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a b s t r a c t

The increasingly stringent emission regulations, such as US 2010, Tier 2 Bin 5 and beyond, off-road Tier 4
final, and Euro V/5 for particulate matter (PM) reduction applications, will mandate the use of the diesel
particulate filters (DPFs) technology, which is proven to be the only way that can effectively control the
particulate emissions. This paper covers a comprehensive overview of the state-of-the-art DPF tech-
nologies, including the advanced filter substrate materials, the novel catalyst formulations, the highly
sophisticated regeneration control strategies, the DPF uncontrolled regenerations and their control
methodologies, the DPF soot loading prediction, and the soot sensor for the PM on-board diagnostics
(OBD) legislations. Furthermore, the progress of the highly optimized hybrid approaches, which involves
the integration of diesel oxidation catalyst (DOC) þ (DPF, NOx reduction catalyst), the selective catalytic
reduction (SCR) catalyst coated on DPF, as well as DPF in the high-pressure exhaust gas recirculation
(EGR) loop systems, is well discussed. Besides, the impacts of the quality of fuel and lubricant on the DPF
performance and the maintenance and retrofit of DPF are fully elaborated. Meanwhile, the high efficiency
gasoline particulate filter (GPF) technology is being required to effectively reduce the PM and particulate
number (PN) emissions from the gasoline direct injection (GDI) engines to comply with the future
increasingly stricter emissions regulations.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

PM, perhaps the most characteristic of the diesel emissions, is
responsible for the black smoke traditionally associated with the
diesel-powered vehicles. The particles in diesel exhaust are of
special concern because, due to their respirable size, they can
penetrate deep into the human lungs (DieselNet; Johnson, 2014;
Kagawa, 2002; Ristovski et al., 2012). In addition, diesel PM is pri-
marily made of black carbon, which is a short-lived climate forcer
with a high global warming potential (Prasad and Bella, 2010;
Kittelson, 1998). PM is an extremely complex mixture of solid and
condensates materials. The primary materials found in the solid
phase of diesel PM include inorganic carbon andmetal ashes, while
the condensates include high boiling hydrocarbons, water, and
sulfuric acid (see Fig. 1 (a)) (Vouitsis et al., 2003; Burtscher, 2005).
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Accordingly, the total diesel PM is generally composed of the
following four main fractions as depicted in Fig. 1 (b). They are (1)
elemental carbon (EC, solid), i.e. soot, (2) soluble organic fraction
(SOF, solid or liquid substances finely distributed in gases) from fuel
and engine lubricant oil, (3) sulfates (hydrated sulfuric acid, metal
sulfates, and liquid, depending on the sulfur content of the fuel),
which require the use of the ultra low sulfur diesel (ULSD, US:
�15 ppm; EU: �10 ppm), and (4) ash (inorganic materials), which
requires low SAPS (sulfated ash, phosphorous, and sulfur) engine
oils (such as US: CJ-4 and EU: E6/E9), and other components (solid)
mainly from engine corrosion and wear (Fe, Cu, Cr, and Al), lube oil
with additive package (Ca, Zn, P, S, etc.), and base stock (HC)
(Vouitsis et al., 2003; Agarwal, 2007). It should be noted that the
composition of PM might vary widely depending on the engine
design, the management strategies, the operating conditions, and
the fuel and oil used (Agarwal, 2007; Tree and Svensson, 2007;
Maricq, 2007).

Meanwhile, soot particles can be categorized into the following
five sizes of the aerodynamic diameter: (1) large particles >10 mm,
(2) coarse particles 2.5e10 mm (PM10), (3) fine particles 0.1e2.5 mm
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Fig. 1. (a) The typical chemical composition and structure of diesel engine exhaust particulate matter (Prasad and Bella, 2010; Kittelson, 1998; Burtscher, 2005); (b) The typical PM
composition from a heavy-duty diesel engine, tested in a transient cycle on an engine test bench (Kittelson, 1998); (c) The schematic of mass- and number-based concentration of
typical particle size distribution from diesel exhaust (Burtscher, 2005; Maricq, 2007).

Table 1
Summary of the European and US light-duty vehicle emission legislations
(DieselNet; Johnson, 2014, 2008, 2012a).

Emission legislations Date NOx,
g/km

PM,
g/km

PN,
#/km

Euro 4 2005 0.25 0.025 e

Euro 5 2009 0.18 0.005 e

Euro 6 2014 0.08 0.0045 6.0 � 1011

US Tier 2 Bin 5 2007/2009 0.043 0.0062 e

CARB LEV III 2015e2025 0.012 0.0021 e
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(PM2.5), (4) ultra-fine particles 50e100 nm (0.1 mm) (PM0.1), and (5)
nanoparticles <50 nm. The typical contribution of the small and
large particles to the particle number and particle mass is shown in
Fig. 1 (c) (Kittelson, 1998; Agarwal, 2007). It is clear that the very
small particles that make up the nuclei mode are present in the
greatest number, but contribute little to the total mass, while the
relatively small number of the larger particles that make up the
accumulation mode dominates the particulate mass (Burtscher,
2005). It has been reported that it is the smaller particles that are
proposed to be the most harmful to human health (Ristovski et al.,
2012; Prasad and Bella, 2010). Consequently, the particulate emis-
sions are being legislated not only in mass (PM), but also in number
(PN).

The increasingly stringent environmental regulations for diesel
engine emissions are driving efforts to develop concepts for
reducing emission levels, predominantly for PM as shown in Table 1
for light-duty vehicle and Table 2 for heavy-duty engine (Johnson,
2014, 2008, 2012a, 2013a). The European standards, effective in
2014 and 2013, respectively, introduce the PM limits of 5 mg/km for
LD vehicles and 0.01 g/kWh for HD engines (Bonnel et al., 2010;



Table 2
Summary of the European and US heavy-duty engine emission legislations
(DieselNet; Johnson, 2014, 2008, 2012a).

Emission legislations Date NOx,
g/kWh

PM,
g/kWh

PN,
#/kWh

Euro IV 2005 3.5 0.02 (ESC)
0.03 (ETC)

e

Euro V 2008 2.0 0.02 (ESC)
0.03 (ETC)

e

Euro VI 2013 0.4 0.01 (WHTC) 8.0 � 1011 (WHSC)
6.0 � 1011 (WHTC)

US 2007 2007 1.5 0.013 e

US 2010 2010 0.26 0.013 e
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Mamakos et al., 2011a; Koltsakis and Stamatelos, 1997). The latest
European emissions legislations (i.e. Euro 5, 6, and VI) are set on the
basis of both mass and number counts to ensure the control of the
ultrafine particles that are thought to be themore critical indicators
of health impact (Mamakos et al., 2011b, 2014). The US standards
come into force with even more stringent PM limits. For the light-
duty, the California Air Resources Board (CARB) finalized the low
emissions vehicle (LEV III) emissions standard, calling for a 90% cut
in PM, down to 0.625 mg/km, by 2025. For the heavy-duty, the new
on-highway heavy-duty diesel emission standards for US 2007/
2010 are extremely restrictive for PM of 0.013 g/kWh (Joubert and
Seguelong, 2004; Rose et al., 2013).

The most widely used approach that can meet the emissions
legislation is to trap PM in a porous substrate wall-flow DPF, which
is usually made of honeycomb structure monolith with small pores
(typical mean pore sizes are about 10e30 mm) (Rose et al., 2013;
Khair, 2003). Based on the particulate deposition mechanisms in
DPFs, DPFs are most effective in controlling the solid fraction of the
diesel particulates, which includes the elemental carbon (soot),
SOF, sulfates, and ash (Johnson, 2011; Ohara et al., 2007). Experi-
ments to date indicate that DPFs are able to reduce not only the
course particles whose aerodynamic diameter is between 1 and
10 mm, but also the particles in the accumulationmode (0.1e1.0 mm)
and the nuclei mode and the nanoparticles whose aerodynamic
diameter is less than 50 nm (Koltsakis and Stamatelos, 1997; Khair,
2003; Mizutani et al., 2007; Koltsakis et al., 2006). Typically, the
wall-flowDPFs are very efficient in removing the carbonaceous and
metallic particulates, including the fine particulates of less than
100 nm diameter with an quite impressive efficiency in excess of
95% in mass and >99% in number over a wide range of engine
operating conditions, with good mechanical and thermal durability
(MECAwhite paper, 2007; Ootake et al., 2007). Certain DPFs reduce
the emissions of hydrocarbons (HCs) and CO by 85%e95% and 50%e
90%, respectively. Therefore, the use of DPF is considered to be the
only feasible diesel aftertreatment technology that can meet the
more and more strict PM requirements (K€orfer, 2008; Johnson,
2010).

It appears that wall-flow DPF is the only known technology
option at present that could enable the future diesels to comply
with the PM emission legislation. DPFs have beenwidely applied to
reduce PM from modern diesel engines since 1999, followed by a
wide scale adoption on new light-duty and heavy-duty diesel en-
gines in both highway and non-road applications (Johnson, 2012b).
DPFs can be installed on diesel-powered vehicles, off-road equip-
ment, or stationary diesel engines. Nowadays, the DPF systems, the
state-of-the-art technology to realize low particulate emission for
light, medium, and heavy-duty diesel vehicles, have become a
standard aftertreatment component for all current and future on-
road diesel engines used in the US and Japan. In Europe, the
introduction of EU V is expected to result in broad implementation
of DPF as well (Johnson, 2012b, 2009a). The wall-flow high-
efficiency DPF is essentially a standard aftertreatment component
and is enforced to be installed so as tomeet US 2010, US Tier 2 Bin 5
and beyond, most off-road Tier 4 final, and Euro V/5 emissions
standards (Johnson, 2010). After 2007, all HD on-highway diesel
engines and every diesel vehicle in the United States have been
required to be equipped with high-efficiency wall-flow DPFs, and
the similar DPF technology has been required on Euro V/5 diesel
vehicles in Europe. DPF will be needed to effectively reduce PM
emissions from diesel engines like in China to address the severe air
pollution issues. Additionally, DPFs have been retrofitted to in-use
diesel engines worldwide to meet the PM and PN emissions re-
quirements. Besides, the DPF technology is being expanded into the
gasoline vehicles equipped with the direct injection (DI) engines. In
the future, as an integral part of the engine, DPF will be as signifi-
cant as fuel injectors and turbocharging (Allansson et al., 2002; Kim
et al., 2011).

DPFs may have limited effectiveness, or be totally ineffective, in
controlling the non-solid fractions of the PM emissions, like SOF
and sulfate particulates. For this reason, it is likely to incorporate
additional functional components (typically oxidation catalysts)
targeting the SOF into the DPF systems while ultra low sulfur fuels
may be required in controlling the sulfate particulates (MECAwhite
paper, 2007; Allansson et al., 2002). Furthermore, as the filter ac-
cumulates PM, it builds up backpressure that has many negative
effects such as decreased fuel economy and possible engine and/or
filter failure. To prevent these negative effects, the DPF have to be
regenerated by oxidizing (i.e. burning) trapped PM. The United
States Environmental Protection Agency (EPA) and CARB evaluate
the emission reduction performance of DPFs and identify the en-
gine operating criteria and conditions that must exist for DPFs to
achieve those reductions (Johnson, 2012b). Although most DPF in-
use problems have been resolved, there are still some challenges
that include optimizing regeneration strategies, improving sub-
strates and catalyst formulations, and exploring OBD, etc. (Johnson,
2012b; Kim et al., 2011) Fig. 2 is a graph showing the development
roadmap for the state-of-the-art DPF technologies.

This review aims to present the state-of-the-art of DPF tech-
nologies including advanced filter substrate materials, novel cata-
lyst formulations, sophisticated regeneration control strategies,
DPF uncontrolled regenerations and their control methodologies,
DPF soot loading prediction, and soot sensors for PM OBD regula-
tions. Furthermore, this paper discusses the progress in the highly
optimized hybrid approaches (the integration of DOC þ (DPF, NOx

reduction catalyst)), the SCR catalyst coated on DPF, the DPF in the
high-pressure EGR loop systems, the impact of fuel and lubricant
quality on DPF performance, the maintenance and retrofit of DPF as
well as the GPF technology.

2. Diesel oxidation catalyst and partial diesel particulate filter

2.1. Diesel oxidation catalyst

The DOC is a non-filter-based open monolith (flow-through)
system resembling the conventional catalytic converters for gaso-
line and diesel engines with some significant variation of the
catalyst composition so as to optimize the catalyst activity under
lean conditions. The noble metals are impregnated into a highly
porous alumina washcoat about 20e40 mm thick that is applied to
the passageway walls (Prasad and Bella, 2010). Most of the DOCs
used in the international market contain platinum (Pt) and palla-
dium (Pd) at a typical loading of 50e70 g/ft3. The current platinum
group metal (PGM)-based DOCs play two primary functions in the
commercial emission control systems: 1) Effectively promote the
oxidation of unburned hydrocarbons (UHCs) and CO, as well as the
SOF portion of PM as described by reactions (1) and (2), either to



Fig. 2. The DPF development roadmap.
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reduce emissions coming from the engine, or to oxidize diesel fuel
to create exothermic heat used for the DPF active regeneration and
lean NOx trap (LNT) desulfation (deSOx); and 2) Convert NO to NO2

as in reaction (3), which is used to continuously oxidize soot on a
DPF, i.e., DPF passive regeneration in reaction (4), and/or for
enhancing the SCR (selective catalytic reduction) NOx removal
(deNOx) performance via the fast SCR reaction (5), particularly at
low temperatures (Allansson et al., 2002; Kim et al., 2011;
Lucachick et al., 2014).

CxH2xþ2 þ [(3xþ1)/2]O2 / xCO2 þ (xþ1)H2O (1)

2CO þ O2 / 2CO2 (2)

2NO þ O2 4 2NO2 (3)

NO2 þ 2C / 2CO2 þ NO (4)

NO þ NO2 þ 2NH3 / 2N2 þ 3H2O (5)

In view of the important role of NO2 for the subsequent per-
formance of DPF passive regeneration and SCR deNOx, the tem-
perature dependence of the NO oxidation activity of a Pt-based
oxidation catalyst optimized for NO2 generation is presented in
Fig. 3 (a) (Allansson et al., 2002). It can be seen that the temperature
Fig. 3. (a) Temperature dependence of the NO oxidation activity of a Pt-based DOC (Johnso
for the onset of significant NO oxidation activity was approximately
200 �C. The activity then rose rapidly before the NO to NO2 con-
version passed through a maximum at approximately 300 �C. The
NO conversion then decreased as a result of thermodynamic con-
straints. Note, however, that while the NO oxidation activity falls
below 20% at 500 �C, this is the temperature at which the O2 can
start to combust the PM. So, when the NO2-PM reaction becomes
less effective as relatively little NO2 can be generated by the system,
the O2-PM reaction takes over. In addition, when the engine is
generating the exhaust temperatures of about 500 �C, and the
engine-out NOx level is very high, even a 20% conversion of NO into
NO2 will provide a high absolute level of NO2 to DPF. Therefore, in
practice, the DPF system can provide effective PM oxidation at all
temperatures from approximately 270 �C with the combination of
DOC. However, concerns have been raised due to the fact that DOC
can generate high tailpipe NO2, which is more toxic than NO.
Consequently, a maximum limit on the NO2 component of NOx

emissions is critical and is regulated in the US (Kim et al., 2011).
It is well known that Pt and Pd are the most commonly active

components used for DOC. Researchers have been substituting Pd
for Pt in DOCs for several years (Johnson, 2012b, 2009a; Allansson
et al., 2002; Kim et al., 2011). Kim et al. did a systematic study on
the effects of varying the Pt: Pd ratio on CO and HCs light-off
temperature, NO oxidation, and durability in a variety of condi-
tions over the DOCs (Kim et al., 2011). This study illustrated the
n, 2009a); (b) Conceptual impact of substituting Pt with Pd in DOCs (Kim et al., 2011).
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relationship between the Pt: Pd ratio and the catalyst activity and
stability by evaluating a series of catalysts with various Pt: Pd ratios
as shown in Fig. 3 (b) (Kim et al., 2011). All bimetallic PtePd cata-
lysts showed much better HCs light-off activity and thermal sta-
bility than the Pt- or Pd-only catalyst. Small amount of Pd (Pt:
Pd ¼ 7: 1) reduced the propylene (C3H6) light-off temperature from
205 to 155 �C, but no further improvements were observed at
higher Pd levels. However, too much Pd (more than Pt: Pd ¼ 1: 5)
caused the light-off to deteriorate. Hydrothermal stability was
significantly improved with even a few Pd additions, while further
increases had minimal additional impact (Kim et al., 2011). The NO
oxidation to NO2 was found to always depend directly on Pt con-
tent, with better NO oxidation at higher Pt loadings. Therefore,
moderate substitutions of Pd can dramatically improve the dura-
bility and the CO and HCs oxidation, without significant deterio-
ration of the NO oxidation (Depcik and Assanis, 2005). The results
suggest that the optimum ratio between Pt and Pd can be deter-
mined and fine tuned for various applicable diesel aftertreatment
systems in a cost effective way.

Although the NO2 yield is strongly linked to the total amount of
Pt available in DOC, a DOC with lower Pt content can still maintain
an acceptable CO and HCs light-off temperature and comparable
thermal stability. The study of Mayer et al. suggested that Pt usage
may be substantially reduced by incorporating a non-Pt catalyst
such as a perovskite-based NO oxidation catalyst at a ratio of 2: 1 or
1: 2 (Mayer et al., 2009). Also, if the new SCR catalysts become less
sensitive to the ratio of NO to NO2, a 2: 1, 1: 2 or even possibly a 1:
5 PtePd DOC could be implemented in place of the current Pt-rich
DOC catalyst.

Ishizaki et al. reported the DOC development (Ishizaki et al.,
2012). They developed and tested a PGM-free formulation that
oxidized CO and hydrocarbons as well as or even better than a Pt-
based DOC with 3 g/L loading. In the certification test cycle driving,
the aged (30 h at 700 �C) Ag/YMnO3 catalysts showed 20% higher
CO conversion and 10% higher hydrocarbon conversion than the
reference Pt catalyst. The new catalyst had little or no deterioration
when exposed to the high-sulfur conditions for 90 h. Similarly,
Wang et al. developed the mixed-phase oxide materials based on
Mn-mullite (Sm, Gd) Mn2O5 that were an efficient substitute for the
current commercial Pt-based catalysts (Wang et al., 2012). This
mixed-phase oxide material that did not contain any precious
metal was superior to Pt in terms of cost, thermal durability, and
catalytic activity for NO oxidation. The manganite-based catalyst
made the NO oxidation temperature decrease by about
50 �Ce200 �C versus a Pt reference catalyst (2% Pt on g-alumina) at
the optimum point of 50% conversion (Wang et al., 2012).

Seegopaul et al. presented the use of nanostructured perovskite-
based Nanoxite catalysts engineered with unique structural fea-
tures and high surface areas that enable higher catalytic efficiency
at lower temperatures without sacrificing durability performance
(Seegopaul et al., 2006). In fact, Nanoxitewas a “catalytic washcoat”
product in that it simultaneously functions as the emission control
catalyst while providing the bulk of the washcoat. As a result, both
the PGM level and the amount of conventional washcoat materials
were simultaneously reduced. Each powder particle possesses a
hierarchical structure where larger micron sized particles hold the
<40 nm size perovskite grains (Seegopaul et al., 2006). This desired
arrangement facilitates easy powder handling and eliminates
reactivity typically associated with discrete Nanograin materials.
These perovskite-based catalyst formulations were applicable to
both diesel engine and stationary emission control with respect to
CO/VOC oxidation and the management of NOx and PM (Seegopaul
et al., 2006).

It is worth noting that there are some potential adverse envi-
ronmental impacts of DOCs. First, the sulfur content of diesel fuel is
critical to DOC applications. It was reported that DOCs with a new
washcoat technology might survive up to 500 ppm sulfur content
diesel fuel (Wang et al., 2014). However, there is a risk that the
conventional DOCs will promote oxidize sulfur dioxide (SO2) which
is present in diesel exhaust to sulfur trioxide (SO3) with the sub-
sequent generation of sulfate particulates and actually significantly
increase the total PM emissions despite the decrease of the SOF
fraction, and thus, result in the performance degradation of DOCs
(Kim et al., 2011). In addition, the problem of secondary particle
formation and the subsequent growth of ultrafine particles related
to high sulfur content and exhaust aftertreatment such as DOCs
were reported (Maricq et al., 2002; Vogt et al., 2003; Du and Yu,
2008; Uhrner et al., 2011). The above reactions are dependent on
both the level of the sulfur content of the fuel and the temperature
of the exhaust gases. Therefore, using ULSD diesel fuel can mini-
mize this effect. Additionally, modern DOC formulations are being
developed and designed to be selective oxidation to obtain a
compromise between the sufficiently high CO and HC activity, the
excellent oxidation of NO to NO2, and the minimum SO2 oxidation
activity (Johnson, 2013b; Maunula, 2013). Therefore, it will be
necessary to further investigate the impact of sulfur on the metal-
based DOC catalysts with different loads, so that effective advanced
DOCs can be designed.

2.2. Partial diesel particulate filter

The partial diesel particulate filter (pDPF) is a cross between DPF
and DOC, wherein the carbonaceous PM is captured by turbulence
mechanisms (Lehtoranta et al., 2007). These devices may use
different types of substrates, and are known by several names,
including flow-through filters (FTFs), open particulate filters, and
particulate oxidation catalysts (POCs), which are being extensively
investigated for Euro IV equivalent applications in India and China.
With ULSD, POCs can typically provide 30%e85% reduction of PM
and up to approximately 35%e92% PN reduction from diesel
exhaust (Basu et al., 2013). Simultaneously, POCs can be catalyzed
to offer co-benefits of reducing HC, CO, and toxics up to 80%e90%
(Maunula, 2013; Lehtoranta et al., 2007). However, the efficiency is
significantly lower than that of the wall-flow DPF. There are three
representative structures employed by the POC technology,
including metallic wire mesh, sintered metal, and a structure with
alternate layers of flow channels and fleece (Bielaczyc et al., 2012).
Among them, the third one, developed by Emitec, is the most
commonly applied POC (Vakkilainen and Lylykangas, 2004; Jacobs
et al., 2006).

Most POCs rely on passive regeneration, thus a POC system
consists of an upstream DOC and a downstream POC. In the
downstream POC, the solid portion of PM, represented as carbon, is
oxidized by NO2, which is created in DOC via NO oxidation.
Therefore, the POC system can reduce both SOF and solid PM. Since
POC mainly relies on NO2 to oxidize PM, the PM efficiency of the
POC system will be reduced accordingly if DOC cannot effectively
convert NO to NO2 (Khair, 2003; Maunula, 2013). It has been
claimed that POC does not plug even if the diesel fuel sulfur level
available is as high as 50 ppm (Lehtoranta et al., 2007). As such, POC
is considered as a low-cost and safe PM reduction technology
(Khair, 2003; Maunula, 2013; Basu et al., 2013).

Even though POC may not be a viable option that can meet the
stringent PM requirements for the US 2010 HD and Tier 2 Bin 5 LD
diesel or lower emissions regulations, the retrofit practice within
the Environmental Technology Verification (ETV) programs
administrated by US EPA and CARB has demonstrated that the
advanced POCs are capable of achieving PM reductions in the range
of 30%e75%, depending on the engine operating characteristics
(MECAwhite paper, 2007). Although the filtration efficiency of POC
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is lower than that of DPF, it is much less likely to plug under un-
favorable conditions, such as high engine-out PM emissions and
low exhaust temperatures. Therefore, this technology is more
widely applied on older, dirtier engines with higher engine-out PM
levels because of their open structure. It is much less likely to plug
and usually does not require ash cleaning.

POC is a leading approach to PM emissions control in developing
countries because they don't require periodical active regeneration;
however, the filter passive regeneration by the NO2 oxidation of
soot is needed tomaintain filtration efficiency. The fact is that these
countries might not use low-sulfur fuel and that sulfur may
potentially poison DOC. This poisoning effect may be significant
when diesel fuel with a higher sulfur level is used. Furthermore, the
soot oxidation by NO2 is found to be adversely impacted by sulfur in
fuel and this could impair the performance of POCs (Wang et al.,
2014). Accordingly, the PM conversion efficiency of POC will grad-
ually decrease, allowing the PM emissions to pass through the
structure. Various POCs were evaluated in German LD diesel (LDD)
retrofits. Filtration efficiency dropped from 45% for fresh POCs to
nominally 30% after only 1500 km of testing (Lehtoranta et al.,
2007). What was more alarming was that the collected soot was
released from all filter types as an emission (blow-off) under
transient driving conditions, causing the post-filter PM to be higher
than the engine-out levels (Bielaczyc et al., 2012). If > 50 ppm sulfur
fuel is used, as is expected in China and India, NO2 regenerationwill
be significantly compromised, and this effect may be more preva-
lent. Furthermore, the strong oxidation catalyst typically used in
these systems to produce NO2 to keep the filter clean will oxidize
the sulfur to form a significant amount of sulfuric acid PM.

Bielaczyc et al. also investigated the effects of fuel sulfur on the
performance of these devices (Bielaczyc et al., 2012). Between 20
and 40 h of the operation, the filtration efficiency with a high sulfur
fuel (340 ppm) decreased about 10% across the particle size range,
while that of the clean (sulfur-free) fuel changed very little. The loss
of efficiency found in the high-sulfur fuel was likely attributed to
the reduced availability of NO2 used for cleaning and maintaining
the filter efficiency (Bielaczyc et al., 2012). Therefore, the “main-
tenance free” characteristic of POCs may be a misleading concept. It
is recommended that POCs should incorporate electronic back-
pressure monitoring equipment to signal vehicle and equipment
operators when the devices need to be cleaned.

In recent years, POCs have emerged in China and India as a
preferred PM solution to meeting Euro IV HD tailpipe standards
mainly in urban applications. However, it is concerned that the fuel
sulfur content may significantly affect the POC efficiency and that
the durability may not be able to meet the durability requirement,
which is up to 250,000 km of the real-world mileage. Mayer et al.
evaluated four types of partial filters that are reported to have 30%e
50% filtration efficiency (Mayer et al., 2009). In a retrofit LD diesel
application, they found that the best filtration efficiency of one type
was indeed 63%. However, under critical but realistic conditions,
filtration of the others measured was substantially lower than the
expected 30%, depending on operating conditions and prior history,
and could even completely fail. The scatter between the repeated
cycles was very large and the results were not reproducible. Even
worse, for all four filters, deposited soot, stored in these systems
during the light-load operations, was intermittently blown-off
(Mayer et al., 2009). A mass balance calculation showed that
there was no enough NO2 to oxidize the soot under the typical
operating conditions, so soot would tend to accumulate, block the
filter pathway, and then be blown-off.

Based on the analysis above, there are still some issues for the
current POC technology. First, POCs must be used ULSD (15 ppm
sulfur), because DOC and POC can oxidize SO2 to SO3 with higher
sulfur content fuel (>50 ppm), which will lead to the generation of
sulfate particulates and may dramatically increase PM. It has been
reported that if the POC system is operated with a higher sulfur
content diesel fuel, e.g., 350 ppm, for an extended period of time,
the PM reduction efficiency may deteriorate due to the sulfur
poisoning. Second, PM which was already deposited on POC may
also be re-entrained by gas, causing the observed PM filtration ef-
ficiency to decrease and to become negative. That phenomenon is
termed as “blow-off” of the accumulated PM. Blow-off occurs at
high exhaust gas flow rates or at rapid flow accelerations. Third,
plugging may occur under low-speed driving conditions, and
therefore, active regeneration will be needed so that POCs can be
more practically applied.

Recently, the advances made by Nanox for the use of perovskite-
based catalysts were impressive. The data presented in their
research provided clear and compelling incentives for the intro-
duction of these perovskite-based catalysts in environmental
emission control. The catalysts were manufactured from standard,
conventional raw materials via robust, capable manufacturing
process. The particles were strategically engineered with a hierar-
chical structure that confers stability while being compatible with
existing industrial wash coating practices and demonstrating
higher catalytic activity. Conversion of CO and VOC species were
easily attained in the absence of the platinum group metals. In
particular, the Nanoxite catalysts exhibited performance suitable
for use as DOCs and POCs (Seegopaul et al., 2006).

3. DPF development

DPF is an extruded usually cylindrical ceramic structure with
thousands of small parallel channels positioned in the longitudinal
direction of the exhaust system. The porous surface wall-flow
monoliths are made of ceramics with higher and more precisely
controlled porosity, and the adjacent channels in the wall-flow
filters are alternatively plugged at each end, thus forcing the
diesel aerosol to flow through the porous substrate walls, which act
as the filter medium. Particles that are too big to pass through the
porous surface are physically collected and stored in the channels
(Khair, 2003; Johnson, 2011; Ohara et al., 2007). The DPF walls are
designed to have an optimum porosity enabling the exhaust gas to
pass through the walls without much hindrance, and to be suffi-
ciently impervious regarding collecting the particulate species
(Khair, 2003; Johnson, 2011). Extensive research has been con-
ducted on the various particulate collection mechanisms including
diffusion, interception, inertia, gravity, electrostatics, and thermo-
phoretic (Mizutani et al., 2007; MECA white paper, 2007).

