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bstract

This work develops a prototype 20 W portable DMFC by system integration of stack, condenser, methanol sensor-less control and start-up
haracteristics. The effects of these key components and control schemes on the performance are also discussed. To expedite the use of portable
MFC in electronic applications, the system utilizes a novel methanol sensor-less control method, providing improved fuel efficiency, durability,
iniaturization and cost reduction. The operating characteristics of the DMFC stack are applied to control the fuel ejection time and period,

nabling the system to continue operating even when the MEAs of the stack are deteriorated. The portable system is also designed with several

eatures including water balance and quick start-up (in 5 min). Notably, the proposed system using methanol sensor-less control with injection of
ure methanol can power the DVD player and notebook PC. The system specific energy and energy density following three days of operation are
62 Wh kg−1 and 335 Wh L−1, respectively, which are better than those of lithium batteries (∼150 Wh kg−1 and ∼250 Wh L−). This good energy
torage feature demonstrates that the portable DMFC is likely to be valuable in computer, communication and consumer electronic (3C) markets.

2007 Elsevier B.V. All rights reserved.

ensity

c
e
s
a
c
i
d
a
i
a
g
[
t
t
f
i
l

eywords: Direct methanol fuel cell; Membrane electrode assembly; Energy d

. Introduction

Fuel cell technology is becoming widely adopted worldwide
ecause of its potential applications in power stations, residen-
ial power, road transportation and portable power-supply units
1–4]. Fuel cells are efficient, silent and clean energy conver-
ion systems that produce electricity via electrochemistry [1]. A
ortable electronic application is considered as one of the most
ignificant entry points for fuel cells into the commercial market.
dditionally, direct methanol fuel cells (DMFC) are expected

o be the first fuel cells to provide power for portable electronic
evices, such as mobile phones, laptop computers and advanced
obile electronic devices [5,6], because they have many bene-
ts over other fuel cells. These advantages include low operating

emperature, rapid start-up, compactness and mass production
apability, use of liquid fuel, existing supply infrastructure and
ewer safety concerns when compared with proton exchange

embrane fuel cells (PEMFC). However, despite this recog-

ition of the advantages of fuel cells, mass production in fuel
ells has yet started. The DMFC is likely to become a viable

∗ Corresponding author. Tel.: +886 3 4711400x6653; fax: +886 3 4711409.
E-mail address: cychen@iner.gov.tw (C.Y. Chen).
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ommercial product for portable electronics once some critical
ngineering challenges, such as difficulty in increasing conver-
ion efficiency and durability together with reducing system size
nd cost, are eliminated. Therefore, many studies [7–18] have
oncentrated on DMFC. Much effort has been made on improv-
ng the MEA by modifying the Nafion membrane structure [19],
esigning new proton-conducting polymers [20], finding more
ctive catalysts [21,22], optimizing electrode structures [23] or
mproving the stack structure design [24], to increase the power
nd energy density of the DMFC. However, DMFC system inte-
ration for portable applications has not been widely explored
25]. Therefore, this study integrates the DMFC system with
he proposed innovative method of methanol sensor-less con-
rol, and shows that a portable 20 W DMFC can be constructed
or applications in laptop computers and DVD players. The
nvestigation focuses on stack development, methanol sensor-
ess control, system condenser and start-up characteristics, and
ncludes system performance analysis to accelerate commercial-
zation of portable DMFCs.
. System description

The DMFC developed at the Institute of Nuclear Energy
esearch (INER) in Taiwan is an active system using the high

mailto:cychen@iner.gov.tw
dx.doi.org/10.1016/j.jpowsour.2007.02.056
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electrodes and electrolyte membrane, were prepared by the pro-
cedure same as that reported in our previous paper [23]. The
MEA was then sandwiched between carbon cloths (used as dif-
Fig. 1. The schematic diagra

nergy density of pure methanol and methanol sensor-less con-
rol. Fig. 1 shows a schematic diagram of the portable DMFC
ystem. To minimize the methanol crossover, the system uti-
izes a diluted methanol solution supplied to the anode. The

ethanol solution is well diluted in a container of approxi-
ately 30 mL, known as the mixing tank. The mixing tank

ollects the water/air mixture from the cathode, and the fuel/CO2
ixture from the anode. The air and CO2 are then vented into

he ambient air from the mixing tank. A methanol sensor-less
ontrol method is adopted to trigger the feed pump to add a
pecific quantity of pure methanol to the mixing tank. The
irculation pump continuously feeds the fuel from the mix-
ng tank to the stack in a recirculation loop. The water pump
eeds water from the water tank to the mixing tank in a constant
eriod.

