anode and a corresponding loss in performance, we ensure that the
optimized system remains above any such transition by requiring the feed concentration
(represented by the dimensionless concentration ω) to remain above a minimum value
throughout the flow channel. In doing so, we impose a constraint on the minimum
allowable stoichiometric ratio s, which in turn constrains the values of

and ψ. Figure 4

reveals that if the stoichiometric ratio is too small, there will be no methanol in the flow
channel at the stack exit (

). This situation occurs when the system demands

uniform current density beyond the point where the flow channel can supply methanol to
the anode at a sufficient rate.

2

Portions of this chapter and all figures are taken from Ref. [11]. The first author of that publication, J.P.
Meyers, is the faculty supervisor on this thesis, and all transcription was done with his permission.
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Figure 4:

Normalized feed concentration as a function of normalized distance down
the flow channel with = 2 and ψ = 5.

Returning to Eqn. (3), which relates and
(9) for

to cfeed and canode, we substitute Eqn.

and clim for canode to find the feed concentration in terms of the minimum

concentration clim :
,
where

, which we set equal to

(16)

throughout this study. To find the

maximum fuel efficiency that will accommodate this minimum feed concentration, we
substitute Eqn. (17) into Eqn. (14), set

so that we are at the end of the channel,

and solve for . The result is
.

14

(17)

Placing this lower limit on s places an upper limit on fuel efficiency because efficiency
(fuel utilization) is
In order for

.
to be physically meaningful, it must be positive because all of the

parameters that comprise it in Eqn. (16) are positive definite. Therefore, the term inside
the natural logarithm in the denominator must be greater than unity, which requires that
. This result makes sense if we rewrite it as

. The

term on the right is equal to ω as in Eqn. (16). Because ω is the ratio of the feed
concentration in the channel to the initial feed concentration, it must be less than unity.
What we find is that for low feed concentrations, the current must be kept low or the
backing layer must be very thin and porous. Otherwise, the anode concentration will not
be kept above its minimum value.
3.2 OPTIMIZATION OF BACKING LAYER PROPERTIES
Now that we have a method for finding the maximum fuel efficiency under a
given set of conditions, we can look to optimize the efficiency for the variety of current
loads that the fuel cell must support. If fuel efficiency is the only concern, then the best
choice is to lower the membrane permeability as much as possible and always pass a
small current. However, the cell is always subject to a load requirement, and often that
requirement varies. In the following demonstration, we first optimize the fuel efficiency
for a standard 0.05 A cm-2 load by varying the limiting current of the backing layer. Then
we adjust the limiting current based on the design constraint that the cell must be able to
deliver high current (0.5 A cm-2 here) with reasonable efficiency while still staying close
to the optimum efficiency at the standard load.

15

Parameter (unit)

Value

Reference
Assumed

(dimensionless)
(cm2 s-1)

Yaws [28]

(dimensionless)

0.7

(cm2 s-1)

Wang and Wang [25]
(base value)

(cm2 s-1)

Wang and Wang [25]
Kauranen and Skou [29]

(base value)

(cm)

0.0180 (base value)

Meyers and Newman [27]

(cm)

0.0179

Meyers and Newman [27]

(mol cm-3)

0.0546

CRC Handbook [30]

(dimensionless)

2.5

Zawodzinski et. al [31]

(dimensionless)
Table 1:

Calculated

Physical Properties for Determination of Fuel Efficiency

The width of the membrane is taken to be 0.0179 cm as in dry Nafion® 117 [27].
As a reference value for the diffusion coefficient in the membrane, and we refer to the
superficial diffusivity measured by Kauranen and Skou [29]:
at 60 °C.

(18)

Our reference point for the effective diffusion coefficient in the backing layer is taken
from Wang and Wang [25], using their measured porosity of
coefficient of methanol in water

and the diffusion
measured by

Yaws [28]:

or

at 60 °C .
16

(19)

In each case, we fix the feed concentration at the channel input and vary the
limiting current from just below the desired load value (0.05 A cm-2 and 0.5 A cm-2) to
twenty times that value. We then plot the maximum fuel efficiency as a function of the
limiting current for a variety of feed concentrations. Referring to Eqn. (2), the limiting
current is directly proportional to the mass transfer coefficient

when

the initial feed concentration is fixed. Previous experimental work [15] has shown that
the mass transfer coefficient can change with the methanol feed concentration in a twophase regime, but the effect is small enough that we neglect it here.
Optimizing the fuel efficiency requires delivering enough methanol to the anode
to produce the desired current without delivering so much that crossover to the cathode
becomes a significant factor. Hence, the backing layer properties, which define the
limiting current for a fixed methanol concentration, must be tuned to the membrane
properties, the desired load, and the input methanol concentration. In both the highcurrent and the low-current cases, we can allow the limiting current to approach the load
value, but the model will give nonphysical results if we demand a load higher than the
limiting current.
The efficiency increases sharply until the limiting current reaches about four
times the load value (0.2 A/cm2 in the low current case and 2 A cm-2 in the high current
case) and then levels off or in some cases declines. In this scenario, operating the cell at a
low feed concentration such as 0.1 M or 0.5 M with a limiting current at the anode of
about 2 A cm-2 is optimal. The cell would run at its maximum efficiency during normal,
low current operation while still maintaining reasonable efficiency when a higher load is
demanded.

17

Figure 5:

Maximum fuel efficiency as a function of the anode limiting current with I =
0.05 A cm-2 (top) and I = 0.5 A cm-2 (bottom).
18

3.3 OPTIMIZATION OF MEMBRANE PROPERTIES
Now we can apply the same method to study how fuel efficiency is affected by
changing the diffusion coefficient and the electroosmotic drag coefficient of the
membrane. Looking back to Eq. (5), we see that these two material-based properties
determine the methanol concentration profile in the membrane. First, we set the backing
layer diffusion coefficient to

as in Eq. (20) and the width of the

backing layer to 0.0180 cm. Taking the width of the membrane to be 0.0179 cm as before
and varying the diffusion coefficient from

to

, we

can plot the fuel efficiency as a function of the diffusion coefficient and the input feed
concentration as in Figure 6. As expected, decreasing the membrane diffusion coefficient,
which in effect lowers the crossover, has a dramatic positive effect on the fuel efficiency,
especially in the low current case. The effect is more pronounced when the load is 0.05 A
cm-2 because methanol is not being taken away as rapidly at the anode as it is in the 0.5 A
cm-2 case.

