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This research focuses on modeling the relationships between operating parameters and performance
measures for a single stack direct methanol fuel cell (DMFC). Four operating parameters, including
temperature, methanol concentration, and methanol and air flow rates, are considered in this work.
Performance of the DMFC is described by the relationship between current density and voltage. The
open circuit voltage and voltage drop in the closed circuit due to resistance, activation, and concentra-
tion polarization are influenced by the operating parameters. To consider both modeling accuracy and
simplicity, a semi-empirical model is developed in this work by integrating theoretical and approxima-
tion models. Experiments were designed and conducted to collect the required data and to obtain the
coefficients in the semi-empirical model. The error analysis indicates that our semi-empirical model is
effective for predicating the DMFC’s performance. The influence of the four operating parameters on the
DMEFC’s performance is also analyzed based on this semi-empirical model. Possible applications of the
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semi-empirical model in the optimal control of fuel cell systems are also discussed.
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1. Introduction

Among various types of fuel cells, direct methanol fuel cells
(DMFCs) have emerged in the recent years as potential power
sources for portable electronic devices such as laptop computers
and cell phones due to the high energy density of methanol and low
power requirements of the portable electronic devices [1]. ADMFC
is a kind of proton exchange membrane (PEM) fuel cell. Methanol
has the advantage that it is easier to transport and refill compared
with hydrogen, which is often used in other types of fuel cells. The
complex steam reforming process to produce hydrogen s also elim-
inated in DMFC systems. In addition, since methanol is fed with a
large amount of water to the anode, humidification and water man-
agement problems associated with other types of PEM fuel cells are
also avoided.

To design and control DMFC systems that can be used in dif-
ferent applications, a good understanding and accurate modeling
of DMFC behavior is necessary. From an engineering application
point of view, fuel cell behavior is usually described by per-
formance measures such as output voltage and current density,
which are influenced by design and operating parameters. Typical
design parameters include the type of proton exchange mem-
brane, the catalyst and its preparation, the electrode structure, and
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the geometric shapes of the fuel cell components. Typical operat-
ing parameters include temperature, methanol concentration, flow
rates of methanol and air, and pressures of methanol and air. In this
paper, only the operating parameters are considered.

The influence of operating conditions on DMFC performance
has been extensively studied through experiments [1,2]. In this
research area, Song et al. [3] investigated the influence of temper-
ature and methanol concentration on the crossover of methanol,
and consequently on the open circuit voltage and cell performance.
They observed that the crossover rate increases as the methanol
concentration and temperature increase. They also found out that
the performance improves as the temperature increases despite an
increase in methanol crossover. At low methanol flow rates, the
methanol concentration is too low in the catalyst layer due to mass
transfer resistance resulting in low current density. When the flow
rate is high enough, any further increase in the flow rate has no sig-
nificant effect on the methanol concentration in the catalyst layer,
thus providing no influence on cell current density. Arisetty et al.
[4] studied the impact of methanol concentration on DMFC per-
formance. Low methanol concentration reduces the reaction rate
at the anode, thus resulting in a low operating voltage. However
voltage does not simply increase with the increase of methanol
concentration due to crossover. Yang et al. [ 5] studied the influence
of temperature, methanol concentration, and methanol flow rate
on the impedance of the fuel cell. At low temperature (e.g., 30°C),
the slow methanol oxidation reaction and oxygen reduction reac-
tion lead to poor fuel cell performance due to high charge-transfer
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Nomenclature

A active area (cm?)

CMmE methanol concentration (M)

Eo open circuit voltage (V)

EE]R) reversible “no-loss” cell voltage (1.21V)

F Faraday constant (96,485 Cmol~1)

Fair air flow rate (ccm)

Fume methanol flow rate (ccm)

Agy molar Gibbs energy for methanol reaction
(—698.5kJmol~1)

j current density (Acm—2)

Jo exchange current density at anode (Acm~2)

Joc exchange current density at cathode (Acm—2)

kefr mass transfer coefficient at anode

kio mass transfer coefficient at cathode

n number of electrons transferred for each methanol
molecule (6)

Neell number of cells used in a stack

N order of reaction for methanol oxidation

No order of reaction for oxygen reduction

Peeyt cell power density (W cm—2)

Psystem.con power consumed by supporting components of
the fuel cell system (W)

Psystem.net Net power output of the fuel cell system (W)

Psystem toral tOtal power created by the fuel cell system (W)

Po partial pressure of oxygen (Pa)

R gas constant (8.314472] (molK)~1)
Re area-specific resistance (€2 cm?2)

T absolute temperature (K)

Veell cell voltage (V)

Vistack stack voltage (V)

Vsystem  Ssystem voltage (V)

g transfer coefficient at anode

o transfer coefficient at cathode

§ average absolute error (V)

Omax maximum absolute error (V)

Na anode overpotential considering activation and con-
centration (V)

Nac total overpotential considering activation and con-
centration at both anode and cathode (V)

Ne cathode overpotential considering activation and
concentration (V)

R resistance overpotential (V)

o standard deviation (V)

resistance (CTR). At high temperature (e.g., 50 °C or 70 °C), both the
enhanced kinetics and the low ohmic losses significantly improve
fuel cell performance.

