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Diesel Engine Emissions and Their Control
AN OVERVIEW
By Tim Johnson
Corning Environmental Technologies, Corning Incorporated, HP-CB-2-4, Corning, NY 14831, U.S.A.;
E-mail: johnsontv@corning.com

This review covers recent developments in regulations to limit diesel emissions, engine
technology, and remediation of nitrogen oxides (NOx) and particulate matter (PM). The
geographical focus of regulatory development is now the European Union (EU), where
Euro V and Euro VI regulations for light-duty engines have been finalised for implementation
in 2009 and 2014, respectively. The regulations are much more loosely drawn than those for
the U.S., but options exist for adapting European vehicles to the U.S. market. Europe is just
beginning to address heavy-duty regulations for 2013 and beyond. Engine technology is making
very impressive progress, with clean combustion strategies in active development, mainly
for U.S. light-duty application. Work with heavy-duty research engines is more focused on
traditional approaches, and will provide numerous engine/aftertreatment options for complying
with the stringent U.S. 2010 regulations. NOx control is focusing on selective catalytic reduction
(SCR) for diverse applications. Zeolite catalysts will be the mainstay of this technology for
Japan and the U.S., and perhaps even for some Euro V-compliant applications. The emphases
are on low-temperature operation, secondary emissions and system optimisation. Lean NOx
traps (LNTs) are effective up to about 60 to 70% deNOx efficiency, and are being considered
for light-duty applications. There is growing interest in supplementing LNT performance with
integrated SCR, which utilises ammonia generated in the LNT during rich regenerations.
Diesel particulate filter (DPF) technology is at a stage of optimisation and cost reduction.
Very sophisticated management strategies are being utilised, which open up options for the
use of new filter materials and alternative system architectures. Issues with secondary emissions
are emerging and are being addressed.

Light-Duty Regulatory
Developments
Although regulatory initiatives for diesel
tailpipe emissions have already been established
for the foreseeable future in Japan and the U.S.,
the EU is still in the process of finalising the
technical details of the light-duty regulations for
the next 10 years. Concerning carbon dioxide
emissions, the EU and automotive manufacturers came to a voluntary agreement a few years
ago. California finalised similar regulations in
2005, which are currently undergoing judicial
review.
At the time of writing this review, the
European Union had approved the Euro V
(2009) and Euro VI (2014) regulations. Figure 1
shows how the control requirements of the new
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proposed NOx regulations compare with those
in the U.S., not taking into account test cycle differences (within the range 10 to 20%). Also
shown in Figure 1 are the approximate NOx
reductions that would be required in order for
Euro V- and Euro VI-compliant vehicles to be
sold in the U.S. The requirements of the
Japanese 2009 regulations are similar to those of
Euro VI.
It is expected that compliance with the
Euro V NOx regulations will largely be possible
without resort to NOx aftertreatment (1), but
significant NOx controls will be needed if
Euro V-compliant vehicles are to be saleable in
all 50 states of the U.S. It is more likely that
Euro VI-compliant vehicles will be developed in 2009/10, leveraging early incentive
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Fig. 1 Euro V and Euro VI light-duty NOx regulatory limits compared to the U.S.: (a) About 55 to 60% NOx control
will be needed for a Euro V (2009) diesel to hit the U.S. Bin 8 maximum allowable emission (45 states). For Bin 5 (50
states) nominally 85 to 90% NOx control is needed; (b) For Euro VI (2014), the requirement is 65 to 70% additional
NOx reduction

programmes. Some NOx aftertreatment will be
required within that timeframe on the larger
vehicles. Either LNT or SCR will need to be
applied to the lighter vehicles to achieve the 60
to 65% NOx reduction required for sales to all
the states in the U.S. Indeed, some European
manufacturers have announced the introduction
of Bin 5-compliant diesels for the U.S. in this
timeframe using these two NOx control
technologies.
The European Commission is considering
adjusting the PM limit from 5 to 3 mg km–1 to
reflect a new measurement protocol, and is
determining an appropriate number-based PM
emission limit (in number of particles per km).
The technical protocol for this is being developed and is close to approval. Testing and
monitoring of Euro V-compliant vehicles for
particulate number is being considered. German
manufacturers have agreed to use diesel particulate filters on all cars by 2009.
Figure 2 shows how the European market is
faring in terms of carbon dioxide (CO2) emissions (2). In the light of increasing vehicle size
and capacity, and a consumer desire for more
power, the targets were missed for the first time
in 2005, and the trend does not look favourable.
As a result, the European Commission and
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Council of Ministers are formally considering
mandatory CO2 limit values. California’s regulations are mandatory and similar in restriction,
but lag behind the European commitment by
three to four years.
To meet the CO2 targets, Thom (2) showed
that significant effort will be needed concerning
gasoline vehicles heavier than about 1000 kg and
on diesel vehicles heavier than about 1500 kg.
Apart from the CO2 targets, there are market
and political pressures on the auto companies to
improve fuel economy. The combination of
more stringent tailpipe emission regulations and
necessary improvements in fuel economy is
driving significant technological progress in
the industry.

Heavy-Duty Regulatory
Developments
On the heavy-duty front, the picture is similar. Japan and the U.S. have finalised their
regulations for the next five to ten years, but
Europe is just beginning the process. In that
regard, the European Commission recently
asked key stakeholders to comment on six regulatory scenarios for the Euro VI standard in the
timeframe 2012 to 2014, ranging from no or
minor tightening from Euro V to full adoption

24

240
Petrol + Diesel (ACEA)

230

Petrol (ACEA)

220

CO2 emission, g km–1

210

Diesel (ACEA)

KAMA average

JAMA

JAMA average

KAMA

200
190
180
Target corridor

170
160

Target value
150
140

EU Commission
target

Petrol + Diesel (ACEA)

130
120
1996

1998

2000

2002

2004
Year

2006

2008

2010

2012

Fig. 2 Progress towards meeting the EU voluntary CO2 limits (2). ACEA = European Automobile Manufacturers
Association; JAMA = Japan Automobile Manufacturers Association; KAMA = Korea Automobile Manufacturers
Association (Courtesy of DaimlerChrysler)

of U.S. 2010-type regulations with nominal limits of 0.20 g kWh–1 NOx and 0.010 g kWh–1 PM.
For reference, the U.S. 2010 limits will be at 0.26
g kWh–1 NOx and 0.013 g kWh–1 PM, and the
Japanese 2009 limits are 0.7 g kWh–1 NOx and
0.010 g kWh–1 PM. However, each has a different transient test cycle from Europe. To help
address that disparity, the European
Commission adopted a new World Harmonised
Transient Cycle (WHTC), one that uses a higher
load and speed than the Japanese cycle, but a
speed only slightly lower than for the current
European Transient Cycle. Also under serious
consideration are a number-based particulate
standard and a heavier in-use compliance measure. The Commission aims to have a formal
proposal ready for the Parliament by early 2008.

Light-Duty Engine Developments
Regulatory, market, and fuel economy
requirements are making great demands on
diesel engine technology. Further, advanced
gasoline concepts and hybrid electric vehicles
are exerting competitive technology pressures.
Diesel engine developers are responding by
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using advanced fuel injection technologies,
exhaust gas recirculation (EGR) control,
advanced and two-stage turbocharging, variable
valve actuation, closed-loop combustion control, and advanced model-based control.
Advanced diesel engines (3) are now approaching a specific power output of 70 kW l–1 and a
brake mean effective pressure (BMEP) of 24
bar. Some of these developments are allowing
diesel engines to approach Euro VI-compliant
engine-out emissions levels (4, 5).
More sophisticated engine technologies
could lead to the adoption of economical lightduty diesels in the U.S. The fundamental
characteristics of these – the ‘advanced combustion, mixed mode’ engines – are illustrated in
Figure 3 (6, 7).
In early injection strategies, much of the fuel
charge is mixed with gas before ignition. This
helps to avoid the conditions for soot formation. The NOx formation regime is avoided with
high levels of EGR that keep the flame cooler.
With late injection strategies, the charge is
mixed and simultaneously burned using, for
example, high swirl. The combination of good
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mixing and high EGR helps the charge avoid
soot and NOx formation regimes.
Managing these strategies becomes very difficult as the amount of charge increases.
Therefore, they are limited today to the lowerleft-hand quadrant of the engine’s load-speed
characteristic, up to perhaps 30 to 50% load and
perhaps 50% speed. Traditional diesel combustion strategies will still be used at higher load,
hence the term ‘mixed mode’. Low-load
advanced combustion operation might be sufficient, as most of the points of the certification
test cycle fall within this region. This minimises
the amount of NOx aftertreatment that might be
required to meet the regulation, and probably
results in cost savings. Indeed, some authors are
projecting that, for a properly designed vehicle,
it might be possible to meet the U.S. 50-state
NOx requirements with no NOx aftertreatment
by the end of the decade (4). Even so, some
NOx treatment will still be used to prevent ‘offcycle’ emissions.

Heavy-Duty Engine Developments
Heavy-duty (HD) diesel engine developments
are primarily aimed at improved fuel economy,
reliability, cost and durability. As such, advances
tend to be conservative and incremental. The
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2600

3000

U.S. 2004 regulations were generally addressed
using advanced EGR and turbocharging measures. U.S. 2007 and Japanese 2005 technologies
added diesel particulate filters, whereas Euro IV
(2005) and now Euro V (2008) regulations are
largely addressed by using more conventional
engine technologies and SCR.
Moving on to Japanese 2009 and U.S. 2010
requirements, incremental advances on the earlier compliant technologies will be seen.
However, as with light-duty engines, advanced
combustion strategies may emerge to address
low-load emissions issues. Because most of the
fuel in heavy-duty applications is spent under
higher load regimes, engine researchers are
focusing more on traditional diesel combustion
hardware and strategies, and they are making significant progress.
Figure 4 summarises results for high-load
emissions from research engines (8–12) with
respect to the U.S. 2010 Not-to-Exceed (NTE)
in-use emissions limits. U.S. NTE is the most
difficult standard to meet under high load conditions in many applications. Figure 4 illustrates
the range of possibilities for HD engines using
‘cutting edge’ hardware and control under
laboratory conditions. These results are cited as
representing the best results that technology
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might deliver in the next five years. With 75 to
80% NOx control from SCR systems under high
load conditions, allowable engine-out NOx
emissions of 1.6 to 2.0 g kWh–1 (without engineering margin) are commensurate with PM
emissions at about 0.025 to 0.050 g kWh–1, placing PM NTE requirements well within the
capability of filters.
In the U.S., 2007 engines were required to
meet NOx NTE limits of about 2.3 g kWh–1.
Without improvements, these engines need
about 85% NOx control to meet the U.S. 2010
NTE requirements. With 90% efficient filters,
meeting NTE PM limits is not a problem. A typical 2007 high load point would be well off the
graph in Figure 4. It is reasonable to believe that
actual 2010 engines may incorporate nominal
20% incremental improvements in engine-out
NOx abatement relative to 2007 technology.

NOx Control Technologies
SCR is emerging as a key NOx control strategy for both light-duty and heavy-duty
applications. It was first commercially available
in 2005 for European and Japanese HD applications. The high NOx removal efficiency and
robust performance of SCR allow fuel sensitive
applications to be run at maximum efficiency
(high engine-out NOx, low PM).
SCR is expected to be used in many 2010
U.S. HD applications. In addition, several lightduty Tier 2 Bin 5 (50-state) applications have
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been announced. For successful application of
SCR in the U.S., the Environmental Protection
Agency (EPA) requires a plentiful, readily available supply of urea, and that vehicle drivers keep
urea on board. The key stakeholders in the
industry and the EPA developed a framework
that is incorporated in EPA guidelines (13).
On the light-duty side, the urea strategy
(‘Bluetec II’) proposed by DaimlerChrysler (now
Daimler) and licensed to Volkswagen and BMW
requires that enough urea be kept on board to
allow for filling at lubrication oil changes. This is
perhaps up to 28 litres, assuming a 2% consumption rate relative to fuel for an 11,000 mile
(17,600 km) range, according to Jackson et al.
(14). The authors estimate that about half of
U.S. drivers would utilise lubrication shops for
this service. They also anticipate that 5- to 18litre bottles of urea will also be available at
fuelling stations and retail outlets at a cost of
U.S.$5.30 to U.S.$4.30 per litre, respectively.
On the heavy-duty side, a 1% urea consumption rate is expected. A 75-litre tank might last
13,000 to 17,000 miles (21,000 to 27,000 km) for
Class 8 and Class 6-7 vehicles respectively. The
Class 8 vehicles would need one urea fill
between major services (i.e. lubrication oil
changes), whereas the smaller classes will not.
Approximately 5000 truck stops pump about
half the on-road fuel. These vendors would use
3000- to 15,000-litre urea stillages in the early
years, until urea demand reaches about 9500
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litres per month. After that point, underground
tanks become more economic.
European SCR catalysts are based on vanadia,
whereas those in Japan are zeolite-based. Given
that zeolites have better high-temperature durability, and that the SCR will be receiving very hot
gas from the upstream filter system during
regenerations, zeolites are expected also to be
used in the U.S. As Figure 5 shows, the new zeolite formulations perform better at the extreme
temperatures and are less sensitive to non-ideal
NO2/NOx ratios (15).
SCR work is now being directed toward
improving low-temperature performance via
more accurate NO2/NOx control (a 50% ratio
provides the fastest reduction reaction), minimising secondary emissions, and improving
on-board urea delivery systems. Given improv-

ing catalyst and system performance, low-temperature SCR systems are becoming viable at
urea decomposition temperatures. If urea can be
thermally decomposed, for example with a
bypass heater, system efficiency can be
improved from 75 to 95% (16). Slip catalysts are
generally thought to remove most of the secondary emissions from SCR systems, such as
ammonia, isocyanic acid (originating from
incomplete urea decomposition), nitrous oxide
and nitrohydrocarbons (17). New slip catalysts
are emerging that will convert ammonia all the
way to nitrogen, and will probably abate hydrocarbon-based emissions as well (18). On-board
urea systems are now largely of the airless
type (19, 20). Modelling of the urea-exhaust wall
interaction demonstrates enhanced mass and
heat transfer for better urea distribution when
Fig. 5 Performance of
zeolite selective catalytic
reduction (SCR) catalysts
(‘Catalyst A’ and ‘Catalyst
B’) relative to a standard
wash coated vanadia
catalyst (V-SCR). Zeolites
exhibit:
(a) better low temperature
and high temperature
performance; and
(b) less sensitivity to NO2
inlet levels (15)
(Temperature = 200ºC)
(Courtesy of Johnson
Matthey)
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to about 60 to 70% NOx efficiency in ‘realworld’ light-duty systems (28), as shown in
Figure 6. This is sufficient to bring a Euro Vcompliant engine to Bin 8 compliance, or a Euro
VI-compliant engine to Bin 5 compliance, as
shown in Figure 1.
100
NOx conversion, %

the spray is impinged on the pipe; however, thin
films can form if the pipe temperature is less
than about 280ºC (21). There is also much interest in urea systems affording a higher capacity
by employing solid urea or magnesium chloride
(MgCl2) as the storage medium. Solid urea lasts
more than twice as long as liquid urea for a given
volume, but needs to be heated to about 180 to
200ºC in the presence of water vapour to
decompose to ammonia (22). MgCl 2 stores
ammonia, and cartridges can readily be handled,
replaced, recharged and recycled (23). It also has
three times the volume-specific ammonia capacity and half the weight of Adblue ®.
Theoretically, a 28-litre tank will last 150,000
miles (240,000 km) of testing under the Federal
Test Procedure (FTP) when abating the emission from a Bin 8-compliant light-duty engine to
a Bin 5 tailpipe limit.
SCR is not always the preferred NOx abatement technology. Some vehicle manufacturers
consider that their customers will resist ureaSCR if other options exist. Also, mainly because
of the relatively fixed cost of an on-board urea
system, small LNTs are cheaper for engines of
less than about 2.0 to 2.5 litres capacity (24).
Finally, since mixed-mode engines greatly
reduce low-load NOx, allowing LNT deployment to focus on NOx entering at temperatures
greater than about 300ºC, about 70% of the
platinum group metals (pgms) might be
removed (25). This could make LNT more economically attractive than SCR for cars with
engines of up to 5 or 6 litres capacity (24, 26).
The durability of LNTs under sulfur contamination has always been a major problem. The
sulfur is removed by passing a rich, hot stream
(700ºC) for a total of about 10 minutes every
3000 to 6000 miles (5000 to 10,000 km).
Although earlier LNTs lost perhaps 50% of
their capacity over 15 to 20 desulfation cycles,
newer versions now lose only about 25% of the
fresh NOx capacity. Further, in the past it was
difficult to control desulfation temperature to
within 700 to 800ºC. Newer control strategies
now allow this degree of control (27), and perhaps even better. Given this, LNTs are effective
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Fig. 6 NOx performance curves for heavily-aged
potassium- and barium-based lean NOx traps (LNTs).
U.S. Federal Test Procedure (FTP) efficiency is 63%.
Swept volume ratio (SVR) = 0.94; 3.9 g l–1 pgm loading
(28) (Courtesy of SAE and Umicore)

For the medium- and heavy-duty applications, high-temperature LNT formulations are
being developed to address the challenge of
meeting the difficult high-load requirements of
the U.S. NTE regulation (29). As LNTs need a
periodically rich stream to regenerate NOx and
to desulfate, minimising the amount of rich gas
used in the LNT saves fuel and helps control. As
such, bypassing most of the lean exhaust past
the LNT (29) or into an adjacent LNT system
(30) can deliver good NOx reductions at reasonable fuel penalties – 75 to 80% efficiency at full
load, at 1.2 to 2.0% fuel penalty, with an LNT
sized at 1.4 times the swept volume of the
engine (swept volume ratio (SVR)). These
results, however, do not reflect deterioration
due to significant ageing.
Finally, there has been much recent interest
in combining LNTs with SCR. In this case, a
downstream SCR catalyst stores ammonia that is
generated in the LNT during rich operation. The
ammonia can react with slipped rich NOx or
lean NOx, increasing system efficiency, or
decreasing pgm loading, and hence cost at constant efficiency. A recent variant of this method
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employs a NOx adsorber/SCR double layer configuration (31). Figure 7 shows the concept. The
system exhibits excellent low-temperature NOx
conversion in the 200ºC range, but poor hightemperature conversion over 350ºC. Another
feature is that desulfation occurs at 500ºC, as
compared with 700 to 750ºC for conventional
LNT systems.

to catalyse the filter instead of using FBC, and in
the latest variant the DOC function is incorporated into the filter (33). For medium-duty
applications, approaches are similar to those for
light duty, but for the larger engines in the U.S.,
auxiliary injectors or burners are deployed in the
exhaust to impart DPF regeneration. Concerns
in this regard are oil dilution by fuel from late
injections, and the desire to decouple DPF
injection events from engine management
requirements.
DPF management is becoming quite sophisticated. A platinum-catalysed filter system will
‘passively’ regenerate from the reaction of NO2
with carbon under medium- and high-load conditions (34). Passive regeneration is limited by
temperature and by NOx:C ratios. Successful
long-term passive operation of filter systems
(35) has been achieved with exhaust gas temperature profiles of 40% > 210ºC and NOx:soot
ratios less than 15. In extended operating conditions under which passive regeneration is not
enough to keep the filter clean, ‘active’ regeneration is needed. Zink et al. (36) reviewed the
approaches in the European light-duty sector,
and identified common features:
– Estimation of DPF soot loading using engine
and back pressure models, and fuel consumption;
– Preheating the system to ensure that injected

Particulate Matter Control
Technologies
Platinum-based diesel particulate filters
(DPFs) are now as integral to the diesel engine
as fuel injectors. Within a couple of years, virtually all new diesel cars in Europe, the U.S. and
Japan will deploy DPFs. They have a high penetration in new Japanese trucks, and all new U.S.
truck engines have used them since January
2007.
Peugeot opened up this field with the
announcement of their system in April 1999, and
a subsequent literature report (32). The system
comprised a flexible common rail fuel injection
system, enabling late or post injections of hydrocarbons into a platinum-based diesel oxidation
catalyst (DOC) for burning to start DPF regeneration, a cerium-based fuel-borne catalyst
(FBC) to help burn the soot, and an uncatalysed
silicon carbide (SiC) DPF. In subsequent development, other automotive manufacturers chose

Lean (NOx adsorption)
NOx, O2

Rich (NH3 production
& adsorption)
Reductant (CO, H2)
NH3 o NH3(ad.)

