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Abstract

Small fuel cell systems in the 1–100 kW power range have become the focus of intense R&D activities. Applications
envisioned for such systems include primary propulsion power for passenger cars and light-duty vehicles, auxiliary power
for trucks and heavy-duty vehicles (for operator quality-of-life and housekeeping needs) and portable power generation for
residential and recreational use. The operating mode of these small fuel cell systems differs dramatically from that of larger
fuel cell systems (100–1000 kW) designed for utility power generation. These small systems will operate over a wide load
range, with only brief periods at full power, considerable time at 30–50% of the rated power, and relatively frequent shutoffs
and restarts. The lack of an infrastructure for producing and distributing H2 has led to a research effort to develop on-board
fuel processing technology for reforming hydrocarbon fuels to generate H2. Existing reforming technology used in large-scale
manufacturing operations, such as ammonia synthesis, is cost prohibitive when scaled down to the size of these small systems.
Furthermore, these large reforming systems are designed to operate at a constant production rate and with infrequent shutoffs
and restarts. In this paper, we provide an overview of the reforming options for generating H2 from hydrocarbon fuels, the
development of new reforming catalysts, and the design of fuel processors for these small fuel cell systems.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

Fuel cell development has seen remarkable progress
in the past decade because of an increasing need to im-
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prove energy efficiency as well as to address concerns
about the environmental consequences of using fossil
fuel for producing electricity and for propulsion of
vehicles[1]. Because a fuel cell transforms chemical
energy directly into electrical energy, its theoretical ef-
ficiency is not limited by the Carnot inefficiency prob-
lem for heat-to-work conversion, unlike conventional
power generation plants and the internal combustion
engine[2]. As a consequence, a fuel cell system can
exhibit a higher fuel-to-electricity efficiency (gener-
ally 40–60% efficiency based on the lower heating
value of the fuel) than almost all other energy conver-
sion systems[3]. Fuel cell systems operating on pure
H2 produce only water, thus eliminating all emissions
locally [1]. The emissions from a fuel cell system that
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operates using hydrocarbon fuels will be governed
by the processing of the exhaust gases, which can be
further combusted, reducing the emissions of CO and
unburned hydrocarbons to trace levels[4].

Among the most successful applications of fuel
cell technology has been in the US space program;
1 kW polymer electrolyte fuel cell (PEFC) systems,
also known as polymer-exchange membrane fuel cells
(PEMFC), were used in the Gemini program; 1 kW
alkaline fuel cell (AFC) systems were used in the
Apollo program; and 12 kW AFCs are used in the
space shuttle program to generate electricity[1–3].
For power generation for small commercial and in-
dustrial buildings, a 200 kW phosphoric acid fuel cell
(PAFC) system, the PC25TM, has been developed
by International Fuel Cells; more than 200 of these
systems have been installed world-wide and have ac-
cumulated a total of 3.5 million operating hours[5].
Siemens Westinghouse has demonstrated a 100 kW
solid oxide fuel cell (SOFC) cogeneration unit in
The Netherlands (more than 14,000 operating hours)
and a 25 kW SOFC unit in Japan (more than 13,000
operating hours). Siemens Westinghouse is planning
to commercialize 250 and 1000 kW SOFC cogenera-
tion systems and 300 and 1000 kW SOFC/gas turbine
hybrid systems by 2004[6].

Small fuel cell systems in the 1–100 kW power
range have become the focus of intense research and
development activities. Among the potential appli-
cations for fuel cells systems in this power range
are primary propulsion for passenger and light-duty
vehicles (50–100 kW), auxiliary power units (APUs)
for operator quality-of-life and housekeeping needs
for trucks and heavy-duty vehicles (2–10 kW), and
portable power generation for residential and recre-
ational needs (3–5 kW). The operating mode of these
systems differs dramatically from that of larger fuel
cell systems designed for utility power generation,
which tend to operate at a relatively constant power
output with infrequent shutoffs and restarts. These
small systems will operate over a wide load range,
with only brief periods at full power, considerable
time at 30–50% of the rated power, and relatively
frequent shutoffs and restarts. For transportation sys-
tems, the PEMFC is considered the leading fuel cell
technology for primary propulsion[1,3,7–9]. The
features of the PEMFC that make it attractive for
transportation systems are its high power density and

low operating temperature of 80◦C (important for
rapid startup) and the fact that it is a solid system
containing no free corrosive liquid, unlike the AFC.
For auxiliary and portable power generation, both
PEMFC and SOFC systems are being considered.

