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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 kW, 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 y-Al,03; 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
were studied both in the axial and radial direction of the reformer. It was concluded from the experiments
that the reformer design was most suitable for use with hydrocarbon mixtures such as diesel, gasoline,

and E85, where it represents a good basis for an optimized multifuel-reformer design.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells offer an energy efficient and clean technology for
the future transport sector. One of the first market penetration
opportunities for fuel cells is likely to be realized by implemen-
tation in heavy-duty truck auxiliary power units (APUs). APUs
are systems providing electricity to trucks at standstill, operating
independently of the main engine. The hydrogen required for the
fuel cell can be generated by reforming the existing truck fuel.
Among the technologies for reforming of fuels into hydrogen,
autothermal reforming (ATR) is considered to be the most feasible
alternative in automotive applications due to its high thermal
efficiency and dynamics during transient operation as well as its
lower system complexity [1]. The general reaction formula for ATR,
using air as the oxygen source and assuming that the products are
only CO, and Hj, can be expressed as follows:

CuHmOp + X(0; +3.76N3) + (2n — 2x — p)H,0
— nCo, + (2n—2x—p+%) H, + 3.76xN, (1)

Today, no alternative transportation fuel has been agreed on as
generally preferable to others, and it is likely that we are head-
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ing towards an even broader mix of fuels and vehicle propulsion
technologies. In Sweden, the Commission on Oil Independence has
proposed a 40-50% reduction of petroleum-based fuels by 2020
[2]. Still, substantial measures to promote the transition to alter-
native technologies are lacking at the political level. Upcoming
emission legislations worldwide will, however, accelerate the tran-
sition of the transportation-related energy system [3,4]. Regional
differences in fuel supply will then impose requirements on the
trucks and an APU system that can run on several fuels will be a big
advantage. From a manufacturer’s perspective, the development of
one APU package that can fit every type of truck and that can be
the same in the short term as in the phasing over to alternative
fuels, would allow them to effectively keep pace with the growing
demands. These factors stress the need for a fuel-flexible solution.

Optimal reactor design is essential to ensure efficient reforming
resulting in complete fuel conversion, maximum hydrogen selec-
tivity, and low amounts of carbon monoxide [5]. This makes the
development of multifuel reformers challenging. Reforming for
automotive fuel cell systems has been extensively studied dur-
ing the last decades, focusing on single transportation fuels [6].
However, few studies show results for systems with fuel-flexible
capabilities. One example is Renault together with Nuvera, who are
developing an onboard fuel processor that can convert a variety of
fuels into hydrogen for powering of fuel cell vehicles [7,8].

The present paper describes the possibilities of running an
autothermal reformer, designed for a 1-5 kW, fuel cell auxiliary
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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 ~Cy4H26 ~CgHig CH30CH3 C,H50H ~Cy9H770 CH30H
Molecular weight (g mol~!) ~194 ~114 46.1 46.1 ~58.6 32
Boiling point @ 1 bar (°C) 180-3207 25-205 -2438 78.5 40-170 64.6
Vapor pressure @ 38 °C (bar) negl. 0.48-1.08 5.10200°¢) 0.16 0.35-0.70 0.32
Lig. density @ 15°C (kgm—3) 800-820 721-785 666(20°¢) 789 785 791
Rel. density, gaseous (air=1) - - 1.59 - - -
Liq. viscosity @ 25°C (mPas) 2-4 ~0.5 0.12-0.15 11 n.a. 0.54
Heat of vaporization (M]/kg) 0.27 0.30 - 0.84 n.a. 1.1
Lower heating value (M]/kg) 43 44 29 27 29 20
Autoignition temperature (°C) 206P 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
Cetane number min (n-cetane) 50 - 55-68 8 - ~5
Octane number min (research) - 95 - 107 101-104 106

a T95.

b n-Cetane.

power unit, using various transportation fuels. Both logistic fuels
(diesel, gasoline, and E85) and alternative fuel candidates (dimethyl
ether, ethanol, and methanol) have been tested. The fuels and their
properties are outlined in Table 1. The overall aim of the study was
to evaluate the flexibility of the ATR reactor and the capability of the
specific reactor design to operate on various fuels, particularly for
use in PEFC-APU systems up to 5 kWe. The same catalyst composi-
tion, Rh supported on Ce/La-doped y-Al,03, was used for all fuels.
Rh/Al;03 has proven to be an effective catalyst for ATR of hydro-
carbon mixtures, such as diesel and gasoline [13-15], as well as of
ethanol [16,17] and methanol [18].

