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ON BOARD HYDROGEN
GENERATION FOR FUEL CELL
POWERED ELECTRIC CARS
A REVIEW OF VARIOUS AVAILABLE TECHNIQUES

M. PRIGENT

PRODUCTION D'HYDROGéNE EMBARQUƒE
POUR VƒHICULES ƒLECTRIQUES Ë PILES

Institut français du pétrole1

APER‚U DE DIFFƒRENTES TECHNIQUES ENVISAGEABLES

DiffŽrents procŽdŽs permettant la production embarquŽe
d'hydrog•ne pour vŽhicules Žlectriques ˆ piles ˆ combustible sont
passŽs en revue. Les combustibles primaires suivants sont
considŽrŽs : ammoniac, mŽthanol, Žthanol et hydrocarbures. Le
craquage catalytique de l'ammoniac permet l'obtention d'un
mŽlange ˆ 75 % d'hydrog•ne, exempt de CO2 et convenant donc
sans purification ultŽrieure pour l'alimentation des piles alcalines.
Avec ce combustible primaire, les probl•mes sont la toxicitŽ en cas
de fuite et le risque de production d'oxydes d'azote lors de la
combustion catalytique de l'effluent de la pile. Le mŽthanol,
l'Žthanol et les hydrocarbures liquides ou gazeux permettent
Žgalement la production de mŽlanges riches en hydrog•ne, soit
par vaporŽformage catalytique, soit par oxydation partielle. Le gaz
obtenu contient toutefois beaucoup de CO2 et de CO et son usage
nŽcessite un traitement d'Žpuration prŽalable. Sauf pour l'usage
dans les piles ˆ haute tempŽrature, la concentration du CO doit
•tre abaissŽe ˆ un niveau tr•s bas (quelques ppm). Le CO2 peut
toutefois •tre conservŽ pour l'alimentation des piles ˆ Žlectrolyte
acide, son Žlimination n'Žtant nŽcessaire que pour les piles
alcalines. La mise en Ïuvre de ces divers procŽdŽs est courante
au niveau industriel. Mais la rŽalisation d'installations enti•rement
automatisŽes, de petite taille, acceptant des dŽmarrages et des
arr•ts tr•s rapides et frŽquents ainsi que des variations
permanentes de charge sans perte de rendement ni Žmissions de
polluants, reste encore tr•s dŽlicate et incertaine.

ONBOARD HYDROGEN GENERATION FOR FUEL CELL
POWERED ELECTRIC CARS
A REVIEW OF VARIOUS AVAILABLE TECHNIQUES

Various methods allowing onboard hydrogen generation for fuel
cell powered electric cars are reviewed. The following primary fuels
are considered: ammonia, methanol, ethanol, and hydrocarbons.
The catalytic cracking of ammonia allows generation of a CO2-free
mixture containing 75% hydrogen, which is consequently suitable
without subsequent purification for the supply of alkaline fuel cells.
The problems posed by this primary fuel are toxicity in the event of
leaks and the risk of generating nitrogen oxides in the catalytic
combustion of the cell effluent. Methanol, ethanol, and the liquid or
gas hydrocarbons also allow the generation of hydrogen-rich
mixes, either by catalytic steam reforming or by partial oxidation.
The gas obtained in this way contains a large amount of CO2 and
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1 et 4, avenue de Bois-PrŽau,
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CO, however, and its use requires a prior purification treatment.
Except for use in high-temperature cells, the CO concentration
must be reduced to a very low level (a few ppm). The CO 2,
however, may be kept for the supply of acid electrolyte cells,
although it must be eliminated for use with alkaline cells. All these
methods are commonly used in industry, but the design of small
fully automated facilities allowing fast frequent starting and
stopping as well as continuous load variations without loss of
performance or pollutant emissions is still a very delicate and
uncertain matter.

