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Abstract

Alkaline fuel cells are low temperature fuel cells for which stationary applica-
tions, 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 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 vali-
dation 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.

Key words: Alkaline Fuel Cell, Model, Heat Management, Water

Management, Cogeneration, Performance

*Corresponding Author:
Email addresses: ivan.verhaert@khk.be (Ivan Verhaert )

Preprint submitted to Elsevier May 24, 2011



Nomenclature

(hA) overall conductance (W/K)

A effective area of the fuel cell (m?)
D Diffusion constant(m?/s)
ENernst thermodynamic potential (V)

F molar flow rate (kmol/hr)

Far constant of Faraday (C/mol)

G Gibbs free energy (GJ/kmol)

h total enthalpy (GJ/kmol)

load current (A)

N; molar flux (mol/m? - s)

DI (partial) pressure of flow I(bar)
P power (W)

Q heat (W)

R universal gas constant (J/mol.K)
T temperature (°C)

U voltage (V)

v velocity (m/s)

Yi molar fraction of species i(-)

z 1-dimensional coordinate of location in the diffusion layer (m)
Re Reynolds number (-)

Nu Nusselt number (-)

¢ coefficient j for the electrochemical model (*)
! transfers coefficient (-)

n overvoltage (V)

Subscripts

an anode

cat cathode

FCB fuel cell body

e electrical

el electrolyte

surr surroundings

W water/water vapour

AB

yDy...

identification of flow



1. Introduction

In a changing climate of energy supply and demand, distributed generation
will play a significant role in our energy market [I]. Despite efforts in improved
insulation and air tightness, building heating is still responsible for a large part
of energy use in the world. 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 offer 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 demand [4] [5]
0]. Four prominent fuel cell technologies are suitable as micro-CHP for building
applications: solid oxide fuel cells (SOFC), proton exchange membrane fuel cells
(PEMFC), phosphoric acid fuel cells (PAFC) and alkaline fuel cells (AFC) [1].
This last one is often forgotten since the surge of interest in PEMFC and SOFC
[8]. Despite a lower amount of research and development activities, the AFC
shows some interesting prospects such as cheaper construction, as it can be
produced by relatively standard materials and does not require precious metals
[8, ©]. The perceived disadvantage of carbon dioxide intolerance was found to
be a minor problem. Next to several cost-effective solutions for carbon dioxide
removal [5], in recent publications also a carbon dioxide tolerance of the AFC
was found [8,[10]. 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 an AFC-based micro-CHP for buildings it is necessary to understand the
complete thermodynamic behaviour of the fuel cell. In previous work a model
of an alkaline fuel cell was built in Aspen Custom Modeller [II]. The model
combined prediction of electrical performance and thermal behaviour, but had
no interest in water management, since re-concentrating the electrolyte solution

can be easily implemented into the AFC-system, compared to the complex water



management within PEMFC [I0]. However, if a more compact system design
is desired to reduce material cost, the electrolyte concentration needs to stay
within limitations for a longer period of time, to allow implementation of a
smaller buffer tank. For this an understanding of the water management is
necessary.

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.

2. Model development

2.1. Review of previous models

2.1.1. General operation of an alkaline fuel cell

An overview of the general operation of an AFC system is given in [I2]. As
shown in Figure[l]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 C'Oo-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.

Both electrodes, anode and cathode, are separated by a circulating electrolyte,

a 6M potassium hydroxide solution (Fig.
[Figure 1 about here.]

At the anode hydrogen reacts with hydroxyl ions into water and free electrons,

Eq. :
H2+2(OH)_ —>2H20+2€_ (1)



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. :
1
H20+502+26_ —>2(OH)_ (2)

These ions flow from cathode to anode through the electrolyte, to sustain the
total electrochemical reaction. Combining both reactions the overall reaction,
Eq. , 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.
1 _
H2+502+26 —>H20 (3)

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 temper-

ature, heat is removed by outlet mass flows or by losses to the environment.