(Top)
(Bottom)

Lean (NH3-SCR, NOx
adsorption)
NOx, O2 4NH3(ad.) + 2NOx +
(3 – x)O2 o 3N2 + 6H2O

Solid acid
NH3
Pt/OSC

NO o NO(ad.)
2NO + O2 o 2NO2(ad.)

CO + H2O o H2 + CO2
3H2 + 2NOx(ad.) o 2NH3 + xO2

NO o NO(ad.)
2NO + O2 o 2NO2(ad.)

Fig. 7 In the NOx adsorber/selective catalytic reduction (SCR) combination double layer system, lean NOx is adsorbed
on a ceria material. During rich operation some of the NOx is converted to ammonia which is stored and used during
lean operation on an upper platinum SCR catalyst (31) (Courtesy of ika and VKA Aachen Kolloquium; and Honda);
OSC = oxygen storage capacity; ad. = adsorbed
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hydrocarbons can ignite and heat up the
filter;
– Increase of exhaust hydrocarbon levels via incylinder or supplemental fuel injection, for
burning on a catalyst;
– Control and monitoring of the regeneration
as a function of operating point and conditions;
– Recalculation of pertinent models to take
account of ash build-up.
Soot loading models have been in development for many years. Although contemporary
pressure-drop models take account of filter and
catalyst architecture, ash loading, PM characteristics, and completeness and nature of
regeneration, they still generally serve as supplementary
algorithms
to
soot
loading
determinations based on engine operating
conditions.
If active regeneration is required, a catalyst
temperature in the range of 220 to 250ºC is necessary to burn injected hydrocarbons,
sometimes calling for active system heat-up
strategies. Common approaches are air intake
and/or exhaust throttling, as well as appropriate
late injection of fuel (37). These measures enable
heat-up at ambient temperatures of –10ºC with,
in a medium-duty vehicle application, an average
speed of 14 km h–1. The use of increased
electrical loads on the engine has also been
described (38).
Once hot, fuel injection strategies will

depend on operating conditions (34, 38); see
Figure 8. To prevent lubricating oil ash from
sintering to itself, and to protect the DPF catalyst, soot burning exotherms need to be
controlled within suitable maxima. Some parameters required for achieving this are filter
thermal mass and catalyst loading, exhaust temperature and flow rate, and soot loading and
characteristics. Craig et al. (39) provide an excellent example of how, under worst-case
‘drop-to-idle’ (DTI) conditions (start soot combustion at high temperature and flow, and then
drop to idle), maximum exothermic temperatures vary with soot load, and gas temperature
and flow rate using cordierite filters. Karkkainen
et al. (40) show how this information can be
incorporated into a safe regeneration strategy, in
which exhaust temperature is gradually
increased from 550 to 600ºC as soot burns, and
if the engine drops to idle, engine speed is
increased to remove heat from the filter.
Additionally, managing oxygen through EGR
control is being proposed (1).
An example of the level of sophistication of
DPF soot loading models is offered by
Muramatsu et al. (41). They found that the primary soot combustion characteristics, namely
ignition temperature and oxidation rate, depend
on how the soot was generated. They quantified
these parameters and incorporated them into
their control and monitoring model, part of
which is illustrated in Figure 9.
Fig. 8 Different fuel injection
and throttling strategies are
used to initiate and control
diesel particulate filter (DPF)
regeneration (38) (The inset
boxes show the general fuel
injection pattern (fuel quantity
as a function of crank angle.)
The colours represent the
regimes on the engine map
where these injection patterns
are operative. The dotted lined
box represents the operating
regime within which intake
throttling is used to increase
exhaust temperature.)
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Advances in material science are likewise
facilitating developments in filter materials. For
light-duty applications, SiC filters have been the
standard. However, aluminium titanate (AT) (33)
filters are now in series production, and, aided
by better engine controls, the industry is beginning to move to the deployment of advanced
cordierite (42) filters. Cordierite is the preferred
filter material for heavy-duty applications.
The properties of the new AT filters are
impressive in comparison with SiC materials.

1 g l–1 min–1
Specific particulate
accumulation, g l–1

Boundary

The low thermal expansion and high strength of
AT mean that filter integrity is maintained without pasting smaller segments together to relieve
thermal shock in a larger filter. No cracks in the
filter material were observed even after a long
run of severe regeneration cycles (with
exotherms to 1150ºC) (33). Further, tight control of pore size reduces back pressure for
catalysed AT filters with soot, as shown in
Figure 10.
Filter designers are also using cell geometry

Normal combustion
Abnormal combustion

2 g–1 l–1
Same PM
combustion rate
constant

500

550

600
650
700
Inlet temperature, ºC

750

Fig. 9 Relationship between
filter soot load and exhaust
temperature to impart a normal
regeneration event. The
boundary changes depend on
soot characteristics (41)
(Courtesy of SAE)
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Fig. 10 Soot-loaded catalysed advanced aluminium titanate (AT) filters have 30% lower back pressure than
comparable SiC filters (33) (Courtesy of Technical University Dresden and Volkswagen AG)
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creatively to increase ash storage capacity. By
increasing the size of the inlet cell relative to
that of the exit cell, ash loading can increase by
50% while maintaining the same back pressure
for soot-loaded filters; this is illustrated in
Figure 11 (43).
Filter catalyst technology is advancing
impressively. Recent reports show that pgm
loadings may be reduced and performance
improved if the DOC function is incorporated
into the filter via new coating methods. Filter
regeneration is more complete as compared
with systems with a separate DOC or FBC
(44). In addition, hydrocarbon and CO reductions are comparable to those with DOC
systems, and NO 2 emissions are reduced (45).
As filter technology evolves and expands,
more attention is being paid to secondary
emissions. In some European cities, ambient
NO 2 levels are increasing despite reduced or
constant total NOx levels. Much of this
increase is attributable to the large numbers of
light-duty diesels that utilise DOCs (46), but
some evidence suggests that catalysed filter
systems are also contributors (47). Indeed, by
2009 California will require that diesel retrofit

systems emit no more than 25% of the NOx as
NO 2. In that regard, Goersmann et al. (48)
demonstrated a new system (Figure 12) that
abates more than 95% of the NO 2 emissions
coming from catalysed DPFs.
Aerosol nanoparticles are another form
of secondary emission under discussion.
Epidemiological studies have correlated adverse health effects to particulate mass, and
some physiological evidence suggests that
solid ultrafines can cause biological effects. In
this regard, filter systems remove over 90% of
PM mass and over 99.9% of carbon and other
solid ultrafine particles. Some operating conditions (mainly high load and/or low ambient
temperature) may increase the emission of
aerosol nanoparticles in the < 30 nm size
range from catalysed filter systems (49).
Although the nanoparticles are almost all sulfates, the use of ultra-low sulfur fuel and low
sulfur lubricating oil has only a minimal effect.
However, when a sulfur trap is applied after
the catalysed DPF system (50), the concentration of aerosol ultrafine particles drops below
ambient levels (49). Figure 13 shows some
results.
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Back pressure, 'p, kPa at room
temperature and 25 m3 h–1

8
Std
ACT
6
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5 g l–1 soot

4
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2

0 g l–1 soot
0
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40
Ash load, g l–1

50
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60
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Fig. 11 Asymmetric cell technology (ACT), wherein inlet diesel particulate filter (DPF) cells are larger
than exit cells, can give 50% more ash capacity while maintaining back pressure (43) (Courtesy of ika
and VKA Aachen Kolloquium; and Corning Incorporated)
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[C] + 2NO2 o CO2 + 2NO
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CO + ½O2 o CO2
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Fig. 12 A new NO2 remediation system reduces 95% of the NO2 emissions from catalysed filter
systems (48) (Courtesy of Technical University Dresden and Johnson Matthey)
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Fig. 13 Sulfur-based aerosol ultrafine particulates can be generated in catalysed
filter systems. Sulfur traps reduce these emissions to below ambient levels (49). (CRDPF = continuously regenerating diesel particulate filter) (Courtesy of SAE and
University of Minnesota)

Integrated NOx/Particulate
Matter Systems
The first integrated NOx and PM systems are
expected to enter service in 2008 in the U.S.
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light-duty market and in 2009 in the Japanese
heavy-duty market, formally three months ahead
of the U.S. 2010 heavy-duty market.
It is greatly preferable to position the NOx
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system after the filter system to allow as much
passive NO2-based regeneration of the filter as
possible. Using only active regenerations for the
filter can result in a net fuel penalty of up to 3%,
depending on the drive cycle. However, for
chassis-certified light-duty applications, fast
light-off of the NOx system is critical, so locating the NOx system in front is being considered
for those applications (51). For most heavy-duty
applications, in which passive filter regenerations dominate and low fuel consumption is
critical, NOx systems are located behind the
filter.
Management of integrated NOx/PM systems
presents a unique set of challenges and synergies. For LNT-based systems, there are
synergies, such as coordinating desulfation with
active DPF regenerations, and utilising the periodic rich LNT regenerations to burn soot on
catalysed DPFs that contain oxygen storage
washcoats. For both SCR and LNT systems, the
upstream DPF may provide NO2 to facilitate the
deNOx reactions. On the liability side, active
DPF regeneration could send hot gas into the
NOx system, raising durability concerns. Also,
management of the fuel injection for DPF or
LNT management and urea injection steps is
more difficult.
Moving into the future, we expect to see
innovative component and system integration,
with plenty of choice between engine, DOC, filter and deNOx options.

Recommendations for Future
Work
As the automotive industry progresses with
advanced combustion mixed-mode engines,
especially in the light-duty sector, cold-start
hydrocarbon and CO emissions in advanced
mode, and/or NOx emissions in traditional
combustion mode will become critical. Light-off
should be at temperatures lower than 175ºC.
Further development is needed in the LNT and
SCR systems, especially on the mechanisms of
ammonia formation on LNT materials when run
in the rich mode. Zeolite SCR catalysts also need
improvement to their performance in the lowtemperature regimes, and better models are
needed to understand ammonia storage dynamics. Low-temperature (< 200ºC) urea decomposition is a limiting factor for many systems,
and advanced hydrolysis catalysts might help
here. Lean NOx catalysts, using fuel instead of
ammonia for the SCR reaction, show promise
for providing effective, low-cost NOx reduction.
Much more work is needed on these catalyst
systems.
For PM control, limiting NO2 emissions is
critical; here mathematical modelling, better catalysts and improved management methods are
all needed. A better understanding of the catalyst-support-soot-gas interaction might lead to
more effective DPF catalysts.
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In this paper, applications of the platinum group metal
(pgm)-based diesel oxidation catalyst (DOC) and
diesel particulate filter (DPF) technologies for John
Deere Interim Tier 4 non-road machines are presented.
The same criteria apply to EU Stage III B regulations.
The design and performance of engine aftertreatment
systems are discussed in detail, and a few key
performance characteristics of DOC-DPF systems
are addressed. Significant passive soot oxidation
was observed. Model based controls were found to
properly account for passive regenerations of the DPF
and could be used to schedule active regenerations
automatically. Active regenerations were transparent
to operators. Tight DPF inlet temperature control and
engine exhaust temperature management were found
to be key for successful active DPF regenerations. The
average fuel consumption for active regenerations
was estimated by a simple energy balance model. The
emission performance of a DOC-DPF system under
normal and active regenerations is summarised, and
ash accumulation and DPF pressure drop impact are
analysed.

Introduction
To comply with the US Interim Tier 4 or EU Stage III
B emission standards, implementation of either a
particulate matter (PM) or a nitrogen oxides (NOx)
aftertreatment is recommended. Deployment of
aftertreatment enables the engine to extend its power
range, altitude capabilities and transient performance
characteristics. Both exhaust gas recirculation (EGR)
and selective catalytic reduction (SCR) technologies
are available for the Interim Tier 4 market. The choice
between EGR and SCR for NOx reduction depends
on the original equipment manufacturer’s (OEM’s)
production history, technology experience, customer
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requirements and long term product strategy. Engines
with EGR consume only diesel fuel but typically
require the fitment of a DPF. DPF active regenerations
mean that the maximum skin temperatures of the
aftertreatment devices and tailpipe exhaust gases
must be limited by the exhaust system design.
US Interim Tier 4 or EU Stage III B standards, shown
in Table I, have been in effect since 1st January 2011.
Besides significant tightening of criteria pollutant
limits, a new Non Road Transient Cycle (NRTC) was
introduced. Emission compliance on the NRTC is
required on top of the existing eight mode steady state
test. Speed and torque definitions of NRTC and eight
mode tests are displayed in Figure 1. Emissions from
cold and hot NRTC tests are weighted in a similar way
to those for on-highway regulations. Not-to-exceed
(NTE) rules equivalent to those for on-highway
applications also apply to non-road engines.
NOx and PM criteria pollutant limits for engines
above 130 kW are higher than those for 2007 onhighway trucks. However, the NRTC has a higher
average load factor and is significantly more transient
than the Federal Test Protocol (FTP) heavy-duty cycle.
The NOx limit for engines below 130 kW is 3.4 g kW–1.
Engines with a power output below 56 kW must comply
with a combined NOx + non-methane hydrocarbons
(NMHCs) limit of 4.7 g kWh–1. The required emission

Table I
Interim Tier 4 Criteria Pollutant Limits
Pollutant,

Engine rated power, kW

g kWh–1

<56

56–129

130–560

NOx

–

3.4

2

PM

0.03

0.02

0.02

NMHC [NOx +
NMHC]

[4.7]

0.19

0.19

CO

5

5

3.5

useful life is 8000 h for all diesel engines above 37 kW.
This requirement differs signficantly from those for onhighway engines (1).
Different factors must be taken into account when
designing exhaust aftertreatment systems. Non-road
applications are very diversified with a wide range
of engine configurations, power bands and machine
forms. Some examples are shown in Figure 2.
Agricultural applications, particularly row-crop tractors
(Figure 2(a)) and harvesters (Figure 2(b)), have high
load factors with signficant portions of operating time
at full loads and rated speeds. Construction machines
(Figures 2(c) and 2(d)) demand highly transient
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Fig. 1. Non-Road Transient Cycle (NRTC) and eight mode test cycles. Circle points are eight mode; % represents
emission weighing factor per point
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engine performance, altitude capabilities and longevity.
Utility tractors (Figure 2(e)) and small construction
machines (Figure 2(f)) can operate persistently at
light loads with extended idle time.Their usage profiles
are sporadic. This market segment is very sensitive to
cost, especially the initial machine purchase price.
Most non-road machines are used for commercial
purposes, therefore reliability and uptime are premium
for the equipment owners and operators. Modern
large scale agriculture and construction operations
require a fleet of machines to work together. If one
piece of equipment goes down, the whole operation
may be jeopardised. Further, production volumes
for the equipment vary drastically. High volume
equipment is manufactured in tens of thousands
of units annually, while specialty machines may be
made at a rate of a handful a year. And non-road
machines often have to perform at extreme ambient
temperatures, high altitudes and off-level positions.
Some machines operate in remote areas, in harsh
terrains and under unique environmental conditions.
System Design for Interim Tier 4
Three types of system designs are available for Interim
Tier 4 compliant machines. For engines with power
output above 130 kW, both cooled EGR (cEGR) and
SCR are offered by different manufacturers. For
engines under 130 kW, cEGR with a DPF is currently
the most popular system, although some cEGR engine
applications with a narrow power range below 130 kW
will not use particulate filters. Engines have been
designed and calibrated to meet the PM standards

with or without a DOC (2). This product strategy
becomes technically feasible when permitted NOx
output levels are 3.4 g kWh–1. Several OEMs offer both
cEGR and SCR technologies depending on machine
applications (3).
At John Deere, externally cooled EGR technologies
had been successfully implemented on Tier 3 engines,
offering fuel economy advantages over the alternative
approach of internal EGR and fuel injection timing
retards. John Deere’s global product strategy for
Interim Tier 4 is cEGR technology with a DPF. Due to
the variability of the applications, only a high efficiency
wall flow DPF was considered, although it would be
technically feasible to meet the PM standards with a
partial flow filter or a DOC. To be fully robust towards
all applications and operating conditions, active DPF
regenerations were enabled for each engine.
Implementation of any aftertreatment technology
must overcome its respective challenges for non-road
applications. The following discussions will focus
on design and performance development of EGR
with DOC-DPF solutions for John Deere Interim Tier
4 products. How engine and aftertreatment systems
were integrated and optimised to ensure quality,
reliability, performance and emission compliance will
be reviewed, and perspectives on design trade-offs will
be provided.
Engine and DOC-DPF Designs
Five engine families are offered from John Deere for
the Tier 4 market. The engine line up is summarised
in Table II.

