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bstract

A non-isothermal dynamic optimization model of direct methanol fuel cells (DMFCs) is developed to predict their performance with an effective
ptimum-operating strategy. After investigating the sensitivities of the transient behaviour (the outlet temperature, crossovers of methanol and
ater, and cell voltage) to operating conditions (the inlet flow rates into anode and cathode compartments, and feed concentration) through dynamic

imulations, we find that anode feed concentration has a significantly larger impact on methanol crossover, temperature, and cell voltage than the

node and cathode flow rates. Also, optimum transient conditions to satisfy the desired fuel efficiency are obtained by dynamic optimization. In
he developed model, the significant influence of temperature on DMFC behaviour is described in detail with successful estimation of its model
arameters.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cell (DMFC) systems are attractive for
ortable and stationary power applications. The fuel (methanol)
s easy to store and deliver, and has a high specific energy. The
esign complexity of DMFC systems is reduced by eliminating
he reforming units that are required to produce hydrogen for
olymer electrolyte membrane fuel cells (PEMFCs). In view of
esigning the systems, there are two types of DMFCs, namely,
assive-feed DMFCs and active DMFCs. Studies of passive
MFCs have been undertaken by Chen and Yang [1], Kim et

l. [2], Liu et al. [3], Shimizu et al. [4], and Chen and Zhao
5]. Passive-feed DMFCs have advantages in eliminating para-
itic power loss of pumps and fans because without an active
convective) feed supply, oxygen is supplied by air-breathing

nd methanol is diffused into the anode from the fuel cartridge
riven by a concentration gradient. By contrast, active DMFCs
an control the flow rate of the feed and air by means of pumps
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nd/or fans to cope with the varying power loads and environ-
ental conditions. However, both types of DMFCs still have low

uel efficiency and specific power compared with hydrogen fed
EMFCs due to mass crossover problems and slow methanol
xidation.

The fuel efficiency and the available oxygen concentration
t the cathode catalyst sites are reduced by methanol crossover
hrough which a large amount of methanol is transported from
he anode to the cathode catalyst layer. Oxygen transport to the
atalyst layer is also prevented as water at the anode crosses
he membrane. To solve these problems, much research has
een conducted. In modelling work, Simoglou et al. [6,7] have
escribed an experimental study of the dynamics of a DMFC and
ave developed an empirical model of the cell voltage dynamics
ith a feasibility study of model-based scale-up and scale-down.
Dohle et al. [8] examined the heat and power management of

DMFC system, and in particular investigated the influence of
ater vaporization in the cathode on the heat management of the
MFC system. Dohle and Wippermann [9] developed a semi-
mpirical model to predict methanol permeation, overpotentials,
nd polarization curves. Sundmacher et al. [10] formulated a
ynamic lumped parameter DMFC model by deriving anode
inetics consisting of a four-step reaction mechanism. Krewer
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Nomenclature

As cross-sectional active electrode area
(1.0 × 10−3 m2)

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

C concentration (mol m−3)
Cfeed feed concentration (mol m−3)
CCL

i concentration of component i in catalyst layer
(mol m−3)

Ca double layer capacity of anode (F m−2)
Cc double layer capacity of cathode (F m−2)
Cc,loss concentration loss of cathode part (V)
CF

i feed concentration of component i (mol m−3)
Cp,solid heat capacity of cell (J kg−1 K−1)
Cout

pa,i heat capacity of outlet stream from anode part

(J mol−1 K−1)
Cout

pc,i heat capacity of outlet stream from cathode part

(J mol−1 K−1)
dM PEM thickness (2.0 × 10−4 m)
DM

CH3OH Diffusion coefficient of methanol in membrane

(2.9 × 10−10 m2 s−1)
F Faraday constant (96,485 C mol−1)
hin

a,i inlet enthalpy into anode part (J mol−1)
hin

c,i inlet enthalpy into cathode part (J mol−1)
hout

a,i outlet enthalpy from anode part (J mol−1)
hout

c,i outlet enthalpy from cathode part (J mol−1)
icell cell current density (A m−2)
icrossover crossover cell current density (A m−2)
ilim limiting current density (A m−2)
kj rate constant of reaction j (mol m−2 s−1)
kLS mass transfer coefficient (m s−1)
kp hydraulic permeability of membrane

(1.57 × 10−18 m2)
Kj equilibrium constant of reaction j
msolid cell mass (kg)
Mwwater molecular weight of water (kg mol−1)
na mole amount of anode part (mol)
nc mole amount of cathode part (mol)
nM

CH3OH methanol crossover (mol m−2 s−1)

