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Abstract

Fucl supply is one important problem to be solved for commercial application of fuel cell technology. Conventional fuel-cell types require
hydrogen as the fuel, which has to be free from impuritics when operated at icmperatures below 100 °C. The storage and distribution of this
explosive and extremely fugitive gas is one of the open questions in the context of a d broad ¢ 1 market. The direct-
fuelled fuel cells (DMFCs) overcome the hydrogen specific restrictions. They are capable of directly using natural gas or fuels which are
liquid under ambient conditions. In this paper the different options from dlrecl-fucllcd syslem‘: are descnbed and their general aspects

discussed. The state-of-the-art at Siemens in this field, and also the
applications.
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1. Introduction

Fuel supply is one important problem to be solved for
commercial application of fuel cell technology. Different
conceivable applications o fuel cells, especially those with
discontinuous operation (such as electrotraction or small
(trans-}portable power supplies) can preferably be realized
by ‘low-temperature’ systems. However, those systems
require clean hydrogen, especially when operated at temper-
atures below 100 °C,

The generation of hydrogen is a well-established process
practised in large stationary chemical plants. But the storage
of this explosive and extremely fugitive gas is one of the open
questions in the context of a customer-oriented broad com-
mercial market. The problem is most crucia! in the case of
mobile applications where the on-board storage of hydrogen
has to fulfil additional requirements with respect 1o weight
and volume. A fuel that is liquid under ambient conditions
would be more attractive. But also the generation of hydrogen
from liquid fuels such as methanol in compact reformers has
limitations in downscaling the systems and, hence, is a big
challenge for technical engineering.

Moreover, the supply and distribution of hydrogen will be
difficult. It is questionable whether a corresponding wide-
spread infrastructure can be created on a mid-term timescale.
Due to the obstacles to a hydrogen technology above-men-
tioned direct-fuclled systems gain special interest. The
expression ‘direct fuelled’ is potentially misleading. In the
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following, it will be defined as ‘using hydrogen-alternative
fuels’.

2. Benchits of divect-fuclled systems

From the technical point of view, hydrogen is the most
favourable fuel for fuel ceils. It provides excellent kinetics
for the oxidation reaction. The reaction occurs in a simple
one-step route with no poisoning intermediates or by-
products. Mareover, the electrochemical oxidation of carbon-
containing fuels is mostly difficult due to metastable inter-
mediates (such as R-CO-R’) or undesired by-products
(such as R-CHO, C).
However, direct-fuelled systems are expected to bring fun-
damental advantage over the hydrogen-operated versions.
The main arguments in their favour can be summarized as
follows:
® ‘simple’ system setup
# no additional fuel processing/cleaning necessary
® aconsequence may be: lower volume, lower weight, and
lower costs
® cxisting infrastructure for fuel supply and distribution can
be utilized

® high energy density of the fuel per unit volume ai.d weight,
and

® low costs of the fuel

The basic simplicity of the system setup is illustrated here
for the example of a mobile or independent application
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Fig. 1. Concepts of fuel supply for mobile or independent opesation.

(Fig. 1). In this case, a direct methanol fuel cell (DMFC) is
compared with a hydrogen-operated or reformate-operated
proton-exchange membrane fuel cell (PEMFC).

When hydrogen is used as the fuel, its storage will be the
key item. The highest energy density is obtained by using the
liquid phase. But the liquefaction needs roughly one third of
the specific energy. In addition, the thermal insulation mark-
edly increases the volume of the reservoir. On using com-
pressed gas or hydrides the specific energy density is lowered
and the weight of the reservoir becomes dominant duc to its
required pressure stability.

In principle, the hydrogen required can be also produced
on-board by reforming a liquid fuel such as methanol. How-
ever, due 10 the CO sensitivity of platinum, an additional CO
removal unit has to be placed betwcen the reformer and the
fuel cell. Moreover, the dynamic behaviour and load range
{at tolerable efficiencies) of a miniaturized reformer are
questionable and introduce a lot of risks.

At a first glance, the system setup of a DMFC looks very
simple compared with these two options. This fact is the main
driving force for the development of DMFCs. Their benefits,
state-of-the-art and technical obstacles will be discussed in
more detail in Section 4.

