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Abstract Diesel engines have high efficiency, durability,
and reliability together with their low-operating cost. These
important features make them the most preferred engines
especially for heavy-duty vehicles. The interest in diesel
engines has risen substantially day by day. In addition to
the widespread use of these engines with many advantages,
they play an important role in environmental pollution
problems worldwide. Diesel engines are considered as one
of the largest contributors to environmental pollution
caused by exhaust emissions, and they are responsible for
several health problems as well. Many policies have been
imposed worldwide in recent years to reduce negative
effects of diesel engine emissions on human health and
environment. Many researches have been carried out on
both diesel exhaust pollutant emissions and aftertreatment
emission control technologies. In this paper, the emissions
from diesel engines and their control systems are reviewed.
The four main pollutant emissions from diesel engines
(carbon monoxide-CO, hydrocarbons-HC, particulate
matter-PM and nitrogen oxides-NOy) and control systems
for these emissions (diesel oxidation catalyst, diesel par-
ticulate filter and selective catalytic reduction) are dis-
cussed. Each type of emissions and control systems is
comprehensively examined. At the same time, the legal
restrictions on exhaust-gas emissions around the world and
the effects of exhaust-gas emissions on human health and
environment are explained in this study.
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Introduction

Climate change is being counted as a global environmental
threat caused by people. It is seen as the second most
serious issue that the world faces and has brought about
results that affect life adversely (European Commission
2011). The major ones of these effects are average 0.8 °C
global warming above pre-industrial levels, 0.09 °C
warming and acidifying of ocean since 1950s, 3.2 cm sea-
levels rising per decade, an exceptional number of extreme
heat waves in last decade, and drought affecting food crop
growing areas (Levitus et al. 2012; Meyssignac and Ca-
zenave 2012; McKechnie and Wolf 2010; Li et al. 2009;
Heyder et al. 2011; Dai 2011). Unless the current mitiga-
tion, commitments, and pledges are fully implemented, the
negative effects of climate change will go on. It is expected
that a warming of 4 °C and sea-level rise of 0.5-1 m can
occur as early as 2060s (Huddleston 2012).

The greenhouse effect is a natural process that plays a
major role in shaping the earth’s climate. Human activities,
especially burning fossil fuels, have contributed to the
enhancement of the natural greenhouse effect. This
enhanced greenhouse effect stems from an increase in the
atmospheric concentrations called greenhouse gases (Jain
1993; Saxena 2009). Greenhouse gases in the atmosphere
lead to climate change. The major greenhouse gases
emitted into the atmosphere through human activities are
carbon dioxide, methane, nitrous oxide, and fluorinated
gases (hydrofluorocarbons, perfluorocarbons, and sulfur
hexafluoride) (Venkataraman et al. 2012; Wei et al. 2008;
Lindley and McCulloch 2005).
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Carbon dioxide (CO,) has the largest rate among the
greenhouse gases, and it is the main reason of global
warming. The global emission of carbon dioxide has
reached 34 billion tons with an increase of 3 % in 2011
(Olivier et al. 2012). Throughout the world, CO, emissions
are currently about 35,000 million metric tons per year.
Unless the urgent policies are put in action, CO, emissions
will be projected to rise up 41,000 million metric tons per
year in 2020s. In addition to warming in climate systems,
the rising of CO, concentration in the atmosphere leads
ocean acidification as a result of dissolutions (The Potsdam
Institute for Climate Impact Research and Climate 2012).

The Intergovernmental Panel on Climate Change
(IPCC) stated in the Synthesis Report that, “In the absence
of additional climate policies, an increase of baseline
global greenhouse gas emissions from human sources
would have become by a range from 25 to 90 % between
2000 and 2030” (IPCC 2007). In the Fourth Assessment
Report, IPCC has forecasted a global temperature rising
between 1.1 and 6.4 °C, and a global sea level rising
between 7 and 23 inches by 2100. According to the IPCC,
global greenhouse gas emissions must be reduced to
50-85 % below year 2000 levels by 2050 to limit warming
to 2-2.4 °C. To be able to reach this target, greenhouse gas
emissions from all sectors must be reduced through a
multi-generational effort (IPCC 2007).