19

Figure 6:

Maximum fuel efficiency as a function of the membrane diffusion
coefficient with I = 0.05 A cm-2 (top) and I = 0.5 A cm-2 (bottom).
20

Figure 6 highlights again the cooperative effects of the membrane properties,
backing layer properties and system configuration on the fuel efficiency. Altering the
membrane diffusion coefficient has very little effect on the fuel efficiency except for a
dramatic change in the region from

to

. Any changes in the

fuel efficiency outside this region are limited by the chosen backing layer properties and
the initial methanol concentration. The reader should also note that the data for input feed
concentrations of 0.1 M and 0.5 M are not shown in Figure 4. With the given set of
backing layer properties at a 0.5 A cm-2 load, these concentrations result in negative fuel
efficiencies. In other words, there is not sufficient methanol in the feed stream to sustain
the desired current at the anode across the entire length of the fuel cell. The same goes for
0.1 M in Fig. 4(a), where there is barely enough methanol reaching the anode to sustain
the desired current, resulting in low efficiency. Altering the membrane properties does
not change this situation, so by this constraint we can rule out using these input feed
concentrations to optimize the fuel efficiency.
Fixing the diffusion coefficient at the reference value of
given in Eq. (19), we now vary the methanol drag coefficient

to

gauge its effect on the fuel efficiency. For demonstration purposes we arbitrarily choose
to vary the value of

over a wide range, from 0.1 to 105 cm3/mol.
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Figure 7:

Maximum fuel efficiency as a function of the methanol drag coefficient for
with I = 0.05 A cm-2 (top) and I = 0.5 A cm-2 (bottom).
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Recalling Figure 2 should give us a hint at the results. Increasing the drag
coefficient by a factor of twenty noticeably increases the extent of methanol crossover in
the membrane, which should decrease fuel efficiency. Given that we are varying the drag
coefficient by a factor of 106 in Figure 7, we should see substantial changes in the fuel
efficiency. However, the results show that the maximum fuel efficiency changes very
little until

in the low current case and

in the high current case. Measurements of the water drag coefficient in a variety of
DMFC membranes range from

to

depending on temperature and the

equivalent weight of the membrane [32]. These values correspond to a range of
to

, which includes the reference value of
. In other words, the drag coefficient or the current must be very

high in order for electroosmotic drag to affect efficiency as much as diffusion does. The
expected trend of decreasing fuel efficiency for increasing drag does exist, but the effect
of drag is minimal within the range of physically reasonable

values, especially in

the low current case. Only if the given membrane and backing layer properties are
changed could the drag have more of an effect on the efficiency.
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Chapter 4: The Size of System Components for a DMFC Operating at
Maximum Efficiency3
Because portability is of primary importance in many applications where DMFCs
might be used, we want to use this model to predict how large the methanol storage tank,
circulation pump, and other components need to be to produce a required methanol flow
rate. The less methanol that is used and the more slowly it is passed through the anode
channel, the smaller we can make these various system components. However, a
minimum flow rate is set by the current that the cell must generate. Ideally, there would
be no methanol crossover, and all of the fuel in the system would either be consumed in
the desired reaction or recirculated through the system to be consumed later; the size of
the fuel tank would be solely dependent on the demand for current. However, the
existence of crossover and the potential for wasted fuel means that the size of the tank
also depends on the fuel efficiency.
First, we will consider the size of the methanol storage tank in a situation where
the fuel is not recycled. The minimum flow rate into the anode channel needed to produce
the required feed concentration is
,
where

(20)

is the electrode area. In this case, the input flow rate or flux is

directly proportional to the stoichiometric ratio and therefore inversely proportional to the
fuel efficiency. The size of the fuel tank is in turn directly proportional to the flow rate,
, as are the other components related to the circulation of
methanol. Therefore, we can employ the analysis used in Chapter 3 to maximize the fuel
efficiency and thereby minimize the size of these components.
3

Portions of this chapter and all figures are taken from Ref. [11]. The first author of that publication, J.P.
Meyers, is the faculty supervisor on this thesis, and all transcription was done with his permission.
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Figure 8:

Schematic of a fuel cell system with methanol and water recycling.

Now we consider a scenario, depicted in Figure 8 above, where the
methanol/water solution is separated from the carbon dioxide at the stack exit and is
recirculated through the system. The output flux from the anode channel is the input flux
minus the flux that is redirected into the cell. The value of ω at the stack exit represents
the fraction of methanol that is consumed in the entire cell, so multiplying the input flux
by ω gives us the output flow rate
25

.

(21)

The required flow rate of methanol from the storage tank into the fuel system is the input
flow rate minus the output flow rate:
.