2. Experimental
2.1. Autothermal reformer

The experiments were performed in a reactor designed to gen-
erate hydrogen by catalytic autothermal reforming for a 1-5 kW,
polymer electrolyte fuel cell. The reformer consists of a stain-
less steel horizontally mounted tubular reactor with a length of
220 mm, 80 mm inner diameter and 2 mm wall thickness, shown
in Fig. 1 as a schematic drawing. The design of the reformer has
been developed to satisfy performance targets such as efficiency,

reliability and durability, and makes use of internal heat exchange
for control of the reaction conditions. The walls of the reactor
were insulated with alumina-silica blanket insulation to minimize
heat losses. The liquid fuels were delivered to the reformer using
an electronically controlled piston pump (0-65cm?3/min, 6.9 bar
maximum pressure, Fluid Metering Inc.) and injected through a
stainless steel spray nozzle generating a hollow-cone spray of fuel
with a spread angle of approximately 70° (0.51 mm diameter, Spray-
ing Systems Co). Following injection, the fuel was vaporized in a
mixture of superheated steam (110°C) and air that had been heated
to a temperature enabling fuel vaporization. This injection sys-
tem was chosen in order to be robust and simple, and without
the need for cooling of the nozzle. Air-assisted nozzles typically
give finer sprays, but can result in the formation of coke on the
tip of the nozzle during reforming [19] and were therefore dis-
carded for use in this system. The air/steam mixture is delivered
through an 8 mm wide mantle around the reactor, enabling indi-
rect heat exchange with the reformer, and enters a non-catalytic
prereforming section through 33 holes, each with 2 mm diameter,
positioned 40 mm upstream of the prereforming section (see Fig. 1).
The size of the holes was chosen to achieve high linear velocity of
the air/steam mixture to improve the turbulence, while avoiding

Air/steam mixture
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Fig. 1. Schematic drawing of the reformer (T#-thermocouple, L-length of reformer).
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too large a pressure drop. The superheating was performed in a sep-
arate unit by means of tubular heating elements. Gases were fed to
the reformer using mass flow controllers (Bronckhorst High-Tech
EL-Flow models). Dimethyl ether, the only gaseous fuel tested, was
added through a tube from the flange at the inlet of the reformer
after removal of the nozzle. The reformer is divided into a mix-
ing/prereforming section and an autothermal reforming section.
The uniform reactant mixture from the prereforming section enters
a monolithic reforming catalyst (78 mm diameter, 100 mm length),
fixed in the second part of the reactor using high-temperature insu-
lation tape (Dalfratex).

The catalysts used in the experiments were prepared in-
house by means of incipient-wetness impregnation of y-Al,03
powder (initial surface area 150 m2/g, Sasol Germany) using aque-
ous solutions of nitrate salts followed by calcination (700°C/3 h)
and dip-coating of the monolith. The monoliths were cut out
from cordierite blocks with a cell density of 400 cells per square
inch, which were acquired from Corning Inc. The catalytically
active material was composed of rhodium (1 wt%), cerium dioxide
(10wt%), and lanthanum oxide (5 wt%). Catalysts for autothermal
reforming need to be active both for steam reforming and partial
oxidation. Further, they have to be mechanically robust during reac-
tion conditions and resistant to coke formation and sulfur in the fuel
(in the case of diesel, E85, and gasoline reforming). It is believed
that the oxygen-binding capacity of Rh/y-Al,03 is improved by
adding oxygen-transporting additives, in this case ceria, thereby
assisting the mechanism of carbon removal from the metal sur-
face [20]. Besides storing and releasing oxygen, ceria is known to
stabilize noble metal dispersion [21] and to promote the activity
of reforming reactions by enhancing the adsorption and dissoci-
ation of water molecules [22]. Lanthanum is commonly used to
stabilize 'y-alumina, thus avoiding transitions to undesired alumina
phases induced by high reaction temperatures [23]. Due to these
effects, ceria and lanthanum were used as dopants for the Rh/y-
Al,03 system to be evaluated in the screening of different fuels for
autothermal reforming. This catalyst composition has previously
been shown to be active and stable during autothermal reforming
of commercial diesel fuel [15].

