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bstract

The work described in this paper has been undertaken as part of the design of an integrated system comprising a diesel engine, an exhaust-gas
uel reformer and a NOx aftertreatment unit. The exhaust-gas reformer is used to provide hydrogen-rich reformate to the NOx aftertreatment unit,
ontaining a hydrocarbon-SCR catalyst, in order to improve its NOx reduction activity at low exhaust-gas temperatures. The reformer configuration
nd operating parameters have been examined in order to optimise the performance of the hydrocarbon-SCR catalyst, which is promoted by the
resence of H but inhibited by CO. The length of the catalyst bed inside the reformer is a key factor in determining the extent to which the water-gas
2

hift reaction can contribute to the reforming process, and therefore strongly influences the proportions of CO and H2 in the reformate. However, it
s also necessary for the reactant ratios at the reformer inlet to be controlled in response to changes in the engine operating conditions. In practice,
his means that the rate of fuel addition to the reformer needs to be optimised for different exhaust gas compositions and space velocities.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The potential application of exhaust gas fuel reforming in
nternal combustion (IC) engines has been extensively studied,
nd the features that the reformer and catalyst design need to
ulfil have been documented [1–3]. The technique involves reac-
ion of fuel with engine exhaust gas (i.e. O2, H2O and CO2) in
he presence of a catalyst to produce a gas that mainly con-
ains H2, CO, H2O, CO2 and N2. The reactor inlet feed ratios
O2/C and H2O/C) and the engine exhaust gas temperature are
he main parameters that control the reactor product gas compo-
ition and operating temperature for a given reactor design (e.g.
spect ratio) [2,9]. The latest studies have significantly advanced
eforming technology for automotive applications. For exam-
le, problems associated with start up of either the catalyst or

he overall reformer and with flow control can now be resolved
10–12].
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latinum catalyst

By incorporating a reformer in the EGR (exhaust gas recir-
ulation) loop, the engine can be fed with reformed EGR (this is
eferred to as REGR), which has beneficial effects on both the
ngine performance and emissions [4–8]. The main challenge
or the application of the REGR concept on-board a vehicle is
he control of the reformer reactant flows (i.e. exhaust gas and
uel flows) under transient conditions (road conditions) in order
o consistently provide the engine with optimum reactor product
as.

The addition of hydrogen-rich reformate to aftertreatment
ystems is also beneficial as it has been shown that hydrogen
an improve the performance of catalytic aftertreatment devices
n reducing emissions either directly [13–16] or by increasing
he effectiveness of other agents in reducing emissions [17–20].
owever, the demands made of a reformer in an REGR sys-

em [9] can be quite different from those required for promoting
ftertreatment. As we have reported recently, the hydrocarbon-
CR activity window for a 1%Pt/Al2O3 catalyst is shifted and
lso expanded towards lower inlet gas temperatures when H2 is
dded in the gas feed [21]. However, the beneficial effects of

2 can be seen only when there is a small concentration of CO

200 ppm) in the catalyst feed gas. Increased CO concentrations
ush the catalyst light-off to a higher temperature, where H2
ombustion predominates [22]. Consequently, it is evident that
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Fig. 1. Tested ref

he incorporation of a reformer in the SCR system needs to be
ptimized in a way that the reformate CO content will be min-
mum while the H2 content will be maximum. In addition, the
eformer fuel efficiency will have to be as high as possible. The
eaction that needs to be promoted is water gas shift (WGSR), i.e.
he reaction of CO with the available H2O to produce additional

2 and CO2:

O + H2O → CO2 + H2 (1)

Despite the large number of publications related to fuel
eforming and the effects of H2 on the performance of exhaust-
as aftertreatment processes, there is not enough information
egarding the reformer design requirements for optimum per-
ormance of the aftertreatment systems. In earlier work [21]
e showed that it would not be appropriate to use partial
xidation to supply reformate to a hydrocarbon-SCR reac-
or containing a platinum catalyst, because of the relatively
igh CO/H2 ratio in the reformate. In principle, autothermal

eforming is more appropriate, but additional hardware would
e required for the control of the reactants and for H2 stor-
ge/supply under conditions where the activities of the reformer
nd the hydrocarbon-SCR reactor do not coincide. In REGR,

