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Abstract

A catalytic exhaust-gas reformer is a largely passive reactor, which has to be capable of operating effectively at flow rates and inlet temperatures
determined by the internal combustion engine. In this study, we examine the limited number of design parameters that can allow us to maximise the
engine-reformer system efficiency while improving vehicle emissions. In principle, this balance requires that the endothermic hydrogen-generating
reactions (steam reforming and dry reforming) are promoted at the expense of the exothermic reactions (oxidation, water-gas shift and methanation).
In practice, an oxidation function is necessary for generating heat to drive the endothermic reactions, particularly at low exhaust gas temperatures.
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ater-gas shift and methanation respond to changes in size and aspect ratio of the reformer, but the ideal configuration for suppressin
onsuming reactions does not favour the efficient endothermic reactions at all operating conditions. Our results imply that the optimum e
eformer cannot be achieved through reactor engineering alone, but will require further catalyst design.
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. Introduction

The concept of on-board reforming dates back to the oil
risis of the 1970s, when it was considered as a means of
romoting fuel-efficient lean combustion[1]. More recently, it
as undergone extensive development as a potential hydrogen-
eneration technology for fuel cell powered vehicles[2,3]. How-
ver, since the move toward the use of hydrogen as the primary
uel for mobile fuel cells, on-board reforming is once again
eing targeted mainly at conventional vehicles[4,5]. Among

he most promising technologies is a combination of reform-
ng and exhaust-gas recirculation (referred to asREGR), which
llows the fuel/air feed to the engine to be enriched with refor-
ate (Fig. 1). When REGR is coupled with a diesel engine, the
ost notable effect is the simultaneous reduction in NOx and
articulate release, which is contrary to the expected tradeoff
etween these emissions[6].

Recent results[7] have shown that, in common with autother-
al reforming of hydrocarbons[8], the main reactions during

exhaust-gas reforming of diesel fuel are combustion (Eq.(1)),
steam reforming (Eq.(2)), water-gas shift (Eq.(3)), and some
times dry reforming (Eq.(4)), but as yet there is no conclus
evidence of direct partial oxidation (Eq.(5)) taking place. Th
different reactions can occur consecutively, resulting in dis
tive temperature profiles along the length of the catalyst be[9].

CnH1.88n + 1.47nO2 → nCO2 + 0.94nH2O

∆H = −8903 kJ/mol (1)

CnH1.88n + nH2O → nCO + 1.94nH2

∆H = +2492 kJ/mol (2)

mCO+ mH2O → mCO2 + mH2 ∆H = −41.2 kJ/mol

(3)

CnH1.88n + nCO2 → 2nCO + 0.9nH2

∆H = +2887 kJ/mol (4)

CnH1.88n + nO2 → nCO+ 0.94nH2
∗ Corresponding author. Tel.: +44 121 414 4170; fax: +44 121 414 7484.
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�H = −1237 kJ/mol (5)
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Fig. 1. Major components of REGR system.

Engine tests using different REGR compositions indicate
[10] that it is not always desirable to optimise the hydrogen-
generating reactions, and that the H2 concentration need not be
very high (≤25% at the reformer outlet). In particular, unlike
fuel-processing in fuel cell systems[11], there is not necessarily
an advantage in converting as much CO as possible by reaction
with steam. For example, the water-gas shift reaction increases
the H2 concentration, but it lowers the calorific value of the
reformate. During REGR, the combustion of reformate that con-
tains both CO and H2 gives better overall fuel economy, while
retaining the emission benefits seen by adding hydrogen alone
[10].

In earlier publications we have shown that the steady-state
performance of a reformer is affected by the nature of the
diesel fuel[6,9,12,13], the exhaust gas conditions (dependent
on the engine load)[6,10,12], and the configuration of the cat-
alyst bed[9]. In the present work, we have observed how the
reaction profiles in a monolith reforming catalyst respond to dif-
ferent reactant stoichiometries and space velocities, which are
intended to mimic conditions during use of an REGR system
when the engine is running at part load. The reaction profiles
have allowed us to make correlations between the occurrence
of specific reforming reactions and the overall efficiency of the
reforming process. These correlations highlight the aspects of
reactor and catalyst design that are most critical to the process
of optimising exhaust-gas reforming.
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(AR = length/diameter) of 10. This reactor configuration was of
the type developed for hydrogen generation in fuel cell systems.
Temperature profiles were obtained by slowly withdrawing a fine
thermocouple along the length of a central monolith channel in
the catalyst bed.