PRODUCCIîN DE HIDRîGENO EMBARCADO
PARA VEHêCULOS ELƒCTRICOS CON CƒLULA
COMBUSTIBLE.
COMPENDIO DE DIVERSAS TƒCNICAS PROYECTABLES

Se examinan sucesivamente diversos procedimientos que
permiten la producci—n embarcada de hidr—geno para veh’culos
elŽctricos con cŽlula combustible. Se consideran as’ los
combustibles primarios siguientes : amoniaco, metanol, etanol e
hidrocarburos. El craqueo catal’tico del amoniaco permite la
obtenci—n de una mezcla con un 75 % de hidr—geno, exento de
CO2 y, por consiguiente, adecuado sin purificaci—n ulterior para la
alimentaci—n de las cŽlulas alcalinas. Con este combustible
primario, los problemas consisten en la toxicidad en caso de fugas
y el riesgo de producci—n de —xidos de nitr—genos al producirse la
combusti—n catal’tica del efluente de la cŽlula. El metanol, el etanol
y los hidrocarburos l’quidos o gaseosos permiten tambiŽn la
producci—n de mezclas ricas en hidr—geno, ya sea por
vaporreformaci—n catal’tica, o bien, por oxidaci—n parcial. No
obstante, el gas obtenido contiene una importante proporci—n de
CO2 y de CO y su utilizaci—n requiere un tratamiento de
depuraci—n preliminar. Salvo para su utilizaci—n en las cŽlulas de
temperatura elevada, la concentraci—n del CO se puede reducir a
un nivel sumamente reducido (algunas ppm). No obstante, el CO2
se puede conservar para la alimentaci—n de las cŽlulas alcalinas.
La implementaci—n de estos diversos procedimientos es ya
corriente a nivel industrial. Pero la realizaci—n de instalaciones
totalmente automatizadas, de peque–as dimensiones, que puedan
aceptar arranques y paradas muy r‡pidas y frecuentes, as’ como
variaciones permanentes de carga sin disminuci—n del rendimiento
ni emisiones de contaminante, sigue siendo aœn un problema
delicado y sujeto a incertidumbres.

INTRODUCTION
Hydrogen is the only fuel currently suited to direct
electric power generation in low-temperature fuel cell
vehicles. It can be stored as compressed gas in highpressure cylinders or liquefied at Ð253¡C in cryogenic
tanks. But these ways of storing hydrogen are
somewhat heavy and bulky, hence difficult to fit into a
vehicle, and not easily refillable. Furthermore there is
no existing network for hydrogen transportation and
local distribution [1]. The cost of pure hydrogen is also
relatively high compared to the cost of conventional
liquid fuels. The cheapest hydrogen available today,
made from natural gas, has an on-site cost of about
$5.00 per gigajoule (i.e. $0.16 per litre equivalent
gasoline), whereas liquid hydrogen (delivered) now
costs $16.00 per gigajoule (i.e. $0.64 per litre
equivalent gasoline) [2]. Delivered, compressed
hydrogen costs up to $3.20 per litre equivalent gasoline,
due to the weight of the cylinders transported along
with it.
For future transportation needs it could therefore be
more suitable to generate hydrogen on board from a
primary fuel such as a fossil fuel (gasoline or diesel) or
from a chemical intermediate (ammonia, methanol or
higher alcohols).
Hydrogen is a widely utilized chemical whose
industrial production has been considered common
technology for over a century. Various processing
options exist depending on the type of primary fuel
considered and on the purity of gas needed (Table 1).
Today, in industry, most hydrogen is produced by
steam reforming or partial oxidation of hydrocarbons
(76% from natural gas and 23% from light or heavy oil
distillates) [3]. But, for small hydrogen quantities, or
when high-purity hydrogen is required, processes such
as water electrolysis, ammonia decomposition or
methanol reforming are also used. The largest
consumption of hydrogen occurs in petroleum refining
and in the petrochemical industries for ammonia and
methanol synthesis (Fig. 1).
Many trade-offs for on-board hydrogen production
therefore exist, both in the choice of fuel and in the
choice of the process. The aim of this paper is to review
the various technologies available, and to present some
of the previous experience gained on internal
combustion engine and fuel cell applications.
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TABLE 1
Fuel production and processing for the various fuel cell types
Resource