(22)

In this case, the stoichiometric ratio is not the only parameter that determines the
methanol flow rate and the size of the fuel tank. Figure 9 plots the flux – without
including the area of the anode A as is shown above – as a function of the limiting current
for a system with recirculation. Two points must be considered when looking at these
plots. First, the plots cut off when the limiting current reaches the desired current because
allowing the limiting current to reach or to fall below the desired current will produce a
nonphysical result. Also note that increasing the load requirement by a factor of ten
increases the required methanol flux from the storage tank by a factor ranging from about
five to ten. Designing a fuel delivery system that can handle such a wide range of
methanol flow rates is an important engineering problem that this model forecasts but of
course does not answer.
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Figure 9:

Storage tank flux as a function of the anode limiting current with I = 0.05 A
cm-2 (top) and I = 0.5 A cm-2 (bottom).
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An important question that this analysis can answer is whether a recirculation
system is needed. Comparing Figure 9 to Figure 5 demonstrates the differences in
required methanol flux between a system with recirculation and a system where the flux
depends solely on the efficiency. In both the high and low current scenarios with
recirculation, the flux – and consequently the tank size – increases as the anode limiting
current increases. Without recirculation, the trend is the opposite. Therefore, one can
consider the tradeoffs of a recirculation system once one knows the duration of operation
and scaling of pump sizes and tank sizes with total capacity. If the optimum conditions
for the system dictate that very little fuel comes out of the stack, then the separators and
pumps may be a waste of important space and power in a portable device.
So far, we have shown that developing analytic calculations of the methanol
concentration allows us to illustrate the effects of materials properties and system design
on the direct methanol fuel cell. What this model lacks so far is the ability to study the
tradeoff between power and efficiency and the likely tradeoff between proton resistance
and methanol crossover in membrane materials. Therefore, in the following chapters we
will incorporate electrochemical equations, specifically the Butler-Volmer equation, into
this model in order to calculate the anodic and cathodic overpotentials. The model will
then be able to make predictions about power output and related performance parameters
that are important in real fuel cell systems.
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Chapter 5: Oxygen Pressure in the Cathode
5.1 CATHODE BACKING LAYER
In order to describe the cathodic overpotential and thereby create the full system
model that we desire, we must develop solutions for the oxygen concentration profile in
the cathode just as we did for methanol in the anode and membrane. If we assume that the
concentration of oxygen is always related to the oxygen pressure by the ideal gas law,
then

, where

is the absolute oxygen pressure. We again

emphasize that the effects of any liquid water present in the backing layer or the flow
channel are incorporated into the effective diffusion coefficients. If the saturation vapor
pressure of water is solely a function of temperature [33]
.

(23)

then the oxygen partial pressure will be 20.946% of the remaining total pressure. A study
by Weber and Newman [34] confirms that when the cathode backing layer in a PEM fuel
cell has a high porosity and a relatively small pressure gradient across it, convection and
Knudsen diffusion can be safely ignored in the backing layer. Therefore, in order to
obtain an analytic solution of the oxygen concentration profile across the backing layer,
we use Stefan-Maxwell diffusion to fully describe the transport of oxygen in that region:
.
Again note that

and

(24)

are effective diffusion coefficients for the

components in the porous backing layer. The flux of water and nitrogen across the
backing layer is negligible, allowing us to ignore the last two terms. Substituting partial
pressures for the mole fractions

and

for the oxygen flux, we find an

expression for the change in absolute oxygen pressure across the backing layer
29

.
where

with
Since

is included in

and

(25)

constant.

, it is now on both sides of this equation, which

means that the pressure profile in the backing layer is nonlinear. The appropriate
boundary conditions are

at

and

at

, where

is the oxygen pressure at the boundary between the backing layer and the flow
channel and

is the oxygen pressure at the boundary between the membrane and the

backing layer. After integrating with these boundary conditions, we find an expression
for the oxygen pressure at the boundary between the backing layer and the membrane
. (26)
5.2 OXYGEN TRANSPORT FROM CATHODE FLOW CHANNEL TO BACKING LAYER
A crucial difference between the treatment of the anode and the cathode is the
need to consider the movement of oxygen gas from the bulk of the flow channel to the
surface of the cathode backing layer. The change in oxygen partial pressure across this
distance takes the same form as Eq. 25
.
where

(27)

is the absolute oxygen pressure in the convective region between the bulk

flow channel and the backing layer surface. Note that the diffusion coefficients lack the
eff subscript because we are outside the porous region of the backing layer.
As with

,

is included in

on both sides of Eq. 27, so the result is

a nonlinear pressure profile. The appropriate boundary conditions are
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at

and

at

hydraulic diameter of the channel and
channel [35].

, i.e. the backing layer surface, where

is the

is the Sherwood number for a square

is is the oxygen pressure in the bulk flow channel and is determined

according to the solution method given in Section 7.2. Integrating Eq. (27) with these
boundary conditions results in an expression for the oxygen pressure at the surface of the
cathode baking layer that is almost identical in form to the expression for
.
We then substitute

(28)

directly into Eq. (26) to obtain the following expression for

in terms of

.

(29)

The resulting expression cannot be simplified and must be substituted in this form when
we solve for the desired current . The solution method for is described in Chapter 6.
5.3 OXYGEN TRANSPORT IN THE CATHODE CATALYST LAYER
While maintaining the assumption of thin catalyst layers as far as the reactions are
concerned, we will nevertheless choose to define an effectiveness factor to account for
the mass transport of oxygen in the cathode catalyst layer. The methanol oxidation
reaction is still assumed to be zero-order, so there is no need to define an effectiveness
factor there. However, the ORR is first-order, so we need to carefully account for mass
transport losses in the cathode. The effectiveness factor is a dimensionless quantity that
relates the actual rate of reaction to the rate if the entire interior of the catalyst layer was
exposed to the conditions that exist at the catalyst layer/backing layer boundary. In effect,
it is a measure of how far into the catalyst layer the oxygen penetrates and is a simpler
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and more convenient method of accounting for mass transport in the catalyst layer than
applying a full model containing terms for molecular diffusion, Knudsen diffusion
(particularly important in catalyst layers and micro-porous layers), and convection.
Assuming Tafel kinetics, at steady-state the governing equation for the material
balance of oxygen in the catalyst layer is [36]
.
where

is the exchange current density in A cm-2,

is the catalyst layer width,

the oxygen pressure at the catalyst layer surface,
and

(30)
is

is the cathodic transfer coefficient,

is the cathodic activation overpotential. Because of the complexity of

oxygen diffusion in the catalyst layer, which has relatively low porosity and high water
saturation, we choose to use an effective diffusion coefficient of oxygen

based on

the idea that the catalyst layer is fully flooded and that the diffusion of oxygen only
occurs in the regions containing Nafion [37]
.
where