The effect of GHSV (the volumetric flow rate of the reactant
feed divided by the external volume of the monolith catalyst) on
the reaction profiles was examined at two different H2O/O2/C
ratios (Table 1). We did this by injecting fuel at two different
feed rates into a synthetic exhaust gas containing a fixed ratio
of air and steam at 290◦C, which mimicked the output from a
diesel engine operating at part load. The injector was positioned
10 cm upstream of the catalyst, allowing the fuel to vaporize and
mix with the synthetic exhaust gas before reaching the front face
of the monolith. The fuel was ultra low sulphur diesel (average
molecular formula: C15H28) with a cetane number of 53.9, which
contained 24.4% aromatics and 46 mg kg−1 sulphur. Analysis
of the product gas-stream included continuous measurement of
carbon dioxide, carbon monoxide (both by non-dispersive IR),
total hydrocarbons (FID) and oxygen (electrochemical method);
the hydrogen and methane concentrations were measured by gas
chromatography. The full test rig has been described in detail in
a previous publication[6].

The theoretical reactor product gas concentrations for each
operating condition were calculated using the STANJAN equi-
librium model (v 3.89, Stanford University). The calculations
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. Experimental

A catalyst with known resistance to carbon formation (n
nal composition: 1% Rh/CeO2-ZrO2 by weight) was prepare
y impregnating 50 g of 50:50 (mol basis) ceria-zirconia pow
ith 30 cm3 of an aqueous solution of rhodium nitrate (cont

ng 0.5 g rhodium). The impregnated powder formed a sl
hich was dried at 120◦C for 8 h, before being calcined
tatic air at 500◦C for 2 h. The catalyst was made into
queous suspension, which was uniformly coated onto ce
onolith substrates with a high cell density (900 cpsi).

ubstrates were cylindrical (dia = 15 mm) with an aspect
ic

ere performed at constant pressure and temperature. Th
erature used was equal to the maximum reaction tempe
easured along the monolith for each test during steady

eforming.
The process efficiencyη was defined as the chemical pow

kW) of the product stream divided by the chemical powe
he diesel fuel in the feed:

(%) = LCVfuel prodṁfuel prod

LCVfuel inṁfuel in
× 100 (6)

here LCVfuel prod and LCVfuel in are the lower calorific va
es of the combustible products (i.e. H2, CO and CH4) and

he diesel fuel, respectively, and ˙mfuel prod and ṁfuel in are the
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Table 1
Test conditions

GHSV (h−1) O/C: 1.88, O2/C: 0.73, H2O/C: 0.42 O/C: 1.43, O2/C: 0.56, H2O/C: 0.31

Pinput (kW) H2Oliquid (ml h−1) Air (l min−1) Fuelliquid (ml h−1) Pinput (kW) H2Oliquid (ml h−1) Air (l min−1) Fuelliquid (ml h−1)

9200 0.27 12 2.3 24 0.35 12 2.3 36
13800 0.44 21 4.3 45 0.58 21 4.3 64
16100 0.54 24 5.3 57 0.71 24 5.3 77
18500 0.63 28 6.3 68 0.83 28 6.3 91

corresponding mass-flow rates. The predicted efficiency was cal-
culated from the equilibrium product composition expected at
the maximum temperature reached in the catalyst bed for each
set of inlet conditions.

The reactor contact time (τ) (Eq. (7)) was calculated as the
ratio of the monolith volume (VMonolith) to the total volumetric
gas flow (̇VGas Flow) at the reactor inlet.

τ = VMonolith

V̇Gas Flow
(7)

This could be sub-divided into specific contact times for different
axial zones in the monolith catalyst.

3. Results and discussion

3.1. Equilibrium models

When the maximum temperature in the catalyst bed is below
400◦C, equilibrium calculations predict that the major products
of exhaust-gas reforming of diesel fuel are going to be CH4 and
CO2 (Fig. 2). As the bed temperature rises, both these products
are expected to decline sharply, while the concentrations of CO
and H2 increase. For an O/C ratio of 1.88, the equilibrium H2
concentration reaches a peak of 19% at 650◦C, before declining
very gradually over the next 650◦ (Fig. 2a). At the lower O/C
ratio of 1.43, a similar pattern is predicted, but the maximum H
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Fig. 2. Equilibrium product distribution predicted for exhaust-gas reforming of
diesel fuel (a) O2/C: 0.56, H2O: 0.31 and O/C: 1.43; (b) O2/C: 0.73, H2O/C:
0.42 and O/C: 1.88. H2 (�), CO (�), CO2 (�), CH4 (�) H2O (×) N2 (+).

est space velocity resulted in the highest outlet temperature. For
a fixed space velocity, lowering the O/C ratio caused a reduction
in the peak height, but it did not have an affect on the outlet
temperature (Fig. 4).

Fig. 3. Reactor temperature profile, at GHSV (h−1): 9200 (+), 13800 (�), 16100
(�), 18500 (�); O/C ratio = 1.88.
2
oncentration is 23% (Fig. 2b).

