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r t i c l e i n f o

rticle history:
eceived 20 January 2008
eceived in revised form 26 February 2008
ccepted 29 February 2008

eywords:
ydrogen

a b s t r a c t

The present paper describes the study of an autothermal reformer and its fuel-flexible capabilities. Exper-
iments have been performed in a reactor designed to generate hydrogen by autothermal reforming for a
1–5 kWe polymer electrolyte fuel cell. Both logistic fuels (diesel, gasoline, and E85) and alternative fuel
candidates (methanol, ethanol, and dimethyl ether) were tested in the reformer. The same catalyst com-
position, Rh supported on Ce/La-doped �-Al2O3 and deposited on cordierite monoliths, was used for all
fuels. The practical feasibility of reforming each fuel in the present reactor design was tested and eval-
uated in terms of fuel conversion and selectivity to hydrogen and carbon dioxide. Temperature profiles
ultifuel autothermal reformer
uxiliary power unit were studied both in the axial and radial direction of the reformer. It was concluded from the experiments
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. Introduction

Fuel cells offer an energy efficient and clean technology for
he future transport sector. One of the first market penetration
pportunities for fuel cells is likely to be realized by implemen-
ation in heavy-duty truck auxiliary power units (APUs). APUs
re systems providing electricity to trucks at standstill, operating
ndependently of the main engine. The hydrogen required for the
uel cell can be generated by reforming the existing truck fuel.
mong the technologies for reforming of fuels into hydrogen,
utothermal reforming (ATR) is considered to be the most feasible
lternative in automotive applications due to its high thermal
fficiency and dynamics during transient operation as well as its
ower system complexity [1]. The general reaction formula for ATR,
sing air as the oxygen source and assuming that the products are
nly CO2 and H2, can be expressed as follows:

CnHmOp + x(O2 + 3.76 N2) + (2n − 2x − p)H2O
(

m
)

→ nCO2 + 2n − 2x − p +
2

H2 + 3.76xN2 (1)

Today, no alternative transportation fuel has been agreed on as
enerally preferable to others, and it is likely that we are head-

∗ Corresponding author. Tel.: +46 8 7909150; fax: +46 8 108579.
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ost suitable for use with hydrocarbon mixtures such as diesel, gasoline,
good basis for an optimized multifuel-reformer design.

© 2008 Elsevier B.V. All rights reserved.

ng towards an even broader mix of fuels and vehicle propulsion
echnologies. In Sweden, the Commission on Oil Independence has
roposed a 40–50% reduction of petroleum-based fuels by 2020
2]. Still, substantial measures to promote the transition to alter-
ative technologies are lacking at the political level. Upcoming
mission legislations worldwide will, however, accelerate the tran-
ition of the transportation-related energy system [3,4]. Regional
ifferences in fuel supply will then impose requirements on the
rucks and an APU system that can run on several fuels will be a big
dvantage. From a manufacturer’s perspective, the development of
ne APU package that can fit every type of truck and that can be
he same in the short term as in the phasing over to alternative
uels, would allow them to effectively keep pace with the growing
emands. These factors stress the need for a fuel-flexible solution.

Optimal reactor design is essential to ensure efficient reforming
esulting in complete fuel conversion, maximum hydrogen selec-
ivity, and low amounts of carbon monoxide [5]. This makes the
evelopment of multifuel reformers challenging. Reforming for
utomotive fuel cell systems has been extensively studied dur-
ng the last decades, focusing on single transportation fuels [6].
owever, few studies show results for systems with fuel-flexible

apabilities. One example is Renault together with Nuvera, who are
eveloping an onboard fuel processor that can convert a variety of
uels into hydrogen for powering of fuel cell vehicles [7,8].

The present paper describes the possibilities of running an
utothermal reformer, designed for a 1–5 kWe fuel cell auxiliary

http://www.sciencedirect.com/science/journal/13858947
mailto:marita@ket.kth.se
dx.doi.org/10.1016/j.cej.2008.02.026
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Table 1
Comparison of properties for the fuels tested in the study [9–12]