(31)
[21],

the porosity of the catalyst layer, and

is the is

is the volume fraction of Nafion in the

catalyst layer. Making the governing equation dimensionless leads us to define the Thiele
modulus as follows [36]
(32)
and subsequently, the effectiveness factor as a function of the Thiele modulus
.
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(33)

For an effectiveness factor close to unity, internal mass transport in the catalyst
layer is minimal, and the reactant penetrates fully into the catalyst layer. If the
effectiveness factor is close to zero, mass transport in the catalyst layer is a significant
issue, and the catalyst layer is not being fully utilized. In DMFC cathodes the
effectiveness factor is much less of an issue than in PEMFCs due to lower operating
current densities. Even with the relatively thick cathode catalyst layer in this model
(

), the effectiveness factor is rarely below 0.9. However, because including it

does not add noticeably to the computation time, we choose to include it for the sake of
completeness and accuracy.
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Chapter 6: Overpotentials and Current Solution Method
6.1 DETERMINATION OF OVERPOTENTIALS AND CELL POTENTIAL
Now that the concentration profiles for methanol and oxygen have been
developed for a one-dimensional cross-section of the cell in terms of the desired current ,
all that remains is to solve for that current. As stated in the introduction, our strategy is to
assume the cell potential remains constant and numerically solve for the current at each
cross-section. Given the high in-plane conductivity of the bipolar plates, any voltage
difference along the plates will be quickly dissipated, so the assumption of a constant cell
potential appears reasonable. The cell potential is defined as follows
.
where

is the membrane conductivity in S cm-1,

cathode catalyst layer conductivity in S cm-1 and

and

(34)

are the anode and

for the DMFC. The factor

of ½ appears in front of the catalyst layer ohmic terms because we assume that the
protons travel on average half the distance across each catalyst layer. While this
assumption is not true in a situation where there are substantial mass-transport limitations
in the catalyst layers, zero-order kinetics at the anode and an effectiveness factor that is
almost always above 0.9 at the cathode support the assumption that the reactions are
occurring somewhat uniformly across the catalyst layers.
Both the methanol oxidation and oxygen reduction reactions are assumed to
follow Tafel kinetics, with the former being zero-order and the later being first-order.
Note the presence of the effectiveness factor in the cathodic overpotential.
(35)

(36)
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Maintaining zero-order methanol kinetics means that the anode overpotential does not
depend on the methanol concentration at the anode catalyst layer. This assumption is
valid as long as we keep the methanol stoichiometry high enough to avoid depleting
methanol at the anode catalyst layer and incurring a transition to first-order methanol
kinetics [27]. Substituting Eqs. (35) and (36) into Eq. (34) results in the following
expression for the cell potential

.

(37)

It is clear that we must use a numerical method to solve for the current in Eq. (37)
However, in order to find the desired current, we must first find an expression for the
crossover current

in terms of the desired current and other known variables.

6.2 DETERMINATION OF CROSSOVER CURRENT AND TOTAL CURRENT
To write
for

in terms of , we first look back to Section 2.2 and substitute Eq. (9)

into Eq. (8) . Solving for canode produces a simple relationship between canode and

cfeed
.
Further substitution of Eq. (2) for

(38)

results the following expression for canode
.

(39)

Eq. (39) shows that canode is dependent on cfeed at the corresponding location in the flow
channel, the initial feed concentration

, the dimensionless ratio , and

,

which is the limiting current at the anode entrance normalized by the desired current.
Removing

from the denominator and substituting the above expression for

canode in Eq. (3) results in
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.
Noting that

, we arrive at the desired relation for

(40)
in terms of

.

(41)

Now we are prepared to make the appropriate substitutions and solve Eq. (37) for . The
solution is performed using the iterative solving function fzero in MATLAB along each
cross-section of the cell. The summation of all the cross-sectional currents is then divided
by the number of steps to obtain an average cell current.
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Chapter 7: Consumption of Methanol and Oxygen in the Flow Channels
7.1 ANODE FLOW CHANNEL
Having the ability to find the local current density as a function of the local
methanol concentration and oxygen pressure in the flow channels, we now must
determine the consumption of methanol and oxygen in the flow channels as we move
from one step to the next. Recalling Eq. (11), we can use Eq. (41) to substitute for
.

(42)

Eq. (15) defines the stoichiometric ratio for the methanol flow, which can be substituted
into Eq. (41) to derive an expression for the change in the feed concentration
.

(43)

In order to discretize the flow channel and apply the one-dimensional model from
Sections 2.1-2.2, we apply the first-order finite difference method
(44)
where

is the step size and

is the total number of steps. Then we create

the following expression for cfeed at step

based on cfeed and the current at step
.

(45)

7.2 CATHODE FLOW CHANNEL
In the cathode flow channel, where the oxygen reactant is a gas, we must consider
the pressure drop of the air stream in addition to the consumption of oxygen. We cannot
assume that the velocity of the air stream is constant as we do for the velocity of the
liquid methanol/water solution in the anode flow channel. We do assume that the absolute
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pressure of water vapor remains constant throughout the flow channel. If the inlet flow is
dry, then the water vapor pressure is set to zero, and if it is humidified, then the water
vapor pressure is assumed to be its saturated value given in Eq. (23). This simplification
is necessary given that changes in water content are not treated in the backing layer, but it
can lead to significant error at high current when the water generation is high. Because of
these assumptions, the pressure drop only affects the nitrogen and oxygen pressures. In
general terms, according to Darcy‟s Law, the pressure drop is
.
where

(46)

represents the cross-sectional area to flow. Re is the Reynolds number, f

is a friction factor, and their product is equal to 14.2296 for a square channel [35].

is

the hydraulic diameter and is equal to four times the area of the channel divided by the
perimeter.

is the dynamic viscosity of the air mixture and is a function of the mole

fraction of all three components in the mixture
.
where N is the total number of species in the mixture,
species and , and
derivation of

(47)
and

are the mole fractions of

is a sum of dimensionless ratios. For an in depth analysis of the

, we refer the reader to pg. 153-155 in Ref. [35]. At 65 °C,

is about

Pa s-1, depending on the values of the mole fractions.
Substituting for k and noting that

, we obtain a final expression for the

pressure drop as a function of the oxygen flow rate, oxygen pressure, and known
parameters
.
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(48)

Using a forward difference to discretize this equation, as we did with Eq. (44), results in
.