Industrial
Treatment

Intermediate
Product

On-site
Processing

Fuel Cell
Type

Refining

Liquid HC

Steam
Reforming

AFC

Steam
Reforming

H2 Rich Gas
Mixture

Partial
Oxidation

PEMFC

Partial
Oxidation

Pure
Hydrogen

CO removal

DMFC

Gasification

Methanol

CO2 removal

PAFC

Synthesis

Ethanol

Water
Electrolysis

Ammonia

Petroleum

Natural gas

Coal

Nuclear

MCFC

Solar

SOFC
H2 Separation
Compression
Liquefaction

Cracking

AFC: alkaline fuel cells; PEMFC: proton exchange membrane fuel cells; DMFC: direct methanol fuel cells; PAFC: phosphoric acid fuel cells; MCFC: molten carbonate fuel
cells; SOFC: solid oxide fuel cells.

Hydrogen sources

Hydrogen uses
Miscellaneous
uses 7%

Petroleum
23%

Petroleum refining 47%
Ammonia
synthesis 36%

Natural gas 76%

Other
1%

Methanol
synthesis 10%

Figure 1
World production and utilization of hydrogen. From [3].

number of molecules, increasing the temperature and
lowering the pressure is in favour of ammonia
decomposition. Nickel, iron or ruthenium supported on
alumina can be used as catalysts. Computation shows
that the minimum temperature required to achieve a
high conversion rate is about 450¡C (equilibrium
conversion of 97% under 10 bar pressure leaving about
1.5% unconverted ammonia). Industrial crackers,
however, generally operate at temperatures up to 900¡C

1 HYDROGEN PRODUCTION
FROM AMMONIA
Ammonia heated in the presence of a suitable
catalyst dissociates into nitrogen and hydrogen as
shown below:
2 NH3 ® N2 + 3 H2
ÆH = + 46.2 kJ mol-1
(1)
From the thermodynamics standpoint, the reaction (1)
being endothermic and including a growth in the
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Vaporiser

Converter

Liq.
NH3

LPG

Anode gas
cooler
Expansion
Air
valve

Burner
exhaust

Cooler
exhaust
(to turbocharger)

Air,
H2O (g)

KOH
Fuel cell

Hydrogen recycle

H2O (l)

Scrubber
Air

Electrolyte circulation loop
Figure 2
Flow diagram of an ammonia-air fuel cell system. From [4].

100
90
80
Conversion (%)

to lower the residual amount of ammonia to about
500 ppm. Pressure, for its part, in spite of its negative
action on equilibrium, has a very favorable effect on
reaction kinetics and consequently on reactor size and
weight. Industrial units thus usually operate at pressures
of between 2 and 10 bar.
With due account taken for the reaction endothermicity, the amount of energy required is about 12%
of the high heating value (HHV) of H2 without
allowing for heat losses. It can be obtained by
combustion of the fuel cell purge-gas as shown in
Figure 2.
The dissociation product consists of around 25%
nitrogen plus 75% hydrogen and some unconverted
ammonia. It can be used directly in alkaline fuel cells
[4-7] but needs further purification to remove the
residual ammonia for fuel cells with acid electrolytes.
Using ammonia as a primary fuel in fuel cells has
been considered for more than 30 years. But the main
problems with ammonia reside in the need for
pressurized tanks (it is stored in liquid form under
8.7 bar at 20¡C), its toxicity in case of leakage, and the
disposal of the unconverted ammonia residues. If sent
to a catalytic burner, a high proportion of the
unconverted ammonia will actually be converted into
nitrogen oxide (Fig. 3) [8] and [9].
The problem of air pollution by NOx would be then
comparable to that raised by internal combustion
engines.