It is well known that themain design criteria that can contribute
to the successful performance of DPFs typically are high filter effi-
ciency, low pressure drop, robust structural and thermal durability
and reliability, and high capacity to resist high temperature ex-
cursions during a large number of regeneration events over their
life cycles (Iwasaki et al., 2011; Seo et al., 2012). The technological
developments in DPF design include the advancements in cell
shape and cell wall porosity optimization aimed at minimizing the
engine backpressure and extending the interval between filter
services as well as facilitating the catalyst coating (Schaefer-
Sindlinger et al., 2007; Benaqqa et al., 2014).

3.1. DPF substrate

The DPF substrate is the key component of the diesel filter
system, affecting both its performance and durability. Advance-
ments in material science are likewise facilitating developments in
DPF substrate materials. Filter materials capture PM by intercep-
tion, impaction, and diffusion, and their task is to physically capture
solid particulates and hold them until they can be removed during
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the regeneration process (periodic or continuous) (Seo et al., 2012).
Generally, DPF substrate materials should be characterized by high
filtration efficiencies (FEs), low pressure drop (DP), high maximum
operating temperatures, low thermal expansion, resistance to
thermal stress, and chemical resistance to metal oxides (ash) pre-
sent in diesel particulates (Schaefer-Sindlinger et al., 2007;
Benaqqa et al., 2014). Specifically, the requirements for ideal DPF
substrate materials include the following: (1) Very high FE (>99%)
of PM and PN for most wall-flowDPFs, and clean DPF may have low
FE (e.g., <80%); (2) Low pressure drop in the conditions of empty
and loaded with particulates and ashes, and low scatter of pressure
drop (i.e., repeatable DP at a given gas flow rate and soot load); (3)
High soot holding capacity; (4) Thermally stable and strength and
mechanical integrity, i.e., resistance to high temperature and high
temperature gradient (thermal shock) due to the fact that any DPF
material can bemelted on the vehicle (engine and DPF regeneration
control are critical); (5) Chemical stability that is resistant to the
exhaust gas components including sulfur, low reactivity with ash
compounds at all temperatures, and oxidation resistance; (6)
Compatibility with regeneration methods, such as coatability with
a catalyst and compatibility with fuel additives, and with other
methods; (7) No generation of secondary by-products; (8) Small
size and lowweight; (9) Long life and high durability; and (10) Low
cost (Khair, 2003; Iwasaki et al., 2011; Seo et al., 2012).

It must be emphasized that depending on the regeneration
method, diesel filter materials may be exposed to very high tem-
peratures, significantly in excess of 1000 �C, as well as rapid tem-
perature changes. These thermal conditions are caused by the
release of heat during the rapid oxidation of the soot accumulated
in the filter. Since the distribution of soot is not necessarily uniform
throughout the filter, the thermal stress frequently has a local
character. Thermal phenomena, both high temperature and ther-
mal stress, are responsible for most instances of filter failure, such
as melting or cracking (Iwasaki et al., 2011; Seo et al., 2012).

Wall-flow monoliths are typically extrusions made from
specialized porous materials, which have been under significant
Fig. 4. (a) SEM images of the DPF substrate materials; (b) Different
development. Currently Cordierite (Cd, 2MgO$2Al2O3$5SiO2), Sili-
con Carbide (SiC), Acicular Mullite (ACM, Al2SiO5), Aluminum
Titanate (AT, Al2TiO5), and Alloy Foam (AF) as shown in Fig. 4 (a) are
the most prominent substrate materials for the DPF technology in
the mobile applications (Benaqqa et al., 2014).

It is worth noting that any DPF can be melted or cracked;
therefore, the most important concept is to design the DPF PM
loading and regeneration strategy based on the specific application
and DPF material limits. Choice of competitive filter materials ac-
cording to their characteristics is particularly important. Different
DPFs are designed for different applications from LD, medium-duty
(MD), to HD as presented in Fig. 4 (b). The advanced Cd, which
features lower cost and better light-off characteristics, is widely
used in LD, MD, and especially in HD applications (Iwasaki et al.,
2011). In contrast, the more expensive SiC, with high heat capac-
ity, excellent thermal shock resistance and thermal conductivity,
and high material strength properties, is the preferred filter ma-
terial in LD and MD applications (Iwasaki et al., 2011). It should be
pointed out that SiC has a higher thermal expansion coefficient and
requires a segmented architecture with the filter element. Also, the
newest AT material, with the impressive properties of high thermal
shock and durability, is gaining share and introduced into the LD
and MD applications, and may be extended to HD. Meanwhile, 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 large filter (Seo et al., 2012).

3.2. Pressure drop

The engine backpressure resulted from the DPF installation is an
important parameter which directly impacts the fuel economy of
the engine. If the engine backpressure is higher, the engine must
provide extra p-V work to overcome the increased backpressure
(Seo et al., 2012; Mikulic et al., 2010).

Mikulic et al. conducted experimental test series to determine
the dependence of the fuel consumption on the engine
applications of different DPF substrates (Iwasaki et al., 2011).



Fig. 5. (a) Pressure drop over ACM and Cd DPFs with 3 g/L soot loading level; (b) Relative fuel consumption benefits of ACM DPF over Cd DPF with respect to the specific post turbo
pressure differences (Mikulic et al., 2010).
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backpressure resulted from a DPF installed on an HD application
(Mikulic et al., 2010). Test results in Fig. 5 (a) show that with the
same filter design, wall thickness, and pore size, etc., the Cd DPF
caused higher engine backpressures than the ACM DPF, thus
requiring higher fuel consumption. Therefore, different engine
backpressure levels associated with different DPFs can directly lead
to different fuel consumption levels (Mikulic et al., 2010). Fig. 5 (b)
shows the relative fuel consumption benefits of ACM DPF over Cd
DPF in terms of the specific post turbo pressure differences
generated by the ACM and Cd DPFs. For the selected ESC (European
Stationary Cycle) operating conditions, a fuel saving of 0.4%e2.0%
was observed for the ACM DPF over the Cd DPF. Such fuel saving
was correlated with the lower engine backpressure when the ACM
DPF was installed (Mikulic et al., 2010).

The priority given for the optimizationwas to reduce as much as
possible the pressure drop for the soot and ash loaded filters
without degrading the clean filter behavior (Aravelli and Heibel,
2007). At the same time, special attention has been paid to the
impact of ash storage on pressure drop. Researchers have analyzed
to identify the key parameters for the pressure drop optimization
and try to reach the best compromise among the filter geometry
(length and width), the microstructure (porosity and pore diam-
eter), and the cell geometry (cell density, wall thickness, and
asymmetry) (Seo et al., 2012; Aravelli and Heibel, 2007). Therefore,
in order tomaintain an acceptable backpressure on a loaded filter, it
is required to use optimized cell geometries allowing significant
pressure drop reductions. Filter designers are also using geometry
creatively to increase the ash storage capacity. Increasing the size of
the inlet cell relative to that of the exit cell makes ash loading in-
crease by 50% and maintains the same backpressure for the soot-
loaded filter (Aravelli and Heibel, 2007; Heibel and Bhargava,
2007).

The recent technology advancement has significantly reduced
the pressure drop (Aravelli and Heibel, 2007; Konstandopoulos and
Kostoglou, 2014; Nakamura et al., 2014). The design of the advanced
filter systems is driven by the lifetime pressure drop requirements
with the accumulation of non-combustible materials (ashes) over
time in the filter (Heibel and Bhargava, 2007). To mitigate the
impact of the ash accumulation in the filter, Corning Incorporated
has developed filters with the proprietary Asymmetric Cell Tech-
nology (ACT), providing high ash loading capacity with low pres-
sure drop and excellent durability and strength attributes (Aravelli
and Heibel, 2007; Bardon et al., 2004). These filters have larger inlet
and smaller outlet channels and therefore a higher volume is
available for ash storage in the same space envelope without
compromising the filter bulk heat capacity and mechanical integ-
rity as shown in Fig. 6 (a).

Fig. 6 (b) illustrates the pressure drop as a function of ash
loading for ACT and standard filters at various soot load levels. At
low ash loads, a slight decrease in pressure drop (about 10%) was
observed for both filters, especially in the case of the soot loaded
pressure drop (Heibel and Bhargava, 2007). This is because the deep
bed penetration of soot is prevented by the ash (soot) particle layers
formed on the filter walls. As the ash load increased further, a
steady increase in pressure drop was observed. The effect was
amplified with the increasing soot load levels, as the ash was
accumulating in the inlet channel and thus reducing the available
volume for soot. With the ash loads close to the limit, the increase
in pressure drop with ash load was rather nonlinear in the case of
the 10 g/L soot load, which is attributed to the reduction in the
hydraulic diameter of the inlet channels (Heibel and Bhargava,
2007). In the case of the ACT design, the increase was much less
pronounced. The behavior was significantly pronounced at the
higher soot load levels, which is a result of both the larger inlet
channel volume and the bigger inlet channel diameter. However,
any increase of the inlet channel volume does not correlate linearly
with the increase of the ash storage capacity. The pressure drop
across the DPF for an ACT filter depends not only on the clean filter
hydraulic diameter, but also on the reduction of the hydraulic
diameter due to the soot and ash loading of the filter (Heibel and
Bhargava, 2007). The ACT filter exhibited a slightly higher clean
pressure drop and lower soot loaded pressure drop with no soot
loads. This is attributed to the higher cell density and the smaller
exit channels (Aravelli and Heibel, 2007; Heibel and Bhargava,
2007). At lower soot and ash loads, both filters exhibit a similar
pressure drop, as their wall thicknesses and geometries, the two
contributing factors, are the same. The benefit of ACT filters be-
comes more significant at higher soot and ash loads due to their
larger inlet channels and capacity to hold more ash and soot
(Bardon et al., 2004; Konstandopoulos and Kostoglou, 2014).

The Saint-Gobain developed new cell geometry, called “wavy”,
is derived from the standard square geometry by adding a sinu-
soidal undulation of the honeycomb walls as shown in Fig. 7 (Briot
et al., 2007). By doing so, they increased the overall inlet channel
volume (good for ash storage) and the filtration area of the filter
(good for backpressure reduction) at the same time. The fact that
both properties were optimized was an important feature of the
new geometry. The filter used during these tests was the SG3 filter
made of recrystallized silicon carbide (ReSiC) (Briot et al., 2007). It
was defined by an asymmetrical wavy design that enabled the ash



Fig. 6. (a) Standard and asymmetric cell technology (ACT) designs (Aravelli and Heibel, 2007); (b) Pressure drop as a function of ash accumulation for ACT and standard filters
(Heibel and Bhargava, 2007).
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storage capacity to increase and reduced the filter pressure drop
during the soot accumulation phase. Bardon et al. showed that the
wave asymmetrical cells filter had higher ash storage capacity due
to the increased inlet channel volume, and lower backpressure
when loaded with soot and/or ash due to the higher filtration area
and the increased ash storage capacity (Bardon et al., 2004;
Nakamura et al., 2014).

The Inlet-Membrane DPF, which has a small pore size mem-
brane formed on the inlet side of the body wall, combined with the
robust SieSiC material or robust cordierite material, has been
developed by Iwasaki et al. as a next generation DPF to enhance the
filtration efficiency and reduce the backpressure (Iwasaki et al.,
2011). As indicated in Fig. 8 (a), a thin membrane was formed on
the inlet cells of DPF. Due to its small pore size, the membrane kept
the soot from penetrating into the wall, preventing the rapid
backpressure to build up in the early stages of filtration (Iwasaki
et al., 2011). Therefore, the magnitude of the pressure drop curve
plotted against soot loading was less and more linear compared to
the DPF substrate without the membrane technology (see in Fig. 8
(b)). It is generally known that a lower porosity substrate has high
soot mass limit capacity due to its high heat capacity, but also
causes high pressure drop with soot. However, the membrane
technology (MT) results in low pressure drop since the pressure
drop behavior with soot loading is determined by the membrane
characteristics. Therefore, the combination of MT and low porosity
material achieves low pressure drop with soot and high soot mass
limit (SML) simultaneously. This means that the trade-off rela-
tionship between pressure drop and SML will be significantly
improved. The MT simultaneously achieves low pressure drop,
small pressure drop hysteresis, high robustness, and high filtration
efficiency. Low pressure drop improves fuel economy and small
pressure drop hysteresis has the potential to extend the
Fig. 7. Schematic description of standard square cell geometry and wavy cell geometry
of honeycomb structures (Briot et al., 2007).
regeneration interval since the linear relationship between the
pressure drop and the accumulated soot mass improves the accu-
racy of soot mass detection by means of the pressure drop values
(Iwasaki et al., 2011). The Inlet-Membrane DPF's high robustness
also extends the regeneration interval, resulting in improved fuel
economy and a lower risk of oil dilution, while its high filtration
efficiency reduces PM emissions.

In order to examine the effect of the Inlet-Membrane under
actual driving conditions, Iwasaki et al. evaluated the pressure drop
behaviors using the EUDC (Extra-Urban Driving Cycle) mode and
the NEDC (New European Driving Cycle) mode as two representa-
tive driving patterns (Iwasaki et al., 2011). Fig. 8 (c) shows the
pressure drop and fuel economy in 15 cycles of repeated driving. As
with results from the engine bench and a soot generator, the
pressure drop of the non-membrane DPF increased significantly
with the initial accumulation of soot, whereas the pressure drop of
the Inlet-Membrane DPF remained linear. For instance, at a soot
amount of 6 g, it was confirmed that the pressure drop of the Inlet-
Membrane DPF was 30%e40% lower than that of the non-
membrane DPF depending on the speed and soot loading. The
Inlet-Membrane DPF showed low pressure drop and small pressure
drop variation under several engine operation conditions, and
sufficient durability was verified under several evaluation condi-
tions. Alternatively, it was demonstrated that the membrance could
be used to increase the SML of a Cd DPF by about 2 g/L without a
backpressure penalty. Therefore, it has the potential to realize
cordierite DPF downsizing while maintaining high performance.
This membrance benefit was also demonstrated on the SCR coated
on DPF in the engine dynamometer testing.

For applications with higher soot loadings, Boger et al. devel-
oped a new generation of AT DPF composition with reduced
porosity and better pore design (Boger et al., 2011a, 2011b). The
higher thermal mass can be used to achieve a SML 2e3 g/L higher
than the earlier version without higher backpressure; the walls can
be made thinner for lower backpressure (20%e30%) at the same
SML. The low pressure drop version has a similar SML to the
recently commercialized SiC and the high SML version exceeds that
of SiC by 4 g/L when evaluated in a demanding fuel borne catalyst
application. Meanwhile, the new design allows higher peak tem-
peratures and thermal gradients, providing much better robustness
(Boger et al., 2011b).

The new AT filter can maintain the excellent performance fea-
tures of the current AT filter product and offer the potential for an
increased SML or a significant reduction in pressure drop (Boger
et al., 2011a). Fig. 9 (a) provides the comparison of the soot
loaded pressure drop measured on the engine bench. The samples



Fig. 8. (a) Image of microstructure of Inlet-Membrane DPF; (b) Pressure drop curve of DPF with and without Inlet-Membrane; (c) Pressure drop result of vehicle testing (three times
in the EUDC mode and once in the NEDC mode) (Iwasaki et al., 2011).
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were coated with the same comparable coating technologies.
Compared to the current commercialized DuraTrap AT filter prod-
uct, the newly developmental products had a reduction by roughly
30% with the benefit of the thin wall (TW) design (Boger et al.,
2011a). The low pressure drop DEV AT TW 300/10 appeared to be
especially beneficial to the applications in which the pressure drop
was critical or in which the added DeNOx components had
increased the overall system backpressure. In addition, the thinner
walls combined with ACT, allow for the highest specific ash ca-
pacity. The low porosity DEV AT LP 300/13 with a further increased
SML compared to current products will be especially attractive to
the applications with challenging soot mass requirements or in
cases where space only allows for low filter volume demanding
higher specific soot capabilities (Boger et al., 2011b).

Furthermore, Rose et al. introduced a new generation of AT fil-
ters, i.e. AT LP 300/13 and AT LP 300/10, with the reduced porosity
of 45% (Rose et al., 2013). The AT LP 300/13 featured improvements
in the intrinsic material robustness and an advanced plug compo-
sition, which led to an increased 2e3 g/L SML. The TW version AT
LP 300/10 offers the potential for a 20%e25% reduction in pressure
drop while maintaining the same strength and SML compared to
the previous generation AT 300/13 with 50% porosity (Rose et al.,
2013).

A new family of cordierite materials based on the tailored TW
cell geometry design combined with the optimized material and
microstructure has been developed, which provides a significant
reduction in the impact of soot on permeability and pressure drop
(Boger et al., 2011b). Fig. 9 (b) shows pressure drop as a function of
grams of soot on the filters. Compared to the current EPA 2010 filter
technologies, about 40% reduction in pressure drop (same volume)
or about 20% reduction in volume (same pressure drop) for the new
cordierite material of 200/8 design was expected. In addition, the
inlet volume is ~15% higher for the ash storage capability. For the
300/7 ACT cell geometries design, similar improvements in pres-
sure drop or volume were expected, and so were even more im-
provements in ash storage capability (Boger et al., 2011b). It can also
be noted that a significant reduction in soot loaded pressure drop
for both the uncoated and coated filters was demonstrated on the
new filter design.

3.3. Filtration efficiency

The filter parameters that affect the filtration efficiency are pore
diameter, wall thickness, cell density, and filter volumetric capacity.
Ogunwumi et al. have developed a new proprietary AT-based ACT
material with a nominal 50% porosity and 17 mm median pore
diameter (MPD) for filters (Ingram-Ogunwumi et al., 2007). Fig. 10
(a) compares the filtration efficiency profile with time for the AT
and SiC filters as soot accumulates. AT demonstrated higher mass-
based filtration performance than SiC in a clean state. The AT
samples H and I exhibited initial (clean) filtration efficiency of 98%
and 94%, respectively, followed by a rapid increase to 100%.
Meanwhile, SiC had lower clean filtration performance of 75% and
required about 12 min to achieve 100% filtration efficiency. The
higher nominal 59% porosity and the larger 20 mmmedian pore size
of SiC allowedmore soot penetration through the porous walls than
the AT filter in the clean state. As a soot cake layer was formed on
the filter walls, it acted to further filter the incoming soot, thereby
increasing the filtration performance (Ingram-Ogunwumi et al.,
2007). Likewise, the buildup of ash generated from lubrication oil
provided the same benefit of increased filtration efficiency. It is
worth noting that the clean DPF PM efficiency is more important for
US 2010/Euro VI, especially for the full-time passive applications,
and that it will be critical for PN control, especially for the GDI



Fig. 9. (a) Comparison of soot loaded pressure drop measured on current commercial
AT 300/13, DEV AT TW 300/10, and a reference SiC 300/10 sample (Boger et al., 2011a);
(b) Comparison of pressure drop as a function of grams of soot (Boger et al., 2011b).
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applications.
In order to further enhance the initial filtration efficiency,

Nakamura and coworkers developed the concept of a filtration
layer on the re-crystallized SiC-DPF inlet channel walls (Nakamura
et al., 2012). Fig. 10 (b) depicts the transient filtration efficiency of
soot for higher porosity (62%) and larger average pore size (22 mm)
SiC-DPFs with/without the filtration layer. The values of the initial
filtration efficiency of each sample were around 97% and 63%,
respectively, and the filtration layer improved the performance
drastically (Ingram-Ogunwumi et al., 2007). This implies that the
filtration layer can capture almost all soot emissions in the clean
state.

Fig. 10 (c) shows that the membrane at the DPF inlet wall also
significantly improved the clean DPF PM efficiency (initial filtration
efficiency) from 55% to approximate 100% during the initial stage of
PM accumulation and maintained nearly 100% filtration efficiency
from the initial stage of PM accumulation. This is due to the fact that
the formed Inlet-Membrane with smaller pores prevented PM from
penetrating into the membrane and wall material (Iwasaki et al.,
2011; Furuta et al., 2009).

Moreover, the DPF field was also advanced with some insightful
fundamental work (Mizuno et al., 2008; Fujii, June 2011). Fujii et al.
investigated how the DPF cell geometry and porosity affected the
filtration efficiency and backpressure as ash was collected in the
filter (Fujii, June 2011). They tested filters with 200- and 300-cpsi
(cells per square inch) and 12 mil (0.3 mm) wall thickness. Some
filters had 50% porosity and 15 mm average pore size while others
had 65% porosity and 20 mm pore size. Because the early ash
loadings prevented soot from penetrating into the wall, the lowest
backpressure with high filtration efficiency appeared with an ash
loading of 4e10 g/L (Fujii, June 2011). It was found that the low-
backpressure sensitivity to soot and ash loading depends on the
DPF designs andmaterials. For instance, the larger open frontal area
provided lower sensitivity, so did the higher porosity. Interestingly,
the filters that were continuously regenerated with NO2 achieved
high filtration efficiency (>97%) after only 20 g/L ash was accu-
mulated (Fujii, June 2011). The filters managed by periodic regen-
eration needed 140 g/L ash to achieve the same level of efficiency
since the ash was generally collected in the back of the filter
without forming much filtration membrane (Fujii, June 2011).

3.4. DPF substrate thermal response

The DPF substrate fast thermal response is a key requirement for
the cold-start and transient behavior, especially during the DPF
passive regeneration process (Heibel, 2010; Kotrba et al., 2013).
Therefore, the DPF must have excellent thermal response to the
exhaust temperature changes in order to passively regenerate un-
der the constantly changing operating conditions with low tem-
peratures (Heibel, 2010; Li et al., 2007). Li et al. has developed an
advanced ceramicmaterial (ACM) DPF substrate to replace the OEM
(Original Equipment Manufacturer) SiC DPF, with the same catalyst
formulation and catalyst loading density (Li et al., 2007). It was
found that the ACM DPF responded much faster to the rapid
changes in exhaust temperatures caused by the driving cycle than
the OEM DPF. This is clearly demonstrated by the DPF mid-bed and
rear-bed temperature traces as shown in Fig. 11 (a) and (b). This
excellent thermal response characteristic is particularly important
for the DPF passive regeneration in a transient driving cycle, since
the fast temperature response allows DPF to initiate passive
regeneration as soon as the exhaust temperature reaches the
required DPF regeneration temperature (Li et al., 2007). Similar
behavior was also demonstrated during the ACM DPF active re-
generations. Therefore, the faster thermal response to the tem-
perature change also gave the ACM DPF the advantage of quick
active regeneration.

Additionally, Heibel et al. demonstrated that the lower thermal
mass and faster thermal response of the DPF substrate allowed
faster heat-up of a downstream SCR catalyst, resulting in 10% more
time for the urea injection in the US certification test cycle (Heibel,
2010). This can result in 15% lower cumulative NOx emissions in the
cold-start condition.

4. DPF regeneration

All filter materials are designed to hold a certain quantity of PM.
The overloaded PMwould create an obstruction to the gas flow and
eventually cause excessively high exhaust gas pressure drop across
the filter, which may lead to clogging of the filter itself and would
negatively affect the engine operation (Khair, 2003; Ootake et al.,
2007; Mikulic et al., 2010). Therefore, the DPF systems have to
provide a reliable way of removing accumulated PM from the filter
to restore its soot collection capacity and to ensure the problem-
free operation. This removal of particulates, known as the filter
regeneration to incinerate the soot, can be performed either
continuously during the regular operation of the filter, or periodi-
cally after a pre-determined quantity of soot has been accumulated
(Ootake et al., 2007; Mikulic et al., 2010; Bromberg et al., 2005).

The regeneration mechanism of DPF is characterized by a dy-
namic equilibrium between the soot being captured and the soot



Fig. 10. (a) Comparison of AT and SiC filtration performance in clean and soot loaded states (Ingram-Ogunwumi et al., 2007); (b) Soot filtration efficiency of higher porosity DPFs
with/without filtration layer (Nakamura et al., 2012); (c) Filtration efficiency of Inlet-Membrane DPF (Iwasaki et al., 2011; Furuta et al., 2009).
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being oxidized in the filter (Southward et al., 2010; Kuwahara et al.,
2013). The exhaust gas and/or filter temperature is the most
important parameter influencing the filter regeneration (Yum et al.,
2013). The soot oxidation rates largely depend on the filter tem-
perature, the soot load in the filter, and a number of other factors.
For the purpose of facilitating the filter regeneration on diesel en-
gines in real operations, the exhaust gas temperature has to be
increased or the soot ignition temperature has to be lowered by a
catalyst.
Fig. 11. Substrate thermal response performance of (a)
Thermal regeneration is undoubtedly the cleanest and most
attractive method for regenerating DPFs (Khair, 2003; Southward
et al., 2010). During regeneration, the collected solid particulates
are oxidized by O2 and/or NO2 to produce gaseous products, pri-
marily CO2. Both minimum temperature and an adequate supply of
O2 and/or NO2 must be present for the process to be performed. O2
is found in excess in diesel exhaust and therefore does not consti-
tute the problem in DPF regeneration. The temperature of the diesel
exhaust gas is, however, insufficient to sustain the filter auto-
OEM SiC DPF; (b) ACM DPF (Kotrba et al., 2013).
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regeneration. This problem may be solved in either way: (1)
decreasing the required soot oxidation temperature to a level
reached during the regular engine operation; (2) increasing the DPF
temperature to the point where the trapped soot starts oxidizing by
auxiliary systems (Khair, 2003; Kuwahara et al., 2013). The first
approach is used in the passive filter systems, and the second is
used in the active filter systems.

More specifically, depending on the DPF system design and the
engine operating conditions, such as the exhaust gas temperature,
the oxidation of carbon in diesel soot can occur via reactions with
the oxidizing agent O2 (O2-based) or NO2 (NO2-based):

(1) O2 is present in diesel exhaust at sufficient concentrations in
practically all-operating conditions. However, relatively high
temperatures (about 600 �C), which are rarely experienced in
the diesel engine operating conditions, are required to ach-
ieve appreciable regeneration rates with O2. This can be
achieved by means of in-cylinder post-injection, in-exhaust
fuel injection, flame burner, electric heater, and engine
management, etc. The O2-based regeneration is mostly seen
in the active DPF systems that do not utilize catalysts. The
oxidation of diesel soot, represented here as carbon (C) by O2,
can be described by the following reactions:

Cþ O2 ��!� 600 oCCO2 DhR ¼ �393:51 kJ=mol (6)
2Cþ O2 ��!� 600 oC2CO DhR ¼ �110:51 kJ=mol (7)

HCðSOFÞ þ O2 ��!� 450 oCH2Oþ CO2 (8)

where C (carbon) represents the combustible portion of diesel PM.
It should benoted that CO2 is thepreferredproduct, but increased

CO emission may occur if O2 is depleted in the reaction zone.

(2) The NO2-based regeneration is shown in reaction (10). NO2 is
a much stronger oxidizer than O2, allowing DPF re-
generations at lower temperatures, thus substantially
reducing the temperature required for regeneration, and
regeneration can be conducted at the temperatures as low as
260 �C. The soot oxidation by NO2 improves the fuel economy
and the lower regeneration temperatures required
(Southward et al., 2010; Southward and Basso, 2008;
Maunula et al., 2007). However, the NO2 concentrations
must be increased via reaction (9), which is typically realized
over DOC. The oxidation of soot by NO2 is the dominant
regeneration mechanism in most catalytic (passive and
active) DPF systems.

2NO þ O2 / 2NO2 (9)

Cþ 2NO2 �����!> 260�300 oCCO2 þ 2NO DhR ¼ �279:41kJ=mol (10)

C þ NO2 / CO þ NO DhR ¼ �53.47 kJ/mol (11)

Generally, active regeneration costs about 2%e3% fuel con-
sumption, while passive regeneration strategies can drop this
penalty by about 80% (Maunula et al., 2007).

4.1. Passive regeneration

Passive regeneration takes place when the exhaust gas
temperatures are high enough to initiate combustion of the accu-
mulated PM in DPF without requiring adding fuel or heat, or special
engine management intervention, and occurs during normal en-
gine operation. Passive regeneration usually incorporates some
form of catalysts, which are used to lower the soot oxidation
temperature to a level allowing for the auto-regeneration during
the regular vehicle operation. Besides, passive regeneration is
dependent on the temperature and NOx: PM ratios. Three major
approaches are usually employed: catalyzed DPF (CDPF) or cata-
lyzed soot filter (CSF), continuously regeneration trap (CRT) or
catalyzed CRT (CCRT), and fuel borne catalyst (FBC).