In recent years, many models have also been developed to
describe the quantitative relationships between operating param-
eters and DMFC performance measures such that optimization
techniques can be utilized to achieve the optimal operating con-
ditions based on given requirements such as energy efficiency and
maximum power output. In this research area, Scott et al. [6] devel-
oped a model to describe the methanol transport process that can
be used to predict the effective methanol concentration at the cat-
alyst surface and polarization at the anode. They used this model,
together with an empirical model of the open circuit voltage and
a cathode overpotential model, to predict the voltage and cur-
rent density of the DMFC. Kulikovsky [7] introduced an analytical
model for the anode side of a DMFC, taking into account the non-
Tafel kinetics of electrochemical reaction of methanol oxidation,
diffusion, and transport of methanol through the backing layer,

and methanol crossover. Argyropoulos et al. [8] and Scott et al.
[9] developed semi-empirical models considering the influence of
methanol concentration and temperature on DMFC performance.
Through DMFC experiments, Dohle and Wippermann [10] inves-
tigated the influence of operating conditions on the anode, the
cathode, and methanol permeation to determine the parameters
for a DMFC model. Ge and Liu [11] developed a three-dimensional
single phase (i.e., liquid phase at anode and gas phase at cathode),
multi-component mathematical model of a DMFC. The result calcu-
lated using this model was also compared with the experimental
data in their research. Casalegno and Marchesi [12] investigated
the influence of two-phase flow on anode performance by com-
bining experimental and modeling approaches. Wang et al. [13]
developed a semi-empirical model to derive a nonlinear equiva-
lent circuit from a special group of impedance fuel cell models.
Wang et al. [14] developed a DMFC performance model based on
adaptive-network-based fuzzy inference with methanol concen-
tration, temperature, and current as inputs and cell voltage as
output. Yan and Jen [15] developed a two-phase flow model to
evaluate the effect of various operating parameters such as tem-
perature and methanol concentration on DMFC performance. Celik
and Mat [16] studied the concentration of methanol through exper-
iments and numerical methods. Zenith and Krewer [17] developed
a dynamic model for a portable DMFC system.

Despite the progress in modeling DMFC behavior, these models
focus on two key operating parameters: temperature and methanol
concentration. Although the impact of methanol flow rate and
air flow rate has been studied through experiments, a system-
atic approach to model the relationships between all important
operating parameters and the DMFC performance measures is still
required.

In our research, a semi-empirical model has been developed to
describe the relationships between all major operating parameters
and performance measures by integrating theoretical and approxi-
mation models for a single stack DMFC. Four operating parameters,
including temperature, methanol concentration, and methanol and
air flow rates, are considered in this research. Experiments have
been designed and conducted to determine the coefficients for this
semi-empirical model. The developed semi-empirical model has
also been tested through additional experiments.

The rest of this paper is organized as follows. The existing theo-
retical models for DMFC'’s are briefly explained in Section 2. The
semi-empirical model developed in this work is introduced in
Section 3. Experiments and data collected for the semi-empirical
model are provided in Section 4. The derived semi-empirical model
and analysis considering its accuracy and the sensitivity of its
coefficients are presented in Section 5. The influence of operating
parameters on DMFC performance and possible applications of this
semi-empirical model are discussed in Section 6. Conclusions are
summarized in Section 7.

2. Direct methanol fuel cell (DMFC) and its behaviors

A direct methanol fuel cell, as shown in Fig. 1, uses methanol as
fuel to generate electricity through reaction with the oxygen in the
air. The overall reaction is described by [18]:

CH30H + 3/20, — 2H,0 + CO, (1)

A DMEFC is primarily composed of a polymer electrolyte mem-
brane (also called proton exchange membrane, or PEM), catalyzed
electrodes at the anode and cathode sides, and end plates. The
polymer electrolyte membrane and catalyzed electrodes form a
membrane electrode assembly (MEA). Nafion by DuPont is often
used as the membrane. The electrodes, including the anode and
cathode, are thick layers of carbon paper or cloth with Pt-Ru and Pt
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Fig. 1. Schematic diagram of a direct methanol fuel cell.

catalysts deposited on the anode and cathode, respectively. The car-
bon paper or cloth of the anode and cathode also diffuses methanol
and oxygen to the catalysts for reaction. The graphite end plates
at anode and cathode sides are used to provide methanol and air
through their channels, and withdrawn current. A number of MEAs
can be connected by bipolar plates, where channels are provided
on both sides of each plate, to form a stack.
The reaction at the anode side is described by:

CH30H + H,0 — 6H* +6e~ +CO, 2)

At the anode, the protons permeate the polymer electrolyte
membrane to the cathode side, while the electrons travel through
the external circuit to the cathode side to generate current.
The water required comes from the methanol solution (e.g., 1M
methanol solution with 3.2% methanol and 96.8% water by mass).

The reaction in the cathode side is described by:

3/20, +6H* +6e~ — 3H,0 3)

The fuel cell performance is usually described by the relation-
ship between current density, j (Acm~2), and output cell voltage,
Veen (V), as shown in Fig. 2.

The power density, P.; (W cm~2), can be calculated by:

Pcell = Vcell J (4)

The cell voltage, V,, can be calculated by [18]:

Vel = Eo — IR — Nact,a — Nact,c — Ncon,a — Neon,c (5)
-3
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Fig. 2. Curves to model fuel cell performance.
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where E, is the open circuit voltage, ny is the voltage loss due to

ohmic polarization, ngctq and nqectc are the voltage losses at the

anode and cathode due to activation polarization, and nconqa and

Neon,c are the voltage losses at the anode and cathode due to con-

centration polarization. The voltage loss is also called overpotential.
The ohmic overpotential ng is calculated by:

NR = Rej (6)

where R, (2cm?) is the area-specific resistance of the fuel cell,
particularly contributed to by the resistance of the membrane in
DMFC. The area-specific resistance, R, is primarily influenced by
the absolute temperature T (K) [9]:

Re = Ry exp (?—%) (7)
where Ty and Ry are the reference temperature and area-specific
resistance, respectively, and Bis a constant determined from exper-
imental data.