2.2. Operational considerations

Each fuel tested in the ATR study has its own optimal operat-
ing conditions (O, :C, H,0:C, and temperature). The chosen starting
parameters were either based on earlier experience within the
research group or collected from literature data [15,16,24-26]. The

parameters were chosen with the aim of avoiding coke formation
and minimizing the methane and carbon monoxide concentration
in the product gas. Guidelines for which operating conditions that
will result in the desired conditions can be obtained by means
of thermodynamic calculations. Choosing the right operating con-
ditions is, however, more difficult when using fuels consisting
of complex mixtures of hydrocarbons with varying composition,
such as diesel, E85, and gasoline. Considering the oxygen-to-carbon
ratio, too much oxygen will result in an unstable reaction as well
as loss of efficiency due to total combustion. However, sufficient
oxygen is needed for generation of heat to maintain the steam
reforming reaction. A surplus of steam is advantageous for sup-
pression of carbon monoxide and coke but at the expense of the
cost to superheat a large amount of steam. Considering the volume
and weight of the vaporizer and the condenser recovering water
from the fuel cell, a low steam-to-carbon ratio is favorable. In many
studies, the reforming reactions are controlled by an external heat
supply in order to study the reaction behavior at varying temper-
atures and operating parameters without considering heat losses
from the reactor. In practice, a process more exothermic than pre-
dicted will generally be necessary. The heat integration is unique
for every reactor setup and the operating parameters chosen for the
experiments in this study were adjusted during the experiments to
be able to control the reforming reactions in the present reformer.
In Table 2, the operating parameters for the various fuels are shown.
An amount of fuel was used that theoretically would give an amount
of hydrogen resulting in 3 kW electricity in a PEFC. Due to varying
properties of the different fuels and varying O,:C and H,0:C used,
this resulted in different space velocities over the catalyst.

Experiments were run until stable and reproducible results
were obtained. Each fuel was tested repeatedly during a week.
During shutdown of the reformer, the air was shut off first, followed
by fuel and steam. Air was then flushed through the reformer to
burn off potential coke on the catalyst surface. Coke could then be
detected by increases in temperature after the monolith. An ocular
inspection of the catalyst and the inside of the reactor walls was
also performed after each experiment.

2.3. Collection of data for evaluation

Temperatures were measured using K-type thermocouples,
placed in the mixing section (T1-T6 in Fig. 1) and after the catalyst
(T7-T9 in Fig. 1), and the temperature profiles were collected
in LabVIEW. The reactor effluent product compositions were
studied by gas chromatography (GC), using a Varian CP-3800

Table 2
Operating parameters for the different fuels used in the multifuel study
Fuel used Flow rate (g fuel min—1) 0,:Ch (mol:mol) Al H,0:C (mol:mol) GHSV (h1)

Diesel® Commercial fuelf 12.0 0.40 0.27 2 8700
GasolineP Commercial fuelf 14.4 0.40 0.26 2 10900
Dimethyl Ether® Gerling Holz & Co. 99.9% 204 (1) 0.25 0.17 2 8800
Ethanold Altia Oyj 95% 15.8 0.35 0.24 3 9500

E85 Commercial fuel® 18.6 0.40 0.27 3 12900
Methanol® VWR International 98.5% 22.7 0.20 0.13 1.7 6900

Operating parameters obtained from:
2 Reference [15].
b Reference [24].
¢ Reference [25].
d Reference [16].
¢ Reference [26].
f Swedish Environmental Class 1 (MK1).
& 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.
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Fig. 2. Temperature profiles in the reactor during autothermal reforming of the various

Fig. 1).

and a Varian 3400CX. The CP-3800 is equipped with a thermal
conductivity detector (TCD) and a flame ionization detector (FID)
and two packed columns, a Porapak Q and an MS 5A where
CH30H, CHy, CO, CO,, dimethyl ether (DME), H, N3, and O, can
be quantitatively analyzed. The 3400CX is equipped with two
capillary columns, a VF-1ms and a GS-Q and two FIDs. This GC
was used for detection of the higher molecular-weight hydrocar-
bons in diesel and gasoline, as well as of C;HsOH. The reformate
was passed through a condenser at ca. 10°C prior to the gas
analysis.

