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Abstract

In this paper, a dynamic model of a reformed methanol
fuel cell (RMFC) system is developed. The base fuel cell
model used in the modeling work was provided by
Modelon K.K., using Modelica language. RMFC is a
coupled multi-physics system involving fluid mechanics,
heat & mass transfer, chemical & electrochemical
reaction. Therefore, the dynamic modeling and
simulation analysis of RMFC is valuable for optimizing
operation parameters, as well as system controller design.
The component model of methanol reformer, methanol
catalytic burner and high temperature polymer
electrolyte fuel cell are developed and integrated into a
system model using Dymola®. And the models have
been verified by comparison with the experimental data.
This model is expected to provide a base for developing
the optimal control strategy for the RMFC.

Keywords: Reformed methanol fuel cell, High
temperature polymer electrolyte fuel cell, Dynamic
modeling, Modelica,

1 Introduction

Polymer electrolyte membrane fuel cells (PEMFC) are
receiving considerable attention, since they convert
chemical energy directly into electrical energy with high

efficiency and low emission of pollutants. However,
PEMFC have a problem with hydrogen storage,
transportation and distribution, either under high
pressure or on liquid form cooled down to below -253 °C.
One possible solution to this problem is to use a liquid
fuel as a hydrogen carrier and reform it into a hydrogen
rich gas as it is needed (Justesen K K, 2015). Methanol
is a compact form of liquid hydrogen at ambient
conditions. On a volume basis, methanol has 40% more
hydrogen than liquid hydrogen, and 140% more
hydrogen than hydrogen compressed at 700 bar (Choon
F S, 2018).

A typical reformed methanol fuel cell system consists
of three main subsystems: a fuel processor, a high
temperature polymer electrolyte membrane (HTPEM),
fuel cell power system, and a heat recovery system, As
shown in Figure 1.

The methanol reformer in combination with an
HTPEM (operating at 120 ~ 180°C) fuel cell leads to
simpler system structure compared to the LTPEM
(operating at 60 ~ 80 °C). Because HTPEM have strong
CO resistance up to 30000ppm (10ppm for LTPEM),
eliminating CO cleanup stage in the fuel processor
subsystem (Jannellia E, 2005).
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Due to the complex configuration, dynamic modeling
and optimization are essential to improve the
performance and efficiency of the RMFC system. Most
of the fuel cell system dynamic model are developed
with  Simulink, a block-based environment for
multidomain simulation. In this paper, object-oriented
equation based language, Modelica, is used for modeling
RMFC, which can be easy to modify and reuse.
Modelon’s commercial Fuel Cell Library (FCL) contains
predefined reactors for fuel preprocessing and internal
reforming, and predefined stack structures. Besides,
FCL provides powerful media model to capture the
property of fuel, air and reaction gas. The main
contribution of this paper is to create a RMFC model
using the Modelon Fuel Cell Library and validate the
model with experimental results.

Flue gas

HX-1 Fuel supply

Cathode
Anode

Air supply

(b)
Figure 1.(a)Reformed methanol fuel cell system process
flow chart(b)The fuel cell system model in Dymola

2 Model

2.1 Fuel processor subsystem

The dashed box in Figure 1 outlines the fuel processor
subsystem. A typical fuel processor may consist of a
catalytic burner, a reformer and a heat exchanger (HX-

2).

Catalytic combustion reactions include oxidative
combustion of methanol, carbon monoxide, and
hydrogen. The burner model has a volume model of air
and fuel inlets and air outlets. It also has an energy
connector for heat to the environment and a Boolean
input for ignition signals. According to the
stoichiometric matrix, the fuel-to-fuel ratio is specified
and the ignition signal is true to ignite the burner.
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Figure 2.The catalytic burner model

Methanol steam reforming for hydrogen production
includes reforming (MSR), cracking (MC) and shift
conversion (WGS) (Andreasen S J, 2014). The reformer
model is shown in Figure 3. The reformate is cooled to
the operating temperature of the stack and enters the
anode of the stack as fuel for the fuel cell. As shown in
Figure 4.The reaction is as follows:

MSR:  CHsOH + H,0 — CO, + 3H, )
WGS CO + H,0 © CO, + H, 3)

The water gas shift reaction (3) is ignored in the
model because the CO concentration is very low, less
than 1vol%, at the working temperature (250~280C°) of
the reformer. The reforming reactor model in this paper
includes methanol fuel gas inlet, reformed gas outlet and
catalytic burner tail gas as heat exchange medium.