Transport is a main sector which causes the environ-
mental pollution and climate change. Emissions from
transport, and especially motor vehicles, add considerably
to the levels of greenhouse gases in the atmosphere (OECD
2002). Transport is the second-largest sector in producing
global CO, emissions with a range of 22 % (International
Energy Agency 2012). Owing to the rapid increase of
motor vehicles and very limited use of emission control
technologies, transport emerges as the largest source of
urban air pollution, which is an important public health
problem in most cities of the developing world. Air pol-
lution in developing countries accounts for tens of thou-
sands of excess deaths and billions of dollars in medical
costs and loses productivity every year (Faiz et al. 1996;
Sivaloganathan 1998). The World Health Organization
estimated that around 2.4 million people die every year due
to air pollution (WHO 2007).

In today’s world, environmental protection, climate
change, and air pollution have become subjects of central
concern. Many agencies, organizations (EPA, OECD,
IPCC, IEA, EEA, etc.) worldwide were established and
have been working to prevent air pollution and climate
change caused by pollutant emissions. In their works, they
have reported that approximately the 20-30 % of pollutant
emissions originates from transport and these emissions
have an important impact upon global warming and climate
change. To prevent the effects of these pollutant emissions,
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they have emphasized on such issues as making several
legal arrangements, advancing the technological develop-
ments, creating several model structures, developing con-
trol systems, and organizing the structure of traffic (OECD
2011; EPA 2012; IEA 2012; IPCC 2007; OECD 2002;
EEA 2012).

Diesel engines have extensive usage compared to gas-
oline engines on account of their low-operating costs,
energy efficiency, high durability, and reliability. They are
the power source of commercial transport, being employed
in trucks, buses, trains, and ships as well as off-road
industrial vehicles such as excavation machinery and
mining equipment. Although they have many advantages,
they have a significant impact upon environmental pollu-
tion problems worldwide. Especially, diesel exhaust gas
contains higher amount of particulate matter and NOj
emissions that are responsible of severe environmental and
health problems (Prasad and Bella 2010). Health experts
have concluded that pollutants emitted by diesel engines
affect human health adversely and cause acid rains,
ground-level ozone, and reduce visibility. Studies have
shown that exposure to diesel exhaust gas causes lung
damage and respiratory problems, and there are concrete
evidences that diesel emissions may cause cancer in
humans (Sydbom et al. 2001; Lloyd and Cackette 2001;
Whichmann 2006; Lewtas 2007; Burr and Gregory 2011).

This article presents a review on the pollutant emissions
from diesel-engine vehicles and their control systems. In
this context, four main pollutant emissions (CO, HC, NO,
and PM) from diesel engines are explained individually.
Worldwide emission control legislation is clarified and
trends in emission control systems especially for heavy-
duty diesel engine vehicles are explained. Three different
emission control systems are examined as diesel oxidation
catalyst (DOC) to control CO, and HC emissions, diesel
particulate filter (DPF) to control PM emissions and
selective catalytic reduction (SCR) to control NO,
emissions.

The emissions from diesel engines

The diesel engine is an auto-ignition engine in which fuel
and air are mixed inside the engine. The air required for
combustion is highly compressed inside the combustion
chamber. This generates high temperatures which are suf-
ficient for the diesel fuel to ignite spontaneously when it is
injected into the cylinder. Thus, the diesel engine uses heat
to release the chemical energy contained in the diesel fuel
and to convert it into mechanical force (Bosch 2005).
Carbon and hydrogen construct the origin of diesel fuel
like most fossil fuels. For ideal thermodynamic equilib-
rium, the complete combustion of diesel fuel would only
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generate CO, and H,O in combustion chambers of engine
(Prasad and Bella 2010). However, many reasons (the air—
fuel ratio, ignition timing, turbulence in the combustion
chamber, combustion form, air—fuel concentration, com-
bustion temperature, etc.) make this out of question, and a
number of harmful products are generated during com-
bustion. The most significant harmful products are CO,
HC, NO,, and PM.