The anode side of the DMFC reaction needs one molecule
f water for each molecule of methanol consumed. At the
athode side, O2 from the air reacts with the protons and
lectrons to form water. An air pump not only supplies the
equired O2 from the air to the cathode, but also forces the
apor (air + water) into the mixing tank via the condenser. The
ondenser system recovers water in the system. Some liquid
ater is condensed from the vapor, and then returned to the

node circulation loop to maintain the water balance within the
ystem.
. Results and discussion

The development of a small portable DMFC system including
tack development, methanol sensor-less control, system con-
enser and start-up characteristics is described as follows. A
ystem performance analysis is also presented.
the portable DMFC system.

.1. Stack development

The stack design is based on conventional bipolar stack
esign as developed at Institute of Nuclear Energy Research
INER). Fig. 2 shows an experimental 18-cell bipolar plate
tack. The DMFC stack was built from carbon cloths, gaskets,
achined graphite bipolar plates and our house-made MEAs.
he Pt–Ru and Pt loadings were ∼2 and ∼3.5 mg cm−2 in
node and cathode, respectively. The MEAs, which consist of
Fig. 2. An experimental 18-cell bipolar plate stack.
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usion layers) and installed in a bipolar plate stack with two
urrent collectors positioned at each end of the stack. Teflon
askets were placed between bipolar plates to prevent liquid
nd gas leakage to the exterior and cross leakage between the
uids in stack. Serpentine type flow fields were used for fuel
istribution on anode and cathode sides. The current collectors
ere made from a stainless steel or a titanium alloy. During

he development process, the stack construction was changed
s a result of stack performance testing under various operating
onditions.

We have built and demonstrated that the high performance of
he bipolar plate stack can be obtained in a compact size suited to
ortable DMFCs by minimizing the thickness of the bipolar plate
nd increasing the number of cells in the stack. Fig. 3 shows the
tack performance of 10 and 18 cells with bipolar plate thickness
f 3.0 and 1.7 mm, respectively. It was demonstrated that stack
ower output was increased significantly from 17 to 33 W at
0 ◦C in air as the thickness of the bipolar plate was decreased
rom 3.0 to 1.7 mm and the cell number was increased from 10
o 18. Since a reduction in the bipolar plate thickness can lead to
reduction in the stack size, the volumetric power density of the

tack can also be increased significantly. Fig. 4 shows that the
olumetric power density of the stack at 70 ◦C can be increased
reatly from ∼60 to ∼100 W L−1 for stacks of 10 cells (with
late thickness of 3.0 mm) and 18 cells (with plate thickness of
.7 mm), respectively. The active area of each MEA is 25 cm2,
nd the ratio of active surface area to total surface area for each
ell in the stack design is about 39%. The peak power output
f an 18-cell stack with bipolar plate thickness of 1.7 mm can
each 33 W with air operation at 70 ◦C. The stack has a total
olume of about 326 cm3 with a weight of about 700 g. In the
teady state operation of constant load, the 22-cell stack was

ssembled for the stack output of 28 W, enabling the system
o generate 20 W net power after the consumption of auxiliary
ower. The stack was self-heated in the system to a temperature
f about 60 ◦C under the steady state operation. The typical stack

ig. 3. Stack performance of 10- and 18-cell stacks with bipolar plate thickness
f 3.0 and 1.7 mm, respectively.
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ig. 4. Volumetric power density of 10- and 18-cell stacks with bipolar plate
hickness of 3.0 and 1.7 mm, respectively.

perating voltage was about 7.7–8.0 V, i.e. ∼0.35 V for each
ell. A DC–DC converter was needed to obtain the required
oltage for the portable electronic devices. The stack generated
ackpressure of about 1.4 × 104 Pa owing to the serpentine flow
eld design in both the anode and cathode plates. Experimental
esults indicate that the proposed stack design is good enough
or practical applications in 15–25 W portable DMFC systems.