8
T
l
3

r configurations.

small portion of the exhaust gas can be used as a source of
he O2, H2O and CO2 that reacts with injected fuel to pro-
uce a reformate that has a high H2/CO ratio [21]. The present
tudy provides guidelines for optimisation of the REGR pro-
ess, specifically as a means of supplying hydrogen-rich gas to
platinum hydrocarbon-SCR catalyst, in order to promote its

ow temperature NOx reduction activity.

. Experimental

The experiments were carried out using actual engine exhaust
as from a Lister Petter TR1 diesel engine. The full engine
est rig has been described in detail in previous publications
1,3]. The engine is an air-cooled, single-cylinder, direct injec-
ion diesel engine equipped with a Pump–Line–Nozzle (P–L–N)
njection system. The main engine specifications are: bore
8.4 mm, stroke 101.6 mm, conrod length 165.0 mm, displace-
ent volume 773 cm3, compression ratio 15.5, maximum power
.6 kW at 2500 rpm and maximum torque 39.2 N m at 1800 rpm.
he fuel used was ultra low sulphur diesel (average molecu-

ar formula: C15H28), which contained 24.4% aromatics and
5 mg kg−1 sulphur and had a cetane number of 53.9.
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Table 1
Exhaust gas composition for the two tested engine operating conditions

λ = 4.25 λ = 3.25

O2 (%) 15.81 14.25
H2O (%)a 3.30 4.10
CO2 (%) 3.30 4.30
C
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O (%) 0.016 0.01

a H2O contents are calculated values.

A reforming catalyst with a nominal composition of
%Rh/CeO2-ZrO2 (by weight) was used. It was a Johnson
atthey proprietary formulation designed to promote all the

esired reactions (oxidation, steam reforming, WGSR), while at
he same time inhibiting coke formation. The catalyst was made
nto an aqueous suspension, which was uniformly coated onto
eramic monolith substrates with a high cell density (900 cpsi).

The reforming tests were carried out using three different
onolith configurations shown schematically in Fig. 1. All the
onoliths had a diameter of 15 mm but their lengths were dif-

erent. The monolith configuration shown in Fig. 1c was divided
n two parts. In the first part the exothermic (e.g. combustion of
art of the fuel) and endothermic reactions (e.g. steam and dry
eforming) occurred and there was production of H2 and CO
t temperatures higher than 700 ◦C. The second monolith part
as positioned at a distance of 3 cm downstream of the first part
here the temperature was lower, in the range of 500–700 ◦C,

nd the WGSR was promoted. In all cases, the reformer was
laced in a tubular furnace to mimic the engine exhaust gas
emperature conditions, and temperature profiles were obtained
y slowly withdrawing a fine thermocouple along the length
f a central monolith channel. The reformer fuel injector was
ositioned 10 cm upstream of the catalyst, allowing the fuel to
aporize and mix with the exhaust gas before reaching the front
ace of the monolith.

Analysis of the exhaust gas and the reformer product gas
tream included continuous measurement of carbon dioxide, car-
on monoxide (both by non-dispersive infrared, NDIR), total
ydrocarbons (flame ionization detector, FID), oxygen (elec-
rochemical method) and NOx (chemiluminescence) emissions.

he hydrogen and methane reformate concentrations were mea-
ured by gas chromatography.

In order to optimize the exhaust gas reactor feed ratios (O/C,
2/C and H2O/C) to achieve maximum H2 production for dif-

i

w
i

Fig. 2. Temperature profiles for (a) 3.5 cm
ing Journal 141 (2008) 290–297

erent engine exhaust gas compositions, calculations based on
he exhaust-gas oxygen, water, CO2 and CO contents were
arried out using the STANJAN equilibrium model (v 3.89, Stan-
ord University). The concentrations of the minor exhaust-gas
omponents, such as NOx and unburnt hydrocarbons, were not
ncluded in the equilibrium calculations. Thus, some of the dif-
erences between actual and calculated reformate compositions
an be attributed to the kinetic effects of the minor species. The
alculations were performed at constant pressure and tempera-
ure.