Diesel Gasoline DME Ethanol E85 Methanol

Chemical formula ∼C14H26 ∼C8H18 CH3OCH3 C2H5OH ∼C2.9H7.7O CH3OH
Molecular weight (g mol−1) ∼194 ∼114 46.1 46.1 ∼58.6 32
Boiling point @ 1 bar (◦C) 180–320a 25–205 −24.8 78.5 40–170 64.6
Vapor pressure @ 38 ◦C (bar) negl. 0.48–1.08 5.1(20 ◦C) 0.16 0.35–0.70 0.32
Liq. density @ 15 ◦C (kg m−3) 800–820 721–785 666(20 ◦C) 789 785 791
Rel. density, gaseous (air = 1) – – 1.59 – – –
Liq. viscosity @ 25 ◦C (mPa s) 2–4 ∼0.5 0.12–0.15 1.1 n.a. 0.54
Heat of vaporization (MJ/kg) 0.27 0.30 – 0.84 n.a. 1.1
Lower heating value (MJ/kg) 43 44 29 27 29 20
Autoignition temperature (◦C) 206b 260–460 235–350 365 n.a. 470
Flammability limits in air (vol%) 1–5 1.4–7.6 3–17 3–19 n.a. 6–50
Sulfur content max (wt ppm) 10 10 0 0 10 0
Aromatic content max (vol%) 5 35 0 0 n.a. 0
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a T95.
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ower unit, using various transportation fuels. Both logistic fuels
diesel, gasoline, and E85) and alternative fuel candidates (dimethyl
ther, ethanol, and methanol) have been tested. The fuels and their
roperties are outlined in Table 1. The overall aim of the study was
o evaluate the flexibility of the ATR reactor and the capability of the
pecific reactor design to operate on various fuels, particularly for
se in PEFC-APU systems up to 5 kWe. The same catalyst composi-
ion, Rh supported on Ce/La-doped �-Al2O3, was used for all fuels.
h/Al2O3 has proven to be an effective catalyst for ATR of hydro-
arbon mixtures, such as diesel and gasoline [13–15], as well as of
thanol [16,17] and methanol [18].

. Experimental

.1. Autothermal reformer

The experiments were performed in a reactor designed to gen-
rate hydrogen by catalytic autothermal reforming for a 1–5 kWe
olymer electrolyte fuel cell. The reformer consists of a stain-
ess steel horizontally mounted tubular reactor with a length of
20 mm, 80 mm inner diameter and 2 mm wall thickness, shown

n Fig. 1 as a schematic drawing. The design of the reformer has
een developed to satisfy performance targets such as efficiency,

r
p
p
T
t

Fig. 1. Schematic drawing of the reformer (T#
55–68 8 – ∼5
– 107 101–104 106

eliability and durability, and makes use of internal heat exchange
or control of the reaction conditions. The walls of the reactor
ere insulated with alumina–silica blanket insulation to minimize
eat losses. The liquid fuels were delivered to the reformer using
n electronically controlled piston pump (0–65 cm3/min, 6.9 bar
aximum pressure, Fluid Metering Inc.) and injected through a

tainless steel spray nozzle generating a hollow-cone spray of fuel
ith a spread angle of approximately 70◦ (0.51 mm diameter, Spray-

ng Systems Co). Following injection, the fuel was vaporized in a
ixture of superheated steam (110 ◦C) and air that had been heated

o a temperature enabling fuel vaporization. This injection sys-
em was chosen in order to be robust and simple, and without
he need for cooling of the nozzle. Air-assisted nozzles typically
ive finer sprays, but can result in the formation of coke on the
ip of the nozzle during reforming [19] and were therefore dis-
arded for use in this system. The air/steam mixture is delivered
hrough an 8 mm wide mantle around the reactor, enabling indi-

ect heat exchange with the reformer, and enters a non-catalytic
rereforming section through 33 holes, each with 2 mm diameter,
ositioned 40 mm upstream of the prereforming section (see Fig. 1).
he size of the holes was chosen to achieve high linear velocity of
he air/steam mixture to improve the turbulence, while avoiding

–thermocouple, L–length of reformer).
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oo large a pressure drop. The superheating was performed in a sep-
rate unit by means of tubular heating elements. Gases were fed to
he reformer using mass flow controllers (Bronckhorst High-Tech
L-Flow models). Dimethyl ether, the only gaseous fuel tested, was
dded through a tube from the flange at the inlet of the reformer
fter removal of the nozzle. The reformer is divided into a mix-
ng/prereforming section and an autothermal reforming section.
he uniform reactant mixture from the prereforming section enters
monolithic reforming catalyst (78 mm diameter, 100 mm length),
xed in the second part of the reactor using high-temperature insu-

ation tape (Dalfratex).
The catalysts used in the experiments were prepared in-

ouse by means of incipient-wetness impregnation of �-Al2O3
owder (initial surface area 150 m2/g, Sasol Germany) using aque-
us solutions of nitrate salts followed by calcination (700 ◦C/3 h)
nd dip-coating of the monolith. The monoliths were cut out
rom cordierite blocks with a cell density of 400 cells per square
nch, which were acquired from Corning Inc. The catalytically
ctive material was composed of rhodium (1 wt%), cerium dioxide
10 wt%), and lanthanum oxide (5 wt%). Catalysts for autothermal
eforming need to be active both for steam reforming and partial
xidation. Further, they have to be mechanically robust during reac-
ion conditions and resistant to coke formation and sulfur in the fuel
in the case of diesel, E85, and gasoline reforming). It is believed
hat the oxygen-binding capacity of Rh/�-Al2O3 is improved by
dding oxygen-transporting additives, in this case ceria, thereby
ssisting the mechanism of carbon removal from the metal sur-
ace [20]. Besides storing and releasing oxygen, ceria is known to
tabilize noble metal dispersion [21] and to promote the activity
f reforming reactions by enhancing the adsorption and dissoci-
tion of water molecules [22]. Lanthanum is commonly used to
tabilize �-alumina, thus avoiding transitions to undesired alumina
hases induced by high reaction temperatures [23]. Due to these
ffects, ceria and lanthanum were used as dopants for the Rh/�-
l2O3 system to be evaluated in the screening of different fuels for
utothermal reforming. This catalyst composition has previously
een shown to be active and stable during autothermal reforming
f commercial diesel fuel [15].