(a)

(e)

(d)

(b)

Fig. 2. Examples of nonroad machines produced
by John Deere, including:
(a) row-crop tractor; (b)
harvester; (c) and (d)
construction machines; (e)
utility tractor; (f) a small
construction machine
(Images © copyright John
Deere)

(c)

(f)
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Interim Tier 4 engines were based on Tier 3 engines
using cEGR technology, re-optimised to meet the new
NOx standards and to facilitate active DPF regenerations.
Precise control of EGR rates and combustion events
under transient operations was achieved by a
redesigned engine control unit (ECU) with a new
software package. A single ECU manages both engine
operations and aftertreatment performance.
Engine out PM and NOx predictive models were
used to calculate DPF soot loadings. New engine
combustion modes enabled the engine to raise exhaust
gas temperatures when DPF active regenerations were
required. This was accomplished by increasing engine
fuelling and reducing exhaust flow through an air
intake throttle or an exhaust brake. Exhaust temperature
management is critical to ensure the completion of
an active DPF regeneration event when the exhaust
temperature can fall below the pgm catalyst light-off
temperature in a normal combustion mode. Capable
engine hardware and calibration strategies eliminated
the need for an exhaust diesel burner.
The DOC and DPF were sized according to exhaust
flow rates, which correlated well with engine power
outputs if EGR rates and air to fuel ratios were similar.
A total of seven DOC-DPF sizes were designed and
released for the five engine families ranging from 37 kW
to 460 kW. The DPF dimensions are summarised in
Table III. Each design also features ash serviceability,
inlet/outlet rotatability, three temperature sensors and
one delta pressure sensor. Round filters with a larger

diameter and shorter length were preferred for vehicle
installations as they provide lower DPF pressure
drop, higher volumetric soot loading and active
regeneration robustness. Filters made of 200 cells
per squre inch (cpsi) cordierite and 300 cpsi silicon
carbide (SiC) materials were applied to engines
above 130 kW and under 130 kW, respectively. DOC
substrates were sized to have the same diameters and
approximately half the volume of the filters.
DPF designs must consider the worst case pressure
drop when loaded with ash and soot. The ash cleaning
service requirement is 4500 h for engines above 130 kW
and 3000 h for engines under 130 kW. A 200 cpsi cell
structure is more tolerant towards ash accumulations,
and is therefore preferred for applications above
130 kW. For engines under 130 kW, a higher volumetric
soot limit and smaller volume filters favour 300 cpsi
cell structures. A 300 cpsi filter offers lower pressure
drop in a soot loaded state due to its higher geometric
surface area and a thinner soot layer. In addition,
smaller SiC filters fit better into compact vehicles.
A DOC was designed to convert nitrogen
monoxide (NO) to nitrogen dioxide (NO2) for passive
regenerations and to provide high hydrocarbon (HC)
oxidation activity for active DPF regenerations. PGM
loading was selected to provide adequate residual
conversion efficiencies of NO to NO2 as well as
sufficient HC light-off performance beyond 8000 h.
A catalysed DPF with a low pgm loading was highly
effective to prevent HC emissions during active DPF

Table II
Tier 4 Engines Made by John Deere
Criteria
Number of cylinders

Displacement, l
2.9

4.5

6.8

9

13.5

3

4

6

6

6

Max power rating, kW

56

129

224

317

460

Fuel system

Common rail

Common rail

Common rail

Common rail

Electronic unit
injector

Turbos

Single

Single

Dual

Dual

Dual

Cooled EGR

No

Yes

Yes

Yes

Yes

Table III
DPF Sizes Available for Different Engines
Size 2

Size 3

Size 4

Size 5

Size 6

Size 7

Size 8

DPF diameter, inches

7.5

9

9.5

9.5

10.5

12

13

DPF length, inches

6

6

8

9

11

11

12.5
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regenerations.The catalyst on the DPF was highly active
for HC oxidations during active regeneration because
of high reaction temperatures and an abundance
of oxygen. NO2 generated by the DPF catalyst also
promoted more passive regenerations. Design and
function relationships are summarised in Table IV.
The DOC, DPF and exhaust gas sensors were
packaged and integrated into a converter assembly,
shown in Figure 3. An integrated DOC-DPF design was
preferred over separated DOC and DPF converters as
it required less space and had higher efficiency. This
system design eliminated the need for two additional
end cones and reduced heat loss and pressure drop.
To accommodate diversified vehicle installations,
the inlet and outlet cones were made fully rotatable.
Two serviceable flanges, one on each side of the DPF,
allowed the DPF to be removed for ash cleaning.
Cylindrical converters with two service flanges
provided flexibility in the installation of aftertreatment
sensors and the positioning of wire routings. Each
DOC-DPF converter contained three temperature
sensors and one delta pressure sensor across the DPF.
The DOC inlet temperature sensor (T1) was used to
initiate HC dosing for active regenerations; the DOC
outlet sensor (T2) was used primarily for temperature
control; and the DPF outlet sensor (T3) was used for
temperature diagnostics.
The DOC-DPF converters were heavily insulated,
including areas around the sensor ports, to keep
converter skin temperatures below the required limits
even during active DPF regenerations. The design
assumed no air flow around the converters. Under
normal engine operating conditions, which accounted
for over 97% of the total time, the DOC-DPF converter
skin temperature was lower than that typically found
for a traditional muffler. Since the DOC-DPF converters

T2

P
T3

T1
DOC

DPF

Fig. 3. Integrated DOC-DPF converter schematic. T1,
T2, T3 = temperature sensors; P = delta pressure

were internally insulated with a stainless steel sheet
metal surface, any external air flow would effectively
reduce skin temperatures further.
For engines above 130 kW, HC was delivered to the
DOC through an airless exhaust fuel doser, as shown in
Figure 4. A tip coking resistant design was selected. No
air purging or tip cleaning service was necessary. Late
post injections were used for engines under 130 kW.
The exhaust fuel doser was mounted next to the
engine turbocharger to maximise fuel evaporation
and mixing. For engines with two-stage turbochargers,
a fuel doser was placed between the two turbines.
The second stage turbine served as an active mixer.
Uniform HC distributions maximised DOC catalytic
efficiencies and exhaust temperature homogeneities
for DPF regenerations. Perfect HC mixing avoided hot
spots on the DOC and reduced its degradation rate.
Diesel Oxidation Catalyst-Diesel Particulate
Filter Performance
Wall flow DPFs were selected due to their high PM
trapping efficiencies and their robustness towards
diversified applications and engine operating
conditions. Measured PM trapping efficiencies on

Table IV
DOC-DPF Design-Function Matrix
Design criteria

Function criteria
DOC

a

DPF
a

Volume

HC slip, NO to NO2conversion, ∆P

Soot and ash loading, ∆P

Platinum group metal
loadings

NO to NO2 conversion, HC quench
temperature

HC slip clean up, secondary NO2

Cell structure

∆P

Ash loading, ∆P

Length/diameter ratio

DOC retention, vehicle package

Soot limit, DPF retention, ∆P

Material

Reliability, cost

Soot loading

∆P = delta pressure
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Metering
unit
Fuel supply

Exhaust

Fig. 4. An exhaust fuel hydrocarbon dosing system
schematic

a 9 l engine are summarised in Table V. The results
demonstrated a filtration efficency of over 95% with
a brand new DPF. The PM trapping efficiency well
exceeded 99% when the ramped modal tests were
repeated and a soot layer had been established on the
DPF. Similar performance data for a DPF after 5000 h
field usage showed efficiencies greater than 99% both
before and after an ash cleaning service.
The full benefits of passive regenerations were
achieved with a DOC and a catalysed DPF (4). The
DOC oxidised NO to NO2 under normal engine
operating conditions. A production design DOC, after
accelerated ageing to simulate 8000 h field usage,
was capable of providing NO to NO2 conversion
efficiencies of over 50%, as shown in Figure 5. Each
data point in Figure 5 represents an engine operating
condition. The bubble size signifies the actual engine
out NOx ppm level. To fully benefit from passive soot
oxidations, the DPF soot predictive models must
account for the soot and NO2 reaction rates, and adjust
for catalyst degradation over time.
Due to a higher NOx limit of 3.4 g kWh–1, engines
for applications under 130 kW produce less PM. Table
VI compares the NOx:PM ratios of an engine running
at 2 g kWh–1 vs. 3.4 g kWh–1 permitted NOx output
levels. A higher NOx:PM ratio provided a greater
opportunity for passive regenerations. In principle,
active regeneration is only required when an engine
operates persistently at low loads with low exhaust
temperatures. Under low load conditions, the engines
produced little soot and the DPF soot loading rates
were low. Infrequent active regenerations for engines
under 130 kW enabled HC to be delivered by late post
injections without oil dilutions or compromises in
engine durability.
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Table V
Measured DPF PM Trapping Efficiencies
Ramped modal cycle
DPF first test
(brand new DPF)
DPF second test
DPF third test

Trapping efficiency, %
96.6
99.9
100

At 2 g kWh–1 NOx for engines above 130 kW, active
regenerations were more frequent. But significant
passive regenerations were also observed. Engines for
applications above 130 kW tended to operate at higher
average loads with temperatures over 250ºC, which are
more favourable for passive regenerations. High speed
and low load engine operations tended to produce
more PM and lower exhaust temperatures, and
therefore required more frequent active regenerations
than other operating conditions.
Passive Regenerations
To assess the passive regenerations, a 4.5 l Interim Tier 4
engine was programmed to repeat a tractor cycle on an
engine dynamometer. Engine out soot was measured
by an AVL List GmbH smoke meter. The DPF was
periodically weighed to determine the soot loading
levels. The results are shown in Figure 6. DPF soot
levels reached a balanced point below the soot limit
of the DPF material, and an increasing percentage of
soot was oxidised passively over time. Approximately
80% of engine out soot was oxidised passively in
50 h, 85% in 100 h and 90% in 150 h. In theory, no
active regenerations were required for this drive

NO2:NOx ratio

Injection
unit

100

200
300
400
DOC temperature, ºC

500

Fig. 5. NO2:NOx ratio at a DOC outlet
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Table VI
Comparison of NOx:PM Ratios for Engines
Above and Below 130 kW
Pollutant

Engine rated power, kW
<130

>130

3.4

2

PM, g kWh

0.05

0.08

NOx:PM ratio

68

25

NOx, g kWh–1
–1

cycle, but in practice active DPF regenerations were
necessary as they allowed the soot predictive models
to reset and system performances to recover from slow
sulfur poisoning. Furthermore, an active regeneration
can effectively allow the system to recover from misfueling with high sulfur fuels.
Figure 7 displays the passive regenerations of a
DOC-DPF system on a John Deere 744K wheel loader
powered by a 220 kW 9 l Interim Tier 4 engine. The
744K loader was operated to perform real world truck
loading routines. Soot on the DPF was determined by
weighing the DPF module periodically. Over a span
of 50 h, soot on the DPF reached a balance point
far below the soot mass limit of the DPF material.
The truck loading cycle is one of the most transient
operations for non-road applications.
An alternative to the passive regeneration DOCDPF system is to use a burner-DPF combination to
enable active regenerations. However this has the

disadvantage of greater mechanical complexity.
In practice a DOC is recommended even if a full
capacity burner is used to benefit from passive
regenerations.
Active Regenerations
During an active regeneration, the engine switches
to an exhaust temperature management mode to
ensure the exhaust gas temperature stays above
275ºC at the DOC inlet. HC from an exhaust doser or
from late post injections enters the downstream DOC.
Released fuel energy from oxidation reactions heats
the exhaust gas before it reaches the DPF. An energy
balance model calculates the required fuel quantity
based on temperature rise demands and exhaust
flow rates. The T2 sensor, at the DOC outlet, provides
feedbacks for closed loop controls. A fast response
control system ensures the DOC outlet temperature
stays on target while engine operations vary
considerably. To verify the tight DPF inlet temperature
control, an active regeneration was enabled during a
NRTC test. The results are shown in Figure 8. Despite
large fluctuations of engine speeds and torques, the
DOC outlet temperature was maintained around
600ºC and the active regeneration was sustained for
the whole NRTC.
A DOC offers a cost effective means to actively
regenerate a DPF while providing the full benefit
of passive regenerations. A DOC oxidises nearly all
the injected HC under most conditions, except near
peak exhaust flows. The small amount of slipped

Fig. 6. Passive regeneration
test on DPF for a 129 kW
rated 4.5 l engine

Soot accumulation, g
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Cumulative engine out soot, g

175
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Culumative soot loading, g

150
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100

85%
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0
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0
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Time, h
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60

Soot limit

DPF soot loading, g

50
40
30
20

Soot on DPF

10
0
0

10

20

30

40 50
Time, h

60

70 80

Fig. 7. Passive regeneration test for a DOC-DPF
system on a John Deere 744K wheel loader with
a 9 l engine

HC is oxidised over the downstream platinumpalladium (Pt-Pd) catalysed DPF, as shown in Figure
9. The black bar represents the HC concentration
before the DOC and is above 2000 ppm (off the
scale of measurement). The blue bar represents the
measured HC level at the DOC outlet, or HC slip. Only
low ppm levels of HC were detectable at the DPF
outlet, represented by the green bar. Despite a light
pgm loading, the catalysed DPF was very efficient
for HC oxidations during active regenerations due to
its large volume and high reaction temperatures. At
lower flow conditions, DOC HC oxidation efficiency
was nearly 100%.
The DOC ensured a good energy balance for
temperature controls with little waste. Even after full

700

DOC outlet temperature

500

Assisted Passive Regenerations
An alternative approach is to raise the exhaust
temperature to 300ºC to promote passive soot oxidation
by NO2.This is sometimes refered to as assisted passive
regeneration.
A simple energy model was used to compare the
fuel consumptions of an active regeneration vs. an
assisted passive regeneration. Assumptions used for
the calculations are summarised in Table VII. The
base exhaust temperature was kept at 150ºC. An

Fig. 8. DOC outlet temperature during a
NRTC with active regeneration
4500
3500

400
Engine speed

300
200

2500

Speed, rpm

Temperature, ºC

600

useful life of 8000 h, the HC oxidation efficiency of the
DOC for active regenerations was hardly changed.
The DOC was also effective at oxidising HC under
normal operating conditions. Figure 10 shows the
performance of a DOC for reducing engine out HC
during a NRTC test.The cumulative engine out total HC
is shown as the black line which, in this case, already
meets the emission standard of 0.19 g kWh–1 (shown
as the green line).The DOC reduced an additional 95%
of the engine out HC, as shown by the blue line. The
red curve represents the tailpipe HC when an active
regeneration was enabled with DOC.
Although a DOC is not required for HC emission
compliance, removing HC is beneficial for extending
DPF active regeneration intervals. The DOC oxidises
the soluble organic fraction of PM and extends the
soot loading limit by eliminating the excess exotherm
associated with HC oxidation during an active
regeneration. Active regeneration is an efficient way
to oxidise soot. During an active regeneration, the fuel
consumption is increased, but this is necessary for
DPF applications.

1500
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0
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Off scale

HC slip, ppm

1600
1200
800
400

DOC out

Engine out HC, g kWh–1, normal
Tailpipe HC, g kWh–1, normal
Tailpipe HC, g kWh–1, regeneration

0.16
0.12
0.08
0.04
0

0
DOC in

HC emission limit

0.20
HC emission, g kWh–1

2000

0

200

400

DPF out

600

800 1000 1200

Time, s

Fig. 9. HC emission during an active regeneration of
a DPF

Fig. 10. NRTC HC emission with and without DPF
active regenerations

active regeneration raised the exhaust temperature by
450ºC with a total regeneration time of 30 minutes. An
assisted passive regeneration had a lower temperature
increase and was assumed to take 2 h to oxidise the
same amount of soot.
The fuel consumption was time averaged between
normal and regeneration events.The results are shown
in Figure 11. This conservative simulation revealed
a 1.5% fuel consumption increase with an active
regeneration interval of 10 h. As the regeneration
interval increased, the average fuel consumption
decreased. With a 50 h regeneration interval, the
average fuel consumption increase was less than
0.5%. These estimates are consistent with previously
published results (5). It may be concluded that an
active regeneration is more fuel efficient than an
assisted passive regeneration.

sulfated ash are required for Interim Tier 4 engines.
Ash accumulation on a DPF can be estimated by the
oil consumption and an empirically measured ash
trapping efficiency (6).
The impact of ash loading on the DPF pressure drop
was calculated using an in-house model based on the
method published by Konstandopoulos (7).The model
was first calibrated using production DPF hardware.
The results, shown in Figure 13, assume the use of
CJ-4 oil with an ash content of 1% and an empirical
ash retaining efficiency for the DPF of 60%. The ash
loading on the DPF increased over time, leading to a
higher pressure drop.The solid blue line represents the
DPF pressure drop at a soot loading of 3 g l–1 at rated
power with the maximum exhaust flow rate and the
highest normal operating temperature.The dotted blue
line represents a soot loading of 0 g l–1 at rated power.
The green lines represent the DPF pressure drops at
an average exhaust flow rate and an average exhaust
temperature calculated from a NRTC test.

Steady State Tests
Steady state eight mode emission results of a fully
aged engine aftertreatment system for a 9 l engine
are shown in Figure 12. The blue bars represent the
US Interim Tier 4 or EU Stage III B standards for CO,
HC, NOx and PM. The engine out NOx emission is
under the limit with a reasonable engineering margin.
HC, CO and PM criteria pollutants are far below the
regulatory limits.
Ash Residues
A DPF traps not only engine out soot particles, but also
metal containing particles in the form of ash residues.
Ash accumulation on a DPF is primarily due to engine
oil consumption. Engine oils with a maximum of 1%
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Table VII
Assumptions Used for Fuel Consumption
Calculations of Regenerations
Parameter

Assisted
passive
regeneration

Active
regeneration

Temperature
increase, ºC

150

450

Time, min

120

30
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4.0

3.5

2.0
1.5
1.0
0.5
0
10

3.0

Regulation, g kWh–1
Tailpipe, g kWh–1

2.5
2.0
1.5
1.0
0.5

30
50
70
Regeneration interval, h

0

90

Fig. 11. Time averaged fuel consumptions of active
vs. assisted passive regenerations of a DPF

These results illustrate low average DPF pressure
drops although the instantaneous DPF pressure drop
could spike to high values when engine exhaust flow
rates suddenly increased. This high pressure drop
condition disappeared over time if the engine was
operated near peak power. The DPF pressure drop
returned to the dotted blue line over time due to
passive regenerations.
Field data have shown the real world ‘apparent’ ash
trapping efficiency of the DPF is approximately half
of the intial 60% assumption. A number of hypotheses
could explain this observation: (a) engine oil sulfated
ash content may be less than the specification limit
of 1%; (b) not all consumed oil may be converted
into sulfated ash and transported to the DPF; and (c)
sulfated ash may decompose to metal oxides of lower
mass during active regenerations. In practice, the ash
cleaning interval is expected to be much longer than
the initial assessment.
Conclusion
Cooled EGR, DOC and DPF are proven technologies
for meeting the US Interim Tier 4 and EU Stage III
B emission control standards for non-road diesel
applications. High trapping efficiency wall flow filters
enable flexibility in engine design, broad engine
applications and wide operating windows. The
platinum-palladium based DOC is cost effective and
robust and provides the benefit of passive regenerations
through NO2 and soot reactions. The DOC oxidises HC
and the soluble organic fraction of PM and heats the
exhaust gas for active DPF regenerations under a wide
range of exhaust flow, O2 level and inlet temperature
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Emission, g kWh–1

2.5

3.5

CO

HC

NOx

PM×10

Fig. 12. Eight mode emission results for a 9 l
non-road engine at 8000 h

conditions. The robust HC performance and thermal
inertia of a DOC are beneficial for precise control of
the DPF inlet temperature for active regenerations.
For non-road applications, passive soot regeneration
occurred extensively in the DOC-DPF system. The
aftertreament control alogrithm within the engine
management system was designed to take advantage
of this. The DOC-DPF system is less complex than
the burner-DPF alternative. A key enabler was a new
engine exhaust temperature management mode
to ensure exhaust gas temperatures are above the
DOC light-off temperature. Active regenerations are
recommended for wall flow DPF applications to
provide a reliable and robust system for diversified

25
Model predicted P, kPa

Fuel increase, %

3.0

Assisted passive regeneration
% Active regeneration

20

P at rated, 0 g l–1 soot
P at rated, 3 g l–1 soot
P at normal usage, 0 g l–1 soot
P at normal usage, 3 g l–1 soot

15
10
5
0
0

1000

2000
3000
Time, h

4000

5000

Fig. 13. Calculated DPF pressure drop over time with
and without soot
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non-road applications. Uniform HC distributions and
precise DPF inlet temperature controls are critical for
reliable active DPF regenerations. Additional vehicle
level integrations are required to effectively manage
the DOC-DPF converter skin and exit gas temperatures.
Overall, the EGR and DOC-DPF solution offers the best
in class engine and emission performance as well as
being cost effective.
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FINAL ANALYSIS

NOx Emissions Control for Euro 6
The control of oxides of nitrogen (NOx) emissions to
meet more stringent motor vehicle emission legislation
has been enabled by the development of various
exhaust gas aftertreatment technologies, notably those
that employ platinum group metals (pgms).
Technology Developments
For gasoline engines the most common aftertreatment
for the control of NOx, as well as the other major
regulated pollutants, carbon monoxide (CO) and
unburnt hydrocarbons (HCs), is the three-way
catalyst (TWC). This technology was developed
in the late 1970s (1). It allows the oxidation of CO
and HC over platinum-palladium or just palladium
during lean (excess oxygen) conditions to form
carbon dioxide and water, while rhodium performs
the reduction of NOx to N2 under rich (oxygen
depleted) conditions. This technology relies on
the engine operating around the stoichiometric
point (air:fuel ratio of 14.7:1) where maximum

simultaneous reduction of NOx and oxidation of
CO and HCs can take place. Emissions standards
for European gasoline vehicles which have been in
force since 2009 (2) specify NOx emissions must not
exceed 0.06 g km–1 (Table I), a limit that is met by
TWC technology.
For diesel engines, which operate under lean
conditions, NOx is harder to deal with. Previous
diesel vehicles used advanced engine technologies
to significantly lower NOx emissions. For example,
exhaust gas recirculation (EGR) is used to recirculate
a proportion of the exhaust gas back into the engine
cylinders to reduce the cylinder temperature during
combustion and thereby reduce formation of NOx.
A disadvantage of this method is that it increases
emissions of particulate matter (PM). Tighter
PM limits have now been enforced across many
jurisdictions and are met by using a pgm-coated
diesel particulate filter (also known as a catalysed
soot filter (CSF)).