The lack of an infrastructure for producing and
distributing H2 has led to a research effort to develop
on-board fuel processing technology for reforming
hydrocarbon fuels to generate H2 [1,7,9–11]. For
transportation applications, the primary focus is on
reforming gasoline, because a production and dis-
tribution infrastructure for gasoline already exists
to supply internal combustion engines[12,13]. For
APUs, the focus is on reforming both gasoline (for
automotive applications[14]) and diesel (for trucks
and heavy-duty vehicles[4]). For portable power gen-
eration, the focus has been on reforming natural gas
for use in residential areas and liquefied petroleum
gas for use in rural areas and for recreational use
(e.g. camping). Existing reforming technology used
in large-scale manufacturing processes, such as am-
monia synthesis[15], is cost prohibitive when scaled
down to the size of these small fuel cell systems
(based on a typical cost-scaling coefficient of 0.6 for
chemical process equipment). To be economically vi-
able, small fuel cell systems cannot cost more than a
few hundred dollars per kilowatt, in general, and they
will have to cost less than US$ 100 kW−1 for use in
transportation systems. Furthermore, large commer-
cial systems operate at a continuous production rate
and are not designed to meet the varying power de-
mands and frequent shutoffs and restarts of these small
systems.

In this paper, we discuss the various options for
reforming hydrocarbon fuels to generate H2, the de-
velopment of new reforming catalysts, and the design
of fuel processors for these systems to meet cost and
performance targets.

2. Reforming chemistry

The conversion of hydrocarbon fuels to H2 can be
carried out by several reaction processes, including
steam reforming (SR), partial oxidation (PO), and au-
tothermal reforming (ATR).

Steam reforming involves the reaction of steam with
the fuel in the presence of a catalyst to produce H2
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and CO, as illustrated inEq. (1) for methane, CH4,
and isooctane, C8H18 (2,2,4-trimethylpentane, which
is used as a surrogate for gasoline).

CH4 + H2O � CO+ 3H2,

�H◦
298 = +206.2 kJ mol−1

C8H18 + 8H2O � 8CO+ 17H2,

�H◦
298 = +1273.2 kJ mol−1

(1)

In addition to H2+CO, the fuel gas contains some CO2
produced via the water–gas shift reaction (Eq. (2)).

CO+ H2 � CO2 + H2O (2)

SR of light hydrocarbons, especially methane, is used
for many large-scale manufacturing processes that
require H2, such as ammonia synthesis. Because SR
is endothermic, in large-scale manufacturing pro-
cesses the reaction is conducted in tube-fired furnaces
at 800◦C and at pressures up to 30 atm[15]. The
residence time is generally on the order of several
seconds, for a gas-hourly space velocity (GHSV) of
2000–4000 h−1. Coke produced by thermal cracking
of hydrocarbons (Eq. (3)) or by the Bouduard reac-
tion (Eq. (4)) leads to catalyst deactivation. These
processes are problematic when the steam-to-carbon
ratios are low, i.e. close to the stoichiometric ratio as
defined inEq. (1).

CH4 � C + 2H2, (CH2)
′ � C + 2H2 (3)

2CO� C + CO2 (4)

To minimize coke formation excess steam is used to
ensure that any carbon formed is gasified (Eq. (5)).

C + H2O � CO+ H2 (5)

For methane, a steam-to-carbon ratio of∼2.5 is suf-
ficient to avoid coking. For higher hydrocarbons, a
steam-to-carbon ratio of 6–10 is not uncommon[15].
Commercial catalysts consist of nickel supported on
alumina, calcium aluminate, or magnesia. Rhodium
catalysts are more active and less susceptible to
coking than nickel catalysts but are more expensive
[11].