2.4. Results analysis

The key criterion in evaluating the various fuels in the present
study was the practical feasibility of the ATR process. By this, it was
meant that the reaction should be self-sustaining and stable and
convert the main part of the fuel into a hydrogen-rich gas. Together
with the temperature profiles, the following equations were used
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fuels, P=3 kW, (L-length of reformer, positions of the thermocouples are shown in

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

F
H, selectivity (%) = — 2t 100 (2)
FHz,max
Fryelin — Fi
Conversion (%) = —uelin — Tfuel.out , 449 (3)
Ffuel,in
- o Fco,
CO,, selectivity parameter (%) = ———=—— x 100 (4)
Fco, +Fco

The hydrogen selectivity (Eq. (2)) was defined as the moles
of hydrogen plus carbon monoxide in the product gas obtained
per mole of fuel divided by the theoretical maximum ratio at the
specific condition (assuming all carbon reacts to CO, ). In the exper-
iments with diesel, gasoline, and E85, the amount of unconverted
hydrocarbons was estimated by means of atomic carbon balances.
Diesel fuel was then assumed to consist solely of C14H,6 and gaso-
line of CgH;g. The CO,/(CO, +CO) product ratio (Eq. (4)) was used
as a parameter to evaluate the selectivity to CO, relative to CO, not
including other carbon-containing components such as CH4 and
unconverted hydrocarbons. The efficiency of the reformer was cal-
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Fig. 3. Comparison of the different fuels in terms of H, selectivity, CO, selectivity,
and conversion during autothermal reforming.

culated according to Eq. (5), where LHV corresponds to the lower
heating values.

(Fu, + Fco)LHVy,
=2 0 % 100 (5)
et Fi fuel LHVfuel

3. Results and discussion

It is essential to emphasize that the main focus of this study
not has been to optimize the reformer performance for each fuel,
but to evaluate the flexibility of the reformer using different fuels.
Even though the commercial hydrocarbon fuels (diesel, gasoline,
and E85) pose difficulties due to their complex composition, the
authors of this paper find importance in experimentally evaluating
the feasibility of reforming real fuels, since those impossibly can be
represented with a single hydrocarbon. In addition, the commercial
fuels contain sulfur and additives for improvement of fuel proper-
ties and combustion engine characteristics, which may affect the
reforming process and catalyst negatively. We would also like to
call attention to the differences in diesel and gasoline composition
in different countries of the world. The Swedish fuels used in this
study contain comparatively low amounts of sulfur and the aromat-
ics content in Swedish diesel is very low compared to diesel fuels
in other countries, which makes the reforming process less com-
plex. It is considered likely though, that the fuel quality in other
countries will approach the Swedish standard in the near future.

Fig. 2 shows representative examples of the reactor temperature
profiles after stabilization of the autothermal reforming reactions
during experiments with the various fuels. The temperature pro-
files were used to indicate what reactions are occurring and to
what extent. The profiles show exotherms in the mixing zone and
whether the resulting reaction enthalpy over the catalyst is nega-
tive or positive. The temperature distribution is evaluated both in
the axial and radial direction (T1-T9 in Fig. 1). In Fig. 3, the fuels are
compared in terms of fuel conversion and selectivity to hydrogen
and carbon dioxide, respectively. Fig. 4 shows typical product gas
compositions obtained and Fig. 5 values of hydrogen selectivities
vs. time on stream during 100 min. In the following paragraphs, the
results are used to discuss the practical potential of each fuel for
use in the current reformer design with the Rh-based catalyst.

3.1. Diesel reforming

In a previous study by the authors, varying operating condi-
tions have been evaluated for the current reformer using Swedish
commercial diesel fuel [15]. The oxygen-to-carbon ratio (0,:C)
was then varied between 0.3 and 0.45, corresponding to A val-

40 — I Diesel M
] I Gasoline
35 Dimethy! ether [

30 E85 §

71 Methanol

Product gas concentration [mol %]
N
e
L

B |

CH,

Fig. 4. Product gas concentrations of Hy, CO,, CO, and CH4 during autothermal
reforming of the various fuels.