70
60
50
40
30

to NOx

20
10
0
100

1000

10 000

NH3 concentration (ppm)
Figure 3
Ammonia catalytic oxidation rate into N2 or NOx at 500¡C on
an alumina supported palladium catalyst (400 ppm Pd), as a
function of the ammonia concentration in air (GHSV =
30 000 h-1) (IFP unpublished results).

2 HYDROGEN PRODUCTION
FROM METHANOL
The basic reaction scheme of methanol steam
reforming is as follows:
CH3OH + H2O ® CO2 + 3H2
(2)
ÆHo = + 48.8 kJ mol-1
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It can be considered, from the thermodynamics
standpoint, as the combination of an endothermic
methanol decomposition according to the reaction,
CH3OH ® CO + 2H2 ÆHo = +89.2 kJ mol-1 (3)
followed by the exothermic carbon monoxide shift
conversion:
CO + H2O ® CO2 + H2 ÆHo = Ð40.4 kJ mol-1 (4)
Steam reforming of methanol to produce hydrogen is
not a new idea. In 1921, the Dane J.A. Christiansen
discovered during his study of methanol synthesis that a
CH3OH + H2O mixture sent over reduced copper at
250¡C was converted into a gas mixture containing
three parts of hydrogen plus one part of carbon dioxide
and was contaminated only by traces of carbon
monoxide [10]. In 1930 and 1931, the same author
published the results of his research on the reaction
kinetics. The catalyst used in this study was a mixture
of copper oxide and magnesium oxide, whose relatively
rapid deactivation made the study particularly difficult
[11] and [12].
The process concerning methanol steam reforming
was first patented by A.T. Larson for EI du Pont de
Nemours in 1943 [13]. In the patent the effect of
temperature and of the steam/methanol ratio was
disclosed. A chart showing the theoretical CO gas
content as a function of these parameters is given
(Fig. 4).

The catalysts claimed by A.T. Larson are coprecipitated mixed-oxides containing Zn-Cu, Zn-Cr-Cu or
Cu-Mn. They are active in the 250-325¡C temperature
range. It must be pointed out that during the Second
World War several mobile hydrogen production units
were built according to the Larson process and used by
the US Army.
In 1951, BASF filed another application for a patent
in Germany concerning high temperature (500¡C)
methanol steam reforming. The catalyst was zinc
chromate with some minor quantities of group II, VI
and VIII metals [14].
A reaction mechanism on copper catalysts, involving
cupric ions, was proposed in 1960 by A. Krause [15].
After 1962 the number of publications increased due
to renewed interest in methanol steam reforming for
hydrogen fuel cell feed. Several studies on
experimental modules were conducted for the US
Army by Engelhard Industries Inc., The Kellog Cy, and
Girdler Corporation [16-18].
Engelhard studied the reaction of methanol-water
mixtures on platinum at 538¡C and hydrogen separation
with palladium membranes. The Kellog Cy worked on
Larson's Cu-Mn catalyst for supplying hydrogen to a
200 kW submarine fuel cell (Fig. 5).
In Girdler's study, the possibility of creating an
autothermal process by oxygen addition to the reactants
was considered but abandoned because of technological

Volume percent CO in dry hydrogen

10.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4

325 oC
300 oC
275 oC
250 oC
225 oC

0.2
0.10
0.08
0.06
0.04

200 oC
175 oC
150 oC

0.02
0.01
1.0

2.0

3.0

5.0

4.0

6.0

Moles water / mole methanol
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Figure 4
Theoretical CO concentration in
hydrogen obtained by methanol steam
conversion, as a function of temperature
and water to methanol ratio in the feed
gas. From [13].
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to C4
Methanol
from J-l
2.64 LB/HR