ṅin
a inlet molar flow rate into anode part (mol s−1)

ṅin
c inlet molar flow rate into cathode part (mol s−1)

nd electro-osmotic drag coefficient
nM

water water crossover (mol m−2 s−1)
Pa total pressure of anode part (Pa)
Pc total pressure of cathode part (Pa)
PO2 partial pressure of oxygen into cathode part (Pa)
PSTD standard pressure of (1.013 × 105 Pa)
Powercell power generation from DMFC cell (J s−1)
Powercomp compressor power consumption (J s−1)
PowerNet net power generation from DMFC system

(J s−1)
Qa,rxn reaction heat of anode catalyst layer (J s−1)

Qc,rxn reaction heat of cathode catalyst layer (J s−1)
QMeOHXover reaction heat of methanol oxidation resulting

from methanol crossover (J mol−1)
Qloss heat loss of cell resulting from convection,

conduction, radiation, and any others (J s−1)
(assumed to be zero in this work due to adiabatic
condition)

r reaction rate (mol m−2 s−1)
R universal gas constant (8.314 J mol−1 K−1)
RME relative mean error (%)
t time (s)
tinitial start time of the operation (s)
tfinal end time of the operation (s)
T cell temperature (K)
V̇ in

a inlet flow rate into the anode part (m3 s−1)
V̇ in

c inlet flow rate into the cathode part (m3 s−1)
Vcell cell voltage (V)
V 0

cell open circuit voltage of cell (V)
xout

a,i outlet mole fraction from anode part
xout

c,i outlet mole fraction from cathode part

Greek symbols
α charge transfer coefficient (0.5)
γ ratio of heat capacity, i.e., heat capacity at constant

pressure divided by that at constant volume (1.4)
ηa anode electrode overpotential (V)
ηc cathode electrode overpotential (V)
ηFuel fuel efficiency
Θi surface fraction covered by component i
κM conductivity of membrane (17 �−1 m−1)
μ pore fluid viscosity in membrane

(3.353 × 10−4 kg m−1 s−1)
ρwater water density (kg m−3)
τ 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)
θ at standard conditions
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t al. [11] presented the dynamic behaviour of DMFCs through
dynamic model with an updated reaction mechanism. Schultz
nd Sundmacher [12] simulated a one-dimensional, rigorous,
athematical model of a DMFC with focus on a realistic descrip-

ion of mass and energy transport, as well as the physical
roperties of the PEM material.

Through the application of computational fluid dynamics
CFDs), Cheng et al. [13] derived a simplified CFD model to pre-
ict fuel cell performance on personal computers without huge
omputation time. A 3-D CFD model was also created by Kjeang
t al. [14] to analyze methanol transport in a flowing-electrolyte
MFC.
Apart from the above simulation work, including CFD mod-

lling and differential algebraic equation (DAE) modelling, Xu

t al. [15] performed optimization of the isothermal DMFC DAE
odel based on the study by Sundmacher et al. [10].
In addition to the active research on DMFC modelling and

he strong influence of membrane–electrode assembly (MEA)
emperature on DMFC performance, an optimization study of

non-isothermal DMFC, which involves the flow rates and
he reaction enthalpies of inlet and outlet streams, is neces-
ary to determine an optimum-operating condition. Thus, the
ork reported here presents the development of a non-isothermal
ynamic DMFC model by adding an energy balance to the
sothermal model of Sundmacher et al. [10], together with
ynamic simulations and optimization of the model. The next
ection introduces a non-isothermal differential algebraic equa-
ion model, updated from the isothermal model of Sundmacher
t al. [10], and parameter estimation results. The dynamic
ehaviour of DMFC operation, i.e., the effects of operating vari-
bles, and a dynamic optimization are discussed in the following
ections.

. Non-isothermal dynamic model of DMFC

.1. Differential algebraic equation (DAE) model of DMFC

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

Anode : CH3OH(l) + H2O(l)
Pt/Ru−→CO2 + 6 H+ + 6 e−

V
θ,25 ◦C
CH3OH↔CO2

= 0.02 V

dT

dt
=
[∑

iṅ
in
c xin

c,i(h
in
c,i − hout

c,i ) +∑iṅ
in
a xin

a,i(h
in
a,i − hout

a,i ) − Qc,

msolidCpsolid + nc
∑

i(x
Cathode :
3

2
O2(g) + 6H+ + 6e− Pt−→3H2O(l)

V
θ,25◦C
O2↔H2O = 1.23 V

i

n

ources 180 (2008) 71–83 73

Overall : CH3OH(l) + 3

2
O2(g) → CO2(g) + 2H2O(l)

V
θ,25◦C
Cell = 1.21 V

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

Qa,rxn − QMeOHXovern
M
CH3OHAS − Powercell − Qloss

]
out
pc,i) + na

∑
i(x

out
a,i C

out
pa,i)