Figure 1 shows the approximate composition of diesel
exhaust gas (Khair and Majewski 2006). Pollutant emis-
sions have a rate of less than 1 % in the diesel exhaust gas.
NOy has the highest proportion of diesel pollutant emis-
sions with a rate of more than 50 %. After NO, emissions,
PM has the second highest proportion in pollutant emis-
sions. Because diesel engines are lean combustion engines,
and the concentration of CO and HC is minimal. Besides,
pollutant emissions include a modicum of SO, depending
the specifications and quality of fuel. It is produced by the
sulfates contained in diesel fuel. For the present, there is
not any aftertreatment system like a catalytic converter to
eliminate SO,. Nowadays, most of oil distributors and
customers prefer ultra low sulfur diesel (ULSD) for diesel
engines to prevent harmful effect of SO,.

In this section, the four main pollutant emissions (CO,
HC, PM, and NO,) from diesel engine are explained. Each
type of emission is investigated individually and the
impacts of each emission on environmental and health
problems are also revealed.

Carbon monoxide (CO)

Carbon monoxide results from the incomplete combustion
where the oxidation process does not occur completely.

This concentration is largely dependent on air/fuel mixture
and it is highest where the excess-air factor (1) is less than
1.0 that is classified as rich mixture (Wu et al. 2004). It can
be caused especially at the time of starting and instanta-
neous acceleration of engine where the rich mixtures are
required. In the rich mixtures, due to air deficiency and
reactant concentration, all the carbon cannot convert to
CO; and be formed CO concentration. Although CO is
produced during operation in rich mixtures, a small portion
of CO is also emitted under lean conditions because of
chemical kinetic effects (Faiz et al. 1996).

Diesel engines are lean combustion engines which have
a consistently high air—fuel ratio (4 > 1). So, the formation
of CO is minimal in diesel engines. Nevertheless, CO is
produced if the droplets in a diesel engine are too large or if
insufficient turbulence or swirl is created in the combustion
chamber (Demers and Walters 1999).

Carbon monoxide is an odorless and colorless gas. In
humans, CO in the air is inhaled by the lungs and trans-
mitted into the bloodstream. It binds to hemoglobin and
inhibits its capacity to transfer oxygen. Depending on CO
concentration in the air, as thus leading to asphyxiation,
this can affect the function of different organs, resulting in
impaired concentration, slow reflexes, and confusion (Raub
1999; Kampa and Castanas 2008; Walsh 2011; Strauss
et al. 2004).

Hydrocarbons (HC)

Hydrocarbon emissions are composed of unburned fuels as
a result of insufficient temperature which occurs near the
cylinder wall. At this point, the air—fuel mixture tempera-
ture is significantly less than the center of the cylinder
(Demers and Walters 1999; Correa and Arbilla 2008).
Hydrocarbons consist of thousands of species, such as
alkanes, alkenes, and aromatics. They are normally stated
in terms of equivalent CH, content (Hiroyuki et al. 2011).

Diesel engines normally emit low levels of hydrocar-
bons. Diesel hydrocarbon emissions occur principally at
light loads. The major source of light-load hydrocarbon
emissions is lean air—fuel mixing. In lean mixtures, flame
speeds may be too low for combustion to be completed
during the power stroke, or combustion may not occur, and
these conditions cause high hydrocarbon emissions (Zheng
et al. 2008).

In Diesel engines, the fuel type, engine adjustment, and
design affect the content of hydrocarbons. Besides, HC
emissions in the exhaust gas depend on irregular operating
conditions. High levels of instantaneous change in engine
speed, untidy injection, excessive nozzle cavity volumes,
and injector needle bounce can cause significant quantities
of unburned fuel to pass into the exhaust (Payri et al. 2009).
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Unburned hydrocarbons continue to react in the exhaust
if the temperature is above 600 °C and oxygen present, SO
hydrocarbon emissions from the tailpipe may be signifi-
cantly lower than the hydrocarbons leaving the cylinder
(Faiz et al. 1996).