4.1.1. Catalyzed DPF
In a CDPF, a catalytic material, mostly with low-level PGM, is

coated onto the surface of the filter to lower the ignition temper-
ature necessary for oxidizing accumulated PM in the 300e400 �C
range, allowing the filter to self-regenerate during the periods of
high exhaust gas temperature (Southward et al., 2010; Maunula
et al., 2007). CDPFs achieve over 90% reduction in PM as well as
in HC and CO. CDPFs exhibit excellent PM filtration efficiencies, and
are characterized by inherent relatively high pressure drop. It has
been observed that the colder applications experience lower the
regeneration rates and cause higher pressure losses (Southward
et al., 2010; Kuwahara et al., 2013; Maunula et al., 2007). A num-
ber of coated catalysts have been developed, including both noble
and base metal formulations (Southward et al., 2010; Maunula
et al., 2007).

When the wall-flow filters with small pores are coated, it is
important not to change the filtration properties controlled by the
profound design (Maunula et al., 2007). New types of catalytic
coatings methods have been developed to enhance the soot
regeneration and oxidation activity of CDPF (Maunula et al., 2007;
Pfeifer et al., 2007). The target has been to utilize the porous walls
of the DPF substrate and large total volume as support for a thin
catalytic layer without causing major changes in the pore size
distribution or the pressure drops by coating (Johansen et al., 2007).
It is worth noting that in some applications, the DPF structure has
been essentially modified: porosities 40% / 60% and mean pore
sizes 10e15 mm / 20e30 mm, to leave space for coating without
excessive high Dp increase (Maunula, 2013; Mizuno et al., 2008).
Maunula et al. applied the catalyst coating on the inlet wall and on
the very thin (<1e5 mm) layer of the pores wall through the solegel
methods to promote the NO2-based passive regeneration as
depicted in Fig. 12 (Maunula, 2013; Maunula et al., 2007). Solegel
coatings enabled low pressure drop with meaningful volumetric
coating amounts like 20e50 g/L, which were high enough for the
oxidation catalysts (Pt). The Pt concentration can go higher up to
3%e7% in the coating, resulting in larger Pt particles that were
active for the NO2 formation.

The new formulations and process developments intend to
lower backpressure and substitute Pt by Pd where ultra low sulfur
fuels are available (Pfeifer et al., 2007). The Pt/Pd formulations at a
3: 1 ratio had lower light-off temperature (the temperature at
which the catalyst starts to work) than the Pt-only catalysts (240 �C
vs. 295 �C) in the aged state, generated much NO2 for passive soot
oxidation, and were resistant to sulfur contamination (Pfeifer et al.,
2007). In one investigation, Pt was completely substituted for Pd
with the use of a base metal catalyst. Ceria or zirconia are used in
the new formulations to make the soot react directly with O2 at the
catalyst-soot interface. It was demonstrated that a new zirconia-
based soot catalyst transferred O2 from the gas to the soot-
catalyst interface at 70% faster soot oxidation rates at 75 �C lower
temperatures (Johansen et al., 2007). The enhanced versions based
on ceria are showing the potential to oxidize soot at temperatures
as low as 260 �C with very little precious metal.



Fig. 12. Methods for catalytic coatings on DPF (Maunula, 2013; Maunula et al., 2007).
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Southward and coworkers studied the application of base metal
doped direct catalytic soot oxidationmaterials to regenerating DPFs
(Southward et al., 2010; Maunula et al., 2007). It has been
demonstrated that the oxygen storage capacity (OSC) material
plays an important role in the efficiency of the catalyzed soot
oxidation; therefore, the materials doped with appropriate levels of
base metal oxides to maintain the phase and surface area stability
and promote O2 ion conductivity to maximize the oxygen storage
(OS) functionality, and the active O2 donation is particularly
important (Southward and Basso, 2008). They developed new
generation catalyst formulations and demonstrated that using the
advanced soot combustion catalyst, OS3 (PGM free), generally had
superior performance to the commercial DPF washcoats. The
analysis of the regeneration efficiency (at 550 and 620 �C) for an
uncoated filter, OS3, and a commercial DPF washcoat (0.1 g/L of Pt/
Pd (1/1)) is summarized in Fig. 13. For regeneration at 550 �C, there
is no difference between the blank filter and the commercial CDPF
while OS3 offered ca. 12% higher regeneration efficiency. Compa-
rable trends were seen for the regeneration tests at 620 �C, and
again there was no difference in the soot burn efficiency for the
blank and the PGM containing part while OS3 still offered some-
what lower benefit (ca. 5%e6%). This decrease is consistent with the
increased rates of homogeneous soot combustion (Maunula et al.,
2007). The direct oxidation catalyst on DPF (Ce, Zr, La, Pr, and
Mn) provides better regeneration efficiency than the uncoated DPF
or the light-coated Pt/Pd CDPF. Thus it is possible that OS3, a PGM
free technology, may offer decreased system costs for specific ap-
plications compared to the conventional PGM-based washcoats
(Southward et al., 2010).

Additionally, some retrofit DPF manufacturers are developing a
Fig. 13. Regeneration efficiency at 550 vs. 620 �C for DPFs loaded with 10 g/L of soot
(Southward et al., 2010; Southward and Basso, 2008).
type of DPF that is regenerated at temperatures as low as 200 �C by
introducing a synthetic gas mixture of H2 and CO into the exhaust
upstream of DPF to combust the soot (Johansen et al., 2007). This
allows the application of this system under the low-temperature
duty cycle operations and facilitates regeneration during the idle
and start-stop city driving.

The mechanism of soot-catalyst reaction is also advancing
impressively. The new ceria- or zirconia-based formulations made
the soot react directly with O2 at the catalyst-soot interface
(Southward et al., 2010; Maunula et al., 2007). It was found that O2
from the gas was dissociated on the catalyst and was diffused
through the lattice to the soot. The soot oxidation temperatures
were reduced 75 �C, and the oxidation rates increased 70% in the
dynamometer testing. The catalyst is now in series production. The
enhanced versions based on ceria are showing the potential to
oxidize at temperatures as low as 260 �C with very little if any
precious metal. In this interesting study, Southward et al. showed
that the NO2 oxidation of soot could actually be detracted from
these new soot oxidation catalysts through the reduction of the
soot-catalyst interfacial area. The good soot-catalyst contact is
important, so the high-surface area DPFs and the specialized
catalyst washcoats, as well as the low soot loadings from the engine
(as with the advanced combustion strategies), will enable these
designs (Southward et al., 2010; Maunula et al., 2007).

Since a catalytic coating is applied to the filter, care must be
exercised when the catalyst coating relative to the diesel fuel sulfur
content and the exhaust temperature profile for any given appli-
cation are decided. It has been reported that the combination of
high catalyst loading, high sulfur content, and high exhaust tem-
peratures would invariably lead to the sulfate emissions formation
rather than particulate matter reduction, thus reducing the trap-
ping efficiency. Although the companies utilizing these catalysts to
provide regeneration for their filters have modified the catalyst
formulations in order to reduce the sulfates emissions to acceptable
levels, the effectiveness and durability of CDPFs is maximized with
the use of ULSD fuel.

4.1.2. Continuously regeneration trap
CRT is a two-stage and full-time passive regeneration system,

where an uncatalyzed DPF is regenerated using the powerful
oxidative NO2 generated over a PGM-based DOC positioned up-
stream of the filter (Khair, 2003; Ootake et al., 2007; Allansson
et al., 2002). NO2 reacts with the trapped soot, substantially
reducing the temperature required for regenerating the filter.
Consequently, CRT is capable of regenerating at temperatures as
low as 250e300 �C by using NO2 to oxidize the collected soot via
reaction (10) to ideally form CO2. For this system to be successful in
the long-term passive operation, ULSD fuel must be used. Besides,
the NOx to carbon ratio (NOx: C) must be greater than 8:1 (by mass)
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and preferably above 20: 1. In addition to these pre-requisites, the
required exhaust gas temperatures must be achieved above 260 �C
for at least 40% of the engine duty cycle so that CRT can work
properly. Indeed, the regeneration of the system can be enhanced,
within certain limits, by increasing the size of DOC and DPF or by
increasing the noble metal loading on the catalyst (Khair, 2003).
Nevertheless, if the application is unsuitable or the duty cycle is too
cold, CRT may be plugged with soot or experience uncontrolled
regenerations.

Johnson Matthey is further refining the CRT system by essen-
tially combining CRT and CDPF. This system has a DOC upstream
from DPF that is also coated with PGM, that is, catalyzed CRT
(CCRT), which can thus further reduce the regeneration tempera-
ture to about 210 �C for 40% of operating time. The advantages of
CCRT are the more efficient removal of PM for each MO2 molecule
and the efficiencies increase at lower temperatures. This is partic-
ularly useful for the urban bus applications. Optimizing the use of
PGM in DOC and on DPF makes the cost likely be the same with the
current CRT.

Allansson et al. compared the performance of CSF, CRT, and CCRT
from the aspect of balance point temperatures (BPT), backpressure,
and regeneration, and found that CCRT was the best performing
system under all conditions (Allansson et al., 2002). It was also clear
that the low-temperature performance of CRT was significantly
better than that of CSF. This differencewasmanifested dramatically,
especially during the low-temperature cycle experiments. The
improvements in the low-temperature performance offered by the
CCRT system were particularly significant, which should allow the
application to the vehicles that would normally be considered too
cold (Allansson et al., 2002).

As the DPF passive regeneration technology evolves and ex-
pands, more attention is being paid to secondary emissions. US EPA
is aware of the increasing of NO2 levels due to the contributions of
DOC and catalyzed filter systems. The NO2 emission produced by
these systems is dependent on the catalyst formulation (Southward
et al., 2010; Maunula et al., 2007). Indeed, by 2009 EPA and CARB
have established a limit on the increase in NO2 emissions. NO2
comprises no more than 25% of the NOx emitted from the diesel
retrofit systems and all DPFs on the list of verified products must
comply with this limit (Johnson, 2012b).

4.1.3. Fuel borne catalyst-assisted
The use of a fuel additive is another effective method in

decreasing the oxidation temperature of the carbonaceous and
facilitating filter regeneration. FBC is an organic-based liquid
directly mixed into the diesel fuel that burned with the fuel into
combustion chamber. Dosing very small quantities of fuel additive
compounds into the diesel fuel on-board is able to substantially
lower the required soot ignition temperature (Yao and Seguelong,
July 2012). The main advantage of this method is to have the
catalyst with the diameter of around 10 nm incorporated into PM as
an intimate mixture and not just on the surface of the filter.
Therefore, FBC reduces the DPF regeneration temperature from
>600 �C to as low as 350 �C and increases the combustion kinetics
(typically 2e3 min), and thus the regeneration is faster and more
complete (Khair, 2003; Harl�e et al., 2008). The FBC technology can
make the soot combustion easier and safer for the DPF regenera-
tion, with continuous, fresh, and 3D-catalyst dispersion (direct
contact between the catalyst and particulate with high contact
point numbers) supplying in the accumulated soot on the trap
(Harl�e et al., 2008; Rocher et al., 2011). A better understanding of
the catalyst-support-soot-gas interaction might lead to more effi-
cient DPF performance. FBC can be used in conjunction with both
passive and active filter systems. It has been reported that FBC can
improve the fuel economy (Rocher et al., 2011; Chiew et al., 2005);
hence, the FBC systems are in wide spread use in on-road, off-road,
mobile, and stationary applications.

The additive of FBC includes transitional and precious metals as
well as alloys like cerium (Ce), iron (Fe), copper (Cu), strontium (Sr),
and platinum (Pt) (Harl�e et al., 2008; Rocher et al., 2011). The de-
gree with which these substances may reduce the soot ignition
temperature can affect the ability to achieve the total passive
regeneration. There are three major types of additives: Ce-based
(�50 ppm in the diesel fuel) mainly for the light-duty diesel
application, Ce/Fe-based (�20 ppm in diesel fuel), and Fe-based (up
to 10 ppm). The third generation of FBC is based on 3 ppm Fe
allowing a 1.7 L tank on the LD passenger car so that the car can be
driven for 240,000 kmwith no requirement of the FBC tank refill or
filter maintenance (Rocher et al., 2011). The issues with the FBC
technology involve the oxides of the catalyst like CeO2 and Fe2O3
residues that remain as the ash-like deposit into the DPF, and can
only be removed by ash cleaning operation (Rocher et al., 2011).

Harl�e et al. has recently developed a new generation of more
active FBC, which enables a reduction in the dosing rate of the
diesel fuel with optimized composition (Harl�e et al., 2008). Fig. 14
(a) presents the efficiency of the regeneration using Fe-FBC and
Ce/Fe-FBC. It can been that Fe-FBC was more efficient than Ce/Fe-
FBC, i.e., the same regeneration kinetic was observed at a 5 ppm
Fe dosage versus a 10 ppm Ce/Fe dosage. A 5 ppm Fe dosage was
enough for the filter to get complete regeneration at 450 �C within
6 min (Harl�e et al., 2008). Fig. 14 (b) compares the different evo-
lutions of pressure losses using the DPF with Fe-FBC (5 ppm Fe in
diesel fuel) or using CSF (3 ppm Fe in diesel fuel and without FBC).
With Fe-FBC, the balance point temperature was below 360 �C for
both filters as the pressure loss was reduced when the inlet filter
temperature reached 360 �C. When the CSF without FBC was used,
the regeneration started at 410 �C with a slight pressure loss
reduction. Even with a lower dosing rate such as 3 ppm, a faster
kinetic was observed at low temperatures using the CSF combined
with FBC as compared to the bare filter with FBC only (Rocher et al.,
2011). Above 450 �C, the same pressure loss evolutionwas observed
using FBC on a bare filter or CSF. Therefore, coupling CSF with a low
dosing rate of Fe-FBC is a sound solution to increasing the low-
temperature regeneration efficiency, especially for the city driving
cycles and for the stop and go duty cycles where the exhaust
temperatures are extremely low. Moreover, they have approved
that Fe-FBC þ CSF increased the mileage without maintenance
while decreasing the fuel penalty (Harl�e et al., 2008; Rocher et al.,
2011).

Meanwhile, researchers at Rhodia and Lubrizol described a new
generation of FBC based on Fe that improved the DPF regeneration
characteristics with or without PGM coated on DPF (Chiew et al.,
2005; Gaiser et al., 2008). Compared to the original one that con-
tained 30 ppm Ce and 10 ppm Ce/Fe, the new formulation used only
5 ppm Fe and exhibited similar performance, resulting in half ash
load on DPF. The new FBC lowered the DPF regenerating start
temperature of a stock PGM-CSF from 410 to 360 �C, and increased
the total soot burn from 12% in the baseline ramp-up test (500 �C)
to 75% with the FBC-CSF combination (Gaiser et al., 2008). The
improved regeneration efficiency and the decreased temperature
will reduce the thermal exposure of the SCR catalyst in US 2010 and
Euro VI systems, and reduce the DPF regeneration fuel penalty as
well when the SCR system is located upstream of DPF.

Using a FBC was demonstrated to be an attractive solution to
ensuring optimal regeneration conditions for DPF even under se-
vere urban driving cycles (Dallanegra and Caprotti, 2014). Recent
product optimizations were presented, like the introduction of a
new Fe-based FBC that offered increased soot oxidation activity
while having no any side effect on fuels or the fuel injection
equipment (Dallanegra and Caprotti, 2014). Additionally, the new



Fig. 14. (a) Soot burn rate at 450 �C for different FBC and dosing rates (Harl�e et al., 2008); (b) Pressure loss and temperature during step-test using DPF or CSF with or without Fe-
FBC (Rocher et al., 2011).
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Fe-based FBC also showed excellent stability in various types of
fuels, particularly in biodiesels, and was insensitive to fuel sulfur.
The Fe-based FBC is a key component in matching the up-coming
emissions standards with the integration of the SCR technology
(Gaiser et al., 2008). Indeed, thanks to the use of FBC, DPF can be
introduced in under-floor position to get the high DeNOx efficiency
of the close-coupled (CC) DeNOx catalyst. The overall system is then
in the optimal configuration of high DeNOx activity and DPF
regeneration performances, and thus low CO2 emissions.

However, passive DPFs have an intrinsic problem, which re-
quires a certain minimum catalyst temperature. If they do not
match the application well and the exhaust gas temperature is
below the catalyst light-off temperature, DPFs do not regenerate
adequately and can plug up, causing excessive backpressure on the
engine. Excessive backpressure can cause the engine to stall,
thereby terminating vehicle operation. In a plurality of diesel ap-
plications, the exhaust temperature may be much lower than
250 �C. For example, in the case of idle operation and/or continuous
light-load conditions with low exhaust gas temperature, the
burning temperature cannot be reached even with catalyst. To
address this concern, the procedure requires that DPFs be installed
with the backpressure monitors that will alert the operator when
the backpressure exceeds some pre-set level. The field experience
has indicated that the success or failure of a passive DPF is primarily
determined by the average exhaust temperature at the filter's inlet
and the rate of PM generated by the engine (Presti et al., 2013;
Boger et al., 2008). These two quantities, however, are deter-
mined by a host of factors pertaining to both the details of the
application and the state and type of the engine being employed
(Presti et al., 2013). As a result, the technical information that is
readily accessible can sometimes serve as a guide, but may still be
insufficient in determiningwhether a passive DPFwill be successful
in a given application.

Hence, in the extended operating conditions under which the
passive regeneration is not enough to keep the filter clean, the
active strategies, whether through the auxiliary devices such as
thermal management or via engine management, need to be
implemented to get the efficient, safe, reliable, and durable
regeneration of DPF in all operating conditions (Boger et al., 2008).
4.2. Active regeneration

Under the normal operation of passenger cars, the exhaust
conditions may not guarantee a continuous oxidation of soot by
either O2 or NO2. Therefore, active regeneration strategiesmay have
to be applied. Unlike the passive DPFs, the active DPF systems rely
on additional sources of extra fuel injection, heat, and/or driver
action to raise the DPF temperature sufficiently for regeneration
(Khair, 2003). Therefore, the active DPFs are not so dependent as
the passive DPFs on the engine duty cycle and the resultant exhaust
temperatures typically encountered in normal operation. Conse-
quently, the active DPFs have a much broader range of applications
and a much lower probability of getting plugged than the passive
DPFs. Active regeneration can be accomplished either during
normal vehicle operations or during a controlled event when the
vehicle is stationary. The frequency of regeneration is determined
by the engine's duty cycle, PM emission rate, filter technology, and
other factors (Kodama et al., 2005; Singh et al., 2005). Active
regeneration starts when the soot loading of DPF reaches a
threshold monitored or determined by the DPF control software
(Kong et al., 2005). Generally, the threshold calculation is based on
the driving style, the distance traveled, and the backpressure sig-
nals from the differential pressure sensor.

The determination of the time interval for active regeneration
depends to a large extent on the emissions of untreated diesel
particulates and the DPF size. Generally, active regeneration takes
place every 850 km, although this is dependent on the vehicle
driving cycle (Kong et al., 2005). For example, if the vehicle is driven
at low loads in urban traffic regularly, active regenerationwill occur
more often. This is due to the rapid build-up of soot in DPF than if
the vehicle is driven at high speeds so passive regeneration will
occur. An active regeneration process usually takes approximately
20 min to complete, depending on the engine operating conditions
(Lu, 2010; Lu, 2009).

The regeneration strategy should allow for reliable and safe
burning of the accumulated soot under all driving conditions
(Johnson, 2009b; Hein et al., 2014). It should also allow for a fast
enough regeneration process, and at the same time manage this
burning rate within certain boundaries as it is accompanied by a
significant release of heat. Generally, there are four main key ele-
ments determining the DPF active regeneration process: the accu-
mulated PM loading level on the filter, the exhaust O2
concentration, the DPF regeneration inlet temperature, and the
mass flow rate of the exhaust gas (considering the convective heat
transfer) (Sappok and Wong, 2010; Foster et al., June 2008; Zhan
et al., 2007). Among these four parameters, the exhaust flow rate
may be themost difficult one to influence under the normal driving
conditions, as the critical conditions are primarily the ones under
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which the exhaust flow is low when the engine is idling. It is
challenging to increase the idle flow rate in this condition. The soot
loading is determined by the requirements from the application
such as fuel consumption, regeneration interval, engine emissions,
and PM sensor. In addition, one may want to consider for un-
certainties during estimation. The O2 concentration can be moni-
tored by the exhaust O2 sensor which has two functions, EGR and
DPF regeneration controls. However, the O2 content is believed to
have a significant effect only if low values are achieved, usually well
below 10%. This again is challenging under the idle or over-run
conditions. The main struggle is that most methods that would
lead to lower O2 content also decrease the mass flow at the same
time. In this case one may want to optimize the two effects. An
important parameter to work with towards an optimized regen-
eration strategy is the regeneration temperature. During active
regenerations, the exhaust temperature has to be modified “artifi-
cially” anyway and the level is to some extent adjustable. The
strategies with the fuel injection upstream of DOC and the staged
temperature management are effective methods for the regenera-
tion control (Chiew et al., 2005; Tang et al., 2014). Since too high of a
rise rate may cause the large differential temperature distribution,
resulting in significant thermal stress inside the components of
DOC and DPF. Thus, the two-stage temperature ramp-up manage-
ment strategy is applied to the precise control of the regeneration
temperature (Tang et al., 2014; Zheng et al., 2005). The first phase
increases the DPF inlet temperature to approximate 500 �C with a
certain temperature ramp rate (e.g. 120 �C/min) to remove a certain
amount of soot and minimize the rapid temperature increase. The
second phase further increases the DPF temperature to 600 �C that
is the optimum temperature for soot combustion. This approach
enables reducing the maximum temperature even if drop-to-idle
(DTI) takes place (Zheng et al., 2005; Lu et al., 2012).

It appears that means for active regeneration can be categorized
as follows: fuel combustion, full-flow burners, electrical devices
(heaters or microwaves), and engine management (Zink and
Johnson, 2005). Diesel fuel is a convenient source of energy for
filter regeneration (Khair, 2003; Chiewet al., 2005). The exhaust gas
temperature can be increased by the combustion of an additional
quantity of fuel, either through the in-cylinder enginemanagement
methods such as post-injection, or through the injection and
combustion of fuel in the exhaust system (Lu, 2010; Lu, 2009;
Johnson, 2009b). In the first approach, the fuel is introduced
through late cycle injection (post-injection) using the fuel injection
system of the diesel engine. In the second method, fuel can be
combusted over a DOC positioned upstream of the filter in a cata-
lytic combustion process or in a diesel fuel burner. Both systems
require complex control strategies to ensure a thermally balanced
regeneration (Boger et al., 2008; Kodama et al., 2005; Zheng et al.,
2005). Electric heating can be used in a number of configurations,
such as, placing an electric heater upstream of the filter substrate,
incorporating heaters into the filter media, or using electrically
conductive media (such as metal fleece) which can act as both the
filter and the heater (Presti et al., 2013). A stream of heated air can
also be utilized to trigger regeneration, rather than the heated
exhaust gas (Lu et al., 2012; Zink and Johnson, 2005).

During the active regeneration process of DPF, there will be an
increase in fuel consumption. However, because active regenera-
tion occurs infrequently, the overall effect on fuel consumption is
approximately 2% (Johnson, 2009b; Zink and Johnson, 2005).

4.2.1. In-cylinder post-injection
To implement an active regeneration for DPF, combusting an

additional quantity of diesel fuel is required to raise the exhaust gas
temperature to an optimized target temperature. The engine con-
trol module (ECM)-controlled post-injection is preferred on light-
duty diesel engines (Hein et al., 2014; Zink and Johnson, 2005).
This is achieved by introducing the post-injection of fuel after the
pilot andmain fuel injections have occurred. Depending on the DPF
temperature, the DPF software requests ECM to perform the stra-
tegies with either one or two in-cylinder post-injection of fuel. The
first post-injection of fuel retards combustion inside the cylinder
that increases the temperature of the exhaust gas. The second post-
injection of fuel is injecting small amounts of fuel into the cylinders
of a diesel engine after pistons have reached TDC (top-dead-center,
the power stroke cycle) (). It should be noted that not all of the post-
injected fuel could be combusted in the cylinder. The fuel partly
combusts in the cylinder, resulting in introducing a small amount of
unburned fuel in the engine's exhaust gases. The unburned fuel can
then be oxidized and create an exothermic event over an oxidation
catalyst upstream of the filter or over a CDPF, further increasing the
DPF temperature to facilitate the combustion of accumulated PM
(Singh et al., 2005; Tang et al., 2014; Florchinger et al., 2004).

However, if the in-cylinder post-injection is used for DPF
regeneration, the lubricant dilution by the unburned fuel may occur
since a small amount of fuel enter the engine crankcase, which
requires more frequent oil change (Tang et al., 2014; Zheng et al.,
2005; Zink and Johnson, 2005; Zhan et al., 2006). In some
medium-duty, light heavy-duty (LHD), and especially light-duty
applications, where the low system cost is more important and
there exists less concern about the impact of oil dilution on the
engine durability, the in-cylinder post-injection has been the pre-
dominant method.

4.2.2. In-exhaust fuel injection þ DOC
For the heavy-duty applications, post-injection was found to

cause serious lubricant dilution problems, partially because the
heavy-duty diesel vehicles have longer lubricant oil change in-
tervals than the light-duty diesel vehicles. Thus, even though post-
injection was one of the options for HD DPF regeneration, the
supplementary fuel injection (SFI) system with a controlled injec-
tion rate was considered to be the primary alternative approach to
the DPFs regenerations in the heavy-duty diesel (HDD) applications
(Chiew et al., 2005; Zhan et al., 2007; Tang et al., 2014; Zheng et al.,
2005; Zink and Johnson, 2005). The diesel fuel is introduced to
exhaust through an in-exhaust injector (IEI), evaporates, is mixed
with exhaust gas, and then oxidized over a DOC upstream of DPF or
across the catalyst present on the filter (Chiewet al., 2005; Lu, 2010;
Lu, 2009). This generates an exothermal reaction, and thus in-
creases the exhaust temperature to the level required, resulting in
the oxidation of accumulated soot. It is so-called the catalytic
burner.

In comparison to the in-cylinder post-injection, the in-exhaust
fuel injection results in a smaller fuel economy penalty, as the
heat is released immediately upstream of the filter, eliminating the
heat losses in the engine and the section of the exhaust system
between the engine exhaust manifold and DPF (Zhan et al., 2007).
According to some authors, the fuel economy penalty when the
exhaust injection is used can be up to 50% less than that associated
with the in-cylinder injection (Zheng et al., 2005; Zink and Johnson,
2005). Others have also demonstrated the poor efficiency of the in-
cylinder injection (Boger et al., 2008; Hein et al., 2014). The benefits
can also be seen in the uncritical secondary emissions of unburned
hydrocarbons. The major advantage remains that, by avoiding the
engine post injection, a safer regeneration without any oil dilution
issues or critical exothermal reactions can be achieved (Sappok and
Wong, 2010; Zink and Johnson, 2005). This allows a more frequent
regeneration with a lower soot loading and as a consequence with
lower combustion temperatures during regeneration.

So far, the in-exhaust fuel injection systems have been devel-
oped mainly for the OEM applications, including most US 2007



B. Guan et al. / Journal of Environmental Management 154 (2015) 225e258242
truck engines and HD engines (Lu, 2010; Lu, 2009; Zink and
Johnson, 2005). The retrofit DPFs with catalytic combustion of
fuel have been under development by a number of manufacturers,
which target at the HD highway and non-road engines, but are still
in the initial phase of commercialization.

4.2.3. Flame burner
For flame burner, the fuel is injected and combusted in a fuel

burner, usually with a dedicated supply of combustion air, and the
flame enters the exhaust system. The burner system can be
designed for regeneration in any engine operating condition, and
the flame burner system offers more flexibility for regeneration at
the expense of more complex hardwares (DieselNet).

The flame burner DPFs regeneration has been used for retro-
fitting of the in-use diesel engines, primarily in Germany,
Switzerland, and other European countries, in a variety of appli-
cations ranging from diesel forklifts to construction machinery and
from urban buses to railroad locomotives (DieselNet). The first
wide-scale OEM applications of the burner-regenerated filters were
US 2007 HD truck engines. Caterpillar introduced the flame burner
regenerated filters across its 2007 ACERT engine line-up, while
other manufacturers like Volvo introduced burners in selected cold
duty cycle applications. Some suppliers, like Faurecia, Tenneco, etc.
are under development (DieselNet; Khair, 2003).

4.2.4. Electric heater
The use of an electric heater to increase the temperature of

either the exhaust gas or a stream of air used for regeneration is a
relatively simple method of triggering the regeneration of a soot
laden diesel filter (Khair, 2003; Presti et al., 2013). It can be used
with a wide range of filter substrates. Electricity perhaps offers the
most flexibility among all forms of energy, and can be applied in the
followingways: substrate heating, soot heating, and exhaust gas/air
heating (DieselNet; Presti et al., 2013).

