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Abstract

This paper presents investigations on the dynamic behaviour of DMFCs. Experimental cell voltage responses to cell current step changes
are investigated with transfer function analysis. The voltage response in most places shows significant overshooting behaviour (up to 80%)
when applying cell current steps to the DMFC. Linear system analysis is applied to a set of dynamic models with different complexity, and a
criterion for cell voltage overshooting is developed. In all models the dominating physico-chemical phenomenon is the transport of methanol
through the membrane, causing cathodic overpotential overshooting. This is supported by experimental analysis. The proposed models and
transfer functions are suitable for controller design.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and effectively without such a buffer system, or at least with a
much smaller one. This in turn requires a deeper understand-
First direct methanol fuel cell (DMFC) systems are com- ing of the behaviour of the DMFC under realistic dynamic
mercially available (e.g. from SmartFuelCell, Germany) after operating conditions, like changes in the cell current (i.e. the
more than one decade of research. They are mainly designeexternal load demand) and the methanol feed concentration
for the use as mobile supplies of electrical power in the range (as one of the few controllable system variables). Reduced
of up to a few hundred Watts. Nonetheless, many problemsbut realistic mathematical models can prove useful in un-
related to the operation of DMFCs under realistic, i.e. dy- derstanding dynamic interactions between the main physical
namic, operating conditions have yet to be solved. Therefore,and chemical phenomena, and hence may act as a basis for
all available fuel cell systems currently use a large battery or improved cell, system and controller design.
supercapacitor system between electric load and DMFC to  In recent years, research has been conducted on experi-
buffer dynamic load demands. Usually, the DMFC is oper- mental DMFC responses to dynamic changes in cell current
ated at a moderate, constant electric load which is suitable[1-4]. In the two latter publications, the authors performed
for long-term performance. Thus, the DMFC provides for a various cell current steps and waited for a few seconds until
high state of charge of the much larger battery system. To performing the next step. They also conducted gradual cell
widen the market for the DMFC, though, further miniaturi- loading and unloading from orto OCV. In addition, they com-
sation and lower system costs have to be achieved. Thereforebined cell current steps and gradual loading and unloading
itis attractive to be able to operate the DMFC system reliably to driving cycles. Such measurements proved useful for em-
pirical one-step-ahead prediction models of DMFC stacks
" Corresponding author. Tel.; +49 391 6110 350; fax: +49 301 6110 353, [2]- Nonetheless, the experiments are not ideal for analy-
E-mail address: sundmacher@mpi-magdeburg.mpg.de sis of processes occurring inside the fuel cell. For example,
(K. Sundmacher). the observation time after a current step is mostly only 30s.
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Nomenclature
A system matrix
As geometric electrode area (26104 m?)

b1, bo  coefficients for the Laplace transformed flux
B input matrix
c concentration (mol md)

c@,ﬂlsOH reference methanol concentration

(1000 mol nT3)

proton concentration in membrane pores

(1200 mol n73) [7]

C output matrix

C”C  anode double layer capacity (1827 C#Hh
(own CV measurements)

CéﬁsoH concentration variable in Laplace domain

Ht

CCC  cathode double layer capacity (907 CHh
(own CV measurements)

D direct transmission matrix

dhc thickness of anode catalyst layer (85
10-6m) [10]

d”P  thickness of anode diffusion layer .{1x
10~4m)[10]

aM thickness of (fully hydrated) Nafion™ 105

membrane (10* m) [10]

Dch,on diffusion coefficient of methanol in water a
333K (3187 x 10 9m?s71) (calc. acc[24],
p. 600)

DPZAH_o,OH diffusion coefficient of methanol in membrang

at 333K (47 x 101°m2s-1) (own

measurements)

D"H’L diffusion coefficient of protons in membrane
(45 x 109m?s1) [25]

F Faraday constant (96485 C mé)

FA volume flow rate of anode feed
(0.5dn? min—1)

F1,F> (FiratF2ra) transcendental parts of the
membrane transfer function (rational forms)

G transfer function

i counter

cell current density (A m?)

icell
] maximum initial cell current density for

Imax
overshooting behaviour (Anf)

1 current variable in Laplace domain

J imaginary unit

k constant in transfer function

kAP effective mass transport coefficient in
anode diffusion layerQcp,on(e"P)+5/dAP)
(ms™?)

kg electrokinetic permeability of membrane
(113 x 107 1°m?) [25]

kg2 electro-osmotic parameter

(1.33x 103m3 C 1) (see text)
m number of time-relevant singularities
n number of poles and zeros

nchgon flux density of methanol (mol m? s—1)

nmaxpt Number of COx adsorption sites on Pt
(0.11mol CO n?)

Nch,on variable of methanol flow in Laplace domain

P pole of a transfer function

Pe Peclet numberk(ﬁszice”/D'(‘:"HaC,H)

ra1(ra10) reaction rate (constant) for anodic methan
oxidation (molnT?s1)

ra2(ra20) reaction rate (constant) for anodic COx
oxidation (molnr2s~1)

rc(rco) reaction rate (constant) for cathodic reactig
(0.5x 10 *molm2s71)

R universal gas constant (8.314 JmbK 1)

Re Ohmic resistance of the membrangé,(«m)
(@m?)

res residue

s Laplace variable

t time (s)

T cell temperature (333 K)

u(U)  inputvariable (in Laplace domain)

U§ standard cell voltage (1.213V)
(thermodynamic calculation)

Ucell cell voltage (V)

VvAC  volume of anode catalyst layer
(7.37 x 1078 md)

w”¢  anode (and cathode) catalyst loading
(5mgcnT?)

x(X)  state variable (in Laplace domain)

y(Y)  output variable (in Laplace domain)

b4 spatial coordinate in membrane (m)

zZ zero of a transfer function

Greek letters

aa1, aaz charge transfer coefficient for anodic reactior
(0.5)

ac charge transfer coefficient for cathodic reactig
(0.5)

ehC porosity of anode catalyst layer (0.g1)]

eAD porosity of anode diffusion layer (0.7]90]

M porosity of membrane (0.410]

n electrode overpotential (V)

KM ionic conductivity of membrane
(0.08732 1 m™1) (calc. acc[12])

ol reference COXx surface coverage of active sit
of Pt catalyst (0.5)

fcox  COx surface coverage of active sites of
Pt catalyst

n pore fluid viscosity in membrane
(4.823kgnrls1) (calc. acc[24],
p. 441, 455)

I radius in complex plane

Subscripts

A anode

AC anode catalyst layer

D




U. Krewer, K. Sundmacher / Journal of Power Sources 154 (2005) 153—170 155

Inthe following, dynamic DMFC models will be presented
AE anodic overpotential which analyse DMFC responses to dynamic load changes
AT surface coverage by using classical methods of system analysis. It will be
C cathode shown that the applied methods predict conditions for experi-
CH3OH methanol mentally observed overshooting behaviour. Additionally, the
COx  adsorbed intermediates occurring during influence of reaction, methanol crossover and double layer
methanol oxidation, e.g. CO, COH, CHO charging will be investigated.

num numerically evaluated The presented models hold for analysis of an operating
rel relative regime in which mass transport influences are minimised:
Ss at steady state conditions prior to current ste¢p  low anodic residence time (i.e. negligible methanol concen-
tot total tration distribution), low current densities (i.e. negligible £O

bubble influence). This allows a much more indepth analy-
Superscripts sis of the processes occurring inside the MEA. Future works
A anode compartment will systematically add outer influences like mass transport
AC anode catalyst layer phenomena and a refined methanol oxidation mechanism.
AD anode diffusion layer
CcC cathode catalyst layer
M membrane 2. Experimental setup
M, A/(M, C) boundary membrane—anode/

(membrane—cathode) 2.1. Applied DMFC design and materials

The experiments were carried out using a single DMFC

This time-span is sufficient for the above mentioned one-step-fed with air and liquid methanol/water solutiofisd]. The
ahead models, butitis not sufficient for reaching a steady stateidentical anode and cathode monopolar plates are made from
for all dynamic variables. graphite material (thickness 7 mm, material code FU4369)