Partial oxidation involves the reaction of oxy-
gen with fuel to produce H2 and CO when the
oxygen-to-fuel ratio is less than that required for total
combustion, i.e. complete conversion to CO2 and

H2O (Eq. (6)).

CH4 + 0.5O2 � CO+ 2H2,

�H◦
298 = −35.7 kJ mol−1

C8H18 + 4O2 � 8CO+ 9H2,

�H◦
298 = −158.1 kJ mol−1

(6)

The use of PO to generate H2 (in particular synthesis
gas [H2 + CO]) for large-scale commercial applica-
tions has received some attention recently; however,
such processes have not been extensively commercial-
ized [16]. The reaction can be conducted with a cata-
lyst (catalytic PO) or without a catalyst (non-catalytic
PO). The reaction rates are much higher for PO than
for SR, but the H2 yield per carbon in the fuel is lower.
For non-catalytic PO, reaction temperatures above
1000◦C are required to achieve rapid reaction rates.
Although the reaction is exothermic, some of the fuel
must be combusted, because the amount of heat gen-
erated by the reaction is not sufficient to preheat the
feed to achieve optimal rates[15]. Recently, there has
been an interest in catalytic PO, because it operates at
a lower temperature than the non-catalytic route, thus
providing better control over the reaction, minimizing
coke formation, and allowing for a wider choice of
materials of construction for the reactor. Catalysts are
typically group VIII metals, such as rhodium, plat-
inum, palladium, ruthenium, cobalt, nickel, and irid-
ium, which are either supported on oxide substrates
[17] or used unsupported, as metal wires and gauzes
[18]. There is some debate on whether the reaction
mechanism proceeds by a completely heterogeneous
mechanism, i.e. one occurring only at the surface of
the catalyst, or by a combination of a heterogeneous
and a homogeneous mechanism, involving reactions
both at the catalyst surface and in the gas phase[11].
Hickman and Schmidt[19–21], and Torniainen and
Schmidt [22] have established that both the type of
metal and the catalyst structure do influence the prod-
uct distribution. There is also debate on whether H2
and CO are primary reaction products or secondary
reaction products. The latter view holds that complete
oxidation of the hydrocarbon to generate CO2 and
H2O occurs initially, followed by either steam or CO2
reforming (or both) of the remaining hydrocarbons
to generate H2 and CO[11]. Schmidt has been fo-
cusing on short residence times of 10−2 to 10−4 s to
minimize complete oxidation reactions[18].
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Autothermal reforming involves the reaction of oxy-
gen, steam, and fuel to produce H2 and CO2 (Eq. (7)).

CH4 + 0.5O2 + H2O � CO2 + 3H2,

�H◦
298 = −18.4 kJ mol−1

C8H18 + 4O2 + 8H2O � 8CO2 + 17H2,

�H◦
298 = −236.7 kJ mol−1

(7)

In essence, this process can be viewed as a combina-
tion of PO and SR. The fuel gas contains a mixture H2,
CO2, and CO, with the relative concentration being
determined by the water–gas shift reaction (Eq. (2)) if
thermodynamic equilibrium is achieved. ATR is not a
new concept: it was used to produce town gas for use
in many European communities in the early part of
the 20th century[23]. No external heating source is
required, because the exothermic oxidation reaction
provides the heat necessary for the endothermic SR
reaction. The oxidation reaction can be conducted
with or without a catalyst, as previously discussed for
PO, but most recent work has focused on catalytic
oxidation.