.2. Operational considerations
Each fuel tested in the ATR study has its own optimal operat-
ng conditions (O2:C, H2O:C, and temperature). The chosen starting
arameters were either based on earlier experience within the
esearch group or collected from literature data [15,16,24–26]. The

p
(
i
s

able 2
perating parameters for the different fuels used in the multifuel study

Fuel used Flow rate (g fuel min−1)

iesela Commercial fuelf 12.0
asolineb Commercial fuelf 14.4
imethyl Etherc Gerling Holz & Co. 99.9% 20.4 (l)
thanold Altia Oyj 95% 15.8
85 Commercial fuelg 18.6
ethanole VWR International 98.5% 22.7

perating parameters obtained from:
a Reference [15].
b Reference [24].
c Reference [25].
d Reference [16].
e Reference [26].
f Swedish Environmental Class 1 (MK1).
g 85 vol% bio-ethanol/15 vol % MK1 gasoline.
h Comment: oxygen in the fuel not included in the ratio.
i � = actual-to-stoichiometric air/fuel ratio.
g Journal 142 (2008) 309–317 311

arameters were chosen with the aim of avoiding coke formation
nd minimizing the methane and carbon monoxide concentration
n the product gas. Guidelines for which operating conditions that

ill result in the desired conditions can be obtained by means
f thermodynamic calculations. Choosing the right operating con-
itions is, however, more difficult when using fuels consisting
f complex mixtures of hydrocarbons with varying composition,
uch as diesel, E85, and gasoline. Considering the oxygen-to-carbon
atio, too much oxygen will result in an unstable reaction as well
s loss of efficiency due to total combustion. However, sufficient
xygen is needed for generation of heat to maintain the steam
eforming reaction. A surplus of steam is advantageous for sup-
ression of carbon monoxide and coke but at the expense of the
ost to superheat a large amount of steam. Considering the volume
nd weight of the vaporizer and the condenser recovering water
rom the fuel cell, a low steam-to-carbon ratio is favorable. In many
tudies, the reforming reactions are controlled by an external heat
upply in order to study the reaction behavior at varying temper-
tures and operating parameters without considering heat losses
rom the reactor. In practice, a process more exothermic than pre-
icted will generally be necessary. The heat integration is unique
or every reactor setup and the operating parameters chosen for the
xperiments in this study were adjusted during the experiments to
e able to control the reforming reactions in the present reformer.

n Table 2, the operating parameters for the various fuels are shown.
n amount of fuel was used that theoretically would give an amount
f hydrogen resulting in 3 kW electricity in a PEFC. Due to varying
roperties of the different fuels and varying O2:C and H2O:C used,
his resulted in different space velocities over the catalyst.

Experiments were run until stable and reproducible results
ere obtained. Each fuel was tested repeatedly during a week.
uring shutdown of the reformer, the air was shut off first, followed
y fuel and steam. Air was then flushed through the reformer to
urn off potential coke on the catalyst surface. Coke could then be
etected by increases in temperature after the monolith. An ocular

nspection of the catalyst and the inside of the reactor walls was
lso performed after each experiment.

.3. Collection of data for evaluation
Temperatures were measured using K-type thermocouples,
laced in the mixing section (T1–T6 in Fig. 1) and after the catalyst
T7–T9 in Fig. 1), and the temperature profiles were collected
n LabVIEW. The reactor effluent product compositions were
tudied by gas chromatography (GC), using a Varian CP-3800

O2:Ch (mol:mol) �i H2O:C (mol:mol) GHSV (h−1)

0.40 0.27 2 8700
0.40 0.26 2 10900
0.25 0.17 2 8800
0.35 0.24 3 9500
0.40 0.27 3 12900
0.20 0.13 1.7 6900
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ig. 2. Temperature profiles in the reactor during autothermal reforming of the var
ig. 1).

nd a Varian 3400CX. The CP-3800 is equipped with a thermal
onductivity detector (TCD) and a flame ionization detector (FID)
nd two packed columns, a Porapak Q and an MS 5A where
H3OH, CH4, CO, CO2, dimethyl ether (DME), H2, N2, and O2 can
e quantitatively analyzed. The 3400CX is equipped with two
apillary columns, a VF-1 ms and a GS-Q and two FIDs. This GC
as used for detection of the higher molecular-weight hydrocar-
ons in diesel and gasoline, as well as of C2H5OH. The reformate
as passed through a condenser at ca. 10 ◦C prior to the gas

nalysis.

