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ABSTRACT

Alkaline fuel cells are low temperature fuel cells for which
stationary applications, like cogeneration in buildings, are a
promising market. To guarantee a long life, water and thermal
management has to be controlled in a careful way. To
understand the water, alkali and thermal flows, a two-
dimensional model for an alkaline fuel cell module is
developed using a control volume approach. Special attention is
given to the physical flow of hydrogen, water and air in the
system and the diffusion laws are used to gain insight in the
water management. The model is validated on the prediction of
the electrical performance and thermal behaviour. The positive
impact of temperature on fuel cell performance is shown. New
in this model is the inclusion of the water management, for
which an extra validation is performed. The model shows that a
minimum temperature has to be reached to maintain the
electrolyte concentration. Increasing temperature for better
performance without reducing the electrolyte concentration is
possible with humidified hot air.

INTRODUCTION

Our future energy market will have to find solutions to stop
our growing energy demand and to integrate as much
renewable energy as feasible on the supply side. This will lead
to an future energy market in which distributed generation will
play a significant role [1]. At the demand side buildings are
still responsible for a large part of energy use. In this prospect
micro combined heat and power (micro-CHP) systems for
building applications are getting more attention [2, 3].

Compared to other technologies fuel cell based systems
have a high power to heat ratio even at small sizes, because
they are modularly built. Therefore, fuel cell based micro-CHP
have the potential to reduce gas emissions and primary energy
use in residential dwellings or buildings with a relatively low
heat de-mand [4, 5, 6]. Four prominent fuel cell technologies
are suitable as micro - CHP for building applications: solid
oxide fuel cells (SOFC), proton exchange membrane fuel cells
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(PEMFC), phosphoric acid fuel cells (PAFC) and alkaline fuel
cells (AFC) [7].

Compared to the others the AFC hass the potential of a
cheaper construction, as it can be produced by relatively
standard materials and does not require precious metals [8, 9].
This led to renewed interest in AFC technology [5, 9]. Next to
lifetime improvements and handling degradation, the biggest
advancements and reduction in total environmental impact are
to be expected in reducing catalyst loading and optimising the
overall system [5].

To optimise the overall system of a more compact and
more energy efficient AFC-based micro-CHP for buildings it is
necessary to understand the complete heat and water
management of an AFC. In earlier work a thermal model of an
alkaline fuel cell was built in Aspen Custom Modeller [11]. The
model combined prediction of electrical performance and
thermal behaviour, but had no interest in water management.
The objective of this study is to build a model which provides
insight in the water management of the fuel cell and to study
new control strategies for an AFC system.

NOMENCLATURE

(0] [W] heat

T [K] Temperature

z [em] 1D distance over diffusion layer
P [Pa] Presure

R [J/kg.K] Universal gas constant
y [-] Molar fraction

N [mol/(s.m?)]  Molar flux

D [cm?/s] Diffusion coefficient
Subscripts

w Water / Water vapour
H Hydrogen
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MODEL DEVELOPMENT
General operation
An overview of the general operation of an AFC system is
given in [12]. As shown in Figure 1 an AFC operates by
introducing hydrogen at the anode and oxygen/air at the
cathode.
e At the hydrogen inlet a gas mixture of water vapour
and hydrogen enters the gas chamber of the fuel cell.
The hydrogen diffuses out of the gas chamber into the
working area of the anode.
e At the oxygen inlet CO2-free air or pure oxygen
arrives in the gas chamber. The oxygen diffuses into
the working area of the cathode to take part in the

reaction.
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Figure 1 Working principle of an alkaline fuel cell.

Both electrodes, anode and cathode, are separated by a
circulating electrolyte, a 6M potassium hydroxide solution
(Fig.1). At the anode hydrogen reacts with hydroxyl ions into
water and free electrons, Eq. (1):

Hy+20H™ - 2H,0+2e” €))
Within the electrolyte, the water is transported from the anode
to the cathode. An external electric circuit leads the electrons to
the cathode. At the cathode oxygen reacts with water and
electrons into hydroxyl ions, Eq. (2):

20,4+ H,0+2e" > 20H 2)
These ions ow from cathode to anode through the electrolyte, to
sustain the total electrochemical reaction. Combining both
reactions the overall reaction, Eq. (3), shows that the end
product is water, which can be removed in one or both gas
streams or in the electrolyte, depending on the fuel cell
configuration.