The electric regeneration of DPFs can be performed in on-board
and various off-board configurations. The on-board regeneration by
means of an electric heater connected with the vehicle power
source puts a significant additional load on the vehicle electrical
system. The partial flow layouts or regeneration with hot air are
more energy efficient. The filter systems have also been developed,
which must be connected to external power source or removed
from the vehicle for off-board regeneration.

The primary concern related to the electric regeneration system
is the energy consumption. The energy required by the heater puts
an extra load on the vehicle electrical system, presenting a signif-
icant fuel consumption penalty (Khair, 2003).

Emitec is developing the so-called Electrical Heated Catalyst
(EHC) that uses the mechanical energy from the engine to generate
the electrical energy to heat up the catalyst (Presti et al., 2013).
Following this thermal management strategy, the energy input can
be tailored according to the component need and the energy loss in
the system can be minimized. Moreover, the efficiency of such
systems can be further optimized using brake energy recuperation
or advanced thermal management.

The third category of the DPF regeneration system utilizes the
combination of passive and active regenerations, where a catalyst-
based filter is also equipped with some kind of an active regener-
ation system (Boger et al., 2008; Kodama et al., 2005; Tang et al.,
2014; Zink and Johnson, 2005). The use of catalyst allows per-
forming regeneration at a lower temperature and/or shortening the
regeneration time period, compared to the non-catalytic active
systems. In either case, the fuel economy penalty associated with
active regeneration can be minimized (at an added cost of the
catalyst). Regeneration at a lower temperature also results in
decrease of thermal stress and increase of the lifespan of the filter
media. The passiveeactive combinations, depending on the type
and loading of the catalyst, may be able to sustain fully passive
operation during the periods of increased exhaust temperatures
(Boger et al., 2008). For instance, a CDPF in a passenger car may
regenerate passively during the fast highway driving, but will
depend on active regeneration, which could be triggered by an
engine management strategy, during the low speed city driving
(Singh et al., 2005; Tang et al., 2014). In summary, from the available
experience and advanced research, it appears that a pure passive
approach to regenerate DPFs may not be feasible for all operating
conditions. The only DPF system in production at present appears
to have recognized this fact and adopted an approach that com-
bines both the passive and active methods to regenerate DPF.
Recently the hybrid system has been verified that combines passive
regeneration with a catalyzed filter element and an electrically
heated active system in one unit to extend the operating period
between the forced regenerations (Kodama et al., 2005).

4.3. DPF regeneration controls assisted by engine management

For durable and reliable DPF regenerations, the global system
approach and engine management strategies are needed. The DPF
regeneration control using engine management, which is deter-
mined by the vehicle's control system, is becoming quite sophisti-
cated. The goal of the successful development of the DPF
regeneration engine management strategies is to optimally control
the system under various engine-operating conditions to regen-
erate the filter without producing abnormal combustion of PM and
to minimize the amount of unburned PM to keep the filter from
clogging (Khair, 2003; Zink and Johnson, 2005).

The software located in ECM controls the engine management
DPF regeneration. The DPF software monitors the load status of DPF
based on the driving style, the distance traveled, and the signals
from the differential pressure sensors across DPF and the temper-
ature sensors. When the soot loading of DPF reaches the pre-
determined levels, DPF is actively regenerated by adjusting, in
conjunctionwith EMC, various engine control functions, such as the
fuel injection, the intake air throttle, EGR, and the turbocharger
boost pressure control (Lu, 2010; Lu, 2009; Zink and Johnson, 2005;
Zhan et al., 2006). The accurate DPF regeneration control can be
achieved because of the flexibility of the common-rail fuel injection
engine that provides precise control of fuel flow, fuel pressure, and
injection timing, which are all essential requirements for promot-
ing the efficient regeneration process.

The engine management system initiates active regeneration
prematurely if the conditions are particularly favorable (for
example when driving on a motorway). On the contrary, active
regeneration is delayed possibly in the event of unfavorable con-
ditions (Lu, 2009). The regeneration strategy determines the
regeneration measures to be carried out and their timing,
depending on the diesel PM in the filter and on the operating state
of the engine. In the event of a regeneration request, the injection,
intake systems, and turbo are switched to other parameters.
Advanced (during combustion) and retarded (after combustion)
post-injection, delay to retarded main injection, and partial throt-
tling of the intake air are the important engine-based measures to
increase the exhaust temperature. Depending on the engine oper-
ating conditions, one or more of these measures are implemented
during the regeneration process (Boger et al., 2008; Kodama et al.,
2005; Kong et al., 2005).

During the active regeneration process, the following ECM
controlled events occur:

(1) The turbocharger is maintained in the fully open position.
This minimizes the heat transmission from the exhaust gas to
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the turbocharger and reduces the rate of exhaust gas flow,
allowing optimum heating of DPF. If it is demanded to in-
crease in engine torque, the turbocharger will respond by
closing the vanes as necessary.

(2) The throttle is partially closed since this assists in increasing
the exhaust gas temperature and reducing the rate of
exhaust gas flow that has the effect of reducing the time
needed for DPF to reach the optimum temperature.

(3) The EGR valve is closed to disable the EGR operation. The use
of EGR decreases the exhaust gas temperature and therefore
prevents the optimum DPF temperature being achieved.

DPF requires constant monitoring to ensure that it is operating
at its optimum filter efficiency and regeneration, and does not
become blocked (Foster et al., June 2008). The ECM contains the
DPF software that controls the monitoring and operation of the DPF
system and monitors other vehicle data to determine the regen-
eration periods and service intervals. The DPF software can be
divided into three separate control software modules: a DPF su-
pervisor module, a DPF fuel management module, and a DPF air
management module (Lu, 2010; Lu, 2009; Zink and Johnson, 2005).
A fourth software module known as the DPF coordinator module,
which manages the operation of the other modules when an active
regeneration is requested, controls these three modules (; ). The
DPF coordinator module reacts to a regeneration request from the
supervisor module by initiating and coordinating the following DPF
regeneration requests: EGR cut-off, turbocharger boost pressure
control, engine load increase, control of air pressure and temper-
ature in the intake manifold, and fuel injection control, using the O2
sensors and pressure transducers to closed-loop control DPF
regeneration (Zhan et al., 2006).

The developments in DPF regeneration have produced a com-
bination of passive and active measures through engine manage-
ment. Peugeot Citroen developed a DPF system that went into serial
production in 2000 on its model DW12 TED4, 2.2 L, 98 kW, common
rail, passenger car diesel engine (Khair, 2003). The filter system
utilized the Ce-based FBC to lower the soot combustion tempera-
ture in support of DPF regeneration. The engine used its common-
rail fuel injection system to provide post-injection. With the help of
an oxidation catalyst placed upstream of DPF, the post-injected
hydrocarbon was oxidized, which produced an exotherm that
helped ignite soot at a lower soot ignition temperature. In this
system, the soot ignition was lowered from 600 �C with FBC to
about 450 �C. The additive was stored onboard the vehicle and was
automatically added when the vehicle was being refueled. Re-
searches and developments were also leaning toward a bi-metallic
FBC that might combine Ce and Fe. A combined fuel economy
penalty of up to 5%, depending on the vehicle driving pattern and
the frequency of regeneration, was associated with the increased
pressure drop in the filter and the post-injections of fuel (Sappok
and Wong, 2010).

When the advantage of improvements in the SCR technology is
taken, the future HD diesel engines will be calibrated to produce
higher NOx and lower PM to improve the fuel economy. This will
result in favorable conditions for the passive oxidation of soot by
NO2 and dramatically decrease the need for the active regeneration
of DPF at high soot loadings. Less thermal mass will be needed in
DPF to provide a buffer against the uncontrolled active
regenerations.

4.4. DPF uncontrolled regeneration and their control methodologies

The DPF survivability is challenged by several key factors, such
as the excessive thermal stress from the DPF runaway re-
generations (or uncontrolled regeneration) that may easily damage
the DPF substrate,melt or crack any DPF, and causewashcoat failure
permanently (Lu et al., 2012; Zhan et al., 2006). Meanwhile, Ashes,
derived from lubricating oil additives can accumulated on the filter
over lifetime and will also melt at high temperatures (>1100 �C)
during uncontrolled regeneration (Sappok and Wong, 2010). The
ashes can react with the filter substrate and clog the filter perma-
nently (glazing effect) (Yu et al., 2014). Therefore, the industry has
identified the successful regeneration of DPF under any given en-
gine/vehicle operating condition as a major challenge (; Zhan et al.,
2006; Yu et al., 2014). While the runaway DPF regeneration
behavior has been observed across the industry, there are few
effective solutions to controlling the runaway regenerations.
Considering that DPF is necessary tomeet 2007 and 2010 emissions
standards in the United States and that the DPF system is expensive
(a HD catalyzed DPF unit costs about $15,000) (), controlling the
runaway DPF regeneration and achieving a safe and complete DPF
regeneration under any engine operating condition are becoming
increasingly critical.

Three major different classifications of the thermal related DPF
uncontrolled regeneration failure modes are identified and defined
as follows (Florchinger et al., 2004; Zhan et al., 2006; Yu et al.,
2014):

Type A: The uncontrolled excess initial exotherm at the start of
DPF regeneration is primarily due to the high SOF content in PM
and the fast exhaust temperature ramping rate.
Type B: Traditional runaway regeneration. Temperature spikes
when the “runaway regeneration” happens, which is caused by
the combination of an excessive amount of PM loading, the high
O2 concentration, and the low exhaust flow rate (“classic
runaway regeneration”) when the engine drops-to-idle (DTI),
the worst and most severe thermal condition during the normal
DPF regeneration process. The rapid reduction of the engine
speed to the idle conditions reduces the exhaust flow rate
dramatically, which results in a very low convective heat
transfer rate and an increase of the exhaust O2, leading to a
severe increase in the DPF internal temperature and thermal
stress that can cause the local melting or cracking of DPF.
Type C: Traditional “hot spot” problem. This is due to the uneven
soot loading during the DPF particulate collection process and
the uneven flow and temperature distribution during the DPF
regeneration process, which can cause incomplete regeneration
and thus excess thermal stress.

As mentioned above, the Type A DPF failure is caused by the
thermal shock that results from an abrupt exotherm when the DPF
regeneration process is initiated. The type B failures are caused by
an abrupt transition from the engine operating conditions during
the normal DPF regeneration process to idle. Fig. 15 demonstrates
the test results of the two failures, where over 1120 �C was reached
at the initial regenerationwhen a Type A regeneration occurred and
over 1100 �C was reached when a Type B regeneration occurred. As
shown in Fig. 15, the DPF inlet temperature was targeted to be
650 �C for a controlled regeneration. As soon as the DPF regener-
ation process was initiated, even though the DPF inlet temperature
was at approximately 550 �C, and the bed temperatures, labeled as
“DPF mid-Bed” and “DPF rear-center,” increased rapidly to over
1100 �C, which can easily cause damage to DPF. From Fig. 15, it is
clear that even though the DPF inlet temperature showed a normal
initiation of the controlled regeneration, the DPF internal temper-
ature indicated that severe thermal shock might occur during this
regeneration (Zhan et al., 2006).

As further look into the regeneration process, it can be segre-
gated into two distinct steps, starting the regeneration and con-
trolling its rate. It is desirable to predictably and consistently start



Fig. 15. Thermal related risks during DPF regeneration (10.1 g/L PM loading level)
(Zhan et al., 2006).
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the regeneration under all driving conditions to avoid excessive
backpressure and high particulate accumulation that may lead to
runaway regenerations (Yu et al., 2014). It is also important to
control the regeneration rate to protect the filter itself since high
rates and intense regeneration heat may destroy it (Zhan et al.,
2006). If the regeneration rate can be controlled, less expensive
materials need be used since the extremely high exotherm can be
avoided. To allow an adequate control of the regeneration rate, the
information regarding the exhaust flow and temperature, O2 con-
tent, PM loadings perhaps by way of backpressure, and a number of
other parameters must be recorded and tracked throughout the
transient engine and vehicle performance (Zhan et al., 2006). This
information should be used to develop proper control algorithms
for starting and controlling the regeneration rate to be in accor-
dance with the physical limits of the filter material (Lu, 2010; ).
Rigorous testing of these systems must follow a view towards
improving the regeneration controllability, reducing the DPF sys-
tem cost, and extending its durability (Foster et al., June 2008; Zhan
et al., 2007; ).

It is well-known that some DPF parameters, such as inlet cone
effect, diffusive O2 transport, PM loading and profile, channel
structure, etc. may impact the DPF regeneration temperature (Zink
and Johnson, 2005; Florchinger et al., 2004). To avoid the DPF
damage from these uncontrolled regeneration related failures, the
most important concept is to design the DPF PM loading and
regeneration strategy based on the specific application and DPF
material limits (Zhan et al., 2006). Accordingly, Zhan and his co-
workers developed different effective control strategies for each of
the three types of the uncontrolled DPF regenerations, based on a
thorough understanding of the mechanisms of the uncontrolled
regenerations, to safely and efficiently regenerate DPF under any
given engine operating condition (Zhan et al., 2006). These control
strategies include the SOF control, the exhaust flow pattern
improvement, and the EGR control through the intake air throttling
and the air-to-fuel ratio (AFR) control. Besides, a low-cost flow
diffuser can be used, which can dramatically improve the DPF flow
and temperature distribution. As a result, the DPF PM loading can
be evenly distributed and the regeneration efficiency can be
improved through the improved exhaust flow distribution through
DPF (Zhan et al., 2006). Test results showed that the uncontrolled
DPF regeneration can be prevented, and that the highly efficient
and safe DPF regeneration can be achieved with help of these
control strategies.

Zhan et al. conducted experiments to demonstrate the strategies
of using the exhaust O2 concentration control (EGR rate) to prevent
uncontrolled DPF regenerations (Zhan et al., 2006). Fig.16 (a) shows
that, under the condition of rapid exhaust flow reduction with an
ample amount of O2, the rate of temperature rose (48 �C/second),
and that the maximum temperature attained during regeneration
(1080 �C) would cause a DPF failure. The improved strategy of
exhaust O2 concentration control, i.e., maximum EGR, was applied
during the rapid reduction of exhaust flow. The AFR spike during
the transition was very small as shown in Fig. 16 (b). The average
AFR was about 15: 1 after the transition, with very low exhaust O2
concentration. The DPF temperature rose to a maximum DPF
temperature of 846 �C, which was believed to be safe for the DPF
regeneration. This test result demonstrated the feasibility of Zhan's
preferred strategy for the exhaust O2 concentration control during
a rapid speed reduction from high load.

The DPF durability is also a big challenge (Zhan et al., 2007; Lu
et al., 2012). Therefore, Zhan et al. investigated the durability per-
formance of a 3.0 L catalyzed ACM DPF system for LD vehicle ap-
plications (Zhan et al., 2007). A total of 100 soot loading and
regeneration cycles were performed on a 3.0 L uncatalyzed ACM
DPF. The soot loading level for each cycle was maintained at
approximately 8.0 g/L. The controlled DPF regeneration was per-
formed for 80 cycles at elevated DPF regeneration temperatures in
the range of 780e820 �C. The uncontrolled regenerations were
performed for 12 cycles where the peak DPF internal temperature
was measured to be in the range of 995e1245 �C. The incomplete
regenerations were performed for 8 cycles. Fig. 17 presents the
typical temperature and DPF-DP profiles for the three different DPF
regeneration scenarios observed during the 100 soot loading and
regeneration cycles.

Following each of the uncontrolled regenerations, the filtration
efficiency wasmeasured, and the results showed in Fig.17 indicated
that the filtration efficiency was in the range of 95.3%e99.9%. Upon
the completion of the on-engine durability test of 100 cycles, DPF
kept its physical integrity without indication of a leaking channel
found.

4.5. DPF soot loading prediction

The optimization of the DPF applications with respect to an
efficient engine operation and DPF regeneration is still in progress
(Sappok and Wong, 2010; Yu et al., 2014; Rose and Boger, 2009).
The accuracy of the soot loading prediction is one of the key re-
quirements for the successful DPF applications (Rose and Boger,
2009). With the implementation of the more stringent emissions
regulations and requirements for the fuel efficiency, the impor-
tance of a high quality soot loading estimation becomes even more
relevant (Chen et al., 2014). As we know, the collected soot inside
the filter needs to be periodically oxidized to regenerate DPF. This is
due to two main reasons: overloading with soot could lead to DPF
damage, whereas underloading results in unnecessary DPF re-
generations and hence some CO2 (fuel) penalties (Cozzolini et al.,
2011). Therefore, the advanced regeneration strategies depend on
knowledge of the soot loading and use it as one parameter to define
the target regeneration conditions. Higher soot loads for example
require lower DPF inlet temperatures. The reliable application of
such advanced operating strategies depends on an accurate soot
mass estimation.

The durability targets for Tier 2 Bin 5 and Euro 6 require accurate
soot loading detection under all driving profiles and customer
specific environments from low-speed delivery cycles to high-
speed extra urban driving profiles (Rose and Boger, 2009; Chen
et al., 2014). The most fuel and CO2 efficient regeneration strategy
relies on knowledge of the current soot loading in DPF. Thus, an in-
depth understanding of the filtration and regeneration



Fig. 16. Control of Type B uncontrolled regeneration (a) w/o EGR (leaking channels observed, cracks), (b) with high EGR (No leaking channel observed, no cracks) (Zhan et al., 2006).
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mechanisms together with the capability of predicting the actual
evolution of the DPF conditions could play a key role in optimizing
the frequency, the duration, and the number of regeneration events
in case of active DPFs and coating composition in case of passive
DPFs (Chen et al., 2014; Amanatidis et al., 2014). Therefore, an ac-
curate estimation of soot loading during operation is the key
parameter for diagnostics purposes and is imperative to effectively
control the whole engine-DPF assembly and simultaneously avoid
Fig. 17. Typical temperature and DPF-DP profiles for the three different DPF regeneration s
regeneration, (b) Uncontrolled regeneration, and (c) Incomplete regeneration (Zhan et al., 2
any system failure caused by a malfunctioning DPF.
However, it is very difficult to predict the accurate DPF soot

loading level due to the following facts. The soot generation is
dependent on the engine operating conditions, and an extensive
experiment is required to map the steady-state soot generation
(Kim et al., 2014a; Schmidt et al., 2014). Moreover, it is very difficult
to predict the soot generation during the transient operations, and
the influence of passive regeneration and the ash accumulation
cenarios observed during the 100 soot loading and regeneration cycles: (a) Controlled
007).
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need to be considered (Yu et al., 2014; Cozzolini et al., 2011). The big
challenge facing the soot loading estimation is that the same soot
loading levels may have different restrictions due to the different
soot distribution, which is related to the engine driving conditions
(Schmidt et al., 2014). Consequently, the soot loading estimation is
one of the most challenges to a direct active DPF regeneration,
which requires the integration of the major elements to develop an
ideal robust soot prediction model (Chen et al., 2014).

Thus, it is vital important to combine multiple mechanisms to
estimate the soot loading during driving to guarantee a safe DPF
regeneration using a DPF differential pressure sensor, a soot accu-
mulation model based on fuel consumption, engine operating
conditions, accumulated mileage, time, and a current focused soot
sensor (Kim et al., 2014a; Dabhoiwala et al., 2008; Hoepfner and
Roduner, 2013).

There are several options on the soot mass estimation from an
empirical engine out emissions model, combined with a physical
soot oxidation model in which the pressure drop signal combined
with other parameters is used to determine the filter load (Chen
et al., 2014; Amanatidis et al., 2014; Schmidt et al., 2014). Besides,
the Matlab/Simulink models were used to develop the control logic
and algorithm to be evaluated for the study with test bench and
real-world vehicle driving data (Lu, 2010; ; Hoepfner and Roduner,
2013).

Laboratory engine tests and on-road tests may be the most
effective solutions to predicting the soot loading (Rose and Boger,
2009; Chen et al., 2014; Schmidt et al., 2014). In that case, the
soot loading per unit volume may be estimated by the direct
weighing procedures interacting with the backpressure and soot
sensors to define the DPF loading/regeneration engine maps under
the assigned operating conditions. It can be assumed that the
engine-out DPF temperature and soot emissions are a function of
engine load and speed as shown in Fig.18. Rose et al. developed two
different approaches to predict the soot loading (Rose and Boger,
2009). In one approach, the flow resistance of CDPF was used to
determine its state of loading; in the other approach, an open loop
model that assigned emissions to 5 different modes of vehicle op-
erations had been programmed and calibrated. The open loop
model was combined with a map-based soot combustion model
that determined the soot burning rate as a function of inlet tem-
perature and air mass flow. The correction maps for different O2
contents were developed to further increase the achieved accuracy.
This approach considered the effects of passive regenerations, and
used the real-world soot loading rates for calibration. Deterioration
Fig. 18. (a) 3-D (RPM, Torque, and DPF temperature) map; (b) Soot map of a typical
factors and algorithms that are capable of detecting the emissions
drift would be required to further improve an open loop model.
Fuel injectors, air flow meters, EGR valves, and EGR coolers are the
potential root causes for the change of raw emissions as a function
of time. Rose and Boger described two soot estimation methods.
They used a modal estimate of soot accumulation and soot oxida-
tion via passive regenerations, and combined it with a closed-loop
model based on pressure drop. This method made them obtain
within ±1.5 g/L of measured soot (Rose and Boger, 2009).

Accordingly, the soot loading models have been under devel-
opment for many years, like building a multiple control layer
approach to initiate the DPF regeneration based on the fuel con-
sumption, the accumulated mileages, the duty cycles, the DPF soot
accumulation model, and the signals from the differential pressure
sensors (press drop across the DPF) (Lu, 2009; Sappok and Wong,
2010; Chen et al., 2014; Kim et al., 2014a). The DPF software
monitors the soot loading status with a model-based methodology
prediction. This includes establishing the relationship between the
steady-state 3-D (speed, load, and EGR) maps for the engine-out
PM, SOF, NOx, the exhaust temperatures (DOC inlet and DPF
inlet), and the exhaust flow rate, establishing the DOC efficiencies
model which includes the SOF oxidation and the NO oxidation to
NO2, estimating the transient PM rate over the speed-load transient
operations, which may be the most dominating factor, and estab-
lishing the DPF soot rate (DOC out soot minus passive regeneration
soot), especially for CDPF (Kim et al., 2014a; Schmidt et al., 2014).
The DPF software uses these parameters, in conjunction with other
data, to calculate the accumulated amount of trapped soot. When
the soot loading of DPF reaches the predetermined levels, DPF is
actively regenerated by adjusting, in conjunction with ECM such as
fuel injection, intake air throttle, and EGR, etc. (Kim et al., 2014a).

A methodology to estimate the soot loading in DPF as a function
of the measured total pressure drop across DPF, the volumetric flow
rate, the exhaust temperature, the engine-out NOx and PM, the
engine operation conditions such as speed and load, the DOC effi-
ciency model, and the speed-load transient operations for the
prediction of the real-time soot loading, should be developed. This
methodology is discussed from the point of using it to indicate
when to initiate active regeneration and as an on-board diagnostic
(OBD) tool to detect filter failures. The method could be pro-
grammed into the electronic control unit (ECU) of an operating
vehicle, along with certain engine maps and DPF constants to
accurately predict the soot retained in the filter. Therefore, an ac-
curate estimation of the mass trapped using the multi-layer
LDD engine determined with an AVL micro soot sensor (Rose and Boger, 2009).
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approach affords the opportunity to define a possible control
strategy for both an active regeneration and OBD diagnostics.

Although significant progress has been made, the estimation of
the soot loading by open loop models or the closed loop estimation
based on the analysis of the pressure difference across the filter is
still subject to uncertainty (Dabhoiwala et al., 2008; Hoepfner and
Roduner, 2013). It has been reported that the backpressure changes
showed very little reliable and repeatable differences for the
partially damaged filters (Minagawa et al., 2014). Thus the
backpressure-based models are not accurate enough. Besides, the
measured pressure loss depends on a lot of disturbance variables
such as mass flow, exhaust temperature, sensor tolerance (pressure
sensors are sensitive to soot fouling and gas condensation), soot
and ash loading, and their distributions in the filter (Amanatidis
et al., 2013). Thus, it is becoming increasingly difficult for the cur-
rent monitoring concepts based on the differential pressure to
comply with the future OBD legislation.

As the OBD regulation limits for PM is becoming more stringent
in the US and European markets, the techniques relying on the
pressure sensing differentials across the filter will not be able to
meet the stricter regulations applicable after 2015e2017. The up-
coming emissions standards will soon lead to the use of an OBD
soot sensor that can directly monitor the DPF efficiency and di-
agnose the DPF leakage (Amanatidis et al., 2013; Kim et al., 2014b).
In the sensor, soot transfers charge from one plate to another, the
rate of which is correlated to the soot concentration. Five general
types of PM sensors are being considered. The most common type
collects soot between two electrodes and measures changes in
electrical conductivity. It is periodically heated to remove soot, the
frequency of which indicates the PM level over the period. Reso-
lution is acceptable, but the early 2009 version could not detect a
DPF failure within the timeframe of the NEDC test, which is the
requirement of the regulation (Kim et al., 2014b; Husted et al.,
2012).

Many potentially usable soot sensors available in the market-
place today already target onboard diagnostics and engine control
applications (Husted et al., 2012; Ntziachristos et al., 2011). Such a
sensor will first be introduced in the US by MY (model year) 2015
and then in Europe for Euro VI/6 in 2017. In this regard, researchers
provided interesting results on the soot sensor. Several manufac-
turers are working to develop soot sensors that would provide a
direct measurement of the exhaust PM levels that may provide
filter diagnostic capabilities (Minagawa et al., 2014; Amanatidis
et al., 2013). Great progress has been made on the soot sensor,
and thus the soot sensor is very close to application. However, more
knowledge is needed about how these soot sensors perform in
engine exhaust applications under different engine operating
conditions where temperature, flow, and particle characteristics are
changing (Ntziachristos et al., 2011).

Much work is currently focused on developing a soot sensor for
the DPF soot loading prediction (Hoepfner and Roduner, 2013;
Amanatidis et al., 2013; Ntziachristos et al., 2011). However, the
soot sensor is technicallymore demanding than a gaseous pollutant
sensor due to the fact that particles in the tailpipe are variable in
both chemical and physical nature and that gaseous pollutants are
of a defined chemical type (Minagawa et al., 2014). This makes the
sampling and characterization of the soot difficult (Minagawa et al.,
2014). In addition, the soot limits are much lower than the gaseous
pollutant levels (Vouitsis et al., 2003). The Euro VI levels are
currently in the order of 460 mg/kWh for NOx and 10 mg/kWh for
PM. As a result, any soot sensor needs to be about 50 times more
sensitive than the corresponding NOx sensor. The next steps in the
development of the sensor include accuracy, sensitivity, repeat-
ability, response, durability, new PM sensor based OBD algorithms,
better packaging, reduction of physical dimensions, and use of
materials/designs for cost reduction (Husted et al., 2012;
Ntziachristos et al., 2011).

5. Retrofit technologies to reduce PM emissions

National and local programs in different countries have sup-
ported the retrofitting of old vehicles to decrease PM emissions
(MECA white paper, October 2009). For retrofitting, each DPF is
verified for use with specific engines and/or with specific config-
urations over a range of model years (MY). In addition to the vehicle
and engine specifications, the intended application should be
evaluated for exhaust temperature, duty cycle, fuel sulfur levels,
lubrication oil consumption, engine-out PM emission levels, and
regeneration strategies (International Diesel Retrofit Advisory
Committee, 2001; An Analysis of the Cost-E, May 2007). Recently,
the verified wall-flow DPFs are available and have been widely
retrofitted on on-road, off-road, and highway in-use HDD engines,
including the ones on buses, trucks, construction equipment,
auxiliary power units, and stationary generators (International
Diesel Retrofit Advisory Committee, 2001).

The number of vehicles retrofitted with the high efficiency,
ceramic wall-flow DPFs has grown significantly over the past few
years. Over 250,000 on-road and off-road HD engines worldwide
have been retrofittedwith passively or actively regenerated DPFs ().
Significant investments in the DPF production capacity have been
made and will be expanded in the future to ensure the DPF de-
mands for both new vehicles and retrofit applications. The oper-
ating and durability performance of DPFs has been very impressive.
For example, a growing number of on-road DPF-equipped HD ve-
hicles have been successfully operating for millions of miles. Today,
the newgeneration retrofit filter systems can reducemore than 95%
PM emissions. DPFs are extremely effective (nearly 99.9%) in con-
trolling the black carbon, which has been recently identified as a
significant contributor to global warming, up to 4500 times higher
than CO2. Besides, DPFs are the most effective devices in controlling
the emissions of ultrafine particles emitted from diesel engines. The
particulate filters can be combined with DOC or directly catalyzed
to control up to 90% or more of the toxic HCs emitted by a diesel
engine. Meanwhile, the DPFs incorporating a catalyst function have
been shown to decrease the levels of polyaromatic hydrocarbons,
nitro-polyaromatic hydrocarbons, and the mutagenic activity of
diesel PM (; An Analysis of the Cost-E, May 2007). Since 2007, every
new HD on-road diesel vehicle sold in the U.S. or Canada has been
equippedwith a high-efficiency DPF, themandatory requirement in
complying with the U.S. EPA's 2007/2010 highway emission regu-
lations. This represents over 800,000 new trucks operating on DPFs,
mostly in the U.S. The transit fleets in many large cities in Europe
and the U.S. have now been retrofitted with DPFs. In 2010, DPFs
became the standard equipment on the new highway diesel en-
gines sold in the US, Europe, and Japan (MECAwhite paper, October
2009).

