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Abstract

A non-isothermal dynamic optimization model of direct methanol fuel cells (DMFCs) is developed to predict their performance with an effective
optimum-operating strategy. After investigating the sensitivities of the transient behaviour (the outlet temperature, crossovers of methanol and
water, and cell voltage) to operating conditions (the inlet flow rates into anode and cathode compartments, and feed concentration) through dynamic
simulations, we find that anode feed concentration has a significantly larger impact on methanol crossover, temperature, and cell voltage than the
anode and cathode flow rates. Also, optimum transient conditions to satisfy the desired fuel efficiency are obtained by dynamic optimization. In
the developed model, the significant influence of temperature on DMFC behaviour is described in detail with successful estimation of its model

parameters.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Direct methanol fuel cell (DMFC) systems are attractive for
portable and stationary power applications. The fuel (methanol)
is easy to store and deliver, and has a high specific energy. The
design complexity of DMFC systems is reduced by eliminating
the reforming units that are required to produce hydrogen for
polymer electrolyte membrane fuel cells (PEMFCs). In view of
designing the systems, there are two types of DMFCs, namely,
passive-feed DMFCs and active DMFCs. Studies of passive
DMEFCs have been undertaken by Chen and Yang [1], Kim et
al. [2], Liu et al. [3], Shimizu et al. [4], and Chen and Zhao
[5]. Passive-feed DMFCs have advantages in eliminating para-
sitic power loss of pumps and fans because without an active
(convective) feed supply, oxygen is supplied by air-breathing
and methanol is diffused into the anode from the fuel cartridge
driven by a concentration gradient. By contrast, active DMFCs
can control the flow rate of the feed and air by means of pumps
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and/or fans to cope with the varying power loads and environ-
mental conditions. However, both types of DMFCs still have low
fuel efficiency and specific power compared with hydrogen fed
PEMEFCs due to mass crossover problems and slow methanol
oxidation.

The fuel efficiency and the available oxygen concentration
at the cathode catalyst sites are reduced by methanol crossover
through which a large amount of methanol is transported from
the anode to the cathode catalyst layer. Oxygen transport to the
catalyst layer is also prevented as water at the anode crosses
the membrane. To solve these problems, much research has
been conducted. In modelling work, Simoglou et al. [6,7] have
described an experimental study of the dynamics of a DMFC and
have developed an empirical model of the cell voltage dynamics
with a feasibility study of model-based scale-up and scale-down.

Dohle et al. [8] examined the heat and power management of
a DMFC system, and in particular investigated the influence of
water vaporization in the cathode on the heat management of the
DMEFC system. Dohle and Wippermann [9] developed a semi-
empirical model to predict methanol permeation, overpotentials,
and polarization curves. Sundmacher et al. [10] formulated a
dynamic lumped parameter DMFC model by deriving anode
kinetics consisting of a four-step reaction mechanism. Krewer
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Nomenclature

AS cross-sectional active electrode area
(1.0 x 1073 m?)

B constant depending on the fuel cell and its oper-
ating state (V)

Cc concentration (mol m—3)

Cieed  feed concentration (mol m—3)

CiCL concentration of component i in catalyst layer
(mol m3 )

C, double layer capacity of anode (Fm~2)

C. double layer capacity of cathode (Fm~?2)
Ccloss concentration loss of cathode part (V)
Cf feed concentration of component i (mol m~3)

Cp,solid heat capacity of cell (J kg_1 K1

Cg:tl- heat capacity of outlet stream from anode part

(Jmol~'K~1)
Cg‘clfi heat capacity of outlet stream from cathode part
(Jmol~'K~1)

aM PEM thickness (2.0 x 10~* m)
D%/IH}OH Diffusion coefficient of methanol in membrane

29x 10710 m2s 1

F Faraday constant (96,485 C mol~1)

h;“l inlet enthalpy into anode part (Jmol~')

hic‘}i inlet enthalpy into cathode part (J mol~!)

hg,“i‘ outlet enthalpy from anode part (J mol~!)

hg};‘ outlet enthalpy from cathode part (Jmol~!)

icell cell current density (A m~2)

icrossover Ccrossover cell current density (A m~2)

ilim limiting current density (A m_z)

k; rate constant of reaction j (molm~2s~1)

K- mass transfer coefficient (ms™')

kp hydraulic permeability of membrane
(1.57 x 10~ 18 m?)