The effects of the O/C ratio on the reaction profiles were
xamined at two different engine operating conditions, i.e. two
ifferent exhaust gas compositions. The engine was operated at
xcess air ratios of λ = 3.25 and λ = 4.25 and the corresponding
xhaust gas compositions are shown in Table 1.

. Results and discussion

.1. Temperature profiles

All the temperature profiles recorded from the diesel fuel
eforming experimental tests using the 3.5 and 8.5 cm long
onoliths (Fig. 1a and b, respectively) at different O/C ratios

or λ = 4.25 are shown in Fig. 2. The temperature rose steeply
nd reached a peak value close to the inlet face of the catalyst
ed before declining much more gradually. The onset of this
eak was associated with a rapid decline in gas phase oxygen,
ndicating that the diesel fuel was oxidising as soon as it came
nto contact with the catalyst. Some of the generated heat was
ack-radiated, so that the gas temperature in the 1 cm preceding
he catalyst bed was often 500–600 ◦C higher than the gas feed
emperature of 300 ◦C.

The height of the temperature peak responded to changes in
he gas feed (O/C ratio). With increasing O/C ratio, the maximum
emperature rose, but it did not have a significant affect on the
utlet temperature. As shown in Fig. 2a the last 1 cm of the
.5 cm long monolith was still at a temperature in the range
f 550–700 ◦C, which is favourable for the promotion of the
GSR. In the case of the 8.5 cm long monolith, more than half of
ts length (approx. 5 cm) was in this temperature range (Fig. 2b).
As it has been reported in an earlier publication, the height,

idth and position of the temperature peak responded to changes
n the gas feed flow rate [9]. With increasing space velocity, the

and (b) 8.5 cm monoliths. λ = 4.25.
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gas shift catalyst under exhaust gas conditions [27]. Its optimum
activity is restricted to a narrow range that is limited at low
temperature by low turnover frequency and at high temperature
by the predominance of the more thermodynamically favoured
Fig. 3. Temperature profiles for (a) 3

aximum temperature increased, the temperature peak shifted
urther downstream the catalyst bed and at the same time the
emperature of the gases leaving the reactor was also increased.

Fig. 3a and b shows the temperature profiles recorded from
he reforming of diesel fuel with an O/C ratio of 2 using the 3.5
nd 8.5 cm monoliths, respectively. The O/C = 2.0 ratio was kept
onstant by adjusting the fuel flow rate for each of the exhaust
as compositions that were obtained at the two different engine
perating conditions of λ = 3.25 and λ = 4.25. For both monolith
onfigurations, the reactor temperatures were lower in the case
here exhaust gas from the engine operating at the higher load

i.e. λ = 3.25) was used. This is due to the higher H2O and lower
2 content of the engine exhaust gas in this case compared to

he lower load operating condition (i.e. λ = 4.25).
In the case of the higher load operation more of the O atoms

aken into account in the calculation of the O/C ratio were O
toms contained in the steam and less in the gas O2 compared to
he low load condition. In order to keep the O/C ratio the same
nder both high and low load engine operating conditions less
uel was required in the case of the higher load compared to
he lower load operation (the exhaust gas flow into the reformer
as kept the same under both operating conditions). The effects
f the engine exhaust gas composition at different engine oper-
ting conditions on the reformer performance and product gas
omposition have been presented and discussed in detail in an
arlier study [5].