DPFs have been installed on off-road equipment since 1986.
Over 20,000 active and passive systems have been installed on off-
road applications either as original equipment or as retrofits
worldwide. Some off-road filter systems have operated for over
15,000 h or over 5 years and are still in use with good performance.
Examples of the off-road vehicles equipped with filters include
mining equipment, construction equipment, material-handling
equipment, forklift trucks, street sweepers, and utility vehicles.
Germany, Austria, and Switzerland have established mandatory
filter requirements for the construction equipment used in
tunneling projects (MECA white paper, October 2009).

Recently, the Association for Emissions Control by Catalysts
(AECC) has conducted test programs for the particle size and
number on LD and HD vehicles with the procedures outlined in the
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European Particle Measurement Programme (PMP) (Giechaskiel
et al., 2007). The results demonstrated the efficiency of the wall-
flow filters to reduce the engine-out PN by three orders of
magnitude at a filtration efficiency of 99.9%. The filter systems have
been designed so that the vehicle drivability is not affected, or at
least effects can be minimized, most notably by limiting the
exhaust backpressure. The DPF systems, which replace the mufflers
in retrofit applications, have achieved sound attenuation equal to
that of standard mufflers. It should be noted that DPFs are heavier
and larger in diameter than mufflers, so some modifications to the
exhaust system may be required.

It is worth noting that installing a DPF system on a vehicle may
cause a very slight fuel economy penalty. This fuel penalty is
brought by the backpressure of the filter system. As noted above,
some filter regeneration methods involve the use of a catalytic
burner or a fuel burner, which will be an additional fuel economy
penalty. Many filter systems, however, have been optimized to
minimize, or almost eliminate, any noticeable fuel economy pen-
alty (MECA white paper, October 2009; ). Experience in the New
York City Transit Program and the San Diego School Bus Program
has shown that the fuel penalties for filters are zero or less than 1%.
In the required retrofit technology verification protocols estab-
lished by the U.S. EPA and CARB, fuel penalties have been docu-
mented at about 1% for the high efficiency filter systems
(Czerwinski et al., 2014a; Balland et al., 2014).

With regard to the cost, the typical passive filters for the diesel
retrofit applications are currently about $8000e$13,000 each or
more, including the installation. Prices vary, depending on the size
of the engine being retrofitted, the sales volume (the number of
vehicles being retrofitted), the amount of PM emitted by the en-
gine, the emission target that must be achieved, the regeneration
method, the installation requirements, and some other factors
(MECA white paper, October 2009; ). Cost can also be impacted by
the amount of application engineering that is required, for example,
on the specialized off-road equipment.While the passive filters rely
solely on the exhaust gas temperature to regenerate soot that ac-
cumulates during operation, the actively regenerated DPF retrofit
systems are generally more expensive and can cost
$15,000e$50,000 due to the added complexity needed to achieve
the controlled regenerations with active technology such as the
diesel fuel injection over DOCs, burners, or electrical heaters, etc. ().
Vehicle inspection, data logging, exhaust backpressure monitoring,
and operator notification systems are required for each installation.

The analysis from the U.S.-Office of Transportation and Air
Quality demonstrated that diesel retrofit strategies can be a cost
effective way to reduce air pollution. They calculated that the cost-
effectiveness of CDPF retrofits for school buses, Class 6e8b trucks,
and 250 hp bulldozers range from roughly $11,000 to $70,000 per
ton of PM reduced, depending on number of factors such as vehicle
activity, survival rates, emissions rates, effectiveness of CDPFs and
their costs (An Analysis of the Cost-E, May 2007; An Analysis of the
Cost-E, 2006).

6. DPF integration with other aftertreatment components

In 2010, the new highway trucks are required to reduce NOx

emissions by 90% relative to the pre-2007 requirements. Various
systems are being investigated to reach the upcoming more strin-
gent emission legislations. Therefore, to meet the very strict EPA US
2010, Tier 2 Bin 5 and beyond, off-road Tier 4 final, and Euro VI/6
regulations of PM and NOx, DPFs must be integrated with the NOx

control technologies such as EGR, passive NOx adsorbers (PNA),
lean NOx traps (LNT), i.e., NOx storage catalysts (NSC), lean NOx

catalysts (LNC), or SCR to achieve significant NOx and PM reductions
simultaneously (An Analysis of the Cost-E, 2006; Bodek and Wong,
2007; Matarresea et al., 2014; Gekas et al., 2009; Czerwinski et al.,
2014a; Czerwinski et al., 2014b; Vressner et al., 2010). Generally, the
engines retrofit with low-pressure EGR and DPF can achieve NOx

reductions of over 40% and PM reductions of greater than 90%, and
the engines equippedwith SCR and DPF can achieve NOx reductions
of 70%e90% and PM reductions greater than 90%. Besides, the LNT
added to an exhaust system in combination with DPF has been
verified in California that reduces NOx emissions from 25% to 40%
with diesel fuel as the reductant for NOx reduction (the NOx per-
formance of such a LNC is generally strongly tied to the fuel
reductant used and the reductant dosing strategy) (Guan et al.,
2014).

Among the above DPF integration technologies, the mainstream
proposal is to use the EGR engine with low engine-out NOx and an
aftertreatment system consisting of a DOC, a DPF, and an SCR
catalyst, which are placed in a specific serial order to achieve a
desired level of emission reduction performance. Typically, there
are two different conceptual architectures for combining the SCR
and DPF technologies: either SCR is placed upstream of DPF, i.e.,
DOC þ SCR þ DPF, or SCR is placed downstream of DPF, i.e.,
DOCþ DPFþ SCR (Yamada, 2013;Wirojsakunchai et al., 2007; Iorio
et al., 2011; Giechaskiel et al., 2007; Schrade et al., 2012; Palash
et al., 2013; Sato and Hosoya, 2013; Michelin et al., 2014; Lee
et al., 2008; Wolff et al., 2014; He et al., 2009; Johansen et al.,
2014; Tang et al., 2013; Foli�c and Johansen, October 2012; Naseri
et al., 2011; Cavataio et al., 2009; Ogyu et al., 2013; Kawakami
et al., 2012; Bush et al., August 2009).

It is well known that EGR is effective in reducing the engine-out
NOx emissions; however, the EGR system is subject to fouling,
mainly because of the particulate buildup on the EGR component
(e.g., EGR valve and cooler) surfaces. Because the cooled EGR is
most effective in controlling the NOx emissions, the clean EGR
system design and operation are of important consideration in
engine design to meet the durability requirements. Therefore, it is
important to incorporate DPF with the high-pressure (short route)
EGR loops (EGRF) to reduce the PM levels that are recirculated back
through the combustion process, which would result in accelerated
wear of the engine and turbocharger (Zhan et al., 2008; Serrano
et al., 2014). Zhan et al. studied the reducing effects of the EGR
cooler fouled with four different PM control devices that were
implemented upstream of the EGR cooler on the engine bench, and
an approach had been developed to greatly and efficiently reduce
the EGR system fouling (Zhan et al., 2008).

It can be seen from Fig. 19 that System A (the flow-through
uncatalyzed substrates þ the uncoated flow-through filter) was
used as the baseline for quantifying uncontrolled fouling. The
fouling in this cooler was the most severe one. Systems C (close-
coupled DOC þ uncoated flow-through filter) and D (close-coupled
DOC þ coated flow-through filter) both used a close-coupled DOC
with a flow-through DPF substrate. The results showed that the
fouling effects in EGR coolers C and D were reduced compared to
the baseline cooler. However, there was virtually no added benefit
from adding a catalyst to the DPF substrate of System D. In addition,
the pressure drop across the EGR cooler in System D was higher
than that in System C, likely because of the reduced flow area as a
result of adding the washcoat and catalyst to the DPF substrate. A
DOC and uncoated wall-flow DPF was used for the PM control de-
vice of System B. Fouling was virtually undetected in the EGR
cooler. Both the pressure drop across the EGR cooler and the cooler
effectiveness remained constant throughout the duration of the
test. The particulate accumulation in the wall-flow DPF did not
significantly increase the pressure drop across the system over the
duration of the test (see Fig. 19 (b)). The DOC and wall-flow DPF PM
control device performed well in minimizing the EGR cooler
fouling. The soot removal capability of this system provided a clean



Fig. 19. EGR cooler pressure drop (a) during the first 8 h of operation; (b) during the final 3 h of operation (Ogyu et al., 2013).

Fig. 20. Effect of DPF on PM composition. SWCL 1 (Swedish Class 1) fuel <10 ppm S;
UKULSD (UK ultra low sulfur diesel): 50 ppm S (DieselNet).
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exhaust gas environment for the EGR cooler, protecting the cooler
from internal fouling and thus maintaining the effectiveness of the
cooler (Zhan et al., 2008). This device had an acceptable system
pressure drop; however, it is expected that the system will require
periodic soot regenerations.

It should be noted that the pre-turbo DPF placement systems
benefit from an increase of the temperature across the monolith,
reducing the time up to DOC light-off and reaching better condi-
tions for the passive regeneration in DPF (Serrano et al., 2014; Joergl
et al., 2008). The engine performance is also improved by reducing
the specific fuel consumption (Subramaniam et al., 2009; Payri
et al., 2011). Therefore, it is a topic of growing interest. The dis-
cussions about the interest of the pre-turbo aftertreatment place-
ment, with a special focus on DPF, including the advancements of
this architecture in terms of the engine fuel economy and the DPF
regeneration conditions, as well as the drawbacks in the dynamic
engine response requiring using the single-stage and two-stage
turbochargers were reported recently (Bermudez et al., 2012;
Luj�an et al., 2015a, 2015b). Serrano et al. found that the engine
performance was improved by reducing the specific fuel con-
sumption. The pumping work diminished because of the lower
aftertreatment pressure drop due to the higher gas density
(Serrano et al., 2014). Additionally, the aftertreatment pressure
drop was not multiplied by the turbine expansion ratio to set the
engine back-pressure. It also made the DPF pressure drop less
dependent on the soot mass loading (Serrano et al., 2014).

Further investigations are needed to determine the time interval
between regenerations, the effects on the system physical integrity,
and the overall effects on engine performance. This evaluation will
investigate issues, such as the fuel penalty/power loss effects based
on soot accumulation versus the DPF capacity, the overall system
durability, and the regeneration strategies.

7. Impacts of fuel and lubricant quality

It is well known that DPFs are very sensitive to the fuel sulfur
content, and that the sulfur level in diesel fuel is critical and
significantly affects the reliability, durability, and emissions per-
formance of the catalyst-based DPFs (Dallanegra and Caprotti,
2014; Giechaskiel et al., 2007; Schrade et al., 2012). Sulfur affects
the filter performance by inhibiting the performance of the cata-
lytic materials upstream of, or on the filter. Sulfur also competes
with the chemical reactions intended to reduce pollutant emissions
(e.g., the oxidation of NO to NO2) and creates PM through the cat-
alytic sulfate formation (Tang et al., 2011). There is also consider-
ation that FBC can make significant contributions to ash
accumulation when DPF is applied for the higher sulfur diesel
(>50 ppm) (Serrano et al., 2014).

Andersoon et al. investigated the impact of the sulfur level on
the PM composition before and after DPF as illustrated in Fig. 20
(DieselNet). The filter is a two-stage system incorporating a DOC
and a wall-flow DPF. Overall, the baseline PM emissions increased
as the fuel sulfur level increased. It is clear seen from the graph that
DPF was extremely effective in removing the elemental carbon
particulates (black, bottom portion of each bar). The SOF fractions
from fuel and lube oil were somewhat reduced by the catalyst
portion of the filter system. Despite the use of ultra low sulfur fuels,
the sulfate particulates increased, especially in the test with the
UKULSD fuel of higher sulfur content of 50 ppm S.

The Department of Energy (DOE) recently concluded a study
examining the effects of sulfur on DPFs (DieselNet; Serrano et al.,
2014). Two passive regeneration systems were tested: CDPF and
CRT. It was interesting to find that at 3 ppm sulfur both devices
reduced PM emissions by 95%, and that at 30 ppm sulfur the PM
reduction efficiencies of both devices dropped to around 72%.
However, DPFs ceased to reduce PM emissions with fuels con-
taining 150 ppm sulfur and became a source of PM emissions with
350 ppm sulfur fuels. The effect of sulfur on DPFs has prompted
regulators and device manufacturers alike to require low sulfur
fuels for DPF applications. Johnson Mathey (JM) requires a
maximum sulfur content of 50 ppm to ensure the performance and
durability of CRT. JM also recognizes that the DPF performance
improves with lower sulfur fuels and that the fuels with 15 ppm of
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sulfur or lower will provide maximum PM removal and filter
durability.

It can be concluded that the catalyst-based DPF technology
works best when the fuel sulfur levels are less than 15 ppm. In
general, the less sulfur in the fuel, the better the technology per-
forms (Sappok et al., 2011). Moreover, the use of ULSD fuel (15 ppm
sulfur maximum) greatly facilitates the filter regenerations at lower
temperatures in the passive DPF devices (Tang et al., 2011).

In addition, it was found that biodiesel and other diesel-like
fuels also had some effects on PM composition and characteris-
tics, soot loading, DPF filtration efficiency, pressure drop, regener-
ation properties (passive and active), active regeneration frequency
and control, and durability (Lu et al., 2012; Serrano et al., 2014;
Joergl et al., 2008; Subramaniam et al., 2009; Payri et al., 2011;
Bermudez et al., 2012; Luj�an et al., 2015a, 2015b; Cloudt and
Willems, 2011; Sappok et al., 2011; ; Kamp et al., 2014; Sappok
et al., 2013; Gysel et al., 2014; Vertin et al., 2009; Rose et al.,
2014; Williams et al., 2006; Giakoumis et al., 2012; Austin et al.,
2010; Lapuerta et al., 2008). Gysel et al. investigated the impacts
of three different biodiesel feedstocks, a soybean oil methyl ester
(SME), a waste cooking oil methyl ester (WCO), and a methyl ester
obtained from animal fat (FAME), blended at a 50% level by volume
with the CARB diesel on emissions compared to a baseline CARB
ULSD with two heavy-duty trucks equipped with SCR þ DOCþ DPF
(Gysel et al., 2014). They found that PM emissions were low for the
DOC/DPF equipped engines, and did not show any fuel effects. PN
emissions did not show any strong trends between the test fuels for
the older engine (2002 Cummins ISX-450), while for the newer
engine (2010 Cummins ISX-15), PN emissions were below the
tunnel background levels. The older engine showed bimodal par-
ticle size distributions both nucleation and accumulation mode
particles with peaks at around 11 nm and 55 nm in diameter,
respectively. For the newer engine, the particle size distributions
were dominated by nucleation mode particles with peaks at 11 nm
in diameter for all fuels.

Vertin et al. conducted a comprehensive investigation of the
impacts of the diesel fuel containing 20% biodiesel (B20) on the
cordierite DPFs (Vertin et al., 2009). They blended the soy-based
methyl ester biodiesel with ULSD fuel, and ran dynamometer
tests. The PM emissions were reduced 20%with B20 in the transient
tests, but were similar in the steady-state tests, indicating that the
PM differences were cycle dependent. With regard to regeneration,
B20 did not burn effectively over DOC at 300 �C, requiringmore fuel
to regenerate DPF (Vertin et al., 2009). The excess fuel likely collects
the soot, resulting in larger exotherm during the uncontrolled re-
generations. At temperatures greater than 300 �C, the fuel burned
better. There is minor improvement on the passive NO2 regenera-
tion with B20. No deterioration in the catalyst performance was
observed after 120 active regenerations (Johansen et al., 2014).
However, Austin et al. found that the soot formed from B20 burned
3 times faster than the soot from fuel without B20. The increased
reactivity is because of the increased particle surface area
(Giakoumis et al., 2012).

Rose et al. investigated the effect of Fatty Acid Methyl Esters
(FAME) content, up to 50% v/v (B50), in diesel fuel on the DPF
regeneration frequency by repeatedly running a Euro 5-compliant
turbocharged diesel bench engine over the New European
Driving Cycle (NEDC) until a specific soot loading limit had been
reached (Rose et al., 2014). The results verified that the engine-out
PM emissions decreased with increasing FAME content. A larger
decrease of PM seemed to occur for FAME contents higher than 10%
v/v. It was also found that the reduction in fuel economy penalty
(FEP) that was associated with reducing the soot loading and the
frequency of DPF regenerations. The FEP due to the extra fuel
consumed to regenerate DPF decreased with increasing FAME in
the fuel, from 2.6% to 2.7% for the B0 and B10 reducing to 1.5% for
the B50 blend. Since the FEP from pressure drop over DPF is
essentially constant (0.5%e0.6%), the total FEP for DPF regeneration
followed the same trend as FEP for regeneration reaching 3.1e3.3%
for B0eB10 and about 2% for B50.

Despite of the considerable emphasis and work in under-
standing and optimizing the DPF performance for the soot accu-
mulation alone, the reality is quite different. Due to the physical
particle collection mechanisms discussed above, DPFs are effective
in capturing the solid fraction of the diesel PM emissions, including
inorganic carbon and ash. Therefore, unlike those idealized cases,
DPF always contains some amount of ash in real-world operations
(Sappok and Wong, 2010). It is well known that ash, which is
comprised of various metallic compounds and inorganic sub-
stances, carries along in an engine's exhaust stream and builds up
inside the channels of DPFs (Sappok et al., 2014). The primary
source of ash is the combustion of the lubrication oil additives in
the engine. The nature of the inorganic additives present in the oil,
therefore, determines the composition of the majority of the ash in
a DPF. The lubricant additives contained in the engine lubricating
oil, such as calcium (Ca) and phosphorus (P), burn with the oil
consumed in the engine and become ash, such as calcium sulfate
(CaSO4) and zinc phosphorous (Zn3(PO4)2) (DieselNet; Serrano
et al., 2014). The other sources of ash include the materials origi-
nating from enginewear and corrosion products (little compared to
oil ash), the trace elements in the fuel, and any inorganic fuel ad-
ditives that may be used (DieselNet; Serrano et al., 2014; Kamp
et al., 2014). Without considering the fuel additives, the rate of
ash accumulation within a DPF is primarily a function of the rate at
which an engine burns oil (Sappok et al., 2011; Kamp et al., 2014;
Gysel et al., 2014).

Unlike soot, ash cannot be oxidized to gaseous species through
thermal regenerations. Even though the contribution of ash in the
total PM is much less than that of inorganic carbon, ash gradually
accumulates in DPF over the extended use, as the incombustible
material was left behind after the filter regeneration and the soot
oxidation. Meanwhile, the ash accumulation in DPF alters the filter
geometry and the soot distribution, and will cause a reduction in
the DPF volume (Kamp et al., 2014; Sappok et al., 2013). This issue
may become more serious with FBC since their oxides may also
accumulate with the lube oil additive ash and deny the DPF volume
to other PM (Gysel et al., 2014). In fact, more often than not, the
amount of ash in the filter can significantly exceed the amount of
soot that DPF was initially designed to trap. Accordingly, the
accumulation of ash is problematic and is an important factor that
limits the DPF's service life, increases its pressure drop, and has an
adverse effect on engine efficiency and fuel economy (Serrano et al.,
2014; Sappok et al., 2013). Ash builds up in DPF and directly affects
the fuel consumption through two pathways: (1) increased exhaust
flow restriction and backpressure, and (2) decreased filter regen-
eration intervals (increased regeneration frequency) through a
reduction in the filter soot storage capacity (Sappok and Wong,
2010; Serrano et al., 2014). Furthermore, ash may also reduce the
regeneration efficiency in the catalyzed systems, requiring an
increased reliance on active regenerations or higher temperature
operations for the successful passive soot oxidation (Sappok et al.,
2013).

The ash accumulation in DPF increases with the oil consumption
and the lubricant ash content, as lubricant additives are generally
the largest source of ash (Williams et al., 2006). Besides, the
increased oil consumption and reduced fuel quality (high sulfur
content), as well as the high fuel consumption, accelerate the build-
up of ash in DPF and thus shorten the regeneration intervals more
quickly (Serrano et al., 2014; Vertin et al., 2009). DPFs can be
cleaned away from ashes only through some dedicated
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maintenance procedures, such as washing with water or reversing
the direction of flow through the filter (Sappok et al., 2014; MECA
white paper, June 2005).

A number of studies have been conducted and test methods
have been developed to investigate the properties and morphology
of ash, as well as its impact on the DPF performance (Serrano et al.,
2014; Joergl et al., 2008; Subramaniam et al., 2009; Payri et al.,
2011; Bermudez et al., 2012; Luj�an et al., 2015a, 2015b; Cloudt
and Willems, 2011; Sappok et al., 2011; ; Kamp et al., 2014;
Sappok et al., 2013; Gysel et al., 2014; Vertin et al., 2009; Rose
et al., 2014; Williams et al., 2006; Giakoumis et al., 2012; Austin
et al., 2010; Lapuerta et al., 2008; Sappok et al., 2014). It was re-
ported that the ash collected from a diesel engine using typical
lubrication oil without fuel additives is primarily composed of the
oxides of the following elements: Calcium (Ca), Zinc (Zn), Phos-
phorus (P), Silicon (Si), Sulfur (S), Iron (Fe), Magnesium (Mg), Mo-
lybdenum (Mo), and Boron (B) (DieselNet; Serrano et al., 2014;
Sappok et al., 2013). The composition and properties of ash can
also be affected by the lubricant chemistry, the exhaust gas con-
ditions, and the filter regeneration strategy.

Furthermore, it has been found that the buildup of ash also
impairs the performance of CDPF because the ash layer physically
separates the accumulated soot from the catalyst that may be
deposited on the surface of a catalyzed DPF and cause the perfor-
mance degradation of CDPF (Kamp et al., 2014; Sappok et al., 2013).
This not only prevents any contact between the soot and catalyst
particles, but also further increases the required diffusion length of
the NO2 assisted soot oxidation (Sappok et al., 2013; Vertin et al.,
2009). Therefore, the catalyst performance may be negatively
impacted by some specific ash-related elements, primarily sulfur
and phosphorous. In the CDPFs systems, lubricant-derived phos-
phorus and sulfur are known or suspected of poisoning the catalyst
surfaces and thereby impacting the gaseous emission reduction
efficiency (Serrano et al., 2014; Sappok et al., 2013).

Ash accumulation in the channels of ceramic, honeycomb-type
particulate filters is controlled by several key parameters (Sappok
et al., 2014). Ultimately, it is the formation of ash deposits, their
transport, and the manner in which the ash accumulates in the
particulate filter, which determines the useful service life of the
filter and its resulting impact on engine performance (Serrano et al.,
2014; Joergl et al., 2008; Sappok et al., 2014). Although significant
variations in ash deposit properties and their spatial distribution
within the filter channels have been reported, depending on the
filter's application, understanding the key parameters and mech-
anisms, such as the effects of exhaust flow and temperature con-
ditions, as well as the processes occurring during filter regeneration
events (whether passive or active) are critical in developing
improved filter ash management strategies. Sappok et al. combined
fundamental modeling studies with in-situ optical investigations
clearly showing the processes whereby ash deposits were formed
within the particulate filter, and subsequently transported down
the length of the filter channel (Sappok et al., 2013, 2014). Their
work provided a framework for understanding, potentially con-
trolling, and the fundamental processes governing themobility and
accumulation of ash deposits within both diesel and gasoline par-
ticulate filters.

The industry is now well aware of the lube oil additive
composition of the auxiliary emission control devices. Sulfur of the
lube oil additives comes primarily from the antiabrasive additives
(Zinc DialkylDithiophosphate, ZDDP), anti-oxidants, detergents,
and dispersants (Serrano et al., 2014). In addition, ash in lubricants
comes from the organometallic compounds of zinc, phosphorus,
calcium, and magnesium (Serrano et al., 2014; Sappok et al., 2013).
Over the last several years, there has been an effort to mitigate the
impact of metallic ash, phosphorus, and sulfur-based additives by
reducing their levels in the engine lubricants (Serrano et al., 2014).
With the formulations of present days, the lube oil additives may
contribute an equivalent of 5e7 ppm fuel-equivalent sulfur
(Subramaniam et al., 2009). Consequently, to prevent the lubricant
impact on the DPF performance is to control the engine oil con-
sumption and use the low SAPS oil (Serrano et al., 2014; Sappok
et al., 2013). The efforts that focus on decreasing the engine-out
ash emissions with fuel and lubricant of high quality, or the
methods of controlling the ash deposition within DPF either
through novel substrate designs or other means, may yield addi-
tional improvements.

8. DPF maintenance

In fact, most particulate filters' reactivity will decrease with
time, and will require some degree of maintenance. The frequency
of such activity is one of the parameters that determine the filter's
performance. As discussed above, in addition to collecting
elemental and organic carbon, DPFs also trap the noncombustible
metallic elemental impurities constituents that are primarily
derived from several sources, including the combustion of the fuel
additives and engine lubricating oil, the products of normal engine
wear and/or corrosion, and the materials associated with the fuel
borne catalysts in the DPF applications that use these catalysts to
assist the filter regeneration process. As the PM soot is regenerated
in the filter, the carbonaceous component of the soot is combusted
and burned; however, a minute amount of incombustible inorganic
components are left behind as ash in the filter and accumulate over
time (MECA white paper, June 2005).

Ash, primarily derived from the diesel engine lubricants, accu-
mulates in DPFs and directly affects the filter's pressure drop
sensitivity to soot accumulation, thus impacting the regeneration
frequency and fuel economy (Sappok and Wong, 2010). Ash de-
posits can reduce the effective filtration area and significantly affect
both the soot distribution and the local soot loads, resulting in
higher local soot loads toward the front of the filter (Kamp et al.,
2014). Meanwhile, ash alters the DPF channel geometry, de-
creases the DPF's soot storage capacity, and affects the exhaust flow
conditions within DPF and the DPF regeneration frequency and
control (Serrano et al., 2014). Over an extended operation on the
vehicle, these ash species, which cannot be removed in the normal
regeneration, slowly build up within the filter, decrease the DPF
effective volume, and gradually increase the pressure drop across
the filter (Sappok et al., 2013). Excessive high backpressure on the
engine will result in degradation of the engine performance and a
reduction in the fuel economy. Therefore, the accumulated ash
material within DPF needs to be periodically removed and properly
disposed of. This ash removal or cleaning operation is a necessary
filter maintenance operation. The actual maintenance intervals are
based on several factors, such as engine lubricant consumption
rates, duty cycles, and actual engine/vehicle applications (MECA
white paper, June 2005).

Moreover, an engine emitting excessive PM or experiencing
inadequate filter regenerations will require more frequent cleaning
for DPF. Engine oil consumption characteristics, the total ash con-
tent of the engine lubricant formulations, vehicle duty cycles, filter
designs, and fuel borne catalyst dosing rates all have impacts on the
ash accumulation profiles and the required filter maintenance
cleaning intervals (Sappok et al., 2013; MECA white paper, June
2005). Diagnostics should be performed to identify the cause for
the more frequent cleaning intervals (Sappok and Wong, 2010).
Therefore, a backpressure monitoring and operator notification
system must always be installed with every DPF and periodic in-
spections of themonitoring system should be performed to confirm
proper operation. If the exhaust backpressure exceeds certain
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thresholds, the operator is notified that maintenance is needed.
The DPF maintenance mainly includes the regeneration related

maintenance and the ash related maintenance (MECA white paper,
June 2005). For the regeneration related, the incomplete regener-
ation can cause DPF plugging or runaway regenerations, especially
under the extended low-speed operating conditions. Hence, “sta-
tionary” or “park” regeneration is a safety tool. For the ash related,
the ash portion of PM cannot be simply removed by the regener-
ation on the engine. The rate of ash accumulation in DPF depends
directly on the engine oil consumption. The only way to remove the
ash from the system is to physically remove it fromDPF, typically an
offline process. Therefore, it is extremely important to investigate
the ash effect on the DPF performance, in order to meet the DPF
durability requirements (Kamp et al., 2014; Sappok et al., 2013). The
total DPF ash accumulation level depends on the total oil con-
sumption projection of the target engine throughout the entire
vehicle lifetime. Additionally, the effect of accumulated ash on the
DPF performance (e.g., pressure drop behavior) differs among
different DPF substrates and washcoats. Generally speaking, no DPF
maintenance (including ash removing) is expected for LD applica-
tions. For HD, the US OEM DPF cleaning is ruled by EPA, which
requires professional service to remove soot and ash at a 150,000
miles minimum maintenance interval (Khair, 2003; MECA white
paper, June 2005). This means that manufacturers will need to
design filter systems that are capable of operating at least 150,000
miles between ash removals. To ensure the DPF performance and
durability, CARB requires the installation of a backpressure monitor
and indicator light on the vehicles retrofitted with verified DPF
systems.