3. Issues in selecting the appropriate reforming
chemistry

The choice of the reaction process to be used for
on-board reforming for small fuel cell systems de-
pends on many factors, including the operating charac-
teristics of the application (e.g. varying power demand,
rapid startup, frequent shutdowns) and the type of fuel
cell stack (e.g. PEMFC or SOFC). The US Department
of Energy Office of Advanced Automotive Technolo-
gies (DOE/OAAT) has established long-range perfor-
mance targets (to be met by fiscal year (FY) 2008)
for a 50 kW fuel processor operating on Tier 2 gaso-
line for passenger and light-duty propulsion power.
These targets include the ability to undergo multiple
startups/shutdowns, achieve maximum power from a
cold start (−20◦C) in 1 min, respond to changes in
the power demand from 10 to 90% in 1 s, and have
a power density of 800 W l−1 [24]. SR is heat trans-
fer limited and as such does not respond rapidly to
changes in the power demand (i.e. “load following”).
When power demand rapidly decreases, the catalyst
can overheat, causing sintering, which in turn results in
a loss of activity. ATR can overcome the load follow-

ing limitations of SR, because the heat required for the
endothermic reactions is generated within the catalyst
bed, a property that allows for more rapid response
to changing power demands and faster startup[25].
As discussed by Ahmed and Krumpelt[26], the lower
operating temperature of catalytic ATR has a several
advantages, for transportation applications, over the
higher operating temperature of PO or the endother-
mic SR. Three advantages are particularly important:
(1) less complicated reactor design and lower reactor
weights, because less thermal integration (i.e. heat ex-
change between incoming reactants and the hot prod-
ucts) is required; (2) a wider choice of materials of
construction; and (3) lower fuel consumption during
startup because, for a given reactor mass, the energy
required to heat a reformer to its operating temperature
is proportional to its operating temperature. Although
well-defined performance targets have not been estab-
lished for fuel processors designed for use in APUs
or portable power generation systems, the argument
for also designing these fuel processors based on ATR
are similar to those discussed above for automotive
applications.

For ATR,Eq. (8)defines the idealized reaction sto-
ichiometry for the production of H2 from a carbona-
ceous fuel, wherex is the oxygen-to-fuel molar ratio.

CnHmOp + x(O2 + 3.7N2) + (2n − 2x − p)H2

→ nCO2 + (2n − 2x − p + (1
2m))H2 + 3.7xN2

(8)

In principle, the oxygen-to-carbon (O/C) and the
steam-to-carbon (S/C) ratios can be chosen indepen-
dently, as long as there is a surplus of O in the system
sufficient to convert all of the C to CO2. However,
these ratios determine the energy released or adsorbed
by the reaction, which defines the adiabatic reaction
temperature and consequently, the concentration of
H2 in the fuel gas, as shown inFig. 1 for isooctane.
At the extreme value of an oxygen-to-isooctane ratio
of 0, the relationship reduces to SR, with the highest
percentage of H2 (75.8%) in the fuel gas. At the other
extreme value of an oxygen-to-fuel ratio of 12.5, the
relationship reduces to complete combustion with a
reaction temperature over 2000◦C with no H2 being
present in the fuel gas. At an oxygen-to-isooctane ratio
of 2, the reaction is thermoneutral. It should be noted
that percentage of H2 in the fuel gas decreases as the
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Fig. 1. The influence of the oxygen-to-isooctane molar ratio on the concentration of H2 in the fuel gas and the adiabatic reaction temperature
for ATR of isooctane (based onEq. (8)).

oxygen-to-isooctane ratio increases not only because
more H2 is converted to H2O, but also because of the
dilution effect of N2 (since air, and not pure oxygen,
will be used as the oxidant in most applications).

Fig. 2. Equilibrium gas composition for ATR of isooctane with an oxygen-to-isooctane ratio of 4 (O/C= 1) and a water-to-carbon ratio
of 1 (H2O/C = 1).

For ATR, the maximum concentration of H2
(35.5%) occurs at a temperature of∼700◦C, on the
basis of thermodynamic equilibrium occurring when
the oxygen-to-isooctane molar ratio is 4 (O/C= 1)
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and the water-to-isooctane molar ratio is 1 (H2O/C =
1), as shown inFig. 2. Both the concentration of CO
and CH4 are relatively low at this temperature. As
shown inFig. 1, to achieve a reaction temperature of
∼700◦C requires an oxygen-to-isooctane molar ratio
of ∼3.8. At a temperature >700◦C, the H2 yield de-
creases due to the water–gas shift reaction (Eq. (3))
equilibrium, which favors the reactants (CO+ H2O).
Because a PEMFC can not tolerate high CO concen-
trations, as will be discussed in the section on reactor
design and engineering, the higher the concentration
of CO in the fuel gas, the larger and heavier the fuel
processor must be to process the fuel gas to reduce the
CO concentration to acceptable levels.