.4. Results analysis
The key criterion in evaluating the various fuels in the present
tudy was the practical feasibility of the ATR process. By this, it was
eant that the reaction should be self-sustaining and stable and

onvert the main part of the fuel into a hydrogen-rich gas. Together
ith the temperature profiles, the following equations were used

D
l
a
i
u

uels, P = 3 kWe (L–length of reformer, positions of the thermocouples are shown in

or evaluation of the data, with F corresponding to molar flows:

2 selectivity (%) = FH2+CO

FH2,max
× 100 (2)

onversion (%) = Ffuel,in − Ffuel,out

Ffuel,in
× 100 (3)

O2 selectivity parameter (%) = FCO2

FCO2 + FCO
× 100 (4)

The hydrogen selectivity (Eq. (2)) was defined as the moles
f hydrogen plus carbon monoxide in the product gas obtained
er mole of fuel divided by the theoretical maximum ratio at the
pecific condition (assuming all carbon reacts to CO2). In the exper-
ments with diesel, gasoline, and E85, the amount of unconverted
ydrocarbons was estimated by means of atomic carbon balances.

iesel fuel was then assumed to consist solely of C14H26 and gaso-

ine of C8H18. The CO2/(CO2 + CO) product ratio (Eq. (4)) was used
s a parameter to evaluate the selectivity to CO2 relative to CO, not
ncluding other carbon-containing components such as CH4 and
nconverted hydrocarbons. The efficiency of the reformer was cal-
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the temperatures in the mixing section range from 475 C before
the air/steam inlet holes (T6) to 585 ◦C at the catalyst inlet (T1).
The relatively low temperature difference in the radial direction at
the catalyst inlet (T1 − T3) indicates efficient reactant mixing. In
contrast, the radial temperature difference after the monolith and
ig. 3. Comparison of the different fuels in terms of H2 selectivity, CO2 selectivity,
nd conversion during autothermal reforming.

ulated according to Eq. (5), where LHV corresponds to the lower
eating values.

ref = (FH2 + FCO)LHVH2

FfuelLHVfuel
× 100 (5)

. Results and discussion

It is essential to emphasize that the main focus of this study
ot has been to optimize the reformer performance for each fuel,
ut to evaluate the flexibility of the reformer using different fuels.
ven though the commercial hydrocarbon fuels (diesel, gasoline,
nd E85) pose difficulties due to their complex composition, the
uthors of this paper find importance in experimentally evaluating
he feasibility of reforming real fuels, since those impossibly can be
epresented with a single hydrocarbon. In addition, the commercial
uels contain sulfur and additives for improvement of fuel proper-
ies and combustion engine characteristics, which may affect the
eforming process and catalyst negatively. We would also like to
all attention to the differences in diesel and gasoline composition
n different countries of the world. The Swedish fuels used in this
tudy contain comparatively low amounts of sulfur and the aromat-
cs content in Swedish diesel is very low compared to diesel fuels
n other countries, which makes the reforming process less com-
lex. It is considered likely though, that the fuel quality in other
ountries will approach the Swedish standard in the near future.

Fig. 2 shows representative examples of the reactor temperature
rofiles after stabilization of the autothermal reforming reactions
uring experiments with the various fuels. The temperature pro-
les were used to indicate what reactions are occurring and to
hat extent. The profiles show exotherms in the mixing zone and
hether the resulting reaction enthalpy over the catalyst is nega-

ive or positive. The temperature distribution is evaluated both in
he axial and radial direction (T1–T9 in Fig. 1). In Fig. 3, the fuels are
ompared in terms of fuel conversion and selectivity to hydrogen
nd carbon dioxide, respectively. Fig. 4 shows typical product gas
ompositions obtained and Fig. 5 values of hydrogen selectivities
s. time on stream during 100 min. In the following paragraphs, the
esults are used to discuss the practical potential of each fuel for
se in the current reformer design with the Rh-based catalyst.

.1. Diesel reforming
In a previous study by the authors, varying operating condi-
ions have been evaluated for the current reformer using Swedish
ommercial diesel fuel [15]. The oxygen-to-carbon ratio (O2:C)
as then varied between 0.3 and 0.45, corresponding to � val-

F
f

ig. 4. Product gas concentrations of H2, CO2, CO, and CH4 during autothermal
eforming of the various fuels.

es between 0.2 and 0.3 (� = actual-to-stoichiometric air/fuel ratio).
aximum performance was obtained at O2:C = 0.4. The steam-to-

arbon (H2O:C) was varied between 2 and 3, without significant
ifference in performance and without any observed coke on the
atalyst surface. An apparent issue with a multifuel reformer is
hat the design and catalyst composition will not be optimized for
ny particular fuel. The reactor and catalyst used in the present
tudy have initially been designed for use with diesel fuel. In the
ixing/prereforming zone of the reformer, the long-chain hydro-

arbons in diesel fuel are broken down into shorter molecules.
xothermic low-temperature reactions generate heat to sustain the
eactions and will also facilitate the subsequent catalytic reforming.