This publication presents a systematic approach towardssupplied by Schunk Kohlenstofftechnik (Germany). The nec-
recording and analysing the DMFC voltage responses to loadessary flow field structures for the reactant distribution over
steps between two steady states. First, a polarisation curvehe MEA surface are millcut into the plates. They consist of
is recorded, and the characteristic operating regimes (e.g.parallel channels of 2 mm width and 2 mm depth, with 1 mm
pseudo-ohmic regime) are identified. This is followed by var- wide ribs between them. A distributor and collector channel
ious current steps between the identified regimes. The voltageconnect the parallel channels to the inlet and outlet ports, re-
response is recorded for 600 s. A subsequent analysis showspectively. The media (air and methanol/water solution) are
the characteristic influence of the operating regimes on the supplied in one corner of the rectangular flow field and leave
cell response. at the opposite corner. The flow field itself has the outer di-

Furthermore, mathematical models of different complex- mensions 65 mnx 40 mm, identical to the catalyst layer on
ity are formulated and evaluated using the experimental data.the MEAs, which leads to an active areaxf = 26 cnt.
A variety of models for different fuel cell types exists in lit- As diffusion layer PTFE-coated TORAY carbon paper
erature, most are steady state models. Dynamic models ardTGP-H-060) is used, with a PTFE loading between 20 and
published e.g. by Heidebrecht and Sundma¢bigfMCFC), 25 mass% with respect to the uncoated material.
Ceraolo et al[6] (PEMFC), Sundmacher et §¥] (DMFC), Finally, the membrane electrode assemblies (MEA) are
and Yerramalla et a[8] (PEMFC). prepared from NAFION™ N-105 membrane foil, onto which

Only few groups investigate on the dynamics of the the catalystlayers are applied using an airbrush technique de-
DMFC. Besides empirical dynamic DMFC models, e.g. veloped by ZSW, Ulm (Germanyl1]. The anode catalyst
[2], the dynamic behaviour of DMFCs to concentration layer features a catalyst loading of 5 mgchfunsupported)
changes was modelldd@,9]. Zhou et al.[9] were among platinum ruthenium black (Alfa Aesar Johnson Matthey
the first to apply system theoretical approaches on fuel cell HISPEC™ 6000) and a NAFION™ content of 15 mass%
models, and in particular on a DMFC model. They showed relative to the metal loading (i.e. 0.75mgch). The cath-
that non-minimal-phase behaviour, which was observed in aode catalyst layer has the same metal loading, but as catalyst
concentration step experiment, can be predicted via analysiSunsupported) pure platinum black is used (Alfa Aesar John-
of the transfer function of a respective linearised model. son Matthey HISPEC™ 1000) and the NAFION™ content
Linear system analysis has many advantages: analyticalis 10 mass% relative to the metal loading (i.e. 0.5 mg€m
analysis of models can be conducted which may yield The DMFC is completed by gold-plated copper plates
principle understanding of the influence of the underlying as current collectors and stainless steel plates for bracing
physico-chemical phenomena. Furthermore, transfer func-the whole sandwich structure. A torque of 5Nm is exerted
tions are a basis for controller design. Controllers based onon the screws, which hold together the steel back plates.
physico-chemical process models are of particular interest. After assembly, each DMFC is conditioned and evaluated
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by operation with pure humidified hydrogen and air for 3  is sentinto a fume hood, while its oxygen and carbon dioxide

8 h, before it is operated on methanol solutions. contents are measured. The oxygen sensor (Q204) is a para-
magnetic sensor (PAROX 1000 H by MBE AG, Switzerland),
2.1.1. DMFC miniplant while carbon dioxide is measured using an IR-sensor (Q203,
For full-scale testing of DMFCs, a miniplant was designed type OEM-NDIR EGC-5% by Pewatron AG, Switzerland).
by Schultz[10], which is fully automated (process control Onthe DMFC anode side, a liquid recycle loopis installed.

system PC-S7/WinCC by Siemens) to enable automatic test-It consists of two alternative cycles, one for methanol/water
ing procedures, with a special focus on dynamic operation. solution and one for pure water. The purpose of this is to en-
Fig. 1shows a simplified flowsheet of the miniplant. able a pulsed periodic operation of the DMFC, where the an-
The DMFC cathode is supplied with dry air (dew point ode feed is changed stepwise between methanol/water solu-
~271K) at flow rates between 0.4 and 5.0 scbrh fmass tion and pure water automatically. Both branches of the anode
flow controller F101, type Mass6020 by Buerkert AG, Ger- cycle feature vessels for pressure equilibration and carbon
many) at cathode outlet pressures of ambient up to 5 barsdioxide removal (B1 and B2), gear pumps (P401 and P402)
absolute (18-5 x 10° Pa). The air is pre-heated in a plate and heat exchangers (W403 and W406). Flow rates between
heat exchanger (W101), air temperatures and pressures arf.3 and 5drimin~! can be achieved. Automatic valves
measured atthe cathode inlet and outlet. At the cathode outlet(V403/V404 and V408/V409) enable a flexible and prac-
also the relative humidity of the air is measured (Q202, type tically immediate change between methanol/water solution
HygroClip IE by rotronic AG, Switzerland). Finally the cath- ~and pure water anode feed without causing significant distur-
ode exhaust air enters a condensor, where it is dried to reach dances in liquid flow rate and pressure. The flow rate is mea-
dew point below 263 K (condensate is collected). The dry air sured by a Coriolis-type sensor (F401, type MASS 2100 DI6

r——"—~>~F~®~*"~""™"""™""~™"~""~"~"~"7"~"~"~" "~ " T"T—"T"T7" "~ "~ T~ ——~°-~—~7 A
I N>,+CO, 1
| |
I I
B |
|
|
0 1 '
4
i17e |
nitrogen purge
pese [ v |
— ] |
Koo < |
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H,0 CH;0H 10 degassing I
|
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|
recycle pumps |
I I
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I | |
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j Galvanostat I
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Fig. 1. Simplified flow scheme of DMFC miniplant with all important sensors and actuators.
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by Danfoss, Denmark). Like on the cathode side, the medium 07 T 7400
temperature and pressure are measured at the cell inlet anc 63 S - = {360
outlet. The methanol concentration of the anode inlet medium R o N\ 1300
is measured online using an ultrasound sensor (Q401, type_, — . %
LiquiSonic30 by SensoTech, GmbH, Germany), based on the%= 0497 17 §
influence of methanol concentration on the speed of sound in— 042f PP E
methanol/water solutions. This sensor is used in a methanol g o.3s} \ 200 2
concentration controller, which uses two dosing pumps for %’ osh 160 g
pure methanol (P351) and pure water (P301) (mzr-2905 by% §
HNP Mikrosysteme, Germany) as actuators. Methanol con- © [ / 1 &
centrations between zero and 1.5 moldhean be detected o14p  / 180
and controlled. The flow rates of the dosing pumps can be .07 // 1 40
controlled in the range from 0.2 up to 182min—2. To ad- YA I RS RS BN I St PO

0 200 400 600 800 1000 1200 1400 1600 1800

justthe anode pressure and also to strip off carbon dioxide, the
recycle vessels are equipped with a nitrogen purge/blanket.

The anode pressure can be controlled in the range betwee
ambient and 5 bars absolute 10° Pa). The liquid inlet

current density, iy /[A/m?2]

cel

r&ig. 2. Recorded polarisation curve with illustration of conducted current

steps (arrows) and the activation-dominated regime (hatched area, left),

temperature (which is also the DMFC temperature due to the pseudo-ohmic regime (middle) and transport-controlled regime (hatched

applied high flow rates) can be controlled in the range be-
tween 253 and 423 K. The DMFC is electrically connected
to a potentiostat (HP60-50 by Wenking GmbH, Germany),
which enables operation of fuel cells from below 1 W up to
1 kW at a maximum of 50 A. Galvanostatic as well as poten-
tiostatic operation is possible, with the option to automati-
cally run user-defined load scenarios.