Table I
European Passenger Car NOx and Particulate Emissions Limits for Euro 5 and Euro 6
Stage

Date

NOx, g km–1

Particulate mass,
g km–1

Number of
particles, km–1

0.18

0.005d

–

0.18

0.005

d

6.0 × 1011

0.08

0.005d

6.0 × 1011

0.06

0.005c, d

–

0.06

c, d

Compression Ignition (Diesel)
Euro 5a

2009.09a

Euro 5b

2011.09

b

Euro 6

2014.09

Positive Ignition (Gasoline)
Euro 5
Euro 6

2009.09a
2014.09

0.005

6.0 × 1011 c, e

a

2011.01 for all models
2013.01 for all models
c
Applicable only to vehicles using direct injection engines
d
0.0045 g km–1 using the particulate measurement procedure
e
6.0×1012 km–1 within first three years from Euro 6 effective dates
b
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New Legislation Challenges
New legislation in force for European heavy-duty
diesel vehicles from 2013, light-duty diesels from
2014 and some non-road diesel engines from 2014
requires a further reduction of NOx emissions.
As shown in Table I, NOx emissions for light-duty
diesel passenger cars reduce from the current Euro
5 limit of 0.18 g km–1 to the Euro 6 limit of 0.08 g km–1
from 2014. PM emissions are already regulated
to the extremely low level of 0.005 g km–1 by the
current Euro 5 legislation. The development of fuel
efficient lean-burn gasoline engines also presents
new challenges – NOx levels typically generated in
the engine cylinder, whilst lower than conventional
gasoline engines, are nevertheless still well above
the Euro 6 limits and therefore some form of catalytic
aftertreatment is required.
The two leading catalyst technologies used to
remove NOx in a lean-burn engine to meet the above
legislation are lean NOx trap (LNT) or selective
catalytic reduction (SCR). LNT catalysts remove NOx
from a lean exhaust stream by oxidation of NO to NO2
over a platinum catalyst, followed by adsorption of
NO2 onto the catalyst surface and further oxidation
and reaction with metal species incorporated in the
catalyst, for example barium, to form a solid nitrate
phase. Once the catalyst is filled with the solid
nitrate phase, the engine is then run rich for a short
period to release the NOx from its adsorbed state.
The released NOx is then converted during the rich
period to N2 over a rhodium catalyst. SCR systems use
a platinum-based diesel oxidation catalyst (DOC)
or a combination of a DOC and a platinum-based
CSF to oxidise a proportion of the NOx into NO2 and
remove HC/CO. A NOx reductant, usually in the form
of aqueous urea, is then injected into the exhaust gas
after the oxidation catalyst and the NO/NO2 mixture
is then selectively reduced over the downstream SCR
catalyst.
The decision whether to use LNT or SCR on a
vehicle involves many factors. SCR requires space
on the vehicle to fit the urea tank and dosing system,
which is less of a constraint on heavy-duty and larger
light-duty vehicles. Furthermore, the need to run
the engine rich for LNT systems is more technically
demanding for larger engines so LNT systems are
more suited to smaller light-duty vehicles. SCR
systems are impractical for use on gasoline vehicles
as their NOx output is significantly higher than from
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diesel, and hence unfeasibly large urea tanks would
be required.
The Future
NOx and other pollutant levels emitted from vehicles
are assessed by use of a standardised driving cycle
for Europe. The current driving cycle which is used
to measure emissions from light-duty vehicles may be
changed in the future to include an even wider range
of driving conditions, for example further extended
low speed driving conditions such as common in
congested city driving or much higher speed driving
conditions than used in the current drive cycle.
For diesel LNTs the future challenge is to maximise
NOx conversion at low speed driving conditions as
well as providing high NOx conversion during high
speed driving. For diesel SCR systems, the future
challenge is also to boost NOx conversion when
the engine is operating at very low speeds. This low
speed challenge may be helped by moving the SCR
closer to the engine where it can benefit from higher
temperatures, but there are space and system layout
considerations. There is currently a good deal of
research ongoing into diesel powertrain optimisation
for a wide range of driving scenarios.
The proposed enforcement of a particulate number
limit (3) for gasoline engines in Europe also presents
challenges by requiring control of PM to extremely
low levels in addition to keeping emissions of other
pollutants at minimal levels. One possibility is to use a
filter coated with similar material to a TWC as part of
the overall aftertreatment system.
For gasoline engines, new on-board diagnostic limits
that come into force at Euro 6 part 2 in 2017 (3) reduce
by 70% the threshold amount of NOx emitted before
the driver is notified of a problem with the catalyst.
Some manufacturers are therefore looking at ways of
further improving the durability of catalysts, including
by increasing the relative loadings of rhodium. Due to
the excellent NOx reduction capability of rhodium, it
may be possible to substitute palladium with small
quantities of rhodium to give a cost- and performanceoptimised system.
Conclusions
There remains a good deal that can be done on
controlling NOx emissions from vehicles using pgms.
As regulations tighten, cover more vehicle types and are
adopted by more jurisdictions around the world, greater
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use of pgm-containing emissions control systems can be
anticipated.Good progress has been made on the control
of NOx from gasoline engines and developments are
being made on lowering NOx emissions from diesels to
meet upcoming emissions limits.
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Both conference days began with keynote lectures.
On day one Edward Jobson (Volvo Bus Corporation,
Sweden) gave an insight into an OEM’s view on
‘Emissions and Environment for Bus Systems’. He
explained that Volvo places its commitment to hybrid
city buses in line with its commitment to seat belts in
1959 and three-way catalysts (TWCs) in 1976. Pure
diesel buses are now only available for regional and
line-haul routes. Volvo city buses are now hybrids, plugin hybrids or entirely electric. Utilising braking energy
offers not only environmental benefits from lower
emissions but also lower operational costs. Additional
benefits are the options of utilising quiet emission free
electrical driving for emission free and quiet city zones.

1. Introduction
The Society of Automotive Engineers (SAE) 2014
Heavy-Duty Diesel Emission Control Symposium
was, like its predecessors, hosted in Gothenburg,
Sweden. This biennial two-day event attracted around
160 delegates. Most of the delegates (>95%) came
from catalyst system and component suppliers as
well as original equipment manufacturers (OEMs).
A few delegates came from academia, government
organisations, media and consultancies. Most
delegates came from Europe (>80%) with the remainder
from the USA, Japan, China, India and Brazil. The
conference was set up to provide attendees with the
latest in upcoming regulatory actions, state-of-the-art
technical information and first-hand experience relating
to heavy-duty diesel (HDD) emission control strategies,
engine and aftertreatment systems integration and the
future direction of the industry.
This review aims to capture the key messages of
the presentations given and to identify common views
and differences between the presentations given in
each session. The keynote lectures will be looked at
individually. The other presentations will be summarised
under their session headlines, with special attention
given to the impact on catalytic emission control.
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2.2 Improving Air Quality in Gothenburg
The second keynote lecture was given by Anders
Roth (Gothenburg City), titled ‘Improving Air Quality
in Gothenburg – From Bans of Dirty Vehicles to
Behaviour Change – The Role and Possibilities of Local
Authorities’. Roth gave an insight into what the City of
Gothenburg has done to improve its air quality. The early
introduction of an environmental zone banning the most
polluting buses and trucks from the city centre reduced
particulate matter (PM) levels by 30% and nitrogen
oxides (NOx) levels by 10%. A legal ban of studded
tyres reduced the PM levels further. Procuring low
emission vehicles (LEVs) for the city’s vehicle fleet and
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aiming for a 90% reduction of fossil fuel use from 2010
to 2020 will minimise the emissions of the city’s own
vehicles. Currently the city of Gothenburg expresses
a clear preference for gasoline over diesel vehicles.
Other measures include utilising biofuels (especially
biogas) to reduce CO2 emissions, incentivising the
use of modern (low emission) construction machines,
introducing congestion charging, investing in public
transport and minimising truck traffic to and from the
harbour by utilising a harbour railway system. Mandatory
car sharing for business trips, a free bicycle service and
bus cards in compensation for no free parking as well
as payments per avoided tonne of CO2 emissions have
been introduced for city authority employees with the
aim of changing their travelling behaviour. Improving
the air quality in the City of Gothenburg makes the
central area around the river a more attractive place
to live and increases its value dramatically. Being a
coastal city, concerns about sea level rises through
global warming make the City of Gothenburg very
committed to minimising its greenhouse gas (GHG)
emissions.

2.3 Exhaust Emissions and Carbon Dioxide
Regulations
On day two Jürgen Stein (Daimler AG, Germany)
gave a keynote talk titled ‘Exhaust Emissions and CO2
Regulations for Heavy Duty and Non-road Engines –
An Outlook Beyond Euro VI and Stage IV’. Stein took
the audience through the issues with a focus on the
triad markets (EU, USA and Japan). The emissions
limits are similar to those for on-road applications
allowing the introduction of a global base technology.
For non-road applications harmonisation (with minor
differences in the timeline) has largely been achieved
since 2000 and the use of a global base technology is
already established. Emission testing against the World
Harmonised Test Cycles aims to enable technology
harmonisation but differences in details may lead to
diversification. The introduction of particulate number
(PN) limits for Euro VI forced the introduction of diesel
particulate filters (DPFs). The Euro VI package ensures
the lowest in-use emissions of any current legislation.
While limits between heavy-duty and non-road are
converging, the difference in PM/PN limits is decisive
for the aftertreatment technology.
In-service conformity requirements vary between
the EU and the USA. In Europe there are currently no
activities towards a HDD Euro VII standard. However,
it seems likely that NOx emission values might become
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aligned with the Environmental Protection Agency (EPA)
10 value of 0.27 g (kW h)–1. Limiting nitrogen dioxide
(NO2) emissions to 50% of the NOx seems likely as
well. Further work on portable emissions measurement
systems (PEMS) might also find its way into a future
Euro VII regulation. In the USA there are currently no
EPA activities on further emissions reductions, but the
California Air Resources Board (CARB) will introduce
optional low NOx limit values in 2015. However, Stein
reckons that further tightening of Euro VI or EPA 2010
limit values will have no significant effect on air quality.
Instead an efficient in-use scheme such as that in the
EU is key to low in-use emissions.
For non-road applications the EU will introduce
non-road mobile machinery (NRMM) Stage V by
2019/2020. The introduction of a PN limit value will
force DPF technology for most applications. NRMM
PEMS provisions derived from Euro VI are expected for
Stage V (reporting only as a first step). Daimler would
welcome the USA to harmonise with Stage V. Stein
also reported on a recently completed test procedure
for heavy-duty hybrid vehicles. In view of emerging
regulations regarding CO2 emissions in Europe and the
USA Stein sees the key challenge for the next year in
the reduction of CO2 emissions and fuel consumption
and demands that contrary to criteria pollutants a CO2
regulation must be a whole-vehicle approach for heavyduty vehicles and NRMM.

3. Legislation and Global Trends
This session contained three presentations.
Erik White (CARB, USA) presented the ‘Long Term
Impact on Air Quality (ARB-2020 Initiative): California’s
Comprehensive Program for Reducing Heavy Duty
Diesel Emissions’. With an ozone map of the USA
(Figure 1), White showed that California has a unique
need for NOx reduction. CARB sees opportunities
to strengthen the current standard with improved
certification and durability requirements, improved
durability testing and expanded warranties. Low
temperature/low load NOx issues could be addressed
through supplementary test cycles, expanded not-toexceed (NTE) zones and PEMS-based compliance
testing. California is interested in pushing the technical
boundaries regarding NOx emissions and aims to
demonstrate 0.02 g (bhp h)–1 NOx emissions over
the Federal Test Procedure (FTP) cycle without GHG
or fuel efficiency penalties. California also pushes
for a new national standard as one million interstate
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8 Hour ozone nonattainment areas (2008 standard)

8 Hour ozone classification
Extreme
Severe 15
Serious
Moderate
Marginal

Fig. 1. California’s need for NOx reduction is unique in the USA. Nonattainment areas are indicated by colour. When only a
portion of a county is shown in colour, it indicates that only part of the county is within a nonattainment area boundary. Data
collected on 31st July 2013 (Reproduced with kind permission from Erik White, CARB)

trucks operate there. Current and future GHG rules are
harmonised with the rest of the USA. California’s long
term priorities are to continue to be a global leader in
the pursuit of advanced emission control requirements;
to pursue advanced technologies like zero-emission
vehicles, near-zero emission vehicles and renewable
fuels; and finally to implement strategies to develop,
demonstrate and deploy these technologies.
A ‘Review of HD Regulations and Technology
Implications’ was presented by Timothy Johnson
(Corning Inc, USA). Three regulatory megatrends were
highlighted:
(a) The World Health Organization (WHO) has
designated air pollution as a carcinogen causing 7
million deaths worldwide (1).
(b) The PN fraction of PM 2.5 is emerging as the
most harmful fraction responsible for 90% of PM
toxicity (2).
(c) The United Nations (UN) Intergovernmental Panel
on Climate Change (IPCC) placed a CO2 limit for
the atmosphere of 1 trillion tonnes cumulative. This
would be exceeded in 2040 in a status quo scenario
and would mean that only 17% of the feasible fossil
fuels can be burned to prevent massive climate
change.
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Johnson then went on to present some emission
control highlights, such as California’s voluntary NOx
standards reaching down to 0.02 g (bhp h)–1 NOx,
for which feasibility is going to be demonstrated in a
Southwest Research Institute (SwRI) programme. He
also discussed the schedules for introducing Euro V and
Euro VI emission levels in China and India. Figure 2
shows HDD vehicle timelines around the world.
Johnson then reported that various GHG emission
regulations are being introduced in Japan, the
USA, China, the EU, Canada and Mexico. There is
also significant progress in improving HDD engine
efficiencies. 50% brake thermal efficiency (BTE) has
been demonstrated through the US Department of
Energy (DOE) SuperTruck programme. A pathway
to 55% BTE has been shown by Cummins. Through
engine, truck and trailer modifications freight efficiency
can be increased by 86%. Trailer modifications in
particular offer large gains for a very small investment.
Significant progress has been reported for NOx
aftertreatment systems. DPF developments are focused
on ash management and selective catalytic reduction
(SCR) consolidation such as ‘SCR on filter’ concepts.
For the success of SCR on filter systems it is important
to find the optimum balance between good deNOx
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EU-28
Canada
US
Japan
Australia
South Korea
China metro buses
China
India (early adopters)
India (nat’l)
Brazil
Mexico
Latin American-31
Russia
Non-EU Europe
Asia-Pacific-40
Africa
Middle East
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Baseline standards
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Pre-Euro

Accelerated standards
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Euro 1

Euro III

2010

Euro 2

Euro IV

2015

Euro 3

2020

Euro 4

Euro V

2025

Euro 5

Euro VI

2030

Euro 6

Next generation

Fig. 2. HDD vehicle policy timelines (ICCT Bosmal 5/14) (Source: International Council on Clean Transportation 2013)

performance and sufficient PN filtration efficiency on
one side against an increase of backpressure on the
other.
Finally Magnus Lindgren (Swedish Transport
Administration, Sweden) presented ‘Euro VI vs. Transport
Sector, An Environmental and Climate Success or Not?’.
Large trucks (>20 tons) and truck trailers emit higher
levels of CO2 than inland water vessels, diesel trains
and especially electric trains (see Figure 3).

A similar order is found for current PM10 emissions
for these transport modes (Figure 4). However with
the new Euro VI PM10 emission limits for heavy trucks
and truck trailers set between 0 and 0.01 g PM10 per
ton-km, and the NOx emission limits for Euro VI trucks
being 10 times lower per kWh than for diesel trains
and more than 20 times lower than for inland waterway
vessels, trucks and truck trailers will leave diesel trains
and inland water vessels behind regarding PM and
NOx emissions.
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Fig. 3. Emissions of carbon dioxide. The length of the lines
represents the range of emissions possible for distance,
type of engine, vehicle or vessel, fuel etc. (IWV = inland
water vessels) (Reproduced with kind permission from
Magnus Lindgren, Swedish Transport Administration)
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Fig. 4. PM10 emissions from cargo transport – long distance
systems (Reproduced with kind permission from Magnus
Lindgren, Swedish Transport Administration)
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To get out of this CO2 emissions vs. pollutant emissions
dilemma, Lindgren concludes that the climate impact
of heavy-duty trucks must be reduced through higher
energy efficiency and alternative, sustainable fuels
while inland waterway vessels, diesel locomotives (and
other NRMM) must be as clean as heavy-duty trucks.