408oF

70oF
287 PSIA

80oF
21 PSIA

175 LB/HR

Pure hydrogen
to fuel cell
20 LB/HR

600oF
284 PSIA
1700 LB/HR

352oF
292 PSIA

2097.7 LB/HR 1000oF
80oF
287 PSIA
C-4 oxygen
heater
3.050 BTU/HR
from C-2
C-3 oxygen
vaporizer
4.200 BTU/HR

liquid oxygen
feed
40.1 LB/HR.
Mols / HR
O2 1.247
AR 0.005
1.25

525oF

Mols / HR Mol %
H2
67.4
10.53
19.6
3.03
CO2
4.8
0.75
CO
6.9
1.07
H2O
0.8
0.12
CH4
0.5
CH4OH 0.08
100.0
15.60

356oF
281 PSIA

-220oF

291 PSIA

J-3 lox pump
Mol %
99.6
0.4
100.0

287 PSIA
180 LB/HR.

200 LB/HR.

Pure
H2
-290oF
23 PSIA

to B1

C-1 feed
preheater
26.600 BTU/HR

140oF
Methanol feed
130.6 LB/HR
70oF
15 PSIA

278oF

B-1
combustion chamber
227.425 BTU/HR

from C-1

C-3

D1 methanol
decomposition
reactor

J-4
recycle compressor
1.5 BHP

Mols / HR Mol %
H2
0.53
7.7
3.05
55.6
CO2
0.75
13.6
CO
1.07
19.5
H2O
0.12
2.2
CH4
1.4
CH4OH 0.08
5.60
100.0

Vent gas
to ocean
222.7 LB/HR.
Mols / HR
CO2 4.08
H2O 2.16
0.14
O2
AR 0.005
6.39

525oF 290 PSIA

C-2 feed
preheater
13.200 BTU/HR

J-1
Methanol
pump
525oF

J-2
Methanol
pump

Water from
fuel cell
72.0 LB/HR

L-1 purification unit
96 diffusion cells

Mol %
63.9
33.8
2.2
0.08
100.0

Figure 5
Process flowsheet for methanol steam conversion and hydrogen purification established for a 200 kW submarine fuel cell by The Kellog Cy
in the USA. From [18].

difficulties. Various catalytic formulations containing:
Cu-Mn, Cu-Cr-Zn, Cu-Ni-Fe, Cu-Cr, Cu-Co, Cu-Mn,
Cu-Fe, Fe-Cu-Ni or Fe-Cr-Ni were evaluated and the
product gas analyzed.
In 1964, Union Carbide designed a methanol steam
reformer including a hydrogen separator using
palladium membranes [19]. The catalysts, working at
370¡C, were of two types: a platinum-based catalyst
plus a base-metal catalyst, whose composition was not
disclosed.
Several other patents appeared in the mid sixties
[20-24].
In France, research on methanol steam reforming
was also undertaken at IFP in the mid-sixties [25-29].
The goal was to design a generator able to supply pure
hydrogen to an alkaline hydrogen-air fuel cell. The
chosen method consisted in a three-step operation:
Ð methanol steam reforming at about 250¡C on a
specific unsupported Cu-Cr catalyst;
Ð carbon dioxide removal with a small-scale diethanolamine scrubber;

Ð residual carbon monoxide and carbon dioxide elimination by methanation at about 400¡C on a Ni-Cr
catalyst.
In the early 70s, small integrated converters able to
supply purified hydrogen to 500 watt or 2000 watt
hydrogen-air alkaline fuel cells were available (Figs. 6
and 7). The system's overall thermal efficiency ranked
between 45 and 60%.
New developments are underway in various
laboratories [30-35]. The Argonne National Laboratory,
Johnson Matthey and the JŸlich Research Centre
(KFA), for example, recently disclosed their
development of small hydrogen generators for acid fuel
cells. The Argonne on-board methanol reformer is
claimed to be small enough to fit under the hood of a
compact car beside a 50 kW PEM fuel cell, i.e. a
volume of around 25 litres Òless than a seven-gallon
containerÓ.
The KFA's methanol experimental reformer includes
a catalytic burner to provide the heat required for the
reaction (Fig. 8). In the start-up phase, methanol is sent
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CO2

H2 - CO2 - eCO

Reformer

H2

H2O

H2 + eCO2 + eCO

MEA

Oil

CO2
scrubber

Water
CH3OH

MEA + CO2

Methanation

Figure 6

H2 + eCH4

Flow diagram of the IFP's purified
hydrogen generator for a 2 kW alkaline
hydrogen-air fuel cell built in 1966.