K; equilibrium constant of reaction j

mgonia  cell mass (kg)

Mwyaer molecular weight of water (kg mol’l)
Ny mole amount of anode part (mol)

ne mole amount of cathode part (mol)
"I(\?/IH3OH methanol crossover (molm~2s~1)

ny inlet molar flow rate into anode part (mol s~
r'zicn inlet molar flow rate into cathode part (mol s7h
ng electro-osmotic drag coefficient

nM .. water crossover (molm—2s~!)

P, total pressure of anode part (Pa)

P. total pressure of cathode part (Pa)

Po, partial pressure of oxygen into cathode part (Pa)

Pstp  standard pressure of (1.013 x 10° Pa)

Powerce) power generation from DMFC cell (J s_l)

Powercomp compressor power consumption (J s")

Powerne; net power generation from DMFC system
ds™h

Qarxn  reaction heat of anode catalyst layer (J s_l)

Qcrxn  reaction heat of cathode catalyst layer (J s’l)

OMeOHXover reaction heat of methanol oxidation resulting
from methanol crossover (J mol~!)

Oloss heat loss of cell resulting from convection,
conduction, radiation, and any others (J s’l)
(assumed to be zero in this work due to adiabatic

condition)
r reaction rate (molm—2s~1)
R universal gas constant (8.314 ] mol 1 K1)
RME relative mean error (%)
t time (s)

tinitial  start time of the operation (s)
tinal end time of the operation (s)

T cell temperature (K)
vin inlet flow rate into the anode part (m3s~!)
vin inlet flow rate into the cathode part (m3s~!)

Veell cell voltage (V)

V9,  open circuit voltage of cell (V)

x;’}’i‘ outlet mole fraction from anode part

xy outlet mole fraction from cathode part

Greek symbols

o charge transfer coefficient (0.5)

y ratio of heat capacity, i.e., heat capacity at constant
pressure divided by that at constant volume (1.4)

Na anode electrode overpotential (V)

Ne cathode electrode overpotential (V)

NFuel fuel efficiency

O; surface fraction covered by component i

M conductivity of membrane (17 Q1m™

n pore fluid viscosity in membrane

(3353 x 10~*kgm~!s71)
Pwater  Water density (kg m~)

T mean residence tim in the anode or cathode com-
partment (s)

Subscripts

a anode

C cathode

feed methanol inlet into the anode

Pt free active sites of platinum catalyst

Pt3—-COH Pt3—COH occupied platinum sites
Pt—-COOH Pt—COOH occupied platinum sites
Ru free active sites of ruthenium catalyst
Ru-OH Ru-OH occupied ruthenium sites

Superscripts

CL catalyst layer

LS from liquid bulk to surface
M membrane (PEM)

0 at standard conditions
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et al. [11] presented the dynamic behaviour of DMFCs through
a dynamic model with an updated reaction mechanism. Schultz
and Sundmacher [12] simulated a one-dimensional, rigorous,
mathematical model of a DMFC with focus on a realistic descrip-
tion of mass and energy transport, as well as the physical
properties of the PEM material.

Through the application of computational fluid dynamics
(CFDs), Chenget al. [13] derived a simplified CFD model to pre-
dict fuel cell performance on personal computers without huge
computation time. A 3-D CFD model was also created by Kjeang
et al. [14] to analyze methanol transport in a flowing-electrolyte
DMEC.

Apart from the above simulation work, including CFD mod-
elling and differential algebraic equation (DAE) modelling, Xu

-1in i i t -in i i t M S
dT [ inlcnxg?i(hlcr}i - hg,ul )+ Zingnx';f,-(hg},- - hg,”l-) — Qc,rxn — Qarxn — QMeOHXoverHCH30HA — Powercel — Qloss

3
Overall : CH30H(1) + EOZ(g) — COz(g) + 2H,0()

0,25°C
Ve C=121v

The summarized DAE model of Sundmacher et al. [10] is
listed in the Table 1. The energy balance Eq. (13), described
in more detail in the Appendix A, includes the moles of each
component (liquid and gas phase) in the anode and cathode parts,
the molar flow rates of the inlet and outlet streams of the cell,
the mass and heat capacity of the solid state (the single-cell
stack), the reaction heat of methanol oxidation due to methanol
crossover, and the electrochemical reaction heats of anode and
cathode catalyst layers.

dr MsolidC psolid + Mey (X

etal. [15] performed optimization of the isothermal DMFC DAE
model based on the study by Sundmacher et al. [10].