2.1.2. Qverview of AFC models

In order to improve fuel cell performance, mathematical models were devel-
oped which were able to predict electrical power. In the early nineties Kimble
and White proposed a model for a complete fuel cell, where they take into ac-
count the polarization and physical phenomena going on in the solid, liquid
and gaseous phase of both anode, separator and cathode regions, assuming a
macro homogeneous, three-phase porous electrode structure [13]. The model
divides the fuel cell in five layers, a gas diffusion layer and reaction layer for
both anode and cathode and a separator, containing the electrolyte. In 1999
this model was the basis for the model of Jo and Yi, where they corrected some
invalid correlations and parameters e.g. in the open-circuit potential and the
liquid diffusion parameters [14]. Both Kimble and White and Jo and Yi used
immobilized or re-circulating electrolyte and removed water in the gas streams.
In 2006 Duerr et al. translated the model of Jo and Yi to a stack-model in a

Matlab/Simulink environment and added dynamics to the electrical part of the



model [I5]. Few details were given on the calculation method and the estimation
method of some physical parameters. These models are all meant to predict the
polarization curve or electric response of the fuel cell. In 1998 Rowshanzamir
et al. studied the mass balance and water management in the AFC [16] by only
applying mass balances and diffusion laws (Stefan-Maxwell) for the gas diffu-
sion layer. However, their model does not provide any prediction on fuel cell
performance. In earlier work a model was presented predicting both electrical
performance and thermal behaviour [IT]. This model will be used as a starting
point to include the water management of the fuel cell.

In all the previous models the water was assumed to be disposed into the gas
streams, either into one or into both. This assumption was the consequence
of the used alkaline fuel cell type, with or without circulating electrolyte, the
desired working point and/or the scope of the model. The fuel cell (system) in
our research removes water by both exhaust gases and electrolyte flow. After
the fuel cell, all these streams are collected in one reservoir, where eventually
at nominal working point, the air flow is responsible for the disposal of water
(vapour). Therefore in a first approach the water removal is modelled to happen
in the gas streams [I1].

In this work, the possibility of water disposal into the electrolyte, is included,
in order to predict the water management within the stack allowing to generate

intelligent control strategies in the future.

2.2. General equation and model assumptions

The model is divided into 5 areas, each with their own physical and thermo-
dynamic 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 [I7], 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

[111 [17].

e The partial pressures within the gas chambers are the mean (partial) pres-

sures of the input and output flow in the direction of the gas channels.

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 modelled 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. 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 [I1] 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 de-

scribed by the Stefan-Maxwell equation, Eq.:

dy; _ RT Yi - Nj —y; - Ni

In this equation, the z-coordinate represents the dimension in which the

diffusion occurs.

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.:

p=f(T) (5)



[Figure 2 about here.]

[Table 1 about here.]



2.3. Model Variables

Each molar flow shown on the figure [2| is determined by 8 variables (See
Table [2[ ). Next to the molar flows five other variables are shown on Fig
and described in table 2] the three heat fluxes and the electric power output,
determined by voltage and current. The goal of the model is to predict the
output flows (B, H and N), the generated electric power and the heat loss to the
environment based upon the input flows (A, G and M). The other variables are
intermediate stages which provide more understanding of the physical behaviour
of the fuel cell. Based upon Fig. [2] all variables within the model are defined.
The model exists out of 14 mass flows and 4 energy flows. Each mass flow exists
out of 8 variables which describe the state of the flow (See Table . The energy
flows are heat or electricity. The electric power is characterised by current and

voltage.

[Table 2 about here.]

2.4. Model equations

For each control volume a mass and energy balance is used. The energy
balances are closed by heat fluxes between neighbouring control volumes or
between a control volume and the environment. This heat flux is modelled
as a convective heat flux. Next to heat and mass transfer between control
volumes, also electric energy, generated in the fuel cell body is transferred to
the environment. An electrochemical model is used to describe the electric
behaviour of the fuel cell. Finally the gas diffusion equations are used to relate
the gas flows to the partial pressure of water vapour, which is assumed to be

saturated in the fuel cell body.

2.4.1. Variables reduction

Since the intermediate flows are defined as component specific flows and
based upon the nature of the inlet flows a number of molar fractions can be
predefined, which will reduce the number of equations in the following model

description.