4. Non-Road Strategies and Future
Developments
This session contained four presentations.
‘Off-road Mobile Machinery Fuel Efficiency – A
Total Systems Perspective’ was presented by M. Lou
Balmer-Millar (Caterpillar Inc, USA). She showed that
while there are regional differences in the cost split
between depreciation, labour, fuel and maintenance
costs, a more efficient, less fuel consuming machine
is universally desirable. Balmer-Millar showed potential
CO2 savings for the example of non-road machine
applications: the choice of fuel offers the biggest
CO2 saving potential of up to 100%. (Balmer-Millar’s
presentation did not specify which fuels she had in
mind, but the use of biofuels could count as CO2 free).
Components (these were not specified, but could be
for example a transmission) offering 5%–10% and
machine systems (these were also not specified but
could be a hydraulic system) 10%–25% CO2 saving
potential. A greater CO2 savings potential comes from
the operator and job site of the application. BalmerMillar showed that through a range of small measures,
which improve engine efficiency each by 0.5%–4%, a
combined improvement of 15% can be achieved. She
then went on to show various examples of how system
integration, hybridisation, innovative transmissions,
high conversion efficiency SCR, machine control and
Global Positioning System (GPS) based guidance
technology can be used to significantly reduce fuel
consumption, save on labour costs and complete work
ahead of schedule.
Regis Vonarb (Liebherr Machines Bulle SA,
Switzerland)
presented
‘The
Next
Liebherr
Aftertreatment Solution: Towards Stage V?’. Vonarb
started with an overview of Liebherr Machines
Bulle’s (LMB’s) NRMM product range and showed
that these are meeting Stage IV/Tier 4 final emission
requirements through a vanadium-based SCR-only
system without exhaust gas recirculation (EGR), a
diesel oxidation catalyst (DOC) or a DPF, while being
spark arrestor approved. For the Swiss market and
LEZs closed DPFs are mandatory. For this market
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LMB offers an SCR on filter system. For the same NOx
conversion efficiency the SCR on filter system volume
is 1.2 times the SCR system volume. Substrate and
coating definitions were found to be key for achieving
the PN emissions limit. The NO2:soot ratio was found
to be the key parameter for passive regeneration
behaviour and is impacted by the application cycle,
the DOC design and the engine calibration. A 4000
h durability test showed the SCR on filter system has
very stable functionality.
‘Model Based SCR Control – Key to Meet Tier 4
Final with Lowest Calibration Effort’ was presented
by Markus Iivonen (AGCO Power, Finland) and Armin
Wabnig (AVL, Austria). Iivonen explained that AGCO
Power’s engines, some of which have EGR, range
from 50 kW to 440 kW and all have the same principle
exhaust aftertreatment system containing DOC +
SCR + ammonia slip catalyst (ASC). They are used in
different, mainly agricultural, applications with different
exhaust line layouts, therefore a model based exhaust
aftertreatment strategy was chosen. Wabnig led through
the model based development process and showed
how the SCR control algorithms were implemented and
tested. An adaptive dosing control strategy ensured the
system was robust against dosing errors. AGCO was
very pleased with this approach as different engine
variants can be handled with reasonable calibration
effort and development time can be reduced by utilising
models in the software functionality and in off-line
calibration.
Markus Müller (Deutz AG, Germany) concluded
the non-road session by presenting ‘Deutz Emission
Control Solutions for a Diversity of Applications’. He
gave an overview of the Deutz engine range from
30 kW to 520 kW. The focus of his presentation was
the company’s Tier 4 exhaust aftertreatment system,
which contains DOC + DPF (or DPF with integrated
DOC) + SCR + slip catalyst and emphasises DPF soot
regeneration allowing their engines to operate under
extreme conditions.

5. Emerging Markets
This session contained three presentations.
Jacob David Raj (Mahindra Trucks and Buses, India)
could not be in Gothenburg to present the ‘Indian
Emissions Update’ and asked Sougato Chatterjee
(Johnson Matthey, USA) to present on his behalf.
Raj’s presentation gave an introduction into the Indian
HDD market, which is undergoing fast changes from
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conventional trucks, which are often overloaded, have
low power and torque, no safety norms, a single speed
axle and a hard wired network, to the new generation
trucks, which operate at rated load, have tubeless tyres,
slightly higher power and torque, anti-lock braking
system (ABS), speed limiter, twin speed axles and a
controller area network (CAN). Despite new market
requirements like better comfort, drivability, reliability,
warranty, and reduced cost of operation, there are still
challenges such as an aversion to new technology,
driver shortages and the need for local truck servicing
to be able to handle modern trucks. Further concerns
are the skill level of mechanics and local modification of
emission components. The general emission strategy
in India is:
• For light commercial vehicles (LCVs): cooled EGR
+ oxidation catalyst + partial filter
• For medium commercial vehicles (MCVs): EGR or
SCR
• For heavy commercial vehicles (HCVs): SCR is
preferred (EGR option package as back-up).
Mahindra’s recipe for technology to meet emissions
requirements is: to keep costs low but provide reliability,
to design for abuse and servicing which can be done
locally, to keep trouble shooting simple and to increase
the warranty of emission control components.
Qin Li (Weichai Power Co, Ltd, China) presented
‘Challenge and Solution for Reduction of Emissions
from Commercial Vehicle in Beijing’. Li started with
an overview of the heavy-duty regulations in Beijing.
These have been introduced up to seven years ahead
of regulations for the rest of China. Beijing 1–3 limits
were the same as those for Euro I–III. However, Beijing
4 and 5 show interesting additions to the European
standards they are based on: Beijing 4 is Euro IV +
World Harmonised Transient Cycle (WHTC) and
Beijing 5 is Euro V + WHTC + PN limit. PEMS is used
for in-use engine control and a heavy-duty vehicle
cycle is under development. After introducing the
company, which produces more HDD engines than any
other company worldwide, Li presented its emission
solutions, summarised in Table I.
Georg Hüthwohl (Albonair GmbH, Germany)
presented ‘Introduction of the Bharat Stage (BS) 4
Emission Legislation in India’. India is ranked 155th
of 178 in the Environmental Performance Index and
174th out of 178 for air quality. In 2010 commercial
vehicles were responsible for 90% of NOx, 80% of
sulfur dioxide (SO2), 70% of CO2 and 55% of PM10
emissions in India. He then presented the schedule
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for introducing the BS IV in India, which has already
been introduced in major cities and will come to the
north of India in 2015 and to five additional provinces
in 2016 before being rolled out nationwide in 2017.
Fuel changes (BS III fuel has 350 ppm S, BS IV fuel
has 50 ppm S) are scheduled to match this timescale.
However, the AdBlue® infrastructure is a bottleneck
for the introduction of BS IV. The main reason for a
very slow uptake of BS IV technologies is a loophole in
the legislation which allows commercial BS III vehicles
registered outside of BS IV cities to enter these cities.
Therefore city buses are almost the only BS IV vehicles
in BS IV cities.

6. Alternative Fuels and Powertrains
This session contained two presentations.
Donald Stanton (Cummins Inc, USA) was not able
to be in Gothenburg to present ‘High Efficient Natural
Gas Engine Technologies to Meet the New U.S.
Greenhouse Gas Emissions for Commercial Vehicles’
but had submitted his presentation for publication.
Stanton’s presentation explained that in the USA the
natural gas vehicle market is driven by the lower cost
of natural gas compared to oil. An additional benefit
is the potential for nearly 25% reduction in CO2
emissions. Figure 5 shows the cost comparison of oil
vs. natural gas. However, natural gas adoption in the
transport market is facing several challenges, including

8

History

2011

Projections

6

4

2

0
1990

2000

2010 2020
Year

2030

2040

Fig. 5. Ratio of Brent crude oil price to Henry Hub spot
natural gas price in energy equivalent terms 1990–2040.
Energy from natural gas remains far less expensive
than energy from oil through 2040 (Source: US Energy
Information Administration 2013)
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Table I Some Proposed Commercial Vehicle Emission Control Solutions for Beijing 4 to 6 Standards
Standard

Application

Solution

HDD

Euro IV engine with SCR and optional thermal management

Heavy-duty gas

Euro IV lean burn gas engine

HDD

Euro VI engine, without EGR system and with new DPF calibration

Heavy-duty gas

Euro V lean burn gas engine

HDD

Euro VI engine

Heavy-duty gas

Euro VI gas engine

Beijing 4

Beijing 5

Beijing 6

vehicle fuel storage, delivery system costs and weight;
limited fuel station infrastructure; maintenance facility
upgrade costs; and an inefficient component and
vehicle supply chain.
Cummins has a broad natural gas product line and
offers lean burn (meeting Euro V emission limits) and
stoichiometric gas engines (meeting Euro VI/EPA13
emission limits). His presentation included a natural
gas technology comparison discussing the pros and
cons of dedicated natural gas engines vs. dual fuel
engines and high pressure direct injection (HPDI)
engines. While the dedicated spark ignited natural gas
engine is 10%–15% less efficient than diesel engines
or the dual fuel and HPDI engines, it only requires
TWC aftertreatment compared to a DOC + DPF + SCR
aftertreatment system for the diesel or HPDI engines.
If the deNOx capability of the TWC could be extended,
it would be possible to improve the fuel economy of
dedicated natural gas engines.
‘CO2 and Energy: Challenges of Future Heavy Duty
Propulsion’ was presented by Staffan H. Lundgren
(Volvo (HD), Sweden). Lundgren’s presentation showed

strategies for reducing fuel consumption and CO2
emissions from heavy-duty vehicles. Starting from the
energy flow chart (Figure 6), he highlighted charge air
cooling, exhaust gas energy and heat to coolant losses
on the engine side and air drag and rolling resistance
on the vehicle side as targets for improvements.
In order to refine diesel internal combustion engines
he suggested sustainable fuel, efficient engine
configuration, an optimised combustion process for the
selected fuel, exhaust heat and brake energy recovery
and the utilisation of the engine configuration and
transmission. To increase the engine’s BTE to between
55% and 60% Lundgren suggests optimisation of the
thermodynamic cycle(s) through more expansion,
higher peak pressure, thermal insulation and reduced
friction losses and de-coupling the soot-NOx trade off.
Further fuel savings can be achieved through energy
recovery by either an electrical hybrid or Rankine waste
heat recovery.
Lundgren suggests methane and its derivatives as
energy carriers that can improve the efficiency of diesel

19% Air drag
38%

19% Rolling
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3%

100%
Fuel
energy
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4% Accessories friction
40 ton EU long-haul truck
Engine
15%
Heat to
coolant
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cooling

friction

at 90 km h–1 on a flat road

29%
Exhaust
gases

Fig. 6. Current energy flow from fuel to wheels for a Swedish heavy-duty truck (Reproduced with kind permission from Staffan
Lundgren, Volvo (HD))
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internal combustion independently of whether they are
derived from fossil or renewable sources.
He then compared the CO2 emissions of comparable
energy carriers from fossil sources vs. renewable
sources. While fossil fuel based diesel, natural gas and
dimethyl ether (DME) cause between 85 kg and 95 kg
CO2 emissions per 100 km, biodiesel causes less than
60 kg CO2 emissions per 100 km, biogas around 25 kg
CO2 emissions per 100 km and DME from wood less
than 10 kg CO2 emissions per 100 km. Vehicle based
measures are to use the correct engine size (operate
near peak efficiency), improve vehicle aerodynamics
and reduce rolling resistance. Lundgren reckons that
product improvements could provide ca. 25%–30% fuel
savings with reasonable added costs and complexity.

7. Engine Developments
This session contained four presentations.
Chris Such (Ricardo UK, Ltd) presented ‘Developments
to Reduce CO2 Emissions from Heavy Duty Engines’.
The first part of the presentation was a report about
the European CO2 Reduction (CO2RE) Project, which
addresses the reduction of CO2 emissions from
HDD engines for long distance transport through
conventional methods. The four-year CO2RE project,
which is run by 16 partners and coordinated by Volvo,
started in 2012. So far, design analysis and rig testing
has been carried out. Multi-cylinder testing is on its way.
Waste heat recovery is covered by another project.
The project aim is a 15% fuel consumption reduction
compared to Euro V while being Euro VI compliant.
These improvements will be achieved by addressing
the engine platform, hybridisation, friction reduction and
exhaust aftertreatment. The technologies investigated
for the engine platform are down speeding, variable
valve actuation, increased peak and cylinder pressures
and high efficiency turbocharging. For friction reduction
revised pistons and rings and lower viscosity lubricants
were investigated. For exhaust aftertreatment
optimisation low flow resistance DPFs and higher SCR
efficiency at low exhaust temperatures were studied.
The second part of Such’s presentation started with
the question: “Is there an alternative to evolutionary
development of current technologies?” He introduced
the concept of a split cycle engine in which the
compression and combustion/expansion processes
are separated in different cylinders (Figure 7). A split
cycle isothermal compression engine has already
demonstrated >55% thermal efficiency in diesel
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Fig. 7. Split cycle engine (Copyright 2014 Chris Such,
Ricardo UK, Ltd)

generator set applications in 2002. Concept simulation
work at Ricardo indicates that >60% thermal efficiency
could be achieved. This work will be taken forward in
the Innovate UK project ‘CryoPower’. Such suggested
investigating this engine concept within the EU project
framework Horizon 2020.
Martin Tunér (Lund University, Sweden) presented
‘The Journey from direct injection (DI)-diesel via HCCI to
Partially Pre-mixed Combustion with Very High Thermal
Efficiency’. The advantages of the homogenous charge
compression ignition (HCCI) combustion process are
high efficiency, fuel flexibility and ultra-low NOx and soot
emissions, but the disadvantages are high hydrocarbon
emissions, limited load and difficulties in control with
the risk of engine destruction through misfire. Tunér
then developed the concept of combining HCCI with
DI diesel combustion to come to a partially premixed
combustion (PPC). The advantages of PPC are that it
is simple and rugged, fuel flexible, highly efficient and
capable of high load operation, it has low emissions
and is suitable for waste heat recovery. The challenges
are idle to low load operation, transient emissions and
combustion noise.
Vadim Strots (IAV GmbH, Germany) presented
‘Modelling and Simulation for the Development of the
Next Generation of Aftertreatment Systems’. Strots
showed that exhaust aftertreatment system modelling
is an integral part of the modern system development
process. The kinetic models of exhaust aftertreatment
components support the early evaluation of system
solutions and optimisation of the component parameters
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at the concept development stage. Modelling and
simulation is further applied to check the system
performance in virtual certification work as well as inuse compliance simulations. Model based calibration
aids the control concept selection as well as the engine
control unit (ECU) calibration itself. It allows improved
system robustness and diagnostics. However, high
quality models are crucial and should be validated on
gas benches and engines.
Frank Peter Zimmermann (Daimler AG) presented
the ‘Global Emission Strategy of the New Mercedes
Benz Medium Duty Engines’. Zimmermann’s historical
retrospect about Daimler’s medium duty engines since
1949 was followed by an overview on today’s Euro VI
engine and a comparison of emission concepts based on
EGR and non-EGR, which require a different amount of
NOx reduction through an SCR system. He argued that
achieving the NOx limit through a combination of EGR
and SCR enables 50% lower AdBlue® consumption, a
smaller SCR volume and low tailpipe NOx emissions
even under low load conditions. After covering engine
thermodynamics he then focused on the Euro VI
exhaust aftertreatment system. He started with the
effect of thermal ageing on DOC performance and how
Daimler addresses this issue. He then explained why
silicon carbide (SiC) has been chosen over cordierite

Low temperature
activity

High temperature
activity

as the filter substrate material and that Daimler applies
passive and active filter regeneration. The company
had considered various SCR options (Figure 8) and
concluded that there is no ‘universal’ catalyst.
Daimler selected iron-based SCR catalysts. It
excluded V-based SCR catalysts due to the need for
active regeneration at temperatures exceeding 550ºC,
and Cu-based SCR catalysts because of concerns
about nitrous oxide (N2O) emissions. Using an Febased SCR catalyst allows Daimler to meet EPA10,
JP05, JP09 and Euro VI emission limits. For non-road
applications Daimler can fulfil the PM certification limits
without a DPF. This opens the way to use a V-based
SCR catalyst.
Finally Zimmermann compared Daimler’s Euro VI and
Tier 4 concepts with its previous generations Euro V
and Tier 4 Interim and showed a reduction in operating
costs of about 3% for the new systems.

8. Catalyst and Substrate Developments
This session contained three presentations.
Adolf Schafer-Sindlinger (NGK Europe GmbH, Germany)
presented ‘Cordierite and SiC Filters for On-road and
Off-road Heavy Duty Applications’. He focused on two
areas: catalysed soot filters and SCR on filter concepts.
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Fig. 8. A generalised view of current known SCR technologies – characterisation criteria series (MMO = mixed metal oxides)
(Reprinted with permission from F. Zimmermann, U. Gärtner, P. Benz, M. Ernst and J. Lehmann, ‘Global Emission Strategy of
the New Mercedes Benz Medium Duty Engines’, SAE 2014 Heavy-Duty Emissions Control Symposium, Gothenburg, Sweden,
17th–18th September, 2014)
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For catalysed soot filter applications, requirements for
robustness have to be balanced against the pressure
of soot loaded filters. For minimum pressure drop
performance thin wall technologies offer advantages
over standard types. The higher sensitivity to thermal
stress of thin wall filters can be compensated by
new reinforced designs. Pore size and pore volume
of the filter material shows a clear influence on PN
emissions. With pre-conditioning, all thin wall filters
in the study achieve the Euro VI PN limits. For SCR
on filter applications the pore size distribution must be
optimised to satisfy low pressure drop and high PN
filtration efficiency requirements.
Andrew P. Walker (Johnson Matthey Plc, UK)
presented ‘Future Challenges and Incoming Solutions
in the Global Catalyst-based Emission Control Area’.
Starting with a global regulations overview and a
description of typical exhaust aftertreatment systems
for on-road and non-road applications he explained the
general challenges for future applications. Further fuel
economy improvements will increase engine out NOx,
reduce exhaust temperatures and require reductions
in backpressure. Further regulatory reductions in NOx
emissions will increase the system NOx conversion
requirements. DPFs are expected to be used for PN
compliance, for example for non-road Stage V in
Europe. There will also be an increased focus on other
emissions like N2O, NO2, CH4 and carbon black and a
drive for further reductions in system volume.