In addition to the active research on DMFC modelling and
the strong influence of membrane—electrode assembly (MEA)
temperature on DMFC performance, an optimization study of
a non-isothermal DMFC, which involves the flow rates and
the reaction enthalpies of inlet and outlet streams, is neces-
sary to determine an optimum-operating condition. Thus, the
work reported here presents the development of a non-isothermal
dynamic DMFC model by adding an energy balance to the
isothermal model of Sundmacher et al. [10], together with
dynamic simulations and optimization of the model. The next
section introduces a non-isothermal differential algebraic equa-
tion model, updated from the isothermal model of Sundmacher
et al. [10], and parameter estimation results. The dynamic
behaviour of DMFC operation, i.e., the effects of operating vari-
ables, and a dynamic optimization are discussed in the following
sections.

2. Non-isothermal dynamic model of DMFC
2.1. Differential algebraic equation (DAE) model of DMFC

The basic structure of a DMFC reaction scheme is shown
in Fig. 1, and the following total electrochemical reactions take
place on the catalyst layers of the MEA.

Anode : CH;OH() + HyO()-28'CO, + 6 HT + 6™

9,25°C .
Veioneco, = 0.02V

3
Cathode : Z0x(g) + 6H + 6e~ —%3H,0(1)

0,25°C
Voo =123V

}ll_tcout )+ nazi(xg}litcout_

13)

pc,i pa,t

Based on the energy balance the outlet temperature from the
DMEFC can be predicted, under given conditions of the inlet
temperatures, molar flow rates and feed concentration, by adopt-
ing some of the assumptions made by Sundmacher et al. [10],
namely:

e the compartment channels and catalyst layers are treated as
continuous stirred tank reactors (CSTR), i.e., a lumped MEA
model

e ohmic drops in current-collectors and electric connections are
negligible

e mass-transport resistances in the catalyst layers are negli-
gible because the catalyst layers are very thin (i.e., 10 wm)
compared with that of the PEM (i.e., 200 pm)

e mass-transport coefficients of the components (water and
methanol) in the diffusion layer are equal

e the electrochemical oxidation of methanol at the anode fol-
lows the reaction mechanism given in Table 1 with the first
step, Eq. (1), as a rate-determining step.

Also, the additional assumptions are made:

o there is no heat loss in the stack (adiabatic condition), that is,
QOloss =0

e the electro-osmotic drag coefficient (nq) is a function of
the temperature (ng=-—5.77+0.027 T); this linear equa-
tion is obtained by fitting the data of Ren and Gottesfeld
[16]

e the inlet flow rate into the anode or the cathode is the same
as the respective outlet flow rate based on the lumped MEA
model assumption.

Water crossover is derived from the paper of Lu et al. [17],
ie.,

Lcell k P
nev/[ater = (nq +0.5) <C;> _ ;p(PC _ Pa)# (14)
water
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Fig. 1. Structure and reaction scheme of DMFC.
Table 1
DAE model taken from Sundmacher et al. [10]

Electrode reaction rate expressions

Anode
ry = ki exp (Mna> {(”)12 CSh OH — LeXP (—ifla) Opy {OH} (1)
RT s K RT 3
ry = ka exp (gﬁa) {(”)Ru — —exp (7777:1) (”)Ru—OH} 2)
RT K> RT
73 = k3 4 Opi—conO%y_on — E@Pt—COOH@%I(")ﬁu 3)
1
ry = kg {@PL—COOH ORu—OH — ECS(L)Z @PL@Ru} “)
Cathode

asF F Po, \*/*
r5=k5exp (%r](;) {I—CXP (—ETIC) ( ;)2> (5)
c

Mass balances of anode compartment
F
dCcmyon _ Cemzon — Comon k1548

CL
a - v, (Cemon = Caizon) ©)
F
dCCO Cco - CC02 kLSAS
< 2 _ €O - - (Cco, — CE6,) D
Mass balances of catalyst layer
dcCk kLS AS AS AS
CH30H CL M
dt; = o (Cenzon — Ceg,on) — VoL "CH;0H — Ve T ®)
dcCL LS 4§ S ¢ ¢
co, _ kA CL A
= —(Cco, = Cgp,) + =1 9)
dr ver 2 2 veL
Charge balances
O dcell — 6F1 (10)
or C,
e —icenn — 6F(rs + nlxlc}hOH) (11
a C.
The methanol crossover
DM CCL P dM
”IgH OH = —LOf 2 ALOR (Pe)( Do ) here, Pe=v—r— (12)
3 dm exp (Pe) — 1 DCH3OH
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where &, is the hydraulic permeability of a membrane; u is the
pore fluid viscosity in the membrane; pwater 1S the water density;
MWyater 18 the molecular weight of water.