4. Development of new reforming catalysts

The performance targets for the fuel processor for
transportation fuel cell systems will require that the
reforming catalysts used in these processors exhibit
a higher activity and better thermal and mechanical
stability than reforming catalysts currently used in
the production of H2 for large-scale manufacturing
processes. To meet these targets, reforming cata-
lysts will have to process the feed at a GHSV of
200,000 h−1 (based on the volumetric flow of the feed
in the gaseous state at 25◦C and 1 atm) with a fuel

Fig. 3. Conversion of isooctane exhibited by various transition metals supported on doped ceria. Conditions: O/C= 0.46 (oxygen-to-isooctane
molar ratio of 3.7), H2O/C = 1.14, and GHSV=∼ 3000 h−1.

conversion of >90% and a H2 selectivity of >80%
(moles of H2 in product/moles of H2 “extractable”
from the feed), and have a lifetime of 5000 h[24].
Given the potential market for transportation applica-
tions, many of the major catalyst producers, such as
Johnson-Matthey[27], Engelhard Corporation[28],
dmc2 division of OM Group Inc.[29] have begun to
develop new reforming catalysts. At Argonne National
Laboratory, we are developing new ATR catalysts
based on SOFC technology, where a transition metal
is supported on an oxide-ion-conducting substrate,
such as ceria, zirconia, or lanthanum gallate, that has
been doped with a small amount of a non-reducible
element, such as gadolinium, samarium, or zirconium
[30]. Süd-Chemie Inc., currently produces reforming
catalysts based on this technology under a licensing
agreement with Argonne.

Various transition metals supported on doped ceria
have exhibited excellent reforming activity between
500 and 800◦C with high fuel conversion and high
H2 selectivity, as shown inFigs. 3 and 4, respectively.
All metals investigated, except for Ag, exhibit a con-
version of >95% at >600◦C, and all metals exhibited
100% conversion at >700◦C, as shown inFig. 3.
At <600◦C, conversion decreases more rapidly for
first-row transition metals (in particular Ni and Co)
than for second-row (Ru) and third-row (Pt, Pd) tran-
sition metals. The second- and third-row transition
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Fig. 4. Hydrogen selectivity exhibited by various transition metals supported on doped ceria. Conditions: O/C= 0.46 (oxygen-to-isooctane
molar ratio of 3.7), H2O/C = 1.14, and GHSV=∼ 3000 h−1.

metals exhibit a higher H2 selectivity (>60%) than
the first-row transition metals at >650◦C, as shown in
Fig. 4. At temperatures<600◦C, the H2 selectivity
decreases to<50% for all metals, except for Ni and
Ru.

Fig. 5shows the yield for the primary reaction prod-
ucts (H2, CO, CO2, and CH4) produced from reform-
ing isooctane using Pt supported on doped ceria as
a function of GHSV at 600 and 800◦C. Even at the
highest GHSV investigated, some H2 is present in the
fuel gas (∼4 mol H2 per mole of isooctane observed
at a GHSV of 150,000 at 600◦C and∼5.5 mol H2
per mole of isooctane observed at a GHSV of 230,000
at 800◦C). At 600◦C, the H2 yield remains constant
at ∼4 mol H2 per mole of isooctane as the GHSV
decreases from 150,000 to 75,000 h−1. However, this
yield then increases in a somewhat linear fashion as the
GHSV further decreases from 75,000 to 15,000 h−1

with a yield of ∼7.5 mol H2 per mole of isooctane
at 15,000 h−1. At 800◦C, the H2 yield increases in a
somewhat linear fashion as the GHSV decreases over
the entire GHSV range investigated, reaching a yield
of ∼9.5 mol H2 per mole of isooctane in the feed at
15,000 h−1. Although a mechanism has not been con-
firmed experimentally, it is suggested that the initial
yield of H2 observed at the highest GHSV investigated
is produced by reactions of the fuel and O2 and that
both PO (CO+ H2) and total oxidation (CO2 + H2O)

are occurring. Furthermore, these reactions involving
fuel and O2 are occurring at a time scale that is less
than the contact time corresponding to the highest
GHSV investigated (∼15 ms). In the GHSV range in-
vestigated, steam and possibly CO2 reforming are the
predominant reactions responsible for the production
of H2.