The flow rate of air at the cathode had a critical impact on
tack performance. The peak power increased as the air flow
ate increases from 6 to 12 L min−1. This is because supplying
ir to the cathode side removes most of the water produced at
he cathodes, raises the O2 mass transport (concentration), and
educes the methanol crossover problem. By comparison, the
eak power rose slowly as the flow rate of methanol solution
as raised from 80 to 130 mL min−1, and then changed little at
high flow rate of 200 ml min−1. Therefore, the peak power was

nfluenced more significantly by the flow rate of air than by that
f the methanol solution. These findings indicate that the stack
erformance was affected not only by stack structure designs,
ut also by operating conditions. Suitable auxiliary components
hould be selected to operate the system based on the operat-
ng properties of the components and their relationship with the
tack performance.

.2. Methanol sensor-less control

Minimizing the volume and weight is important for portable
ower sources. Therefore, to simplify the design of the liquid
eed fuel cell system, and decrease its cost and complexity, a
ovel fuel sensor-less control scheme for a liquid feed fuel cell
ystem was developed to eliminate the need for a fuel concen-
ration sensor. The operating characteristics of the DMFC stack
re employed to control the power generating system without the

eed to determine the concentration of fuel. The proposed sys-
em can operate even after the degradation of MEAs. The control
lgorithm, called an Impulse Response based on Discrete Time
uel Injection (IR-DTFI), is presented as follows.
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Fig. 5. Flow chart of the IR-DTFI control algorithm.

Fig. 5 shows the flow chart of the IR-DTFI strategy. Step
1 starts to determine a specific monitoring period according to

he load. Fig. 6 plots the polarization curve of the fuel cell and

xplains how to determine the monitoring period. The power
urve has a maximum power Pmax, and the corresponding Imax
s a suggested value for deciding the minimum duration for the

Fig. 6. Definition of Pmax and Pref by polarization curve.
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ig. 7. Schematic diagrams of the measurement system, system control and fuel-
eeding unit for the verification and evaluation of the IR-DTFI control scheme.

pecific monitoring period. The system control unit determines
he specific monitoring period, at any constant current discharg-
ng condition, inversely proportional to Imax. In addition, the

inimum specific monitoring period at Imax is predetermined
hrough experiment. Therefore, the specific monitoring period
s the duration that the fuel cell can sustain the load (Imax) within
he injection of a specific amount of fuel. Step A2 feeds a specific
mount of fuel into the mixing tank. Fig. 7 plots the measurement
ystem, system control and fuel-feeding unit for the verification
nd evaluation of the IR-DTFI control scheme.

Then, step A3 measures the operating characteristics of the
uel cell over the specific monitoring period. The operating char-
cteristic value here can be potential, current, or power measured
t the stack terminal. Step A4 obtains a first characteristic value
uring a time interval before the end of the specific monitoring
eriod. Then the flow proceeds to step A5 to obtain a second
haracteristic value at a time point that locates at the last of
he specific monitor time interval. Fig. 8(a) shows the operating
haracteristic obtained from the IR-DTFI control scheme. As
learly seen from trend of operating characteristic in Fig. 8(b),
he system control unit should determine whether the trend of
perating characteristics are going upward or downward at the
nd of the specific monitoring period (T0, T1, T2). The relation
etween the first and the second characteristic value should have
he capability to identify that the trend of operating character-
stics is going upward or downward at the end of the specific

onitoring period. From this point of view, a lot of way can
efine the first characteristic value. Therefore, step A6 com-
ares the first with the second characteristic value to judge the
rend. If the second is smaller than the first characteristic value
hat means the trend goes downward, the algorithm returns to
tep A2 to feed fuel to the mixing tank. It represents that the
ethanol concentration is insufficient for the mass transport of

uel at the end of the specific monitoring period as shown at
oint T0, T1 in Fig. 8(b).