12” long SCR

Walker then moved on to show how extruded and
high porosity substrates with increased cell density can
improve SCR conversion efficiency (Figure 9) allowing
potentially up to 50% volume reduction.
He gave an insight into the capabilities and challenges
of the SCRF® component (which is the Johnson
Matthey term for SCR on filter systems). Applying an
SCR coating to the filter enables the SCR component
to get hotter earlier and increases the SCR volume
in the system, both of which enable increased NOx
conversion. It also increases the PN filtration efficiency.
However, increased competition for NO2 between PM
combustion and NOx conversion require attention and
good system design.
Another important incoming technology is the diesel
Cold Start Concept (dCSCTM) component, which
traps NOx from cold start and releases it when the
downstream SCRF® component is hot enough to
convert the NOx. A highly efficient SCR system
can also be enabled by low temperature ammonia
availability, which can be realised through converting
urea to ammonia in a side stream, bypassing the DOC
component and injecting ammonia directly onto the
SCRF®. As increasing NOx conversion requirements
lead to more aggressive urea dosing strategies, highly
efficient and highly selective ASCs are required and
significant improvements in selectivity have already
been made.
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Fig. 9. Comparison of Cu-SCR on various substrates (HPS = high porosity substrate) (Copyright Johnson Matthey)
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Andreas Geisselmann (Umicore AG & Co KG,
Germany)
presented
‘Future
Aftertreatment
Concepts for Heavy Duty Application’. Geisselmann’s
presentation confirmed the general view of Walker’s
presentation but focused on SCR on filter systems,
which are called SDPF by Umicore. He listed possible
reasons why the HDD on-road sector appears to be
reluctant to implement SDPF systems, while the nonroad sector appears to be more open to them. In his
very detailed analysis Geisselmann showed various
SCR coating choices and concluded that Cu-SCR
appears to be most attractive for SDPF applications.
He also presented details on active and passive
SDPF regenerations. He emphasised the passive
regeneration challenges caused by back diffusion and
missing NO2 recycling. Geisselmann anticipates that
there are still challenges in this technology.

9. On-Road Strategies and Future Developments
This final session contained three presentations.
Richard Dorenkamp (Volkswagen AG, Germany)
presented ‘How the European LDD Industry Cope with
Incoming RDE Regulations?’ He briefly introduced
some key challenges, such as the LEV III regulations
in the USA with very low NOx emission limits, real
world driving emissions (RDE) requirements in Europe
and the requirement to meet emission standards
in China under poor fuel quality conditions. Global
CO2 emission reduction requirements add another
challenge to the light-duty diesel (LDD) industry. Key
enabling technologies are engine modifications, the
ECU which links the fuel with the exhaust aftertreatment
system, sensors and actuators. He gave an overview
of the measures applied inside the engine starting
from high level areas like weight, friction, combustion,
recuperation, exhaust gas aftertreatment, temperature
management, air management, energy, control and
consumables before zooming in into the component
level of the engine itself, the air/gas system and the
exhaust aftertreatment system. A key message for the
exhaust aftertreatment system was that measures to
bring down CO2 emissions cause a decrease in exhaust
gas temperatures. Therefore the exhaust aftertreatment
system needs to be close coupled in order to reach a
high enough temperature for effective operation. VW’s
current LDD emission control concept combines a close
coupled NOx storage component, a urea injection point
and mixer, and a Cu-zeolite SCR coated DPF.
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Dorenkamp summarised the requirements and
concluded that the exhaust gas aftertreatment
system needs to be effective in a wider temperature
range, have a higher deposition rate of pollutant
removal and no negative impact on the fuel
consumption. Finally he highlighted the differences
between LDD and HDD exhaust aftertreatment
especially regarding system volume to engine size
ratio.
Magnus Mackaldener (Scania AB, Sweden)
presented ‘A Bumpy Road Towards Euro 6: How
Scania Did it and the Experience After 2 Years in
the Field’. After a brief introduction to the Euro VI
challenge and the history of Scania aftertreatment
development, he gave a detailed description of the
modular Scania Euro VI exhaust aftertreatment
system, which comprises a replaceable DOC
followed by a serviceable DPF, an AdBlue ® injection
and twin parallel SCR/ASC units. After showing a
few performance results he presented relative cost
benchmarks for engine and aftertreatment systems
between Euro III, Euro IV, Euro V and Euro VI
technologies showing that the costs for engine plus
aftertreatment have more than doubled from Euro III
to Euro VI. Mackaldener then went on to show a cost
analysis of engine and aftertreatment systems for
Scania, Volvo, MAN, Mercedes Benz, Iveco and DAF
HDD Euro VI engines concluding that Scania engines
have lower relative costs and lower exhaust treatment
costs per g (kW h) –1 NOx reduced. The next part
of his presentation showed how the amount of fuel
consumed by food distribution, taking into account
both trucks and cars, could be reduced: each 25
tons of food distributed through supermarkets today
requires 860 l of fuel; if this food were distributed via
local stores it would require 312 l and if it were sold
over the internet it would require 300 l. Finally he
showed the trade-off between engine efficiency and
NOx emissions, for example in Scania’s D13 engine
a 1% fuel economy improvement would increase NOx
raw emissions from 10 g (kW h) –1 to 14 g (kW h) –1.
Heimo Schreier (AVL) presented ‘Potentials and
Challenges for Next Generation HD Diesel Engines’.
After briefly describing the commercial vehicle market
situation he used a Euro VI fuel efficiency roadmap
for HDD engines to show that the engine efficiency
BTE can be increased from 45% to 50% between
2014 and 2020, causing the brake specific fuel
consumption to decrease by about 10%. This could
be done through advanced turbocharging concepts,
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performance level. Advanced aftertreatment systems
(Figure 10) include one close coupled component (DOC
or DPF) and may incorporate SCR on filter technology.
The warmer location makes volume reductions of
15%–35% seem possible without loss of performance.
The larger volume of SCR coated components and
higher temperatures of the SCR on filter leads to higher
deNOx capability for these variants.

increased compression ratio, thermal insulation,
friction reduction, variable valve timing and waste
heat recovery. This would require significant base
engine design modifications (for example peak firing
pressure (PFP) >220 bar). Further improvement could
be achieved through powertrain system optimisation
including smart auxiliaries, down speeding, advanced
shifting strategies and predictive powertrain control.
Schreier then focused on technologies to improve
the engine efficiency. He explained that turbocharging
efficiency is key to further fuel consumption
improvements. High turbocharging efficiency resulting
in higher exhaust mass flows and lower exhaust
temperatures will require alternative EGR concepts,
like turbo compound and low pressure EGR. This will
be an increasing challenge for exhaust aftertreatment
systems. He showed the influence of compression
ratio (CR) and advanced timing on fuel consumption
and PFP. With higher CR improving fuel economy PFP
demand will increase beyond 220 bar, requiring base
engine modifications. Through model based adaptive
emission control, engine settings can be optimised
according to the exhaust aftertreatment status or

Baseline

Friction reduction will provide limited fuel consumption
savings. However, some measures might require
significant base engine modifications. Organic Rankine
cycle based waste heat recovery (Figure 11), which
provides a 3%–5% fuel saving in the European long
haul cycle, can be expected to be in series production
by model years 2018 or 2020. The integration of
waste heat recovery with calibration requires system
simulation. The current focus is on product cost and
weight reduction.

10. Summary
The SAE 2014 Heavy-Duty Diesel Emission Control
Symposium was very well attended and well organised.
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Fig. 10. Advanced exhaust aftertreatment systems (TC = turbocharging, WHR = waste heat recovery, EAS = exhaust
aftertreatment system) (Reproduced with kind permission from Heimo Schreier, AVL)

150

© 2015 Johnson Matthey

http://dx.doi.org/10.1595/205651315X687524

Johnson Matthey Technol. Rev., 2015, 59, (2)

Fluid – evaporated
High pressure

Mechanical
power

Expander

Evaporator

Heat input
from exhaust
or EGR

Condenser
Fluid – liquid
Low pressure
Fluid – pump

Heat release
to ambient or vehicle cooling system

Fig. 11. Waste heat recovery Rankine cycle process (Reproduced with kind permission from Heimo Schreier, AVL)

The sessions covered a wide range of relevant topics.
Emission control and GHG regulations in many parts
of the world present current and future challenges for
both on-road and non-road applications, and technical
solutions to many of these challenges were presented.
Emerging markets largely follow the European
emission legislation with a few years’ delay. Legislative
advances in emission control legislation mainly focus
on closing the gaps between real world driving or
operation and durability legislative requirements.
The introduction of particulate number regulation will
clean up NRMM in Europe. California continues to
push the technical boundaries in emission control by
working towards highly efficient NOx control. GHG
regulations are emerging in a wide range of countries
and attract an increasing amount of resources to meet
the challenge. HDD engines are becoming more and
more efficient and these efficiency improvements,
together with integrated machine- or vehicle-based
approaches, show tremendous potential to limit GHG

emissions even further. Despite higher demands
on emission control the required system volumes
are only increasing moderately due to increased
integration of functionalities, for example SCR on filter
systems. The industry is learning lessons from each
other’s successes as well as from related industries
like the light duty vehicle manufacturers. Overall the
symposium drew an optimistic picture of exciting
challenges ahead.
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The introduction and development of catalytic control
for exhaust gas emissions from vehicles has been one
of the major technical achievements over the last four
decades. A huge number of cars were manufactured
during this time that provided society with a high
degree of personal mobility and without the continuous
development of emissions control technologies the
atmospheric pollution derived from them would have
been overwhelming. Three-way catalysts (TWC) were
introduced on traditional gasoline powered cars in the
early 1980s to control the emissions of hydrocarbons
(HC), carbon monoxide (CO) and nitrogen oxides
(NOx) and have since been developed so that today
tailpipe emissions of these pollutants can be reduced
by more than 99.5% and tailpipe emission levels can be
less than in the surrounding ambient air. During more
recent years, and especially in Europe, the proportion
of diesel powered cars has increased rapidly so
now about half of new European cars have a diesel
engine. Control of their tailpipe emissions has been
particularly challenging because of their low exhaust
gas temperature and the presence of excess oxygen.
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Under these conditions TWCs cannot be used and
alternative technologies were developed for the control
of HCs and CO by oxidation catalysts. An undesirable
characteristic of older diesel engines was the black
soot they produced. This was considerably reduced
by fuelling and combustion engineering improvements
and was effectively eliminated by the use of diesel
particulate filters (DPFs) which were introduced a
decade ago. The remaining difficult challenge has
been the control of NOx emissions from both light and
heavy duty diesel vehicles. Two technologies have
been recently introduced to do this, though only one,
ammonia selective catalytic reduction (SCR), appears
to be able to provide the necessary performance
for future demands under a wide range of driving
conditions. The present book is about diesel engine
NOx emissions control by ammonia (derived from
urea) SCR, and before detailing the book’s contents
some background information is given which provides
a suitable context. Because of higher exhaust gas
temperatures control of emissions from heavy duty
diesel vehicles is less demanding than with light duty
ones, so the emphasis here is on diesel cars.

1. Background
1.1 Exhaust Gas Temperature
The control of tailpipe emissions from vehicles powered
by traditional stoichiometric gasoline engines with
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TWC is now highly advanced and can achieve almost
complete removal of the three gaseous pollutants
CO, HCs and NOx under normal driving conditions. In
practice reductions of more than 99.5% are possible,
and a contributing factor for such a good performance
is the relatively high temperature of the exhaust
gas. In contrast the control of diesel engine exhaust
gas emissions under lean conditions has been more
problematic for two main reasons. The first problem
results from the efficiency of diesel engines that under
part load conditions can result in particularly low
exhaust gas temperatures. For example, the exhaust
gas temperature of a small European car with a gasoline
engine may typically be in the region of 350ºC to 475ºC
in the urban part of the European test cycle, whereas
the same car with a diesel engine may be around
150ºC as shown in Figure 1, and designing catalysts to
operate efficiently at such low temperatures has been
a major challenge, particularly when fuel sulfur levels
were higher than they are today!
Heavy duty diesel engines in trucks generally operate
under higher engine percentage loads and over
appropriate duty cycles they can have much higher
exhaust gas temperatures than their passenger car
counterparts, typically up to around 400ºC. So here
there is considerably more scope for catalytic emissions
control.

Once diesel fuel sulfur levels were reduced from the
very high levels of two decades ago in Europe control
of CO and HC emissions from all diesel engines by
oxidation catalysts became feasible although special
catalysts had to be developed for the low operating
temperature cars.

1.2 Particulate Control with Filters
This was followed by control of particulate matter
(PM or soot) by the introduction of filter technologies
that enabled engine measures to further reduce
engine-out NOx levels without being overly concerned
about increased PM that was handled by the filter
system. Traditionally the main approach for controlling
NOx from small diesel engines has been via engine
measures, including the use of exhaust gas recycle
(EGR) and improving injection fuelling to produce ever
finer sprays via multiple smaller injector nozzles and via
increasing fuel pressures. EGR works by decreasing
the amount of oxygen in the combustion charge that
reduces the fuel burn rate and the peak temperatures
as well as somewhat increasing heat capacity of the
combusting charge.
There is a trade-off between NOx and PM. Reducing
engine-out NOx normally results in an increase in PM.
This is because a higher combustion temperature
reduces PM by increased burning of residual

Inlet temperature, ºC/speed, kph

800
700

1.6 l Gasoline

1.8 l Diesel

600
500
400
300
200
100
0
0

600
800
1000
1200
Time, s
Fig. 1. Exhaust gas temperatures during the European test cycle for the same family size car equipped with a similar
displacement gasoline and diesel engine. Throughout the test cycle the exhaust gas temperature is much lower with the diesel
engine than that with the gasoline engine
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carbonaceous PM but thermodynamically high
temperatures favour formation of endothermic NOx
(see Figure 2). This trade-off was broken by fitment of
DPF that recently enabled achievement of car diesel
engines with engine-out NOx levels significantly below
0.1 g km–1 in the combined European test cycle.

1.3 NOx Control Technologies
Notwithstanding the improvements just mentioned,
more recently NOx control has become increasingly
important, driven by ever more stringent NOx emissions
legislation. This legislation requires additional catalytic
aftertreatment to meet the NOx standards for diesel
vehicles, especially cars, and two approaches have
become established.
In the first of these catalytic approaches, NOx trapping,
under normal driving lean conditions NO is oxidised
to NO2 as in Equation (i). This undergoes further
oxidation as it is stored as a metal nitrate, Equation (ii),
followed at intervals by a reductive regeneration that
converts the stored NOx to nitrogen. In this process
NOx is liberated usually as NO, Equation (iii), that is
reduced over a rhodium component in much the same
way as a TWC functions on a traditional gasoline car,
Equation (iv).
NO + ½O2 à NO2

(i)

MCO3 + NO2 à MNO3 + CO2

(ii)

2M(NO3)2 → 2MO + 4NO + 3O2

(iii)

2NO + 2CO → N2 + 2CO2

(iv)

This technology works well on smaller diesel cars,
although it has temperature limitations reflecting
the thermodynamic stability of the metal nitrates
concerned.
The second NOx control technology, and the
subject of the present book, is ammonia SCR that
involves reaction of NOx with ammonia to form
nitrogen and water. Ammonia SCR technology was
introduced on power plant applications in Japan in
the early 1970s, and some twenty years later it was
adopted for use in heavy duty diesel vehicles that
have exhaust gas temperatures appropriately high
to use the traditional vanadium-based catalysts.
Ammonia was derived from urea solution that was
injected into the exhaust gas where it hydrolyses
forming ammonia and carbon dioxide (see
Equation (v)).
However, the temperatures on light duty diesel
vehicles are too low for efficient operation of the older
SCR vanadium-based catalyst formulations and so
after much effort base metal zeolite catalysts were
introduced that can operate effectively at remarkably
low temperatures and already increasingly large
numbers of cars on European roads are equipped
with this SCR technology.
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Fig. 2. Concentrations of NO at high temperatures in equilibrium with nitrogen (0.8 bar) and various amounts of oxygen;
the highest curve corresponds to 0.2 bar, and subsequent lower curves 0.15, 0.05 and 0.02 bar respectively. Derived from
measurements made by W. Nernst (1); modern theoretical values are somewhat higher
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More than thirty years ago a very important
discovery was made about the effect of the ratio of
NO2 to NO on the rate of the ammonia SCR reaction
over vanadium-based catalysts. The reaction is much
faster when both are present. The reactions involved
when urea ((NH2)2CO) is the source of ammonia are:
urea hydrolysis to give ammonia, shown overall in
Equation (v); a rapid reaction when just NO is present,
Equation (vi); a particularly slow reaction when NO 2
is present alone, Equation (vii); and an amazingly
fast reaction when the ratio of NO2 to NO is 1:1, that
is known as the fast SCR reaction, Equation (viii).
Depending on the actual SCR catalyst used it can
therefore be important that an appropriate upstream
oxidation catalyst provides the SCR catalyst with
a suitable mixture of NO and NO2, although some
modern copper zeolite catalysts are less sensitive to
the NO/NO2 ratio than other catalysts.
Urea hydrolysis (NH2)2CO + H2O à 2NH3 + CO2 (v)
Standard reaction 4NH3 + 4NO + O2 à 4N2 + 6H2O(vi)
Slow reaction 4NH3 + 4NO2 à 4N2 + 6H2O + O2 (vii)
Fast SCR reaction 4NH3 + 2NO + 2NO2 à 4N2 + 6H2O (viii)
There have been extensive studies on the
mechanism of ammonia SCR reactions, and by
analogy with known reactions of discrete compounds
it may be suggested that rapid decomposition of
ammonium nitrite (Equation (ix)) is important in the
SCR surface catalysed process forming nitrogen.
At higher temperatures one route to undesirable
nitrous oxide (N 2O) emissions might be from
decomposition of ammonium nitrate-like surface
species, Equation (x). The former reaction has been
used to prepare chemically pure nitrogen (free of
atmospheric argon) and the latter to manufacture
N 2O.
NH4NO2 à N2 + 2H2O

(ix)

NH4NO3 à N2O + 2H2O

(x)

However, the surface SCR reactions are complex
and recently nitrate species have been shown
to have important roles in the fast SCR reaction.
Chapters in this book go a long way to help the
reader to unravel some of the mechanistic details.
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2. Topics Covered
This book has 22 chapters by eminent contributors and
is appropriately edited by Professors Isabella Nova and
Enrico Tronconi from the Politecnico di Milano, Italy,
whose Laboratory of Catalysis and Catalytic Processes
(LCCP) has a worldwide reputation for research on the
control of NOx emissions especially by ammonia SCR
reactions. This very well produced book includes some
colour illustrations and it is divided into eight parts that
are detailed in the following sections.

2.1 Part 1. Selective Catalytic Reduction
Technology
The first part of the book has two chapters with the first
entitled ‘Review of Selective Catalytic Reduction (SCR)
and Related Technologies for Mobile Applications’
by Timothy Johnson (Corning, USA). It provides an
overview of relevant legislation and progress in engine
developments to reduce engine-out NOx levels, before
detailing mobile SCR systems using urea in solution
as the source of ammonia. This chapter relies heavily
on illustrations reproduced from a variety of original
publications that appear not to have been redrawn
so there is, unfortunately, a lack of style consistency.
Notwithstanding this the chapter collects together
much valuable and practical information.
The second chapter called ‘SCR Technology for
Off-highway (Large Diesel Engine) Applications’
is by Daniel Chatterjee and Klaus Rusch (MTU
Friedrichshafen GmbH, Germany) and is concerned
with large diesel engines used in marine applications,
mining trucks and trains as well as in electrical power
generation units. These engines usually operate under
high load conditions so have high temperature exhaust
gas, enabling good SCR performance with conventional
vanadium-based catalysts, but their fuel invariably
contains high sulfur levels and this can cause a variety
of problems. For example, newer zeolite-based SCR
catalysts are poisoned and do not work well, and at
these quite high operating temperatures some sulfur
dioxide (SO2) can be oxidised to sulfur trioxide (SO3),
Equation (xi). If any ammonia slip is present this can
form particulate ammonium sulfate and/or ammonium
bisulfate according to Equations (xii) and (xiii), as well
as sulfuric acid mist that can itself cause difficulties,
Equation (xiv).
SO2 + ½O2 à SO3

(xi)
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2NH3 + SO3 + H2O à (NH4)2SO4

(xii)

NH3 + SO3 + H2O à NH4HSO4

(xiii)

SO3 + H2O à H2SO4

(xiv)

This well-illustrated chapter goes on to discuss
combined SCR systems such as SCR/filter
combinations, and large scale SCR units, as well the
automated control strategies that are usually involved.