In addition to reforming reactions that generate H2,
hydrocarbons fuels (except for CH4) can undergo ther-
mal cracking reactions to generate hydrocarbons with
a lower carbon number than the parent hydrocarbons.
For isooctane, small quantities of various hydrocar-
bons in the range of C1–C5 have been observed in the
fuel gas produced at temperatures<650◦C using Pt
supported on doped ceria[31]. Besides the products
of thermal cracking, additional hydrocarbons, in par-
ticular CH4, may be produced by the Fischer-Tropsch
reaction. As shown inFig. 5, CH4 is observed in the
fuel gas over the entire GHSV range investigated at
both 600 and 800◦C. At 600◦C, the CH4 yield de-
creases slightly as the GHSV decreases from 150,000
to 75,000 h−1; the yield then increases slightly, going
through a maximum, followed by a further decrease
as the GHSV decreases from 75,000 to 15,000 h−1.
Thermal cracking of hydrocarbons may be responsi-
ble for the increase in the CH4 yield, but this mecha-
nism has not been verified experimentally. At 800◦C,
CH4 is the only hydrocarbon product observed in the
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Fig. 5. Yield of primary reaction products (H2, CO, CO2, CH4, and H2O) as a function of GHSV for ATR of isooctane over Pt supported
on doped ceria.

fuel gas, and its yield decreases slightly over the entire
GHSV range investigated.

Sulfur tolerance is an important requirement for
reforming catalysts because sulfur is present in most
fuels being considered for generating H2, e.g. natural
gas, gasoline, and diesel.Fig. 6shows that the percent-
age of H2, CO, CO2, and CH4 in the fuel gas produced
at 700◦C from reforming isooctane to which sulfur

has been added in the form of benzothiophene. Sulfur
concentrations ranged from 0 to 1300 ppm; the cata-
lyst was Pt supported on doped ceria. The presence
of sulfur did not appear to degrade the performance
of this catalyst. In fact, there is a slight increase in
the H2 yield and a slight decrease in the CH4 yield
as the sulfur content of the fuel was increased from
0 to 100 ppm. For comparison, commercial nickel
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Fig. 6. Gas-phase composition (dry, He-free basis) produced from reforming isooctane containing sulfur concentrations ranging from 0 to
1300 ppm using Pt supported on a doped ceria. Sulfur was added as benzothiophene.

catalysts for SR show evidence of sulfur poisoning
when the sulfur content of the gas is 50 ppm[15].

Common fuels, such as commercial-grade gasoline,
are complex mixtures containing both aliphatic and
aromatic compounds, in addition to additives, such as
detergents, that improve engine performance and min-
imize engine wear. As shown inFig. 7, Pt supported
on doped ceria is capable of reforming a commercial-
grade gasoline. The H2 yield increases with increasing

Fig. 7. Fuel gas composition as a function of temperature for
reforming a commercial-grade gasoline using Pt supported on
doped ceria.

reaction temperature, approaching 60% (dry, He-free
basis) at 750◦C. The theoretical H2 yield is ∼68%
for reforming isooctane, based on O/C= 0.5 and
H2O/C = 1.1 and assuming complete conversion of
CO to CO2.

5. Reformer design and engineering

As previously discussed, the design of the fuel pro-
cessor depends on both the operating characteristics
(e.g. the fuel, startup/shutoff frequency, and power de-
mand) of the fuel cell system and on the ability of the
fuel cell stack to tolerate reaction products, such as
CO, and impurities in the fuel, such as sulfur.