When the trend is going upward, it means that there is excess
uel accumulated at the end of the specific monitoring period.

he system control unit stops injecting fuel until the trend of
perating characteristics goes downward. As shown in Fig. 8(b),
he excess fuel is consumed during the injection delay period
etween T2 and T3. The methanol concentration measured at
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The minus sign means that the amount of water increased. This
improved cooling condition meant that the condenser caused
more vapor to be condensed into liquid water (24.6 mL h−1).
The vapor temperature further fell from 47 to 42 ◦C follow-

Table 1
Comparison of water balance in various systems

System types Water consuming
rate (cc h−1)

Exhaust
temperature (◦C)

Without condenser 22.8 60
With condenser inside the 9.7 47
ig. 8. (a) Operating characteristic obtained from the IR-DTFI control scheme.
b) An enlargement of the mark region in (a).

he point T3 is about 0.7 wt.%, while the concentration mea-
ured after the injection of fuel at the point T1 is about 1.2 wt.%.
y way of the comparison method, the third and the fourth oper-
ting characteristics are set up to determine when the trend will
oing downward after the specific monitoring period mentioned
bove. If the second exceeds the first that means trend up, the
ow proceeds to step A7 to calculate a third characteristic value
uring the new period after the specific monitoring period. Then,
tep A8 obtains a fourth characteristic value at the last of the new
eriod. Step A9, then, determines whether the system control
nit should feed fuel to the mixing tank. If the third exceeds the
ourth that means trend down, the algorithm goes back to step
2 and system control unit signals fuel-feeding unit to inject

uel to the mixing tank. If the third is smaller than the fourth
haracteristic value, the algorithm returns to step A7 to explore
he most recent period and to determine an updated third charac-
eristic value. Then step A8 is repeated to determine an updated
ourth characteristic value at the end of the most recent period.
gain, step A9 compares the third with the fourth characteristic
alues. If the third exceeds the fourth, the algorithm returns to
tep A2 to feed fuel to the mixing tank and the whole flow start
gain. Through the continuous comparison process, the repeated
ow steps A7–A9 aid in consuming and regulating the excess

uel accumulated in the early cycles.

When the system control unit signals to inject an amount of
ethanol to the mixing tank, the operating characteristics begin

W

Sources 167 (2007) 442–449

o go upward normally due to the increasing of methanol concen-
ration. Meanwhile, owing to the methanol crossover, the mixed
otential occurring at cathode builds up gradually and lowers the
perating characteristics. As shown in Fig. 8(a), every peak is the
ombination of the aforementioned two effects caused by the dis-
rete time injections of neat methanol. If the concentration is just
nough, then the downward trend will approximately like a lin-
ar decay. If there is excess fuel accumulated, then the operating
haracteristics will go downward dramatically due to methanol
rossover. With time passing away, the fuel is consumed grad-
ally, and the mixed potential effect is reduced. Therefore, the
perating characteristics will go downward, experience the min-
mum values and then go upward. If the trend is going upward at
he end of the specific monitoring period, it means that there is
xcess fuel accumulated, and the system control unit stop inject-
ng neat methanol until the excess fuel is consumed and the trend
s going downward. On the contrary, if the trend is going down-
ard at the end of the specific monitoring period, that means the

uel concentration is insufficient, then the system control unit
njects the neat methanol at the same time.

The experiments through various operation modes, such as
onstant voltage, constant current and constant resistant modes
ere also conducted to verify the feasibility of this control algo-

ithm. For more detailed description please see in our recent
aper [26].