2.4.2. Anode gas chamber

As shown in Fig the fuel (A), a mixture of hydrogen and water vapour,
enters the gas chamber, where the hydrogen diffuses into the gas diffusion layer
(B). A part of the water, formed during the reaction in the fuel cell body, diffuses
as water vapour back into the hydrogen gas chamber (C). A mixture of unused
fuel and water vapour leaves the gas chamber to a next stage (D). Translating
this to the molar flow and fractions within the anode gas chamber the following
equations can be posed.

Molar balance:
Fa+ Fp=Fp+F¢
Fa-yg,a=Fp-ym,,B+ Fc (6)
Fp-ywa+Fp=Fp-yun

As boundary condition in the simulation the fuel entering the (first) gas chamber
is pure hydrogen and there is no hydrogen leaving the (last) gas chamber as
unused fuel, because it is an end-of-pipe system.

Within the energy balance a heat transfer is defined from the fuel cell body to
the gas chamber, since the gas flow and electrolyte flow through the channels
are not insulated from each other. The heat transfer coefficient is modeled to
be a function of the gas velocity in the gas chamber [I1].

Energy balance:

Fa-ha+Fp-hp+ Qanode = F5-hp + Fc - he
Qanode = hMArcB,an * (Trcs — Tacc) (7)
hAFCB.an = €5 Vghsstream
The calculation of the temperatures will be determined by the energy balance,
since the calculation of the enthalpies is based upon temperature, molar fraction
and pressure. See section 3.4.8 for more details on enthalpy calculation in Mat-
lab. Next to these equations the assumptions offer extra relations, regarding

pressure and temperature, which can be translated in the following equations

10



for the anode gas chamber.

Temperatures and pressures:

Tanode = TB = TC

PA =PB

e = pa- (Fa-ym,a)+08 - (FB Y, B) (8)
¢ Fa+ Fp

oo = pa- (FA-Ywa)+pe-(FB-Yuw.B)
b Fa+ Fp

2.4.8. Cathode gas chamber
The entering air contains oxygen, nitrogen and water vapour. There is a
large excess of air because air is used to remove water vapour from the cathode.
While oxygen diffuses to the fuel cell body, water vapour diffuses into the gas
stream. The same remarks regarding heat transfer in the energy balance which
were made for the anode are valid for the cathode.
Molar balance:
Fr+Fy =Fg +Fn
Fy -yo,,m = Fx + Fn - Yo, N
Fr +Fy - ywpr = Fn - Yo,N

Fy-yngm = FN - Yny N

Energy balance:

Fp-hp + Fy - h + Qeathode = Fic - hie + Fy - hy
Qcathode - hAFCB,cat . (TFCB - TCGC) (10)

— Ceé
hAFCB,CGt = €5 " Vgasstream

11



Temperatures and pressures:

Tcathode =Txk

Tcathode =TN

Pm = PN (11)
i = o (Far - yos, ) +on - (BN - Yos,N)
K Fy + Fy
- pr - (B Yw,r) + 8 - (BN - Y N)
Fy +Fy

The cathode outlet temperature is one of the main parameters on which the

model is validated.

2.4.4. Anode gas diffusion layer

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. Since
molar fractions are fixed the molar balance is very simple. The energy balance is
built in the same way as the gas chambers. Temperatures are calculated similar

to the gas chambers.

Molar balance:

Fe=Fg
(12)
Fp=Fr
Energy balance:
Fc-hc+Fr-hp=Fp-hp+Fg-hg (13)
Temperature :
Tp=Tg (14)

Diffusion equations and pressures:

In absence of a global pressure drop between the gas chamber and fuel cell

12



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 in the
model are in fact partial pressures. E.g. pc is the partial pressure of hydrogen
in the anode gas chamber and pg will be the partial pressure of hydrogen at the
boundary with the fuel cell body. The total pressure at each boundary is the
sum of the pressure of the flows passing this boundary, since only water vapour

and hydrogen are present at the anode side.