Since the cathode overpotential does not contain concentra-
tion loss whereas the anode overpotential does, the concentration
loss at the cathode is given by [18]:

Celoss = BIn <1 - ’“) (15)

Him

where B is a constant depending on the fuel cell and the operating
state [18].

The overall cell voltage is modified from that of the paper
[10], i.e.,

aM i
0 . cell
Veell = Vcell —Na+nec— chell + Bln <1 - ) (16)

Him

2.2. Optimization strategy

Based on the DAE model in Section 2.1, parameter estima-
tion, dynamic simulation and optimization were performed by
using the gPROMS modelling tool [19]. For the dynamic simula-
tion, a DASOLYV code, one of the standard differential algebraic
solvers in the gPROMS, was employed with a dynamic opti-
mization solver, DYNOPT, for the optimization and parameter
estimation.

The DASOLV solver, based on a variable time step and
variable order backward differentiation formulae (BDF), is
applicable for a wide range of problems due to its efficient treat-
ment of large and sparse systems of equations that include the
variable within the lower and upper bounds except highly oscilla-
tory behaviour models with frequent discontinuities, It provides
strong advantages in automatically adjusting each time step and
in yielding efficient finite difference approximations.

A CVP_SS solver of the DYNOPT, adopted for the opti-
mization, is based on a control vector parameterization (CVP)
approach assuming that the time-varying control variables are
piecewise constant (or piecewise linear) functions of time over
a specified number of control intervals.

The CVP_SS solver employs a single-shooting dynamic opti-
mization algorithm, that:

(i) chooses the duration of each control interval and the values

of the control variables

(ii) solves a dynamic system model over the entire time horizon
by starting from the initial time point

(iii) determines the values of the optimized objective function
to satisfy the constraints

(iv) repeats the procedure until convergence to the optimum is
reached.

The non-linear programming (NLP) solver of the CVP_SS
is a SRQPD solver which employs a sequential quadratic pro-
gramming (SQP) approach.

Table 2
Reference values of kinetic parameters

Parameters Reference values
ki =k et 1.0x 1077

ka = ko ref 1

k3 = k3 ref 0.01

kg = Ky ref 1

ks = ks et 7.0 x 1073

K1 =K ret 1

K> = K rer 0.02

K3 = K3 et 1

K4 = Ky rer 0.02

2.3. Parameter estimation

The parameters to be estimated are selected from the chemi-
cal reaction parameters, i.e., k1, k2, k3, k4, ks, K1, K>, K3, and K4
in the Eqs. (1)—(5) of Table 1. The three parameters (kz, k3, and
k4) are screened in advance because they have no influence on
the DMFC behaviour in the current model, i.e., ry=r3=r4~0
based on the chemical equilibrium assumption and allow cal-
culation of the surface fraction of catalyst areas [10]. Then, the
sensitivities of the remaining parameters (k1, k5, K1, K>, K3,
and Ky) to the cell voltage are analyzed to choose those for esti-
mation by using the reference values in Table 2. In Table 3, V;
is the voltage when the chemical reaction parameter is J, with
J € {ki refs ks refs Kiefs - - Karef}. Vixos and V15 are the
voltages when the corresponding parameter value is multiplied
by 0.5 and 1.5, respectively.

Since the cell voltage is mainly affected by four kinetic
parameters (k1, ks, K>, and K4 ), as shown in Table 3, these param-
eters are finally selected as decision variables for the estimation.

The constant (B) and limiting current density (i) in the
cathode concentration loss term are also treated as parameters for
estimation. The optimization model for the parameter estimation
is formulated as:

30 Cal, +k EXp .k
MIN. f = i <Z Vceill (cen) = Veen Ueen) )

Exp, .k
30 k=1 Vcell (lcell)
1 NS ) — ma PGy
4= Z a ceE ce (17)
3 =1 Na xp(’lceu)

Table 3
Sensitivity analysis of kinetic parameters to voltage (ice; =2000 A m~2)

Parameters Voltage deviation [%] when J =k ref,
“eey kS,rcf’ K],I’Cf’ .., OF K4,rcf
| 724222 | x 100 | 2= | 100
J=k; 2.58 1.39
J=ks 10.73 6.28
J=K ~0.00 ~0.00
J=K> 4.18 241
J=K3 ~0.00 ~0.00
J=K4 4.18 241
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Table 4
Initial guess values for parameter estimation