(49)

Therefore the pressure drop at step k+1 is determined by the ratio of the oxygen flow rate
to the oxygen pressure at step k. The change in oxygen flow rate is simply a function of
the total current, and that expression can be discretized to solve for
.
Determining the local oxygen pressure

(50)

is a bit more challenging. The

expression for the consumption of oxygen in the cathode flow channel is derived in a
similar manner as for methanol in the anode. The change in oxygen pressure due to
consumption is
.
where the substitution

is made. Substituting Eq. (41) for

(51)
,

we find an expression for the change in oxygen pressure similar to Eq. (42)
.

(52)

Discretizing Eq. (52) and adding it to Eq. (49) results in an expression for the change in
the total pressure of the air inlet stream at each step

.
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(53)

Because the total pressure is the sum of the partial pressures and the water vapor
pressure is constant, we can apply the expression below relating the nitrogen and oxygen
pressures in order to make a substitution and solve for each partial pressure individually.
and

.

(54)

The analysis above applies to a system where the flow channels are in a coflow
configuration, in which the methanol and oxygen flow in the same direction through the
fuel cell. If we desire, we can add the change in oxygen pressure between steps instead of
subtracting it and thereby simulate a counterflow configuration, in which the methanol
and oxygen flow in opposite directions. The only difficulty in that situation is the need to
define the oxygen pressure at the channel outlet and the oxygen flow rate at the inlet,
both of which change as we move down the flow channel. For the sake of simplicity, we
choose to use a coflow configuration in the analysis below. The oxygen stoichiometric
ratio remains very high (always above 10) in the experimental data used for validating the
model, which justifies this approach. Furthermore, the flow channels are single serpentine
with what is probably a large amount of under-rib transport, and at the high flow rates we
are considering, we expect there to be little difference between coflow and counterflow in
the current/potential regimes that are not mass-transfer limited.
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Chapter 8: Experimental Validation
8.1 NAFION MEMBRANES
The purpose of this model is to quickly and easily determine the effect of
materials properties and operational parameters, especially the membrane permeability,
conductivity, and thickness and the methanol and oxygen flow rates, on the performance
and the required size of the DMFC system. In order to fit certain parameters and
accurately predict the performance of real systems, we need to validate the model with a
control set of experimental data. One drawback to this model is the assumption of a
negligibly thin catalyst layer and simple zero-order (methanol) or first-order (oxygen)
Tafel kinetics for the complex reactions taking place at the anode and cathode catalyst
layers. Hence, the anodic and cathodic exchange current densities (
symmetry coefficients (

and

and

and the

) must be carefully adjusted to fit experimental data.

After comparison with the data, we found that the addition of a contact resistance term
was unnecessary. The base values that we use for all of the materials properties are listed
in Table 2 and do not change in the following chapters unless otherwise noted. The
values of all the kinetic and resistive properties are listed in Table 3. It is important to
note that in order to account for the effect of liquid water in the cathode, which we
assume is almost as effective as the solid medium at preventing gas diffusion, we lower
the porosity of the cathode considerably relative to the anode.
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Parameter (unit)

Value

(cm2 s-1)

Reference
O’Hayre et al. [35]

(cm2 s-1)

O’Hayre et al. [35]

(cm2 s-1)

Yaws [34]

(cm2 s-1)

Kauranen and Skou [29]

(dimensionless)

0.7

Wang and Wang [25]

(dimensionless)

0.35

Fitted to data

(dimensionless)

0.1

Assumed

0.058

Measured

0.02 (base value)

Asssumed

0.0128

Assumed

(dimensionless)
(cm)
(cm)
(g cm-3)
(dimensionless)

Incropera et al. [33]
2.5

(dimensionless)

Table 2:

Zawodzinski et al. [31]
Calculated

(cm)

0.2

Measured

(cm)

25

Measured

(cm2)

0.01

Measured

Physical Properties for Experimental Validation

As an initial check, we used data gathered by a colleague in the DMFC MURI
project, Dr. Babar Koriashy, to provide a base case scenario. He created MEAs using
Nafion 115 and varied the temperature (65 °C or 90 °C) and the cathode flow
composition (air or pure oxygen) with a 250 sccm oxygen flow rate, and a 2 ml/min
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methanol flow rate. The experiments were performed with a 1 M MeOH feed at the
anode and 20 psi of backpressure at the cathode. The resulting four cases for a single cell
with a 5 cm2 MEA are shown in Figure 10 below. The MEAs were fabricated by spraying
the respective catalyst layer inks onto each side of the Nafion membrane and then hotpressing the carbon cloth backing layers onto each side. The catalyst loading was 2.5 mg
cm-2 Pt/Ru on the anode and 2.5 mg cm-2 Pt on the cathode on unsupported carbon black.
This validation was performed to determine the accuracy of the temperature-dependent
diffusion coefficients, conductivities, and exchange current densities as well as to verify
our assumption of a constant water vapor pressure in the cathode. These experiments also
tested the validity of our choice to incorporate the effects of liquid water and carbon
dioxide into an effective diffusion coefficient rather than consider those components
explicitly.