According to Scott et al. [9], the open circuit voltage, E,, can be
calculated by:

: ref
1 ]Opre CME
Eo= EO +BES —In[ —2_— ] —N In
°" Be+ Bue PucEyge =+ PeFo, Joc(po)™ e

(8)

where EI(\’/[E and Eg2 are the standard potentials at the anode and
cathode when polarization is not considered, j, and jo. are the
exchange current densities at the anode and cathode, proef and p, are
the reference partial pressure and actual partial pressure of oxygen,
N and N, are orders of reaction for methanol oxidation and oxygen
reduction defined as the powers to which the concentration terms
in the rate equations are raised, and CX;E and Cy are the reference
methanol concentration and actual methanol concentration. In Eq.
(8), B; is calculated by:

o oe,-niF
131_ RT ’

where ¢; is the transfer coefficient, n; is the stoichiometric number
of electrons for a methanol molecule consumed in the reaction,
F is the Faraday constant (96,485 Cmol~1), R is the gas constant
(8.314472](molK)~1), and T is the absolute temperature.
Calculation of the overpotential measures considering activa-
tion and concentration polarizations at the anode and cathode is a
non-trivial task. Scott et al. [9] combined the activation and con-
centration overpotential measures separately at the anode and
cathode. In their model, the total overpotential due to activation
and concentration polarizations at the anode, 7, is calculated by:

(i = ME, c) (9)

~Cref .
UL LS VS VY (F QR - (10)
aaF | jo(Cu) NFKefr Cv

where o is the transfer coefficient at anode, n is the stoichiomet-
ric number of electrons for a methanol molecule consumed in the
electrode reaction, and ke is the effective mass transfer coefficient,
which increases with the increase in temperature and methanol
concentration.

According to Scott etal. [9], the total overpotential due to activa-
tion and concentration polarizations at the cathode, 7, is calculated
by:

. ref .
ne= T AimTPo__ 1r1<1—17> (1)
acF 17 joc(po)e nFkiopo

where «, is the transfer coefficient at cathode, and kq¢ is the mass
transfer coefficient at cathode.
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Fig. 3. Components of the TekStak™ DMFC stack [22].

Assuming the reduction of oxygen does not proceed under mass
transport limitations [9], the second term in Eq. (11) is not needed
to calculate the 7. Therefore the total overpotential at anode and
cathode due to activation and concentration polarizations can be
calculated by:

~Cref )
na_‘._rh,:ﬁ ln’liMEN_N In ]_;
@k 1 jo(Cue) nFkefr Cue
. ref
+ RT 4, _IPo (12)

acF " jo(po)No

Although the theoretical models are effective in describing the
physical and chemical behaviors of DMFCs, these models are dif-
ficult to employ for the design and control of DMFC systems due
to the complexity involved in obtaining the values of the param-
eters for these models. In this work, a semi-empirical model will
be developed to simplify this complexity while maintaining good
quality for modeling DMFC behaviors.

Methanol Methanol

3. Semi-empirical model

The semi-empirical model introduced in this research was
developed based on the theoretical models provided in the liter-
ature, particularly the equations given by Scott et al. [9], where
the relationships between operating conditions, including temper-
ature and methanol concentration, and DMFC performance were
extensively discussed. In our semi-empirical model, the flow rates
of methanol and air are also considered. Many parameters given
in Scott et al. [9] were combined and simplified as coefficients
in our semi-empirical model, and the values of these coefficients
were obtained through an approximation process using the data
collected from experiments.

In our semi-empirical model, the fuel cell voltage, V., is
described by:

Vet = Eo — 1R — Nac (13)

where E, is the open circuit voltage, ny is the overpotential due to
ohmic polarization, and nqc is the total overpotential due to acti-
vation and concentration polarizations at both the anode and the
cathode. Three sub-models, including a resistance sub-model, an
open circuit sub-model and a closed circuit sub-model, have been

Power
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DMFC Stack

A4

Container > Pump

Air
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Y

Multimeter

F 3
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Fig. 4. Schematic diagram for the direct methanol fuel cell testing system.
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developed to predict ohmic overpotential, open circuit voltage, and
activation/concentration overpotential.

3.1. Resistance sub-model

The resistance sub-model aims at identifying the area-specific
resistance of the DMFC, R,, so the ohmic overpotential, ng, can be
calculated by Eq. (6).

According to Scott et al. [9], resistance of the DMFC is dominated
by the resistance of the polymer electrolyte membrane. Tempera-
ture is the major factor that influences the resistance of the DMFC.
Based on these observations, the area-specific resistance, R, in
units of £ cm? in our resistance sub-model is described by:

Re = aqe(%2/T-a3) (14)

where Tis the absolute temperature in Kelvin, and ay, a, and a3 are
experimentally determined coefficients.

3.2. Open circuit sub-model

The open circuit sub-model aims at identifying the open cir-
cuit voltage E, in Eq. (13). From Eqgs. (8) and (9) and the research
result of Qi and Kaufman [19], the open circuit voltage is primarily
influenced by temperature, methanol concentration, and the partial
pressure of oxygen. Since the partial pressure of oxygen is coupled
with the flow rate of air, in this research the open circuit voltage
is modeled as a function of temperature, methanol concentration
and air flow rate in the open circuit sub-model:

Ey, = E(()R) +b1T +byT In Cye +b3T ln(FAIR) + by (15)

where E,(JR) is the reversible “no-loss” cell voltage, T is the temper-
ature, Cpe is the molar concentration of methanol, Fajr is the flow
rate of air in the unit of ccm (cubic centimeters per minute), and
b1-b4 are experimentally determined coefficients. The reversible
“no-loss” cell voltage, EE,R), is calculated by Larminie and Dicks [18]
as:

-AZy  —(-698.5 x 10%)

E® — =
0 nF 6 x 96, 485

where Agy is the molar Gibbs energy released from the methanol
reaction (Agy = —698.5 x 103] mol‘1), n is the number of elec-
trons transferred for each molecule of methanol (n=6), and Fis the
Faraday constant.

-1.21V (16)

3.3. Closed circuit sub-model

The closed circuit sub-model aims at identifying the total over-
potential, nq4c, due to activation and concentration polarizations at
both the anode and cathode. According to Eq. (12), ngc is influ-
enced by temperature, methanol concentration, and flow rates of
the methanol and air.