The array of sensors around the DMFC enables full online
material balancing of all key components (oxygen, methanol,
water, carbon dioxide).

3. Step changes in cell current
3.1. Experimental

First, a steady state polarisation curve was recorded with
the following operating conditions:

e Anode:

feed temperature: 333K (equals whole DMFC tempera-
ture),

methanol feed concentration: 1 mol dfy

flow rate: 0.5dmmin~1,

pressure: 1.7 bar;

e Cathode:

feed temperature: 293K,

feed composition: dry air (dew poirt271 K),
flow rate: 0.5 schmht,

pressure: 1.7 bar.

As can be seen iRig. 2 the OCV lies around 0.6 V, and
the limiting current density is approximately 200 A% The
fairly low OCV can be attributed to the crossover of methanol
and is in accordance with literature data (0.65 Yah 0.55—
0.7Vin[12)]).

At temperatures up to 333K, it is known that methanol
chemisorption only occurs on Pt and water adsorption on

area, right).

Ru, respectively. This mechanism changes when going to
higher temperatures. Then, methanol is also oxidised on Ru
(see[13]). In addition, methanol oxidation accelerates with
higher temperatures. Since the aim of this publication is the
development and investigation of dynamic DMFC models,
defined conditions and reaction mechanisms for modelling
are mandatory for obtaining reasonable results. Hence, an
operating temperature of 333 K was chosen. The relatively
low performance of the presented DMFC mainly results from
this moderate operating temperature.

In the polarisation curveH{g. 2), the activation-controlled
and mass-transport controlled regimes are marked by hatch-
ing. In between, without hatching, is the pseudo-ohmic
regime. When investigating cell responses to current steps,
the initial current as well as the final current should strongly
influence the voltage response. Hence, a series of current
steps between the different regimes were performed. These
steps are visualised by arrowshkig. 2 Figs. 3—5show volt-
age responses to the different current steps. Each of the cur-
rent densities was maintained for 10 min before it was again
set to the previous current level. This assures that the cell
reaches a steady state before the next current change is ap-
plied. Voltage responses of systems which are not in steady
state prior to the current step do not have defined conditions,
and interpretation and modelling would be difficult.

Fig. 3shows voltage responses to steps below 520Am
The solid line shows cell voltage responses to current density
steps between 520 and 260 A% The voltage response is
quite symmetrical, showing instantaneous relative overshoots
of approximately 40% whenever the current is switched be-
tween the levels, i.e. the absolute value of the voltage change
directly after the current step exceeds the absolute steady state
voltage difference by 40%. The steady state is reached after a
certain relaxation time. In contrast to this, voltage responses
to current density steps between 0 Afni.e. open circuit
voltage (OCV), and 520 Ar? are non-symmetrical. The



158 U. Krewer, K. Sundmacher / Journal of Power Sources 154 (2005) 153—170

0.8 T T T T T 0.8 T T T

0.7

0.6 ..,

0.5

0.4

cell voltage, U, ./[V]
cell voltage, Ugey/[V]

03 1

0 500 1000 1500 2000 2500 0 . . .
. 0 1000 2000 3000
time, t/[s]

Fig. 5. Cell voltage as a function of time for current steps from the mass-
transport controlled regime: Current steps between 0 and 15704 dot-
ted), steps between 260 and 1570 Agblack, solid), steps between 520
and 1570 Ant2 (light grey), steps between 1050 and 1570 Ar{dark
grey).

voltage response at OCV, i.e. when the current is switched
off, shows an overshoot of approximately 80%, and a relax-

?non tllmed_of upto 350 S |ntcotmpar:33_;[_0 rOlljlghR/] 50rs] n thef current density levels, séégs. 4 and 5Steps to OCV result
ormerly discussed current steps. tonaily, the shape ot ;, 1, higher overshooting and longer relaxation times. In

the OCV voltage response shows rather S-shape than expo- g
X . o contrast td-ig. 3, voltage responses to a current step-up show
nential behaviour (like in the former step). At a current den- 9.3 9 P P-up

: 5 oo L small fluctuations. Furthermore, the voltage overshoots and
SIt)éOI]ZGfO A m_d the a.ctlva'ltmn;]contrgllgd reg:clme E realc hid subsequently decays to new quasi-steady state levels. These
and the forward reaction, I.e. t € oxi atlon_o met 1ano takes new quasi-steady state voltages may be as low as the over-
place. '.A‘.t QCV th(_a ov_erall reaction stqps |mmed|ately, and shoot voltages obtained directly after the current step. Decay
an equilibrium which is not clearly defined is reached. This

S A and fluctuation should be assigned to diffusion limitation
equilibrium depends on the oxidation state of the catalyst as 9

o . effects. While the upper current densityHig. 4 is always
vyell ason thg equmbn'a between the various methanol r€ac- 1050 A nT2, which is close to the mass transport dominated
tion intermediates. This process takes much more time than

reaching a steadv state at electric current regime but not within, the upper current densityHig. 5is
9 y : well within this region. This leads to the following: While the

voltage response to the current step-upig. 4is decaying
08 : : , to a steady state cell voltage near the overshoot cell voltage
due to mass transport limitation effedsg. 5shows intense
P fluctuations of the voltage signal, attributed additionally to
the onset of C@bubble formation. Furthermore, it can be ob-
served that the system takes in the order of minutes to reach a
new steady state, if atall in the given time interval. Apartfrom
these effects, when stepping down to lower currehigs.
4 and 5show smooth voltage responses with exponential
shapes after the overshoots. This behaviour is comparable
to the current density steps from 520 to 260 Admin
Fig. 3
Fig. 6 plots the absolute overshoots of cell voltage re-
sponses vs. the initial and final cell current density for the
. . . conducted current steps. Only stable voltage signals are eval-
"0 1000 2000 3000 uated. As can be seen, increasing final cell current density
time, t/[s] correlates with decreasing absolute overshoot (for constant
initial cell current density). An already mentioned reason
Fig. 4. Cell volta_ge as a function of time for current steps from the up- {4 this kind of behaviour is the decay of cell voltage to a
per pseudo-ohmic regime: Current steps between 0 and 105G Aglot- | teady stat It ft. hoot. which b
ted), steps between 260 and 1050 A%r(black), steps between 520 and OW_er Steady state voltage alter an overshoot, which can be
1050 AnT2 (grey). attributed to mass transport phenomena.

Fig. 3. Cell voltage as a function of time for current steps from the lower
pseudo-ohmic regime: Current steps between 0 and 520%A(lotted),
steps between 260 and 520 A&y(solid).

Similar effects can be observed for steps from higher

cell voltage, U /[ V]
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Fig. 6. \Voltage response to cell current steps: Absolute overshoot vs. initial
and final cell current density (only stable voltage signals were evaluated, Fig. 7. Cell voltage (solid) and CQrontent in cathode exhaust air (dashed)
dashed lines separate the regimes in the polarisation curve, compare withas a function of time for current steps between 260 and 1050A m
Fig. 2.
3.2. System theoretical analysis of process models of

Furthermore, except for current density steps from different complexity
0 Am~?to higher current densities, higher initial cell current
densities result in higher overshoots (for constant final cell 3.2.1. Set of governing equations
current density). This leads to the following effect: the final To describe and analyse the behaviour of the DMFC with
steady state cell voltage is mostly independent from the ini- respect to dynamic changes in current density, a non-linear
tial cell current density. Hence, the cell voltage, the methanol mathematical model was developed accounting for the fol-
concentration on anode and cathode side, and the methandowing phenomena (sd€g. 8):

crossover should reach the same steady state after a current S
step to the same final cell current density. In contrast to this, ® DPiffusive masstransportthrough the anode diffusion layer.
the initial conditions vary strongly. Directly after the cur- ® Electrochemical oxidation of methanol in the anode cata-

rent step, the cell voltage is strongly influenced by the initial ~ 1YSt1ayer. _ . _
steady state and methanol crossover. Methanol crossover wil® Formation of an adsorbed intermediate COx during elec-
be lower with increasing initial cell current density. Thismay ~ rochemical methanol oxidation.

cause lower cathodic overpotentials, and as a result a highe® Electrochemical reduction of oxygen in the cathode cata-

cell voltage, when switching to the same final cell current ~ lyStlayer. . ,

density from higher initial cell current densities. e Methanol crossover, i.e. gndeswed transfer of .methanol
Since the methanol crossover is proportional to the CO through the PEM by dlffgsmn gnd _electroosm05|s.

concentration on the cathode side, there is a dependenc® Undesired electrochemical oxidation of methanol at the

of the CQ concentration on current density. Schultz et al. ~ cathode catalyst layer.