.3. System condenser and start-up

The condenser is the most important component for con-
rolling the water balance in the system. Table 1 compares
hree cooling conditions for DMFC system. The table reveals
hat the system without a condenser is the worst case. The
ater consumption rate of this system was 22.8 mL h−. The

xhaust temperature of the vapor was 60 ◦C, which is almost
he same as the stack temperature. Adding a condenser cooled
y a fan removed some heat, and condensed much of the
apor into liquid water. The water consumption rate of sys-
em thus decreased from 22.8 to 9.7 mL h−1, indicating that
he condenser condensed vapor into liquid water at a rate of
3.1 mL h−1. The exhaust temperature of the vapor was also
educed from 60 to 47 ◦C. Moreover, the water consumption rate
ith the condenser outside the system box was −1.8 mL h−1.
system box
ith condenser outside the
system box

−1.8 42
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start-up) when we use the DVD player as the real load. The
DMFC system is operated with methanol sensor-less control
under two different situations using long and short fuel injec-
tion delay time (Mode 1 and Mode 2, respectively). Compare
ig. 9. Variation of start-up time with different initial methanol concentrations
a) 1 wt.%; (b) 9 wt.%.

ng the operation of the condenser outside the system box.
hese findings indicate that the overall system is nearly water-
alanced, enabling it to operate without an external water
upply.

The start-up time is another significant factor for commercial-
zation of a portable DMFC. If the system is started up quickly,
hen the DMFC can be used without delay, and the system size
an also be reduced by using a smaller start-up lithium battery.
he start-up time depends on the initial methanol concentration,
ell number stacked, loading situation, fuel and air flow rate.
or instance, as shown in Fig. 9, the start-up time was reduced
rom 25 min (using 1 wt.% methanol solution) to 10 min (using
wt.% methanol solution as initial methanol concentration). The

tart-up time of our DMFC system was further decreased to less
han 5 min by choosing the appropriate control parameters, as
emonstrated in Fig. 10.

.4. System performance analysis
In the process of system performance analysis, first, we use
he DVD player for the real load to test the stability of the
ntegrated system. Then we test our portable DMFC system
erformance with the notebook PC.

F
t
d

Fig. 10. Start-up characteristics of our DMFC system.

.4.1. DVD test mode
Fig. 11 shows the DMFC system performance including the

utput power, the cell temperature and the battery power (for
ig. 11. The DMFC system performance with methanol sensor-less control for
he DVD player operated under two different situations: (a) long fuel injection
elay time; (b) short fuel injection delay time.
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Fig. 12. The 3-h stability test of stack performance for notebook PC.

ig. 11(a with b) for average power performance of 15–16 W,
he output power fluctuation for Mode 1 and Mode 2 are 10 and
%, respectively. It is shown that the shorter fuel injection delay
ime can reduce the generated power fluctuation, and promote
he stability of the system.

.4.2. Notebook PC test mode
After successful tests of using the DVD player as the real load,

e take the notebook PC as the load to examine the performance
nd stability of the DMFC power pack system. Fig. 12 shows the
-h stability test of the stack performance for notebook PC. The
tack can output about 28 W steadily, and the power fluctuation
s about ±7.7%. Fig. 13 shows a notebook PC powered by a
ortable DMFC system with an average net power of about 20 W.

During the short-term test with 3 h operation delivering
0 Wh of energy, we can calculated some important parameters,
uch as system energy density, balance of plant (BOP) efficiency,
uel efficiency and total efficiency of the system, to characterize
he system performance. The BOP efficiency is defined as the
atio of net power output (Pnet) to gross power output (Pgross)
rom the fuel cell. First, the power from the fuel cell must be
onditioned to the desired voltage before the load device and
ny auxiliaries in the system, such as pumps, control circuits,

tc. can be used. Part of the conditioned power is provided to
he system auxiliaries to support fuel cell system operation. The

Fig. 13. A notebook PC powered by a portable DMFC system.
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OP efficiency, ηBOP, is obtained as

BOP = Pnet

Pgross
= (Pgross × ηDC−DC) − Paux

Pgross

here Paux is the auxiliary power, ηDC–DC the DC–DC con-
erter efficiency, and ηBOP is the function of the DC–DC
onverter efficiency, auxiliary power and gross power. The auxil-
ary power includes all power consumption by the system except
he DC–DC converter for user’s device. In our DMFC power
ack system, these components including liquid and air pumps,
ontrol circuits, etc. use a total of ∼6 W. The DC–DC converter
fficiency of 92% is used in our DMFC system so that the BOP
fficiency (ηBOP) is calculated to be about 71%. It means that
9% of the power generated by the fuel cell is used to support
he BOP system operation.