To simplify the calculation, Eq. (12) is first transformed into:

RT . o
Nac = Na +Nc = ?.F lln j+In <]0

1 .
—N In(Cpg) — N In (1 - aneffCME])]

RT | . py
+oeTF [ln]+ln <j(3c — N, In(po) 17)

The transfer coefficients at the anode and cathodes, oq and «,
are influenced by temperature, methanol concentration and cur-
rent density. The partial pressure of oxygen, p, is coupled with the

Q. Yang et al. / Journal of Power Sources 196 (2011) 10640-10651

flow rate of air. In addition, the flow rate of methanol also plays
a role in the activation and concentration polarizations. Based on
the above considerations, the overpotential, 14, is modeled as a
function of the four operating parameters by:

Nae = [€17® + c2j? + c3j + caT + s Gy + c6Cuie + C7]

. 1 .
x [ln] +Cg —Cy (ln(CME)+ In (1 - 76106(4”/1)9‘2&1) )} (18)

+c12% + 1352 + c1aj + 15T + €16Coy + C17Cue + Cr8)

x[In j + c19 — Co0 In(Fa)] — €215% In(Fye)

where j is the current density in units of Acm~2, T is the absolute
temperature in Kelvin, Cy is the molar concentration of methanol,
Fye and Fypg are the methanol and air flow rates in ccm (cubic cen-
timeters per minute), and c;-cy7 are 21 experimentally determined
coefficients.

3.4. The overall semi-empirical model

The overall semi-empirical model considering the influences of
the four operating parameters on the DMFC performance is deter-
mined by combining Egs. (6), (13)-(16) and (18):

Veen = 1.21+b1T +boT In Cyg + bsT In(Fag) + bs — ale(‘lz/T*”ﬂj
—[c1j® + €2j% + c3j + €aT + €5 Cy + C6Cue + C7]

. 1 ,
x [lnﬁ—cs—cQ (ln(CM5)+ln (1—m]))} (19)

—[c127® + €132 + c1aj + 15T + C16Co + €17CuE + C18]
x[In j + c19 — 20 In(Far)] + c21j2 In(Fue)

Values of the coefficients in the semi-empirical model for a
DMEFC should be obtained by collecting data of operating param-
eters, current density and cell voltage through experiments, and
calculating these coefficient values through numerical data fitting.

4. Experiments
4.1. The direct methanol fuel cell (DMFC) - TekStak™

ADMECkit, TekStak™ |, manufactured by Parker Hannifin Energy
Systems was used to determine the values of the coefficients in the
semi-empirical model. The DMFC stack is composed of a single cell
with components of an MEA, two graphite end plates with channels
for the anode and cathode, and two plastic end plates. Components
of the kit are shown in Fig. 3.

The MEA is composed of a Nafion 117 membrane, an anode with
catalyst of Pt-Ru, and a cathode with catalyst of Pt. The total elec-
trode active area, A, is 10 cm? with a serpentine channel of 13 paths
on one side of the anode or cathode as shown in Fig. 3(b). Each of
the paths is 30.90 mm long, 1.27 mm wide, and 0.5 mm high. The
rib between two paths is 1.07 mm in width.

4.2. Experiment setting

Fig. 4 shows the schematic diagram of the experimental set-up.
Fig. 5 shows a snapshot of the experimental set-up.

The methanol is mixed with deionized water and pumped into
the DMFC at a controlled flow rate using a peristaltic pump (VWR
54856-070). The air is fed into the fuel cell at a controlled flow
rate using an air compressor and regulated by a rotameter (Omega
FL-3861SA 150 mm). The DMFC was redesigned to replace the two
plastic end plates with two aluminum end plates electrically insu-
lated from the fuel cell with Teflon spacers such that a rope heater
(Omega HTC) could be wrapped to change the working temperature
of the fuel cell through a controller (Omega CSC32). The tempera-
ture inside the fuel cell is measured by a thermocouple (Omega
Type K), and the temperature reading is displayed by a data acqui-
sition unit. The anode and cathode outlet materials are collected
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Fig. 5. A snapshot of the direct methanol fuel cell testing system.

by an outlet tank. The methanol container, the air pump, and the
outlet tank are connected with the inlets and outlets of the anode
and cathode of the DMFC stack using polypropylene tubes. An elec-
tronic load device (BK Precision 8540) is used to change the current
density to different levels and measure the corresponding values
of the voltage. In addition, a potentiostat (Gamry Reference 600) is
used to measure the resistance of the fuel cell.

4.3. Design of experiments

The coefficients in the semi-empirical model were obtained by
changing the operating parameters, measuring the output param-
eters, and calculating the values of the coefficients through a
numerical data fitting technique. The operating parameters, mea-
surement parameters, and the coefficients to be fitted are shown
in Table 1.

The coefficients for the resistance and the open circuit sub-
models (Egs. (14) and (15)) can be obtained directly using the
operating and measurement parameters. For the closed circuit sub-
model, first Eq. (13) is transformed into:

Nac = Eo — MR — Vet = Eo — Rej — Veeyy (20)

to calculate the n4c. In Eq. (20), the E, is calculated using Eq. (15),
Re is calculated using Eq. (14), and V,; is measured through exper-
imentation. The coefficients of the closed circuit sub-model in Eq.
(18) can then be calculated through numerical data fitting.

Four operating parameters, including temperature (T),
methanol concentration (Cyg), flow rate of the methanol (Fyg), and
flow rate of the air (Fag), are considered in this research. For each
operating parameter, five different levels of values are selected.
The values of the operating parameters, selected based on the
literature review and our experimental practice, are summarized
in Table 2.

For theresistance sub-model, only the temperatureis selected as
the operating parameter. Since five levels of this operating param-
eter are considered, five test cases were conducted to obtain the
coefficients in the resistance sub-model at the same temperature
levels shown in Table 2.

The test cases of Table 2 can be used to obtain the coefficients in
both the open circuit sub-model and the closed circuit sub-model.
The open circuit voltage is measured when the external resistance
circuit is disconnected. Since four operating parameters and five
levels are considered, the complete testing requires 54 =625 cases.
To reduce the testing effort, design of experiment methodology is
employed in this research to reduce the number of test cases. In
this research, a uniform design (UD) methodology [20] was used to
determine design points that are uniformly scattered in the design
space. A uniform experimental design considering four factors at
five levels gives case tables for 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
and 55 tests. We selected the table with 45 cases considering fuel
cell test efficiency and the quality of numerical data fitting. These
45 test cases are shown in Table 3.
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Fig. 6. Data obtained in a test case for the open and closed circuit sub-models.

