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Abstract

The paper describes a fuel cell based system performance under different thermal conditions. The system could be fed
with bottled hydrogen or with very high purity hydrogen obtained from reforming of methanol. The system is based on two
fuel cell units (1.2 kW each, produced by Ballard Power Systems Inc. and called Nexa), DC/DC converter, DC/AC inverter,
microprocessor control unit, load unit, bottled hydrogen supply system and a set of measurement instruments. In this study
steady-state operation of the PEM fuel cell system at different values of air excess ratio and different stack temperature was
investigated. The load of the system was provided with the aid of a set of resistors. The results obtained show that the net
power of the system does not depend on the air excess ratio within the range of λO2 from 1.9 to 5.0. The polarization curves of
the fuel cell module showed that the fuel cell performance was improved with increased stack temperature within the range of
30◦C to 65◦C. It was established that the total efficiency of the tested system depends on the hydrogen source and is higher
when using bottled hydrogen of about 30% and 16%, for minimum and maximum load, respectively.
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1. Introduction

The priority goal for energy conversion engineers is to de-
velop highly efficient, low emission energy systems. One
promising technology involves fuel cells which convert chem-
ical energy directly into electrical energy. Energy conversion
using fuel cells is very efficient, with only a small negative
impact on the environment. Fuel cells can be used either in
power plants or in dispersed generation [1].

The Polymer Electrolyte Fuel Cell (PEFC) also known as
the Proton Exchange Membrane and the Polymer Electrolyte
Membrane (PEM) fuel cells have been used for many years
in small scale mobile solutions as energy sources for lap-
top computers, small transport devices such as forklifts and
military equipment. Since the continued development of fuel
cells is leading to to lower prices and higher efficiencies, this
technology can also be used in large stationary applications.
PEM fuel cells are viewed as one of the most environmen-
tally friendly propulsion systems for automotive travel in the
future [2, 3].

Cell performance for any fuel cell is a function of pressure,
temperature, reactant gas composition and utilization [1]. In
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order to ensure long-life operation and durability of PEM fuel
cells [4] the ratio between the oxygen consumed in the elec-
trochemical reaction and the oxygen flow rate supplied to the
fuel cell must fulfil the stoichiometric relation required to pro-
duce the current demanded, otherwise a phenomenon called
oxygen starvation occurs [5]. When starved of fuel or oxy-
gen, fuel cell performance degrades and cell voltage drops.
Oxygen starvation occurs when oxygen partial pressure falls
below a critical level in any location at the cathode [6]. This
results in a rapid cell voltage decrease and can cause a burn
through the surface of the membrane. Therefore regulation
of the oxygen excess ratio - defined as the ratio of the oxy-
gen entering the cathode and the oxygen reacting in the fuel
cell stack [6] - is a crucial issue [7, 8]. The desired value of
the oxygen excess ratio depends on the fuel cell itself and
on the operating objective. To guarantee safety and high
efficiency of the stack, the literature value of λO2 = 2 is pro-
posed [9]. Notice that positive deviations of λO2 above the
reference imply lower efficiency [1, 8]. Zhang et al. [10], in
turn, presented the effects of temperature and the equiva-
lent internal resistance on the output characteristics of PEM
fuel cells. The proposed semi-empirical dynamic model is
constructed based on measurements from a NexaT M PEM
fuel cell power module under different load conditions, and
the model has been validated by static as well as dynamic
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tests. The effects of temperature and variations in the in-
ternal impedance under different load conditions have been
studied. The results indicated that the model provides an
accurate representation of the dynamic and static behaviors
of the fuel cell power module. Xue et al. [11] considered
the effect of temperature transient behavior in their model-
ing of PEM fuel cell performance. Their model incorporates
the complicated temperature, gas flow and capacitance ef-
fects under operating conditions. The focus was on the dy-
namic and transient properties of the system. They used
the control volume approach to develop a set of equations
that govern the system dynamics. The fuel cell system was
divided into three control volumes: the anode channel, the
cathode channel, and the fuel cell body. For each control
volume, the establishment of a lumped-parameter dynamic
model was realized using a combination of intrinsic mech-
anistic relations and empirical modelling. Recently, Beicha
and Zaamouche [12] developed a model to predict the effi-
ciency and power of the fuel cell as a function of operational
parameters of the cell, like temperature, partial pressures
and membrane humidity.