Manufacturers of filter technologies have developed safe, reli-
able, and effective procedures for removing ash from DPFs (Khair,
2003; MECA white paper, June 2005; Chan et al., 2012). In gen-
eral, there are two classifications of the ash cleaning method. (1) In
the dry method, the ash is removed with a combination of pres-
surized dry air stream (e.g., 50e100 psig (pounds per square inch
gauge), note that CDPF may require relatively low pressures to
preserve the catalyst coating) directed at the exit side of the filter
combined with an industrial vacuum system on the inlet side to
safely blow the ash from the filter and capture it in a sealed
container. The total time of air cleaning will depend on the size of
the filter, typically 30e50 min for a HD-sized filter. It is worth
noting that when using the hot air to blow and burn the soot/ash
out, it should be careful about O2 and the air temperature (MECA
white paper, June 2005). (2) The wet method refers to using the
warm solution to wash soot/ash out (be careful about the DPF mat).
To date, the water-based filter cleaning procedures have only been
used on the uncatalyzed DPF systems that have mountingmaterials
compatible with the water cleaning operation. Some ceramic filter
substrate mounting materials, such as the intumescent-based mats
(mats that contain vermiculite components that expand when
heated), deteriorate when exposed to water and should not be
cleaned using water. Deterioration of the mat mounting materials
can lead to permanent damage and failure of the filter in service.
Similarly, the catalyzed filter elements should not be water-cleaned
due to the potential of degradation or damage to the catalyst
coating present on the filter element (MECA white paper, June
2005).

9. Gasoline particulate filter to meet future gasoline direct
injection emissions requirements

It is well known that the gasoline direct injection (GDI) tech-
nology provides higher thermal efficiency and more power output
than the traditional port fuel injection (PFI) and multi point injec-
tion (MPI) spark ignition engines (Ito et al., 2013; Chan et al., 2012;
Piock et al., 2011). Therefore, the GDI technology is expanding
rapidly and has recently become of great interest to many auto-
motive OEMs (Shimoda et al., 2012; Zhao et al., 1999; Whitaker
et al., 2011). GDI offers significant advantages over traditional en-
gines in fuel economy, performance, drivability, and thus CO2
emissions (Piock et al., 2011; Philipp et al., 2013; Johnson, May
2014).

Despite the benefits of reduced fuel consumption and CO2
emissions, GDI engines are also typically characterized by having
higher PM and PN emissions, especially the smaller particles, than
the traditional PFI engines under all engine operating conditions
because of some different factors like the differences in fuel injec-
tion, mixture preparation, and the lean and stratified operation
capability (Mamakos et al., 2013a, 2013b; Johnson, May 2014).
These small particles (mostly below 100 nm in diameter) are pre-
sent in large numbers in the untreated exhaust, but only amount to
a tiny fraction of the particulate matter weight. It was found that
the vehicles equipped with GDI engines emitted roughly two or-
ders or much higher of magnitude of the ultrafine particles (UFP)
than the DPF-equipped LD diesel vehicles and the PFI gasoline
engines (Whitaker et al., 2011). If look at the PM and PN emissions
measured on production vehicles with Euro 4 calibration in Fig. 21
(a), it becomes obvious that the discussed PN targets will be a
significant challenge for the gasoline engines with direct injection,
independently from the stoichiometric or lean operation modes,
while the particulatemass limits can be easily achieved (Piock et al.,
2011). Therefore, the PM and PN emissions from GDI engines are of
serious concern.

To respond to the health concerns regarding UFP, European
Union (EU) has approved the Euro VI/6 emission regulations,
mandating both PM and PN on HD diesel engines, LD diesel vehi-
cles, as well as the LD vehicles equipped with GDI engines. The PN
standards for the compression ignition engines (diesel) of 6.0�1011

particles/km have been introduced since the implementation of
Euro 5 (2009/2011) (DieselNet; Johnson, May 2014). Today, it has
been decided to introduce a PN regulation limit for direct injection
gasoline engines, which starts in 2014 with the implementation of
Euro 6. Future European and US emissions standards will include
more stringent particulate limits for gasoline engines to protect
against the increases in airborne particulate levels due to the more
widespread use of GDI. While GDI engines are typically more effi-
cient than PFI engines, they emit more particulates, but still meet
the current particulate standards. In Europe there is a proposal that
the Euro 6 standard require GDI engines to meet the PN standard
introduced at Euro 5 for diesel engines. In the US, CARB and EPA
have proposed more stringent PM limits. Testing has shown that
the current Euro 5 GDI engines would exceed the proposed Euro
6 PN standard and that additional efforts may be required to meet
the proposed US standards.

Fig. 21 (a)e(c) shows that the current GDI technology will not be
able to meet the Euro 6 PN requirement, which is a significant
challenge for the manufactures using the GDI technology (Zhao
et al., 1999; Mamakos et al., 2013a). Fig. 21 (b) compares the PN
and PM emissions from a number of GDI and PFI gasoline engines
and diesel engines, both with and without DPFs. GDI engines meet
the Euro 5 PM standard and exceed the proposed Euro 6 PN stan-
dard (Whitaker et al., 2011). Fig. 21 (c) clearly shows all DPF diesel
data points contained within the region bounded by the two bold
red lines (in web version) which represent the stage 5 PM (gasoline
and diesel) limits and PN limits (diesel only) for LD commercial and
passenger vehicles, respectively. The non-DPF diesel data lie within
the PN range of 2.3� 1013e9.9� 1013 particles/km. For the gasoline
data points, the PFI results are within the PN range of
6.3 � 1010e3 � 1011 particles/km. The data points within the range
of 2.8� 1012e6.3�1012 particles/kmwere from a prototype vehicle



Fig. 21. (a) Vehicle emission proposal for EURO 6 (Piock et al., 2011); (b) Comparison of particulate number and particulate mass emissions for gasoline and diesel engines
(Whitaker et al., 2011); (c) Data set in PN-PM space for European light-duty vehicles (* Diesel only, ** Diesel and Direct Injection Spark Ignition only) (Braisher et al., 2010); and (d)
NEDC PN emissions and filtration efficiency of GPF (Richter et al., 2012).
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with a spray-guided DISI (direct injection spark ignition) combus-
tion design, and the data point at 2.5�1013 particles/km belongs to
a wall-guided, stratified charge DISI vehicle (Mamakos et al.,
2013a).

As a result of this new PN regulation, a significant reduction of
PN emissions from GDI engines is necessary, especially from 2017
onwards when a limit of 6.0 � 1011 particles/km becomes manda-
tory. Although GDI engines are under development, a particulate
filter is still one of the most effective technological solutions to
reducing PN from GDI engines. The gasoline particulate filters
(GPFs) are seriously being considered and have demonstrated the
potential to significantly reduce PN emissions and be an enabling
technology in meeting these future PN regulations (Johnson, May
2014).

Some researcher studied the cost effectiveness of the particulate
filter installation on direct injection gasoline vehicles, and the
assessment of different technical options in reducing particle
emissions from GDI vehicles. The application of POC resulted in a
reduction of engine emission, and as a conclusion, the car was able
to meet the 2017 Euro 6 particle number emission limit with POC.
Furthermore, the prototype optimized POC, with lower back-
pressure, are being implemented for diesel and GDI vehicles
(Happonen et al., 2013; Kinnunen et al., 2012).
The particle filtration for a GDI engine via the use of GPF is a
viable means for achieving the desired PM and PN emission
reduction. The principles of the operation and application of GPF
are very similar to the ones of DPF, which have been extensively
researched and reported on in the open published literature in
recent years (Ito et al., 2013; Chan et al., 2012; Johnson, May 2014;
Harth et al., April 2013; Saito et al., 2011; Zhan et al., 2010). If a high-
efficiency GPF technology is implemented, the current GDI are
likely to meet the PN limit without upgrading the current engine
and vehicle technologies. GPF has demonstrated the capability to
significantly reduce PN emissions to a level that allows vehicle
compliance to the 2014 Euro 6 PN emission regulations and the
future real-world driving emissions (RDE) requirements. Therefore,
there is great interest in the GPFs technology to meet the new
gasoline PN regulations of the LD Euro 6 in 2017.

It has been confirmed that GPF has the potential to meet the
expected future PN regulation limit while keeping the performance
advantage of GDI engines. Fig. 21 (d) presents the particle emissions
and the filtration efficiency of three different GPF systems over
NEDC tests. These systems can safely meet the Euro 6 proposed
limits (Richter et al., 2012).

It should be pointed out that although the basic design between
GPF and DPF may be similar, there could be some important



B. Guan et al. / Journal of Environmental Management 154 (2015) 225e258254
differences because of the different characteristics between the
gasoline and diesel exhaust (Harth et al., April 2013; Saito et al.,
2011). Saito et al. summarized some of these characteristics. For
example, due to the much lower PM emissions from GDI engines
compared to those from diesel engines, there may be much less
soot accumulated, thus missing the PM layer formation on the GPF
wall and causing the lower GPF particle filtration efficiency (Saito
et al., 2011). Meanwhile, since the amount of soot trapped by GPF
on a GDI engine is significantly lower than that trapped by DPF on a
diesel engine, a thin wall and low cell density filter concept is
applicable for providing lower pressure drop (Johnson, May 2014;
Saito et al., 2011). Also, the exhaust temperature and flow rate for
the gasoline exhaust could be higher and may lead to higher
pressure drop across a wall-flow GPF (Williams et al., 2006). Since
the exhaust temperature from a gasoline engine is generally higher
than that from a diesel engine, a GPF with passive soot regeneration
may suffice for any application although the O2 level in the gasoline
exhaust could be lower compared to that in the diesel exhaust
(Johnson, May 2014; Lee et al., May 2013).

Earlier research focused on the uncatalyzed GPFs that were
retrofit in the under-floor position behind a three-way catalyst
(TWC); however, to help on the gaseous emissions of HC, CO, and
NOx, and to overcome the low filtration efficiency associated with
the lack of a soot layer, people will need to carefully design the
catalyst washcoat, so that it can improve the removal efficiencies of
gaseous emissions and the light-off performance, and act as a
filtration layer to improve the PM and PN efficiencies while main-
taining full-time passive operation (Zhan et al., 2010). Therefore,
the current evaluations are using a TWC coating on the filter (Harth
et al., April 2013; Zhan et al., 2010; Happonen et al., 2013; Kinnunen
et al., 2012). The researchers reported that the TWC coated on GPF
aided the filter regeneration. No fuel penalty was observed when
GPF was applied. When some TWC was transferred from a close-
coupled (CC) catalyst to a downstream GPF, emissions were
shown to decrease (Johnson, May 2014). The GPF filtration effi-
ciency is strongly related to the presence of a filter cake, and in-
creases markedly with aging (Happonen et al., 2013). The coated
GPFs also regenerate more efficiently at lower temperatures (Zhan
et al., 2010). Besides, it was found by Zhan et al. that GPF in an
under-floor (UF) position offered higher PM/PN filtration effi-
ciencies for all PN size range than those of the exactly same GPF at a
close-coupled position (Zhan et al., 2010). This may be due to the
fact that the lower temperature at the UF location favors the for-
mation of the soot cake, leading to the higher filtration efficiency.

It is noteworthy that when the wall-flow GPF was located at the
UF position, the relatively low temperature may require occasional
active GPF regeneration (Greenwell, May 2013). Depending on GPF
catalyst formulation and driving conditions, the GDI engine should
produce the temperatures needed for GPF active regeneration.
Therefore, elevated temperature may not be required for the GPF
active regeneration even though it is installed at the UF location. If
excess O2 is needed to actively regenerate a soot-loaded GPF, it is
important to introduce excess O2 without deteriorating the up-
stream TWC performance, which can only effectively reduce HC,
CO, and NOx under stoichiometric AFR conditions (Chan et al., 2013;
Rose et al., October 2013; Hansen, May 2014).

Rose et al. reported that decelerations fuel cut-offs (DFCO)
provided enough O2 to burn any collected soot (Rose et al., October
2013). They also reported more such events during urban driving,
but the higher temperatures in highway driving counter-balanced
the DFCO effect. It was found that the coated GPFs caused the
soot to burn much faster and hotter, but the temperatures were
kept below 1100 �C up to the soot loading level even as high as 4 g/
L.

Ash can be an issue with GPFs, but a TWC in front of the GPF can
trap upwards of 80% of it, resulting in 25%e50% lower gaseous
emissions across the GPF than if it was up front collecting all the ash
(Johnson, May 2014; Blakeman, April 2013; Hansen, May 2014). GPF
backpressurewas 25% lower when it was placed downstream of the
TWC due to the ash effect (Morgan, May 2012; Greenwell, May
2013). Moreover, Schmitz et al. reported some accelerated as
loading results, wherein calcium collected in the back, but zinc and
phosphorous were evenly distributed in the axial direction of GPF
(Schmitz et al., October 2013).

According to the above analysis, to simultaneously achieve the
reduction and filtration of HC, CO, NOx, as well as PM and PN with
the highest efficiencies and the lowest backpressure, it is important
to optimize the TWC and GPF formulations, sizes, and locations in
the exhaust system. More importantly, the aftertreatment system
must be integrated into the engine control strategies to achieve
effective GPF performance while maintaining high TWC
efficiencies.

10. Conclusions

The DPF technology, which is at a stage of optimization and cost
reduction, is proven to be the only effective way for the particulate
emissions control in meeting the current and future legislations.
However, today's diesel filter systems still have insufficient
dependability and may experience excessive high pressure drop or
clogging. Furthermore, the excessive heat released during regen-
erationmay lead to a loss of mechanical integrity and a catastrophic
failure of the filter material. These issues are being addressed
through intensive development efforts in the areas of filter mate-
rials, catalyst formulations, and regeneration control strategies, etc.
The DPF technology is advancing to provide systems with incre-
mentally 20%e30% lower backpressure, higher soot mass limit to
improve the DPF management, and better filtration efficiency. Be-
sides, new catalyst formulations and substrates are under devel-
opment, regeneration temperatures are going down, catalysts are
getting more effective and less expensive, and the system back-
pressure and fuel efficiency are improving. Additionally, very so-
phisticated regeneration management strategies are being utilized,
which open up options for the use of new filter materials and
alternative system architectures. The successful DPF application
requires system integration effort with an in-depth understanding
of the DPF substrate, catalyst utilization, regeneration reaction
control strategies, as well as the thermal and the fuel and lubricant
quality related durability issues. Issues with secondary emissions
are emerging and being addressed.

The main challenges in DPF applications are the accurate esti-
mation of the DPF soot and ash loading, DPF regeneration control,
engine management in active regeneration, and the balance be-
tween the regeneration frequency and completeness of the robust
and reliable regeneration strategies. Differential pressure monitors
are being used to detect failures of the DPF and soot loadingmodels.
Backpressure monitors are being developed to ensure proper
regeneration. Ash loading must be incorporated into the models
and can alert operators when filter maintenance is required.
Moreover, as an emission relevant component, the DPF efficiency
must bemonitored according to the OBD regulations. It is becoming
increasingly difficult for the monitoring concepts based on differ-
ential pressure to comply with the future OBD legislations. Soot
sensor requires more progress and OBD algorithm development to
offer the possibility of accurately detecting and quantifying the
particulate emissions. The next steps in the development of the
soot sensor based OBD algorithms include accuracy, sensitivity,
repeatability, response, durability, better packaging, reduction of
physical dimensions, and materials/design for cost reduction.

Moving into the future, DPF is required to be compatible with
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the deNOx catalyst for most OEMs to meet the US 2010, Tier 2 Bin 5
and beyond, off-road Tier 4 final, and Euro VI/6 regulations.
Advanced DPF can help the deNOx performance through reduced
thermal mass, allowing faster heat-up of the downstream deNOx

catalyst, incorporation of the catalyst on the filter, or faster light-off
with the reduced system backpressure. The fundamental knowl-
edge on ash and soot membranes will push the trend to continue.

Furthermore, high efficiency GPF technology is being required to
effectively reduce PM and PN emissions from GDI engines to
comply with the future increasingly stricter emissions regulations.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (51176118), the National Natural Science
Foundation of China for Young Scientists (51306115), China Post-
doctoral Science Foundation (2012M520894), and China Post-
doctoral Science Special Foundation (2013T60445).

References

Agarwal, A.K., 2007. Biofuels (alcohols and biodiesel) applications as fuels for in-
ternal combustion engines. Prog. Energy Combust. Sci. 33, 233e271.

Allansson, R., Blakeman, P.G., Cooper, B.J., Hess, H., Silcock, P.J., Walker, A.P., 2002.
Optimising the Low Temperature Performance and Regeneration Efficiency of
the Continuously Regenerating Diesel Particulate Filter (CR-DPF) System. SAE
Technical Paper 2002-01-0428. http://dx.doi.org/10.4271/2002-01-0428.

Amanatidis, S., Ntziachristos, L., Samaras, Z., Janka, K., Tikkanen, J., 2013. Applica-
bility of the Pegasor Particle Sensor to Measure Particle Number, Mass and PM
Emissions. SAE Technical Paper 2013-24-0167. http://dx.doi.org/10.4271/2013-
01-0167.

Amanatidis, S., Ntziachristos, L., Samaras, Z., Kouridis, C., Janka, K., Tikkanen, J., 2014.
Use of a PPS Sensor in Evaluating the Impact of Fuel Efficiency Improvement
Technologies on the Particle Emissions of a Euro 5 Diesel Car. SAE Technical
Paper 2014-01-1601. http://dx.doi.org/10.4271/2014-01-1601.

EPA420-S-06e002 An Analysis of the Cost-effectiveness of Reducing Particulate
Matter Emissions from Heavy-duty Diesel Engines through Retrofits, Assess-
ment & Standards Division and Compliance & Innovative Strategies Division
Office of Transportation and Air Quality U.S. Environmental Protection Agency,
March 2006. Available at: http://www.epa.gov/diesel/documents/420s06002.
pdf.

An Analysis of the Cost-effectiveness of Reducing Particulate Matter and Nitrogen
Oxides Emissions from Heavy-duty Nonroad Diesel Engines through Retrofits,
Office of Transportation and Air Quality U.S. Environmental Protection Agency,
EPA420-r-07e005, May 2007. Available at: http://www.epa.gov/cleandiesel/
documents/420r07005.pdf.

Aravelli, K., Heibel, A., 2007. Improved Lifetime Pressure Drop Management for
Robust Cordierite (RC) Filters with Asymmetric Cell Technology (ACT). SAE
Technical Paper 2007-01-0920. http://dx.doi.org/10.4271/2007-01-0920.

Austin, G., Naber, J., Johnson, J., Hutton, C., 2010. Effects of Biodiesel Blends on
Particulate Matter Oxidation in a Catalyzed Particulate Filter during Active
Regeneration. SAE Technical Paper 2010-01-0557. http://dx.doi.org/10.4271/
2010-01-0557.

Balland, J., Parmentier, M., Schmitt, J., 2014. Control of a Combined SCR on Filter and
Under-floor SCR System for Low Emission Passenger Cars. SAE Technical Paper
2014-01-1522. http://dx.doi.org/10.4271/2014-01-1522.

Bardon, S., Bouteiller, B., Bonnail, N., Girot, P., Gleize, V., Oxarango, L., Higelin, P.,
Michelin, J., Schuerholz, S., Terres, F., 2004. Asymmetrical Channels to Increase
DPF Lifetime. SAE Technical Paper 2004-01-0950. http://dx.doi.org/10.4271/
2004-01-0950.

Basu, S., Henrichsen, M., Tandon, P., He, S., Heibel, A., 2013. Filtration Efficiency and
Pressure Drop Performance of Ceramic Partial Wall Flow Diesel Particulate
Filters. SAE Technical Paper 2013-01-9072. http://dx.doi.org/10.4271/2013-01-
9072.

Benaqqa, C., Gomina, M., Beurotte, A., Boussuge, M., Delattre, B., Pajot, K., Pawlak, E.,
Rodrigues, F., 2014. Morphology, physical, thermal and mechanical properties of
the constitutive materials of diesel particulate filters. Appl. Therm. Eng. 62,
599e606.

Bermudez, V., Serrano, J.R., Piqueras, P., Afonso, �O.G., 2012. Influence of DPF Soot
Loading on Engine Performance with a Pre-turbo after Treatment Exhaust Line.
SAE Technical Paper 2012-01-0362. http://dx.doi.org/10.4271/2012-01-0362.

Bielaczyc, P., Keskinen, J., Dzida, J., Sala, R., Ronkko, T., Kinnunen, T., Matilainen, P.,
Karjalainen, P., Happonen, M.J., 2012. Performance of Particle Oxidation Catalyst
and Particle Formation Studies with Sulphur Containing Fuels. SAE Technical
Paper 2012-01-0366. http://dx.doi.org/10.4271/2012-01-0366.

Blakeman, B., April 2013. Catalyzed Exhaust Filters: Future Directions, Keynote
Presentation at US Department of Energy Cross-cut Lean Exhaust Emissions
Reduction Simulations (CLEERS) Workshop (Dearborn, MI).
Bodek, K.M., Wong, V.V., 2007. The Effects of Sulfated Ash, Phosphorus and Sulfur
on Diesel Aftertreatment Systems-a Review. SAE Technical Paper 2007-01-1922.
http://dx.doi.org/10.4271/2007-01-1922.

Boger, T., Rose, D., Tilgner, I.-C., Heibel, A.K., 2008. Regeneration Strategies for an
Enhanced Thermal Management of Oxide Diesel Particulate Filters. SAE Tech-
nical Paper 2008-01-0328. http://dx.doi.org/10.4271/2008-01-0328.

Boger, T., Jamison, J., Warkins, J., Golomb, N., Warren, C., Heibel, A., 2011. Next
Generation Aluminum Titanate Filter for Light Duty Diesel Applications. SAE
Technical Paper 2011-01-0816. http://dx.doi.org/10.4271/2011-01-0816.

Boger, T., He, S., Collins, T., Heibel, A., Beall, D., Remy, C., 2011. A Next Generation
Cordierite Diesel Particle Filter with Significantly Reduced Pressure Drop. SAE
Technical Paper 2011-01-0813. http://dx.doi.org/10.4271/2011-01-0813.

Bonnel, P., Carriero, M., Forni, F., Alessandrini, S., Montigny, F., Demircioglu, H.,
Giechaskiel, B., 2010. EU-PEMS PM Evaluation Program-first Report, EU Joint
Research Centre (JRC) Scientific and Technical Reports.

Braisher, M., Stone, R., Price, P., 2010. Particle Number Emissions from a Range of
European Vehicles. SAE Technical Paper 2010-01-0786. http://dx.doi.org/
10.4271/2010-01-0786.

Briot, A., Carranza, F., Girot, P., Bardon, S., 2007. Minimizing Filter Volume by Design
Optimization. SAE Technical Paper 2007-01-0657. http://dx.doi.org/10.4271/
2007-01-0657.

Bromberg, L., Cohn, D.R., Wong, V., 2005. Regeneration of Diesel Particulate Filters
with Hydrogen Rich Gas. PSFC/RR-05e2. Available at: http://www.psfc.mit.edu/
library1/catalog/reports/2000/05rr/05rr002/05rr002_full.pdf.

Burtscher, H., 2005. Physical characterization of particulate emissions from diesel
engines: a review. Aerosol Sci. 36, 896e932.

Bush, P., Iretskaya, S., Tadrous, T., August 2009. Investigation on Continuous Soot
Oxidation and NOx Reduction by SCR Coated DPF, US Department of Energy
Directions in Energy Efficiency and Emissions Research (DEER). Dearborn, MI.

Cavataio, G., Girard, J.W., Lambert, C., 2009. Cu/Zeolite SCR on High Porosity Filters:
Laboratory and Engine Performance Evaluations. SAE Technical Paper 2009-01-
0897. http://dx.doi.org/10.4271/2009-01-0897.

Chan, T.W., Meloche, E., Kubsh, J., Rosenblatt, D., Brezny, R., Rideout, G., 2012.
Evaluation of a Gasoline Particulate Filter to Reduce Particle Emissions from a
Gasoline Direct Injection Vehicle. SAE Technical Paper 2012-01-1727. http://
dx.doi.org/10.4271/2012-01-1727.

Chan, T.W., Meloche, E., Kubsh, J., Brezny, R., Rosenblatt, D., Rideout, G., 2013. Impact
of Ambient Temperature on Gaseous and Particle Emissions from a Direct In-
jection Gasoline Vehicle and its Implications on Particle Filtration. SAE Tech-
nical Paper 2013-01-0527. http://dx.doi.org/10.4271/2013-01-0527.

Chen, X., Kumar, A., Klippstein, D., Stafford, R., Su, C.S., Yuan, Y., Zokoe, J., McGinn, P.,
2014. Development and Demonstration of a Soot Generator Integrated Bench
Reactor. SAE Technical Paper 2014-01-1589. http://dx.doi.org/10.4271/2014-01-
1589.

Chiew, L., Kroner, P., Ranalli, M., 2005. Diesel Vaporizer: an Innovative Technology
for Reducing Complexity and Costs Associated with DPF Regeneration. SAE
Technical Paper 2005-01-0671. http://dx.doi.org/10.4271/2005-01-0671.

Cloudt, R., Willems, F., 2011. Integrated Emission Management Strategy for Cost-
optimal Engine-aftertreatment Operation. SAE Technical paper 2011-01-1310.
http://dx.doi.org/10.4271/2011-01-1310.

Cozzolini, A., Mulone, V., Abeyratne, P., Littera, D., Gautam, M., 2011. Advanced
Modeling of Diesel Particulate Filters to Predict Soot Accumulation and Pressure
Drop. SAE Technical Paper 2011-24-0187. http://dx.doi.org/10.4271/2011-01-
0187.

Czerwinski, J., Zimmerli, Y., Mayer, A., Heeb, N., Lemaire, J., D'Urbano, G., 2014.
VERTdePN Quality Test Procedures of DPF þ SCR Systems. SAE Technical Paper
2014-01-1579. http://dx.doi.org/10.4271/2014-01-1579.

Czerwinski, J., Zimmerli, Y., Mayer, A., Heeb, N., Berger, H., D'Urbano, G., 2014.
Testing of SCR-systems on HD-vehicles-TeVeNOx. SAE Technical Paper 2014-01-
1569. http://dx.doi.org/10.4271/2014-01-1569.

Dabhoiwala, R.H., Johnson, J.H., Naber, J.D., Bagley, S.T., 2008. A Methodology to
Estimate the Mass of Particulate Matter Retained in a Catalyzed Particulate
Filter as Applied to Active Regeneration and On-board Diagnostics to Detect
Filter Failures. SAE Technical Paper 2008-01-0764. http://dx.doi.org/10.4271/
2008-01-0764.

Dallanegra, R., Caprotti, R., 2014. Validation of Fuel Borne Catalyst Technology in
Advanced Diesel Applications. SAE Technical Paper 2014-01-1401. http://
dx.doi.org/10.4271/2014-01-1401.

Depcik, C., Assanis, D., 2005. One-dimensional automotive catalyst modeling. Prog.
Energy Combust. Sci. 31, 308e369.

DieselNet Website: https://www.dieselnet.com/tech/health_pm.php.
Du, H., Yu, F., 2008. Nanoparticle formation in the exhaust of vehicles running on

ultra-low sulfur fuel. Atmos. Chem. Phys. 8, 4729e4739.
Florchinger, P., Zink, U.H., Cutler, W., Tomazic, D., 2004. DPF Regeneration Concept

to Avoid Uncontrolled Regeneration during Idle. SAE Technical Paper 2004-01-
2657. http://dx.doi.org/10.4271/2004-01-2657.

Foli�c, M., Johansen, K., October 2012. SCR-dpf Integrations for Diesel Exhaust Per-
formance and Perspectives for High SCR Loadings. US Department of Energy
Directions in Energy Efficiency and Emissions Research (DEER), Dearborn, MI.

Foster, D., Cloudt, R., Willems, F., June 2008. Towards Integrated Powertrain Control:
Exploiting Synergy between a Diesel Hybrid and Aftertreatment System in a
Distribution Truck, IEEE Intelligent Vehicle Symposium. Eindhoven, The
Netherlands.