2.2 Part 2. Catalysts
The second part of the book has four chapters that
focus on SCR catalysts, and the first of these by Jonas
Jansson (Volvo, Sweden) discusses vanadium-based
catalysts used in heavy duty mobile SCR applications
and highlights the legislative requirements before
considering catalyst properties. Because the vanadiumbased catalyst operates in the temperature range of
optimum activity (say 300ºC–500ºC) they have been
widely used. Typical catalyst compositions are given
as 1%–3% V2O5 plus about 10% tungsten trioxide
(WO3) impregnated onto a high surface area titania
(normally anatase) that is coated onto flow-through
substrates. Related extruded catalyst compositions
have also been widely used. Practical aspects such as
selecting appropriate catalyst size (dimensioning), the
effects of space velocity and ageing effects (thermal
and poisoning) are considered, and it is clear vanadium
catalysts have had and will continue to have a major
role in this area. However, with reduced sulfur fuel
levels the newer, higher activity zeolite-based catalysts
discussed in the following chapter will probably become
increasingly important.
Appropriately the next chapter, by Todd J. Toop, John
A. Pihl and William P. Partridge (Oak Ridge National
Laboratory, USA), is about iron-zeolite SCR catalysts.
These were amongst the first metal zeolite catalysts
used in SCR applications, and because they can have
good high-temperature performance coupled with
reasonable stability, they were introduced into gas
turbine applications at an early stage. In contrast copper
zeolite catalysts usually have better low-temperature
activity that falls off at higher temperatures as ammonia
is oxidised to NOx. Making sweeping generalisations
about the relative performance of SCR catalysts can be
problematic because several factors are involved such
as: the type of zeolite involved, its silica to alumina
ratio, the metal loading and importantly the preparation
method. However, in general copper-based catalysts
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absorb more ammonia than do iron ones and under
dynamic transient conditions this can provide a
significant performance advantage.
Because
of
their
superior
low-temperature
performance copper zeolite catalysts have been
adopted for use in car applications and these are
discussed in the third chapter in this section by Hai-Ying
Chen (Johnson Matthey, USA). The emphasis is on
the impact of the nature and physical properties of the
zeolite type on catalytic performance, and in particular
the size of the zeolite pores classified as small, medium
or large. Small pore zeolites such as chabazites and
other small pore molecular sieve materials such as
the silicon substituted aluminium phosphate SAPO-34
have outstanding hydrothermal stability, excellent SCR
activity and importantly they form very low amounts
of the undesirable byproduct N2O. The introduction
of these copper molecular sieve SCR catalysts into
the series production of diesel cars in Europe was an
outstanding technical achievement that will provide a
high degree of NOx emissions control into the future.
Indeed one might expect that new materials will be
discovered that provide the necessary acidity and
environment around the copper atoms to provide good
SCR activity and durability. However, these features
are not unique in providing excellent ammonia SCR
performance. Some simple metal oxide catalysts have
been shown to perform well and these are the subject
of the last chapter in the part on SCR catalysts.
The last chapter in this part on catalysts is the result
of a collaboration by Gongshin Qi (General Motors,
USA) and Lifeng Wang and Ralf T. Yang (University
of Michigan, USA) that deals with low-temperature
SCR involving both zeolite and metal oxide ammonia
SCR catalysts as well as touching on developments
with hydrogen SCR. They highlight the importance of
the method of making iron-ZSM5 catalysts. Aqueous
impregnation with iron(III) salts does not lead to full
metal incorporation into the pores because, it is
suggested, the heavily hydrated metal cations are
too large for easy penetration, whereas impregnation
with iron(II) species makes highly active catalysts.
The interpretation of the origin of this effect may be
more complex because reduction of catalysts derived
from iron(III) salts gives improved activity. Again the
importance of small pore acidic molecular sieves is
noted, as is the wide range of activities that can be
obtained with different copper zeolite catalysts and
their dual role in providing acid sites for formation of
ammonium cations and metal-based oxidation of NO
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to NO2, leading to highly reactive ammonium nitritelike species that decompose to nitrogen and water.
Manganese oxides can have excellent low-temperature
ammonia SCR activity, and clearly their oxidation
capability is important. A wide variety of promoted
oxides have been investigated, but it appears their
adoption has been restricted by a lack of tolerance
to water and in particular sulfur poisoning. Moreover,
increasing activity by using higher manganese loadings
appears to result in the formation of more N2O. It is
noted perhaps the most successful development in
this area was made by Shell who in the early 1990s
developed a relatively low-temperature ammonia SCR
process using a vanadium on titania catalyst promoted
by transition metal species.
Hydrogen can be a reductant in NOx SCR reactions
and over platinum group metal (pgm) catalysts.
The reactions that can take place are shown in
Equations (xv)–(xvii).
2NO + 4H2 + O2 à N2 + 4H2O

(xv)

½O2 + H2 à H2O

(xvi)

2NO + 3H2 + O2 à N2O + 3H2O

(xvii)

High conversions of NO in the presence of oxygen at
low temperatures are possible, although as might be
expected, at higher temperatures the direct reaction
of hydrogen with oxygen, Equation (xvi), increasingly
takes place, and NO conversion decreases because
less hydrogen is available for the SCR reaction. As a
result an operational temperature window is formed in
which NO conversion is optimised. A serious detraction
from these hydrogen SCR pgm catalyst systems is the
high proportion of N2O that can be formed. A better
catalyst in this respect appears to be a palladium
promoted vanadium on titania/alumina that retains
good low-temperature SCR performance and has
reduced N2O formation although this is probably still
too high for practical applications.

2.3 Part 3. Mechanistic Aspects
This part of the book is concerned with the mechanistic
aspects of SCR reactions and has three chapters, the
first of which is by Wolfgang Grunert (Ruhr University
Bochum, Germany) on the nature of SCR active sites.
The range of available characterisation techniques are
first outlined before the surface science techniques
that have been used are highlighted. Vanadium-based
catalysts are considered first, and there is general
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agreement that binary V—O—V moieties including
a Brønsted site are the most active structures and
a well-accepted mechanism is available for this
site. Isolated VO2+ species exchanged into zeolite
structures are also active, apparently via a different
mechanism. Tungsten promoted vanadium appears
to be effective by encouraging formation of isolated
V—O—V species. The active sites in iron and copper
exchanged zeolites are then considered; here a huge
amount of research has been done over several
decades trying to identify the intimate mechanistic
details and the nature of the active SCR sites. Much
of the earlier work involved exchanged ZSM-5,
and then more recently beta-zeolite and small pore
molecular sieves were studied. As previously noted
a key feature is the low temperature performance
of the copper catalysts and the higher temperature
durability of the iron catalysts. The metal centres may
be associated with NO oxidation. An added advantage
of the iron catalysts, like the earlier vanadium ones,
is tolerance towards sulfur that is in marked contrast
to the poison sensitive copper catalysts. Although
there has been considerable speculation about the
roles of monomeric, dimeric and oligomeric metal
active centres their general relative importance is
unclear. Brønsted acidic zeolite sites have been
thought to be a means of concentrating ammonium
ions close to the metal centres, but the importance of
this is questioned by more recent work on non-zeolite
conventional oxide catalysts some of which can have
good performance.
The next chapter by Masaoki Iwasaki (Toyota, Japan),
is about mechanistic aspects of the ammonia/NO
reaction in excess oxygen, Equation (vi), that is the
traditional standard or rapid ammonia SCR reaction.
Results are given for reactions involving copper and iron
exchanged ZSM-5, a tungsten-promoted vanadium on
titania catalyst as well as the acid form of ZSM-5. The
expected reaction order of copper was greater than
iron and vanadium catalysts. Kinetic parameters such
as apparent activation energies and apparent reaction
orders were reported for the separate oxidation of
ammonia and NO as well as the ammonia-NO-oxygen
reaction. Generalising for the ammonia NO SCR
reaction the order in NO is positive and close to one,
the order in oxygen is fractional and that for ammonia is
negative, reflecting its strong adsorption that can result
in reaction inhibition. There is a strong correlation
between SCR activity and NO oxidation activity. A
considerable amount of carefully determined transient
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response data is reported and several catalytic cycles
are presented. The mechanistic conclusions are similar
to those previously noted.
There then follows an important chapter on the role of
NO2 in ammonia SCR reactions by the editors Isabella
Nova and Enrico Tronconi (Politecnico di Milano, Italy).
The most obvious role of NO2 is in combination with
NO in the fast SCR reaction. Ammonia and NO2 are
strongly adsorbed and interact on the catalyst surface.
The reaction of NO2 with surface oxide ions affords
nitrate and nitrite ions, according to Equation (xviii),
with the latter being further oxidised by NO2 to nitrate
and NO via Equation (xix) so the overall stoichiometry
is as shown in Equation (xx). These reactions are in
equilibrium and depend on concentration, temperature
and catalyst oxidation state.
2NO2 + O2– ⇌ NO3– + NO2–

(xviii)

3NO2 + O2– ⇌ 2NO3– + NO

(xx)

NO2– + NO2 ⇌ NO + NO3–

(xix)

The intimate mechanism of the SCR process is based
on nitrogen redox chemistry. In the standard slow SCR
reaction oxygen is the oxidant taking NO to nitrite, and
in the fast SCR reaction the more powerful oxidiser NO2
is available and so the mixed reaction involving NO

and NO2 is much faster. The overall fast SCR reaction
may be considered to go via the disproportionation
of NO2 to nitrite, the nitrate oxidation of NO to nitrite
and the formation of surface ammonium nitrite that
spontaneously decomposes to water and nitrogen.
All the steps involved in the fast SCR reaction are
summarised in Table I. The required oxidant provided
by NO2 in the fast SCR reaction can also be supplied
by addition of ammonium nitrate in what is called
enhanced SCR.

2.4 Part 4. Reaction Kinetics
There are three chapters in the part of the book on
the reaction kinetics of ammonia SCR reactions,
and fittingly the first is by Isabella Nova and Enrico
Tronconi. This is on SCR reactions over vanadium(V)
oxide (V2O5)/WO3 supported on titania catalyst, and
they explain how measured unsteady state kinetic
parameters for all of the reactions concerned can be
incorporated into a computer model for the control of
heavy duty diesel NOx control systems. At an intimate
mechanism level surface sites are indicated that include
a surface redox site at which oxygen is adsorbed, a
reaction site at which NO is adsorbed and an acidic
site to bond to ammonia. Reduced vanadium centres
are reoxidised by nitrate. It is concluded the fast SCR
reaction proceeds via dimerisation of NO2 followed

Table I S
 ummary of the Individual Steps Involved in the Fast SCR Reaction over Vanadium-based and
Zeolite Metal Promoted Catalysts
Involving NO2 only
2NO2 ⇌ N2O4

NO2 dimerisation

NO2 + NO2– ⇌ NO + NO3–

Nitrite oxidation by NO2

2NH3 + H2O ⇌ 2NH4+ + O2–

NH3 adsorption

N2O4 + O2– ⇌ NO2– + NO3–

Disproportionation

In the presence of NH3

NH4+ + NO2– ⇌ [NH4NO2] → N2 + 2H2O

Nitrite reduction by NH3

NH4NO3 → N2O + 2H2O

Formation of N2O

NH4+ + NO3– ⇌ NH4NO3

Formation/dissociation of NH4NO3

In the presence of NO
NO + NO3– ⇌ NO2 + NO2–

Reduction of nitrate by NO

2NH3 + NO + NO2 → 2N2 + 3H2O

Overall reaction

Fast SCR
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by its disproportionation to surface nitrite and nitrate.
Ammonium nitrite decomposes to nitrogen while nitrate
is reduced by NO to reform NO2.
The next chapter by Michael P. Harold (University
of Houston, USA) and Parnit Metkar (DuPont, USA)
provides a very good overview of the published
mechanistic work on ammonia SCR of NOx. They
consider not only kinetics and mechanisms but also
the role of transport effects, especially in reactions
over iron exchanged zeolites and layered catalysts
comprising separate copper and iron zeolite layers. A
number of particularly important points are highlighted.
Diffusion limitations can become significant for the fast
SCR reaction at temperatures just above 200ºC, first
diffusion within the catalyst pores; and increasing the
amount of ammonia rather than increasing the rate of the
standard SCR reaction with NO does not enhance the
reaction rate but rather slows it due to strong ammonia
adsorption causing site blocking. The reaction orders
are one in NO, half in oxygen and –0.3 in ammonia and
the corresponding activation energy of around 10 kcal
mol–1 could reflect a relatively low barrier for the rate
limiting step since this was estimated under conditions
where diffusion effects were thought to be absent.
Curiously on iron zeolite NO oxidation is inhibited by
water, but the standard SCR reaction is not. However,
the results of isotopic labelling experiments are
consistent with the decomposition of ammonium nitrite
being involved, Equation (ix), and a potentially important
route to ammonium nitrite is from NO reduction of the
nitrate. It is clear the mechanistic situation for the fast
SCR reaction can be significantly complex, and the
chapter concludes with an examination of two layer
copper zeolite/iron zeolite catalyst arrangement, and
aspects of reactor modelling.
The last chapter in this part, by Louise Olsson
(Charmers
University,
Sweden),
complements
the previous one because it concerns the kinetic
modelling of ammonia SCR reactions over copper
zeolite catalysts. An often unappreciated fact, that is
highlighted, is under operating conditions the zeolite will
adsorb a large amount of water in addition to ammonia
with an enthalpy of adsorption of around 100 kJ mol–1
in the absence of competing adsorbates.

2.5 Part 5. Modelling and Control
The first chapter in this part, about reactor models for
flow-through and wall-flow converters, is by Dimitrios
Karamitros and Grigorios Koltsakis (Aristotle University
Thessaloniki, Greece). The arrangement of the different
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aftertreatment components are discussed because of
the consequences it has on their rate of heating after
the engine starts. A number of other interesting aspects
are discussed including the complex behaviour of SCR
catalysts incorporated into a particulate filter. In the
absence of soot in the filter the pressure driven flow of
gas through the filter walls containing catalyst provides
better performance than the same amount of catalyst
on a flow-through substrate because of the absence
of diffusion resistances. However, the presence of a
substantial layer of soot can modify the situation: there
is the potential reaction of NO2 with soot that reduces
the NO2/NO ratio which, with some SCR catalysts,
can reduce its performance. To compensate for this
effect more catalyst will be required. This might not
be physically possible and if it were possible more
catalyst would increase backpressure across the filter.
It is therefore important SCR catalyst incorporated into
filters lack NO2/NO ratio sensitivity.
The other chapter in this part includes discussion
about the understanding and measurements needed for
SCR control systems by Ming-Feng Hsieh (Cummins,
USA) and Junmin Wang (Ohio State University, USA).
SCR control systems have to take into account varying
engine NOx emissions during real world driving and
adopt the urea solution injections accordingly. Forward
control strategies have been used which make major
assumptions about catalyst ageing and degradation
of ammonia capacity, but alone they are not adequate
and some degree of feedback control using sensors is
necessary. However, the present NOx sensors suffer
interference from ammonia, and this has to be taken
into consideration via sophisticated algorithms. In fact
NOx sensors also have a sensitivity to the NO2/NO
ratio resulting from the extra oxygen present in NO2.
Ammonia sensors are being experimented with to
overcome some of the practical difficulties, but there
remain significant challenges so SCR control system
development is an area of much activity.

2.6 Part 6. Ammonia Supply
The three chapters in this part are about the production
of a spray of urea solution in the exhaust gas flow, its
conversion into ammonia gas, storage of ammonia in
SCR catalysts and the modelling of these processes. The
first chapter by Ryan Floyd (Tenneco, USA) and Levin
Michael and Zafar Shaikh (Ford, USA) is about system
architecture and includes the design of injectors and
mixing devices. The computer-based design of these
systems has resulted in reliable production of gaseous
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ammonia with minimal deposition of troublesome
solids. The second chapter is about ammonia storage
and release by Daniel Peitz, Andreas Bernhard (Paul
Scherrer Institute, Switzerland) and Oliver Kröcher
(EPFL, Switzerland) that focuses attention on the
chemical reactions involved in converting urea to
ammonia, Equations (xxi) and (xxii), before going on
to discuss alternative ammonia sources. While some
of these alternatives have some attraction, the use and
distribution of urea solution is now so well established
it seems unlikely it will be displaced. The third and
final chapter in this part is about gas flow modelling by
Gianluca Montenegro and Angelo Onorati (Politecnico
di Milano). Computational fluid dynamics (CFD) have
been used for many years to optimise distributed
flow through monolithic honeycomb catalysts and the
exhaust system as a whole, and these techniques have
been successfully applied to systems involving SCR
NOx reduction (Figure 3). A high degree of mixing
ammonia with the exhaust gas is essential for high
overall performance.