The CO concentration is∼10 mol% (dry basis)
in the fuel gas generated from ATR of isooctane at
700◦C. At this high a concentration, CO poisons the
PEMFC, because it is preferentially adsorbed by the
Pt catalyst, thereby blocking the access of H2 to these
catalytic sites. The result is a significant reduction
in the performance of the fuel cell stack. The CO
concentration in the fuel gas must remain at or below
10 ppm for the PEMFC to maintain an acceptable
level of performance[1,7,32,33]. The fuel processor
for a PEMFC, therefore, must provide additional pro-
cessing to reduce the CO concentration in the fuel gas
exiting the reformer. In contrast, a SOFC can elec-
trochemically oxidize CO to CO2 to generate electric
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power without a significant decrease in performance
[7]. The fuel processor for a SOFC system will not
need to include any additional processing for CO.

The primary means of reducing the CO concen-
tration in the fuel gas is the water–gas shift reaction
(Eq. (3)). Based on thermodynamic equilibrium, the
lower the reaction temperature, the lower the CO
concentration that can be achieved[34]. For on-board
fuel processing, the decrease in the catalytic rate as
the reaction temperature decreases generally limits
the CO concentration achievable by the shift reaction
to 0.5–1 mol%. Two suitable catalysts are commer-
cially available: an iron-chrome oxide catalyst, which
operates at 300–450◦C, and a copper-zinc oxide
catalyst, which operates at 160–270◦C. Industrially,
the water–gas shift reaction is conducted using two
or more reactor stages, which operate adiabatically
based on the operating temperature regime of the
catalyst used. For on-board fuel processing, there are
two principal concerns: (1) the feasibility of keeping
the iron-chrome and copper-oxide catalysts in the
reduced state, especially during periods of shutdown;
and (2) the pyrophoric nature of the copper-oxide cat-
alyst in the reduced state. Because of these concerns,
considerable R&D is being conducted to develop new
water–gas shift catalysts for on-board fuel processing
[35–38].

Various technologies have been investigated to re-
duce the concentration of CO in the fuel gas exiting
the shift reactor to 10 ppm or less[1,7]. Among the
candidates are membrane separation, methanation, and
preferential CO oxidation (PrOX). For membrane sep-
aration, Pd alloy membranes can effectively remove
the CO from the fuel gas, but such membranes require
a large pressure difference and a high temperature that
reduces system efficiency. For methanation, CO is re-
acted with H2 to generate methane and water; however,
the amount of H2 required is three times the amount of
the CO removed. For PrOX, a small quantity of air is
bled into the fuel gas, and CO is selectively oxidized
to CO2 over the H2 using a catalyst such as Rh or Ru
supported on alumina. For on-board fuel processing,
PrOX is the preferred method because of the lower par-
asitic system load and energy requirement compared
to membrane separation and methanation[7].

Both the PEMFC and the SOFC are susceptible
to sulfur poisoning, although sparse data are avail-
able showing the limiting concentration of H2S in the

fuel gas. For the PEMFC, irreversible loss of perfor-
mance has been demonstrated at a H2S concentration
of 200 ppb[39]. For the SOFC system, a H2S con-
centration of 1 ppm has been shown to cause virtually
no degradation in cell performance[40]. In addition
to the fuel cell stack, the reforming, water–gas shift,
and PrOX catalysts may also be susceptible to sulfur
poisoning.

Sulfur, primarily as H2S, will be present in fuel
gases produced from commercial-grade gasoline and
diesel fuel, as well as from domestic, “pipeline” natu-
ral gas. New government standards will reduce the sul-
fur concentration in gasoline to an average of 30 ppm
and a maximum of 80 ppm by 2006; however, fuel gas
produced from these gasolines may contain as high as
3–8 ppm of H2S [41]. Mercaptans added to domestic
natural gas as an odorant for safety reasons will yield
a fuel gas containing H2S at a concentration on the
order of that of the additive odorant in the feed gas.

Two different approaches are being investigated for
removing sulfur in the fuel processor. In one approach,
the fuel is desulfurized prior to being reformed by se-
lectively adsorbing the organosulfur compounds in the
fuel. International Fuel Cells has developed a Ni-based
adsorbent reportedly capable of reducing the sulfur
from the fuel without requiring the addition of steam
or the recycling of H2 [42]. In the second approach,
the sulfur-containing fuel is first reformed and then the
fuel gas is desulfurized by removing the H2S using an
oxide adsorbent, such as ZnO[41].