(13)

Based on the energy balance the outlet temperature from the
MFC can be predicted, under given conditions of the inlet

emperatures, molar flow rates and feed concentration, by adopt-
ng some of the assumptions made by Sundmacher et al. [10],
amely:

the compartment channels and catalyst layers are treated as
continuous stirred tank reactors (CSTR), i.e., a lumped MEA
model
ohmic drops in current-collectors and electric connections are
negligible
mass-transport resistances in the catalyst layers are negli-
gible because the catalyst layers are very thin (i.e., 10 �m)
compared with that of the PEM (i.e., 200 �m)
mass-transport coefficients of the components (water and
methanol) in the diffusion layer are equal
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:

there is no heat loss in the stack (adiabatic condition), that is,
Qloss = 0
the electro-osmotic drag coefficient (nd) is a function of
the temperature (nd = −5.77 + 0.027 T); this linear equa-
tion is obtained by fitting the data of Ren and Gottesfeld
[16]
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],

.e.,

M
water = (nd + 0.5)

(
icell

F

)
− kp

μ
(Pc − Pa)

ρwater

Mwwater
(14)
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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

r1 = k1 exp
(

α1F

RT
ηa

){
Θ3

PtC
CL
CH3OH − 1

K1
exp
(

− F

RT
ηa

)
ΘPt3–COH

}
(1)

r2 = k2 exp
(

α2F

RT
ηa

){
ΘRu − 1

K2
exp
(

− F

RT
ηa

)
ΘRu–OH

}
(2)

r3 = k3

{
ΘPt3–COHΘ2

Ru–OH − 1

K3
ΘPt–COOHΘ2

PtΘ
2
Ru

}
(3)

r4 = k4

{
ΘPt–COOHΘRu–OH − 1

K4
CCL

CO2
ΘPtΘRu

}
(4)

Cathode

r5 = k5 exp
(

α5F

RT
ηc

){
1 − exp

(
− F

RT
ηc

)(
PO2

Pc

)3/2
}

(5)

Mass balances of anode compartment

dCCH3OH

dt
=

CF
CH3OH − CCH3OH

τa
− kLSAS

Va
(CCH3OH − CCL

CH3OH) (6)

dCCO2

dt
=

CF
CO2

− CCO2

τa
− kLSAS

Va
(CCO2 − CCL

CO2
) (7)

Mass balances of catalyst layer
dCCL

CH3OH

dt
= kLSAS

V CL
a

(CCH3OH − CCL
CH3OH) − AS

V CL
a

nM
CH3OH − AS

V CL
a

r1 (8)

dCCL
CO2

dt
= kLSAS

V CL
a

(CCO2 − CCL
CO2

) + AS

V CL
a

r1 (9)

Charge balances
∂ηa

∂t
= icell − 6Fr1

Ca
(10)

∂ηc

∂t
=

−icell − 6F (r5 + nM
a,CH3OH)

Cc
(11)

The methanol crossover

nM
CH3OH =

(
DM

CH3OHCCL
a,CH3OH

dM

)
(Pe)
(

exp (Pe)

exp (Pe) − 1

)
here, Pe ≡ v

dM

DM
CH3OH

(12)
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Table 2
Reference values of kinetic parameters

Parameters Reference values

k1 = k1,ref 1.0 × 10−7

k2 = k2,ref 1
k3 = k3,ref 0.01
k4 = k4,ref 1
k5 = k5,ref 7.0 × 10−5

K1 = K1,ref 1
K2 = K2,ref 0.02
K3 = K3,ref 1
K

2

c
i
k
t
b
c
s
a
m
i
J
v
b

p
e

c
e
i

M

+1

3
l=1

∣∣∣ηa (icell) − ηa (icell)

η
Exp
a (ilcell)

∣∣∣ (17)

Table 3
Sensitivity analysis of kinetic parameters to voltage (icell = 2000 A m−2)

Parameters Voltage deviation [%] when J = k1,ref,
. . ., k5,ref, K1,ref, . . ., or K4,ref∣∣ VJ×0.5−VJ

VJ

∣∣× 100
∣∣ VJ×1.5−VJ

VJ

∣∣× 100

J = k1 2.58 1.39
J = k5 10.73 6.28
D. Ko et al. / Journal of Po

here kp is the hydraulic permeability of a membrane; μ is the
ore fluid viscosity in the membrane; ρwater is the water density;
wwater is the molecular weight of water.
Since the cathode overpotential does not contain concentra-

ion loss whereas the anode overpotential does, the concentration
oss at the cathode is given by [18]:

c,loss = B ln

(
1 − icell

ilim

)
(15)

here B is a constant depending on the fuel cell and the operating
tate [18].