3. Direct-fuelled options

In principle, a number of electrochemically active mole-
cules can be considered as a fuel for a direct-fuelled fuel cell
[1]. In this context, cxperiments are described in the literature
where cells were operated with hydrazine, aldehydes, formic
acid and other organic compounds {2-4]. However, techni-
cal or commercial applications set additional req

The main routes for direct-fuelled options are through the
primary energy carrier, natural gas and coal. Hydrocarbons
(natural or by coal gasification) can be effectively converted
into electrical energy at temperatures higher than 600°C, e.g.
in MCFC or solid oxide fuel cell (SOFC) systems. Fuels
with improved electrochemical activities, such as alcohols
(preferably methanol) can be oxidized even at temperatures
below 100 °C. The DMFC based on a polymer electrolyte
fuel cell concept is the most popular representative of this
kind.

An interesting supplement to the fossil fuels, natural gas
and coal is represented by the ‘regenerative’ fuels, e.g. bio-
mass. They will probably not be able to provide a major part
of the whole demand for energy (especially in the near-term
future) but illustrate the principal possibility of a ‘green’
solution for energy conversion (owing to the scope for CO,
recycling). The biomass can be converted into methanol or
hydrocarbons for further technical use.

4. Direct methanol fuel cell

‘The DMFC overcomes the hydrogen-specific restrictions.
It is based on the direct electrochemical conversion of meth-
anol [5] without an intermediate reforming steg (Fig. 2).
The principle is known for decades, but until now nobody
could demonstrate any commercialization and it did not
exceed the laboratory scale of smali demonstrators in the sub-
kW range.

QOne of the reasons for the fruitless efforts was the insuffi-
cient current density {about 50 mA/cm? at 0.4 V) and the
poor faradaic efficiency ( <60%) obtained by the direct oxi-
d+tion of methanol. But recent experiments, performed at

on the fuel, e.g. availability, handling, safety and last but not
least cost. This fact diminishes the variety of conceivable
fuels to a very low number.

Si yielded current densities up to 400 mA/cm?® at
0.5 V and faradaic efﬁclencnes 290% [6]. These values
approached techni pecially when they have to
compete with those of a PEMFC that is combined with a
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Fig. 3. Schematic principle of a DMFC.

methanol reformer. For this reason the commercialization of
the DMFC gains renewed interest.

The schematic principle of the DMFC, followed by Sie-
mens, is shown in Fig. 3. It is based on a PEMFC-type con-
struction with similar materials except the anode catalyst:
Pt/Ru alloys are used instead of pure Pt.

The initial concept used liquid methanol/water mixtures.
Operational temperature was 80 °C. Characteristic perform-
ance data were about 100 mA/cm’ at 0.5 V. The technical
feasibility of a DMFC stack was demonstrated by the assem-
bly and running of a 12-cell battery (active electrode are.:
250 cm?). -

Faradaic efficiencies >94% could be realized by adjusting
the methanol concentration around 2 mol/1.

However, in spite of these promising results, a number of
technical problems have still to be solved. They can be easily
deduced from Fig. 5 which shows the long-term operation of
a DMFC. The observed degradation of cell voltage was in
the range of 0.3 mV/h. This means that a loss in performance
of 10% will be reached in less than 200 h. A comparison of
this value with the required life time for mobile (2000 h) or
stationary (40000 h) applications makes it clear that the
actual degradation is still restrictive to any commercial appli-
cation. Furthermore, operation with air instead of oxygen is
ial for most conceivable applications. Performance loss

However, the successful operation of astack led prob-
lems too. The main obstacle that became apparent was the
1 tic water transport through the membrane. The
measured rate of about 60 mi/h (each cell of 250 cm?®) is
intolerably high and effective water removal becomes diffi-
cult. Duc to this basic unavoidable effect a concept with a
gaseous fuel supply was used in further experiments. In this
manner, the concentration of water could be kept low in an
appropriate stoichiometric range.

By using methanol/water vapour and raising the temper-
ature to 130-140 °C, current densities could be increased to
about 400 mA /cm? at 0.5 V (4 bar,,,, O, mode). Measured
voltage—current characteristics are illustrated in Fig. 4.

of 30 1o 50% is the consequence and will be further increased
on reducing the cathode pressure (air operation near ambient
pressure is essential for a high overall efficiency).