Hydrocarbon emissions occur not only in the vehicle
exhaust, but also in the engine crankcase, the fuel system,
and from atmospheric venting of vapors during fuel dis-
tribution and dispensing (Faiz et al. 1996). Crankcase
hydrocarbon emissions and evaporative losses of hydro-
carbon emissions have, respectively, 20-35 and 15-25 %
while tailpipe hydrocarbon emissions have 50-60 % of
total hydrocarbon emissions (Dhariwal 1997).

Hydrocarbons have harmful effects on environment and
human health. With other pollutant emissions, they play a
significant role in the formation of ground-level ozone.
Vehicles are responsible for about 50 % of the emissions that
form ozone. Hydrocarbons are toxic with the potential to
respiratory tract irritation and cause cancer (Diaz-Sanchez
1997; Krzyzanowski et al. 2005).

Particulate matter (PM)

Particulate matter emissions in the exhaust gas are resulted
from combustion process. They may be originated from the
agglomeration of very small particles of partly burned fuel,
partly burned lube oil, ash content of fuel oil, and cylinder
lube oil or sulfates and water (Demers and Walters 1999,
Maricq 2007). Most particulate matters are resulted from
incomplete combustion of the hydrocarbons in the fuel and
lube oil. In an experimental study, typical particle com-
position of a heavy-duty diesel engine is classified as 41 %
carbon, 7 % unburned fuel, 25 % unburned oil, 14 % sul-
fate and water, 13 % ash and other components (Kittelson
1998). In another study, It is reported that PM consists of
elemental carbon (=31 %), sulfates and moisture
(=14 %), unburnt fuel (=7 %), unburnt lubricating oil
(=40 %) and remaining may be metals and others sub-
stances (Agarwal 2007).

Diesel particulate matters are typically spheres about
1540 nm in diameter, and approximately more than 90 %
of PM is smaller than 1 pm in diameter. The formation
process of PM emissions is dependant on many factors as
the combustion and expansion process, fuel quality (sulfur
and ash content), lubrication oil quality, and consumption,
combustion temperature, exhaust gas cooling (Burtscher
2005).

Particulate matter emissions from diesel engines are
considerably higher (six to ten times) than from gasoline
engines. Diesel particle emissions can be divided into three
main components: soot, soluble organic fraction (SOF),
and inorganic fraction (IF). More than 50 % of the total PM
emissions are soot that is seen as black smoke. SOF
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consists of heavy hydrocarbons adsorbed or condensed on
the soot. It is derived partly from the lubricating oil, partly
from unburned fuel, and partly from compounds formed
during combustion. SOF values are too high at light engine
loads when exhaust temperatures are low (Sarvi et al. 2011;
Tighe et al. 2012; Metts et al. 2005; Stanmore et al. 2001;
Sharma et al. 2005).

Many researches are performed to detect the impact of
PM emissions on environment and human health. In these
researches, It is documented that inhaling of these particles
may cause to important health problems such as premature
death, asthma, lung cancer, and other cardiovascular issues.
These emissions contribute to pollution of air, water, and
soil; soiling of buildings; reductions in visibility; impact
agriculture productivity; global climate change (Englert
2004; OECD 2002; Michael and Kleinman 2000).

Nitrogen oxides (NOy)

Diesel engines use highly compressed hot air to ignite the
fuel. Air, mainly composed of oxygen and nitrogen, is
initially drawn into the combustion chamber. Then, it is
compressed, and the fuel is injected directly into this
compressed air at about the top of the compression stroke
in the combustion chamber. The fuel is burned, and the
heat is released. Normally in this process, the nitrogen in
the air does not react with oxygen in the combustion
chamber and it is emitted identically out of the engine.
However, high temperatures above 1,600 °C in the cylin-
ders cause the nitrogen to react with oxygen and generate
NOy emissions. So, it will not be wrong to say that the
major influences of the formation of NOx are the temper-
ature and concentration of oxygen in the combustion.