Pc +DPp =PE + PF (15)

Yo +ym, =1 (16)

Taking this into account the Stefan-Maxwell equation (4)) results in one inde-
pendent differential equation, describing the diffusion and the lack of global
pressure drop between the two boundaries (one of the assumptions, mentioned

above).

dym, _ ﬂ YH, Ny — Yw - Nu,

dz P Dy
with:
Ny =—a1-Fp
Nug, =a1-F¢o
1
a1 =
! Nstack * Mparallel Acell
(17)
The resulting differential equation is a first order
dyn, _ RT yn, (Nw+ Nu,) — N, (18)

dz P DHw

13



Since the diffusion occurs between the two boundaries, each boundary can be
represented by a z-coordinate. 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

following conditions have to be fulfilled.

YH, * Ptot = PC
Yuw * Ptot = PD (19)
z=0
Since these partial pressures are a function of the molar flow, within the diffusion
equations, an extra boundary condition is needed. This boundary condition is
found at the side of the fuel cell body, which can be defined by the thickness of
the diffusion layer, Lgppr. At this side, it is assumed that the partial pressure
of the water vapour is equal to the saturation pressure in the fuel cell body, as a
result of the earlier mentioned model assumptions. This results in the following

equations:

YH> * Ptot = PE

Yw * Ptot = PF
(20)

PF = Psaturation, FCB
2= Lgpr
2.4.5. Cathode gas diffusion layer

Similar to the anode gas chamber, at the cathode side a gas diffusion layer
can be defined. Instead of diffusion of hydrogen and water vapour, at the

cathode side there is a net diffusion of oxygen and water vapour.

Molar balance:

Fr=Fyg (21)

F;=Fp

14



Energy balance:
Fx-hg+Fy-hy=F;-hy+ Fr-hg (22)
Temperature :

T =11 (23)

Diffusion equations and pressures

Next to oxygen and water vapour also nitrogen exists in the cathode gas diffusion
layer. Since nitrogen does not react in the fuel cell body there is no net nitrogen
consumption of the fuel cell body and therefore no net transport of nitrogen
over the diffusion layer. However the presence of nitrogen has an impact on the
complexity of the formulation of the diffusion. The Stefan-Maxwell equation is

used to formulate the diffusion equations.
dyi _ RT & yi- Nj—y; - Ni
dz P J D;;

(24)

which results in the following equations for oxygen, nitrogen and water vapour

dyo _ RT yo-Nn—yn-No  RT yo-Nuw—yw-No

— 25
dz P DON + P DOw ( )
C@J:ﬂ'yw'NN_yN'Nw_ﬂ.yO'Nw_yw'NO (26)
dz P DN P Do
dyy _ _RT yo-Nn—ynv-No RT yuw Ny —yn-Nu (27)
dz P Don P Dyn

with
No, = —a1 - Fx = —ay - F (28)

Ny=a1-Fp=a1-Fy
Since no net nitrogen flow is assumed in the model, Ny can be set to zero. Next

to that the sum of the molar fractions is always one.

Ny =0 (29)
ynv =1 =90 — Yu (30)

dyn dyo  dyw

N _ %o _ GYw 1
dz dz dz (31)

15



Combining and deriving these equations results in a differential equation of the
second degree for yo. This results in the following differential equation which
can be solved using similar boundary conditions as formulated for the anode

diffusion.

At the side of the fuel cell body:

z=0 (32)
Yw,FCB = (33)

Ptot
PJ = Psaturation,FCB (34)

At the side of the gas chamber:

z=Lapr (35)
yu.coo = 25 (36)

Ptot
Y0,,cGC = DK (37)

Ptot

2.4.6. Fuel cell body

Within the fuel cell body, the driving electrochemical reaction takes place.
The mass and molar balance relates the hydrogen and oxygen consumption to
the generation of water and electric current. The current is linked to the molar
flows by Faraday’s law.
Molar Balance:

Iref * Nseries

F =F F F
ot 2Far R
Iref * Nseries
Fp=—"—__"2"" 38
B 2Far (38)
Iref * Nseries
Fy = ~ref Mseries
! 4Far