As a consequence of the results obtained and the basic
requirements imposed, future efforts will have to focus on
these technical items.

5. Transportation applications

The most attractive applications for such direct-fuelled
systems are those in which storage or generation of hydrogzn
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Fig. 4. Voltage—curment characteristics of a DMFC (single cell of 25 cm®): 13, mode; curve measured at 80 °C: concept with liquid fuel supply: curve measured
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Fig. 5. Long-term operation of a DMFC (single celt of 25 cin®) at 120 °C; O, mode.

causes significant effort and has a negative impact on the
volume and weight of the system. This is especially valid for
the electrotraction of road vehicles as already mentioned.
The discussion of conceivable applications becomes more
effective when a realistic set of requirements is drawn up.
For instance, a propulsion system for a passenger car has to
fulfil the following requirements in order to be competitive
with a conventional combustion engine:
@ fast start-up behaviour ( <60 s)
@ low volume and weight: power/volume <25 1/kW,
power weight <2.5 kg/kW
® quick rcsponse/dynamic behaviour (10% to 90% P,.,,, in
less or equal 100 ms)
@ safe fuel concept (preferably a liquid fucl)
@ simple design/mass producible concept
® system costs < US $150/kW
® sysiem efficiency at least comparable to existing
tecimologies
The main challenge for the application of a DMFC in this
field will be a short start-up time. While a hydrogen-operated
fuel cell provides already about 50% of its power at 20 °C,
the electrochemical oxidation of methanol yields power char-
acteristics which are strongly dependent on the working
temperature

The traction and electric supply of trains and ships will be
probably easier to realize. But the combined electricity and
heat supply of private households may also be potential mar-
kets for the DMFC. Ultimatcly, the market penetration will
depend on the complexity of the fuel cell system, its perform-
ance and its costs and general acceptance.

6. Solid oxide fuel cells

Finally, the solid oxide fuel cell (SOFC) also belongs to
the class of ‘direct-fuelled” systems. A promising ficld for
this fuel cell type is decentralized power supply in the MW
range, where the SOFC gains interest due to its capability to
convert natural gas without external reforming.

Operating in the 900-1000 °C temperature range, the
SOFC allows even the direct electrochemical conversion of
CO. In addition, the heat released by the cell reaction at high
temperature can be used to drive the endothermic steam-
reforming reaction of methane. It implies that it is possible
1o steam reform natural gas mainly within the stack, and thus
to reduce the flow of heat which has to be carried away by a
cooling cycle. The efficiency of the system increases as the
power of the compressor driving this cycle is reduced.
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SOFC Develcpment by Siemens

10 4 W Stack

LSNETZ8Y Ny 128
Mctal Alloy CrFes5Y.C t
LT Ne-Mesh

Cell Layers RO
Colts per Layer 16

Total Aztive area am
Volume 20dm

-

Fig. 6. 10 kW SOFC stack of Siemens (80 layers of 16 cells; 16 cm? each; volume 201).

In the range of one to some tenths of a MW, the predicted
benefits in electrical efficiency of SOFC-based power plants
over conventional methods of electricity generation from nat-
ural gas can only be achieved by an internal-reforming SOFC.
So internal reforming is a major target of present worldwide
SOFC development.

At Siemens, the state of SOFC development [7] is char-
acterized by an 80-level stack, each level consisting of 16
cells with an active area of 16 cm? each (Fig. 6). The stack
has an overall size of 26 cm X 26 cm X 30 cm. Cells were
made from conventional components, that means 150 pm
thick electrolyte of yttrium stabilisec “irconia (YSZ), anodes
of nickel-YSZ—cermet and cathodes of lanthanum-stron-
tium-manganite. Meiallic current collector plates of a high-
temperature corrosion-resistant chromium-based ailoy werc
used.

Fed with pure hydrogen and oxygen at 950 °C, this stack
could be loaded with a current density of 0.7 A/cm” at a
voltage of 0.75 V per level (Fig. 7), which corresponds to a
total power output of 10.7 kW (Fig. 8) and a power density
of 0.5 W/cm>. The values for fuel and oxygen utilization
under these conditions were 43 and 24%, respectively.
Changing from oxygen to air caused the current density to
decrease t0 0.3 A/cm?. Lowering the temperature to 850 °C
resulted in a 30% drop of the current density.