H2+%02—> H,0 3)

587

The overall reaction is exo-energetic. This energy has an
electric part, which is transferred in the external electric circuit,
and a thermal part, which results in a temperature rise inside the
fuel cell. To maintain the overall fuel cell temperature, heat is
removed by outlet mass flows or by losses to the environment.

Model assumptions

As discussed in [11] several models were already presented
(See references in 11). Most of them focused on the electrical
behaviour, one of them made assumptions on the mass balance.
All previous models made assumptions on the water removal
and suggested that it occurred in one of the gas streams. These
assumptions were used as a boundary condition for the model.

In this work the water management will be a model result

instead on a model input or boundary condition. Also the
possibility of water disposal into the electrolyte, is included.

For the model a control volume approach is used. The
model is divided into 5 areas (See Fig.2), each with their own
physical and thermodynamic behaviour. For each control
volume the mass and energy balance are posed. Next to this, the
following assumptions were made:

e Dynamic pressure losses within the fuel cell are
neglected. In this way the total pressure can be
assumed constant over the entire fuel cell. The same
approach is used for a PEM fuel cell in [12], which is
more critical than AFC to pressure drops, because it
has no liquid electrolyte.

e The temperature is assumed to be uniform in each
control volume and all output flows have this

temperature, which is similar to the approach in [11,
12].

e The partial pressures within the gas chambers are the
mean (partial) pressures of the input and output flow
in the direction of the gas.

e The heat losses from the gas chambers to the
environment are neglected, because the heat transfer
surface is relatively small. All heat losses to the
environment are therefore modeled as heat losses of
the fuel cell body to the environment.

The five parts which are considered in the control volume
model, are the anode and cathode gas chambers (AGC and
CGC), the anode and cathode gas diffusion layers (AGDF and
CGDF) and the fuel cell body (FCB), where the reaction takes
place (See Fig.2). The model is modularly built. In this way a
more detailed model can be obtained by serially connecting
several individual models. Table 1 gives an overview of the
molar and energy flows shown in figure 2. New elements in
this model, compared to earlier work [11] are:

e that the hydrogen and oxygen consumption and the
water vapour removal of the fuel cell model is based
upon diffusion laws. The diffusion is described by the
Stefan-Maxwell equation, Eq.(4):
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e that the water vapour in the fuel cell body is assumed

to be saturated. In this way a direct relation between
cell temperature and partial pressure of water vapour
can be posed, Eq.(5):
(%)
Figure 2 Lay-out of the alkaline fuel cell model (See Table 1
for a detailed description,).
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Model development
Anode gas chamber.

A mixture of hydrogen and water vapour (A) enters the gas
chamber at certain temperature and pressure. Part of the
hydrogen diffuses into the fuel cell (C), part of the formed
water is removed by water vapour (D) in the hydrogen gas
stream. A mixture of hydrogen and water vapour leaves the gas
chamber (B) at normally a higher temperature and at same
pressure.

The mass and energy balances are used to relate all
variables to the input. In the mass balance it is taken into
account that the system subject to our research is an end —of-
pipe-system, which means no hydrogen leaves the last gas
chamber (B).

In the energy balance the heat flux is considered to be
convective and related to the gas speed [11].

The (partial) pressure of C and D are an weighted average
of the partial pressures of hydrogen and water vapour in flows
A and B.

Cathode gas chamber.

A similar approach is used for the cathode side, wet air
(oxygen, nitrogen and water vapour) enters(M) and leaves the
gas chamber (N). Next to an extra component, nitrogen, the
cathode side isn’t end-of-pipe. This will result in two extra
degrees of freedom in the mass balance. The rest is similar to
the anode.

Name Description

AGC Anode gas chamber, part of the hydrogen flow
channel in contact with the fuel cell.

AGDF Anode gas diffusion layer, boundary layer where
gasses (hydrogen and water vapour) diffuse into
and out of the fuel cell.

FCB Fuel cell body, existing out of both catalytic
layers (with the electrodes) and out of the
separator layer (the electrolyte, in which the ion
transport takes place.)