.2. Temperature profiles

Even during steady-state reforming, the temperature
on-uniform along the length of the catalyst bed. In the
spect-ratio bed (long and thin) used in this study, this gav

o a distinctive and stable profile, in which the temperature
teeply to a peak (close to the inlet face of the bed) before de
ng much more gradually. The onset of this peak was assoc
ith a rapid decline in gas-phase oxygen, indicating tha
iesel fuel was oxidising as soon as it came into contact

he catalyst. Some of the heat was back-radiated, so that th
emperature in the 2 cm preceding the catalyst bed was
00–400◦C higher than the gas-feed temperature (290◦C in our

ests).
The height, width and position of the peak responde

hanges in the gas feed (Fig. 3). With increasing space velo
ty, the maximum temperature rose, and the peak shifted fu
long the catalyst bed. As the post-peak rate of temper
ecline (◦C/cm of bed) was very similar in each case, the h
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Fig. 4. Reactor temperature profile at (a) GHSV = 9200 h−1, (b) GHSV:
18,500 h−1; O/C ratio = 1.43 (�) and 1.88 (�).

The effect of space velocity on the peak height is consistent
with the most exothermic reactions being mass-transfer limited.
Increasing the space velocity improves the transport of reactants
to the active sites on the catalyst surface, resulting in higher rates
of oxidation. The associated exotherm in turn leads to an increase
in the mass transfer coefficient, which is dependent on diffusivity
and gas viscosity, both of which change as a function of tem-
perature[14]. Compared to the typical flat profile for a simple
exothermic reaction in an adiabatic ceramic bed[15], the rela-
tively steep decline in temperature is indicative of a consecutive
endothermic reaction.

The stepwise increase in space velocity from 9200 to
18,500 h−1 corresponded to an overall decrease in contact time
(τ) from 0.38 to 0.21 s. However, the contact time for the gas-
stream in the portion of the catalyst bed above 700◦C (Fig. 5a)
was surprisingly constant (except at the lowest space velocity at
an O/C ratio of 1.43). We had chosen 700◦C as an approximate
boundary temperature between that part of the bed in which
the dominant H2-producing reactions for a rhodium catalyst are
likely to be dry reforming and steam reforming, and the part in

Fig. 6. Measured product distribution (a) O2/C: 0.73, H2O: 0.42 and O/C: 1.88;
(b) O2/C: 0.56, H2O/C: 0.31 and O/C: 1.43. H2 (�), CO (�), CO2 (�), CH4 (�)
and temperature (+).

which we expected water-gas shift to predominate. As the posi-
tion of the temperature peak moved along the bed, the contact
time for the portion below 700◦C decreased as a function of
space velocity (Fig. 5b).

3.3. Product distribution

In general, when oxidation of the fuel was promoted by
increasing the space velocity (i.e. improving the mass transfer),
the increase in size of the temperature peak and its shift along the
catalyst bed were accompanied by higher concentrations of H2
in the product stream (Fig. 6). At first sight this seems consistent
with the output coming closer to equilibrium, as the rate of the
endothermic reforming reactions increase with the rise in bed
temperature. However, the below-equilibrium CO and above-
equilibrium H2 and CO2 concentrations at O/C = 1.88 (Table 2a)
indicate that there is a substantial contribution from the water-

at d
Fig. 5. Contact time (a)τT>700◦C and (b)τT<700◦C
 ifferent GHSV; O/C ratio = 1.88 (�) and 1.43 (�).
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Table 2
Actual and equilibrium concentrations for different GHSV at (a) O/C = 1.88 and (b) O/C = 1.43

GHSV (h−1) Tmax (◦C) Pinput (kW) H2 (%) H2 eq. (%) CO (%) COeq. (%) CO2 (%) CO2 eq. (%) CH4 (%) CH4 eq. (%)

(a) O/C = 1.88
9200 1000 0.27 15.3 14.7 9.9 13.2 10.9 6.6 1.1 0.0

13800 1160 0.44 18.6 14.9 10.6 14.9 10.4 3.7 0.6 0.0
16100 1180 0.54 21.2 15 11.2 15 10.5 3.6 0.2 0.0
18500 1245 0.63 18.7 14.4 12.2 15 9.3 3.6 0.2 0.0

(b) O/C = 1.43
9200 925 0.35 15.9 24.5 14.5 19.8 7.7 1.5 3.2 0.0

13800 1030 0.58 20.0 24.0 14.8 20.4 8.0 1.6 2.3 0.1
16100 1120 0.71 22.0 23.2 15.4 19.5 7.9 1.7 1.2 0.0
18500 1080 0.83 23.1 23.2 18.2 19.4 6.1 1.7 1.1 0.0

Equilibrium values calculated at the maximum temperature reached in the catalyst bed.

gas shift reaction, which takes place in the cooler zone (<700◦C)
of the catalyst bed. Similarly, at O/C = 1.43, the CO concentra-
tions were lower and the CO2 higher than calculated, but now
the H2 did not exceed the equilibrium concentration (Table 2b).
Instead, 1–3.2% CH4 (i.e. 3–9.6% H2-equivalent) was detected
in the product stream, implying that hydrogen-formation was
competing with methanation (CO + 3H2 → CH4 + H2O) in the
cooler zone.