Energy balance:
Within the fuel cell body the catalytic and separator layer are enclosed [13] [14]
15]. Although different layers exist in the fuel cell, in this paper the properties

of the electrolyte/separator are taken to define the thermodynamic behaviour

16



of the fuel cell body. The mass flows between fuel cell body and gas chamber
however will only consist of gas in accordance to the boundary conditions of
the gas diffusion layers. This will affect the enthalpy of these streams and will
limit the mass or molar flow, because the partial pressure cannot exceed the

saturation pressure.
G hc+Fg-hg+Fr-hy=
Fg-hg +Fp-hp+F;-h;+Qrcp+ Pe
QrcB = QFcB,sur + QFCB,cat + QFCB,an (39)
QrcB,surr = hMArpcB surr-(TreB — Tsurr)
hp =hy

The energy balance of the fuel cell body consists not only of incoming and
outgoing mass streams and heat flows, but also of an electric power output.

This output is more detailed in the electrochemical model.

2.4.7.  Electrochemical model
The electrochemical model, presented in [I1], is used. Since a few parameters

were adapted within the model the used equations are summarized.

P.=U-I (40)

U :ENernst — Nact — Nres — Ndiff (41)
AGy RTw” 1

E - 42

Nernst — 2F(l’)” In (sz) ) In (pOz) ( )

cell

we 43

fact = a-n- Far (43)

Nres = R Icell (44)

it = a-n- Far ( cc“ > (45)
) —c
Jo =c¢1-exp < 2 > (46)

cell

Re =C3 —C4- Tcell (47)

17



2.4.8. Discussion on parameter estimation

[Table 3 about here.]

Table |3| contains all used semi-empiric parameters, which were used to tune
the model. Since the new model is built upon the base of the model in [11],
the same values were used in a first approach. Due to the extra layer at each
side the parameters regarding the heat transfer coefficient towards anode and
cathode will be different. This difference is found in ¢5. Its value is reduced,
since part of the heat transfer from the electrolyte into the gas stream is already
included in the energy balance of the diffusion layer. Next to this difference a
new parameter is introduced, namely Lopr. To determine an acceptable range
for Lgpr a comparison was made with Jo et al.[23]. In this paper values from
0.05 to 0.55mm were found to be representative for the thickness of the gas
diffusion layer. These variations however had no significant influence on per-
formance. Since the model, presented in this paper, has a gas diffusion layer,
but no catalyst layer, the gas diffusion layer is chosen to be thicker to include
the diffusion resistance of the catalyst layer. The catalyst layer is 2 to 5 times
thinner than the diffusion layer and the diffusion coefficients are 10 to 100 times
larger for gas diffusion compared to diffusion through liquid [I4]. Therefore, in

this model a value between 0.05 and lem is acceptable.

2.5. Implementation of the model in Matlab

For the implementation of the model, Matlab is chosen. Originally the model
was built in Aspen Custom Modeler [II]. Aspen Custom Modeler however
isn’t built to deal with complex mathematical problems, which are sensitive to
small distortions. The diffusion equations lead to an increased complexity and
therefore Matlab is chosen, which is more apprioriate for the scope of our work.
As a consequence the libraries of Aspen aren’t available anymore to calculate all
the necessary physical properties. As a solution, the different thermodynamic

properties of Aspen Custom Modeller are translated into constants or linear

18



functions so they could be implemented in Matlab. For the gasses hydrogen,
nitrogen and oxygen this is acceptable, since they are considered to be ideal. For
the enthalpy and Gibbs free energy calculations of water (vapour) a published
Matlab function by Magnus Holmgren [24] is used. Table [4| presents an overview
of the used constants in the linear expression to calculate enthalpy.

hgas = Cgas * T(OC) + bgas (48)

[Table 4 about here.]

Also the diffusion constants in the Stefan-Maxwell equations need to be im-
ported. In a first approach they were imported as a constant from the libraries
of Aspen Custom Modeller. However, because the diffusion is a function of tem-
perature, already mentioned by Jo et all(2000) [23], this correlation is included
into the model, Eq. .