ues between 0.2 and 0.3 (A = actual-to-stoichiometric air/fuel ratio).
Maximum performance was obtained at 0,:C=0.4. The steam-to-
carbon (H,0:C) was varied between 2 and 3, without significant
difference in performance and without any observed coke on the
catalyst surface. An apparent issue with a multifuel reformer is
that the design and catalyst composition will not be optimized for
any particular fuel. The reactor and catalyst used in the present
study have initially been designed for use with diesel fuel. In the
mixing/prereforming zone of the reformer, the long-chain hydro-
carbons in diesel fuel are broken down into shorter molecules.
Exothermic low-temperature reactions generate heat to sustain the
reactions and will also facilitate the subsequent catalytic reforming.
With an efficient mixing/prereforming, the risk for coke deposition
on the catalyst surface can be minimized. Mixture preparation by
cool flames is one method of prereforming the fuel [27]. Cool flames
can be attained only in a narrow temperature and pressure interval.
In order to stay in this interval, avoiding the risk of igniting the fuel,
a balancing of the heats of reactions and heat losses is essential.
Regardless of the method of prereforming, cool flames or homo-
geneous partial oxidation, a partial breakdown of the long-chain
hydrocarbons improves the mixing of the reactants by increas-
ing the temperature and the turbulence. As can be seen in Fig. 2,
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
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- @ Gasoline -4~ E85
80 4 A DME

~%-- Methanol

Hydrogen selectivity [%]

20
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Fig. 5. Hydrogen selectivity vs. time for autothermal reforming of the respective
fuels.
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incomplete conversion (96%) suggest unsatisfactory mixing of the
reactants leading to local differences in operating parameters. A
problem is that there are no dedicated components for these sys-
tems, such as nozzles giving a fine spray of fuel at low pressure and
over a wide range of flow rates. The issue of achieving good mixing
of the fuel spray with the air/steam mixture is therefore considered
in need for improvement. The achievable reforming temperature
was limited by the reactor design (such as thermal insulation and
geometry) and it could therefore not be concluded if the incom-
plete conversion was a result of a too low temperature or if it is a
matter of design. Nevertheless, the results show that the current
reformer design is a good starting point in the development of an
optimized reforming process for commercial diesel fuel. The CO,
selectivity parameter was close to 50% and the selectivity to hydro-
gen 70% (21 mol Hy/mol C14Hyg), the highest obtained for all fuels
tested in this study (Fig. 3).

The catalyst composition has initially been chosen for minimiza-
tion of coke and methane formation during autothermal reforming
of diesel fuel. No coke was observed during the experiments, either
during purging with air at shutdown or on the surface of the cat-
alyst after reaction. Trace amounts of carbonaceous material were
found in the condensate from the reactor effluent. Methane con-
centrations were relatively low, typically around 2000 ppm (Fig. 4).
Thermodynamic equilibrium calculations of (CH; ), reforming indi-
cate a methane concentration of 3600 ppm at 650 °C and 1800 ppm
at 675°C.

3.2. Gasoline reforming

The reformer was found to perform satisfactorily using gaso-
line as the fuel. This was not unexpected, since gasoline, like diesel,
is a hydrocarbon mixture that can be effectively prereformed by
means of cool flames or homogeneous partial oxidation without
large losses in efficiency prior to the catalyst [28]. Gasoline con-
tains a high portion of aromatics though, a maximum of 35% in
Swedish MK1 gasoline, in contrast to diesel that mainly consists of
long straight-chain hydrocarbons (50-70% paraffins [9]). Aromat-
ics are more stable during reforming and have a higher tendency to
form coke than do paraffins [24]. Palm et al. [29] have shown that
the addition of aromatics during ATR of paraffins (C;3-Cy5) has a
strong negative impact on the fuel conversion.

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

The CO, selectivity parameter was higher for gasoline compared
to diesel (Fig. 3), despite the higher temperature. This is, however,
in line with values from thermodynamic equilibrium calculations
at 700°C, with calculated ratios of 53 and 41% for CgH1g and (CHj )x,
respectively. The hydrogen selectivity was 70% (13 mol H,/mol
CgHig), comparable to the results obtained during diesel reforming.
The methane concentration was relatively low during the experi-
ments, but higher compared to diesel reforming, between 3000
and 4000 ppm (Fig. 4). No coke was observed during shutdown
or on the catalyst surface. Small amounts of coke were, however,

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

3.3. Dimethyl ether (DME) reforming

The autothermal reforming of dimethyl ether has previously
been tested in a small-scale reactor using Pd-based monolithic
catalysts [25]. It was found that high selectivities to hydrogen
and carbon dioxide could be obtained using PdZn/Al,03 cata-
lysts during autothermal reforming of DME. The optimal operating
parameters for this catalyst were found to be an 0,:C of 0.35
(A=0.23) and a H,0:C of 1.3 or higher at 350-400°C.