Parameter (unit)

Value

Reference

(A cm-2)

Fitted to data

(A cm-2)

Fitted to data

(dimensionless)

0.8

Fitted to data

(dimensionless)

0.875

Fitted to data

(S cm-1)

Table 3:

O‟Hayre et al. [35]

(S cm-1)

Havranek and
Wippermann [38]

(S cm-1)

Saab et al. [39]

Kinetic and Resistive Properties for the Nafion Membranes
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Figure 10:

Simulated and experimental data for the Nafion membranes at 65 and 90 C.
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The primary discrepancy between the model and the experiments exists in the
mass transport region, especially in the 65 °C case with air. We believe this discrepancy
exists mostly because our model does not allow for varying water content in the catalyst
layer, gas diffusion layer, and flow channel of the cathode. High current density generally
corresponds with high water crossover and generation rates and lower effective oxygen
diffusion coefficients, which decreases performance. However, accounting for these
variations would have eliminated our ability to derive analytic expressions for the gas
concentrations across the thickness of the cell. We decided that a modeling scheme which
can match the experimental performance over the current and potential ranges of interest
(generally less than 300 mA cm-2) with a simple set of assumptions and a fast run time
(usually less than one minute) is of greater interest to the engineering problems of system
sizing and stack optimization.
8.2 NOVEL CROSSLINKED BLEND MEMBRANES
The cases above all employ Nafion membranes, but much work has been done in
recent years to develop new membranes with lower methanol crossover than Nafion and
comparable proton conductivity and mechanical properties. In particular, other members
of the DMFC MURI project team have reported novel crosslinked membranes based on a
blend of sulfonated poly(ether ether ketone) and carboxylated polysulfone that showed a
dramatic improvement in performance compared to Nafion. This section describes a case
study in which we compared our model with the data for their C-10 membrane from a
recent publication [23]. These tests were run at 65 C and 1 M MeOH as were most of the
tests in Section 8.1. However, the MEAs in this case used a different catalyst loading (2.0
mg cm-2 vs. 2.5 mg cm-2 above) and were fabricated by painting the catalyst inks onto the
carbon cloth backing layers and then hot-pressing each of the two sets onto opposite sides
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of the Nafion membrane. Therefore, we had to adjust the exchange current densities and
symmetry coefficients to account for the differences in the catalyst layers. The new
kinetic parameters, as well as the new membrane properties, are given in Table 4.

Parameter (unit)

Value

Reference

(A cm-2)

Fitted to data

(A cm-2)

Fitted to data

(dimensionless)

0.875

Fitted to data

(dimensionless)

0.925

Fitted to data

Table 4:

(S cm-1)

Zhu et al. [23]

(cm)

Zhu et al. [23]

(cm2 s-1)

Measured

Kinetic and Membrane Properties for the Blend Membrane
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Figure 11:

Simulated and experimental data for the blend membrane at 65 C.

Figure 11 above compares Nafion 115 to the new membranes with our simulation
overlapping both data sets. Our model predicts a noticeable improvement when using the
new membranes, but not as a large an improvement as the experiments show. Indeed, the
experimental results at high current are surprising because in that region we would expect
the higher ohmic resistance in the blend membranes to counteract the gains from lower
methanol crossover. In addition to the results shown in Figure 10, there are several
experiments in the literature, most notably from Ge and Liu [40] running under similar
conditions that show much better performance from Nafion membranes than what is
shown in Figure 11. We believe that part of the discrepancy at higher current is due to
mass-transport problems in the experiment, specifically water management, for which our
model does not account. Also, it is possible that a different construction of the catalyst
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layers, as was done with the experiments shown in Figure 10, would lead to better
performance for both the Nafion and the blend membranes. Finally, the large
discrepancies at low current could be the result of the methanol diffusion coefficient in
the blend membrane being higher during the experiment than what was measured prior to
the experiment.

Figure 12:

Performance of the blend membrane as a function of membrane thickness.

One advantage of the blend membranes is that they can be made thinner without
significantly increasing the methanol crossover, which can more than compensate for the
decrease in specific conductivity when compared to Nafion. Figure 12 simulates the
performance of the C-10 membrane reported by Zhu et al. [23] for a variety of
thicknesses under the conditions given in Section 8.1. Figure 13 does the same with
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Nafion membranes. While the thinner Nafion membranes suffer from noticeable
performance declines at low current due to crossover, the blend membranes show no drop
in performance. As we mentioned above, the measured methanol diffusion coefficient
might be lower than the actual value, but the model still clearly shows that the blend
membrane should be made as thin as manufacturing tolerances allow. The reduction in
ohmic resistance more than compensates for the increase in methanol crossover.

Figure 13:

Performance of the Nafion membranes as a function of membrane thickness.