PEM fuel cells work on pure hydrogen as a fuel (at least
99.99% purity) and most often ambient air is used as the ox-
idizer. It is a fact that methods to produce hydrogen for fuel
cells are being developed. The hydrogen can be produced
by electrolysis, direct reforming of methane, thermal decom-
position of water or biomass.

To produce high purity hydrogen from energy carriers such
as alcohol, reformers are designed. Methanol, an alcohol,
can be used to produce hydrogen. It is easier and safer to
store methanol than hydrogen, therefore it makes fuel cell
systems more useful for potential users.

Methanol is a preferred fuel for fuel cells [13–15], as it
features high energy density, low manufacturing cost, and
straightforward storage and distribution [16].

There are two approaches to using methanol in fuel cells.
Firstly, fuel cell could be supplied with methanol directly [17–
21] or, secondly after converting methanol into hydrogen-rich
gas through the reforming process [22, 23].

The objective of this study was to provide steady-state
characteristics of the Nexa module for different values of the
air excess ratio, operating temperature and hydrogen source.

2. Experimental setup

2.1. Fuel cell module and apparatus

The Nexa power module produces unregulated DC power
for interfacing with external power conditioning equipment. A
single fuel cell element produces about 1 volt in open-circuit
and about 0.6 volts at full current output. The Nexa fuel cell
stack has a total of 47 fuel cells in series. The geometric area
of the single cell is 120 cm2. The unit is equipped with an air
compressor and cooling blower. The main specifications of
the fuel cell module are summarized in Tab. 1.

The system consists of the two fuel cell units (1.2 kW
each), methanol reformer, DC/DC converter, DC/AC inverter

Table 1: Technical specifications of the Nexa fuel cell module [24]

Performance

Rated net output, W 1,200
Heat dissipation, W 1,600
Current, A DC 46
Voltage, V DC 26
Lifetime, h 1,500

Fuel Gaseous hydrogen, % dry 99.99
Supply pressure, MPa 0.7 to 1.72

Operating environment Ambient temp., ◦ C 3 to 40
Humidity, % non -condensing 0 to 95

Emissions Pure water (vapor and liquid),
ml/h

Maximum
870

CO, CO2, NOx, SO2 particulate,
ppm

0

Figure 1: Schematic of the fuel cell module

and microprocessor control unit—Fig. 1. The system inves-
tigated is designed as a duel fuel. It is possible to feed the
fuel cell directly with hydrogen from a gas cylinder or with
hydrogen from methanol reforming. General requirements
for this test bench related to performing all electrical and
non-electrical measurement connected with electricity pro-
duction.

The system is equipped with flow meters (for methanol,
hydrogen and air), temperature and humidity sensors, oxy-
gen concentration counters and all voltages and currents
measurement devices (Fig. 1). The control unit based on
a DSP microprocessor acts as a central data acquisition unit
and controls the operation of the whole system. View of the
tested PEM fuel cell system is shown in Fig. 2.

2.2. Methanol reforming
Hydrocarbons reforming is the most commonly used

method to obtain pure, cheap hydrogen on a large industrial
scale. The fundamental principle underlying this process is
the highly endothermic reaction between steam and hydro-
carbons occurring at temperatures of over 700◦C. Temper-
atures that high lead to many technological problems. The
use of catalysts lowers the temperature of the reaction to be-
low 400◦C. The most common catalysts are compounds of
nickel Ni with copper Cu or zinc Zn and chromium Cr [22, 25].
Overall, the chemical reaction of steam reforming of hydro-
carbons can be written as:

CnHn + nH2O→ nCO + (
m
2
+ n)H2 (1)

The products of this reaction are carbon monoxide and hy-
drogen. In the next step CO goes into reaction with water
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Figure 2: View of the module

H2O producing carbon dioxide CO2 and hydrogen. This is
called a shift reaction:

CO + H2O→ CO2 + H2 (2)

For methanol CH3OH chemical reactions can be written
as:

CH3OH → CO + 2H2
CO + H2O→ CO2 + H2

(3)

and globally

CH3OH + H2O→ CO2 + 3H2 (4)

In real devices the molar ratio of water H2O to carbon C is
about 2.5:1 and results from the imperfection of the reaction
and the need to restrict soot generation.