D(T) = D, - T*33* (49)

3. Model validation

The model is validated using experimental data which were generated with
the AFC system described in detail in [II 25]. Part of these experimental
results were discussed in [I1]. Further data analysis is performed to evaluate

the new element in the model, i.e. the water management.

3.1. Fxperimental set-up

[Figure 3 about here.]

Figure [3] shows a schematic view of the experimental set-up. Table [f] gives a

brief description of the main operating parameters, marked on Fig[3]

[Table 5 about here.]
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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 [II]. 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.

3.2. 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 [I1] and validated
regarding the prediction on voltage and thermal behaviour, using a selec-
tion of experimental data shown in Table[6] The selection of these working

points is described in [I1].

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.

8.2.1. Validation with existing experimental data

[Table 6 about here.]

As described in ref. [I1], all measured parameters are subject to uncertainties.

Data analysis led to a data set of 50 working points. The measured parameters,

20



which are used as model input, are illustrated by a representative selection of
data points. This selection, shown in Table[6] 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[d] [f]and [6] A complete data set with
all 50 measured and modelled data points will be held available by the authors.
In each of these figures the experimental data are compared to the model also

ref. [II] 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, similar to the variation in

the input value, shown in Table [6]

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 pa-
rameters listed in Table[fl To include the measurement error on the model
input a set of model experiments were executed. In this set all possible
combinations of extreme input values for each input parameter were used
as input for the model, based upon the mean values and measurement
errors, listed in Table [f] In the end, the maximum and minimum result

were considered to be the upper and lower bound of the model output.

e The model in [II] is represented with a circle. For this model the mea-

surement error on the input parameters was not taken into account.
Electrical performance, voltage:

[Figure 4 about here.]
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In Figure[ 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 [I1I]. For two data points no overlap is found
between the experimental and the modeled voltage. This is however acceptable
because in the complete set of 50 data points these are indeed the only two
points, where no overlap is found. In these points the new model has a smaller
deviation than the previous model. Next to this, both for the experimental as
for the modelled voltage, a similar influence of the current is shown in Fig[]
The same result is shown regarding the positive influence of the electrolyte
temperature (data point: 7 to 10) on the electrical performance or total voltage.
The model is therefore representative in predicting the voltage, including the
effect of temperature and current on electrical performance.

Thermal behaviour, electrolyte temperature:
[Figure 5 about here.]

In Figures[5land[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. For two data points there is
no overlap. In the complete data set three working points show no overlap.
The deviation however is limited to a few degrees. The higher the electrolyte
temperature, the higher the output electrolyte temperature. This is visible both
in the experimental as in the modeled results. In the discussion on experimental
results in [I1] was already mentioned that the temperature rise in the electrolyte
grows with higher current. This effect is visible in the modeled output, but is
not very clear in the shown experimental results (data points 3 to 6).

Thermal behaviour, air temperature:
[Figure 6 about here.]

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 tem-

perature is noticeable, both in the measurements as in the model. Therefore,
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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 modelled 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 stan-
dard 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
assumption is not fulfilled in point 9, so the model cannot be used with those

input conditions.

3.2.2. Validation on the water management

[Figure 7 about here.]
[Table 7 about here.]

To validate the model regarding the water management, the level of the elec-
trolyte in the KOH-tank is monitored in time over the duration of the exper-
iments (Fig. 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 (Table [7]). These condi-
tions were used as input data for our model to predict the water production in
the electrolyte flow, which will result in a rise (or reduction) of the electrolyte
level in the KOH-tank. If the model is representative to reflect the measure-
ments, the modeled water production is directly proportional to the speed at
which the measured electrolyte level rises. In Figure [§[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 (periods 2.5 and 6 in Table , the model overestimates the formation of

liquid water in the electrolyte.
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[Figure 8 about here.]

At high currents (periods 2 and 6 in Table [7)) the model predicts a rise in elec-
trolyte level due to the high water production. The measurements show however
a drop in electrolyte level. Table [7] shows that the positive effect of the current
on the water formation is almost neglectable compared to the negative effect of
the air flow and electrolyte temperature. According to the measurements, air
flow rate and temperature are the most determining parameters regarding rise
or decrease of the electrolyte level. 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.