[14,10] have shown this in steady state measurements and

simulations. Due to online detection of G@t the cathode

outlet (after the condensor, sédg. 1), the experimental e Residence time in the anode compartment is very low, so

setup enables dynamic recording of the Qfncentration. that the compartment effectively is a differential reactor.

Fig. 7 presents the C®content in the cathode exhaust air Hence, the concentration in the compartment is assumed

as a function of time for the current steps between 260 and to be equal to the inlet concentration.

1050 A nT2. Although the response cannot be quantitatively ® Ohmic drops in current collectors and electric connections

interpreted due to the residence time influence of the fixtures  are negligible.

(pipes, condensorfig. 7 shows qualitatively the response e The fuel cell is operated isothermally.

of methanol crossover to the current steps: After a delay ¢ Oxygenisfedinexcess,i.e. oxygen conversion in the cath-

time of ~30 s, the CQ concentration gradually moves to a ode compartment is negligible, and therefore no oxygen

higher steady state when stepping down to 2607 nor to mass balance is required.

a lower steady state when stepping up to 1050 & niere, e Oxygen and carbon dioxide do not diffuse into the PEM.

a higher current density causes higher anodic methanole Water concentration is assumed to be constant (excess

conversion. This lowers the anodic methanol concentration, component in a liquid mixture).

hence the diffusive methanol crossover and the cathodice Mass transport resistances in the catalyst layers are negli-

CO, production. The opposite holds for a decrease in current  gible due to the fact that these are thin (35) in compari-

density. sonto the diffusion layer (170m) and the PEM (10Q.m).

The following model assumptions were made:
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A AD AC M cC
M
A AC Newson (2) cc
Censon ® | Censon M (2) Censon = 0
Censon \Z
# Tar
o (Po2)
COx + re
+ Ix2 (CCC )
H20
(Ccoz)
Na Z_' Nc
Leell
* @
U,

Fig. 8. lllustration of the DMFC model including reactants and physico-

lumped intermediate COx is introduced. While the first re-
action step is the reaction of methanol to the intermediate,
the second reaction is the oxidation of this intermediate plus
an integrated reaction, which is the adsorption of water on
Ru. This adsorption step on Ru is known to be fast compared
to the slow methanol oxidation, s§0], and therefore it is
assumed to be in equilibrium.

As can be seen from the assumptions, the model is lim-
ited to an operating regime of very high anodic volume flow,
a lumped reaction mechanism and the lower pseudo-ohmic
regime of the polarisation curve. Under these conditions, an
analysis of the dynamic processes occurring inside the MEA
can be conducted with minimal influence of mass transport.

Based on the assumptions given above, balance equations
for methanol concentration in the catalyst layer (ER)),
COx surface coverage (E4)), methanol concentration in
the membrane (Ed6)), anodic overpotential (Eq5)) and

chemical phenomena (A: anode compartment; AD: anode diffusion layer; Cathodic overpotential (E(7)), as well as reactionrates (Egs.

AC: anode catalyst layer; M: membrane; CC: cathode catalyst layer).

(8)—(10) were formulated:

e Mass transport in the diffusion layers is quasi-steady state. dCéﬁsoH . kAP Ag

e Onthe anode side, a pure liquid phase mixtureisassumed, ¢; ~ yAC (CéHsoH N CéﬁaOH)
i.e. gas-phase formation by release of carbon dioxide bub- As ma As
bles is not taken into account. Problems with bubble for- ~ VAC''CHsOH ~ /A AL (3
mation only get visible when working and modelling in
or near the transport-controlled regime of the polarisation
curve, which is not done here. docox 1
, = (ra1 —ra2) (4)
e Methanol which is transported to the cathode is assumed dr "imax Pt
to be instantaneously reacting with oxygen at the cathode, dna 1 1
hence its concentrationinthe cathode catalyst layeris zero.? = Wice" + W(—4FrA1 — 2Frp2) (5)
e Experiments were carried out with zero pressure differ-
ence between anode and cathode compartment, hence;cch:/lH oH 8”('\3/IH oH
. 3 3
no pressure-driven transport through the membrane takes a (6)
place.
¢ In the modelled scenarios, all reactions are far from equi- dnc 1. 1 M,C
librium. Hence, Tafel kinetics are used for description.  dr . ¢cc o~ ﬁ(GFrC +6Fncigon) )
e Due to the postulated instantaneous dissolution of carbon AC
dioxide after production and due to the applied Tafel ki- AL = VA1OCCH30H 1 —6fcox {“AanA} (8)
netics, no carbon dioxide balance is formulated. CgigoH 1— 688, RT
e A two step reaction mechanism is used to describe the
electrochemical oxidation of methanol at the platinum— Fap = VAZO@ exp{aAanA} ©)
ruthenium catalyst. The mechanism is a lumped approach e(r%x RT
and accounts for the oxidation of a Pt-adsorbed interme- L -
diate COx (e.g. CO): ro— —rcoexp{ ( R;lc) nc} (10)
CH30OH + Pt — Pt-COx+ 4H" + 4¢€” (1)
acM
Pt— COx+ H205l>J CO, +2HY +2¢e + Pt (2) ”('\;AHSOH = —DEAHSOH% + CE:AH3OHk¢2iceII (11)
There is intense discussion about the real methanol oxi- JM
dation mechanism and the intermediates involved [$&e Ucell = Ug —na +nc — K—Mice" (12)

19]. Focus of this work is not on determining or validating

a specific reaction mechanism. Instead the fact is used thafTransport of methanol through the membrane is described

methanol oxidation is known to occur via a carbon interme-

by Eq.(11), consisting of a Fickian diffusion term (first term

diate which is adsorbed on active Pt surface sites and whichon r.h.s.), and an electroosmotic term (second term) with the
tends to block the sites. As this intermediate may be CO, lumped electroosmotic parametgs,. The latter is derived
COH, CHO or other postulated and measured species, theby using the isobaric convective flow velocity equation given
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by Schloeg[21]:

M
NCH30H,convective™ — (13)
Analogous to Sundmacher et al.[if], the electrostatic gra-
dient dp/dz can be formulated in terms of the cell current
densityicen, Using the Nernst—Planck equation for proton
transport:

dﬁ _ icell
dz M F2(DY. /RT + cM kg /1)

(14)

which is inserted into Eq(13). From this, a lumped elec-
troosmotic parametds; is obtained:

_ kg
WF (DY /RT + cikg/ 1)

kg2 (15)
The overall cell voltagd/ce) (EQ. (12)) is a function of the
standard open-circuit cell voltagég, the overpotentials at
anode and cathodea andnc, respectively, and the Ohmic
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Model variant
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G(S) G, | const const const f(s)
rﬁ;\ e
Ay Membrane R"'r:",'“” AUy
Gy(S) . Gp| const const f(s) const
%AH‘H’”H
Anode A(,‘é_fuo”
GA(S) an, Gyl f(s) f(s) f(s) f(s)
An*‘?"! CAC
s P Gaol f5) f8) f6) ()
1—'—
5
Brox
Gp(S) j“" Gar f(s) f(s) f(s)
Al S AN, e
i > G Gyp:| const const const f(s)

Fig. 9. Representation of the DMFC as a transfer function block diagram
(left) and an overview of the presented model variants (right}: const=
guasi-steady state assumed.

this library contains various alternative mathematical descrip-
tions for each state variable. The appropriate description has
to be chosen according to the model variant. Four different

loss in the PEMRe = dM /M. The overpotentials are de-
fined with regard to the standard electrode potentials.