Aside from improved performance, another significant advantage of the new
membranes is improved fuel efficiency. Using 2 M or even 4 M methanol solutions is
more feasible because methanol crossover is less of an issue and less fuel is likely to be
wasted in those scenarios. If we want to calculate the maximum fuel efficiency of the fuel
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cell, we can perform an iterative reduction of the methanol stoichiometric ratio until the
methanol concentration at the anode reaches the first-order transition value. Also of
importance when it comes to optimizing the DMFC system with new membranes are the
properties of the backing layers. The width and porosity of the backing layers must strike
a balance between allowing reactants to diffuse to the catalyst layers and providing an
effective barrier, both physically and chemically, between the reaction zones and the flow
channels. The anode backing layer is of particular importance because it must allow
enough methanol to reach the anode catalyst layer so as to promote the desired reaction
while not allowing so much methanol so as to promote crossover. Chapters 3 and 4
address fuel efficiency and backing layer properties in detail, so the subsequent sections
will not elaborate further on these issues.
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Chapter 9: The Effect of Methanol and Oxygen Flow Rates on System
Size and Performance
Because portability is of primary importance in the applications where DMFCs
might be used, we want to use this model to compare the power consumption of the air
blower and compressor to the stack power output for a range of methanol and air flow
rates. The less methanol and oxygen that are used and the more slowly those reactants are
passed through the flow channels, the smaller we can make the supporting system
components. Ideally, there would be no methanol crossover, and all of the reactants in the
system would either be consumed in the desired reaction or exit the flow channels,
perhaps being recirculated through the system to be consumed later. In this case, the size
of the supporting system components would be solely dependent on the demand for
current. However, the existence of crossover and the potential for wasted fuel means that
the size of the tank and the blower also depends on the fuel efficiency.
If reducing the size of the system components were our only concern, then we
would like to run the cell as lean as possible with a very low stoichiometric ratio.
However, running a lean feed will result in performance losses compared to running at a
high stoichiometric ratio. We are especially concerned with avoiding the transition from
zero-order to first-order kinetics for the methanol oxidation reaction. Rather than model
this complicated transition, which would require a substantial increase in overpotential at
the anode and a corresponding loss in performance [27], we ensure that the optimized
system remains above any such transition by requiring the feed concentration to remain
above a minimum value throughout the flow channel. In doing so, we impose a constraint
on the minimum allowable stoichiometric ratio at the anode. At the cathode, our only
constraint on the stoichiometric ratio is that the oxygen concentration at the cathode
catalyst layer remains above one.
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9.1 METHANOL FLOW RATE
When the fuel cell is operating under the condition of zero-order kinetics, its
performance is largely independent of the anode flow rate. As long as the methanol
concentration in the anode remains safely above its first-order transition value, we want
to use as low a flow rate as possible to avoid crossover and wasted fuel. Using the model
to predict this minimum flow rate would be useful in determining parameters for fuel cell
design and operation.
The scenario presented in Figure 14 below compares the power output of a fuel
cell operating at 300 mA cm-2 current using Nafion 115 to fuel cells using blend
membranes of the same thicknesses (represented by the blue lines) as in Figure 12. The
operating conditions and the cell design are the same for the Nafion and blend
membranes. In this case, the minimum methanol flow rate is

, which

corresponds to about 0.25 ml min-1 and an average methanol stoichiometric ratio of 1.6.
Since the model cannot handle the transition to first-order kinetics, the three points below
that transition are generated by lowering the desired current until the methanol
concentration remains above the transition value all the way to the anode exit. Hence, the
power output of the cell must decrease either by incurring a drop in cell voltage due to
the transition to first-order kinetics or by lowering the current until that transition is
avoided. In designing a system under our given conditions, we would want to keep the
methanol flow rate close to this value but safely above it to maximize performance and
efficiency.
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Figure 14:

Cell power output as a function of methanol flow rate for a desired current
of 0.3 A cm-2.

9.2 OXYGEN FLOW RATE
The situation is similar when we consider the oxygen flow rate under the same set
of conditions. Given the low flow rates that we are using, the power consumption of the
air blower and air compressor will scale linearly with the flow rate in the cathode flow
channel. Therefore, as with the anode flow rate, we would expect at to see a point at
which the extra power generated by the fuel cell does not justify increasing the flow rate.
The power output of the compressor is given by [41]
.
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(55)

where

is the heat capacity at constant pressure divided by that at constant

volume,

is the inlet oxygen pressure in the cathode flow channel,

is the

air compressor efficiency and the coefficient of 371 has units of J K-1 m-3.
The blower power output can be found using the specific fan power (SFP)
.

(56)

The lowest SFP values for small commercial fans operating under normal conditions is
approximately 500 W s m-3 [42], so we choose to use that value through this analysis.
Note that we need to convert the oxygen flow rate from mol s -1 to m3 s-1 through
multiplication by the molar volume. Although the compressor uses much more power
than the blower, the performance gain achieved by raising the cathode input pressure is
substantial and the need to maintain a high oxygen concentration in the presence of
methanol crossover is imperative. Therefore, we chose to include a compressor
throughout this analysis.
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Figure 15:

Net power output of a 100 cell stack as a function of oxygen flow rate for
desired currents of 0.05 A cm-2 and 0.3 A cm-2.
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Figure 15 above shows the power output of a DMFC stack containing 100 5 cm2
cells as a function of oxygen flow rate. As expected, the 80 μm thick blend membranes
outperform the Nafion 115 membranes, and the 1 M MeOH feed stream is always better
than 2 M MeOH due to zero-order methanol kinetics. Similar to what was done in Figure
14, the desired current is lowered at low flow rates in order to keep the oxygen pressure
above zero across the entire cathode. However, in some cases at 50 mA cm-2 the current
cannot be lowered any further, and so the fuel cell cannot run at all below those cutoff
flow rates. The 2 M Nafion 115 case in particular shows a much higher cutoff flow rate
than the blend membranes. This low current scenario is where the blend membranes have
the greatest advantage over the Nafion membranes.
In all of these cases, the power demand of the compressor and the blower is a
substantial fraction of the power output of the fuel cell stack. At the optimum flow rate in
the 300 mA cm-2 scenario, the power output of the 100 cell stack is about 40 W, and the
power consumption of the compressor and the blower is about 4 W, or 10% of the total
power output. That fraction only gets larger as the flow rate increases because the
performance gains become smaller and smaller while the power consumption of the
system components continues to increase linearly. The oxygen reduction reaction is first
order, so there is a noticeable performance penalty to be paid for operating close to the
cutoff flow rate. However, until the flow rate is within about

of the

cutoff flow rate, that penalty is more than compensated for by the lower power
consumption of the system components. Therefore, as with the methanol flow rate, it is
important to keep the oxygen flow rate as low as possible while not allowing the oxygen
pressure to fall close to zero such that substantial performance losses are incurred.