Parameters Reference values

ki 1.0 x 1077 (molm~2s~1)
ks 7.0 x 107° (molm=2s~1)
K> 0.02

Ky 0.02

B 0.01 (V)

ilim 7000 (Am~2)

Subject to:

10*V<B<1V
6000 Am~2 < i}y, < 10,000 Am~2
1.0 x 10 molm—2s™! <k; <1.0 x 10> molm—2s~!
1.0 x 1079 molm=2s7! <ks < 1.0 x 107*molm—2s~!
1.0x 1074 < Kp <5.0
1.0x 1074 < K4 <5.0

30 | yCal
1
RMEy, , = 0 Z Vel (lcellli)xp Ceu PGE ) s
k 1 cell (lcen)
l Cdl p .
RME,, = Z (lceu)p ) |\ _ sq,
=1 Na (lcell)

Model Egs. (1)—(16), optimization tolerance = 107°.

The initial guess values for this parameter estimation are
shown in Table 4.

In Eq. (17) fis an objective function to be minimized; B is a
constant that depends on the fuel cell and its operating state [18];
ilim 1s the limiting current density; i’c‘ell and iéeu are the current
densities of the k-th and [/-th cell, respectively; Vccef‘ll(ilc‘eu) and
Vi)flp (i'c‘ell) are the calculated and measured cell voltage, respec-
tively, when the curent density is i*;;; n$%(i’ ;) and nEXP(ilce“)
are the calculated and measured overpotential of the anode,
respectively, when the current density is z . The measured
number of data points for cell voltage is thlrty and that for anode
overpotential is three.

The estimated values of the parameters are listed in Table 5.
The relative mean errors (RMEs) of the cell voltage and anode

Table 5
Estimated values for parameters

Parameters Reference values

ki 1.76 x 10~7 [molm~2s~1]
ks 1.00 x 1074 [molm—2s~1]
K> 3.45x 1072

K 3.45x 1072

B 1.00 x 10=4 [V]

ilim 7034.84 [Am—2]

Total CPU time for calculation: 552.94 s on Pentium 4 with 3 GHz CPU and
512 MB RAM, number of NLP iterations: 8.

0.7
+  Measured Overpotential of Anode
06, » Calculated Overpotential of Anode
0.5 4 Measured Voltage
E — Calculated Voltage
s 0.4
g
5 03
>
0.2 “%
0.1
0
0 1000 2000 3000 4000 5000 6000

Current Density [A/m*3]

Fig. 2. Parameter estimation results: cell voltage and anode overpotential vs.
current density (cell temperature =343.15 K).

overpotential are calculated by Egs. (18) and (19).

30 yCal
1 @) P D
RMEVCEH — % 2 : cell cel]lExp cell cell =3.51%
k=1 Veell (’ceu) (18)
3 Cal (: Exp .1
1 —
RME,, = = (> ”Ceﬂ(’ceg)xp eell Ceet) | ) _ 4 409, (19)

=1 Neell (’ceu)

Because the RMEs are reasonably small and the simulated
data are in good agreement with the measured data, as shown
in Fig. 2, the estimated values of the model parameters describe
the steady-state performance of the DMFC well.

3. Dynamic behaviour of DMFC

The effect of the operating variables (feed concentration,
anode flow rate, and cathode flow rate) on the temperature,
crossovers and voltage was checked using the obtained param-
eter values, when the current density is 2000 A m~2. The feed
concentration has an influence on the cell voltage, temperature
and crossovers of methanol and water, as shown in Figs. 3—-6.
The temperature increases as the feed concentration increases
(Fig. 3) because the higher feed concentration leads to higher
methanol crossover (Fig. 4). The methanol crossover also influ-
ences the methanol oxidation reaction, which is exothermic. The
feed concentration affects the water crossover too, as shown in
Fig. 5, due to its effect on the system temperature. The cell volt-
age decreases as the feed concentration increases at 2000 A m—2
(Fig. 6) due to the strong influence of crossover on the cathodic
overpotential.

As shown in Fig. 7, higher flow rate of feed lowers the cell
temperature at constant feed concentration (1 M). This means
the feed acts as a coolant. Methanol crossover decreases as the
flow rate decreases since the amount of methanol supplied is
reduced (Fig. 8). Due to the effect of temperature on the water
drag coefficient, water crossover increases as the flow rate of
feed decreases (Fig. 9). The cell voltage changes proportionally
to the flow rate (Fig. 10).
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Fig. 3. Temperature profile vs. feed concentration at non-isothermal conditions
(initial temperature =25 °C, current density =2000 A m~2, anode inlet temper-
ature =333.15 K, cathode inlet temperature =298.15 K).