ith an efficient mixing/prereforming, the risk for coke deposition
n the catalyst surface can be minimized. Mixture preparation by
ool flames is one method of prereforming the fuel [27]. Cool flames
an be attained only in a narrow temperature and pressure interval.
n order to stay in this interval, avoiding the risk of igniting the fuel,

balancing of the heats of reactions and heat losses is essential.
egardless of the method of prereforming, cool flames or homo-
eneous partial oxidation, a partial breakdown of the long-chain
ydrocarbons improves the mixing of the reactants by increas-

ng the temperature and the turbulence. As can be seen in Fig. 2,
◦

ig. 5. Hydrogen selectivity vs. time for autothermal reforming of the respective
uels.
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ncomplete conversion (96%) suggest unsatisfactory mixing of the
eactants leading to local differences in operating parameters. A
roblem is that there are no dedicated components for these sys-
ems, such as nozzles giving a fine spray of fuel at low pressure and
ver a wide range of flow rates. The issue of achieving good mixing
f the fuel spray with the air/steam mixture is therefore considered
n need for improvement. The achievable reforming temperature
as limited by the reactor design (such as thermal insulation and

eometry) and it could therefore not be concluded if the incom-
lete conversion was a result of a too low temperature or if it is a
atter of design. Nevertheless, the results show that the current

eformer design is a good starting point in the development of an
ptimized reforming process for commercial diesel fuel. The CO2
electivity parameter was close to 50% and the selectivity to hydro-
en 70% (21 mol H2/mol C14H26), the highest obtained for all fuels
ested in this study (Fig. 3).

The catalyst composition has initially been chosen for minimiza-
ion of coke and methane formation during autothermal reforming
f diesel fuel. No coke was observed during the experiments, either
uring purging with air at shutdown or on the surface of the cat-
lyst after reaction. Trace amounts of carbonaceous material were
ound in the condensate from the reactor effluent. Methane con-
entrations were relatively low, typically around 2000 ppm (Fig. 4).
hermodynamic equilibrium calculations of (CH2)x reforming indi-
ate a methane concentration of 3600 ppm at 650 ◦C and 1800 ppm
t 675 ◦C.

.2. Gasoline reforming

The reformer was found to perform satisfactorily using gaso-
ine as the fuel. This was not unexpected, since gasoline, like diesel,
s a hydrocarbon mixture that can be effectively prereformed by

eans of cool flames or homogeneous partial oxidation without
arge losses in efficiency prior to the catalyst [28]. Gasoline con-
ains a high portion of aromatics though, a maximum of 35% in
wedish MK1 gasoline, in contrast to diesel that mainly consists of
ong straight-chain hydrocarbons (50–70% paraffins [9]). Aromat-
cs are more stable during reforming and have a higher tendency to
orm coke than do paraffins [24]. Palm et al. [29] have shown that
he addition of aromatics during ATR of paraffins (C13–C15) has a
trong negative impact on the fuel conversion.

Due to a higher thermal load of gasoline in the experiments
ompared to the diesel reforming experiments, a higher reform-
ng temperature was obtained. Even though the temperature was
nevenly distributed in the radial direction of the reformer (Fig. 2),
ith a temperature difference of almost 100 ◦C at the catalyst outlet,
high fuel conversion of 99% was achieved (Fig. 3). This could be
ue to a number of reasons. Firstly, gasoline is more easily evap-
rated than diesel, since the vapor pressure is higher (Table 1).
urther, the olefin and oxygenate fractions in gasoline are more
eactive compared to the paraffins in diesel, which may be difficult
o crack. This is also the case considering the aromatics in gaso-
ine, which typically are more reactive than the aromatic fraction
n diesel (generally consisting of polyaromatics), even if the total
romatic concentration is higher in gasoline.

The CO2 selectivity parameter was higher for gasoline compared
o diesel (Fig. 3), despite the higher temperature. This is, however,
n line with values from thermodynamic equilibrium calculations
t 700 ◦C, with calculated ratios of 53 and 41% for C8H18 and (CH2)x,
espectively. The hydrogen selectivity was 70% (13 mol H2/mol

8H18), comparable to the results obtained during diesel reforming.
he methane concentration was relatively low during the experi-
ents, but higher compared to diesel reforming, between 3000

nd 4000 ppm (Fig. 4). No coke was observed during shutdown
r on the catalyst surface. Small amounts of coke were, however,

3

h
c

g Journal 142 (2008) 309–317

ound on one of the thermocouples (T2) in the mixing section of
he reformer. This effect could be caused by nickel on the surface
f the thermocouple, promoting the formation of coke.

.3. Dimethyl ether (DME) reforming

The autothermal reforming of dimethyl ether has previously
een tested in a small-scale reactor using Pd-based monolithic
atalysts [25]. It was found that high selectivities to hydrogen
nd carbon dioxide could be obtained using PdZn/Al2O3 cata-
ysts during autothermal reforming of DME. The optimal operating
arameters for this catalyst were found to be an O2:C of 0.35
� = 0.23) and a H2O:C of 1.3 or higher at 350–400 ◦C.