Fig. 8 illustrates the schematic of a fuel processing
system for a PEMFC system. The major components
of the system are (1) a catalytic reformer; (2) a shift
reactor; (3) a PrOX reactor; (4) the fuel cell stack; (5)
a turbo compressor to provide compressed air to the
fuel cell stack, the reformer, and PrOX reactor; (6) a
condenser/radiator to recover water; and (7) a water
storage tank.

Fig. 9 illustrates the schematic of a fuel processing
system for a SOFC system. The major components of
the system are (1) a catalytic reformer; (2) the fuel cell
stack; (3) a combustor/air preheater to preheat the air
being fed to the cathode compartment; and (4) blowers
for the air and anode gas recycle. ComparingFigs. 8
and 9, it is readily apparent that the fuel processing
system for a SOFC is less complex than the system
for a PEMFC, because the CO concentration does not
have to be reduced in the SOFC system.
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Fig. 8. Schematic of a fuel processing system for a PEMFC system.

Fig. 9. Schematic of a fuel processor for a SOFC system.

Fig. 10. Schematic of an integrated fuel processor system for a
PEMFC system.

Critical design issues for the fuel processor are min-
imizing gas-phase reactions, avoiding heat loss, and
reducing thermal mass to facilitate rapid startup. These
objectives have been approached by studying each of
the unit operations, as shown inFigs. 8 and 9, in-
dividually. Various unit operations are then arranged
into a single, integrated hardware enclosure, as shown
schematically inFig. 10, such that the desired flow
rates, product concentrations, and temperature profiles
are achieved within each functional component.

Gas-phase reactions can be minimized by ensuring
that the reactants are delivered well-mixed and as close

Fig. 11. The 10 kW integrated fuel processor based on ATR de-
veloped by Argonne National Laboratory.
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Fig. 12. Processor efficiency and fuel gas composition produced from reforming gasoline for the 10 kW integrated fuel processor.

to the surface of the reforming catalyst as possible, and
by engineering the catalyst structure to minimize the
void volume between catalytic surfaces. The structure
of the catalyst (i.e. pellet or monolith) is important for
reducing mass and heat transfer resistances and thus
maintain a high overall reaction rate.

Rapid startup can be achieved by ATR because the
heat necessary to rapidly heat the reactor can be gen-
erated by operating at a higher than normal oxygen-to-
fuel ratio, i.e. so that more fuel is combusted. For
practical applications, where a startup time on the or-
der of 10 s is required, it is important that the reactor
have a low thermal mass. For a given reactor mass, the
energy required to heat the processor to its operating
temperature is proportional to its operating temper-

Fig. 13. Fuel gas composition during startup of the 10 kW integrated fuel processor.

ature. Rapid startup can be achieved by operating at
low temperatures and by reducing the weight of the
hardware—including the catalyst, the heat exchange
surfaces, and the required insulation.

We have developed a 10 kW integrated fuel proces-
sor for use with a PEMFC system, shown inFig. 11.
The reactor has a volume of 13 l, resulting in a power
density of 0.77 kW l−1. As shown inFig. 12, the pro-
cessor is capable of reforming gasoline to produce a
fuel gas containing approximately 40 mol% H2 (dry
basis) with efficiencies in the high 70% range. The
reactor is capable of producing a fuel gas contain-
ing ∼25% H2 at 25% of full power within 15 min of
startup, as shown inFig. 13. Further development is
focused on reducing the startup time to 1 min or less.
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6. Summary

A new generation of fuel processors based on ATR
and specially designed for small fuel cell systems is
emerging. These new reactors have a power density of
almost 1 kW l−1, can be started rapidly and can follow
load variations with ease. The efficiency of these new
reactors is close to the theoretical limit. New types of
catalysts are showing promise to support the PO chem-
istry of the fuel reforming reactions. Commercializa-
tion of such processes is expected within 1–2 years.
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