As the air flow rate increases, the temperature decreases
because air also affects as a coolant (Fig. 11). The crossovers of
methanol and water decrease when the air flow rate increases,
as demonstrated in Figs. 12 and 13. The data in Fig. 14 show
that a higher air flow rate results in a higher cell voltage.

4. Dynamic optimization of DMFC

A dynamic optimization of the DMFC was performed to
achieve the desired fuel efficiency, 80%, and to satisfy the
varying power load. The decision variables are the operating

1600
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b [=]
e F400 5
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goo0 Lbm—r—r—— 0
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Time [sec]

Methanol Crossover [molim*2/sec] (left)
Feed Concentration [mol/m*3] (right)

Fig. 4. Methanol crossover profile vs. feed concentration (initial tempera-
ture =25 °C, current density = 2000 A m_z, anode inlet temperature =333.15 K,
cathode inlet temperature =298.15 K).
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Fig. 5. Water crossover profile vs. feed concentration (initial tempera-
ture = 25 °C, current density =2000 A m™2, anode inlet temperature =333.15 K,
cathode inlet temperature =298.15 K).

conditions such as inlet flow rates into the anode and the cath-
ode, as well as the feed concentration. Fig. 15 shows the assumed
change in power density load. The optimization model is formu-
lated as follows:

nCal _ nDesired
Fuel,ave Fuel
MIN - f - Desired 20)
Fuel
048 1 T 2500
m
0.48 ‘ 2000 8
o
s &
@ =
Q
g o044 8
= - - - 1500 =
>° | 2
2 . [ g
[} E
0.42 3
I | [=]
- —n P = == - — — 1000 =
3
I | £}
>
0.40 I ! &
I |
—— ] 500
100 200 300 400 500
Time [sec]

Cell Voltage [V] (left)
Feed Concentration [mol/m*3] (right)

Fig. 6. Cell voltage profile vs. feed concentration (initial temperature =25 °C,
current density = 2000 A m~2, anode inlet temperature = 333.15 K, cathode inlet
temperature =298.15 K).
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Fig. 7. Temperature profile vs. feed flow rate at non-isothermal condition
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Subject to:

1.0x 1078 < Vi" < 1.0 x 1075 m3s~!

1.0x 1077 < Vi" < 1.0 x 107 m? s~!
900 < Cfeeq < 1100 mol m—3

Model Egs. (1)—(26), optimization tolerance = 103 Here,

icrossover = (6F)(nlgH30H) 2D

Cal __ icell
NFuel = - . (22)
Icell + Lcrossover

ffinal , Cal
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Fig. 8. Methanol crossover profile vs. feed flow rate (initial temperature =25 °C,
current density =2000 A m‘z, anode inlet temperature =333.15 K, cathode inlet
temperature = 298.15 K).
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where ’T(F:Sél is the calculated fuel efficiency; ng"l‘él ave 18 the

average calculated fuel efficiency; nl?fglired is the desired fuel

efficiency; icrossover 1S the crossover current density; #fpa is the
end time of the operation; finitia iS the start time of the operation
(=0s). The power equations are described by Egs. (24)—(26).
The compressor power consumption (Powercomp), assumed as
an adiabatic condition, is given by Eq. (24) [20].

( P, )(1—<1/y>) 1
Pstp

(24)

3717,y Vin
(v — DNcomp, eff

Powercomp =

where y is the ratio of heat capacity, i.e., the heat capacity at
constant pressure divided by that at constant volume (=1.4);
TI" is the inlet temperature into the cathode ; Vi is the inlet
flow rate into the cathode; neompefr is compressor efficiency
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Fig. 10. Cell voltage profile vs. feed flow rate (initial temperature =25 °C, cur-
rent density =2000 A m_z, anode inlet temperature =333.15 K, cathode inlet
temperature =298.15 K).
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ature =333.15 K, cathode inlet temperature =298.15 K).

(=80%); P. is total pressure at the cathode; Pstp is the standard
pressure.

The power generation of the DMFC cell (Power)) is calcu-
lated by:

Powercell = icent X Veenl X AS (25)

Thus, the net power generation from the DMFC system
(Powernet) is obtained by Eq. (26), and it must be the same
as the required power load.