8.2.3. Model extension for electrolyte tank
To verify this the evaporation in the electrolyte tank is modelled as a function

of the following parameters:
e clectrolyte temperature
e clectrolyte flow
e air flow
e air temperature
e relative humidity of air

e percentage of evaporation: 0 means no evaporation - 100 means that the

air is completely saturated

Only this last parameter could be fitted to the results. Since it is reasonable that
the KOH tank has an influence, but complete saturation will not be reached, the
parameter will be higher than 0 and lower than 100. A best fit could be found at
about 40%. Taking the error bars into account, the model already shows good

results for an evaporation percentage of 30% to 65%. At lower percentages the
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effect of the tank is too small. At higher evaporation percentages the model of
the KOH-tank overcompensates the effect of the fuel cell on the water balance.
With the evaporative effect of the KOH-tank added to the model validation it
is shown that the model predictions on the production of liquid water are con-
firmed by the experimental results (See figure . These are presented by the
dots, which are aligned including the origin. This means that the model exten-
sion is sufficient and important to understand the results of the experimental

set-up.

4. 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 by
simulation (See Table . 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 five parameters. Table [8| presents

an overview of the different inputs that are analysed below.

[Table 8 about here.]

4.1. 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.
[Figure 9 about here.]

In figure [0]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, Eq. (See also figure . The

impact of the electrolyte temperature on the evaporation is proportional to its
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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

1.

4.2. Influence of current

[Figure 10 about here.]

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, See Section 4.1) 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.

4.83. Influence of the input air

To understand the influence of the air stream, three parameters were evalu-

ated:
e the air ratio or the actual air flow in relation to the necessary air flow

e the relative humidity

the air temperature
[Figure 11 about here.]

[Figure 12 about here.]
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Figure [11] shows that a higher air ratio has a negative effect on the net forma-
tion of liquid water. The relative impact of an increased air ratio reduces after
a ratio of 2,5 to 4 (See Fig. . Naturally, the impact of the air ratio on the
evaporation of the electrolyte tank is directly related, as shown in the model
extension for the electrolyte tank (See Section 3.2.2). The air ratio can be used
as a control parameter for the water management within a small range within
the stack itself (1 - 2,5). If the output air passes over the electrolyte tank, as in
the used experimental set-up of the AFC-system, the air ratio can be a useful
control paramater in a much wider range.

Next to the air ratio, the temperature and relative humidity will be of impor-
tance. 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. . At lower temperature the
water vapour content of saturated air is a lot lower and will have no signifi-
cant influence on the water vapour content of the heated output air stream. As
discussed earlier(See Section 4.1), 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. 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. Be-
cause electrolyte temperature has a positive effect on the fuel cell performance

[11], this could increase the efficiency of the fuel cell.
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5. 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 elec-
trolyte temperature has to be reached (about 55°C) to operate at low

current.

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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Name

Description

AGC
AGDF

FCB

CGDF

Q
o
@

ZzoxrR=E"@DoQEEHOQWE >

Qanode
Qcathode

qurroundings

Electricity

Anode gas chamber, part of the hydrogen flow channel in contact with the fuel cell.
Anode gas diffusion layer, boundary layer where gasses (hydrogen and water vapour)
diffuse into and out of the fuel cell.

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

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

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

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

Molar flow of hydrogen, diffusing from AGC into FCB, at the boundary with AGC.
Molar flow of water vapour, diffusing from FCB into AGC, at the boundary with AGC.
Molar flow of hydrogen, diffusing from AGC into FCB, at the boundary with FCB.
Molar flow of water vapour, diffusing from FCB into AGC, at the boundary with FCB.
Input molar flow for FCB, containing electrolyte (water).

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

Molar flow of oxygen, diffusing from CGC into FCB, at the boundary with FCB.
Molar flow of water vapour, diffusing from FCB into CGC, at the boundary with FCB.
Molar flow of oxygen, diffusing from CGC into FCB, at the boundary with CGC.
Molar flow of water vapour, diffusing from FCB into CGC, at the boundary with CGC.
Input molar flow for CGC, containing (wet)air

Output molar flow from CGC, containing wet air

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

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

Energy flow: heat losses to the environment.