CGDF Cathode gas diffusion layer, boundary layer
where gasses (oxygen and water vapour) diffuse
into and out of the fuel cell.

CGC Cathode gas chamber, part of the air flow
channel in contact with the fuel cell.

A Input molar flow at the anode, containing
hydrogen (and water vapour).

B Output molar flow at the anode, containing water
vapour (and hydrogen). \\

C Molar flow of hydrogen, diffusing from AGC
into FCB, at the boundary with AGC. \\

D Molar flow of water vapour, diffusing from FCB
into AGC, at the boundary with AGC. \\

E Molar flow of hydrogen, diffusing from AGC
into FCB, at the boundary with FCB. \\

F Molar flow of water vapour, diffusing from FCB
into AGC, at the boundary with FCB. \\

G Input molar flow for FCB, containing electrolyte
(water).

H Output molar flow from FCB, -containing
electrolyte (water).

I Molar flow of oxygen, diffusing from CGC into
FCB, at the boundary with FCB.

J Molar flow of water vapour, diffusing from FCB
into CGC, at the boundary with FCB.

K Molar flow of oxygen, diffusing from CGC into
FCB, at the boundary with CGC.

L Molar flow of water vapour, diffusing from FCB
into CGC, at the boundary with CGC.

M Input molar flow for CGC, containing (wet)air

N Output molar flow from CGC, containing wet air

Quanode Energy flow: (convective) heat transfer from
FCB to AGC.

Qcathode Energy flow: (convective) heat transfer from
FCB to CGC.

Qsuroundings ~ Energy flow: heat losses to the environment.
Electricity  Energy flow: generated electricity.
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Table 1 Description of the control volumes and the molar and
energy flows in Fig.2.

Anode gas diffusion chamber

Between gas chamber and active surface a layer can be
defined in which the diffusion or migration of the gases
towards the reaction zone takes place. In absence of a global
pressure drop between the gas chamber and fuel cell body, the
driving force behind this migration is the concentration



difference of the gases between the gas chamber and the
boundary of the fuel cell body.

This concentration difference is captured in the partial
pressure difference between fuel cell body and gas chamber.
The pressure of the intermediate flows (C,D,E,F) in the model
are in fact partial pressures. For example pressure of C is the
partial pressure of hydrogen in the anode gas chamber and
pressure of E will be the partial pressure of hydrogen at the
boundary with the fuel cell body. Taking this into account the
Stefan-Maxwell equation (4) results in one independent
differential equation, describing the diffusion and the lack of
global pressure drop between the two boundaries (one of the
assumptions, mentioned above).

dyy _ RT yn-(Nw+Nu)—Ny
dz P’

Q)

DHW

As boundary condition the molar fraction in the gas
chamber is set equal to a weighted mean of input and output
flow, which was also the case for the (partial) pressure.
Therefore at the anode side the molar fractions are in relation to
the pressures of C and D. At the side of the fuel cell body (z=
Lgpr ) they are in relation to those of E and F.

Cathode gas diffusion chamber

A similar approach can be used at the cathode side, only this
time the extra component, nitrogen, results in an extra coupled
diffusion equation. This will result in a second degree
differential equation for the molar fraction of oxygen. The
boundary conditions are similar to those for the anode.

Fuel cell body

Next to the equations given in [11] equation (5) will be used
to determine the boundary conditions for the diffusion at the
side of the fuel cell body.

In the mass balance the law of Faraday relates hydrogen,
oxygen, formed water and electric current to each other.

The energy balance does not only consist of molar flows
and heat fluxes to other control volumes, but also to heat losses
to the environment and electricity generation. The electrolyte
flow (G and H) is modeled to be liquid water.

MODEL VALIDATION

The model is validated using experimental data which were
generated with the AFC system described in detail in [ Fout!
Verwijzingsbron niet gevonden., Fout!

Verwijzingsbron niet gevonden.]. Part of these
experimental results were discussed in [11]. Further data
analysis is performed to evaluate the new element in the model,
i.e. the water management.