Air
Water

Conversion
unit

Flue gas

Water out

Oil

Analytical
procedures
Heated
sampling
line
Recuperator

Oil

Heat removal
system

CO2
scrubbler

CO, CO2
Methanation
unit

Consumer
Water in
Preheated
Air

50 c
m

Catalyst/
Pt-washcoated
on Al2O3
Fibrous support
structure
Fuel/air mixture
Hydrogen

Methanol
Burner

Carbon dioxyde

Water
Evaporator

Figure 7

Figure 8

View of IFPÕs purified hydrogen generator for a 2 kW
alkaline hydrogen-air fuel cell. From [29].

Schematic diagram of a 8.8 kW catalytic combustion station
developed by the KFA. From [33].

to the burner and then gradually replaced by the anode
hydrogen-containing exhaust gas. The required heating
power amounts to 15 kW for a 22 kWe fuel cell. In
stationary conditions, the burner exhaust gas is very
clean and contains only about 17 pmm CO and less
than 0.2 ppm NOx. Formaldehyde could however be

present in non-negligible quantities during the start-up
phase of the catalytic burner. The problem of hydrogen
CO content also still remains to be solved. It could
require further processing of the gas to lower the
concentration from 3 to less than 1% and/or the
development of CO-tolerant anodic catalysts.
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In Johnson Matthey's new hydrogen generator,
methanol steam-reforming and partial oxidation are
combined. Named "Hot-SpotTM", this reactor works as
an autothermal reformer. Full-sized units consist of
modular assemblies of individual reactors. Their
number can be varied according to the hydrogen output
required. They have the shape of a small cylinder
12.5 cm long with a diameter of 5 cm. Their volume is
245 cm3 and they weigh 580 g. Each module can
produce 480 l/h of hydrogen. The start-up time is less
than 2 minutes. Under normal autothermal operation,
the overall chemical reaction is as follows:
CH3OH + 0.28 O2 + 1.05 N2 + 0.31 H2O
(5)
® 2.31 H2 + CO1.87 + 1.05 N2
The carbon monoxide content of the gas obtained is
around 2.5%, which is far too high for the normal
operation of a proton exchange membrane fuel cell
(PEMFC). It can be reduced to 1% by increasing the
water content in the reactant feed. But a CO-removal
system, based on selective oxidation, is under
development to bring the concentration down to 5 ppm.
The detrimental effect of carbon monoxide on
PEMFC performance was demonstrated recently by
Lemons [36]. With only 20 ppm CO the current density
at 0.6 volt is divided nearly by two, and by four with
100 ppm (Fig. 9).

3 HYDROGEN PRODUCTION
FROM ETHANOL
The overall ethanol steam reforming reaction can be
represented by the following equation:
(6)
C2H5OH + 3 H2O ® 2 CO2 + 6 H2
The feasibility of the above reaction was studied on a
thermodynamic basis in two recent papers [38] and
[39]. In practice the steam reforming of ethanol
generates many by-products, and the following
reactions must also be taken into account:
(7)
C2H5OH ® C2H4 + H2O
C2H5OH ® CH3CHO + H2
(8)
CO + 3 H2 ® CH4 + H2O
(9)
2 CO ® CO2 + C
(10)

1

Cell voltage (V)

0.8

0.6
100

50

20

10

5

0 ppm CO

It was demonstrated by Garc’a and Laborde that,
compared to methanol steam reforming, higher
temperatures and water-to-ethanol ratios are needed.
The theoretical production of methane, for example,
should decrease when the temperature increases and
when the pressure and water-to-ethanol ratio decrease
(Fig. 10).
In order to obtain the best hydrogen output,
minimizing carbon monoxide and methane production,
and avoiding carbon deposition on the catalyst, they
therefore suggest to operate at T > 380¡C, atmospheric
pressure and with a water-to-ethanol ratio of up to 10 in
the feed.