The simple relationship between maximum bed temperature
and H2 concentration only broke down at the highest space
velocity with the higher O/C ratio (Fig. 6a). Under these condi-
tions, with the peak temperature at 1245◦C (2 cm from the inlet
face), the water-gas shift reaction could be constrained either
kinetically by the low contact time in the cooler zone, or ther-
modynamically by the relatively high temperature throughout
the bed (550◦C at the outlet). The kinetic effect seems more
significant, as the product distribution did not come close to that
predicted for equilibrium at the outlet temperature. Although
ceria-supported rhodium is a recognised water-gas shift cata-
lyst under exhaust-gas conditions[16], its optimum activity is
restricted to a narrow range[17] that is limited at low tem-
perature by low turnover frequency, and at high temperature
by the predominance of the more thermodynamically favoured
reverse-shift reaction. From the temperature profiles inFig. 3,
and the deviations from the expected equilibrium concentrations
(Table 2a), we estimate that the optimum water-gas shift range
f
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Fig. 7. Measured efficiency at O/C: 1.88 (�) and O/C: 1.43 (�), and predicted
efficiency at O/C: 1.88 (♦) and O/C: 1.43 (�).

4. Conclusions—reformer design implications

In a monolith reactor containing a rhodium catalyst, exhaust-
gas reforming of diesel fuel takes place mainly through a combi-
nation of oxidation and steam reforming. Although the oxidation
reactions generate an exotherm close to the inlet face, the onset
of the endothermic H2-generating reaction reverses the temper-
ature rise, resulting in a characteristic asymmetric-peak profile
along the length of the reactor. The catalyst has high intrinsic
activity, allowing it to come close to equilibrium in the hot zone,
once any mass transfer limitations have been overcome. In the
cooler zone of the reactor, water-gas shift and CO-methanation
become thermodynamically favoured. The catalyst is active for
both these reactions, but the extent of their contributions is deter-
mined by the position and size of the temperature peak in the
catalyst bed.

Currently, the design criteria for fuel reformers are still
largely set by the requirements of polymer electrolyte fuel cell
systems[18], which need a gas-stream that contains a high
concentration of H2 and virtually no CO. The hydrogen con-
centration has to be as high as possible, because the presence of
any ‘diluent’ impacts on the hydrogen conversion in the fuel cell
[19], while CO has a direct poisoning effect on the anode cat-
alyst[20]. This means that water-gas shift is an integral part of
the fuel-cell reforming process, which is usually coupled with
or our catalyst was 550–700◦C.
The best process efficiency was achieved at the highest

elocity for O/C = 1.43 (Fig. 7). This coincided with the H2 and
O concentrations coming closest to the predicted equilib
alues (Table 2b), and is consistent with the lowest contributi
rom the low-temperature exothermic reactions (water-gas
nd methanation). A similar effect was observed at O/C = 1
here the inefficient CO-consuming reactions were again
ressed as the cooler zone contracted with increasing
elocity. In principle, the greatest benefit to the process
iency would come from dry reforming (Eq.(4)). However, the
hodium catalyst used in this study was surprisingly inac
or this reaction, as can be seen from the CO2 concentrations
hich were consistently higher than the equilibrium values,
fter the contribution from water-gas shift is taken into acc
Table 2).
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a preferential oxidation unit to remove the last traces of CO
[21].

In exhaust-gas reforming, the key requirement is the efficient
on-demand generation of a reformate containing only a relatively
low concentration of H2 (typically ≤20%)[6,12]. For an aver-
age exhaust temperature of 290◦C, the rhodium catalyst used
in this study shows fast lightoff when diesel fuel is injected into
the inlet stream. High reforming efficiency is achieved when
the O/C inlet ratio is kept low and the low-temperature CO-
consuming reactions are minimised. In principle, these slow
and inefficient reactions can be avoided by reducing the length
of the catalyst bed. However, on board a vehicle, an exhaust-
gas reformer will have to function over a vast range of space
velocities, and so the bed will have to be long enough to accom-
modate the axial movement of the high temperature peak. This
means that the process efficiency will always suffer at low
space velocity, where the peak is closest to the inlet face, and
where much of the bed is available for the less efficient exother-
mic reactions. Therefore, the process of optimising exhaust-gas
reforming technology will need to include further design of the
catalyst as well as the reactor. For optimum fuel-economy, the
catalyst should be capable of oxidation, dry reforming and steam
reforming, but should have low activity for water-gas shift and
methanation.
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