4.4. Experimental data collection

The area-specific resistance measures of the fuel cell at differ-
ent temperatures were obtained as shown in Table 4 using the
potentiostat.

In these tests, the other operating parameters were selected as:

Cue = 0.5M
Fye =3.5¢ccm
Falr = 81.2ccm

Different values of these three operating parameters have also
been used to test the area-specific resistance measures. It was found
that the influence of methanol concentration, and flow rates of the
methanol and air on the area-specific resistance was insignificant.
The experimental results match with the assumptions for the semi-
empirical model.

For each of the 45 test cases, the voltage at different current
densities was measured as shown in Fig. 6. The voltage atj=0is the
open circuit voltage E,. By reducing the electronic load, the current
density is increased and the cell voltage is decreased. For each test
case, 15 or more data points were collected.

Multiple tests were conducted for some of the test cases. Three
additional test cases with methanol concentration levels of 0.25 M,
0.5M and 1M were added because when the methanol concen-
tration is increased, the cell voltage increases at low methanol
concentration (around 0.25M), while the cell voltage decreases
at high methanol concentration (around 1M). Other operating
parameters for these three test cases were selected as T=323K,
Fye=4.5 ccm, and Fajg = 186 ccm. In total, 65 tests were conducted
for the 48 test cases.

During the data collection process, degradation of fuel cell per-
formance was observed for test cases repeated at different time
points. In this work, a simple linear regression method was uti-
lized to compensate the data considering this degradation. In this
compensation method, a time parameter, in addition to the four
operating parameters, was introduced to model the fuel cell per-
formance. The collected data at different time points were used
to obtain the coefficients in the linear regression model. The sys-
tem performance measures for all test cases representing behavior
at one point in time were selected to develop the semi-empirical
model.

For the test cases with multiple tests, an error analysis has been
conducted to study the variations of the performance measures. In
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Table 1

Operating parameters, measurement parameters, and coefficients for the semi-empirical model.

Q. Yang et al. / Journal of Power Sources 196 (2011) 10640-10651

Sub-model Operating parameters Measurement parameters Coefficients
Resistance sub-model T: Temperature (K) R.: Area-specific resistance (22 cm~2) a, ... as
Open circuit sub-model T: Temperature (K) E,: Open circuit voltage (V) b1, ..., bsa
Cyme: Methanol concentration (M)
Far: Flow rate of air (ccm)
Closed circuit sub-model T: Temperature (K) Jj: Current density (Acm—2) C1y .0 C21
Cume: Methanol concentration (M) Veen: Cell voltage (V)
Fye: Flow rate of methanol (ccm)
Fag: Flow rate of air (ccm)
Table 2
Operating parameters and five levels of these operating parameters.
Operating parameter Level
1 3 4 5
T: Temperature (K) 298 323 333 343
Cyme: Methanol concentration (M) 0.25 0.5 1 1.5 2
Fue: Flow rate of methanol (ccm) 3.5 4.5 5 5.5
Fag: Flow rate of air (ccm) 81.2 93.6 108.7 125.2 140.8
Table 3
Forty-five test cases for the open circuit and closed circuit sub-models.
Test case Levels of operating parameters Testing Levels of operating parameters Testing Levels of operating
no. case no. case no. parameters
T Cme Fue Far T Cue Fume Far T Cme Fue Far
1 1 3 5 2 16 3 1 5 2 31 5 1 4 5
2 4 3 3 4 17 2 5 3 5 32 4 5 2 5
3 3 5 2 1 18 4 4 1 3 33 5 2 1 5
4 4 1 1 1 19 2 3 1 1 34 4 1 3 2
5 3 4 4 2 20 3 4 1 5 35 5 4 4 3
6 1 4 2 1 21 2 5 5 1 36 1 1 4 1
7 3 2 2 4 22 1 2 1 2 37 3 3 2 2
8 3 2 3 4 23 2 1 1 3 38 4 5 3 2
9 5 5 1 2 24 1 4 5 5 39 1 1 2 5
10 2 3 2 3 25 1 5 1 4 40 5 1 2 3
11 1 2 3 4 26 2 1 5 4 41 5 5 5 4
12 5 4 3 1 27 4 3 4 1 42 2 3 4 5
13 4 2 5 3 28 2 2 3 2 43 1 5 4 3
14 2 4 3 3 29 5 2 5 1 44 3 2 4 3
15 3 4 4 4 30 4 3 5 5 45 5 3 2 4
this work, the error bars with 95% of the confidence intervals were
selected for the error analysis. The error bars for the performance
measures in test case no. 2 are plotted in Fig. 7. For this test case,
three tests at identical conditions were carried out to collect 68 07 . . .
data points at three different time points. To better show the range
of error, these 68 data points were divided into 9 groups according +1.96c
to their current density values. The standard deviation, o, for the 0.6} fisaT measiite .
data in each group was first calculated. The —1.960 and +1.960
boundaries, corresponding to 95% of the confidence interval, were 05l ~1.960 i
then used to plot the error bar for the selected data point group. An error bar with 95%
S of confidence interval
. < 0.4t -
5. Results and analysis Py
g
The coefficients for the semi-empirical model were obtained g 0.3 .
based on numerical fitting of the data collected in the experiments.
0.2t E
Table 4
Five test cases for the resistance sub-model.
- - 011 c: 0.0109v~0.0242V iy
Temperature (K) Area-specific resistance (£2 cm?)
298 1.42 0 . . .
;; H? 0 0.02 0.04 0.06 0.08 0.1
. . 2
333 102 Current Density (A cm™)
343 0.98

Fig. 7. Error bars for the three tests in test case no. 2.
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In addition, the accuracy of the semi-empirical model and the sig-
nificance of the coefficients in this semi-empirical model have also
been analyzed.