0.4

0.2
Anode press: 2.7 bar (abs.)
0
0

200

400

600

800

Contaminents other than CO are also present in the
converter effluents, such as traces of unconverted
methanol, formaldehyde, formic acid, methyl formate,
etc. and are also likely to alter fuel cell performance.
Formic acid, for example, was shown to produce severe
and irreversible poisoning [37].
Another important point, often overlooked in most of
the published works dealing with methanol steam
reforming, concerns methanol purity. It was actually
observed in our previous experiments that copper
catalysts working at temperatures of about 250¡C are
quite sensitive to higher alcohols frequently present in
small quantities in industrial methanol grades. Ethanol,
for example, is dehydrogenated into acetaldehyde,
which can poison the catalyst by polymerization on the
catalyst surface. This problem can be avoided at higher
working temperatures as will be seen below, but more
CO will be present in the product gas.

1000

Current density (ASF)

Figure 9
Cell voltage as a function of current density in a PEMFC:
effect of the hydrogen carbon monoxide content between 0
and 100 ppm. From [36].
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Figure 10
Figure 11

Ethanol steam-reforming: hydrogen to methane molar
fractions vs temperature at different pressures and water to
ethanol ratios. From [3].

Schematic of an annulus-type catalytic bed for hydrocarbon
steam reforming. From [3].

Vasudeva et al. have computed that equilibrium
hydrogen yields as high as 5.5 mole per mole of ethanol
in the feed can be obtained at around 500-600¡C with
water-to-ethanol ratios of above 20, as compared to the
stoichiometric value of 6 given by equation (6).
Several catalyst types were evaluated for ethanol
steam reforming by Cavallaro and Freni [40]. They
found that CuO-ZnO/Al2O3 or NiO-CuO/SiO2 catalysts
exhibit good activity. At T < 327¡C the reaction
produces relatively high proportions of oxygenated
compounds i.e. 30-70% acetaldehyde, 5-15% ethyl
acetate, and 0-30% acetic acid. Operation at T > 377¡C
reduces the amount of these by-products to mere traces
except for CH4. Another by-product of the reaction is
CO, which is found in the effluents at concentrations of
10 to 20%. A shift conversion reaction, at a lower
temperature, is then necessary later.
4 HYDROGEN PRODUCTION
FROM HYDROCARBONS
Steam reforming of hydrocarbons is the most
commonly used method in industry for hydrogen
production [3, 41, 42]. In this process hydrocarbons and
steam react at elevated temperature in a first catalytic
bed to form carbon monoxide and hydrogen. Steam

reforming of gasoline may be represented by the
following chemical equation:
CH1.75 + H2O ® 1.875 H2 + CO
(11)
The reformer effluent is then passed through a
second catalytic bed, where carbon monoxide is
converted at low temperature into hydrogen, according
to the well-known shift-conversion reaction (equation (4)
above).
Reaction (11) is strongly endothermic (ÆH > 200 kJ
mol-1 for CH4) and requires external heat input. This is
done in industrial units by filling the catalyst in tubes
immersed inside the radiant section of a furnace where
heat is exchanged directly between the flame and the
tube wall. In small-sized power plants specifically
designed for fuel cells, the catalyst is most frequently
located inside a low thickness cylindrical annulus
surrounding a burner, as shown in Figure 11. The
amount of energy required is typically of the order of
22% of the liquid fuel lower heat of combustion.
Industrial steam reformers use nickel-based catalysts
requiring high temperatures in the range of 800-900¡C
to achieve acceptable conversions. With a steamto-carbon ratio of 3.5, methane conversions up to 98%
are obtained at moderate pressure. The reforming
catalysts are however very sensitive to poisoning by
elements such as sulphur, chlorine or heavy metals. The
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40
C(s)