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

cell = V 0
cell − ηa + ηc − dM

κM icell + B ln

(
1 − icell

ilim

)
(16)

.2. Optimization strategy

Based on the DAE model in Section 2.1, parameter estima-
ion, dynamic simulation and optimization were performed by
sing the gPROMS modelling tool [19]. For the dynamic simula-
ion, a DASOLV code, one of the standard differential algebraic
olvers in the gPROMS, was employed with a dynamic opti-
ization solver, DYNOPT, for the optimization and parameter

stimation.
The DASOLV solver, based on a variable time step and

ariable order backward differentiation formulae (BDF), is
pplicable for a wide range of problems due to its efficient treat-
ent of large and sparse systems of equations that include the

ariable within the lower and upper bounds except highly oscilla-
ory behaviour models with frequent discontinuities, It provides
trong advantages in automatically adjusting each time step and
n yielding efficient finite difference approximations.

A CVP SS solver of the DYNOPT, adopted for the opti-
ization, is based on a control vector parameterization (CVP)

pproach assuming that the time-varying control variables are
iecewise constant (or piecewise linear) functions of time over
specified number of control intervals.

The CVP SS solver employs a single-shooting dynamic opti-
ization 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
s a SRQPD solver which employs a sequential quadratic pro-
ramming (SQP) approach.

J
J
J
J

4 = K4,ref 0.02

.3. Parameter estimation

The parameters to be estimated are selected from the chemi-
al reaction parameters, i.e., k1, k2, k3, k4, k5, K1, K2, K3, and K4
n the Eqs. (1)–(5) of Table 1. The three parameters (k2, k3, and
4) are screened in advance because they have no influence on
he DMFC behaviour in the current model, i.e., r2 = r3 = r4 ≈ 0
ased on the chemical equilibrium assumption and allow cal-
ulation of the surface fraction of catalyst areas [10]. Then, the
ensitivities of the remaining parameters (k1, k5, K1, K2, K3,
nd K4) to the cell voltage are analyzed to choose those for esti-
ation by using the reference values in Table 2. In Table 3, VJ

s the voltage when the chemical reaction parameter is J, with
∈ {k1,ref, k5,ref, K1,ref, . . .,K4,ref}. VJ × 0.5 and VJ × 1.5 are the
oltages when the corresponding parameter value is multiplied
y 0.5 and 1.5, respectively.

Since the cell voltage is mainly affected by four kinetic
arameters (k1, k5, K2, and K4), as shown in Table 3, these param-
ters are finally selected as decision variables for the estimation.

The constant (B) and limiting current density (ilim) in the
athode concentration loss term are also treated as parameters for
stimation. The optimization model for the parameter estimation
s formulated as:

IN · f = 1

30

(
30∑

k=1

∣∣∣∣∣V
Cal
cell (i

k
cell) − V

Exp
cell (ikcell)

V
Exp
cell (ikcell)

∣∣∣∣∣
)

(
3∑∣∣ Cal l Exp l

∣∣)
= K1 ∼0.00 ∼0.00
= K2 4.18 2.41
= K3 ∼0.00 ∼0.00
= K4 4.18 2.41
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Table 4
Initial guess values for parameter estimation

Parameters Reference values

k1 1.0 × 10−7 (mol m−2 s−1)
k5 7.0 × 10−5 (mol m−2 s−1)
K2 0.02
K4 0.02
B 0.01 (V)
i

S

M

s

c
i
d

V

t
a
r
n
o

T

T
E

P

k
k
K
K
B
i

T
5

F
c

o

R

R

d
i
t

3

a
c
e
c
a
T
(

lim 7000 (A m−2)

ubject to:

10−4 V ≤ B ≤ 1 V

6000 A m−2 ≤ ilim ≤ 10, 000 A m−2

1.0 × 10−9 mol m−2 s−1 ≤ k1 ≤ 1.0 × 10−5 mol m−2 s−1

1.0 × 10−10 mol m−2 s−1 ≤ k5 ≤ 1.0 × 10−4 mol m−2 s−1

1.0 × 10−4 ≤ K2 ≤ 5.0

1.0 × 10−4 ≤ K4 ≤ 5.0

RMEVcell = 1

30

(
30∑

k=1

∣∣∣∣∣V
Cal
cell (i

k
cell) − V

Exp
cell (ikcell)