Another important factor to value the system performance
s the total efficiency of the system. The total efficiency is
efined as the ratio of the electrical energy available for use
o the chemical energy consumed. During net output of ∼20 W
28 W × 0.71) to an external source (for notebook PC), the BOP
equires ∼6 W to support the fuel cell operation. The run time
hat the fuel cell provided power output was 3 h. Since the aver-
ge net power output from the fuel cell is about 20 W, total
nergy produced is 3 h × 20 W = 60 Wh. Since the system used
bout 84 ml of pure methanol fuel during the test, the available
nergy is 401.5 Wh (0.084 L × 4780 Wh L−1) as the methanol
olumetric energy density is 4780 Wh L−1. Therefore, over-
ll total system efficiency (ηsystem) are determined as about
5% (100% × 60/401.5). The fuel efficiency (ηFUEL) can also
e calculated from the system, BOP and load efficiency. Their
elationship is given as:

system = ηLOAD × ηFUEL × ηBOP

here ηLOAD is a load efficiency defined as the ratio of the cell
oltage to the thermoneutral voltage which is almost equal to the-
retical open circuit voltage in the DMFC reaction. Therefore,
he load efficiency is about 29% in the current DMFC system
nd the fuel efficiency (ηFUEL), which is also called the mass
fficiency, is obtained as ∼73%.

The energy density of the system depends on the volume,
eight and net energy output of the system without refuel. The

artridge capacity is 300 mL with 200 mL of pure methanol fuel
nd can make sure the DMFC system is operated for about
h. So the total energy for 8-h operation is about 160 Wh

20 × 8 = 160 Wh) for 20 W system. Because the size and weight
f the system (including cartridge) is 2.7 L and 2.72 kg, respec-
ively, the system energy density is 59.3 Wh L−1 and the specific
nergy is 58.8 Wh kg−1. For longer operation time, the sys-
em size remains the same and only fuel supply is needed. The
0 W system for 3 days (72 h) operation, 1.6 L of fuel would be
equired and the system will has 3.98 kg and 4.3 L. Therefore,
hen delivering energy of 1440 Wh, the system energy density

or 72 h operation would be 335 Wh L−1 and the specific energy

ould be 362 Wh kg−1, which are greater than those of lithium

on battery (∼250 Wh L−1 and ∼150 Wh kg−1). Obviously, the
MFC system can reach commercial viability when compared

o battery system for extended operation.
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. Conclusions

This work describes the proposed method for developing a
0 W DMFC power source for portable electronics. The study
as demonstrated that a portable DMFC can be made by the
ystem integration of key components, considering the effect of
ome technical issues, such as stack and condenser, methanol
ensor-less control and start-up properties. The development of
he portable system includes several improvements, including
ater balance and quick start-up. The overall system can be
early water-balanced, allowing it to operate without an exter-
al water supply. The use of appropriate control parameters can
educe the start-up time of the DMFC system to below 5 min. For
days of operation, the system energy density is 335 Wh L−1,

nd the specific energy is 362 Wh kg−1, which are greater than
he values for lithium batteries. Therefore, the DMFC is a good
hoice for next-generation power sources for portable appli-
ation in electronics. Significantly, the portable system using
he in situ mixing method with injection of pure methanol is
emonstrated to power a DVD player and a notebook PC. The
ethanol sensor-less control algorithm can control the methanol

oncentration in the range 0.7–1.2%, resulting in a good fuel effi-
iency of 73% because of the reduction in methanol crossover.

methanol sensor-less control fuel cell system can hopefully
mprove portable DMFC systems for 3C applications due to its
enefits of improved fuel efficiency, durability, miniaturization
nd cost reduction.
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