In the tests described here, the startup of the reformer was
erformed by igniting the air/fuel mixture in the partial oxida-
ion mode, then switching to the autothermal mode. In this way,
he desired reforming temperature could be reached. It was found
hat the formerly optimized parameters could not be used in the
resent reactor design, because the temperature increase in the
ixing zone could not be controlled due to gas phase reactions. The

arameters were adjusted stepwise and the reaction could be sta-
ilized at an O2:C of 0.25 (� = 0.17) and a H2O:C of 2. This resulted

n a catalyst inlet temperature of 450 ◦C and a maximum outlet
emperature of 500 ◦C (Fig. 2). Oxidation reactions were needed to
ustain the reforming reaction over the catalyst but led to losses in
fficiency. It will be difficult to reach very high efficiencies with the
resent reactor design using DME, because a reforming tempera-
ure higher than the ignition temperature is needed. The efficiency
oss is also shown by the hydrogen selectivity being less than 50%
2.4 mol H2/mol DME).

Rh has been shown to be active for the direct decomposition
f DME [30], according to Eq. (6). The significance of the direct
ecomposition reaction was indicated by a high concentration of CO
ogether with a high concentration of CH4 (Fig. 4). The importance
f this reaction was also demonstrated by turning off the steam
nd air while still obtaining relatively high hydrogen and carbon
onoxide concentrations in the product gas.

H3OCH3 → CH4 + CO + H2 �H0
R = −1 kJ mol−1 (6)

Hydrogen not originating from Eq. (6) will most likely be a result
f steam reforming of DME (Eq. (7)). Due to this reaction, as well as
xidation reactions, a fairly high CO2 selectivity parameter of 67%
as achieved. This was the highest value of CO2 selectivity obtained

or the different fuels in this study (Fig. 3). However, the conversion
as low, likely a result of the injected fuel penetrating the monolith
efore being properly mixed with the air/steam mixture. The molar
ow of DME was considerably larger than the flow of fuel during
asoline reforming, which means that the mixing will be an issue
f the electrical load is to be kept at 3 kW.

H3OCH3 + 3H2O(g) → 2CO2 + 6H2 �H0
R = 122 kJ mol−1 (7)

Coke deposition was observed on the catalyst surface after reac-
ion. The coke was concentrated in the first part of the monolith and
as burnt off in air prior to the following experiment. No decline

n activity resulting from coke deposition could be observed with
ime during the experiments.

The main conclusion is that DME is probably not suited for
utothermal reforming in fuel cell auxiliary power units with this
eactor design and using Rh as the reforming catalyst.
.4. Ethanol reforming

Ethanol steam reforming is often performed at comparatively
igh steam-to-carbon ratios. This is partly due to the high steam-to-
arbon ratio resulting from the fermentation process where ethanol
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s produced. By removing the distillation unit required to produce
ure ethanol, the production process becomes more economical.

n contrast, the cost of heating water in the reformer inlet gas will
ncrease. High steam-to-carbon ratios are favorable when consid-
ring that ethanol reforming typically produces large amounts of
oke, deactivating the catalyst. This is especially the case when
sing Ni catalysts, and can be suppressed by running the process in
xcess of steam [31]. In the experiments described herein, no coke
as observed either during purging with air or on the surface of

he Rh catalyst, but was found in the condensate from the reactor
ffluent. This feature has been explained by Cavallaro et al. [16] as a
rocess where the Rh/Al2O3 catalyst surface is automatically regen-
rated by oxygen in the feed, producing CO2. It has been proposed
hat coke is produced through the polymerization of ethylene over
h/Al2O3 catalysts [16].

Relatively high concentrations of methane were formed during
he reaction (Fig. 4). Methane can originate from ethanol decom-
osition (Eq. (8)), methanation (Eq. (9)), or decarbonylation of
cetaldehyde (Eq. (10)).

2H5OH(g) → CH4 + CO + H2 �H0
R = 50 kJ mol−1 (8)

O + 3H2 → CH4 + H2O(g) �H0
R = −205 kJ mol−1 (9)

H3CHO(g) → CH4 + CO �H0
R = −19 kJ mol−1 (10)

Methane formation has been shown to increase at insufficient
h loading, which decreases hydrogen yield and leads to deac-
ivation of the catalyst [32]. Efforts were made to identify the
yproducts formed during ethanol reforming. Acetaldehyde, ethy-
ene, ethane, and acetic acid were injected into the GC, but could
ot be separated adequately to enable identification of the samples

rom the experiments.
Ethanol conversion was not satisfactory, just above 90% (Fig. 3).

his aspect together with the byproducts formed brings us to the
onclusion that this reactor setup is not optimal for ethanol reform-
ng. A higher Rh loading (>1 wt%) might be needed to increase
onversion and avoid the formation of byproducts. Nevertheless,
onsidering the incomplete conversion, fairly high hydrogen selec-
ivity, 57% (2.6 mol H2/mol C2H5OH), was obtained during ethanol
eforming (Fig. 3). A reformer that can perform well with both
ydrocarbon mixtures and ethanol does therefore not seem to be
nattainable.