In the tests described here, the startup of the reformer was
performed by igniting the air/fuel mixture in the partial oxida-
tion mode, then switching to the autothermal mode. In this way,
the desired reforming temperature could be reached. It was found
that the formerly optimized parameters could not be used in the
present reactor design, because the temperature increase in the
mixing zone could not be controlled due to gas phase reactions. The
parameters were adjusted stepwise and the reaction could be sta-
bilized at an 0;,:C of 0.25 (A =0.17) and a H,0:C of 2. This resulted
in a catalyst inlet temperature of 450°C and a maximum outlet
temperature of 500 °C (Fig. 2). Oxidation reactions were needed to
sustain the reforming reaction over the catalyst but led to losses in
efficiency. It will be difficult to reach very high efficiencies with the
present reactor design using DME, because a reforming tempera-
ture higher than the ignition temperature is needed. The efficiency
loss is also shown by the hydrogen selectivity being less than 50%
(2.4 mol Hy/mol DME).

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

CH30CH3 — CH4 +CO+H,; AHS = —1kJmol™! (6)

Hydrogen not originating from Eq. (6) will most likely be a result
of steam reforming of DME (Eq. (7)). Due to this reaction, as well as
oxidation reactions, a fairly high CO, selectivity parameter of 67%
was achieved. This was the highest value of CO, selectivity obtained
for the different fuels in this study (Fig. 3). However, the conversion
was low, likely a result of the injected fuel penetrating the monolith
before being properly mixed with the air/steam mixture. The molar
flow of DME was considerably larger than the flow of fuel during
gasoline reforming, which means that the mixing will be an issue
if the electrical load is to be kept at 3 kW.

CH30CH3 + 3H,0(g) — 2C0, + 6Hy  AHS = 122kJmol ™! (7)

Coke deposition was observed on the catalyst surface after reac-
tion. The coke was concentrated in the first part of the monolith and
was burnt off in air prior to the following experiment. No decline
in activity resulting from coke deposition could be observed with
time during the experiments.

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

3.4. Ethanol reforming
Ethanol steam reforming is often performed at comparatively

high steam-to-carbon ratios. This is partly due to the high steam-to-
carbon ratio resulting from the fermentation process where ethanol
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is produced. By removing the distillation unit required to produce
pure ethanol, the production process becomes more economical.
In contrast, the cost of heating water in the reformer inlet gas will
increase. High steam-to-carbon ratios are favorable when consid-
ering that ethanol reforming typically produces large amounts of
coke, deactivating the catalyst. This is especially the case when
using Ni catalysts, and can be suppressed by running the process in
excess of steam [31]. In the experiments described herein, no coke
was observed either during purging with air or on the surface of
the Rh catalyst, but was found in the condensate from the reactor
effluent. This feature has been explained by Cavallaro etal. [16] as a
process where the Rh/Al, O3 catalyst surface is automatically regen-
erated by oxygen in the feed, producing CO,. It has been proposed
that coke is produced through the polymerization of ethylene over
Rh/Al, 03 catalysts [16].

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

C2HsO0H(g) — CH4 +CO+Hy  AHS = 50Kk mol ™ (8)
CO + 3Hy — CHg +H0(g) AHS = —205k]mol ™! (9)
CH3CHO(g) — CH4 +CO  AHY = —19kJ mol ™! (10)

Methane formation has been shown to increase at insufficient
Rh loading, which decreases hydrogen yield and leads to deac-
tivation of the catalyst [32]. Efforts were made to identify the
byproducts formed during ethanol reforming. Acetaldehyde, ethy-
lene, ethane, and acetic acid were injected into the GC, but could
not be separated adequately to enable identification of the samples
from the experiments.

Ethanol conversion was not satisfactory, just above 90% (Fig. 3).
This aspect together with the byproducts formed brings us to the
conclusion that this reactor setup is not optimal for ethanol reform-
ing. A higher Rh loading (>1wt%) might be needed to increase
conversion and avoid the formation of byproducts. Nevertheless,
considering the incomplete conversion, fairly high hydrogen selec-
tivity, 57% (2.6 mol Hy/mol C;H50H), was obtained during ethanol
reforming (Fig. 3). A reformer that can perform well with both
hydrocarbon mixtures and ethanol does therefore not seem to be
unattainable.