V
Exp
cell (ikcell)

∣∣∣∣∣
)

≤ 5%

RMEηA = 1

3

(
3∑

l=1

∣∣∣∣∣η
Cal
a (ilcell) − η

Exp
a (ilcell)

η
Exp
a (ilcell)

∣∣∣∣∣
)

≤ 5%

odel Eqs. (1)–(16), optimization tolerance = 10−6.
The initial guess values for this parameter estimation are

hown in Table 4.
In Eq. (17) f is an objective function to be minimized; B is a

onstant that depends on the fuel cell and its operating state [18];
lim is the limiting current density; ikcell and ilcell are the current
ensities of the k-th and l-th cell, respectively; V Cal

cell (i
k
cell) and

Exp
cell (ikcell) are the calculated and measured cell voltage, respec-

ively, when the curent density is ikcell; ηCal
a (ilcell) and η

Exp
a (ilcell)

re the calculated and measured overpotential of the anode,
espectively, when the current density is ilcell. The measured
umber of data points for cell voltage is thirty and that for anode
verpotential is three.

The estimated values of the parameters are listed in Table 5.

he relative mean errors (RMEs) of the cell voltage and anode

able 5
stimated values for parameters

arameters Reference values

1 1.76 × 10−7 [mol m−2 s−1]

5 1.00 × 10−4 [mol m−2 s−1]

2 3.45 × 10−2

4 3.45 × 10−2

1.00 × 10−4 [V]

lim 7034.84 [A m−2]

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

m
e
f
F
a
(
o

t
t
fl
r
d
f
t

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

verpotential are calculated by Eqs. (18) and (19).

MEVCell = 1

30

(
30∑

k=1

∣∣∣∣∣V
Cal
cell (i

k
cell) − V

Exp
cell (ikcell)

V
Exp
cell (ikcell)

∣∣∣∣∣
)

= 3.51%

(18)

MEηa = 1

3

(
3∑

l=1

∣∣∣∣∣η
Cal
cell(i

l
cell) − η

Exp
cell (ilcell)

η
Exp
cell (ilcell)

∣∣∣∣∣
)

= 4.40% (19)

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

. Dynamic behaviour of DMFC

The effect of the operating variables (feed concentration,
node flow rate, and cathode flow rate) on the temperature,
rossovers and voltage was checked using the obtained param-
ter values, when the current density is 2000 A m−2. The feed
oncentration has an influence on the cell voltage, temperature
nd crossovers of methanol and water, as shown in Figs. 3–6.
he temperature increases as the feed concentration increases

Fig. 3) because the higher feed concentration leads to higher
ethanol crossover (Fig. 4). The methanol crossover also influ-

nces the methanol oxidation reaction, which is exothermic. The
eed concentration affects the water crossover too, as shown in
ig. 5, due to its effect on the system temperature. The cell volt-
ge decreases as the feed concentration increases at 2000 A m−2

Fig. 6) due to the strong influence of crossover on the cathodic
verpotential.

As shown in Fig. 7, higher flow rate of feed lowers the cell
emperature at constant feed concentration (1 M). This means
he feed acts as a coolant. Methanol crossover decreases as the
ow rate decreases since the amount of methanol supplied is

educed (Fig. 8). Due to the effect of temperature on the water
rag coefficient, water crossover increases as the flow rate of
eed decreases (Fig. 9). The cell voltage changes proportionally
o the flow rate (Fig. 10).
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m
a
t

4

a
v

F
t
c

Fig. 5. Water crossover profile vs. feed concentration (initial tempera-
t
c

c
o
c
l

MIN · f = (20)
ig. 3. Temperature profile vs. feed concentration at non-isothermal conditions
initial temperature = 25 ◦C, current density = 2000 A m−2, anode inlet temper-
ture = 333.15 K, cathode inlet temperature = 298.15 K).

As the air flow rate increases, the temperature decreases
ecause air also affects as a coolant (Fig. 11). The crossovers of
ethanol and water decrease when the air flow rate increases,

s demonstrated in Figs. 12 and 13. The data in Fig. 14 show
hat a higher air flow rate results in a higher cell voltage.

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

ig. 4. Methanol crossover profile vs. feed concentration (initial tempera-
ure = 25 ◦C, current density = 2000 A m−2, anode inlet temperature = 333.15 K,
athode inlet temperature = 298.15 K).