2.3. Genesis Fueltech 20L methanol reformer

The tested system is equipped with a Genesis Fueltech
20L reformer—Fig. 3. This device was installed in a non-
military application for the first time and has the serial No.
of 0005. As mentioned above, in order to perform the re-
forming reaction at low temperature there is a need to use
highly active catalysts. The most important feature of this
substance in this application is high chemical activity and re-
sistance to chemical deterioration in the presence of sulfur.
To use steam reforming technology in such a small device,
Genesis Fueltech developed their own catalyst in the form of
small balls with a porous surface. The chemical composition
of the catalyst is not known, but most of the catalysts on the
market are based on nickel Ni.

Figure 3: Schematic of the Genesis Fueltech 20L reformer;1—preheater, 2
- boiler, 3—catalyst bed, 4—separating membrane, 5—pump, 6—flue gas,
7—catalytic burner, 8—cooler, 9 - valve

The reforming process in the 20L reformer—Fig. 3 starts
with the intake of a small amount of 65% water solution of
methanol by a pump (5). The liquid solution is heated up in
the pre-heater (1) and evaporates in a boiler (2). The next
step is the reforming reaction that takes place in the catalyst
bed (3). The products of the reaction are 64% H2, 12% CO,
16% CO2 and steam.
The composition of the raffinate leaving the catalyst bed (3)
makes it unsuited for use as a fuel in a low temperature fuel
cell due to its very high (12%) content of carbon monoxide
CO. There are many solutions to this problem, but the Gen-
esis Fueltech reformer uses a separation membrane made
with palladium and silver (4), which allows only hydrogen H2
molecules to pass freely. On the other side of the membrane
the hydrogen has purity of over 99.999% which is sufficient
to feed it into the PEM. The hydrogen is routed to the cooler
(8) and then can be used in the fuel cell.

The rest of the raffinate that did not pass through the mem-
brane returns to the catalyst bed (3) and then proceeds to the
preheater (1), heating up the methanol solution. The next
step is catalytic combustion in a burner (7), where the rest
of the raffinate is burned to drive the whole reforming pro-
cess. The flue gas goes around the heating surfaces in the
reformer and escapes through a valve located on the reverse
side of the reformer.

3. Results

The steady state polarization curve shown in Fig. 4 shows
regions where there are stable steady states that could ex-
ist for the same set of operating parameters (feed flow rate,
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Figure 4: Steady-state characteristics

Figure 5: Power of the fuel cell and air excess ratio versus time

temperature and load resistance). The results are in good
agreement with manufacturers data [24].

As an example Fig. 5 shows the power of the fuel cell and
simultaneously the air excess ratio against time for the lowest
resistive load tested. For each set of resistors (load) three
characteristic points can be distinguished; every about 15
seconds—point C, a drop in air excess ratio value has been
observed, independent of load and air volume flow rate. For
air excess ratio value below 1.9 the power of the fuel cell
increased considerably, nevertheless the on-board control
system and software for measuring and collecting data of
internal states (delivered by the manufacturer) switched the
system off—point A in Fig. 5, and after a very short time
switched the system back on and as a result the air excess
ratio reached a very high value—point B in Fig. 5.

Fig. 6 shows the power of the Nexa fuel cell as a function
of air excess ratio for 5 loads (current values), i.e. 35 A,
32 A, 19.5 A, 11.5 A and 5 A. Contrary to [26], power of the
tested Nexa fuel cell slightly decreases with the increase in
air excess ratio, about 1-1.5% with λO2 increase from 1.9 to
5.2. According to [8] a dramatic drop in net power of the Nexa
module depends on stack current and there exists an optimal
value of λO2 by which maximum net power is obtained. For
instance, for stack current 30 A and 5 A, the optimum air
excess ratio is about 2 and 5, respectively.