Experimental set-up

Figure 3 shows a schematic view of the experimental set-up.
Table 2 gives a brief description of the main operating
parameters, marked on Fig.3.
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ON CO2-scrubber L J—— mpue Air

Ambient
temperature

Input:
Hydrogen
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Qutput

RO

Figure 3 Experimental set-up (description in Table 2)

Electrolyte

Parameter  Description Measuring
method

a Ambient temperature (input Direct
temperature for air and hydrogen
supply)

b Air flow Indirect

c Air temperature Estimated

d Output air temperature Direct

e Electrolyte flow Indirect

f Input electrolyte temperature Direct

g Output electrolyte temperature Direct

h Total voltage, Current, cell voltages Direct

i Level of the electrolyte in the tank  Direct
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Table 2 List of operating parameter marked on Fig. 3

For a detailed description of the parameters a to h in the
experimental set-up we refer to earlier work, where the same
experimental data were used to validate a previous model [11].
Next to the already discussed parameters the level of electrolyte
is measured (point i). The measurement however is not that
precise, because the water surface is not stable.

This is caused by the KOH-pump which switches between
working steps and by the output air flow which passes over the
electrolyte tank. Only an evaluation of the water level - with
consideration of changes in electrolyte flow (point e) - over a
long period of time will indicate when there is a net evaporation
of water (electrolyte) or when there is a net formation of liquid
water during this period of time.

Model validation

Current-which is directly proportional to the input hydrogen
flow - input air flow rate, input electrolyte flow rate and input
electrolyte temperature are used as input parameters for model



validation. The model is used to predict electrical performance,
thermal behaviour and water management.

The model will be validated on these three aspects, which can
be characterized by voltage, output temperatures for both
electrolyte and air and by output flow rate of the liquid
electrolyte. The validation is performed in two stages.

e  First the model is compared with the previous model
[11] and validated regarding the prediction on voltage
and thermal behaviour, using a number of
experimental data. The selection of these working
points is described in [11].

e Secondly the water management is validated by
selecting a long period in which the fuel cell is
relatively stable and the electrolyte level is monitored.

Validation with existing experimental data

As described in ref. [11], all measured parameters are subject to
instabilities. Data analysis led to a data set of 50 working
points. The measured parameters, which are used as model
input, are illustrated by a representative selection of data points.
This selection is based on current and electrolyte temperature,
the two most determining input parameters. The first two
working points are representative for the range in which the
data were obtained: the first one represents the lower bound and
the second one the upper bound for both current and electrolyte
temperature. The next four data points are all measured at the
same average current, over a wide range of electrolyte
temperatures. The last four are all measured at about the same
average electrolyte temperature over a wide range of currents.
The measured and modeled output parameters of these ten data

points are shown in figures 4, 5 and 6.

In each of these figures the experimental data are compared
to the model also ref. [11] and to this new model, described in
this paper.

e The experimental output is represented by dots with
error bars, which represent the instability on the
measurement.

e The output of the model is represented by a floating
bar. The line in the middle of this bar represents the
modeled output of the mean input. The outer limits
represent the measurement error on the input values.

e The results of the previous model in [11] is
represented with a circle. For this model the
measurement error on the input parameters was not
taken into account.

In Figure 4 the prediction on electric performance is shown.
The data is arranged by ascending current and electrolyte
temperature, in case of similar currents (data points 7 to 10).
The model shows a better performance on prediction of the
voltage, compared to [11].

In Figures 5 and 6 the thermal behaviour is shown. Figure 5
shows the prediction of the output electrolyte temperature. The
model has comparable results to [11], in predicting the
electrolyte temperature.

590

77

Upper bound model results
model results (based on mean input)

lower bound model results

T

75 A

positive error

I experimental value

== (O model in[11]

Th

negative error

8

71 A

Total voltage (V

67 A

g

65 L L L L L L L L L
1 3 4 7 8 9 10 5 6 2

Identification number of the working point (#)