The amount of produced NOy is a function of the
maximum temperature in the cylinder, oxygen concentra-
tions, and residence time. Most of the emitted NO, is
formed early in the combustion process, when the piston is
still near the top of its stroke. This is when the flame
temperature is the highest. Increasing the temperature of
combustion increases the amount of NO, by as much as
threefold for every 100 °C increase (Lee et al. 2013; Bosch
2005).

Nitrogen oxides are referred as nitrogen oxide (NO) and
nitrogen dioxide (NO,). NO constitutes 85-95 % of NO,. It
is gradually converted to NO, in atmospheric air. While
NO and NO?2 are lumped together as NOy, there are some
distinctive differences between these two pollutants. NO is
a colorless and odorless gas, while NO2 is a reddish brown
gas with pungent odor (Chong et al. 2010; Hoekman and
Robbins 2012).

Road transport is the most important cause of urban NO,
emissions worldwide contributing to 40—70 % of the NO,.
Among various types of vehicles, diesel vehicles are the
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Table 1 Euro standards of European Union for heavy-duty vehicles
(Delphi et al. 2012)

cO HC NO, PM

(g/kWh) (g/kWh) (g/kWh) (g/kWh)
Euro I 4.5 1.1 8.0 0.61
Euro 11 4 1.1 7.0 0.15
Euro III 2.1 0.66 5.0 0.13
Euro IV 1.5 0.46 3.5 0.02
Euro V 1.5 0.46 2.0 0.02
Euro VI 1.5 0.13 0.4 0.01

most important contributors to NOy emissions. Compared
with gasoline engines, they need higher temperatures
because they are compression-ignition engines. Diesel
engines are responsible for about 85 % of all the NO4
emissions from mobile sources, primarily in the form of
NO (Lee et al. 2013; Wang et al. 2012).

Nitrogen oxides emissions from vehicles are responsible
for a large amount of environmental and health hazard.
NO, emissions contribute to acidification, formation of
ozone, nutrient enrichment, and smog formation, which
have become considerable problems in most major cities
worldwide (Grewe et al. 2012). In the atmosphere, NO,
emissions react chemically with other pollutants to form
tropospheric ozone (the primary component of photo-
chemical smog) and other toxic pollutants.

NO and NO, are considered as toxic; but NO, has a
level of toxicity five times greater than that of NO and it is
also a direct concern of human lung disease. Nitrogen
dioxide can irritate the lungs and lower resistance to
respiratory infection (such as influenza). NO, emissions are
important precursors to acid rain that may affect both ter-
restrial and aquatic ecosystems. Nitrogen dioxide and air-
borne nitrate also contribute to pollutant haze, which
impairs visibility (Kagawa 2002; Hoeft et al. 2012).

Emission control systems for diesel engine vehicles

In today’s world, environmental protection has advanced to
become a topic of central concern. Many agencies and
organizations are tried to prevent the damage on environ-
ment and human health caused by greenhouse gases and
pollutant emissions. Due to the adverse effects of diesel
emissions on health and environment, governments put
forward to the requirements for permissible exhaust emis-
sion standards. Europe has developed Euro standards
which have continuously been lowered since 1993 with the
Euro I to Euro VI, respectively.

Table 1 shows Euro standards for M1 and M2, N1 and
N2 vehicles as defined in Directive 70/156/EC with refer-
ence mass <2,610 kg. The limits are defined in mass per

energy (g/kWh) in this table. Regulations in Euro standards
become progressively more stringent in the ensuing years.
Compared to Euro I standard, Euro VI standard for CO,
HC, NO,, and PM emissions was decreased, respectively,
66, 76, 95, and 98 %. The implementation date of Euro VI
standard for heavy-duty vehicles was Ist of September
2014 (Delphi et al. 2012).

The emission values which have been more stringent
day by day obliged the vehicle manufacturers to work on
reducing pollutant emission from vehicles. In the studies
that have been carried out for decades, engine modifica-
tions, electronic controlled fuel injections systems, and
improvement fuel properties have been focused on. How-
ever, these measures have failed to achieve emission
reduction determined by standards. The desired emission
levels can be achieved only by means of aftertreatment
emission control systems. Vehicles are equipped with
emission control systems to meet the actual emissions
standards and requirements. With emission control sys-
tems, pollutants from the exhaust can be eliminated after it
leaves the engine, just before it is emitted into the air
(Prasad and Bella 2010; Bosch 2005).