3.2.2. Linear system analysis and overshoot

After linearisation, the given set of balance equati¢®)s-
(7), can be cast into the following standardised state space
form:

% = Ax(r) + Bu(r) (16)
y(t) = Cx(t) + Du(r) a7

whereA, B, C and D are the system matrix, input matrix,
output matrix and direct transmission matrix, respectively,
the perturbed input variable, i.e. in this case the cell current
density,y the observed output variable, i.e. the cell voltage
response, angl is the vector of state variables.

Laplace transformation ¢ & s; y(r) — Y(s); u(t) —
U(s); x(t) — X(s)) of this equation set yields the transfer
function G, which is the ratio of output to input variable:

Y(s)

~U()
Y(s) is the Laplace transformed cell voltage, aii¢h) is the
Laplace transformed cell current density. Instead of calculat-
ing the global transfer function using all equations at once,
the system can be decomposed into single modules which
are interconnected as shown in the blockdiagrariin 9.

This decomposition is done with regard to the different func-
tional layers of the DMFC: Anode catalyst lay&[), cath-

ode catalyst layer§c) and membrane({y). Subsequently,

= B(sI—A)~C+D

G(s) (18)

the anode catalyst layer is decomposed into the different state

variables: Methanol concentratio& fc), COx surface cov-
erage Gar) and anode catalyst charg6é ). This method

of decomposition has the advantage that the mathematical de
scription of the single modules can be chosen from within a
library. Besides the descriptions derived from E§3—(12)

model variants are investigated in the following chapters, an
overview is given irFig. 9(r.h.s.).

The experimental inpui(r) shows a step in cell current
density, which in the Laplace domain givégs) = Au/s,
whereAu is the step sizé\u = icell =0 — icell.ss The index
ss always refers to the steady state prior to the current step.

Based on the observation that the experimental voltage re-
sponses typically overshoot directly after the current step, a
criterion in the Laplace domain for overshooting is formu-
lated: The transfer functiot(s) is written in the pole-zero
form:

H?:;L(S - P)

whereZ; are the zeros or roots of the numerator polynomial
andP; are the poles, i.e. the roots of the denominator polyno-
mial. The number of poles and zeros is the same, as soon as
D = 0. As illustrated irFig. 10 in case of overshooting, the
system response has its maximum absolute value-a0™,

i.e. lim,o|y(#)|, and decreases for— oo towards a new
steady state with a smaller absolute value, i.e.lig |y(7)|.

Final value theorem and initial value theorem then result in

G(s) = k (19)

lim y(#) = lim Y(s)s = lim G(s)Au = kAu (20)
t—0 §—>00 §—>00

1 — i — i _ le'lzl(_zi)
tl_l)ngo (1) = A|£no Y(s)s = Slino G(s)Au = kAu TP

(21)

_And the condition:

lim [y(@)] > lim [y(z)| (22)
t—0 t—00



162 U. Krewer, K. Sundmacher / Journal of Power Sources 154 (2005) 153—170

¥t A

A Accordingly, the number of exchanged electrons in Eq.
Uis) :T” IE 9 (5) has to be changed fromto 6, and Eq.(4) is dismissed.
o _—— System ! Also, the description of mass transport through the mem-
Giails) YD) 4
f

t=10
1=0 brane is simplified. The most simple mass transport model is

=0 a Fick diffusion approach, assuming a negligible electroos-
motic drag, hence Eq11)reduces to

M
Fig. 10. Principle of overshooting systems. M _ DCH30H AC 26
"ICHeOH = ~ M CCHgOH (26)

ives the overshoot criterion: . . . N
9 This means that a linear concentration profile in the mem-

" " brane is assumed, and thus the methanol flux density of
I H Pill > | H Zill (23) methanol is constant all over the membrane:

=1 i=1

! _ ! _ _ _ JMA MC oM 27)
The following chapters investigate four model variants. CH3OH — "CH30OH — "CH3OH

Fig. 9(r.h.s.) gives an overview of the transfer functions
for the x-model. Calculation yields the following trans-

(]x'm(’de.l) . . fer functions, where in- and outputs are in the same or-
The given set of balance equatidq@§—(7)represents dit-  yo “from top to bottom, as in the blockdiagrampFiig. 9
ferent dynamic processes which interact with each other. To ( h’s ): ’

RT 6RT
Gc = < ) (28)

Flicelss+ 6Fniion sd@c — 1) (icel.ss+ 6Fniop sd(ec — 1)

3.2.3. Reaction-model with one state variable

study and understand the model and the influences of the 0 DY on/d"
various phenomena, a study of the individual dynamic pro- Gm = | aM /M 0 (29)
cesses is helpful. A minimum dynamic model with one state

0 Dyon/d"

_AS/ VAC
s+ kAP As/ VAC 4 As/ VACrp10 expleat Fra,ss/ R/ T)/CgboH
AC AC f
—As/ V> rar0ea1 F/ R/ T eXp @a1 Fna,ss/ R/ T)cCRi,0n.ss/ CCHsOH
5+ kAP As/ VAC 4 As/ VACra10 expat Fiia s/ R/ T) /el o

Gac(s) = (30)

variable, denoted in the following as-inodel, is derived RT RT
from the set of Eqg(3)~(12) The most influential state vari- ~ GAE(S) = | ™, FeBS, o115 @A Ficellss (31)
able is the methanol concentration in the catalyst layer: It is

changing during a currentstep, influencing anode and CathOdeApplying the overshoot criterion, Eq23), on the derived

overpotential, as well as the methanol profile within the mem- 04e equations results in the following overshoot criterion:
brane. For thestmodel the following assumptions are made:

M AD AC B
e The balance equations for charge, E@®.and (7) and 6FDCyork” ccrgon sd@a1 +ac — 1)

lcellss < Imax =

methanol inside the membrane, E@), are in a quasi- dM (kAP (1 — ac) + kMaar)
steady state. (32)
e The balance equation for methanol inside the anode cata-
lyst layer, Eq.(3), is the only dynamic equation. Obviously, there is a maximum initial steady state current

e The methanol oxidation is assumed to take place without densityimax above which in any case no overshooting, and
the reaction intermediate COx, therefore the rate expres-below which always overshooting will occur. It should be

sionra; has to be modified to match the overall reaction: €mphasized that with such a simple model of only one state
variable, the voltage response can already show overshoots

CH3OH + H20 — CO; + 6H" +6¢€ (24) depending on the parameters. In case that both charge trans-
and fer coefficientspa; andac, are 0.5,;max is 0, therefore no
AC overshoots can occufig. 11 (top) shows the experimental
C F .
AL = ral0 CH3OH exp aAL 1 (25) cell voltage response for a current density step from 520 to
CE?ILgOH RT 260 AnT 2. In order to simulate this, all known parameters

(values see Nomenclature) are inserted in the model and the
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charge transfer coefficients; andac are setto 0.5 (stan-  ometry and the layers’ morphology, other additional storages
dard value). Parameters unknown are the anodic and cathodihave to exist.

reaction rate constantsy1g andrco, respectively. They are

estimated according to the following criteria. First, the ca- 3.2.4. Reaction-adsorption model with two state

thodic reaction should be much faster than the anodic reac-yqriables (2x-model)

tion. Second, the experimentally observed polarisation curve  As the Zr-model cannot describe the experimental obser-
(Fig. 2) has to be fitted. Accordingly, the cathodic reaction vations appropriately, the model is extended by introducing
rate constant is chosen to be two orders higher than the ang second state variablieox, hence another storage. As ex-
odic reaction rate constant, and the reaction parameters argjained already in SectioB.2.1, it is known that the elec-
adjusted to fit the experimental polarisation curie. 11 trochemical methanol oxidation follows a multi-step mecha-
(bottom, dotted line) shows the simulated voltage responsenism including at least one adsorption step, e.g. like in Egs.
(reaction parameters are given ibidem). With this set of pa- (1) and (2) The mass balance of the intermediate step is
rameters, no overshooting can occur according to(&2) given in Eq.(4), with the reaction ratesa; andras as in
The voltage response for charge transfer coefficients >0.5ggs.(8) and (9) The description of mass transfer through the
is shown inFig. 11(bottom, solid line). As expected for the  membrane is identical to the one in therhodel. The new
given parameter set, the voltage response shows overshootingnodel will be referred to asx2model due to its two state
(icell.ss < imax). Qualitatively, the model's voltage response variables.