Figure 4 Model verification on electric performance (voltage)
with a number of working points arranged by ascending
current and temperature in case of equal current (points 7 to
10). For every point the model prediction (floating bars) is

compared to the experiments (dots) and the model
in[11](circles).
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Figure 5 Model verification, output electrolyte temperature.
Data points 3 to 6 have all the same input electrolyte
temperature and are arranged by ascending current. Data
points 7 to 10 have all the same current and are arranged by
ascending input electrolyte temperature. Data points 1 and 2
are the two most extreme values, considering current and input
electrolyte temperature. For every point the model prediction
(oating bars) is compared to the experiments (dots) and the

model in[11](circles).
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Figure 6 Model verification, output air temperature. Data
points 3 to 6 have all the same input electrolyte temperature
and are arranged by ascending current. Data points 7 to 10
have all the same current and are arranged by ascending input
electrolyte temperature. Data points 1 and 2 are the two most
extreme values, considering current and input electrolyte
temperature. For every point the model prediction (floating
bars) is compared to the experiments (dots) and the model in
[11](circles).
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Figure 7 Measured fluctuation of the electrolyte level in the
KOH-tank during time of the experiments. Six periods are
selected in which the input parameters are relatively stable and
marked on the figure.

Figure 6 shows the prediction of the output air temperature.
For all 50 working points there is an overlap. Next to that, the
relation with the electrolyte temperature is noticeable, both in
the measurements as in the model. Therefore, the model is
acceptable to predict thermal behaviour. Still the prediction of
the air temperature is sensitive to the air flow, the parameter
with the highest error range. As a result the modeled output
shows a large difference between upper and lower boundary.
The most remarkable result is the lower bound in working point
9. This represents an impossible situation, due to the high
standard deviation in the measured air flow. The point however
shows one of the limitations of the model, since it is assumed
that the air flow is controlled to be at least sufficient to
compensate the hydrogen input in Faraday's law. This
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assumption is not fulfilled in point 9, so the model cannot be
used with those input conditions.

Water production: Model vs measurements

1 &

£

T : :

® Fuel cell model

|
|

Modelled water production [kmol/hr]

+ Fuel cellmodel |—
with correction
elektrolyte tank

Measured rise angle of the electrolyte level [x/s]

Figure 8 Prediction of liquid water production vs measured
rise of electrolyte level. Both for the fuel cell model (triangle)
as for the extended model with the electrolyte tank (dots) the
model results are set as a function of the measurements.

Validation on the water management

To validate the model regarding the water management, the
level of the electrolyte in the KOH-tank is monitored in time
over the duration of the experiments (Fig.7). In this time period
it was possible to determine 6 periods in which the electrolyte
level shows a clear and steady change and in which the
variation on the inlet conditions was relatively stable.

These conditions were used as input data for our model to
predict the water production in the electrolyte flow, which will
result a rise (or reduction) of the electrolyte level in the KOH-
tank. If the model is representative to reflect the measurements,
the modeled water production is directly proportional to the
speed at which the measured electrolyte level rises.

In Figure 8 the model results for the formation of liquid
water in the electrolyte flow (Y-axis) are set as a function of the
measured rise per unit of time of the electrolyte level in the
KOH-tank (X-axis). These data sets are represented by the
triangles, which are expected to be in a straight line through the
origin. However, when the electrolyte level drops the model
overestimates the formation of liquid water in the electrolyte.

This could be due to the fact that the output air, which is not
saturated, passes the tank. Assuming that this passage will
result in an increased relative humidity (RH%) of the output air,
more water will be evaporated at higher air flow rate and higher
temperature, resulting in a lower electrolyte level.

To verify this the evaporation in the electrolyte tank is
modeled as a function of electrolyte temperature, electrolyte
flow rate, air flow rate, air temperature, relative humidity of air
and percentage of evaporation: 0 means no evaporation - 100
means that the air is completely saturated.

Adding the evaporative effect of the KOH-tank to the model
validation shows that the model predictions on the production
of liquid water are confirmed by the experimental results (See
figure 8). These are presented by the dots, which are aligned
including the origin. This means that the model extension is
sufficient and important to understand the results of the
experimental set-up.



ANALYSIS OF THE WATER MANAGEMENT

With the validated model a sensitivity analysis is performed
to gain insight in the effect of every input parameter on the
water management within the fuel cell. For the analysis the
influence of seven parameters is examined (See Table 3). The
cumulated influence of the first two parameters, current and
electrolyte temperature with any other parameter is examined at
every new condition, determined by the other ve parameters.
Table 3 presents an overview of the different inputs that are
analysed below.