Fujii, S., June 2011. DPF Design Optimization from View Point of the Lifetime Per-
formance with Ash Loading, Emissions 2011 Conference (Ann Arbor, MI).

http://refhub.elsevier.com/S0301-4797(15)00095-X/sref1
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref1
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref1
http://dx.doi.org/10.4271/2002-01-0428
http://dx.doi.org/10.4271/2013-01-0167
http://dx.doi.org/10.4271/2013-01-0167
http://dx.doi.org/10.4271/2014-01-1601
http://www.epa.gov/diesel/documents/420s06002.pdf
http://www.epa.gov/diesel/documents/420s06002.pdf
http://www.epa.gov/cleandiesel/documents/420r07005.pdf
http://www.epa.gov/cleandiesel/documents/420r07005.pdf
http://dx.doi.org/10.4271/2007-01-0920
http://dx.doi.org/10.4271/2010-01-0557
http://dx.doi.org/10.4271/2010-01-0557
http://dx.doi.org/10.4271/2014-01-1522
http://dx.doi.org/10.4271/2004-01-0950
http://dx.doi.org/10.4271/2004-01-0950
http://dx.doi.org/10.4271/2013-01-9072
http://dx.doi.org/10.4271/2013-01-9072
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref12
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref12
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref12
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref12
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref12
http://dx.doi.org/10.4271/2012-01-0362
http://dx.doi.org/10.4271/2012-01-0366
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref15
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref15
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref15
http://dx.doi.org/10.4271/2007-01-1922
http://dx.doi.org/10.4271/2008-01-0328
http://dx.doi.org/10.4271/2011-01-0816
http://dx.doi.org/10.4271/2011-01-0813
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref20
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref20
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref20
http://dx.doi.org/10.4271/2010-01-0786
http://dx.doi.org/10.4271/2010-01-0786
http://dx.doi.org/10.4271/2007-01-0657
http://dx.doi.org/10.4271/2007-01-0657
http://www.psfc.mit.edu/library1/catalog/reports/2000/05rr/05rr002/05rr002_full.pdf
http://www.psfc.mit.edu/library1/catalog/reports/2000/05rr/05rr002/05rr002_full.pdf
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref24
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref24
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref24
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref25
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref25
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref25
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref25
http://dx.doi.org/10.4271/2009-01-0897
http://dx.doi.org/10.4271/2012-01-1727
http://dx.doi.org/10.4271/2012-01-1727
http://dx.doi.org/10.4271/2013-01-0527
http://dx.doi.org/10.4271/2014-01-1589
http://dx.doi.org/10.4271/2014-01-1589
http://dx.doi.org/10.4271/2005-01-0671
http://dx.doi.org/10.4271/2011-01-1310
http://dx.doi.org/10.4271/2011-01-0187
http://dx.doi.org/10.4271/2011-01-0187
http://dx.doi.org/10.4271/2014-01-1579
http://dx.doi.org/10.4271/2014-01-1569
http://dx.doi.org/10.4271/2008-01-0764
http://dx.doi.org/10.4271/2008-01-0764
http://dx.doi.org/10.4271/2014-01-1401
http://dx.doi.org/10.4271/2014-01-1401
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref37
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref37
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref37
https://www.dieselnet.com/tech/health_pm.php
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref38
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref38
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref38
http://dx.doi.org/10.4271/2004-01-2657
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref40
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref40
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref40
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref40
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref41
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref41
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref41
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref41
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref42
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref42


B. Guan et al. / Journal of Environmental Management 154 (2015) 225e258256
Furuta, Y., Mizutani, T., Miyairi, Y., Yuki, K., Kurachi, H., 2009. Study on Next Gen-
eration Diesel Particulate Filter. SAE Technical Paper 2009-01-0292. http://
dx.doi.org/10.4271/2009-01-0292.

Gaiser, G., Mucha, P., Damson, B., Rudelt, J., 2008. The Fuel Processor for Accelerated
Catalyst Light-off and Engine-independent Active Regeneration Measures. SAE
Technical Paper 2008-01-0068. http://dx.doi.org/10.4271/2008-01-0068.

Gekas, I., Vressner, A., Johansen, K., 2009. NOx Reduction Potential of V-SCR Catalyst
in SCR/DOC/DPF Configuration Targeting Euro VI Limits from High Engine NOx
Levels. SAE Technical Paper 2009-01-0626. http://dx.doi.org/10.4271/2009-01-
0626.

Giakoumis, E.G., Rakopoulos, C.D., Dimaratos, A.M., Rakopoulos, D.C., 2012. Exhaust
emissions of diesel engines operating under transient conditions with biodiesel
fuel blends. Prog. Energy Combust. Sci. 38, 691e715.

Giechaskiel, B., Munoz-Bueno, R., Rubino, L., Manfredi, U., Dilara, P., Santi, G.D.,
Andersson, J., 2007. Particle Measurement Programme (PMP): Particle Size and
Number Emissions before, during and after Regeneration Events of a Euro 4 DPF
Equipped Light-duty Diesel Vehicle. SAE Technical Paper 2007-01-1944. http://
dx.doi.org/10.4271/2007-01-1944.

Greenwell, D., May 2013. Optimisation of Three Way Filter (TWFTM) Coatings and
Systems for Euro 6, Advanced Emission Control Concepts for Gasoline Engines
(Bonn).

Guan, B., Zhan, R., Lin, H., Huang, Z., 2014. Review of state of the art technologies of
selective catalytic reduction of NOx from diesel engine exhaust. Appl. Therm.
Eng. 66, 395e414.

Gysel, N., Karavalakis, G., Durbin, T., Schmitz, D., Cho, A., 2014. Emissions and Redox
Activity of Biodiesel Blends Obtained from Different Feedstocks from a Heavy-
duty Vehicle Equipped with DPF/SCR Aftertreatment and a Heavy-duty Vehicle
without Control Aftertreatment. SAE Technical Paper 2014-01-1400. http://
dx.doi.org/10.4271/2014-01-1400.

Hansen, K.F., May 2014. Development of Gasoline Particulate Filters, 3rd Interna-
tional Conference Advanced Emission Control Concepts for Gasoline Engines
(Düsseldorf).

Happonen, M., Matilainen, P., Kanniainen, K., Kinnunen, T., Karjalainen, P.,
Heikkil€a, J., Ronkko, T., Keskinen, J., L€ahde, T., Malinen, A., Pirjola, L.,
Tzamkiozis, T., 2013. The Effect of a Particle Oxidation Catalyst (POC®) on Par-
ticle Emissions of a GDI Car during Transient Engine Operation. SAE Technical
Paper 2013-01-0839. http://dx.doi.org/10.4271/2013-01-0839.

Harl�e, V., Pitois, C., Rocher, L., Garcia, F., 2008. Latest Development and Registration
of Fuel Borne Catalyst for DPF Regeneration. SAE Technical Paper 2008-01-0331.
http://dx.doi.org/10.4271/2008-01-0331.

Harth, K., Wassermann, K., Siemund, S., Siani, A., April 2013. Catalyzed Gasoline
Particulate Filters: Integrated Solutions for Stringent Emission Control, Tech-
nical Paper at Vienna Motor Symposium (Vienna).

He, Y.S., Brown, D.B., Lu, S.G., Paratore, M.J., Li, J.W., 2009. Opportunities and
Challenges for Blended 2-Way SCR/DPF Aftertreatment Technologies. SAE
Technical Paper 2009-01-0274. http://dx.doi.org/10.4271/2009-01-0274.

Heibel, A., Bhargava, R., 2007. Advanced Diesel Particulate Filter Design for Lifetime
Pressure Drop Solution in Light Duty Applications. SAE Technical Paper 2007-
01-0042. http://dx.doi.org/10.4271/2007-01-0042.

Heibel, A., September, 2010. Advancements in Substrate Technology, SAE 2010
Heavy-duty Diesel Emissions Control Symposium, Gothenburg, Sweden,
21ste22nd.

Hein, E., Kotrba, A., Inclan, T., Bright, A., 2014. Secondary Fuel Injection Character-
ization of a Diesel Vaporizer for Active DPF Regeneration. SAE Technical Paper
2014-01-1494. http://dx.doi.org/10.4271/2014-01-1494.

Hoepfner, A., Roduner, C.A., 2013. PM Sensor Based On-board Diagnosis of Partic-
ulate Filter Efficiency. SAE Technical Paper 2013-01-1515. http://dx.doi.org/
10.4271/2013-01-1515.

Husted, H., Roth, G., Nelson, S., Hocken, L., Fulks, G., Racine, D., 2012. Sensing of
Particulate Matter for On-board Diagnosis of Particulate Filters. SAE Technical
Paper 2012-01-0372. http://dx.doi.org/10.4271/2012-01-0372.

Ingram-Ogunwumi, R.S., Dong, Q., Murrin, T.A., Bhargava, R.Y., Warkins, J.L.,
Heibel, A.K., 2007. Performance Evaluations of Aluminum Titanate Diesel Par-
ticulate Filters. SAE Technical Paper 2007-01-0656. http://dx.doi.org/10.4271/
2007-01-0656.

International Diesel Retrofit Advisory Committee, June 2001. Retrofit Diesel Par-
ticulate Filter Application Considerations and Experience. The Manufacturers of
Emissions Controls Association (MECA) (California).

Iorio, S.D., Beatrice, C., Guido, C., Giacomo, N.D., Napolitano, P., Vassallo, A., 2011.
Analysis of Particle Mass and Size Emissions from a Catalyzed Diesel Particulate
Filter during Regeneration by Means of Actual Injection Strategies in Light Duty
Engines. SAE Technical Paper 2011-24-0210. http://dx.doi.org/10.4271/2011-24-
0210.

Ishizaki, K., Mitsuda, N., Ohya, N., Ohno, H., Naka, T., Abe, A., Takagi, H., Sugimoto, A.,
2012. A Study of PGM-free Oxidation Catalyst YMnO3 for Diesel Exhaust after
Treatment. SAE Technical Paper 2012-01-0365. http://dx.doi.org/10.4271/2012-
01-0365.

Ito, Y., Shimoda, T., Aoki, T., Shibagaki, Y., Yuuki, K., Sakamoto, H., Vogt, C.,
Matsumoto, T., Heuss, W., Kattouah, P., Makino, M., Kato, K., 2013. Advanced
Ceramic Wall Flow Filter for Reduction of Particulate Number Emission of Direct
Injection Gasoline Engines. SAE Technical Paper 2013-01-0836. http://
dx.doi.org/10.4271/2013-01-0836.

Iwasaki, S., Mizutani, T., Miyairi, Y., Yuuki, K., Makino, M., 2011. New Design Concept
for Diesel Particulate Filter. SAE Technical Paper 2011-01-0603. http://
dx.doi.org/10.4271/2011-01-0603.
Jacobs, T., Chatterjee, S., Conway, R., Walker, A., Kramer, J., Mueller-Haas, K., 2006.
Development of Partial Filter Technology for HDD Retrofit. SAE Technical Paper
2006-01-0213. http://dx.doi.org/10.4271/2006-01-0213.

Joergl, V., Keller, P., Weber, O., Mueller-Haas, K., Konieczny, R., 2008. Influence of Pre
Turbo Catalyst Design on Diesel Engine Performance, Emissions and Fuel
Economy. SAE Technical Paper 2008-01-0071. http://dx.doi.org/10.4271/2008-
01-0071.

Johansen, K., Dahl, S., Mogensen, G., Pehrson, S., Schramm, J., Ivarsson, A., 2007.
Novel Base Metal-palladium Catalytic Diesel Filter Coating with NO2 Reducing
Properties. SAE Technical Paper 2005-01-0671. http://dx.doi.org/10.4271/2007-
01-1921.

Johansen, K., Bentzer, H., Kustov, A., Larsen, K., Janssens, T.V.W., Barfod, R.G., 2014.
Integration of Vanadium and Zeolite Type SCR Functionality into DPF in Exhaust
Aftertreatment Systems-advantages and Challenges. SAE Technical Paper 2014-
01-1523. http://dx.doi.org/10.4271/2014-01-1523.

Johnson, T.V., 2008. Diesel engine emissions and their control. Platin. Met. Rev. 52,
23e37.

Johnson, T.V., 2009. Diesel Emission Control in Review. SAE Technical Paper 2009-
01-0121. http://dx.doi.org/10.4271/2009-01-0121.

Johnson, T.V., 2009. Review of diesel emissions and control. Int. J. Engine Res. 10,
275e285.

Johnson, T.V., 2010. Review of Diesel Emissions and Control. SAE Technical Paper
2010-01-0301. http://dx.doi.org/10.4271/2010-01-0301.

Johnson, T.V., 2011. Diesel Emissions in Review. SAE Technical Paper 2011-01-0304.
http://dx.doi.org/10.4271/2011-01-0304.

Johnson, T.V., 2012a. Vehicular emissions control. Platin. Met. Rev. 56, 75e82.
Johnson, T.V., 2012b. Vehicular Emissions in Review. SAE Technical Paper 2012-01-

0368. http://dx.doi.org/10.4271/2012-01-0368.
Johnson, T.V., 2013a. Vehicular emissions control. Platin. Met. Rev. 57, 117e122.
Johnson, T.V., 2013b. Vehicular Emissions in Review. SAE Technical Paper 2013-01-

0538. http://dx.doi.org/10.4271/2013-01-0538.
Johnson, T.V., 2014. Vehicular Emissions in Review. SAE Technical Paper 2014-01-

1491. http://dx.doi.org/10.4271/2014-01-1491.
Johnson, T.V., May 2014. Review of Emerging Trends on Gasoline Emissions Control,

3rd International Conference Advanced Emission Control Concepts for Gasoline
Engines (Düsseldorf).

E. Joubert, T. Seguelong, Diesel particulate filters market introduction in Europe:
review and status, US Department of Energy Directions in Energy Efficiency and
Emissions Research (DEER), September 2004, Dearborn, MI.

Kagawa, J., 2002. Health effects of diesel exhaust emissions-a mixture of air pol-
lutants of worldwide concern. Toxicology 181e182, 349e353.

Kamp, C.J., Sappok, A., Wang, Y.J., Bryk, W., Rubin, A., Wong, V., 2014. Direct Mea-
surements of Soot/ash Affinity in the Diesel Particulate Filter by Atomic Force
Microscopy and Implications for Ash Accumulation and DPF Degradation. SAE
Technical Paper 2014-01-1486. http://dx.doi.org/10.4271/2014-01-1486.

Kawakami, A., Mizutani, T., Shibagaki, Y., Yuuki, K., Sakamoto, H., Vogt, C., Kuki, T.,
Heuss, W., Kattouah, P., Makino, M., 2012. High Porosity DPF Design for Inte-
grated SCR Functions. SAE Technical Paper 2012-01-0843. http://dx.doi.org/
10.4271/2012-01-0843.

Khair, M.K., 2003. A Review of Diesel Particulate Filter Technologies. SAE Technical
Paper 2003-01-2303. http://dx.doi.org/10.4271/2003-01-2303.

Kim, C.H., Schmid, M., Schmieg, S.J., Tan, J.L., Li, W., 2011. The Effect of Pt-pd Ratio on
Oxidation Catalysts under Simulated Diesel Exhaust. SAE Technical Paper 2011-
01-1134. http://dx.doi.org/10.4271/2011-01-1134.

Kim, Y.-W., Nieuwstadt, M.V., Stewart, G., Pekar, J., 2014. Model Predictive Control of
DOC Temperature during DPF Regeneration. SAE Technical Paper 2014-01-1165.
http://dx.doi.org/10.4271/2014-01-1165.

Kim, K., Mital, R., Higuchi, T., Chan, S., Kim, C.H., 2014. An Investigative Study of
Sudden Pressure Increase Phenomenon across the DPF. SAE Technical Paper
2014-01-1516. http://dx.doi.org/10.4271/2014-01-1516.

Kinnunen, T., Matilainen, P., Scheder, D., Czika, W., Waters, D., Russ, G., 2012. Particle
Oxidation Catalyst (POC®)-from Diesel to GDI-studies on Particulate Number
and Mass Efficiency. SAE Technical Paper 2012-01-0845. http://dx.doi.org/
10.4271/2012-01-0845.

Kittelson, D.B., 1998. Engines and nanoparticles: a review. J. Aerosol Sci. 29,
575e588.

Kodama, K., Hiranuma, S., Doumeki, R., Takeda, Y., 2005. Development of DPF
System for Commercial Vehicles (Second Report)-active Regenerating Function
in Various Driving Condition. SAE Technical Paper 2005-01-3694. http://
dx.doi.org/10.4271/2005-01-3694.

Koltsakis, G.C., Stamatelos, A.M., 1997. Catalytic automotive exhaust aftertreatment.
Prog. Energy Combust. Sci. 23, 1e39.

Koltsakis, G., Konstantinou, A., Haralampous, O., Samaras, Z., 2006. Measurement
and Intra-layer Modeling of Soot Density and Permeability in Wall-flow Filters.
SAE Technical Paper 2006-01-0261. http://dx.doi.org/10.4271/2006-01-0261.

Kong, Y., Kozakiewicz, T., Johnson, R., Huffmeyer, C., Huckaby, J., Abel, J., Baurley, J.,
Duffield, K., 2005. Active DPF Regeneration for 2007 Diesel Engines. SAE
Technical Paper 2005-01-3885. http://dx.doi.org/10.4271/2005-01-3885.

Konstandopoulos, A.G., Kostoglou, M., 2014. Analysis of Asymmetric and Variable
Cell Geometry Wall-Flow Particulate Filters. SAE Technical Paper 2014-01-1510.
http://dx.doi.org/10.4271/2014-01-1510.

K€orfer, T., 2008. Potential of Advanced, Combined Aftertreatment Systems for Light-
duty Diesel Engines to Meet Upcoming EU and US Emission Regulation. SAE
Technical Paper 2013-24-0163. http://dx.doi.org/10.4271/2013-24-0163.

Kotrba, A., Gardner, T.P., Bai, L., Yetkin, A., 2013. Passive Regeneration Response

http://dx.doi.org/10.4271/2009-01-0292
http://dx.doi.org/10.4271/2009-01-0292
http://dx.doi.org/10.4271/2008-01-0068
http://dx.doi.org/10.4271/2009-01-0626
http://dx.doi.org/10.4271/2009-01-0626
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref46
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref46
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref46
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref46
http://dx.doi.org/10.4271/2007-01-1944
http://dx.doi.org/10.4271/2007-01-1944
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref48
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref48
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref48
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref48
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref49
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref49
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref49
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref49
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref49
http://dx.doi.org/10.4271/2014-01-1400
http://dx.doi.org/10.4271/2014-01-1400
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref51
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref51
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref51
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref51
http://dx.doi.org/10.4271/2013-01-0839
http://dx.doi.org/10.4271/2008-01-0331
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref54
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref54
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref54
http://dx.doi.org/10.4271/2009-01-0274
http://dx.doi.org/10.4271/2007-01-0042
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref57
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref57
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref57
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref57
http://dx.doi.org/10.4271/2014-01-1494
http://dx.doi.org/10.4271/2013-01-1515
http://dx.doi.org/10.4271/2013-01-1515
http://dx.doi.org/10.4271/2012-01-0372
http://dx.doi.org/10.4271/2007-01-0656
http://dx.doi.org/10.4271/2007-01-0656
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref62
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref62
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref62
http://dx.doi.org/10.4271/2011-24-0210
http://dx.doi.org/10.4271/2011-24-0210
http://dx.doi.org/10.4271/2012-01-0365
http://dx.doi.org/10.4271/2012-01-0365
http://dx.doi.org/10.4271/2013-01-0836
http://dx.doi.org/10.4271/2013-01-0836
http://dx.doi.org/10.4271/2011-01-0603
http://dx.doi.org/10.4271/2011-01-0603
http://dx.doi.org/10.4271/2006-01-0213
http://dx.doi.org/10.4271/2008-01-0071
http://dx.doi.org/10.4271/2008-01-0071
http://dx.doi.org/10.4271/2007-01-1921
http://dx.doi.org/10.4271/2007-01-1921
http://dx.doi.org/10.4271/2014-01-1523
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref71
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref71
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref71
http://dx.doi.org/10.4271/2009-01-0121
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref73
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref73
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref73
http://dx.doi.org/10.4271/2010-01-0301
http://dx.doi.org/10.4271/2011-01-0304
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref76
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref76
http://dx.doi.org/10.4271/2012-01-0368
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref78
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref78
http://dx.doi.org/10.4271/2013-01-0538
http://dx.doi.org/10.4271/2014-01-1491
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref81
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref81
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref81
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref82
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref82
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref82
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref82
http://dx.doi.org/10.4271/2014-01-1486
http://dx.doi.org/10.4271/2012-01-0843
http://dx.doi.org/10.4271/2012-01-0843
http://dx.doi.org/10.4271/2003-01-2303
http://dx.doi.org/10.4271/2011-01-1134
http://dx.doi.org/10.4271/2014-01-1165
http://dx.doi.org/10.4271/2014-01-1516
http://dx.doi.org/10.4271/2012-01-0845
http://dx.doi.org/10.4271/2012-01-0845
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref90
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref90
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref90
http://dx.doi.org/10.4271/2005-01-3694
http://dx.doi.org/10.4271/2005-01-3694
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref92
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref92
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref92
http://dx.doi.org/10.4271/2006-01-0261
http://dx.doi.org/10.4271/2005-01-3885
http://dx.doi.org/10.4271/2014-01-1510
http://dx.doi.org/10.4271/2013-24-0163


B. Guan et al. / Journal of Environmental Management 154 (2015) 225e258 257
Characteristics of a DPF System. SAE Technical Paper 2013-01-0520. http://
dx.doi.org/10.4271/2013-01-0520.

Kuwahara, T., Nishii, S., Kuroki, T., Okubo, M., 2013. Complete regeneration char-
acteristics of diesel particulate filter using ozone injection. Appl. Energy 111,
652e656.

Lapuerta, M., Armas, O., Rodríguez-Fern�andez, J., 2008. Effect of biodiesel fuels on
diesel engine emissions. Prog. Energy Combust. Sci. 34, 198e223.

Lee, J.H., Paratore, M.J., Brown, D.B., 2008. Evaluation of Cu-based SCR/DPF Tech-
nology for Diesel Exhaust Emission Control. SAE Technical Paper 2008-01-0072.
http://dx.doi.org/10.4271/2008-01-0072.

Lee, K., Choi, S., Seong, H., Kameya, Y., Lee, H., Howden, K., Singh, G., May 2013.
Particulate Emissions Control by Advanced Filtration Systems for GDI Engines,
DOE Annual Merit Review & Peer Evaluation Meeting (Dearborn, MI).

Lehtoranta, K., Matilainen, P., Åsenbrygg, J.M., Lievonen, A., Kinnunen, T.J.J.,
Keskinen, J., Solla, A., 2007. Particle Oxidation Catalyst in Light Duty and Heavy
Duty Diesel Applications. SAE Technical Paper 2007-24-0093. http://dx.doi.org/
10.4271/2007-24-0093.

Li, C., Mao, F., Zhan, R., Eakle, S., 2007. Durability Performance of Advanced Ceramic
Material DPFs. SAE Technical Paper 2007-01-0918. http://dx.doi.org/10.4271/
2007-01-0918.

Lu, Q.L., August 2010. Active DPF Regeneration Temperature Controls, Southwest
Research Institute (SwRI) Automotive Engineering Forum Presentation (San
Antonio, TX).

Lu, J.-H., Ku, Y.-Y., Liao, C.-F., 2012. The Effects of Biodiesel on the Performance and
the Durability of Diesel Engine Active-DPF. SAE Technical Paper 2012-01-1089.
http://dx.doi.org/10.4271/2012-01-1089.

Lu, Q.L., June 2009. Preliminary Investigation of Control Approaches for Active DPF
Regeneration during Transient Conditions, Quick-Look Internal Research Final
Report of Southwest Research Institute (SwRI) (San Antonio, TX).

Lucachick, G., Avenido, A., Watts, W., Kittelson, D., Northrop, W., 2014. Efficacy of In-
cylinder Control of Particulate Emissions to Meet Current and Future Regulatory
Standards. SAE Technical Paper 2005-01-0671. http://dx.doi.org/10.4271/2014-
01-1597.

Luj�an, J.M., Serrano, J.R., Piqueras, P., Afonso, �O.G., 2015. Experimental assessment of
a pre-turbo aftertreatment configuration in a single stage turbocharged diesel
engine, Part 1: steady-state operation. Energy 80, 599e613.

Luj�an, J.M., Serrano, J.R., Piqueras, P., Afonso, �O.G., 2015. Experimental assessment of
a pre-turbo aftertreatment configuration in a single stage turbocharged diesel
engine, part 2: transient operation. Energy 80, 614e627.

Mamakos, A., Carriero, M., Bonnel, P., Demircioglu, H., Douglas, K., Alessandrini, S.,
Forni, F., Montigny, F., Lesueur, D., 2011. EU-pems PM Evaluation Program-
second Report-study on Post DPF PM/PN Emissions, EU Joint Research Centre
(JRC) Scientific and Technical Reports.

Mamakos, A., Carriero, M., Bonnel, P., Demircioglu, H., Douglas, K., Alessandrini, S.,
Forni, F., Montigny, F., Lesueur, D., 2011. EU-pems PM Evaluation Program-third
Report-further Study on Post DPF PM/PN Emissions, EU Joint Research Centre
(JRC) Scientific and Technical Reports.

Mamakos, A., Steininger, N., Martini, G., Dilara, P., Drossinos, Y., 2013. Cost effec-
tiveness of particulate filter installation on direct injection gasoline vehicle.
Atmos. Environ. 77, 16e23.

Mamakos, A., Martini, G., Marotta, A., Manfred, U., 2013. Assessment of different
technical options in reducing particle emissions from gasoline direct injection
vehicles. J. Aerosol Sci. 63, 115e125.

Mamakos, A., Carriero, M., Bonnel, P., Demircioglu, H., Douglas, K., Alessandrini, S.,
Forni, F., Montigny, F., Lesueur, D., 2014. EU PN-pems Evaluation Program-first
Report, EU Joint Research Centre (JRC) Scientific and Policy Reports.

Maricq, M.M., 2007. Chemical characterization of particulate emissions from diesel
engines: a review. Aerosol Sci. 38, 1079e1118.

Maricq, M.M., Chase, R.E., Xu, N., Laing, P.M., 2002. The effects of the catalytic
converter and fuel sulfur level on motor vehicle particulate matter emissions:
light duty diesel vehicles. Environ. Sci. Technol. 36, 283e289.

Matarresea, R., Castoldia, L., Artiolia, N., Finocchiob, E., Buscab, G., Liettia, L., 2014.
On the activity and stability of Pt-K/Al2O3 LNT catalysts for diesel soot and NOx
abatement. Appl. Catal. B: Environ. 144, 783e791.

Maunula, T., 2013. Intensification of Catalytic Aftertreatments Systems for Mobile
Applications. SAE Technical Paper 2013-01-0530. http://dx.doi.org/10.4271/
2013-01-0530.

Maunula, T., Matilainen, P., Louhelainen, M., Juvonen, P., Kinnunen, T., 2007. Cata-
lyzed Particulate Filters for Mobile Diesel Applications. SAE Technical Paper
2007-01-0041. http://dx.doi.org/10.4271/2007-01-0041.

Mayer, A., Czerwinski, J., Comte, P., Jaussi, F., 2009. Properties of Partial-flow and
Coarse Pore Deep Bed Filters Proposed to Reduce Particle Emission of Vehicle
Engines. SAE Technical Paper 2005-01-0671. http://dx.doi.org/10.4271/2009-
01-1087.

MECA white paper, Emission control technologies for diesel-powered vehicles,
December 2007, Available at: http://www.meca.org/.

MECA white paper, June 2005. Diesel Particulate Filter Maintenance: Current
Practices and Experience. Available at: http://www.meca.org/.

MECA white paper, October 2009. Retrofitting Emission Controls for Diesel-
powered Vehicles. Available at: http://www.meca.org/.

Michelin, J., Guilbaud, F., Guil, A., Newbigging, I., Jean, E., Reichert, M., Balenovic, M.,
Shaikh, Z., 2014. Advanced Compact SCR Mixer: BlueBox. SAE Technical Paper
2014-01-1531. http://dx.doi.org/10.4271/2014-01-1531.

Mikulic, I., Zhan, R., Eakle, S., 2010. Dependence of Fuel Consumption on Engine
Backpressure Generated by a DPF. SAE Technical Paper 2010-01-0535. http://
dx.doi.org/10.4271/2010-01-0535.
Minagawa, T., Nagaoka, D., Yuza, H., Nakada, T., Kamimoto, T., 2014. Development of

a High Sensitivity and High Response Portable Smoke Meter. SAE Technical
Paper 2014-01-1580. http://dx.doi.org/10.4271/2014-01-1580.