For a technical application, it is necessary to operate s'acks
on natural gas with a 70-80% fuel utilization and air as the
oxidant. In addition, at least parts of the stack should be able
1o run at temperatures of 800 °C, and lower, since a larger
temperature span within the stack allows for a reduced power
consumption of the cooling cycle and the application of con-
ventional heat exchangers.



M. Waidhas et al. / Journal of Power Sources 61 {1996) 91-97

120
100
hY,
20 4]
> ]
3 RSN= =
7V
g P~ ] :
g @ I I 107w
x e g | wreasw
§ Pyl l:l"lg‘ Uaux
o srmern | uarecm
20
]
[] 100 200 W0 40 KO ea0 WO MO 200 1.000
curmrent dansity / (mAfem?)
Fig. 7. Mi d voltag rrent ch of the 10 kW SOFC stack developed at Siemens; fuel: Hy: oxidant: O; or air at atinospheric pressure.
12
*© e Tn850°C102 -
—a—-T=350°C /02 /
—a— ToB30°C 18 A
[
z —ae TS0 T M / =
E . 3 //
i =
4 /
2
[} 1
° 100 00 W 40 N0 60 T M0 N0 1000
current density / (mAlem®)

Fig. 8. Measured power profile of the 30 layered SOFC stack developed at Siemens; fuel: H,; oxidant: O, or air at atmospheric pressure,

Operation of an SOFC at temperatures below 800 °C will
be possible only when new materials and structures for the
active cell components are applied. For instance gadolinium-
doped ceria is a candidate for an electrolyte under reduced
temperature due to high ionic conductivity (22~ "' m™' at
650 °C). Unfortunately the electronic conductivity under
reducing conditions as encountered on the fuel side is 20
times higher. With fuel on one and air on the other side of
such an ‘electrolyte’, the chemical potential of oxygen
changes continuously from the anode to the cathode side. The
change occurs in such a manner that nearly the whole thick-
ness of the material is maintained under reducing conditions
and is thus a good electronic conductor.

Fig. 9 shows the results of model calculations for a cell
where the polarization of the electrodes has been neglected.
Though the Nernst voltage derived from the composition of
the gases is 0.99 V the open-circuit voitage is only 0.75 V
which is in excellent agreement with the measured value.
This is due to an electronic short-circuit current of 0.3
A/cm?. For technical applications at least 0.7 V under load
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Fig. 9. Calculated voltage-current characteristic and ionic current contri-
bution of an SOFC with doped ek d with H,/air
at 650 °C (50% H,, 50% H,0).
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have to be realized, but in this range still over 50% of the
ionic current is short circuited. This could only be avoided
by applying a thin ( = pum) layer of YSZ on the anode side,
thus blocking the parasitic electronic current without increas-
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ing considerably the ionic resistivity of the compound. Obvi-
ously, electrodes compatible with this electrolyte structure
have to be developed.

7. Summary and outlook

It is obvious that the broad commercialization of fuel cells
will require a related infrasiructure for the fuel supply. This
fact and the fundamental simplicity of fuel cells are a clear
vote for dircct-fuelled systems, e.g. based on methanol or
natural gas as the fuel. Though their technical realization is
more ambitious compared with hydrogen operation they are
an interesting option for energy conversion on a long-term
time scale.

On the other hand hydrogen systems are more mature and
therefore closer to market. Most of the problems, such as cost
reduction, efficient air operation can be dealt with.

For this reason, a strategy of parallel development of
hydrogen and direct-fuelled versions looks most promising
to the commercialization of the fuel cell technology. In order
to solve all technical and cost problems (which are mostly
also relevant to direct-fuelled cells), the hydrogen-fuclied
systems should be thoroughly examined to derive adequate

knowledge. This data can be used and transferred to concen-
trate on the specific technical problems in the development
of direct-fuclled stacks.

The goal of the current project at Siemens is the concept
cvaluation of a DMFC system and to prove it by the devel-
opment of ademonstration plant. A number of technical prob-
lems have still 1o be solved. The operation of a stack will
provide knowledge on system efficiency and fundamental
technical problems to get a sound basis in assessing future
technical applications. These will depend on the complexity
of the system, the performance and the costs.
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