Parameter average minimum maximum stepsize
Current 20A-80A 20A 80A 10A
Input KOH temp  30°C-75°C 30°C 75°C 15°C
Input air temp 20°C 5°C 65°C 15°C
Input air RV% 0% 0% 100% 50%
Input air flow 25 1 8 1,5

(air ratio)

KOH flow 20,5 kmol/hr 19 kmol/hr 22 kmol/hr 1,5 kmol/hr
Temp 20°C -10°C 50°C 15°C
surrounding

Table 3 List examined parameters

Influence of the electrolyte

To evaluate the influence of the electrolyte, both electrolyte
flow rate and electrolyte temperature at the input were set at
different values.

The electrolyte flow shows no significant influence on the
water management. The electrolyte temperature however has a
large impact on the water management. In figure 9 is shown
that at low electrolyte temperature almost no water vapour
diffuses and that the formed liquid water is proportional to the
current, which is directly linked to the generated water (See
also figure 10).

The impact of the electrolyte temperature on the
evaporation is proportional to its impact on the saturation
pressure. At least a temperature of about 55 °C has to be
reached to avoid net rise of liquid water in the electrolyte flow.
At lower temperatures the saturation pressure drops rapidly.
Because of this the driving force for the water vapour diffusion
is strongly reduced. As a result liquid water builds up due to the
formation of water, which is not transported out of the fuel cell
by diffusion. For the same reason, but now in the opposite
direction, there is a net evaporation at temperatures higher than
75_C, at least for currents within nominal working range (20A
to 80A). To avoid dry out of the fuel cell, 75°C is to be set as a
maximum temperature when working with dry or cold air. This
will limit the electric efficiency since this is higher at higher
temperature [11].

Influence of current

At low temperature current has no significant influence and
all formed water will end up in the electrolyte flow. Figure 10
shows that for every input electrolyte temperature higher than
the minimum value (about 55°C) a current can be found at
which all formed water is evaporated and diffuses into the gas
streams. This is interesting regarding steady state working
points.
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Influence of the input air
To understand the influence of the air stream, three

parameters were evaluated:

e the air ratio or the actual air flow rate in relation to the

necessary air flow rate

e the relative humidity

e the air temperature
Figure 11 shows that a higher air ratio has a negative effect on
the net formation of liquid water. The relative impact of an



increased air ratio reduces after a ratio of 2,5 to 4 (See Fig. 11).
Naturally, the impact of the air ratio on the evaporation of

the electrolyte tank is directly related, as shown in the model
validation.
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Figure 12 Sensitivity of liquid water production to relative
humidity and air temperature. For 8 different combinations of
currents (204 or 80A), electrolyte temperature (30°C or 75°C)
and air temperature (20°C or 50°C) the net formation of liquid
water is set as a function of the relative humidity of the input
air.

Next to the air ratio, the temperature and relative humidity
will be of importance. Their effect however, is relatively low. If
the input air is dry, the air temperature has only a very small
positive effect on the diffusion, which results in a lower net
liquid water formation.

The relative humidity only has a large impact at high input
air temperature (See Fig. 12). At lower temperature the water
vapour content of saturated air is a lot lower and will have no
significant influence on the water vapour content of the heated
output air stream. To avoid dry out of the fuel cell a maximum
temperature of the electrolyte has to be respected. However,
this statement was posed using dry and cold air as inlet for the
cathode. In Fig. 12 is shown that at higher electrolyte
temperature it is still possible to maintain water content of the
electrolyte flow, if hot humidified air is used as input for the
fuel cell. Because electrolyte temperature has a positive effect
on the fuel cell performance [11], this could increase the
efficiency of the fuel cell.

CONCLUSION

A model of an alkaline fuel cell is created in Matlab. The model
predicts the thermodynamic behaviour and water management
of the fuel cell and is validated with experimental data from a
system designed for CHP-applications. The influence of the
input parameters on the water management is investigated.
e To maintain the concentrations within the electrolyte,
a minimum electrolyte temperature has to be reached
(about 55_C) to operate at low current.
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e Higher currents will require higher input temperatures
of the electrolyte to maintain the electrolyte
concentration.

e The electrolyte temperature at a given current can be
increased without dry out using hot humidified air.

e An air ratio higher than 2,5 is no more effective as a
control paramater to maintain electrolyte concentration
within the fuel cell.
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