Reaction kinetic equation (O.P. Klenov, 2015):
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Figure 3.The reformer model

The reformate is cooled to the operating temperature
of the stack and enters the anode of the stack as fuel. The
fuel processor subsystem As shown in Figure 4.

Figure 4.The fuel processor subsystem model

2.2 HTPEM fuel cell stack

Due to the irreversible loss of the HTPEM fuel cell
during the reaction, the actual cell potential is less than
the equilibrium potential. The irreversible loss of an
actual fuel cell is often referred to as a polarized
overpotential or overvoltage. There are three main types
of polarization that cause irreversible losses:
activated polarization; @ ohmic polarization; ®
concentration polarization. These losses cause the fuel
cell voltage to be less than the ideal potential (Daniel,
2016).

The output voltage V .; of a proton exchange
membrane fuel cell. It is expressed as follows:

Veeu = Enernst — Nact — Nosm — Neon (13)

In the formula, Eygme: 1S thermodynamic

electromotive force, n .. is activation overvoltage,
N onm 1S Ohmic overvoltage, and 7 ., IS
concentration overvoltage.

For N .. fuel cell units connected in series to
form a fuel cell stack, the voltage can be expressed by
the formula(14).

Vstack = Neeu * Veen (14)

(1) Thermodynamic potential

According to the equation of the hydrogen / oxygen
fuel cell, the thermodynamic electromotive force can be

k .
CH;0H + H,0 = CO, + 3H, © obtained.
AG AS
E =—+—(T. -, 15
CH30H k_z) co + 2H2 (5) Nernst F + ZF( stack ref) ( )
k. C , 6 In the formula (15), AG is the change value of Gibbs
T =— -
CHsOH }( CCH30H 2 (7) free energy; F is the Faraday constant (96485C); AS
Ty,0 = —
M0 . 1C CH;0H (8) is the change value of entropy; R is the gas constant;
Teo, = Ha kCH3OH (9) Tstacke 1S the temperature of the stack.; T, represents
Tco = K2 ©) the reference temperature. The simplified expression is
T, = 3KaConyon + 2k, (10) as follows:
—E _ —4
[4, + ByIn(3)]eRP) ) Enernst = 1180 = 2453 X 10 (Tytacrc 1
1= PD; —323.15)
(2) Activation loss
—E; .. . .
o = A,e RT) (12) The activation loss mainly manifests when the
7 pb electrode surface is about to activate the electrochemical
reaction, because the electrode cannot overcome the
phenomenon of slow rate of activation energy required
for the charge transfer process in the electrochemical
reaction. Generally, both the anode and the cathode
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generate an activation overpotential, but the reaction rate
of the anode is much faster than that of the cathode.
Therefore, the activation overpotential is generally
determined by the reaction conditions of the cathode.
According to the Tafel equation, the activation loss 1,.:
in this paper is expressed as follows:

- RTstack ni RTstack lni (17)
Tact = agF) "8 (acF) il
1 1
. . H (-1400(7—7—))
ig = lg,ref'“a(cH —)le-e Te Trefa
Cﬂf (~7900(E 1)) (18)
. . (0] - U
lg = lgjef ) ac(CO Zf)yc e Te Trefc
oTe

(3) Ohmic loss
The ohmic resistance is mainly due to the ionic
resistance of the proton exchange membrane. The high
temperature membrane ohmic loss 1 ,,mniS expressed
by the formula (20), estimated using Ohm’s law.
Ropm = 0.4025 — 0.0007 Tz g0k (19)

Nomm = Istack * Roﬁm (20)

(4) Concentration loss

Mass transfer affects the concentration of hydrogen
and oxygen at the surface of electrocatalyst. Poor mass
transport leads to a significant concentration reduction of
the oxygen and hydrogen within the catalyst layer. It can
be shown, by considering the Nernst and Tafel equation,
that concentration has an effect on the fuel cell
voltage .The concentration overvoltage 7., IS
expressed as formula (21)~(25).

_ _RTstak Inl1 _f(/‘{a) "
Meon =\ "7 F 3000

already includes activation loss and concentration loss.
When the demand current changes, the corresponding
voltage changes accordingly.
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Figure 5.Single cell Model

(6) Stack model

A stack model made of N_.; cells connected in
series includes an anode gas flow channel, a cathode gas
flow channel, a mass connector, an energy connector,
and an electrical component connector. The hydrogen
fuel gas required for the anode is provided by the
reforming reaction of methanol, not pure hydrogen, so
the fuel cell voltage must also consider the voltage drop
caused by Carbon monoxide poisoning.