5.1. Results

5.1.1. Resistance sub-model

Using the five test points given in Table 4, the coefficients in Eq.
(14) were obtained through nonlinear numerical data fitting using
Matlab™:

a; = 6.9897, a; =916.91, a; = 4.6392
Substituting these coefficients into Eq. (14), we can get:
Re = 6.98978(916.91/7'74.6392) (2])

The data and Eq. (21) are shown in Fig. 8.
5.1.2. Open circuit sub-model

For the open circuit sub-model, the data collected from the
tests by changing the operating parameters of the temperature,

b1 = —3.7534 x 107>, by = -3.1534 x 1074
b3 = 6.6200 x 10>, by = —0.74990

Substituting these coefficient values and Eq. (16) into Eq. (15),
an expression for the open circuit voltage is obtained:

Eo =1.21-3.7534 x 107>T — 3.1534 x 10~*T In Gy
+6.6200 x 107°T In(Fg) — 0.74990 (22)

5.1.3. Closed circuit sub-model

For the closed circuit sub-model, first the total overpoten-
tial value, 14, for each test case was calculated using Eq. (20).
In Eq. (20), E, is calculated using Eq. (22) and R, is calculated
using Eq. (21), while V,,; is measured through experimentation.
The calculated ngc, the measured current density j, and the mea-
sured cell voltage V.. at the different operating parameter test
cases were used to obtain the coefficients in Eq. (18) through
nonlinear numerical data fitting with Matlab™, In this work,
the 62 tests including repeated test cases provided ~1200 test
points used to calculate the coefficients. The coefficients obtained
are:

c1 =1.2658 x 105, ¢y = 46196, c3 = —4281.0, ¢4, = —0.40290, c5 = —18.809, cg = 18.809,
¢; =10.496, cg=—3.9056, co=—-2.9582x 1074, 10 =75.3466 x 107, c;; =5182.4,
c1p = —1.2687 x 105, C13 = —46221, ¢4 = 4283.6, Ci5 = 0.40330, 16 = 18.818,

c17 = —18.818,

c1g = —10.572, c19 = —3.8959, cy9=282402, 31 =31.583

Substituting these coefficients into Eq. (18), an expression for
the total overpotential is obtained:

Mac = [1.2658 x 10% + 461962 — 4281.0j — 0.40290T — 18.809C2,, + 18.809Cysx + 10.496]

x |Inj —3.9056 +2.9582 x 1074 <1n(c,v,£) +1In (1 -

1 .
5.3466 x 107 e(-5182.4/ T)C,%E]) )} (23)

+[—1.2687 x 10°j3 — 46221j2 + 4283.6j + 0.40330T + 18.818C%, — 18.818Cye — 10.572]
x[In j — 3.8959 — 8.2402 x 10* In(FaR)] — 31.583;2 In(Fe)

5.1.4. The overall semi-empirical model
Integrating Eqs. (6), (13) and (21)-(23), the cell voltage can be
calculated from the following expression:

Ve = 1.21-3.7534 x 107°T — 3.1534 x 107*T In Cyg + 6.6200 x 10~°T In(Fag) — 0.74990

—6.9897¢(916.91/T-4.6392);

—[1.2658 x 10% + 461962 — 4281.0j — 0.40290T — 18.809C2,, + 18.809Cyz + 10.496]

! (24)
Inj — 3.9056 +2.9582 x 104 ( In(Cye) +In (1 — .
X J X ( ( ME) ( 53466 x 1079(_5]82‘4/T)Cl%/l£]>>:|

—[~1.2687 x 10°j3 — 46221j2 + 4283.6j + 0.40330T + 18.818CZ, — 18.818Cyz — 10.572]
x[In j — 3.8959 — 8.2402 x 10* In(Far)] + 31.583j2 In(Fy)

methanol concentration, and air flow rate were used to obtain
the coefficients in Eq. (15) through nonlinear data fitting with
Matlab™. In this work, the data collected in the 45 test cases were
used to obtain the coefficients, and the data collected in the remain-
ing three test cases were used to evaluate the modeling accuracy.
For each of the 45 test cases, the test point at j=0 corresponding to
the open circuit voltage was selected. When multiple tests were
conducted for a test case, the average open circuit voltage was
used. Therefore a total of 45 data points were used to calculate
the coefficients. The coefficients obtained are:

The effectiveness of the semi-empirical model in predicting
the DMFC performance based on operating parameters will be
explained in Section 5.2 through accuracy analysis. Discussion of
the influence of individual coefficients on the accuracy of the semi-
empirical model will be provided in Section 5.3 through sensitivity
analysis.

5.2. Verification and accuracy analysis

In this research, the data from 62 tests were used as the training
tests to obtain the coefficients, and the data from three tests were
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Table 5
Three test cases to analyze the accuracy of the semi-empirical model.
Test case no. T (K) Cupe (M) Fue (ccm) Fag (ccm) n o (V) §(V) Smax (V)
1 323 0.25 4 81.2 22 0.0106 0.0082 0.0277
2 298 1 45 125.2 16 0.0236 0.0206 0.0312
3 343 0.5 5 140.8 15 0.0137 0.0116 0.0183
Total 53 0.0160 0.0129 0.0312
1.6 T T T T Table 6
+ experiment data Comparison between the errors for the evaluation tests and the training tests.
1.5} fitted curve H
Test cases n o (V) 5(V) Smax (V)
1.4t 1 Evaluation tests 53 0.0160 0.0129 0.0312
Training tests 1160 0.0224 0.0114 0.0568
1.3¢ q
' . .
g 1.2 1 The average absolute error § shown in Table 5 is defined by:
Q a4} 1 1w 1 —
oz 3=*E SiZ*E \U; — Uil (26)
1k J n n
i=1 i=1
0.9 1 where the §; is the absolute error for the ith data point.
The maximum absolute error émax shown in Table 5 for each test
i 1 case is defined by:
020 300 320 340 360 380 dmax = max{éy, &2, 83, ..., on} (27)

Cell Temperature (K)

Fig. 8. Influence of temperature on area-specific resistance.

reserved to validate the semi-empirical model and test its accuracy.
Fig. 9 shows the measured and predicted data for the operating
conditions given in Table 5 in the three evaluation tests.

In this research, three measures, the standard deviation o, the
average absolute error §, and the maximum absolute error dmax, are
used evaluate the accuracy of the semi-empirical model.