.5. E85 reforming

E85 was chosen as a fuel in this study, because it is a commer-
ially available fuel, intended for fuel-flexible vehicles, widely used
n Sweden but becoming more common in the United States as

ell [33]. The gasoline content of the fuel (at least 15%) is used
o improve the cold start performance of the vehicles. Hydrogen
eneration from ethanol has been thoroughly reported in the lit-
rature, while extensive results from reforming of E85 are lacking.
he reformer performance and catalyst will be affected by the gaso-
ine content of the fuel and it is therefore considered important to
xperimentally evaluate the feasibility of reforming E85 fuel.

The experiments were initiated at the same operating param-
ters that were used during ethanol reforming, and were then
djusted stepwise. An oxygen-to-carbon ratio of 0.4 (� = 0.27) was
ound to be needed to achieve high conversion and a stable tem-
erature profile. The higher thermal load of E85 compared to pure

thanol resulted in a higher reforming temperature. Consequently,
he conversion of the fuel was higher too (99%). After approxi-

ately 30 min of operation, there was a shift in temperature and
he temperatures in the prereforming zone suddenly increased by
00–150 ◦C. By comparing the gas chromatograms before and after

m
t
r
h
(
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his rise, it was found that it was the gasoline components in the
uel, with retention times between 3 and 15 min that started to
e converted (or partially broken down) prior to the monolith.

nterestingly, the temperature profile during E85 reforming closely
eflects the one obtained during gasoline reforming but at a lower
emperature level (see Fig. 2).

The selectivity to CO2 was somewhat lower during E85 reform-
ng than for reforming of pure ethanol (Fig. 3). The higher portion
f CO may be a result of the higher temperature required to reform
he gasoline fraction of the fuel. The hydrogen selectivity was also
ower during E85 reforming, 55% (3.6 mol H2/mol fuel), likely due
o a larger part of the fuel being oxidized prior to the catalyst. It
as also found that the methane concentration in the product gas
as lowered from 4% during pure ethanol reforming to 1.2% during

85 reforming (Fig. 4). The explanation for this is probably that the
ndothermic decomposition reaction (Eq. (8)) is less favored at the
igher temperature. To study the effects of the gasoline fraction in
he fuel on the long-term stability of the process and catalyst, more
horough experiments are needed. Still, the results presented here
how that E85 has large potential to be used in diesel and gasoline
eformers.

.6. Methanol reforming

The methanol reforming experiments were started by first
reheating the reactor and catalyst bed to about 200 ◦C, then intro-
ucing steam and methanol followed by a stepwise addition of air.
his procedure was used because it was found that the dynamic
esponse of introducing air was very fast and would influence the
alancing of the exothermic oxidation and endothermic reforming
eactions negatively during initiation of the reactants to the reactor.
roblems with large efficiency losses due to complete combustion
hat were observed during reforming of DME and ethanol were not
onsidered important since methanol can be reformed at a lower
emperature, where there is no risk of igniting the fuel.

Initially, temperature increases resulting from oxidation reac-
ions were observed in the mixing zone. However, the temperatures
rior to the catalyst were fluctuating and decreased slightly with
ime. This was explained by insufficient vaporization of methanol
ausing condensation of methanol droplets on the thermocouples.
ince the electrical load (theoretical) was kept constant in all exper-
ments, the volumetric flow of fuel was about twice compared to the
iesel experiments. The spray of fuel may therefore have penetrated
he monolith without being properly mixed with the air/steam

ixture. Furthermore, the heat of vaporization is about five times
igher for methanol than for diesel (Table 1). The temperatures
oth at the catalyst inlet (T1–T3 in Fig. 1) and at the outlet (T7–T9

n Fig. 1) differed in the radial direction, suggesting unsatisfactory
ixing of the reactants as well. The poor fuel vaporization and/or

eactant mixing resulted in a low activity for methanol reforming
ver the catalyst. This was shown by the relatively low hydrogen
electivity obtained (H2 selectivity: 49%; 1.3 mol H2/mol CH3OH).

The temperatures after the catalyst were lower than the catalyst
nlet temperatures indicating endothermic reactions over the cat-
lyst (Fig. 2). A high concentration of CO in the product gas (Fig. 4)
mplies a mechanism where methanol is decomposed into CO and

2 (Eq. (11)). This reaction pathway has been shown to occur pref-
rentially over group VIII metals, such as Rh [34]. Lyubovsky and
oychoudhury [18] suggest that oxidative reforming of methanol
onsists of several overlapping steps: methanol oxidation (Eq. (12)),

ethanol decomposition and water–gas shift (Eq. (13)). CO2 in

he product gas most likely originates from the water–gas shift
eaction, where water reacts with CO to form CO2 and additional
ydrogen but could also be due to methanol steam reforming (Eq.
14)). The reactivity of Rh towards methanol decomposition has
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een shown to be promoted by oxygen adsorption, which can also
xidize the products [35]. Around 4000 ppm of methane was also
bserved in the product gas (Fig. 4).