is similar to the experimental voltage response. Both have a  As in the k-model, the equation system is transformed
maximum att = 0s and decrease slowly to the new steady into Laplace domainGc andGy are identical to the ones in
state. Nonetheless, quantitative Comparison shows Significanlthe Ix-model. Due to the new state variablgy, the transfer
functions for the anode (in- and outputs are in the same order
as inFig. 9) change as follows:

—Ag/ VAC T

s+KAD A5/ VACtAs/ VACra10 €Xp @a Fia,ss/ R/ T)/ e op(1—coxsd/ (1050,
As/ VACra10 expea Fia,ss/ R/ T)cCh, om s/ “Crigor/ (10800
Gac(s) = s+KAD As/ VAC+As/ VACra10 expea Fila,ss/ R/ T)/ el op(1—Ocoxsd/(1-05h,
—As/VACratoan F/ R/ T explea Finss/ R/ T)eg, on s/ €Cigon(1—0coxsd/(1-05h,)
s+kAP As/ VACH A5/ VACrp10 €XPla Fa,ss/ R/ T)/ Ci;eﬁSOH(l fcoxsd/ (10 )

) (33)

T
apF/R/ T explea Fia ss/ R/ T)/"math(”AlOCéﬁ3QH ss/cgﬁsoH(l—%Oxss)/(l O ) —raz0fcox ss/0Ss,)
Gars) = 51/ nmaxPi(—7a10 €XP@A Fia s/ R/ T)eCH o, s/ €Crigon/ (1-050x 59 —"A20 €XPea Fiass/ R/ T) /650,) (34)
A10 €XP@A Fnp ss/ R/ T)/‘gtig,OH(l Ocoxsd/(1—0 )/ nmaxpt
51/ nmaxPi(—ra10 €XP@a Fila ss/ R/ T)CH on 55/ Crigon/ (1= 080y 59 7420 €XPea Fia. s/ R/ T) /65,0
— RT(=2ra106/€" +2ra106%" fcoxsd T
A10YcoxT4'A10VcoxYCOX s!
(ZVA10€CE|3OH ss COX(GCOX.5571)+rA20000)§S#—CHSQH(QCOXSS D)anF
_ —RT(ZrAlocAc oref —razoct +razoct® gref )
Gae(s) = CH3OH ss'COxX CH3OH CH3OH COx (35)
(erlOCcﬁBOH sg COX(GCOxssf1)+rA209CO><,SSﬁCH30H(GCOX D)aaF
RT
ap Ficellss

where the anodic charge transfer coefficients are assumed
to be identical ¢a = aa1 = @a2). The overshoot criterion
differences. The model's absolute overshoot and the relax-can be derived analogously to the-rhodel. All previous
ation time are much smaller than the experimental values. parameters are used, except for the reaction rate constants
The absolute overshoot, i.e. the difference between maximumrp19 and rasg. The cathodic reaction rate constant of the
voltage and new steady state voltage, is 20 mV in the experi- 1x-model, including the assumption of a faster cathodic
ment and approximately 10 times smaller in simulation. This reaction, is adopted. The criterion for overshoot yields
may originate from the selected set of reaction parameters.an implicit equation with three variablesaio, ra2o and
The more important deviation is the relaxation time: while the initial steady state current densityess Since this
in the experiment it takes approximately 40-50s to reach aequation is lengthy and complicated, it is not presented
new steady state, the steady state is reached within 5s in thenere. Furthermore, it cannot be solved explicitly, but can
model. This indicates that the chosen storage capacity withinbe plotted as a plane iR with an algebraic mathematics
the model is insufficient. As the only storage in the model is program like Maple, as shown Fig. 12(top), wher€icei,ss
the anode catalyst layer volume which is given by cell ge- is plotted vs. the two reaction constants. The plane separates
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Fig. 11. Experimental voltage response (top) and voltage response afthe 1
model (bottom) to a current step from 520 to 260 A3rOvershoot response
with wa1 = ac = 0.6,7a10 = 10~ molm~2s~1 (solid), non-overshoot re-
sponse withwas = ac = 0.5,ra10 = 1.4 x 10~ molm~2s~1 (dotted).

the overshoot region (left) from the non-overshoot region
(right). It can be seen that the plane shows an incline. At
each cell current density, there is a ratiorgfo versusrazo

above which overshooting occurs. This ratio is increasing
with increasing cell current density. Hence, similar as in the
1x-model, for a set of reaction rate constants a maximum
current density exists, above which no overshoot can occur.
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Fig. 12. Analytically calculated separation plane/line between overshooting
and non-overshooting region: Anodic reaction constants vs. initial current
density (top), anodic reaction constants at initial current derigifyss =
520 Anr2 (bottom).

to 260 AnT2 is simulated. The result is shown Fig. 13
(parameters are given ibidem or in Nomenclature). While the
absolute overshoot is still ten times lower than the experimen-
tal one, the relaxation time, approximately 40 s, is close to the
experimental relaxation time, indicating more realistic mod-

Such behaviour was not observed in the experiments (see€lling results. A different selection of reaction parameters

Fig. 5), steps from high initial cell current densities still pro-
duce overshoots. Mass transport limitation, which inthe mod-
els is only accounted for in a simplified form, in the experi-
ments leads to a lower limiting current density. This current
density may be lower than the model’s maximum currentden-
sity for overshootingicen max, hence according to the model
overshoot will always occur. Furthermore, the cell current
steps conducted at higher current densities are far from be-
ing linear system deflexions (see Sect®@.6, for which
exclusively the model holds.

Fig. 12(bottom) shows the separation line for the experi-
mental initial current density of 520 An$. Here, sets of pa-
rameters in the lower right region will result in overshooting
behaviour. Due to the experimentally observed overshooting,
the anodic reaction parameters should be within the over-
shooting regime ofig. 12 (bottom). The anodic reaction
parameters are fitted to the experimental polarisation curve,
and the dynamic answer to the current density step from 520

may lead to higher or lower overshoot, but will not influence
the relaxation time. Therefore, a significant step towards a
good fit to the experiments is achieved by then@odel.
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Fig. 13. Voltage response of tha-thodel to a current step from 520 to
260 A2 with raz0 = 1078 mol m2s71, raz0 = 5 x 108 molm—2s71,
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0.932 : . . - - of the dynamic membrane transfer function elem@q((s) is
ST 093 //"‘—_ more complex, since mass transport through the membrane
T o : . . . . is given by a partial differential equation, see E(®.and
o 0 10 20 30 40 50 (11). The procedure is as follows. As can be seeRim 9,
o S80F ' ' : ' . the input into the membrane module:
g3 ﬁﬁc)f
258 a0l . . . . : 1(s)
0 10 20 30 40 50 Um(s) = (CAC (s) (36)
= 0 : ; - - ] CH3OH
= 07 ] and output out of the membrane
0.48 . L L . . 3
0 10 20 30 40 50
M,C
S O[T " ' ' " ] Nciyon(s)
=, -0.245F 3
= 025 r ] Ym(s) = | aM /M- 1(s) (37)
: - : : v M,A
0 10 20 30 40 50 Nciion(s)
time, t/[s]

are coupled by a X 2 transfer function matrixGu (s):
Fig. 14. Concentration and overpotential responses of the non-linear 2

model to a current step from 520 to 260 Af From top to bottom: COx- Ym (s) = Gwm (s) -Um (s) (38)
coverage, methanol concentration in the anode catalyst layer, anodic over-
potential, cathodic overpotential. with

Gmi1(s) Gmaz(s)