.2. Exhaust gas reforming – equilibrium calculations

The main reactions that take place in an exhaust gas reformer
hat contains a precious metal catalyst with composition simi-
ar to the one used in this study are oxidation, steam reforming
SRR), dry reforming (DRR) and water gas shift (WGSR) irre-
pective of the fuel type or the configuration of the catalyst
ed. This was a key outcome from our earlier work [2,9,23]
ut also from more recent work on partial oxidation by Horn
t al. [24–26]. However, because these reactions occur consec-
tively at different stages of the catalyst bed, each providing
ew reactants and conditions downstream, the reaction rates of

ach reaction are affected differently by the monolith configu-
ation (as well as the fuel type) [2]. Although the exothermic
xidation reactions generate heat close to the inlet face of the
onolith, the onset of the endothermic H2-generating reactions

F
e

and (b) 8.5 cm monoliths. O/C = 2.0.

e.g. SRR, DRR) reverses the temperature rise, resulting in a
haracteristic asymmetric-peak profile along the length of the
eactor as shown in Fig. 4 (typical temperature profile based
n the various recorded temperature profiles at different reac-
or conditions). In the cooler zone of the reactor, the WGSR and
O-methanation reaction become thermodynamically favoured.
he catalyst is active for both these reactions, and the extent of

heir contributions can be determined by the position and size
f the temperature peak in the catalyst bed [9].

As mentioned earlier, in the case where an exhaust gas fuel
eformer will be incorporated into the engine exhaust to provide

2-rich gas to the SCR catalyst, an optimisation of the reactant
eed rates will be required for the different engine exhaust gas
ompositions in order to increase H2 production and eliminate
O. The amount of H2O at the inlet of the exhaust gas-reforming

eactor is determined by the engine operating condition (i.e.
ir/fuel ratio). At the reactor inlet (high temperature zone), there
s further H2O production due to the combustion of part of the
eed fuel that is associated with the observed increase of the reac-
or temperature close to the inlet phase of the catalyst. Although
art of the produced steam is used in the endothermic SRR, the
emaining steam is available to be used in the WGSR under
ppropriate catalyst and reactor design conditions.

The ceria-supported rhodium catalyst is a recognised water
ig. 4. Typical monolith temperature profile from the exhaust gas reforming at
ngine exhaust gas temperatures of around 300 ◦C.
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5–8%. However, the maximum theoretical H2 that can be pro-
duced at the outlet of the reactor by promoting the WGSR is the
same for all temperatures (i.e. 600, 700, 800, and 900 ◦C) used
in these calculations.
ig. 5. H2O/CO ratios for different engine operating conditions (different λ) a
right graph).

everse-shift reaction [28]. In earlier studies it has been estimated
hat the optimum water gas shift range of the present catalyst is
50–700 ◦C [9]. For the monolith configuration shown in Fig. 1a,
he promotion of the WGSR to consume the CO will require a
atalyst capable of promoting this reaction at high temperatures.
he catalyst configuration shown in Fig. 1b can promote the
ater-gas shift reaction better since with this configuration there

s a presence of CO and H2O at the part of the catalyst that is
t temperatures below 700 ◦C. The design shown in Fig. 1c is
he most appropriate in terms of promoting the WGSR using the
resent catalyst composition. The second part of the monolith
n this configuration can be positioned in an area where the
emperature will always be in the range of 550–700 ◦C.

In the cases of all the three monolith configurations a H2O/CO
olar ratio higher than 1 (H2O/CO ≥ 1) is theoretically required

n order to achieve consumption of the entire CO at the point
here all the endothermic reactions have already occurred (i.e.