Among the emission control systems of diesel engines,
most researches and studies have been carried out on
reduction of NO, emissions because NO, content in
exhaust of diesel engine has the highest percentage among
the pollutant emissions. Of the researches so far, exhaust
gas recirculation (EGR), lean NO, trap (LNT), and SCR
are the most focused technologies to substantially eliminate
the NO, emissions.

In EGR systems, to reduce NO, emissions, exhaust gas
is recirculated back into the combustion chamber and
mixed with fresh air at intake stroke. Consequently, the
efficiency of combustion is worsened leading to the
decrease of combustion temperature which means a
reducing in NO, formations. EGR has a widely used range
in diesel vehicles. However; it can not achieve singly high
NO, conversion efficiency and reduction which meets
current emission standards for especially heavy-duty
vehicles. Also, due to the reduction of temperature in
cylinder, this technology generates an increase of HC and
CO emissions. (Bauner et al. 2009).

LNT technology, also called NOy-storage-reduction
(NSR) or NO, adsorber catalyst (NAC), has been devel-
oped to reduce NO, emission especially under lean con-
ditions. During lean engine conditions, LNT stores NO, on
the catalyst washcoat. Then, under the fuel-rich engine
conditions it releases and reacts the NO, by the usual three-
way type reactions. LNT catalyst mainly consists of three
key components. These components are an oxidation cat-
alyst (Pt), a NO, storage ambiance (barium (Ba) and/or
other oxides), and a reduction catalyst (Rh). In LNT
technology, Platinum-based catalysts are the most used
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catalysts because of their NO, reduction at low temperature
and stability in water and sulfur.

Like EGR technology, LNT technologies are insufficient
to provide desired NOy emissions reduction. Apart from
EGR and LNT technologies, it is possible to meet the
current emissions standards with SCR technology. So, SCR
technology is a respectable recent technology that many
researchers are interested in.

In this section, emission control systems for diesel
engines are explained particularly. Because of their
extensive usage; DOC, DPF, and SCR systems especially
for heavy-duty diesel engines are considered separately.

Diesel oxidation catalyst (DOC)

The main function of DOCs is to oxidize HC and CO
emissions. Besides, DOCs play a role in decreasing the
mass of diesel particulate emissions by oxidizing some of
the hydrocarbons that are adsorbed onto the carbon parti-
cles (Chen and Schirmer 2003; Wang et al. 2008). DOCs
may also be used in conjunction with SCR catalysts to
oxidize NO into NO, and increase the NO,:NO, ratio.
There are three main reactions which occur in DOCs
(Zheng and Banerjee 2009).

CO + 150, — CO, (1)
C3Hg +9/2 0, — 3 CO, + 3H,0 (2)
NO + 1/2 0O, — NO, (3)

CO and HC are oxidized to form CO, and H,O [Egs. (1),
(2)] in the DOC (Fig. 2). Diesel exhaust gases generally
contain O,, ranging from 2 to 17 % by volume, which does
not react with the fuel in the combustion chamber. This O,
is steadily consumed in DOC (Yu and Kim 2013).

Another chemical reaction that occurs in DOCs is the
oxidizing of NO to form NO, as seen in Eq. (3). NO,
concentration in the NO, is vital for downstream compo-
nents like DPF and SCR. A high NO, concentration in the
NOy generates to increase efficiency of DPF and SCR. In
the untreated engine exhaust gas, the NO, component in
the NOy is only about 10 % at most operating points. With
the function of the DOC, NO,:NO rate is increased by
inducing thermodynamic equilibrium (Lee et al. 2008;
Sampara et al. 2007).
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Temperature is an effective function on DOC efficiency.
The effectiveness of the DOC in oxidizing CO and HC can
be observed at temperatures above “light-off” for the
catalytic activity. Light-off temperature is defined as the
temperature where the reaction starts in catalyst and varies
depending on exhaust composition, flow velocity, and
catalyst composition.