3.5. E85 reforming

E85 was chosen as a fuel in this study, because it is a commer-
cially available fuel, intended for fuel-flexible vehicles, widely used
in Sweden but becoming more common in the United States as
well [33]. The gasoline content of the fuel (at least 15%) is used
to improve the cold start performance of the vehicles. Hydrogen
generation from ethanol has been thoroughly reported in the lit-
erature, while extensive results from reforming of E85 are lacking.
The reformer performance and catalyst will be affected by the gaso-
line content of the fuel and it is therefore considered important to
experimentally evaluate the feasibility of reforming E85 fuel.

The experiments were initiated at the same operating param-
eters that were used during ethanol reforming, and were then
adjusted stepwise. An oxygen-to-carbon ratio of 0.4 (A =0.27) was
found to be needed to achieve high conversion and a stable tem-
perature profile. The higher thermal load of E85 compared to pure
ethanol resulted in a higher reforming temperature. Consequently,
the conversion of the fuel was higher too (99%). After approxi-
mately 30 min of operation, there was a shift in temperature and
the temperatures in the prereforming zone suddenly increased by
100-150°C. By comparing the gas chromatograms before and after

this rise, it was found that it was the gasoline components in the
fuel, with retention times between 3 and 15 min that started to
be converted (or partially broken down) prior to the monolith.
Interestingly, the temperature profile during E85 reforming closely
reflects the one obtained during gasoline reforming but at a lower
temperature level (see Fig. 2).

The selectivity to CO, was somewhat lower during E85 reform-
ing than for reforming of pure ethanol (Fig. 3). The higher portion
of CO may be a result of the higher temperature required to reform
the gasoline fraction of the fuel. The hydrogen selectivity was also
lower during E85 reforming, 55% (3.6 mol H,/mol fuel), likely due
to a larger part of the fuel being oxidized prior to the catalyst. It
was also found that the methane concentration in the product gas
was lowered from 4% during pure ethanol reforming to 1.2% during
E85 reforming (Fig. 4). The explanation for this is probably that the
endothermic decomposition reaction (Eq. (8)) is less favored at the
higher temperature. To study the effects of the gasoline fraction in
the fuel on the long-term stability of the process and catalyst, more
thorough experiments are needed. Still, the results presented here
show that E85 has large potential to be used in diesel and gasoline
reformers.

3.6. Methanol reforming

The methanol reforming experiments were started by first
preheating the reactor and catalyst bed to about 200 °C, then intro-
ducing steam and methanol followed by a stepwise addition of air.
This procedure was used because it was found that the dynamic
response of introducing air was very fast and would influence the
balancing of the exothermic oxidation and endothermic reforming
reactions negatively during initiation of the reactants to the reactor.
Problems with large efficiency losses due to complete combustion
that were observed during reforming of DME and ethanol were not
considered important since methanol can be reformed at a lower
temperature, where there is no risk of igniting the fuel.

Initially, temperature increases resulting from oxidation reac-
tions were observed in the mixing zone. However, the temperatures
prior to the catalyst were fluctuating and decreased slightly with
time. This was explained by insufficient vaporization of methanol
causing condensation of methanol droplets on the thermocouples.
Since the electrical load (theoretical) was kept constant in all exper-
iments, the volumetric flow of fuel was about twice compared to the
diesel experiments. The spray of fuel may therefore have penetrated
the monolith without being properly mixed with the air/steam
mixture. Furthermore, the heat of vaporization is about five times
higher for methanol than for diesel (Table 1). The temperatures
both at the catalyst inlet (T1-T3 in Fig. 1) and at the outlet (T7-T9
in Fig. 1) differed in the radial direction, suggesting unsatisfactory
mixing of the reactants as well. The poor fuel vaporization and/or
reactant mixing resulted in a low activity for methanol reforming
over the catalyst. This was shown by the relatively low hydrogen
selectivity obtained (H; selectivity: 49%; 1.3 mol H,/mol CH30H).