omplete use of diesel fuel) and there is not any further signifi-
ant CO production or H2O consumption (i.e. no further steam
r dry reforming) [2,9]. From the temperature profiles shown in
igs. 2–4 and in agreement with earlier work where the same
atalyst was used [2], this point is located in the area that is
ust downstream of the peak temperature point (approx. 2 cm
ownstream) and has a temperature lower than 700 ◦C. The equi-
ibrium programme is able to predict the product composition at
he peak temperature but not the reactions occurring downstream
f that point [9]. On this basis, the equilibrium program was used
o identify the reactor feed ratios that would provide an H2O/CO
atio of 1 at the peak temperature point. This is the optimum ratio
hat theoretically will result in the full CO consumption due to
he promotion of the WGSR (Eq. (1)) downstream of that point
ith the best reforming process efficiency.
Fig. 5 shows the H2O/CO ratio at the peak temperature point

alculated using the equilibrium programme for different engine
perating conditions (different λ) and O/C ratios (1.8, 2, 2.2,
.5). The maximum reaction temperature did not affect sig-
ificantly the maximum produced H2 and, hence, results are
resented only for the peak temperatures of 800 and 900 ◦C
lthough calculations were also carried out for 600 and 700 ◦C.
As has been shown previously [21], the beneficial effects
f hydrogen in improving the 1%Pt/Al2O3 SCR catalyst per-
ormance in reducing NOx are only seen at engine conditions
here the exhaust gas temperatures are low (<230 ◦C approx.).

F
W

/C ratios. Reformer peak temperatures: T = 800 ◦C (left graph) and T = 900 ◦C

t higher exhaust gas temperatures the presence of H2 has no
eneficial effects on the performance of the 1%Pt/Al2O3 catalyst
s at these conditions the NOx emissions are reduced effectively
hrough the hydrocarbon-SCR process. Thus, the H2 will be
eneficial for the 1%Pt/Al2O3 SCR catalyst at low engine load
peration, i.e. low exhaust gas temperatures and high λ. For
he engine used in this study, the reformer will not be required
o provide reformate to the SCR catalyst at engine operating
onditions with λ lower than approx. 3, where the exhaust gas
emperatures are higher than 250 ◦C.

As indicated in Fig. 5, in order to achieve the optimum
2O/CO molar ratio of 1 at the peak temperature point, an O/C

atio of around 2.2 is required at the fuel reformer inlet inde-
endently of the peak temperature. The use of O/C ratios higher
han 2.2 will result in the reduction of both the H2 production
nd the process efficiency. O/C ratios lower than 2.2 will result in
ncreased H2 production and process efficiency but at the same
ime there will be a considerable CO production. The latter is
ndesirable since, as already mentioned, the beneficial effects
f H2 on the SCR catalyst NOx reduction activity are eliminated
y CO.

Fig. 6 shows the maximum H2 production calculated at dif-
erent temperatures mimicking peak catalyst bed temperatures
or O/C = 2.2. In all cases the H2 production is in the range of
ig. 6. Calculated hydrogen production with and without the contribution of the
GS reaction. O/C = 2.2.
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Fig. 7. Reactor product

.3. Product distribution

The measured and calculated product gas compositions at
he outlet of the three tested reactor configurations (Fig. 1) are
llustrated in Figs. 7 and 8 for different reactant ratios. The three

onolith configurations are indicated in these figures by their
espective lengths of 3.5, 8.5 and 3.5 + 5 cm. The calculated
roduct gas compositions at the peak temperature with and with-
ut including the WGSR are also presented. The results indicated
s ‘Eq.’ were obtained from the equilibrium calculations, while
he results noted as ‘Eq. + WGS’ were obtained from the equi-
ibrium calculations assuming that the whole H2O calculated at
he peak temperature point reacted with CO (WGSR) and addi-
ional H2 and CO2 were produced. This is the maximum H2
hat would be produced with the used feed ratios with optimum
atalyst and reactor design.

The actual reactor product gas composition in the case of
he 3.5 cm long monolith (Fig. 1a) was the closest to the cal-
ulated equilibrium values (‘Eq.’). The below-equilibrium CO

nd above-equilibrium H2 and CO2 concentrations in this case
ndicate that there was a small contribution from the WGSR,
hich took place in the cooler zone (<700 ◦C) of the catalyst
ed. Under these conditions, with the peak temperature of around

h
i
g
o

Fig. 8. Reactor product gas co
mposition for λ = 4.25.