The standard deviation o shown in Table 5 is defined by:

(25)

where U; is the predicted cell voltage using the semi-empirical
model, U; is the measured cell voltage from experiment, and n is
the number of points in the test case.

(;urve 1
+ data1
086 curve 2 |
> data 2
curve 3
02 + data 3
=
o 041 E
[=)]
8
©
= on 1
[
[&]
0.2t R
0.1f 8
DD 001 002 003 004 005 006 007 0.08

Current Density (A cm’z)

Fig. 9. Collected data through experiments and predicted curves using the semi-
empirical model.

The absolute error at each experimental data point between
the predicted and measured voltages was analyzed to determine
if there was any systematic error pattern relative to each operating
parameter. Each parameter (i.e., temperature, methanol concen-
tration, and methanol and air flow rates) was evaluated in a
generalized linear model using Minitab™ against the absolute
error as the outcome variable. The current density was included
as a covariate. All factors were determined to be significant in con-
tributing to the absolute error at p-values of less than 0.01. Fig. 10
shows the mean absolute error of cell voltage for each level of
the experimental tests. From this analysis, it was concluded that
the model error is relatively insensitive to changes in tempera-
ture and methanol concentration (average error within ~0.005V),
but has a systematic trend for the methanol and air flows, with
the error trending largest at the extremes of the flow ranges. The
largest absolute errors are generally found in the model to occur in
general at the extreme ranges of the parameters. The largest rela-
tive errors were generally found to occur at the highest methanol
concentrations.

The accuracy analysis for the 62 training tests whose data
were used to obtain the coefficients of the semi-empirical model
is summarized in Table 6. The errors for the training tests are

Main Effects Plot for Absolute Voltage Error
Temperature (K) Methanol Flow (ccm)
0.010 \
0.005
/\ "
0.000{ 7~ S—
-0.005 4
-0.0104
H T T T T T T T T T T
E 298 313 323 333 343 3.5 4.0 4.5 5.0 5.5
Methanol Conc. (M) Air Flow (ccm)
0.010
0.0054 /__4\__\
0.000 = \
-0.0051
-0.010
T T T T T T T T T T
025 050 1.00 150 200 812 93.6 1087 125.2 140.8

Fig. 10. Contribution of operating parameters to absolute error.
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Table 7 Table 8
p-Values considering the significance of the five coefficients. Comparison between the original and the simplified semi-empirical models.
Coefficient p-Value Semi-empirical model o (V) 3(V) Smax (V)
c 0.1084 The original model with 28 0.0160 0.0129 0.0312
c3 0.6662 coefficients
C12 0.4931 The simplified model with 0.0126 0.0098 0.0220
c13 0.7484 23 coefficients
Cig 0.3681

comparable with the errors for the evaluation tests. In general, the
model predicted the experimental data points voltage within an
accuracy of £0.050V approximately 90% of the time, and +0.030V
approximately 70% of the time. On a relative basis, the model
was determined to match the experimental data within a rela-
tive accuracy of +25% approximately 90% of the time, and +10%
approximately 50% of the time. It should be noted that as a non-
linear regression model, some combinations of parameters will
lead to estimation with a negative voltage, especially when these
parameters are at the limits of their regression ranges. While these
operating points generally would have very low voltage, nonethe-
less they should be treated with caution. In summary, given the
experimental error, it is therefore concluded the developed semi-
empirical model is effective for predicting DMFC performance
based on the operating parameters.

5.3. Sensitivity analysis

The semi-empirical model has 28 coefficients in its three sub-
models: three in the resistance sub-model (Eq. (14)), four in the
open circuit sub-model (Eq. (15)), and 21 in the closed circuit sub-
model (Eq. (18)). The scientific method requires that the model
should be parsimonious, and therefore the number of coefficients
should be reduced to simplify the complexity of the semi-empirical
modelifthe quality of the model can be maintained. In this research,
a sensitivity analysis considering the 21 coefficients of the closed
circuit sub-model given by Eq. (18) has been conducted.

An analysis of variance (ANOVA) [21] is employed to study
the contribution of each of these coefficients. First a designed
experiment is used to create test cases considering the relevant
coefficients. In each test case, a coefficient is increased or decreased
by 5%, and the change in the performance measure is observed.
Then a Matlab™ n-way analysis of variance (i.e., anovan) func-
tion is used to analyze the significance through the coefficient’s
p-value. A coefficient with a p-value less than or equal to 0.05 was
considered significant, contributing to variance in the model’s pre-
dicted values. If a p-value is larger than 0.05, the coefficient could
be considered for removal from the semi-empirical model.

Among the 21 coefficients in the closed circuit sub-model given
inEq.(18), five coefficients are considered as candidates for removal
due to their large p-values given in Table 7.

Removing these five coefficients from Eq. (18), the modified
closed circuit sub-model can now be described by:

Nac = [€2j% +caT + csC2, + c6Cue + C7]

1
« |1nj+cs - co (1n(cME)+1n (1 - 71))]
[ cloe(*Cn/T)Cl\Z/’E (28)
+lc1aj + c15T + €16Cy + C17Cume]

x[In j + c19 — Ca0 In(Far)] — €21j% In(Fye )

The original semi-empirical model and the simplified semi-
empirical model were evaluated using the three evaluation test
cases. A comparison of the results shown in Table 8 finds that
both semi-empirical models are acceptable to predict the DMFC
performance based on the four operating parameters.

6. Applications of the semi-empirical model

The semi-empirical model can be used to analyze the influence
of the operating parameters on the performance of the DMFC. The
semi-empirical model can also be used to identify the optimal oper-
ating parameters based on the performance requirement through
optimization.

6.1. The influence of operating parameters on DMFC performance

The semi-empirical model can be used to study the influence of
the operating parameters on DMFC performance by changing only
one of the operating parameters each time, and creating a curve of
the relationship between the current density and cell voltage, as
shown in Fig. 11.

The influence of the four operating parameters is summarized
as follows.