Fig. 14shows the result of the simulation of the numer- Gy (s) = [ aM /M 0 (39)
ically evaluated non-linearx2model (see SectioB.2.6. It Guai(s) Guaa(s)
shows the transient responsefgbx, Céﬁ3OH’ na andnc. Mt M3z
As can be seen, the anodic overpotentigls quite insensi-  Gu11(s), Gmiz(s), Gmai(s) and Gusa(s) are functions ofs

tive to changing concentrations of methanol and to changing and are determined by using E&), which is linearised at
COx surface coverages in the anodic catalyst layer for time the steady state operating point.
t > 0, while the cathodic Overpotential: shows a Slgnlfl- Assuming the fo”owing two conditions:
cant overshoot which is the reason for the overall cell voltage
overshooting. The theoretical result of an insensitivity of the ® methanol concentration in the membrane at the spatial co-
anodic overpotential to changes in methanol concentration ordinatez = 0, where the membrane is in contact with the
has been validated in half-cell measurements on a real fuel anode catalyst layer, is identical to the concentration in the
cell MEA [22]. As soon as the methanol concentrationinthe ~ anode catalyst layer, i.e.
anode catalyst layer reaches a steady state, the methanol flux Ac .
through the membrane reaches a steady state, and with this ¢CHaoH(z = 0) = ccrizom; (40)
also the cathodic overpotential.

This theoretical result supports the interpretation of the *
experimental observations atthe end of SecdidandFig. 6.

methanol concentration in the membraneatd™, where
the membrane is in contact with the cathode catalyst layer,
isassumed to be zero due to the total oxidation of methanol

with oxygen, i.e.
3.2.5. Reaction—adsorption model with two state Yo

variables and a distributed membrane (2x + m-model) C?:/IH30H(Z —dMy = cgﬁsoH =0 (41)
The Ix-model and the 2model are focussed on the reac-

tion mechanism and its influence on the dynamic behaviour the following partial differential equation results:

of the DMFC. The membrane dynamics is neglected there

by assuming a steady-state linear concentration profile of 9 _  m 327?6 — ko ox n

methanol in the membrane. But recent studies by Schultz ar  ~CHeOHp;2 — fe2icellssy

[10] indicate that the concentration profile of methanol in the kyo2cAC il ss ePesd/dM-1)

membrane is not necessarily linear, and the membrane isa 4 - CHQOH'Sslce 52 (icell — icells9
significant storage for methanol. To investigate the influence DChzom 1—efess ’

of the dynamics of the membrane on the cell voltage response, (42)

the Z-model is extended with a further state variable, which

is the local concentration of methanol in the membrane. This where the Peclet number:

model is denoted asc2+ m-model. Compared to the setup of M

the previous transfer function element&d, Gac(s), Gar(s) Pess = %@'LSS (43)
andGag of the 2-model hold for this model, too), the setup D¢zom
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(e 0m — cChson.sd @nd initial con-
0 are holdlng as well as the boundary

and the definitionr =
dition x(r = 0, z) =
condition:

x(t,z=d") =0

(44)

—0)— AC AC
x(1, 2 = 0) = €Cliy0H — CCHyOH.ss

Laplace transformation yields the following ordinary dif-
ferential equation:

- k¢2icell,ssX/(Sa Z) - SX(S’ Z)
gPess(z /aM—1)
1— e Pess

M
DgiyonX" (s, 2)

2 AC .
kg2 CCH30H,sdcell.ss

1(s) (45)

M
Dcpzom

with X(s, z = 0) = C&R,on(s). X(s,z=d™) =0

After solving this equation analytically and inserting the
resultX (s, z) into the Laplace transform of the linearised Eq.
(12):
N(s, 2) = —DEuyonX (s, 2) + kpaicell ssX (5. 2)

+ kp2ccHzoH,sH2) 1 (s) (46)

a Laplace transform of the methanol mass flow is obtained,

which can be cast into the following form:

N(s, z) = ba(s, 2) X (s, z) + ba(s, 2)I1(s) 47
b1 andb; are complicated functions efandz. They are not
presented here due to their size.

The transfer function elements demanded in 89) are
obtained from Eq(47) at the coordinates= 0 andz = dM:

G _ k¢220éﬁ30|.|,ssicell,ss e Pess/2 1

w1a(s) = 24V 1-e Pess
[~ Pess€”592 — 2F1(s) + 2 €592 Fy(s)] (48)
D¥y,0n

Gmi2(s) = A R Z10) (49)

dM

2 AC . _
kp2°CCrizon sdcellss € Pess 1

AC
Gm3i(s) = kg2¢Cri,oH.ss—

2qaM 1— e Pessy
[ Pess— 2 €92 Fy(s) + 2F2(s)] (50)
M M
Gmz2(s) = _DC%,C:P%S + k¢2icell,ss+ DCH?’OH Fa(s)
(51)
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Pess/2)? + ((dM)?/D
. \/ (Pess/2P + ((M)2/ DS, o )s )
sinh \/(PeSS/Z)Z + ((@M)2/ DR, on)s
Pess/2)? + ((dM)2/ D
) \/(Pess/2P + (dM)2/ DES 15 3

tanh\/ (Pess/22 + ((dM)2/ DES, op)s

U. Krewer, K. Sundmacher / Journal of Power Sources 154 (2005) 153—170

Unfortunately, these transfer functions are transcendental
functions, and using them in this form would not result in a
rational transfer function for the fuel cell (E(L9)), hence
neither can this function be used for controlling purposes
nor can an overshoot analysis be carried out according
to Eq. (23). There exist several methods to approximate
transcendental transfer functions by rational functions,
see e.g.[23]. A reliable analytical solution is obtained
via a combination of the residue theorem and the Laplace
transformation. Step one is the transformation of the inverse
Laplace transformation integral into a contour integral with
a semicircle of radiug — oo:

1 c+joo
0 =5 |
21j Je—joo

If all singularities ofY (s) are inside this region and if

1
Y(s)e"ds = —— j{ Y(s)€'ds (54)
2mj p—>00

lim Y(s) =

§—>00

(55)

according to the residue theorem the system answer in the
time domainy(r) can be calculated by the sum of the contour
integrals around each singularigy.

1 oo

y(t) = =— ]{ Y(s)e'ds = ) res (56)
27j Jps oo ;

with

1 st

reg = — 7{ Y(s)€e'ds (57)
277:] p—0, atp;

Integration of this equation yields:

res = lim (s — P)¥(s) " = consté'’ (58)
S—> I

Since the Laplace transform of’
transformed into the Laplace domain, resultlng in the follow-
ing rational form of the transfer function:

o0

= S 2(lim (s~ PIY()

. i i
i=1

Yrat(s) (59)

For functions with an infinite number of singularities, the
higher terms represent faster dynamic modesnillisec-
onds) and more negative singularitis These become ir-
relevant for the contemplated order of magnitude of experi-
mental relaxation times (seconds—minutes). Since the trans-
fer function should have the same stationary gaifi@} i.e.
Y(0) according to the final value theorem, the sum in(&Q)

is convergent for = 0. Therefore, a good approximation can
be achieved by truncating the series after the time-relexant
terms, i.e. time-relevant: singularities, and correcting for
the stationary gain:

Yyar(s) — Yrar(0) + Y(0)

This rationalising procedure is applied to the transcendental
partsFy (Eq.(52)) andF» (Eq.(53)) of the transfer functions,

Y(s) ~ (60)
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Fig. 15. Comparison of voltage responses of the-2rn-model (solid) and
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F>(s) does not fulfill the condition in EQ55), but F rat is
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Fig. 16. Concentrations and overpotential responses of the nonlinear 2
m-model to a current step from 520 to 260 Afa From top to bottom:
Methanol concentration and surface coverage in the anode catalyst layer,
anodic overpotential, methanol flux at the interface membrane/cathodic cat-
alyst layer and methanol concentration in the membrane (10th discretisation
element of 50 elements in total), cathodic overpotential.