00 ◦C (1 cm downstream of the catalyst inlet face), the WGSR
as constrained either kinetically by the low contact time in the

ooler zone, or thermodynamically by the relatively high tem-
erature throughout the bed (600 ◦C at the outlet). On the other
and, in the case of the longer monolith (Fig. 1b) or the cata-
yst consisting of two parts (Fig. 1c) to promote the WGSR, the
ctual reactor product gas composition was closer to the calcu-
ated maximum H2 production (‘Eq. + WGS’), and there was a
ignificant reduction of the CO content of the reformer product
as.

.4. Further discussion – reformer design implications

The results presented in the previous sections have revealed
he importance of the reforming catalyst configuration as well
s the reactant ratios, when it comes to the optimisation
f the reformate composition required to achieve maximum
ydrocarbon-SCR performance. The implication of these find-
ngs is that apart from the reformer design, the reactant flows will

ave to be optimised for different engine operating conditions,
.e. different exhaust gas compositions. The design of an exhaust
as fuel reformer for dual use, to provide reformate simultane-
usly to an engine and to an aftertreatment system, is a very

mposition for λ = 3.25.
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hallenging task, as the requirements of reformate composition
nd reactor design are quite different.

On-board addition of water in the fuel reformer would
ncrease further the H2 production, but it will be rather impracti-
al for conventional vehicles. However, alternative applications
such as off-road stationary engines), new powertrains (e.g.
C + fuel cell hybrids) and new fuels (e.g. stable hydrocarbon-
ater emulsions) may make it feasible to provide the reformer
ith higher feed-rates of water.
The O2 and H2O contents of the exhaust gas of modern

urbocharged diesel engines do not vary significantly between
ifferent engine load operating conditions or EGR additions as
n the case of natural aspirated engines. For example, in natu-
al aspirated engines the increase of the engine load or use of
GR results in considerable reduction of the O2 availability in

he exhaust. For this reason it will be easier to design a reformer
nd to control the reactants for a turbocharged diesel engine,
ince there is a significantly smaller range of engine exhaust gas
ompositions and conditions to be optimized. Furthermore, the
esign of an optimized fuel reformer for hydrocarbon-SCR is
ikely to reduce the need for post-engine fuel injection in other
mission-control systems, such as particulate filters and NOx

raps.
Finally, it has to be mentioned that although partial oxidation

eformers are often considered for on-board applications due to
heir advantages in terms of quick start-up, fast response and
ompactness, their use for providing reformate to the particular
ydrocarbon-SCR catalyst used in this study may be impractical
ecause of their substantial CO production.

. Conclusions

As part of ongoing research towards the understanding and
evelopment of a diesel engine – exhaust gas fuel reformer –
CR system, an investigation of different reformer configura-

ions and gas feed compositions has been carried out in order to
eet the requirement of supplying the SCR 1%Pt/Al2O3 catalyst
ith a reformate that will promote the catalyst low tempera-

ure NOx reduction. As has been shown in previous work, the
eforming reactor design and operating parameters have to be
uch that the water gas shift reaction is an integral part of the
eforming process. In addition, on-board a vehicle, the exhaust
as reformer will have to function over a vast range of engine
xhaust gas compositions and space velocities.

The present experimental results have shown that the water
as shift reaction can be promoted by:

Design of the reformer so that the intermediate reactants (i.e.
the reactants just after the peak reactor temperature) will be
kept for longer times in contact with the reforming catalyst
cooler zones. This has been achieved by either increasing the

length of the reforming catalyst bed or by dividing it into
two parts. In the latter case, the second catalyst part has been
placed at a location downstream of the first part where the
reactor temperatures are lower (in the range of 500–700 ◦C)
and thus the water gas shift reaction is favoured.

[

ing Journal 141 (2008) 290–297

Optimization of the quantity of the fuel supplied to the
reformer according to the engine exhaust gas flows and com-
positions under different engine operating conditions. The
reactant ratios have to be maintained at optimum values and,
hence, flexible control of the fuel quantities supplied to the
reformer is required.
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