Powernet = Powercenn — Powercomp (26)

The initial guess values for the optimization are listed in
Table 6. The optimum dynamic operating conditions of the
feed and air flow rates, and feed concentration are given in
Figs. 16—18, respectively. The data show that the decision vari-
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temperature = 298.15 K).
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Table 6
Initial guesses for decision variables in optimization
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Variables

Initial guess value

Feed flow rate (m®s~!)
Air flow rate (m3 s~!)
Feed concentration (mol m~3)

1.7x 1077
20x 1073
1000

1.00E+03

9.99E+02

9.94E+02

9.89E+02

9.84E+02

9.79E+02

9.74E+02

Feed Concentration [mol/m3]

9.69E+02
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Fig. 16. Feed flow rate in non-isothermal DMFC model before and after opti-
mization.

ables (flow rate of feed and air, and feed concentration) change
proportionally to the power density load. That is the optimum
values of the operating variables increase when the power load
density increases. The optimum feed concentration is lower than
the initial guess value because the methanol crossover is reduced
with the low feed concentration and leads to high fuel efficiency.
The optimum air flow rate increases compared with the value
before the optimization, because a higher rate results in a higher
voltage.
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Fig. 17. Air flow rate in non-isothermal DMFC model before and after opti-

mization.
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Fig. 18. Feed concentration in non-isothermal DMFC model before and after
optimization.
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Fig. 19. Fuel efficiency before and after optimization (desired fuel effi-
ciency =0.80).

Judging from the results of the dynamic optimization and
simulations, we find that methanol crossover is more affected
by feed concentration than by the flow rates of the feed and air.

In this study, the optimum objective function value is
3.23 x 107> and the average fuel efficiency is 79.99%, which is
extremely close to the desired fuel efficiency (=80%) as shown
in the Fig. 19. Given these optimum conditions, the average fuel
efficiency is enhanced from 71.78 to 79.99%. The total CPU
time for the optimization is 1213.98 s on Pentium 4 with 3 GHz
CPU and 512 MB RAM and the number of NLP iterations is 8.

5. Conclusions

A non-isothermal dynamic DMFC model is developed and
incorporates electrochemical reaction kinetics and crossover
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phenomena. This study is a foundation work to predict accu-
rate stack temperature and dynamic behaviour for the efficient
design of a DMFC stack and to find the optimum-operating
conditions. For the further analysis and optimization of the
non-isothermal dynamic fuel cell behaviour, reliable heat loss
(convection, conduction, and radiation) needs to be considered
within a non-adiabatic and non-isothermal model. Thus, an
accurate temperature of a DMFC stack can be determined by
including the exact heat loss calculation through an extended
model. An accurate temperature prediction should be very help-
ful in reducing the cost of the optimum design and operation.
The current basic model is adopted from the isothermal DMFC
model of Sundmacher et al. [10] by adding the energy balance
equation to predict the influence of temperature on the concentra-
tion loss of the cathode catalyst layer and on water crossover. To
fit the non-isothermal DMFC MEA model to a practical MEA,
model calibration through the optimization technique is carried
out by estimating the chemical reaction constants (k1, k5, K7, and
K1) and the parameters (B and iji,) of the cathode concentration
loss term. The I-V and I-n, points of the calibrated model show
good agreement with the experimental data. The dynamic sim-
ulation and optimization of the calibrated model are carried out
with a gPROMS modelling tool that includes the SRQPD algo-
rithm for an optimization and a DASOLV code for a dynamic
simulation. The present model describes the dynamic DMFC
behaviour (voltage, crossover of methanol and water, temper-
ature) successfully according to step changes of the operating
variables (feed concentration, inlet flow rate into anode part,
inlet flow rate into cathode part). The simulation results show
that the feed concentration is a very important operating vari-
able — because of its strong influence on the dynamic behaviour
of the DMFC (temperature, crossover — voltage) compared with
the flow rates of the feed and air. Also, the optimum-operating
strategy can easily be established to achieve the desired fuel effi-
ciency and to satisfy the varying power load through the dynamic
optimization work. In conclusion, the simulation and optimiza-
tion can efficiently provide an insight into the DMFC during
dynamic operation and suggest optimum-operating strategies
without the need for experimental data.
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Table A1
Coefficients of heat capacity for enthalpy calculations [20]

Appendix A. Description of energy balance

The energy balance Eq. (13) consists of heat inlet and outlet,
reaction heats, heat loss, and methanol oxidation heat resulting
from the crossover. In this section, the equations included in the
energy balance are described. The heat capacities of the cathode
and the anode (Cp,c and Cpy,, respectively) are given by [21]:

Cpc,i
R

= A+ BT 4+ C;T* + D,T™? (A1)

Cpa,i
R

= A;j+ BT 4+ C;T* + D;T™? (A2)

where, the A;, B;, C;, and D; are the coefficients of heat capacity
as listed in Table A1.