The temperatures after the catalyst were lower than the catalyst
inlet temperatures indicating endothermic reactions over the cat-
alyst (Fig. 2). A high concentration of CO in the product gas (Fig. 4)
implies a mechanism where methanol is decomposed into CO and
H, (Eq. (11)). This reaction pathway has been shown to occur pref-
erentially over group VIII metals, such as Rh [34]. Lyubovsky and
Roychoudhury [18] suggest that oxidative reforming of methanol
consists of several overlapping steps: methanol oxidation (Eq. (12)),
methanol decomposition and water-gas shift (Eq. (13)). CO, in
the product gas most likely originates from the water—gas shift
reaction, where water reacts with CO to form CO, and additional
hydrogen but could also be due to methanol steam reforming (Eq.
(14)). The reactivity of Rh towards methanol decomposition has
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been shown to be promoted by oxygen adsorption, which can also
oxidize the products [35]. Around 4000 ppm of methane was also
observed in the product gas (Fig. 4).

CH30H — CO+2H, AHY =90k mol ™' (11)
CH30H(g) 4+ 1.50; — CO, 4+ 2H,0(g) AHY = —677kJmol ™" (12)
CO +H,0(g) <> COz +Hy AHS = —41k]smol ™' (13)
CH30H(g) + H,0(g) — COy +3H; AHY = 49k mol ™' (14)

The present reformer does not seem to be suitable for methanol
reforming in a truck fuel cell auxiliary power unit. Due to diffi-
culties with vaporization of the fuel, electrical loads up to 5kW
cannot be obtained. The reactor design could presumably be used
with smaller flows since the autoignition temperature of methanol
is high relative to the reforming temperature. Alternatively, a con-
figured system, with the possibility to preheat the fuel, could
be an option. However, Rh is selective for the decomposition of
methanol and if a high CO, selectivity from the reformer is desir-
able, another catalyst composition should be considered. A 5kW
methanol reformer prototype has been developed earlier in our
research group, using CuZn-based reforming catalysts [36]. Cu-
based catalysts, however, are not suitable in multifuel reformers
due to their poor thermal stability.

4. Summary and final remarks

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

Reproducible results could be obtained for all fuels; the hydro-
gen selectivities during 100 min on stream are shown in Fig. 5.
The reformer efficiencies amounted to 61% (diesel), 62% (gasoline),
45% (DME), 51% (ethanol), 59% (E85), and 43% (methanol). In the
reformer used in this study, all of the heat needed for the steam
reforming reaction is supplied by oxidation of the fuel in order to
keep the reactions self-sustaining. In a reformer making use of an
external heat source, the amount of hydrogen obtainable from the
fuel, and hence the reformer efficiency, will be higher. The reform-
ing process needs to be coupled with a cleanup strategy to achieve
low enough CO concentrations for the PEFC to tolerate. A well-
designed heat integration of the entire fuel processor will make
the system more efficient. The results are also expected to improve
with further optimization of the reaction conditions (0;:C, H,0:C,
and temperature) for each fuel.

This study has shown that commercial fuels can be used to
experimentally evaluate the adaptability of a specific reactor design
for different fuels, even if all reactants and products from reforming
mixtures of hydrocarbons cannot be identified. The reactor design
presented herein was found to be an excellent basis for an opti-
mized reforming process that can easily be adapted for (at least)
diesel, gasoline, and E85.

Rh was found to be a suitable catalyst material for use in mul-
tifuel reformers. The catalyst performed well with diesel, gasoline,
ethanol, and E85 but was not selective for hydrogen generation by
autothermal reforming of DME and methanol. It will be a prob-
lem in a multifuel reformer that the reforming catalyst cannot
be optimized for the complex reaction network in the ATR sys-
tem for every fuel, but Rh-based catalysts, even though expensive,
appear very promising candidates. Local differences in operating
conditions caused by insufficient reactant mixing resulted in large
temperature differences in some experiments. Therefore, the risk
for hot-spot formation in the catalyst monolith will be high and
can result in gradual deactivation of the catalyst over time due to
sintering. A closer coupling of the exothermic oxidation reactions
and the endothermic steam reforming reactions in the monolith
could be obtained using metallic substrates with higher thermal
conductivity.

The experience gained from the study has resulted in a new,
improved hydrocarbon fuel reformer design that is currently being
tested. Choosing the right nozzle is considered fundamental; the
new design includes a nozzle yielding a spray with very fine
droplets (<10 wm) to accelerate vaporization and mixture blend-
ing. The system also allows preheating of the liquid fuel prior to
injection, enhancing the vaporization even further. Numerical sim-
ulations have shown that the holes where the air/steam mixture
enters the reformer are positioned too high upstream of the pre-
reforming section, resulting in unfavorable flow profiles. In order
to improve the turbulence, the holes have been repositioned in the
new design.

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