Energy flow: generated electricity.

Table 1: Description of the control volumes and the molar and energy flows in

Fig[]
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Variables Symbol  Unit

Molar Flow F kmol /hr
Temperature T °C
Pressure p bar
Enthalpy h GJ/kmol
Molar Fraction Hydrogen YH,

Molar Fraction Oxygen YO,

Molar Fraction Water(Vapour)

Molar Fraction Nitrogen YN,

Table 2: List of variables in each mass (molar) stream
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Parameter Value [I1] New Model

jL 20004 /m? 20004 ,/m?

o 0.1668 0.1668

1 174512A/m? 1745124 /m)
&) 5485 K 5485 K

c3 0.0045$2 0.0045%2

Ccy 59¢ —5Q/K 5.9e — 6Q/K
cs 3.375¢ — 3 1.5e—3

6 1.5 1.5

hAgsur 51.2W/K 51.2W/K
Lepr 0.2cm

Table 3: List of the used semi-empiric parameters
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Gas b [GJ/kmol] ¢ [GJ/(kmol -° C)]

Hydrogen —7.22573286-10% 2.89388143-10~5
Nitrogen = —7.28014 104 2.91195 - 10~5
Oxygen  —7.32343-1074 2.92833 - 1075

Table 4: Constants for enthalpy calculation
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Parameter Description

Measuring method

a Ambient temperature
(input temperature for air and hydrogen supply)
b Air flow
¢ Air temperature
d Output air temperature
e Electrolyte flow
f Input electrolyte temperature
g Output electrolyte temperature
h Total voltage, Current, cell voltages
i Level of the electrolyte in the tank

Direct

Indirect
Estimated
Direct
Indirect
Direct
Direct
Direct
Direct

Table 5: List of operating parameters of the AFC-system, marked on Fig

50



Identification | Current | Electrolyte Electrolyte Air input
number of input flow | input temperature flow

working point A kmol/hr °C kmol/hr
11185409 | 22.1+0.0 294+138 0.3+0.2

21 733£1.8 | 19.8£0.0 68.3+1.9 0.9+0.1
31333£0.2 | 21.8+£0.0 44.4+1.9 0.3+£0.0
41382+0.2| 222+0.6 43.7+ 1.8 0.3£0.0

5| 55.9+£22 | 20.0£0.0 42.9 £ 2.2 04+04

6| 599+£28 | 195+£0.9 443+ 1.6 0.5+0.3
71434+£19 | 21.3+£0.0 34.0+1.9 04+0.3
8|1434+£16 | 204+£0.0 38.6 £1.7 0.5£04

9| 434+£08 | 21.8+£0.0 52.5+34 04+0.3

10 | 434+1.1 | 21.5+£0.0 63.7+2.9 0.6 £0.3

Table 6: Selection of measured data point for model input
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Period | Duration Input conditions (mean +- standard deviation) ‘ Evolution
Current KOH flow KOH temp.  Air Flow of
(A) (kmol/hr) (°C) (kmol/hr) | KOH Level
1 5000s 36.9+28 21.5+05 384+£03 031+005 | 7
2 12500s | 82.24+13.5 205+15 63.5+81 0.74+0.23 | "\
3 10000s 21.8+£24 242+54 328+34 032+£005| 7/
4 6500s 315+24 21,4+£0.7 356+26 029+0.04 | 7
5 2000s 459£17.3 198+£1.0 653£2.6 0.78=E£0.15 | "\ \\\
6 5000s 79.9+22 21.3+£09 64.0£0.7 06=£0.19 | N\,

Table 7: Experimental data for validation of water management

92



Parameter average | minimum | maximum step size

Current 20A-80A 20A 80A 10A

Input electrolyte temperature 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 (air ratio) 2.5 1 8 1.5
Input electrolyte flow | 20.5 kmol/hr 19 22 | 1.5 kmol/hr
Temperature surroundings 20 -10°C 50°C 15°C

Table 8: Description of the sensitivity analysis
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