(xxi)

HNCO + H2O à NH3 + CO2

(xxii)

2.7 Part 7. Integrated Systems
For performance, space constraints and cost
considerations it is desirable to integrate emissions
control functionality as much as possible, and the three
chapters in this part of the book are about this topic.
The first chapter details an experimental and modelling
study of dual-layer ammonia slip catalysts (ASCs)
by Isabella Nova, Massimo Colombo and Enrico
Tronconi (Politecnico di Milano) and Volker Schmeiβer,
Brigitte Bandl-Konrad and Lisa Zimmermann (Daimler,
Germany). The amount of ammonia fed to a SCR
catalyst must be sufficient to reduce the varying amounts
of NOx produced by the engine while maintaining the
quantity of ammonia stored in the catalyst to ensure
optimum NOx reduction performance. As highlighted
elsewhere in this review, the control systems designed
to maintain this situation under dynamic transient

Tank

Electronic control unit (EDC 17)
or dosing control unit (DCU 17)
incl. SCR functions

Actuators

CO(NH2)2 à NH3 + HNCO

Supply module SM 5.1 (PC)
or SM 5.2 (LD)
(Defined welding interface to the
tank. Heater, lifetime filter, level
and temperature sensor on module
for tank integration. Pump module
consisting of supply and emptying
pump as replacement part)

Sensors

Heater control unit
(HPU-PC)
(only with EDC 17)
Engine CAN
Glow control unit (GCU)
with integrated heater
control
(only with EDC 17)

Lambda
sensor

Coolant

Differential
pressure sensor

Particle
sensor

NOx
sensor

Dosing module
DM 3.4
2 temp. sensors
Mixer

Exhaust

SCR-on-filter

Oxi-cat

Fig. 3. Schematic diagram of a car exhaust gas emissions control system comprising an oxidation catalyst, wall-flow particulate
filter, and flow-through SCR catalyst. Key components include a urea solution tank (heated in cold weather), dosing spray
module and static mixer, temperature and NOx sensors. (Source: Robert Bosch GmbH)
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conditions can be effective but occasionally in some
circumstances excess ammonia may slip from the
SCR catalyst, and oxidation catalysts have been
developed to control the amount of escaping ammonia
by converting it to nitrogen. They need to have high
selectivity towards the production of nitrogen, and they
can have SCR activity should any NOx be present. The
situations examined were the traditional arrangement
of a separate special oxidation catalyst after a SCR
catalyst, a layer of oxidation catalyst above which was
a layer of SCR catalyst as well as a physical mixture of
the two catalysts. An iron zeolite catalyst was used and
when this was present as an upper layer on the oxidation
catalyst there was enhanced selectivity to nitrogen and
a small amount of additional NOx reduction.
The second chapter in this part is about combining
NOx-trapping catalysts with downstream SCR catalysts
on diesel cars and is by Fabien Can, Xavier Courtois
and Daniel Duprez (University of Pointiers, France).
When a NOx-trap is regenerated by periodic enrichment
of the exhaust gas ammonia can be formed, and the
reactions involved in this process are detailed before
giving the fascinating history of the use of this ammonia
with a SCR catalyst. The ability of the SCR catalyst to
store significant amounts of ammonia enables it to
reduce NOx that is not retained in the NOx-trap during
normal lean operation. Although optimised systems
have been used on series production cars it seems
likely further advances will be made in the future in this
important area because it has the practical advantage
of not requiring to store and inject urea solution into the
exhaust system.
The final chapter in this part is by Thorsten Boger
(Corning, Germany) about the integration of SCR
catalysts into DPFs. The DPF materials in series
production are cordierite, various forms of aluminium
titanate, and silicon carbide. To reduce component
count, cost and possibly improve performance there
has been a move to incorporate catalytic functionality
into particulate filters especially those in light duty
diesel vehicles. This was first done with oxidation
catalyst that removes CO and HCs during normal
driving and periodically provides high temperature to
initiate filter regeneration. This is done by oxidising
partial combustion products from late injection of
fuel into the engine. Recently SCR catalyst has been
incorporated into filters, and a large amount of catalyst
is required so that exceptionally high porosity filters
are needed. Having sufficient strength and filtration
efficiency with the necessary high porosity material
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has been a major challenge that has been overcome
and such filters are now in series production on some
European diesel cars.

2.8 Part 8. Case Histories
There are two chapters in the last part of the book about
practical applications of urea SCR systems to series
of production vehicles. The first, entitled ‘Development
of the 2010 Ford Diesel Truck Catalyst System’ by
Christine Lambert and Giovanni Cavataio (Ford,
USA), is a well written contribution with well sized clear
illustrations. It provides a nice overview of the SCR
work done in Ford since the early 1990s. By 1995 they
had demonstrated a SCR NOx-control system on a
light duty diesel vehicle, and development continued
culminating in the USA with the introduction of the 2010
truck system. The evolution of copper zeolite catalysts
is detailed and practical aspects such as the importance
of durability of the upstream oxidation catalyst to
maintain high NOx conversion through the then
necessary appropriate NO2 to NO ratio. Also covered
is the influence of packaging constraints, backpressure
problems, and the temperature requirements for the
NOx conversions required. It was clear a rapid heating
cold start strategy was needed to enhance the exhaust
gas temperature so the emissions control system
would work efficiently at a sufficiently early stage.
The 2011 model year system comprised two oxidation
catalysts, urea solution injection, two SCR catalysts,
and a silicon carbide particulate filter. The optimisation
work included substituting a proportion of the platinum
for palladium in the oxidation catalyst as a cost save,
although this resulted in poor (if any with an aged
catalyst) NO oxidation to NO2. This was acceptable
because a NO2 insensitive copper/zeolite catalyst had
been selected. Platinum/palladium formulations also
had the advantages of reducing potential volatilisation
of traces of platinum via its oxide that could influence
SCR catalyst selectivity, reduced low level emissions
of N2O and not oxidising traces of SO2 to the more
potent catalyst poison SO3. Both the oxidation catalyst
and the SCR catalyst had to have high thermal stability
because they experience high temperatures during
active filter regeneration. The palladium-containing
oxidation catalyst had durability, but early copper/zeolite
SCR catalysts and even those based on beta zeolite
did not have sufficient thermal stability. The availability
of SCR catalysts based on small pore zeolites in 2007
provided the required higher thermal stability. The
ammonia storage capacity of SCR catalyst with a
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suitable urea solution dosing strategy can significantly
enhance low temperature NOx conversion, although
this has to be balanced with the possibility of ammonia
slip during high temperature filter regeneration. On the
vehicle this requirement was obtained by the control
system. Exotherm problems on the SCR catalyst
during filter regeneration caused by HC adsorption and
carbon formation were all but eliminated with the small
pore zeolite SCR catalyst. This chapter illustrates the
huge amount of fundamental and development work
that goes into the introduction of a successful vehicle
emissions control system incorporating urea-based
SCR that, of course, continues to be improved upon.
The final chapter in this part, and the last in the
book, is by Michel Weibel, Volker Schmeiβer and
Frank Hofmann (Daimler, Germany) and is a short
contribution about computer models for simulation and
development of exhaust gas systems incorporating
urea-based SCR NOx control. Factors such as
maintaining the level of ammonia stored in the catalyst
are particularly important with copper-based catalysts
that operate best with a significant amount of stored
ammonia. The urea solution dosing strategy has to
satisfy this requirement under most engine operating
conditions without there being excess ammonia that
would be wasteful and potentially be an emission
problem. Independently determined kinetics for each
of the catalytic reactions and catalysts involved are
parameterised for ease of use in computer modules,
and in some instances compiled in data maps. The
resulting simulation models are important during
the development and optimisation of the individual
components and in identifying practical ways of
obtaining optimum overall operating performance.
This is complex and made more so by a need to take
into account the engine operation that determines
engine-out NOx emissions.
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huge number of publications cited in this multi-author
book. A wide variety of materials are catalytically
active in ammonia SCR reactions, and several high
performance catalysts have become established
commercially. These have the attributes of high
activity, the necessary good selectivity with minimal
undesirable formation of N 2O as well as very good
longevity associated with high thermal durability.
The book provides an important up-to-date survey
of the state of SCR science and technology that over
recent years has undergone tremendous advances.
Exceptionally high conversions of NOx to nitrogen
with amazingly high selectivity are now possible at
temperatures so low they were thought impossible
a decade ago. These improvements resulted from
development work targeting low-temperature NOx
control of emissions from diesel engine powered
cars. Development work continues in this area
and further exciting developments are likely in the
not too distant future that could take the form of
substituting urea as a source of ammonia for some
other reductant derived from on board sources such
as water or diesel fuel.
The lack of consistent illustration style, equation
numbering that could have been unified during
copyediting are easily criticised, as could the all too
brief index that does not for instance have important
terms such as chabazite and SAPO. However, these
failings do not detract from this book being a mine of
information that will be of value to researchers working
in the SCR area as well as a reference for students
in chemistry, catalysis and chemical engineering. The
editors are to be congratulated for bringing together
so many eminent contributors and completing such
a major endeavour. This book should therefore be
made available in academic and industrial research
libraries alike.

3. Conclusions
Ammonia SCR has become the technology of choice
for control of NOx emissions from all but the smallest
diesel vehicles, and its importance is reflected in the
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The Reviewer
Following Fellowships at the Universities of Toronto and Cambridge Martyn Twigg joined a
polymer group at ICI’s Corporate Laboratory in the North West of England, and after involvement
in projects at Agricultural Division at Billingham moved there in 1977. Martyn worked on catalysts
and catalytic processes including synthesis gas production via naphtha and natural gas steam
reforming, methanol and ammonia synthesis, and proprietary catalysts and processes for herbicide
manufacture and environmental protection applications. He studied catalyst activation and built a
much used off-site catalyst reduction unit. After managing an international polymerisation project he
was head-hunted to work at Johnson Matthey as Technology Director in the autocatalyst area that
he successfully led until being appointed Chief Scientist. This provided an opportunity for research
diversity that included carbon nanotube manufacture and catalysts for medical applications. He was
associated with four Queen’s Awards, and was awarded the Royal Society of Chemistry Applied
Catalysis Prize. He has more than 200 papers, co-authored books on transition metal mediated
organic syntheses and catalytic carbonylation. He produced the “Catalyst Handbook”, co-edits the
Fundamental and Applied Catalysis series with Michael Spencer, and has 150 published patent
families on catalysts and catalytic processes. Martyn has on-going collaborations with universities
and holds honorary academic positions, and runs an active consultancy and catalyst development
business.

Erratum

Computer Simulation of Automotive Emission
Control Systems
It has come to our attention that there was a mistake in the published article: M. Ahmadinejad, J. E. Etheridge,
T. C. Watling, Å. Johansson and G. John, Johnson Matthey Technol. Rev., 2015, 59, (2), 152
(Equation (xix)):
k=

kMax A
1+ A x

(xix)

The equation should read:
k=

kMax A x
1+Ax
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(xix)
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reading. The topics covered by the poster presentations
will also be mentioned to give an overview of the current
research at KCK.
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2. Oral Presentations
2.1 Twenty Years with KCK

1. Introduction
This symposium was organised by Chalmers University
of Technology, Sweden, to commemorate the first 20
years of research at Competence Centre for Catalysis
(KCK). The Frontiers in Environmental Catalysis
conference was held on 24th September 2015 at
Chalmers University of Technology. All previous and
current KCK employees were invited, together with
representatives of KCK’s member companies and
few invited speakers. About 50% of the invited people
attended, resulting in about 120 participants. Among
them were four Johnson Matthey delegates (including
the present reviewer, having been a post-doctoral
fellow at KCK). Although Johnson Matthey is no longer
part of KCK, a collaboration project on the study
of methane oxidation is ongoing between Johnson
Matthey Technology Centre, Sonning Common, UK
and Professor Per-Anders Carlsson (KCK, Sweden)
resulting in two poster presentations at the symposium.
The aim of this review is to summarise the oral
presentations relevant for emission control applications
and provide the reader with useful references for further
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An introductory talk to celebrate the history of KCK, an
interdisciplinary research centre within heterogeneous
catalysis since 1995, was given by the director of KCK,
Professor Magnus Skoglundh (Chalmers University of
Technology). The diversity of the centre was emphasised:
it was originally composed of Chemical Engineering,
Chemical Reaction Engineering and Applied Physics
departments at Chalmers University of Technology,
and recently it was further expanded by Eva Olsson’s
microscopy group. The research is focused on catalysis
for emission control with a growing interest in energy
related areas. KCK is financially supported by Chalmers
University of Technology, the Swedish Energy Agency and
the member companies: AB Volvo, ECAPS AB, Haldor
Topsøe A/S, Scania CV AB, Volvo Car Corporation AB
and Wärtsilä Finland Oy.
On a similar note, Pär Gabrielsson’s (Haldor Topsøe,
Denmark) talk on ‘The Impact of KCK from an Industrial
Perspective’ stressed the role played by KCK on students’
education and how it prepares them for employment in the
catalysis and aftertreatment industry. This is confirmed
by statistics, with 70% of PhDs employed by industry of
which 45% are member companies. The remaining 30%
of PhDs are employed by other organisations.
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2.2 Automotive Aftertreatment
Galen Fisher (University of Michigan, USA) presented
‘Progress and Challenges in Automotive Emission
Control’. Fisher is one of the members of the KCK’s
international advisory board. His talk concentrated
on current challenges facing the automotive emission
control industry such as improving the low-temperature
activity of three-way catalyst (TWC) and nitrogen
oxides (NOx) traps. Moving the TWC design from
a supported metal to a metal core surrounded by
an inert shell was shown to prevent poisoning and
metal sintering (1). Johnson Matthey was cited in
relation to the development of palladium/cerium based
low-temperature NOx adsorbers, characterised by
lower nitrous oxide (N2O) production compared to
platinum-based catalysts and preferential storage
of nitrogen oxide (NO) vs. nitrogen dioxide (NO2)
(2). Fisher discussed how the new aftertreatment
technologies use layering/zoning strategies as well as
diffusion effects to decrease emissions.
Jonas Jansson (AB Volvo, Sweden) presented
‘Exhaust Aftertreatment for Heavy Duty Diesel
Engines – Current Trends and Future Challenges’. The
evolution of the aftertreatment systems for heavy duty
diesel vehicles at Volvo was discussed. The original
configuration diesel oxidation catalyst (DOC) + diesel
particulate filter (DPF) + selective catalytic reduction
(SCR) has been recently substituted by close-coupled
DOC + SCR on filter (SCRF®) (or passive NOx adsorber
(PNA) + SCRF®), allowing an enhancement of the lightoff performances. The location of the catalysts and of
the urea tank depends on the geographical area where
the vehicle is commercialised.

2.3 Advanced Characterisation
Stig Helveg (Haldor Topsøe) presented ‘Electron
Microscopy Advances for Catalysis’. Helveg introduced
the cutting-edge technology of in situ and operando
transmission electron microscopy (TEM) imaging
(3). A nanoreactor was designed at Haldor Topsøe
in collaboration with TU Delft, The Netherlands, and
was functionalised with a micrometre-sized gas-flow
channel, transparent windows to allow the electron
beam to reach the sample and with a heating device
(4). This device allows the collection of images at
1 bar, solving the pressure gap issue typical of traditional
TEM imaging. The time resolved TEM images and
measurement of the outlet gas composition by mass
spectrometry (MS) results in a powerful way of studying
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correlations between a catalyst structure and its
activity. The research of oscillatory catalytic reactions,
such as carbon monoxide oxidation, was reported as
an example of successful application of this technique
(5). In this case a link between catalyst activity and
shape of platinum nanoparticles has been found
(shape dynamics from squared to circular). Sintering
mechanisms and kinetics can also be investigated with
the same technique.
Anders Nilsson (Stockholm University, Sweden)
presented ‘Fundamental X-ray Studies of Catalytic
Reactions’. The understanding of the nature of the
interaction between water and metals, which is of
interest in heterogeneous catalysis, was described
(6). Professor Nilsson developed a library of X-ray
absorption spectroscopy (XAS) and X-ray Raman
scattering (XRS) spectra that spans the liquid part of
the water phase space and several important aqueous
solutions. This was used as a reference to identify
hydroxyl species involved in catalytic reactions such as
hydrogen oxidation in fuel cell applications.
Per-Anders Carlsson presented ‘Studies of Catalysts
at Work’. This talk focused on the use of synchrotron
facilities (European Synchrotron Radiation Facility
(ESRF), France; MAX IV, Sweden and PETRA III,
Germany) to examine catalytic reactions. Some
examples were given of various spectroscopic
techniques (extended X-ray absorption fine structure
(EXAFS), high-energy X-ray diffraction (HEXRD),
Fourier transform infrared (FTIR) and MS) to distinguish
the adsorbed species and simultaneously coordinate
catalytic activity to changes in the catalyst oxidation
state (7, 8) (Figure 1). The possibility of exploiting the
structure gap, from ideal surfaces to big particles, small
clusters and single atoms, to improve the understanding
of catalytic reactions was also mentioned. Active areas
of interest are total methane oxidation and partial
selective methane oxidation to methanol.

2.4 Reaction
Modelling

Engineering

and

Molecular

Louise Olsson (Chalmers University of Technology)
presented ‘Studies of Aging Mechanisms for
NH3-SCR Catalysts using Experiments and Kinetic
Modelling’. Sulfur poisoning and regeneration on
copper-SSZ13 were studied and performed in
collaboration with Cummins Inc. A three-site kinetic
model was necessary to describe ammonia storage
and oxidation during temperature programmed
desorption (TPD) experiments (9). A connection was
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Fig. 1. (a) Evolution of X-ray absorption near edge structure (XANES) Pt LIII-edge spectra; and (b) IR bands in the interval
1500–4000 cm–1 for a 4% Pt/Al2O3 catalyst exposed to 1000 ppm CH4 in He while periodically switching the O2 concentration
between 0 (60 s) and 1.5% (60 s) at 280ºC (Reprinted with permission from (7). Copyright (2011) American Chemical Society)

also found experimentally between the rate of SCR
reaction and Cu loading, that was introduced in the
kinetic model. A sulfur exposure study showed that
sulfur dioxide (SO2) can be adsorbed on Cu sites
(S1-SO2), resulting in a decreased catalytic activity. The
experimental observation of more NH3 stored in the
presence of sulfur was elucidated with the formation of
adsorbed ammonium-sulfur species (S1-(NH3)2-SO2).
The gradual decomposition of these species leads to
catalyst regeneration and also provides an alternative
route to the SCR reaction. This mechanism was
successfully included in a kinetic model.
Henrik Grönbeck (Chalmers University of Technology)
presented ‘Catalysis from First-Principles Calculations’.
A recent work combining X-ray photoelectron
spectroscopy (XPS) measurements and first-principle
calculations suggests that the most active phase for
methane oxidation on Pd-based catalyst is a double
layered PdO(101) structure (10). Density functional
theory (DFT) calculations show that CH4 repulsion from
the surface is quite strong when only one monolayer of
PdO is present, but it can be overcome after a second
monolayer is created therefore explaining the better
activity observed experimentally. A micro-kinetic model
for CH4 oxidation was also built from first principles,
able to predict reaction orders in methane, water, and
oxygen as well as apparent activation energies in good
agreement with a range of experimental findings (11).
Interestingly, different reaction steps were found to be
limiting depending on the temperature: water inhibition,
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CH4 desorption, CH3 dissociation or CH4 dissociation
with increasing temperature. Different activation
energies depending on the temperature were found
also experimentally, which supports the modelling
results.

3. Poster Presentations
29 posters were presented during the poster session,
covering two main research areas: emission control
and energy conversion.
One of the main focuses in emission control research
was the understanding of ageing and sulfur poisoning
mechanisms as well as deactivation during operation,
for lean NOx trap (LNT), SCR and hydrocarbon oxidation
catalysts. The SCR of NOx in the presence of excess
oxygen by NH3/urea (NH3-SCR) or hydrocarbons
(HC-SCR), and NOx storage reduction (NSR) using
mixed lean/rich operation were explored. Posters
on passive SCR and SCR coated DPFs were also
presented. Another subject of interest is the catalytic
oxidation of soot and methane in particular the inhibiting
effect of H2O on the latter.
Moving to the energy conversion theme, research
is ongoing in the synthesis of methanol from direct
selective oxidation of methane on Cu-zeolites as well
as selective hydrogenation of oxygenates.
In many cases activity studies were accompanied by
kinetic modelling and/or first principles calculations to
support the interpretation of the experimental results.

© 2016 Johnson Matthey
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4. Conclusions
The contribution by representatives from both
academia and industry to the symposium made it an
overall successful event. The range of presentations
was diverse and covered the most relevant topics in
environmental catalysis, with an emphasis on future
challenges. The Chalmers’ KCK demonstrated once
again to be one of the leading groups in environmental
catalysis research.
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