H3OH → CO + 2H2 �H0
R = 90 kJ mol−1 (11)

H3OH(g) + 1.5O2 → CO2 + 2H2O(g) �H0
R = −677 kJ mol−1 (12)

O + H2O(g) ↔ CO2 + H2 �H0
R = −41 kJ smol−1 (13)

H3OH(g) + H2O(g) → CO2 + 3H2 �H0
R = 49 kJ mol−1 (14)

The present reformer does not seem to be suitable for methanol
eforming in a truck fuel cell auxiliary power unit. Due to diffi-
ulties with vaporization of the fuel, electrical loads up to 5 kW
annot be obtained. The reactor design could presumably be used
ith smaller flows since the autoignition temperature of methanol

s high relative to the reforming temperature. Alternatively, a con-
gured system, with the possibility to preheat the fuel, could
e an option. However, Rh is selective for the decomposition of
ethanol and if a high CO2 selectivity from the reformer is desir-

ble, another catalyst composition should be considered. A 5 kW
ethanol reformer prototype has been developed earlier in our

esearch group, using CuZn-based reforming catalysts [36]. Cu-
ased catalysts, however, are not suitable in multifuel reformers
ue to their poor thermal stability.

. Summary and final remarks

The main purpose of this study was to evaluate the feasibility
f reforming different fuels in a reactor making use of closely inte-
rated prereforming (by means of homogeneous partial oxidation)
nd reforming (catalytic) processes. More specifically, the same
eformer and catalyst composition was used for all fuels. It was
ound that the reformer worked successfully with diesel, gasoline,
nd E85 but less satisfactorily with DME, ethanol, and methanol.
he hydrocarbon fuels need higher temperatures for conversion
ompared to the oxygenated fuels, but can be effectively reformed
nto hydrogen-rich gases in the present reactor without large losses
n efficiency in the mixing section. Oxygenates are generally eas-
er to reform but have lower energy densities, which means larger
ows of fuel are needed. This led to difficulties in the present reac-
or design, where part of the fuel penetrated the monolith without
eing accurately mixed with the air/steam mixture.

Reproducible results could be obtained for all fuels; the hydro-
en selectivities during 100 min on stream are shown in Fig. 5.
he reformer efficiencies amounted to 61% (diesel), 62% (gasoline),
5% (DME), 51% (ethanol), 59% (E85), and 43% (methanol). In the
eformer used in this study, all of the heat needed for the steam
eforming reaction is supplied by oxidation of the fuel in order to
eep the reactions self-sustaining. In a reformer making use of an
xternal heat source, the amount of hydrogen obtainable from the
uel, and hence the reformer efficiency, will be higher. The reform-
ng process needs to be coupled with a cleanup strategy to achieve
ow enough CO concentrations for the PEFC to tolerate. A well-
esigned heat integration of the entire fuel processor will make
he system more efficient. The results are also expected to improve
ith further optimization of the reaction conditions (O2:C, H2O:C,

nd temperature) for each fuel.
This study has shown that commercial fuels can be used to

xperimentally evaluate the adaptability of a specific reactor design

or different fuels, even if all reactants and products from reforming

ixtures of hydrocarbons cannot be identified. The reactor design
resented herein was found to be an excellent basis for an opti-
ized reforming process that can easily be adapted for (at least)

iesel, gasoline, and E85.

[

[

[
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Rh was found to be a suitable catalyst material for use in mul-
ifuel reformers. The catalyst performed well with diesel, gasoline,
thanol, and E85 but was not selective for hydrogen generation by
utothermal reforming of DME and methanol. It will be a prob-
em in a multifuel reformer that the reforming catalyst cannot
e optimized for the complex reaction network in the ATR sys-
em for every fuel, but Rh-based catalysts, even though expensive,
ppear very promising candidates. Local differences in operating
onditions caused by insufficient reactant mixing resulted in large
emperature differences in some experiments. Therefore, the risk
or hot-spot formation in the catalyst monolith will be high and
an result in gradual deactivation of the catalyst over time due to
intering. A closer coupling of the exothermic oxidation reactions
nd the endothermic steam reforming reactions in the monolith
ould be obtained using metallic substrates with higher thermal
onductivity.

The experience gained from the study has resulted in a new,
mproved hydrocarbon fuel reformer design that is currently being
ested. Choosing the right nozzle is considered fundamental; the
ew design includes a nozzle yielding a spray with very fine
roplets (<10 �m) to accelerate vaporization and mixture blend-

ng. The system also allows preheating of the liquid fuel prior to
njection, enhancing the vaporization even further. Numerical sim-
lations have shown that the holes where the air/steam mixture
nters the reformer are positioned too high upstream of the pre-
eforming section, resulting in unfavorable flow profiles. In order
o improve the turbulence, the holes have been repositioned in the
ew design.

A successful diffusion of fuel cell-based APUs into the market
ould advance the development of the fuel cell technology in the
ransport sector. The choice of technology for hydrogen genera-
ion will likely be of large importance in establishing a market.
uel-flexible reformers are regarded as advantageous from several
erspectives and could offer simplicity and robustness to the APU
ystems.
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