F
c
t

ure = 25 ◦C, current density = 2000 A m−2, anode inlet temperature = 333.15 K,
athode inlet temperature = 298.15 K).

onditions such as inlet flow rates into the anode and the cath-
de, as well as the feed concentration. Fig. 15 shows the assumed
hange in power density load. The optimization model is formu-
ated as follows:

∣∣∣ηCal
Fuel,ave − ηDesired

Fuel

∣∣∣
∣∣ ηDesired
Fuel

∣∣

ig. 6. Cell voltage profile vs. feed concentration (initial temperature = 25 ◦C,
urrent density = 2000 A m−2, anode inlet temperature = 333.15 K, cathode inlet
emperature = 298.15 K).
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ig. 7. Temperature profile vs. feed flow rate at non-isothermal condition
initial temperature = 25 ◦C, current density = 2000 A m−2, anode inlet temper-
ture = 333.15 K, cathode inlet temperature = 298.15 K).

ubject to:

1.0 × 10−8 ≤ V̇ in
a ≤ 1.0 × 10−5 m3 s−1

1.0 × 10−7 ≤ V̇ in
c ≤ 1.0 × 10−4 m3 s−1

900 ≤ Cfeed ≤ 1100 mol m−3

odel Eqs. (1)–(26), optimization tolerance = 10−3.Here,

crossover = (6F )(nM
CH3OH) (21)

Cal
Fuel = icell (22)
icell + icrossover

Cal
Fuel,ave =

∫ tfinal
tinitial

ηCal
Fueldt

tfinal − tinitial
(23)

ig. 8. Methanol crossover profile vs. feed flow rate (initial temperature = 25 ◦C,
urrent density = 2000 A m−2, anode inlet temperature = 333.15 K, cathode inlet
emperature = 298.15 K).

w
c
T

fl

F
r
t

ig. 9. Water crossover profile vs. feed flow rate (initial temperature = 25 ◦C,
urrent density = 2000 A m−2, anode inlet temperature = 333.15 K, cathode inlet
emperature = 298.15 K).

here ηCal
Fuel is the calculated fuel efficiency; ηCal

Fuel,ave is the

verage calculated fuel efficiency; ηDesired
Fuel is the desired fuel

fficiency; icrossover is the crossover current density; tfinal is the
nd time of the operation; tinitial is the start time of the operation
=0 s). The power equations are described by Eqs. (24)–(26).
he compressor power consumption (Powercomp), assumed as
n adiabatic condition, is given by Eq. (24) [20].

owercomp =
{

371T in
c γV̇ in

c

(γ − 1)ηcomp,eff

}{(
Pc

PSTD

)(1−(1/γ))

− 1

}
(24)
here γ is the ratio of heat capacity, i.e., the heat capacity at
onstant pressure divided by that at constant volume (=1.4);
in
c is the inlet temperature into the cathode ; V̇ in

c is the inlet
ow rate into the cathode; ηcomp,eff is compressor efficiency

ig. 10. Cell voltage profile vs. feed flow rate (initial temperature = 25 ◦C, cur-
ent density = 2000 A m−2, anode inlet temperature = 333.15 K, cathode inlet
emperature = 298.15 K).
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Fig. 13. Water crossover profile vs. air flow rate (initial temperature = 25 ◦C,
current density = 2000 A m−2, anode inlet temperature = 333.15 K, cathode inlet
temperature = 298.15 K).
ig. 11. Temperature profile vs. air flow rate at non-isothermal condition
initial temperature = 25 ◦C, current density = 2000 A m−2, anode inlet temper-
ture = 333.15 K, cathode inlet temperature = 298.15 K).

=80%); Pc is total pressure at the cathode; PSTD is the standard
ressure.

The power generation of the DMFC cell (Powercell) is calcu-
ated by:

owercell = icell × Vcell × AS (25)

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

owerNet = Powercell − Powercomp (26)
The initial guess values for the optimization are listed in
able 6. The optimum dynamic operating conditions of the
eed and air flow rates, and feed concentration are given in
igs. 16–18, respectively. The data show that the decision vari-

ig. 12. Methanol crossover profile vs. air flow rate (initial temperature = 25 ◦C,
urrent density = 2000 A m−2, anode inlet temperature = 333.15 K, cathode inlet
emperature = 298.15 K).

Fig. 14. Cell voltage profile vs. air flow rate (initial temperature = 25 ◦C, cur-
rent density = 2000 A m−2, anode inlet temperature = 333.15 K, cathode inlet
temperature = 298.15 K).