The voltage drop caused by carbon monoxide
poisoning can be expressed as:

AVyoi = 2.5 X 10*e(0-0424Tscack) . | 4 7.48

X 1036(—0-04‘36Tstack) [

Yco %0
“In(=—=)

VH,

Combined with the above equivalent model, the stack
voltage Vi:,cr at steady state can be expressed as:

(21)
RT. Ae) i
+ (—%‘;?kln <1 - fgocg() l)) Vstack = Neeu * (Enernst — Nact — Nosm 27)
1 —_
f(a) = ~Aq+In(1 = =) (22) Neon)
Aa The output power Pg,c and consumed power
1 . .
FOA) = =4, - In(1 ——) (23) P.onsumea Of the stack ar_e _shown in the followm.g
Ac formula (28)~(29) The efficiency of the stack n is
_ 2FNy, (24) shown in the formula (30).
¢ L Pstack = Vstack " 1 (28)
4FN, ,
Ae = foz (25) Peonsumea = Neeu " (Nace + Noim + Neon) * 1 (29)
(5) Single cell equivalent model n= Vstack "0 Veen (30)
The circuit is shown in the Figure 5. In the NeeuEnernst ' Enernst
figure, R,y is the ohmic loss, and the Voltage V
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Figure 6. HTPEM stack model

2.3 Heat recovery subsystem

As shown in the reformed methanol fuel cell system, the
high temperature fuel gas exiting the reformer is used to
preheat the air entering the cathode of the stack. As
introduced in Section 2.1. This is also conducive to
cooling the reforming outlet gas to a temperature suitable
for the anode of the stack. The waste heat of the flue gas
at the burner outlet is further recovered, and this part of
the heat is used for vaporizing methanol.

3 Results and Discussion

The remaining parameters of the system model are
shown in the following table.

Table 1. Parameters of system model.

Parameter symbol Value
Active cell area 45cm?
Reformer Fuel molar fraction

H20 59.84%
CH30OH 40.16%
Anode Fuel molar fraction

H: 66.62%
Co 0.19%
CO, 22.08%
H20 11.11%
CH30H 0.0049%
Air oxygen fraction 21.01%

According to the single cell model built earlier, and
the operating parameters in the Table 1, the simulation of
the i-V curve is performed. Set the temperature of the
stack to 120 ° C, 150 ° C, and 180 ° C, respectively. The

i-V curves are shown in Figure 7 (a) (b) (c), and the

model fit well with the experimental data.
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Figure 7. Comparison between experimental and
computational results of HTPEM fuel cell performance

Figure 8 and Figure 9 shows the dynamic response of
each component in the reformer and catalytic burner
over time. The reformer outlet is the fuel of the anode
The reaction quickly reaches its steady state value, and
then there is almost no change. This composition is in
line with similar simulation results in related literature.

The heat exchanger HX-1 uses residual heat to
vaporize a 0.147g/s methanol aqueous solution, recovers
about 27% of flue gas waste heat. And HX-2 preheats
cold air from 25°C to 120°C. This part of the heat is
provided by the reformer outlet gas.
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Mole fraction of reactives in methanol reforming reaction

Catalytic burner simulation results
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( 4 Conclusion
z ,m__ It can be concluded that Dymola and Modelica are very
E convenient tools for modeling fuel cell systems.
gni[ Modelica is an equation-based language that offers
0 object-oriented, structural, and multi-domain coupled
0 1 : 3 2 5 modeling possibilities and flexibility.
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o can provide a basic model for RMFC system analysis
and design.
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Figure 8. Simulation results for: (a) methanol,water (b) ki Reaction rate coefficient
hydrog_en CO, CO; content (c) heat required for A Parameter in Eq. (12-13)
reforming )
Catalytic burner simulation results Bi Parameter n Eq (12)
5
it T i I i Di Parameter in Eq. (13)
o
S .
3 — Ratio of methanol to water
£ ] M
= F Faraday constant
. \Y Voltage
. i Current density
° ! " e * ° y Molar fraction
(a) A Stoichiometry
a Charge transfer coefficient
V Pre-exponential factor
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