¢ Influence of temperature (T)

When the temperature is increased, the cell voltage will
increase at different current densities as shown in Fig. 11(a). For
example, consider the current density at j=0.045Acm~2. When
the temperature is increased from 298 K to 343 K, the cell volt-
age increases from 0.098 V to 0.179V, a 82.6% increase in the cell
voltage. Therefore high cell temperature is expected to improve
the DMFC performance.

¢ Influence of methanol concentration (Cyg)

When the methanol concentration is increased, the cell voltage
is increased at low methanol concentration, and cell volt-
age is decreased at high methanol concentration as shown in
Fig. 11(b). For example, consider again the current density at
j=0.045Acm~2. When the methanol concentration is increased
from 0.25M to 0.5 M, the cell voltage increases from 0.201V to
0.209V, a 3.9% increase in the cell voltage. When the methanol
concentration is increased from 0.5M to 1M, the cell volt-
age decreases from 0.209V to 0.177V, a 15.2% decrease in the
cell voltage. Therefore an optimal methanol concentration is
expected to improve the DMFC performance.

Influence of methanol flow rate (Fyg)

When the methanol flow rate is increased, the cell voltage in
general will increase, especially when the current density level
is high as shown in Fig. 11(c). For example, consider again the
current density at j=0.045 Acm~2. When the methanol flow rate
isincreased from 3.5 ccm to 5.5 ccm, the cell voltage will increase
from0.232Vt00.260V,a 12.5% increase in the cell voltage. There-
fore high methanol flow rate is expected to improve the DMFC
performance.

Influence of air flow rate (Fag)

When the air flow rate is increased, the cell voltage in gen-
eral will increase as shown in Fig. 11(d). For example, at current
density j=0.045Acm~2, when the air flow rate increases from
81.2 ccm to 140.8 ccm, the cell voltage increases from 0.113V to
0.214V, an 90.1% increase in the cell voltage. Therefore high air
flow rate is expected to improve the DMFC performance.
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Fig. 11. Influence of the four operating parameters on DMFC performance.

6.2. Optimal control of the operating parameters

The quantitative relationships between operating parameters
and fuel cell performance measures in the semi-empirical model
can be used to identify the optimal operating parameters based on
a given requirement.

In DMFC applications, a number of fuel cells are usually con-
nected in series to form a stack. A number of stacks are connected
to provide the required power in a DMFC system. In addition to fuel
cells, other modules such as methanol container, pumps, tubes and
controllers. are also needed for the fuel cell system. The operating
parameters can be controlled by the controllers based on the power

Table 9
Different optimization models to satisfy different power requirements.

Power requirement Optimization model

Maximum power output maxPsystem.nets jmin <J <Jmax

Jmax

Overall power output max [ Psystem_netdj

Jmin
Jmax

. P, el .
Overall power efficiency max [ peml g
system _total

Jmin

requirements. Therefore optimization of the operating parameters
should be conducted considering the whole DMFC system.

First the semi-empirical model given by Eq. (19)is used to define
the cell voltage as a function of the operating parameters and the
current density. Suppose this function is described as:

Vet = f(T, Cme, Fume, Far, J) (29)

where V. is the cell voltage (V), T is the temperature (K), Cye
is the methanol concentration (K), Fy is the methanol flow rate
(ccm), Fapg is the air flow rate (ccm), and j is the current density
(Acm~2). When n cells are used in the stack, the stack voltage is
then defined by:

Vstack = ncellvcell = ncelLf(T’ Cme, Fue, FAlej) (30)

ADMEC system can be composed of a number of stacks. Suppose
if m stacks are connected in series in a DMFC system, the system
voltage can be described by:

Vsystem = MVitacre = Micenf (T, Cmes Fue, Far, ) (31)
The total power of the DMFC system can be obtained by:
Psystem,total = Avsystemj = AmncelLf(T, Cwves FME, FAIRvj)j (32)

where A is the active area of the fuel cell. Suppose the power used
by the supporting components of the DMFC system is described by

Psystem_con = &(T, Cyme, Fue, Farr, J) (33)
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The net system power output can be calculated by:

Psystem,net = Psystem,total - Psystem,con

= Amngef (T, Cuve, Fue, Fair, j)i
—&(T, Cyme, Fme, Far, J) (34)

Optimization can be employed to identify the optimal operating
parameters based on the power requirements. The different power
requirements and optimization models that can be used to optimize
the system performance are listed in Table 9.

7. Conclusions

A systematic approach to model the relationships between the
operating parameters and the direct methanol fuel cell perfor-
mance was introduced in this research. Four operating parameters,
including temperature, methanol concentration, and flow rates of
methanol and air, are considered in this work. A semi-empirical
model was developed to describe the relationships. Experiments
were designed and conducted to obtain the coefficients in the semi-
empirical model. The accuracy of this semi-empirical model was
also analyzed. In addition, the influence of the operating param-
eters and possible applications of the semi-empirical model were
also discussed.

Characteristics of this research are summarized as follows.

1. The semi-empirical model is effective to describe the rela-
tionships between the operating parameters and the direct
methanol fuel cell performance. Compared with the theoretical
models that require complicated processes to obtain the physi-
cal/chemical parameters, the coefficients in our semi-empirical
model can be obtained easily through numerical data fitting
using data collected from experiments.

2. Through an analysis of the influence of operating parameters on
the DMFC performance based on the semi-empirical model, a
better understanding of the DMFC behaviors was achieved. In
addition, the influence of the four operating parameters on the
open circuit voltage, resistance polarization, activation polariza-
tion and concentration polarization was also achieved.

3. The modeling of the relationships between the operating param-
eters and the DMFC performance measures also provides a basis
to identify the optimal operating parameters of the DMFC system
considering different power requirements.

Our current semi-empirical model is limited to the TekStak™
DMFC. When the semi-empirical model for a different DMFC is
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required, new experiments need to be conducted to obtain the coef-
ficient values of the semi-empirical model. To solve this problem,
our future work will focus on development of the models consid-
ering the influence of both operating parameters and geometric
parameters on DMFC performance. By adding geometric parame-
ters to these models, the optimal design parameters, in addition to
the optimal operating parameters, can also be achieved. Compu-
tational fluid dynamics (CFD) techniques will be employed in our
future research.
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