Fig. 15. Assumed power load in non-isothermal DMFC single-cell model.
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Table 6
Initial guesses for decision variables in optimization

Variables Initial guess value

Feed flow rate (m3 s−1) 1.7 × 10−7

Air flow rate (m3 s−1) 2.0 × 10−5

Feed concentration (mol m−3) 1000

F
m

a
p
v
d
t
w
T
b
v

F
m

Fig. 18. Feed concentration in non-isothermal DMFC model before and after
optimization.
ig. 16. Feed flow rate in non-isothermal DMFC model before and after opti-
ization.

bles (flow rate of feed and air, and feed concentration) change
roportionally to the power density load. That is the optimum
alues of the operating variables increase when the power load
ensity increases. The optimum feed concentration is lower than
he initial guess value because the methanol crossover is reduced
ith the low feed concentration and leads to high fuel efficiency.

he optimum air flow rate increases compared with the value
efore the optimization, because a higher rate results in a higher
oltage.

ig. 17. Air flow rate in non-isothermal DMFC model before and after opti-
ization.

F
c

s
b

3
e
i
e
t
C

5

i

ig. 19. Fuel efficiency before and after optimization (desired fuel effi-
iency = 0.80).

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

In this study, the optimum objective function value is
.23 × 10−5 and the average fuel efficiency is 79.99%, which is
xtremely close to the desired fuel efficiency (=80%) as shown
n the Fig. 19. Given these optimum conditions, the average fuel
fficiency is enhanced from 71.78 to 79.99%. The total CPU
ime for the optimization is 1213.98 s on Pentium 4 with 3 GHz
PU and 512 MB RAM and the number of NLP iterations is 8.
. Conclusions

A non-isothermal dynamic DMFC model is developed and
ncorporates electrochemical reaction kinetics and crossover
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henomena. This study is a foundation work to predict accu-
ate stack temperature and dynamic behaviour for the efficient
esign of a DMFC stack and to find the optimum-operating
onditions. For the further analysis and optimization of the
on-isothermal dynamic fuel cell behaviour, reliable heat loss
convection, conduction, and radiation) needs to be considered
ithin a non-adiabatic and non-isothermal model. Thus, an

ccurate temperature of a DMFC stack can be determined by
ncluding the exact heat loss calculation through an extended

odel. An accurate temperature prediction should be very help-
ul in reducing the cost of the optimum design and operation.
he current basic model is adopted from the isothermal DMFC
odel of Sundmacher et al. [10] by adding the energy balance

quation to predict the influence of temperature on the concentra-
ion loss of the cathode catalyst layer and on water crossover. To
t the non-isothermal DMFC MEA model to a practical MEA,
odel calibration through the optimization technique is carried

ut by estimating the chemical reaction constants (k1, k5, K2, and
4) and the parameters (B and ilim) of the cathode concentration

oss term. The I–V and I–ηa points of the calibrated model show
ood agreement with the experimental data. The dynamic sim-
lation and optimization of the calibrated model are carried out
ith a gPROMS modelling tool that includes the SRQPD algo-

ithm for an optimization and a DASOLV code for a dynamic
imulation. The present model describes the dynamic DMFC
ehaviour (voltage, crossover of methanol and water, temper-
ture) successfully according to step changes of the operating
ariables (feed concentration, inlet flow rate into anode part,
nlet flow rate into cathode part). The simulation results show
hat the feed concentration is a very important operating vari-
ble – because of its strong influence on the dynamic behaviour
f the DMFC (temperature, crossover – voltage) compared with
he flow rates of the feed and air. Also, the optimum-operating
trategy can easily be established to achieve the desired fuel effi-
iency and to satisfy the varying power load through the dynamic
ptimization work. In conclusion, the simulation and optimiza-
ion can efficiently provide an insight into the DMFC during
ynamic operation and suggest optimum-operating strategies
ithout the need for experimental data.
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able A1
oefficients of heat capacity for enthalpy calculations [20]

omponent i A B × 103

node
CH3OH i = 1 13.431 −51.28
H2O i = 2 8.712 1.25
CO2 i = 3 5.457 1.045

athode
O2 i = 1 3.639 0.506
N2 i = 2 3.280 0.593
H2O i = 3 8.712 1.25
ources 180 (2008) 71–83 81

ppendix A. Description of energy balance

The energy balance Eq. (13) consists of heat inlet and outlet,
eaction heats, heat loss, and methanol oxidation heat resulting
rom the crossover. In this section, the equations included in the
nergy balance are described. The heat capacities of the cathode
nd the anode (Cpc and Cpa, respectively) are given by [21]:

Cpc,i

R
= Ai + BiT + CiT

2 + DiT
−2 (A1)

Cpa,i

R
= Ai + BiT + CiT

2 + DiT
−2 (A2)

here, the Ai, Bi, Ci, and Di are the coefficients of heat capacity
s listed in Table A1.