56

Chapter 10: Conclusions
In this work, a simple engineering model is developed that directly relates the
materials properties of the direct methanol fuel cell - including diffusion coefficients,
membrane thickness, and proton conductivity - and operating parameters – most notably
the methanol and oxygen flow rates - to the fuel cell performance and the size of system
components such the methanol storage tank and the air blower. The model is created by
deriving analytic solutions for the methanol and oxygen concentrations across the
thickness of the fuel cell and by applying Tafel kinetics to determine the average cell
current density for a fixed cell voltage. The benefits of the model include run time of less
than a minute for a single current-voltage curve in a MATLAB simulation environment
and the ability to handle a wide range of parameter spaces.
In Chapters 2-4, analytic expressions are used to describe the methanol
concentration profile and to illustrate the effects of materials properties and system
design on the fuel efficiency of the direct methanol fuel cell. Fuel efficiency is calculated
by taking the ratio of the amount of methanol that is consumed in the desired reaction to
the total amount that enters the fuel cell. By requiring the stoichiometric ratio to be
maintained above a minimum value at the stack exit, a maximum achievable fuel
efficiency is calculated. Optimizing the fuel efficiency based on the limiting current at the
anode requires matching the backing layer properties to the feed concentration and to the
load requirement. Lowering the diffusion coefficient in the membrane always improves
the fuel efficiency by lowering methanol crossover, especially in the low current
scenario. Altering the electroosmotic drag coefficient of methanol in the membrane has
very little effect on the fuel efficiency unless either the current or the drag coefficient is
very high. The size of system components is also calculated based on the required
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methanol flux into and out of the cell operating at maximum efficiency. In general, the
size of the fuel tank and other components decreases as the feed concentration and
current requirements decrease.
In Chapters 5-9, the analytic solutions for the oxygen concentration profile are
developed and the Butler-Volmer equation is used to describe the anodic and cathodic
overpotentials. Using the extended model, current-voltage curves are created and the
effects of the cathode and anode operating parameters are analyzed. The model is
validated using experimental current-voltage data taken at 65 °C and 90 °C with air and
oxygen cathode feeds. The model is then applied to forecast the benefits of using new
low-crossover membranes and was compared to published data from Zhu et al. Finally,
the model is used in a case study to illustrate the effect of changing the methanol and
oxygen flow rates on fuel cell performance and the net power output of the fuel cell
stack. The tradeoff that exists between stack performance and the power consumption of
the blower, compressor, and other system components dictates that there exists an
optimum set of operating conditions for any portable DMFC with size constraints.
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Glossary
Roman Symbols
superficial area of the anode
cross-sectional area of the flow channel
methanol concentration at the anode
methanol concentration in the anode feed stream
methanol feed concentration at channel inlet (z = 0)
concentration of liquid water in the membrane
diffusion coefficient of component i in component j
effective diffusion coefficient of component i in j
diffusion coefficient of methanol in the membrane
of oxygen in the cathode catalyst layer
hydraulic diameter of the flow channel
air compressor efficiency
friction coefficient of air in the flow channel
h
size of each iteration step in the flow channels
current through the external circuit
crossover current
anodic reference exchange current density
cathodic reference exchange current density
limiting current in the anode backing layer
backing layer limiting current at anode channel inlet
cross-sectional area to flow in cathode flow channel
width of the anode backing layer
width of the cathode backing layer
width of the membrane
width of the catalyst layers
length of the flow channels
dimensionless parameter (no physical meaning)
flow rate of component i through region j
flow rate of component i in the cathode flow channel
methanol flow rate into the anode flow channel inlet
oxygen flow rate into the cathode flow channel inlet
absolute pressure of component i
pressure of component i in the bulk flow channel
oxygen pressure at the cathode backing layer surface
oxygen pressure at the cathode catalyst layer surface
reference oxygen pressure
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cm2
cm2
mol cm-3
mol cm-3
mol cm-3
mol cm-3
cm2 s-1
cm2 s-1
cm2 s-1
cm2 s-1
cm
dimensionless
dimensionless
cm
A cm-2
A cm-2
A cm-2
A cm-2
A cm-2
C cm-2 s-1
cm2
cm
cm
cm
cm
cm
dimensionless
mol s-1
mol s-1
mol s-1
mol s-1
N m-2
N m-2
N m-2
N m-2
N m-2

SFP

input oxygen pressure in the cathode flow channel
saturated vapor pressure of water
oxygen pressure in the cathode backing layer
oxygen pressure in convective flow channel regions
total pressure in the cathode backing layer
power consumed by the air compressor
power consumed by the air blower
Reynolds number of cathode air flow
stoichiometric ratio of methanol or oxygen
total number of iterations down the flow channel
Sherwood number for a square channel
specific fan power
time of fuel cell operation
standard cell potential
anodic activation overpotential
cathodic activation overpotential
total cell potential
molar volume of the methanol and water feed stream
velocity of methanol in the anode flow channel
velocity of air in the cathode flow channel
velocity of oxygen in the cathode flow channel
flow channel separation width
mole fraction of component i
distance down the flow channel
normalized distance down the flow channel

Greek Symbols
anodic transfer coefficient
cathodic transfer coefficient
ratio of methanol concentration to its limiting value
porosity of the anode backing layer
porosity of the cathode backing layer
porosity of the catalyst layers
proton conductivity of the membrane
proton conductivity of the anode catalyst layer
proton conductivity of the cathode catalyst layer
dynamic viscosity of component i
effectiveness factor of cathode catalyst layer
ratio of flux due to drag relative to diffusion
Nafion volume fraction in the catalyst layer
sum of dimensionless ratios (pg. 153-155 in Ref. [18])
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N m-2
N m-2
N m-2
N m-2
N m-2
W
W
dimensionless
dimensionless
dimensionless
dimensionless
W s m-3
s
volts
volts
volts
volts
cm3 mol-1
cm s-1
cm s-1
cm s-1
cm
dimensionless
cm
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
S cm-1
S cm-1
S cm-1
Pa s-1
dimensionless
dimensionless
dimensionless
dimensionless

ratio of ilim0 to the current through the external circuit
density of liquid water
Thiele modulus
ratio of limiting current in backing layer and membrane
ratio of feed concentration to initial concentration
electroosmotic drag coefficient of water
electroosmotic drag coefficient of methanol
electroosmotic drag factor of methanol
heat capacity ratio (
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dimensionless
g cm-3
dimensionless
dimensionless
dimensionless
cm3 mol-1
cm3 mol-1
dimensionless
dimensionless
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