Fig. 7 illustrates the polarization curves of a fuel cell at sev-

Figure 6: Power of the fuel cell versus air excess ratio
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Figure 7: Effect of the operation temperature on the polarization curves

eral operating temperatures with the range of 30◦C to 65◦C.
These curves indicate that fuel cell performance improved as
operating temperature increased. The improvement in fuel
cell stack performance with increasing operating tempera-
ture, in terms of the measured voltage, can be explained by
the increase in gas diffusivity and membrane conductivity at
higher temperatures. Since gas diffusivity improves with in-
creasing fuel cell temperature, fuel cell stack performance is
improved at higher temperatures. As a result the reaction
kinetics are improved [27].

Fig. 8 shows voltage and current output as a function of
stack power. The operating temperature of the fuel cell was
changed from 30◦C to 65◦C. Current output increases almost
linearly with stack power, reading about 38 A for power out-
put 1015 W. Simultaneously, the recorded voltage drops from
38 V to 27 V for minimum and maximum power output, re-
spectively.

Fig. 9 shows the effect of operating temperature on the
power of the fuel cell. Electrical power decreases slightly
with an increase in stack temperature from 1015 W for 30◦C
to 1004 W for 65◦C.

Fig. 10 shows the efficiency of the reformer as the ratio of
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Figure 8: Effect of operating temperature on the performance of the fuel cell

1002

1004

1006

1008

1010

1012

1014

1016

1018

25 30 35 40 45 50 55 60 65 70

Temperature [oC]

P
o
w
er
[W
]

Figure 9: Effect of operating stack temperature on the power of the fuel cell

chemical energy of hydrogen generated to chemical energy
of the 65% water solution of methanol supplied to the re-
former. The results are lower than the manufacturer’s data.
Reformer efficiency depends on module load (hydrogen con-
sumption)—the higher the load applied, the higher the ef-
ficiency observed. This is because the reformer needs an
almost constant amount of energy to keep the process go-
ing [28, 29]. Minimum and maximum efficiency of the re-
former is 35% and about 80% for minimum (2 dm3/min) and
maximum (11 dm3/min) hydrogen generation, respectively.

As an example Fig. 11 shows consumption of the
ethanol/water mixture against the hydrogen volume flow rate
generated. The results obtained in this study show that the
actual consumption of the ethanol/water mixture is higher
than that presented in the producer’s characteristics, proba-
bly because of the decrease in reformer catalyst bed activity.

Fig. 12 illustrates the total efficiency of the module ex-
amined while working on hydrogen from the gas bottle and
hydrogen produced by the reformer. Total efficiency is de-
fined as the ratio of electrical power output to chemical en-
ergy of the methanol solution or hydrogen. The efficiency
of the module while working on the methanol produced hy-
drogen is only 15% for minimum hydrogen volume flow rate
2.3 dm3/min. When using gas bottle hydrogen efficiency in-

Figure 10: Efficiency of the methanol reformer

Figure 11: Mixture of ethanol/water consumption versus volume flow rate of
hydrogen generated

creases to 45%. The higher the reformer output (hydrogen
volume flow rate) the smaller the efficiency difference. For
the maximum tested load of the module, i.e. 10.8 dm3/min of
corresponding hydrogen consumption, the total efficiency of
the module was 30% and 46% for hydrogen from methanol
reforming and the gas cylinder, respectively.

4. Conclusions

The efficiency of the fuel cells obtained during our tests is
similar to data from the manufacturer, Ballard.

The fuel cell module tested has quite a high internal load.
For nominal power of 1.2 kW almost 300 W has to be used to
keep the system working, which dramatically reduces overall
efficiency.

The results obtained show that the power of the Nexa fuel
cell decreases slightly—by about 1–1.5%—as the air excess
ratio increases from 1.9 to 5.2.

The polarization curves of the fuel cell show that fuel cell
performance improved as stack temperature increased. The
power of the fuel cell module decreases as stack tempera-
ture increases.
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Figure 12: Total efficiency of the module versus volume flow rate of hydro-
gen generated

The efficiency of the methanol reformer depends on its
capacity and changed from 33% to 78% for minimum and
maximum load, respectively.

The purity of the hydrogen produced by the tested re-
former is satisfactory across the whole capacity range.

Nexa modules are thermally protected. For nominal power
output (1.2 kW) the working temperature is below 70◦C. Im-
provement of the cooling system could lead to higher power,
probably about 1.5 kW and current of 75A.
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