The reaction heats of the cathode and the anode (Qc,rxn and
a,rxn, respectively) are calculated by:

c,rxn =
∑

i

(hout
c,i r5A

S) (A3)

a,rxn =
∑

i

(hout
a,i r1A

S) (A4)

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

in
c,i =

∫ T in
c

Tref=298.15K

[
R

{
Cpc,i

R

}]
dT

=
∫ T in

c

T =298.15 K
[R{Ai + BiT + CiT

2 + DiT
−2}]dT
+Ci

3
{(T in

c + Tref)
2 − (T in

c Tref)} + Di

(T in
c Tref)

×(T in
c − Tref) (A5)

C × 106 D × 10−5 Temperature range (K)

131.13 0 273–373
−0.18 0 273–373

0 −1.157 298–2000

0 −0.227 298–2000
0 0.040 298–2000

−0.18 0 273–373
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Table A2
Joules per mole of substance formed at 298 K (standard heat of generation) [20]

Component i H298,i State

Anode
CH3OH i = 1 −238,660 Liquid
H2O i = 2 −285,830 Liquid
CO2 i = 3 −393,509 Gas

Cathode
O2 i = 1 0 Gas

H

H

H

R

[

[

2 D. Ko et al. / Journal of Po

in
a,i =

∫ T in
a

Tref=298.15 K

[
R

{
Cpa,i

R

}]
dT

=
∫ T in

a

Tref=298.15 K
[R{Ai + BiT + CiT

2 + DiT
−2}]dT

= HAnode
298,i + R

[
Ai + Bi

(
T in

a + Tref

2

)

+Ci

3
{(T in

a + Tref)
2 − (T in

a Tref)} + Di

(T in
a Tref)

]

×(T in
a − Tref) (A6)

out
c,i =

∫ T out
c

Tref=298.15 K

[
R

{
Cpc,i

R

}]
dT

=
∫ T out

c

Tref=298.15 K
[R{Ai + BiT + CiT

2 + DiT
−2}dT]

= HCathode
298,i + R

[
Ai + Bi

(
T out

c + Tref

2

)

+Ci

3
{(T out

c + Tref)
2 − (T out

c Tref)} + Di

(T out
c Tref)

]

×(T out
c − Tref) (A7)

out
a,i =

∫ T out
a

Tref=298.15 K

[
R

{
Cpa,i

R

}]
dT

=
∫ T out

a

Tref=298.15 K
[R{Ai + BiT + CiT

2 + DiT
−2}]dT

= HAnode
298,i + R

[
Ai + Bi

(
T out

a + Tref

2

)

+Ci

3
{(T out

a + Tref)
2 − (T out

a Tref)} + Di

(T out
a Tref)

]

×(T out
a − Tref) (A8)

Here, Tref = 298.15 K and the values of the parameters (Ai,
i, Ci, and Di) are shown in Table A1.

The outlet temperatures from the cathode and the anode (T out
c

nd T out
a , respectively) are assumed to be the same as the cell

in in
emperature (T). Tc and Ta are the inlet temperatures into the
athode and the anode.

The methanol oxidation heat (QMeOHXover) is calculated by
he Eq. (A9), and the methanol heat capacity (Cp,mh,MeOH Oxid)

nd total enthalpy change (HCell,total
298 ) by the Eqs. (A10) and

A11), respectively [21].

MeOHXover = H
Cell,total
298 + Cp,mh,MeOH Oxid(T − Tref) (A9)

[
[

[

[

[

N2 i = 2 0 Gas
H2O i = 3 −393,509 Liquid

Cp,mh,MeOH Oxid

R
= 3.9915+(55.584 × 10−3)

(
T + 298.15

2

)

+ (−131.49 × 10−9)

3
{(T + 298.15)2

−298.15 T } + (−0.8165 × 105)

298.15 T
(A10)

Cell,total
298 = H

Anode,total
298 + H

Cathode,total
298 (A11)

Anode,total
298 = HAnode

298,i=3 − HAnode
298,i=2 − HAnode

298,i=1 (A12)

Cathode,total
298 = 3HCathode

298,i=3 − HCathode
298,i=2 − 1.5H298,i = 1Cathode

= 3HCathode
298,i=3 (A13)

Each value of H298,i is shown in Table A2.
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