Mizuno, Y., Miyairi, Y., Katsube, F., Ohara, E., Takahashi, A., Makino, M., Mizutani, T.,
Yuki, K., Kurachi, H., 2008. Study on Wall Pore Structure for Next Generation
Diesel Particulate Filter. SAE Technical Paper 2008-01-0618. http://dx.doi.org/
10.4271/2008-01-0618.

Mizutani, T., Kaneda, A., Ichikawa, S., Miyairi, Y., Ohara, E., Takahashi, A., Yuuki, K.,
Matsuda, H., Kurachi, H., Toyoshima, T., Ito, T., Lappas, I., Vogt, C.D., Tanaka, M.,
Martin, A., Fujii, S., Busch, P., 2007. Filtration Behavior of Diesel Particulate
Filters (2). SAE Technical Paper 2007-01-0923. http://dx.doi.org/10.4271/2007-
01-0923.

Morgan, C., May 2012. Three Way Filters (TWFTM) for Particulate Number Control,
Advanced Emission Control Concepts for Gasoline Engines. Stuttgart.

Nakamura, K., Vlachos, N., Konstandopoulos, A., Iwata, H., Kazushige, O., 2012.
Performance Improvement of Diesel Particulate Filter by Layer Coating. SAE
Technical Paper 2012-01-0842. http://dx.doi.org/10.4271/2012-01-0842.

Nakamura, K., Konstandopoulos, A.G., Kostoglou, M., Shibata, T., Hashizume, Y.,
2014. New Asymmetric Plugging Layout of Diesel Particulate Filters for the
Pressure Drop Reduction. SAE Technical Paper 2014-01-1512. http://dx.doi.org/
10.4271/2014-01-1512.

Naseri, M., Chatterjee, S., Castagnola, M., Chen, H.Y., Fedeyko, J., Hess, H., Li, J.Q.,
2011. Development of SCR on Diesel Particulate Filter System for Heavy Duty
Application. SAE Technical Paper 2011-01-1312. http://dx.doi.org/10.4271/2011-
01-1312.

Ntziachristos, L., Fragkiadoulakis, P., Samaras, Z., Janka, K., Tikkanen, J., 2011.
Exhaust Particle Sensor for OBD Application. SAE Technical Paper 2011-01-
0626. http://dx.doi.org/10.4271/2011-01-0626.

Ogyu, K., Ogasawara, T., Sato, H., Yamada, K., Ohno, K., 2013. Development of High
Porosity SiC-DPF Which Is Compatible with High Robustness and Catalyst
Coating Capability for SCR Coated DPF Application. SAE Technical Paper 2013-
01-0840. http://dx.doi.org/10.4271/2013-01-0840.

Ohara, E., Mizuno, Y., Miyairi, Y., Mizutani, T., Yuuki, K., Noguchi, Y., Hiramatsu, T.,
Makino, M., Takahashi, A., Sakai, H., Tanaka, M., Martin, A., Fujii, S., Busch, P.,
Toyoshima, T., Ito, T., Lappas, I., Vogt, C.D., 2007. Filtration Behavior of Diesel
Particulate Filters (1). SAE Technical Paper 2007-01-0921. http://dx.doi.org/
10.4271/2007-01-0921.

Ootake, M., Kondou, T., Ikeda, M., Daigo, M., Nakano, M., Yokoyama, J., Miura, M.,
2007. Development of Diesel Engine System with DPF for the European Market.
SAE Technical Paper 2007-01-1061. http://dx.doi.org/10.4271/2007-01-1061.

Palash, S.M., Kalam, M.A., Masjuki, H.H., Masum, B.M., Fattah, I.M.R., Mofijur, M.,
2013. Impacts of biodiesel combustion on NOx emissions and their reduction
approaches. Renew. Sustain. Energy Rev. 23, 473e490.

Payri, F., Serrano, J.R., Piqueras, P., García-Afonso, O., 2011. Performance Analysis of a
Turbocharged Heavy Duty Diesel Engine with a Pre-turbo Diesel Particulate
Filter Configuration. SAE Technical Paper 2011-37-0004. http://dx.doi.org/
10.4271/2011-01-0004.

Pfeifer, M., K€ogel, M., Spurk, P.C., Jeske, G., 2007. New Platinum/palladium Based
Catalyzed Filter Technologies for Future Passenger Car Applications. SAE
Technical Paper 2007-01-0234. http://dx.doi.org/10.4271/2007-01-0234.

Philipp, S., Hoyer, R., Adam, F., Eckhoff, S., Wunsch, R., Schoen, C., Vent, G., 2013.
Exhaust Gas Aftertreatment for Lean Gasoline Direct Injection Engines-
potential for Future Applications. SAE Technical Paper 2013-01-1299. http://
dx.doi.org/10.4271/2013-01-1299.

Piock, W., Hoffmann, G., Berndorfer, A., Salemi, P., Fusshoeller, B., 2011. Strategies
towards Meeting Future Particulate Matter Emission Requirements in Homo-
geneous Gasoline Direct Injection Engines. SAE Technical Paper 2011-01-1212.
http://dx.doi.org/10.4271/2011-01-1212.

Prasad, R., Bella, V.R., 2010. A review on diesel soot emission, its effect and control.
Bull. Chem. React. Eng. Catal. 5, 69e86.

Presti, M., Pace, L., Poggio, L., Rossi, V., 2013. Cold Start Thermal Management with
Electrically Heated Catalyst: a Way to Lower Fuel Consumption. SAE Technical
Paper 2013-24-0158. http://dx.doi.org/10.4271/2013-24-0158.

Richter, J.M., Klingmann, R., Spiess, S., Wong, K.-F., 2012. Application of Catalyzed
Gasoline Particulate Filters to GDI Vehicles. SAE Technical Paper 2012-01-1244.
http://dx.doi.org/10.4271/2012-01-1244.

Ristovski, Z.D., iljevic, B.M., Surawski, N.C., Morawska, L., Fong, K.M., Goh, F.,
Yang, I.A., 2012. Respiratory health effects of diesel particulate matter. Respir-
ology 17, 201e212.

Rocher, L., Seguelong, T., Harle, V., Lallemand, M., Pudlarz, M., Macduff, M., 2011.
New Generation Fuel Borne Catalyst for Reliable DPF Operation in Globally
Diverse Fuels. SAE Technical Paper 2011-01-0297. http://dx.doi.org/10.4271/
2011-01-0297.

Rose, D., Boger, T., 2009. Different Approaches to Soot Estimation as Key Require-
ment for DPF Applications. SAE Technical Paper 2009-01-1262. http://
dx.doi.org/10.4271/2009-01-1262.

Rose, D., Jamison, J.A., Boger, T., Kataria, R., 2013. Light Duty Diesel Exhaust Gas after
Treatment Challenges and Technologies for Post BS-IV Regulations. SAE Tech-
nical Paper 2013-26-0051. http://dx.doi.org/10.4271/2013-26-0051.

Rose, K., Hamje, H., Jansen, L., Fittavolini, C., Clark, R., Dolores, M., Almena, C.,
Katsaounis, D., Samaras, C., Geivanidis, S., Samaras, Z., 2014. Impact of FAME
Content on the Regeneration Frequency of Diesel Particulate Filters (DPFs). SAE
Technical Paper 2014-01-1605. http://dx.doi.org/10.4271/2014-01-1605.

Rose, D., Boger, T., Ingram-Ogunwumi, R., Bischof, C., October 2013. Advanced Filter

http://dx.doi.org/10.4271/2013-01-0520
http://dx.doi.org/10.4271/2013-01-0520
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref98
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref98
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref98
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref98
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref99
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref99
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref99
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref99
http://dx.doi.org/10.4271/2008-01-0072
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref101
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref101
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref101
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref101
http://dx.doi.org/10.4271/2007-24-0093
http://dx.doi.org/10.4271/2007-24-0093
http://dx.doi.org/10.4271/2007-01-0918
http://dx.doi.org/10.4271/2007-01-0918
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref104
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref104
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref104
http://dx.doi.org/10.4271/2012-01-1089
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref106
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref106
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref106
http://dx.doi.org/10.4271/2014-01-1597
http://dx.doi.org/10.4271/2014-01-1597
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref108
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref108
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref108
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref108
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref108
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref108
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref109
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref109
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref109
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref109
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref109
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref109
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref110
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref110
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref110
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref110
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref111
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref111
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref111
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref111
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref112
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref112
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref112
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref112
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref113
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref113
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref113
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref113
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref114
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref114
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref114
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref115
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref115
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref115
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref116
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref116
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref116
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref116
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref117
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref117
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref117
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref117
http://dx.doi.org/10.4271/2013-01-0530
http://dx.doi.org/10.4271/2013-01-0530
http://dx.doi.org/10.4271/2007-01-0041
http://dx.doi.org/10.4271/2009-01-1087
http://dx.doi.org/10.4271/2009-01-1087
http://www.meca.org/
http://www.meca.org/
http://www.meca.org/
http://dx.doi.org/10.4271/2014-01-1531
http://dx.doi.org/10.4271/2010-01-0535
http://dx.doi.org/10.4271/2010-01-0535
http://dx.doi.org/10.4271/2014-01-1580
http://dx.doi.org/10.4271/2008-01-0618
http://dx.doi.org/10.4271/2008-01-0618
http://dx.doi.org/10.4271/2007-01-0923
http://dx.doi.org/10.4271/2007-01-0923
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref128
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref128
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref128
http://dx.doi.org/10.4271/2012-01-0842
http://dx.doi.org/10.4271/2014-01-1512
http://dx.doi.org/10.4271/2014-01-1512
http://dx.doi.org/10.4271/2011-01-1312
http://dx.doi.org/10.4271/2011-01-1312
http://dx.doi.org/10.4271/2011-01-0626
http://dx.doi.org/10.4271/2013-01-0840
http://dx.doi.org/10.4271/2007-01-0921
http://dx.doi.org/10.4271/2007-01-0921
http://dx.doi.org/10.4271/2007-01-1061
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref136
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref136
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref136
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref136
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref136
http://dx.doi.org/10.4271/2011-01-0004
http://dx.doi.org/10.4271/2011-01-0004
http://dx.doi.org/10.4271/2007-01-0234
http://dx.doi.org/10.4271/2013-01-1299
http://dx.doi.org/10.4271/2013-01-1299
http://dx.doi.org/10.4271/2011-01-1212
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref141
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref141
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref141
http://dx.doi.org/10.4271/2013-24-0158
http://dx.doi.org/10.4271/2012-01-1244
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref144
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref144
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref144
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref144
http://dx.doi.org/10.4271/2011-01-0297
http://dx.doi.org/10.4271/2011-01-0297
http://dx.doi.org/10.4271/2009-01-1262
http://dx.doi.org/10.4271/2009-01-1262
http://dx.doi.org/10.4271/2013-26-0051
http://dx.doi.org/10.4271/2014-01-1605
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref149


B. Guan et al. / Journal of Environmental Management 154 (2015) 225e258258
Technologies to Reduce Particulate Emissions of GDI Engines Implications on
Exhaust Gas after Treatment Systems and Functionalities, 22nd Aachen Collo-
quium on Automobile and Engine Technology.

Saito, C., Nakatani, T., Miyairi, Y., Yuuki, K., Makino, M., Kurachi, H., Heuss, W.,
Kuki, T., Furuta, Y., Kattouah, P., Vogt, C., 2011. New Particulate Filter Concept to
Reduce Particle Number Emissions. SAE Technical Paper 2011-01-0814. http://
dx.doi.org/10.4271/2011-01-0814.

Sappok, A., Wong, V., 2010. Ash Effects on Diesel Particulate Filter Pressure Drop
Sensitivity to Soot and Implications for Regeneration Frequency and DPF Con-
trol. SAE Technical Paper 2005-01-0671. http://dx.doi.org/10.4271/2010-01-
0811.

Sappok, A., Govani, I., Kamp, C., Wang, Y.J., Wong, V., 2013. In-situ Optical Analysis of
Ash Formation and Transport in Diesel Particulate Filters during Active and
Passive DPF Regeneration Processes. SAE Technical Paper 2013-01-0519. http://
dx.doi.org/10.4271/2013-01-0519.

Sappok, A., Wang, Y.J., Wang, R.Q., Kamp, C., Wong, V., 2014. Theoretical and
Experimental Analysis of Ash Accumulation and Mobility in Ceramic Exhaust
Particulate Filters and Potential for Improved Ash Management. SAE Technical
Paper 2014-01-1517. http://dx.doi.org/10.4271/2014-01-1517.

Sappok, A., Kamp, C., Dimou, I., Munnis, S., Wong, V.W., October 2011. Key Param-
eters Affecting DPF Performance Degradation and Impact on Lifetime Fuel
Economy. US Department of Energy Directions in Energy Efficiency and Emis-
sions Research (DEER), Detroit, MI.

Sato, S., Hosoya, M., 2013. Improvement of Low-temperature Performance of the
NOx Reduction Efficiency on the Urea-SCR Catalysts. SAE Technical Paper 2013-
01-1076. http://dx.doi.org/10.4271/2013-01-1076.

Schaefer-Sindlinger, A., Lappas, I., Vogt, C.D., Itoa, T., Kurachi, H., Makino, M.,
Takahashi, A., 2007. Efficient material design for diesel particulate filters. Top.
Catal. 42e43, 307e317.

Schmidt, S., Smeets, M., Boehner, R., Aas, R., Winkler, C., Schoenen, M., Hermann, P.,
Tan, J.L., Khair, M., Bullert, J., 2014. Contribution of High Accuracy Temperature
Sensors towards Fuel Economy and Robust Calibration. SAE Technical Paper
2014-01-1548. http://dx.doi.org/10.4271/2014-01-1548.

Schmitz, T., Siemund, S., Siani, A., Neubauer, T., Wassermann, K., October 2013. Four-
way-conversion Catalysts (FWCTM) in Gasoline Applications: Integrated Solu-
tions for Stringent Emissions Control, Presentation at 13th Hyundai-Kia Inter-
national Powertrain Conference. Seoul.

Schrade, F., Brammer, M., Schaeffner, J., Langeheinecke, K., Kraemer, L., 2012.
Physico-chemical Modeling of an Integrated SCR on DPF (SCR/DPF) System. SAE
Technical Paper 2012-01-1083. http://dx.doi.org/10.4271/2012-01-1083.

Seegopaul, P., Bassir, M., Alamdari, H., Neste, A.V., 2006. Nanostructured perovskite-
based oxidation catalysts for improved environmental emission control. NSTI-
Nanotech 1. ISBN 0-9767985-6-5. www.nsti.org.

Seo, J.M., Park, W.S., Lee, M.J., 2012. The Best Choice of Gasoline/diesel Particulate
Filter to Meet Future Particulate Matter Regulation. SAE Technical Paper 2012-
01-1255. http://dx.doi.org/10.4271/2012-01-1255.

Serrano, J.R., Guardiola, C., Piqueras, P., Angiolini, E., 2014. Analysis of the After-
treatment Sizing for Pre-turbo DPF and DOC Exhaust Line Configurations. SAE
Technical Paper 2014-01-1498. http://dx.doi.org/10.4271/2014-01-1498.

Shimoda, T., Ito, Y., Saito, C., Nakatani, T., Shibagaki, Y., Yuuki, K., Sakamoto, H.,
Vogt, C., Matsumoto, T., Furuta, Y., Heuss, W., Kattouah, P., Makino, M., 2012.
Potential of a Low Pressure Drop Filter Concept for Direct Injection Gasoline
Engines to Reduce Particulate Number Emission. SAE Technical Paper 2012-01-
1241. http://dx.doi.org/10.4271/2012-01-1241.

Singh, N., Johnson, J.H., Parker, G.G., Yang, S.-L., 2005. Vehicle Engine Aftertreatment
System Simulation (VEASS) Model: Application to a Controls Design Strategy for
Active Regeneration of a Catalyzed Particulate Filter. SAE Technical Paper 2005-
01-0970. http://dx.doi.org/10.4271/2005-01-0970.

Southward, B.W.L., Basso, S., 2008. An Investigation into the NO2-decoupling of
Catalyst to Soot Contact and its Implications for Catalyzed DPF Performance.
SAE Technical Paper 2008-01-0481. http://dx.doi.org/10.4271/2008-01-0481.

Southward, B.W.L., Basso, S., Pfeifer, M., 2010. On the Development of Low PGM
Content Direct Soot Combustion Catalysts for Diesel Particulate Filters. SAE
Technical Paper 2010-01-0558. http://dx.doi.org/10.4271/2010-01-0558.

Subramaniam, M.N., Joergl, V., Keller, P., Weber, O., Toyoshima, T., Vogt, C.D., 2009.
Feasibility Assessment of a Pre-turbo After-treatment System with a 1D
Modeling Approach. SAE Technical Paper 2009-01-1276. http://dx.doi.org/
10.4271/2009-01-1276.

Tang, W.Y., Younger, D., Santamaria, M., Kumar, S., 2013. On-engine Investigation of
SCR on Filters (SCRoF) for HDD Passive Applications. SAE Technical Paper 2013-
01-1066. http://dx.doi.org/10.4271/2013-01-1066.

Tang, T., Cao, D.X., Zhang, J., Zhao, Y.G., Shuai, S.J., 2014. Experimental Study of
Catalyzed Diesel Particulate Filter with Exhaust Fuel Injection System for
Heavy-duty Diesel Engines. SAE Technical Paper 2014-01-1496. http://
dx.doi.org/10.4271/2014-01-1496.

Tang, W.Y., Huang, X.W., Kumar, S., 2011. Sulfur Effect and Performance Recovery of
a DOC þ CSF þ Cu-zeolite SCR System. US Department of Energy Directions in
Energy Efficiency and Emissions Research (DEER), Detroit, MI.

Tree, D.R., Svensson, K.I., 2007. Soot processes in compression ignition engines.
Prog. Energy Combust. Sci. 33, 272e309.

Uhrner, U., Zallinger, M., von L€owis, S., Vehkam€aki, H., Wehner, B., Stratmann, F.,
Wiedensohler, A., 2011. Volatile nanoparticle formation and growth within a
diluting diesel car exhaust. J. Air Waste Manag. Assoc. 61, 399e408.

Vakkilainen, A., Lylykangas, R., 2004. Particle Oxidation Catalyst (POC) for Diesel
Vehicles. SAE Technical Paper 2004-28-0047. http://dx.doi.org/10.4271/2004-
28-0047.

Vertin, K., He, S., Heibel, A., 2009. Impacts of B20 Biodiesel on Cordierite Diesel
Particulate Filter Performance. SAE Technical Paper 2009-01-2736. http://
dx.doi.org/10.4271/2009-01-2736.

Vogt, R., Scheer, V., Casati, R., Benter, T.H., 2003. On-road measurement of particle
emission in the exhaust plume of a diesel passenger Ca. Environ. Sci. Technol.
37, 4070e4076.

Vouitsis, E., Ntziachristos, L., Samaras, Z., 2003. Particulate matter mass measure-
ments for low emitting diesel powered vehicles: what's next? Prog. Energy
Combust. Sci. 29, 635e672.

Vressner, A., Gabrielsson, P., Gekas, I., Senar, E., 2010. Meeting the EURO VI NOx
Emission Legislation Using a EURO IV Base Engine and a SCR/ASC/DOC/DPF
Configuration in the World Harmonized Transient Cycle. SAE Technical Paper
2010-01-1216. http://dx.doi.org/10.4271/2010-01-1216.

Wang, W., McCool, G., Kapur, N., Yuan, G., Shan, B., Nguyen, M., Graham, U.M.,
Davis, B.H., Jacobs, G., Cho, K., Hao, X., 2012. Mixed-phase oxide catalyst based
on Mn-mullite (Sm, Gd) Mn2O5 for NO oxidation in diesel exhaust. Science 337,
832e835.

Wang, L.F., Kadono, T., Sumiya, S., 2014. DOC Development Targeting Emerging High
S Area Market. SAE Technical Paper 2014-01-1515. http://dx.doi.org/10.4271/
2014-01-1515.

Whitaker, P., Kapus, P., Ogris, M., Hollerer, P., 2011. Measures to Reduce Particulate
Emissions from Gasoline DI Engines. SAE Technical Paper 2011-01-1219. http://
dx.doi.org/10.4271/2011-01-1219.

Williams, A., McCormick, R.L., Hayes, R.R., Ireland, J., Fang, H.L., 2006. Effect of
Biodiesel Blends on Diesel Particulate Filter Performance. SAE Technical Paper
2006-01-3280. http://dx.doi.org/10.4271/2006-01-3280.

Wirojsakunchai, E., Schroeder, E., Kolodziej, C., Foster, D.E., Schmidt, N., Root, T.,
Kawai, T., Suga, T., Nevius, T., Kusaka, T., 2007. Detailed Diesel Exhaust Partic-
ulate Characterization and Real-time DPF Filtration Efficiency Measurements
during PM Filling Process. SAE Technical Paper 2007-01-0320. http://dx.doi.org/
10.4271/2007-01-0320.

Wolff, T., Deinlein, R., Christensen, H., Larsen, L., 2014. Dual Layer Coated High
Porous SiC-a New Concept for SCR Integration into DPF. SAE Technical Paper
2014-01-1484. http://dx.doi.org/10.4271/2014-01-1484.

Yamada, H., 2013. PN Emissions from Heavy-duty Diesel Engine with Periodic
Regenerating DPF. SAE Technical Paper 2013-01-1564. http://dx.doi.org/
10.4271/2013-01-1564.

Yao, J., Seguelong, T., July 2012. The Fuel-borne Catalyst Approach: a Long-term
Solution to Support the Implementations of the Different Diesel Emissions
Standards in Light-duty Diesel Series Production. Advanced Diesel Emission
Control & Testing Technologies International Forum (ADECT), Beijing.

Yu, M.T., Balakotaiah, V., Luss, D., 2014. Effect of DPF Properties on Maximum
Temperature Rise Following a DTI. SAE Technical Paper 2014-01-1561. http://
dx.doi.org/10.4271/2014-01-1561.

Yum, M., Luss, D., Balakotaiah, V., 2013. Regeneration modes and peak temperatures
in a diesel particulate filter. Chem. Eng. J. 232, 541e554.

Zhan, R., Huang, Y.Q., Khair, M., 2006. Methodologies to Control DPF Uncontrolled
Regenerations. SAE Technical Paper 2006-01-1090. http://dx.doi.org/10.4271/
2006-01-1090.

Zhan, R., Eakle, S., Spreen, K., Li, C.G., Mao, F.F., 2007. Validation Method for Diesel
Particulate Filter Durability. SAE Technical Paper 2007-01-4086. http://
dx.doi.org/10.4271/2007-01-4086.

Zhan, R., Eakle, S.T., Miller, J.W., Anthony, J.W., 2008. EGR System Fouling Control.
SAE Technical Paper 2008-01-0066. http://dx.doi.org/10.4271/2008-01-0066.

Zhan, R., Eakle, S.T., Weber, P., 2010. Simultaneous Reduction of PM, HC, CO and NOx
Emissions from a GDI Engine. SAE Technical Paper 2010-01-0365. http://
dx.doi.org/10.4271/2010-01-0365.

Zhao, F., Laia, M.-C., Harrington, D.L., 1999. Automotive spark-ignited direct-injec-
tion gasoline engines. Prog. Energy Combust. Sci. 25, 437e562.

Zheng, M., Reader, G.T., Wang, D., Zuo, J., Kumar, R., Mulenga, M.C., Asad, U.,
Ting, D.S.-K., Wang, M., 2005. A Thermal Response Analysis on the Transient
Performance of Active Diesel Aftertreatment. SAE Technical Paper 2005-01-
3885. http://dx.doi.org/10.4271/2005-01-3885.

Zink, U.H., Johnson, T.V., August 2005. State-of-the-art Filter Regeneration Man-
agement. US Department of Energy Directions in Energy Efficiency and Emis-
sions Research (DEER), Chicago, IL.

http://refhub.elsevier.com/S0301-4797(15)00095-X/sref149
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref149
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref149
http://dx.doi.org/10.4271/2011-01-0814
http://dx.doi.org/10.4271/2011-01-0814
http://dx.doi.org/10.4271/2010-01-0811
http://dx.doi.org/10.4271/2010-01-0811
http://dx.doi.org/10.4271/2013-01-0519
http://dx.doi.org/10.4271/2013-01-0519
http://dx.doi.org/10.4271/2014-01-1517
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref154
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref154
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref154
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref154
http://dx.doi.org/10.4271/2013-01-1076
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref156
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref156
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref156
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref156
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref156
http://dx.doi.org/10.4271/2014-01-1548
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref158
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref158
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref158
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref158
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref158
http://dx.doi.org/10.4271/2012-01-1083
http://www.nsti.org
http://dx.doi.org/10.4271/2012-01-1255
http://dx.doi.org/10.4271/2014-01-1498
http://dx.doi.org/10.4271/2012-01-1241
http://dx.doi.org/10.4271/2005-01-0970
http://dx.doi.org/10.4271/2008-01-0481
http://dx.doi.org/10.4271/2010-01-0558
http://dx.doi.org/10.4271/2009-01-1276
http://dx.doi.org/10.4271/2009-01-1276
http://dx.doi.org/10.4271/2013-01-1066
http://dx.doi.org/10.4271/2014-01-1496
http://dx.doi.org/10.4271/2014-01-1496
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref170
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref170
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref170
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref170
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref170
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref171
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref171
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref171
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref172
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref172
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref172
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref172
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref172
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref172
http://dx.doi.org/10.4271/2004-28-0047
http://dx.doi.org/10.4271/2004-28-0047
http://dx.doi.org/10.4271/2009-01-2736
http://dx.doi.org/10.4271/2009-01-2736
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref175
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref175
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref175
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref175
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref176
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref176
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref176
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref176
http://dx.doi.org/10.4271/2010-01-1216
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref178
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref178
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref178
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref178
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref178
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref178
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref178
http://dx.doi.org/10.4271/2014-01-1515
http://dx.doi.org/10.4271/2014-01-1515
http://dx.doi.org/10.4271/2011-01-1219
http://dx.doi.org/10.4271/2011-01-1219
http://dx.doi.org/10.4271/2006-01-3280
http://dx.doi.org/10.4271/2007-01-0320
http://dx.doi.org/10.4271/2007-01-0320
http://dx.doi.org/10.4271/2014-01-1484
http://dx.doi.org/10.4271/2013-01-1564
http://dx.doi.org/10.4271/2013-01-1564
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref185
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref185
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref185
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref185
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref185
http://dx.doi.org/10.4271/2014-01-1561
http://dx.doi.org/10.4271/2014-01-1561
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref187
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref187
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref187
http://dx.doi.org/10.4271/2006-01-1090
http://dx.doi.org/10.4271/2006-01-1090
http://dx.doi.org/10.4271/2007-01-4086
http://dx.doi.org/10.4271/2007-01-4086
http://dx.doi.org/10.4271/2008-01-0066
http://dx.doi.org/10.4271/2010-01-0365
http://dx.doi.org/10.4271/2010-01-0365
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref192
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref192
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref192
http://dx.doi.org/10.4271/2005-01-3885
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref194
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref194
http://refhub.elsevier.com/S0301-4797(15)00095-X/sref194

	Review of the state-of-the-art of exhaust particulate filter technology in internal combustion engines
	1. Introduction
	2. Diesel oxidation catalyst and partial diesel particulate filter
	2.1. Diesel oxidation catalyst
	2.2. Partial diesel particulate filter

	3. DPF development
	3.1. DPF substrate
	3.2. Pressure drop
	3.3. Filtration efficiency
	3.4. DPF substrate thermal response

	4. DPF regeneration
	4.1. Passive regeneration
	4.1.1. Catalyzed DPF
	4.1.2. Continuously regeneration trap
	4.1.3. Fuel borne catalyst-assisted

	4.2. Active regeneration
	4.2.1. In-cylinder post-injection
	4.2.2. In-exhaust fuel injection + DOC
	4.2.3. Flame burner
	4.2.4. Electric heater

	4.3. DPF regeneration controls assisted by engine management
	4.4. DPF uncontrolled regeneration and their control methodologies
	4.5. DPF soot loading prediction

	5. Retrofit technologies to reduce PM emissions
	6. DPF integration with other aftertreatment components
	7. Impacts of fuel and lubricant quality
	8. DPF maintenance
	9. Gasoline particulate filter to meet future gasoline direct injection emissions requirements
	10. Conclusions
	Acknowledgments
	References