Product composition, volume percent (wet)

feed gas must be then treated prior to entering the
reformer in order to remove the contaminants. One
major point is the need to avoid the risk of carbon
deposition on the catalyst itself and in the downstream
equipment due to the Boudouard reaction during the
effluent gas cooling (reaction (10) above).
Another way to promote hydrocarbon steam
reforming consists in the partial oxidation process [43,
44]. The generation of hydrogen from gasoline may be
represented here by the following chemical equation:
CH1.75 + 1/2 (O2 + 3.76 N2)
(12)
® 0.875 H2 + CO + 1.88 N2
The reaction heat, rather than coming through the
reactor tube walls, is produced here by adding a
controlled quantity of air in the feed to promote the
combustion of part of the hydrocarbons. When a
catalyst is used the operating temperature can be lower
than the steam reforming temperature, i.e. between 600
and 800¡C. It is also possible to operate in a refractorylined thermal reactor without catalyst but at
temperatures in excess of 1000-1100¡C (e.g. the Texaco
and Shell processes).
Partial oxidation has the following advantages versus
steam reforming:
Ð It provides a simplified system without the need for
external water and heat supply.
Ð The transient response characteristics are improved
since there is no heat transfer process involved.
Ð The soot production propensity is reduced, which
facilitates the use of heavy (liquid) hydrocarbons.
In return, the produced gas contains residual
nitrogen; furthermore, the partial oxidation being an
exothermic reaction, about 17% of the low heating
value of the fuel is lost.
The influence of the air-fuel ratio on product gas
composition obtained with indolene (CH1.92) was
determined from chemical equilibrium computation by
Houseman and Cerini (Fig. 12). They showed that the
optimum air-fuel ratio, maximizing hydrogen
production, is close to 5.2/5.4. At lower air-fuel ratios,
methane and soot are obtained, and above, the
production of carbon dioxide and water occurs to the
detriment of hydrogen production. Here, thermal
efficiency of the conversion into hydrogen would be
around 80%.
As previously stated for methanol, partial oxidation
and steam reforming can be combined to utilize the
exothermic partial oxidation heat to promote the

30
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20

CO

H2
H2 O

CH4

10

CO2

C(s)
H 2O
CO
CO2
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Figure 12
Product distribution as a function of the air-fuel ratio in
partial oxidation of gasoline. From [44].

endothermic steam reforming reaction. In 1974 at the
Jet Propulsion Laboratory, Houseman and Cerini
developed a compact reactor for internal combustion
engines able to convert an air-gasoline-water mixture
into a hydrogen-rich gas. The reactor used a nickelbased catalyst working at 980¡C. The product gas
contained 22% H2, 24% CO, 1% CH4, 0.1% C2H4, 1%
CO2, 1% H2O and 50.9% N2. No carbon production
was observed.
Whatever the process used, steam reforming, partial
oxidation or combined partial oxidation plus steam
reforming, the gas obtained has a carbon monoxide
content which is much too high for direct use in most
fuel cells except for high-temperature fuel cells (MCFC
or SOFC). A further steam shift-conversion of CO is
necessary. It can be performed in one or two steps
depending on the maximum acceptable residual CO
level. To lower the concentration to about 1-2%, which
is acceptable for phosphoric fuel cells for example, a
CO shift catalyst composed of iron and chromium
mixed oxides is in common use. It operates at about
350-400¡C. When CO in the product gas has to
be reduced further, a low-temperature copper-zinc
catalyst operating at 200-250¡C must be used.
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CO concentration can be then brought down to a few
hundred ppm. This level is however still too high for
low-temperature fuel cells (AFC or PEMFC), and a
third processing is needed to reduce it to a few ppm.
Two methods are presently considered: selective
oxidation or methanation.

certainly feasible from a technical standpoint. But it is
far from evident that it could simply replace pure
hydrogen, stored in compressed tanks or liquefied,
while keeping the benefits of fuel cells from the
point of view of efficiency and still preserving the
environment from pollution.

CONCLUSIONS
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