The reaction heats of the cathode and the anode (Q¢ rxn and
Qarxn, respectively) are calculated by:

Qcxn = Y _(hQ4rsAS) (A3)
i

Qa,rxn = Z(hg}]itrlAs) (A4)
i

The enthalpies of the inlet and the outlet streams are given
by [21].

Tin
J s LR o
Trer=298.15K R

Tin
- / [R{A; + B;T + C;T*> + D;T~%}1dT
Tref=298.15K

T 4 T,
Ai + B; <C _'2_ ref)

Ci . 2 i
+§’{(T;“ + Tref)” — (T Trep)} +

in
hc,i

_ ryCathode
= Hyg,; +R

D; }
(Tcin Tref)

X(T™ — Tref) (A5)

Component i A B x 10 C x 100 Dx 1073 Temperature range (K)
Anode

CH3;OH i=1 13.431 —51.28 131.13 0 273-373

H,O i=2 8.712 1.25 —0.18 0 273-373

CO, i=3 5.457 1.045 0 —1.157 298-2000
Cathode

(673 i=1 3.639 0.506 0 —0.227 298-2000

N, i=2 3.280 0.593 0 0.040 298-2000

H,0 i=3 8.712 1.25 —0.18 0 273-373




82 D. Ko et al. / Journal of Power Sources 180 (2008) 71-83

hin,:/Ta {R{CW’H dT
a Tret=298.15 K R

Tel

Tin
/ [R{A; + B;T 4+ C;,T* + D,T~%}1dT
Trer=298.15K
Tirl 4T
= HP R At B | =

Ci . 2 . D;
+§{(Tén + Tref) - (T;;n Tref)} + l:|

(Tg}nTref)
X(T3" = Trer) (A6)
out
ot = /TC [R {C”C’i H dr
' Ther=298.15K R
Té)ul
= / [R{A; + BT + C;T* + D;T~}dT]
T,er=298.15K
Tout T
— HZngiégode +R [Ai + Bi ( c ;‘ ref>
C; " 2 " D;
+?{(Tcou + Tref) - (Tcou Tref)} + m
X (T — Trer) (A7)

TOth
2 Choi
o)
Ter=298.15K

T;)th
= / [R{A; + BiT + C;T? + D;T~2}1dT
Trer=298.15K

rel

T()ut T
= %?+Rh+&(a;jﬂ)

Ci out 2 out Di
AT + Te)” = (T3 Ea)Hm

X(TM = Thef) (A8)

Here, Tief =298.15K and the values of the parameters (4;,
B;, C;, and D;) are shown in Table Al.

The outlet temperatures from the cathode and the anode (72"
and TE?“‘, respectively) are assumed to be the same as the cell
temperature (7). TCin and T;“ are the inlet temperatures into the
cathode and the anode.

The methanol oxidation heat (OmMeoHXover) 1S calculated by
the Eq. (A9), and the methanol heat capacity (Cp,mhMeOH Oxid)

and total enthalpy change (Hg’;l’mta]) by the Egs. (A10) and
(A11), respectively [21].

Cell,total

OMeOHXover = 208 + Cp,mh,MeOH oxid(T — Tret) (A9)

Table A2
Joules per mole of substance formed at 298 K (standard heat of generation) [20]
Component i Hyog i State
Anode
CH3;O0H i=1 —238,660 Liquid
H,O i=2 —285,830 Liquid
CO, i=3 —393,509 Gas
Cathode
(0] i=1 0 Gas
N, i=2 0 Gas
H,O i=3 —393,509 Liquid

C p,mh,MeOH Oxid

R

T +298.15
= 3.9915+(55.584 x 1073) <+2>

—131.49 x 107°
4 X107 7 4 208.15)2

3
(—0.8165 x 10°)
—298.15T}+———"""~2 (Al0
I+ 208.15T (A10)
H2Cge811,t0tal — 2A9r§1§0de,total + H2C9a§hode,total ( All)
d 1
Haygg 1 = HIgode s — Higote, — Hige, (A12)

Cathode,total __ Cathode Cathode . __ 1Cathode
298 = 3H298,i:3 - H298,i:2 — L.5Hyg,; =1

= 3Hg% (A13)

Each value of Haog ; is shown in Table A2.
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