The dynamic behaviour of the flux at the interface mem-
brane/cathode shows the effect of the introduced osmotic drag
term: methanol flux instantaneously decreases=at due
to the reduced current density, hence due to lower osmotic
drag, while subsequently the anodic methanol concentration
increases, causing a rise in the flux. This non-minimal phase
behaviour leads to an overshooting of the cathodic overpo-
tential response and, as a consequence, the above presented
overall cell voltage response (sEg. 15 also overshoots.
Just like in the 2-model, the anodic overpotential is quite in-
sensitive to changes in the methanol feed concentration and
surface coverage.

still an adequate fit to the original function, as can be shown.

The new transfer functions are inserted into the block di- 3.2.6. Discussion on validity of transfer function models
agram Fig. 9), and the cell voltage response to the exper-  The |ast two sections presented dynamic responses of the
imental current step is simulated. The reaction parameterspy-model and the 2+ m-model. The responses were ob-
are identical to these of thecnodel, as well as most of the  tained by linearising the rigorous model equations around the
other parameters (values see Nomenclature). The results argteady state and calculating the voltage transient to a current
displayed inFig. 15in comparison to the voltage response step, using Laplace transformation. As can be seen from the
of the 2-model. As can be seen, the relaxation time is iden- results, the models can describe the observed experimental
tical to that of the 2-model. Observed differences are a 2s pehaviour qualitatively, but not quantitatively.
delay time until the maximum voltage is reached (discussion  Between the current densities of 520 and 26072¢nthe
see next paragraph), and a lower steady state ofithesi- experimental polarisation curve is approximately linear (see
model. The absolute overshoot is slightly larger than for the Fig. 2), and hence the system could be regarded as a linear
2x-model, but it is still small compared to the experimental one. This will be shown in the following.
voltage response, whose overshoot is 10 times larger. Hence, For comparison with the linearised transfer function mod-
for the given parameter set and with regard to the experi- els, the nonlinear system answers to thentodel and the
ment, the results of thex2zmodel and the 2+ m-model are 2y 4 ,-model have been calculated by numerical solving of
qualitatively equal. the respective set of nonlinear differential equations (see also

Observing concentration and overpotential changes of therigs. 14 and 16 Both, the nonlinear and linear system an-
numerically evaluated nonlinearx2- m-model inFig. 16  swers are presented Fig. 17 (top) for comparison. As can
(see SectiorB.2.6, we see the same effect as in the 2 pe seen for both, ther2nodel and the 2+ m-model, volt-
model: methanol concentration dominates the dynamics of age responses of the linearised and nonlinear systems have
the cathodic overpotential, and thus the cell voltage. Even the same shape except that the nonlinear answer is shifted
after 50's, the COx coverage is not in equilibrium. to higher voltages. This shift is due to the deviation of the
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Fig. 17. Comparison of linear models with non-linear models. (Top) Voltage
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Relative error of linear compared to non-linear responses of tiradtlel ra20 = 5% 108 molm2s1
(black) and the 2+ m-model (grey).

neously, i.e. in a quasi-steady state. This assumption seems
polarisation curve from the tangent of the polarisation curve justified, since in the experiments the Ohmic part of the volt-
at the initial current density. A quantitative analysis of the age changeR™ - Aice = 3mV) is only a small part of the
deviation is given irFig. 17 (bottom), where the relative er-  total steady-state voltage change (=52 mV) for the standard
rors of the linear models vs. the nonlinear models are plotted. current density step, i.e. from 520 to 260 Afn
It can be seen for thex2nodel that the relative error in the Nonetheless, if the given set of equations (Eg§%-(12)
steady state is quite small (2.4%). Even less, approximatelyand parameters (see Nomenclature) are reliable, a model in-
0.02%, is the change of this error versus time. Therefore, it cluding the dynamics of the charge balances should deviate
can be concluded that the linearisedriodel is equivalent  only marginally from the 2-model. In the following, it will
to the nonlinear 2model for the given current step. This be shown how the system dynamics changes when the dy-
may change with increasing current step size where the devi-namics of charge balances is not neglected. Additionally to
ation from the polarisation curve will increase. The relative the two state variableatf; o and6cox of the 2-model,
error of the linearised:2+ m-model is only slightly higher  the state variablegs andnc, are described by dynamic bal-
(~2.4%), and the variance of the error is in the same order asances (charge balances, E(s) and (7). The model now
for the 2-model. Hence, also for thec2- m-model, it can be consists of four state variables, subsequently it is denoted
concluded that it is equivalent to its non-linear counterpart. as 4-model. The total transfer function is modified by ex-
changing the transfer function elemeiitge andGe in the
blockdiagram (se€ig. 9):
1/ccC T
5—6/CCCF2rco(ac—1)/R/ T exp(ec—1)F/R/ Tic,s9
co (63)
—6F/C
5—6/CCCF2rcolac—1)/R/ T exp(ec—1)F/ R/ Tnc.s9)

Gels) =
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s—apn/R/T expea Fna ss/ R/ T)/ CAC(—4F erlocéﬁSOHY s Crce,f‘soH(l—9CO>css)/ (-6, )—2F2rpz00coxss/ O,
(4Fra10 €XP@A Fia ss/ R/ T)eCi o oo/ “Crigon/ (10500 —2Frazo explea Fia ss/ R/ T) /085, CA° (64)
s—aa/R/T explea Fin.ss/ R/ T)/ CAC(—4F2ra10¢y, op o5/ Chigon(1—0C0x s/ (1-055,)~2F 2r00cox.ss/ fsiy)
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s—an/R/T expla Fin.ss/ R/ T)/ CAC(—4F 210085, op s/ € Caigon (L—000x s/ (1-050,)—2F2raz00c0xss/ O

Gae(s) =

Using the same set of parameters as in thenddel, the dy-
namic voltage response is calculated for the current density
3.2.7. Reaction—adsorption-charge model with four state step from 520 to 260 A 2. The voltage response of both,
variables (4x-model) 2x- and 4-model, is shown irFig. 18 As can be seen, the

In all models presented in the previous sections, it was as-time for reaching the new steady state is the same in both
sumed that the time constants of the charge balances are muchmodels. Five seconds after the current step both answers are
smaller than the time constants of the mass balances, whichidentical. But, as expected, there is a slight discrepancy in
means that the charge balances are in equilibrium instanta-the domain of the small time constants, i.e. in the first 3s. In
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the 4-model, the voltage cannot step-up immediately to the for the given parameter set, led to only slightly different
new level at — O, asitis found for the2model, sincethe  results. In all investigated model variants, the dominating
double layers first have to be discharged. This discharge takegphysico-chemical phenomena were the same: Transport
place within three seconds, after which the voltage reachesitsof methanol through the membrane caused -cathodic
maximum. In the subsequent time only small voltage changesoverpotential overshooting while the anodic overpotential
due to concentration changes are observed, compared to theroved to be rather insensitive to methanol concentration
initial large voltage changes due to the current step, and thechanges.
voltage decreases slowly. As a result, comparing the abso- Linearised models were found to be adequate for dynamic
lute overshoots of thex2model and 4-model, the overshoot  modelling in the lower pseudo-ohmic regime of the steady-
of the 4-model is 15% smaller than that of the-thodel. state polarisation curve at high anode flow rates, hence they
Nonetheless, one has to take into account that the voltagealso could be suitable for controller design for this regime,
response will always show this characteristic rounding off which will be the scope of future works. Furthermore, the
of the overshoot within the first few seconds (time depends causes of the observed overshoot height, which could not yet
on the double layer capacities), but themodel will not be reproduced quantitatively by the presented models, will
contribute other dynamic effects to the system. Finally, the be investigated (more realistic anode and cathode kinetics).
previously postulated assumption that therdodel deviates The transfer function library enabled the modular combi-
only marginally from the 2-model proved correct, the set of nation of descriptions of physico-chemical phenomenainside
equations showed the predicted behaviour, and for the sake othe MEA of the DMFC. Further investigations will be con-
model reduction, the models with quasi-steady state chargeducted by enlarging the library with modules describing outer
balances may be used for modelling further on. mass transport. Finally, the transfer function library will be
used for EIS simulations.
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