DOC can also be used as a catalytic heater. The oxi-
dation of CO and HC emissions generates to release heat.
This heat is used to raise the exhaust-gas temperature
downstream of DOC. The rising in the exhaust temperature
supports DPF regeneration. In DOC, the temperature of the
exhaust gas rises approximately above 90 °C for every 1 %
volume of CO oxidation. Since the temperature rise is very
rapid, a steep temperature gradient becomes set in DOC.
The resulting stress in the ceramic carrier and catalytic
converter is limited to the permitted temperature hike of
about 200-250 °C (Bosch 2005).

DOC is commonly a monolith honeycomb structure
made of ceramic or metal. Besides this carrier structure, it
consists of an oxide mixture (washcoat) composed of alu-
minum oxide (Al,O3), cerium oxide (CeQ,), zirconium
oxide (ZrO,), and active catalytic noble metals such as
platinum (Pt), palladium (Pd), and rhodium (Rh). The
primary function of the washcoat is to provide a large
surface area for the noble metal, and to slow down catalyst
sintering that occurs at high temperatures, leading to an
irreversible drop in catalyst activity. The quantity of noble
metals used for the coating, which often referred to as the
loading, is specified in g/ft’. The loading is approximately
50-90 g/ft’. Currently, DOC containing Pt and Pd is most
commonly used for oxidation and many studies conducted
by researchers focused on these precious metal-based cat-
alysts (Kolli et al. 2010; Kim et al. 2003; Wiebenga et al.
2012; Wang et al. 2008; Haneda et al. 2011).

The major properties in choice of DOCs are light-off
temperature, conversion efficiency, temperature stability,
and tolerance to poisoning and manufacturing costs. How-
ever, parameters as channel density (specified in cpsi
(channels per square inch)), wall thickness of the individual
channels, and the external dimensions of converter (cross-
sectional area and length) have a significant role on proper-
ties of DOCs. Channel density and wall thickness determine
heat up response, exhaust-gas backpressure, and mechanical
stability of the catalytic converter (Zervas 2008).

The volume of DOC (V,.) is defined as a factor of
exhaust-gas volumetric flow, which is itself proportional to
the swept volume (Vs) of the engine. Typical design figures
for a DOC are Vc/Vs = 0.6-0.8. The ratio of exhaust-gas
volumetric flow [V (m*/h)] to catalyst volume [V, (m%)] is
termed space velocity [SV (h™")]. Typical figures of SV for
an oxidation catalyst are 150,000-250,000 h! (Bosch
2005).
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Since first introduction in 1970s, DOCs remain a key
technology for diesel engines until nowadays (Wang et al.
2008). All new diesel engines mounted in passenger cars,
light-duty and heavy-duty diesel vehicles are now equipped
with DOCs. Reductions in emission from DOC use are
estimated to be around 60-90 % for HCs and CO.

DOCs are extensively preferred emission control sys-
tems not only for heavy-duty vehicles but also light-duty
vehicles, in many countries such as Europe, USA, and
Japan. The oxidation catalysts containing Pt and Pd are the
most popular catalysts in world market. One of the major
problems of these precious catalysts is that they carry
reaction of SO, to SO; which consequently react with
water and generates forms of sulfates and sulfuric acid.
These forms have quite harmful effects like damaging the
aftertreatment emission control systems as well as causing
several environmental and health problems. There is no
technology to prevent and eliminate these forms. Although
ULSD is used in many countries worldwide, the problem
could not be solved completely. Using alternative fuels as
biodiesel, methyl alcohol etc., can completely reduce or
eliminate this pollutant. Besides, it is possible to increase
the conversion efficiency of DOC using of alternative fuels
(Zhu et al. 2013).

Diesel particulate filter (DPF)

DPFs have been applied in the production of vehicles since
2000. They are used to remove PM emissions from the
exhaust gas by physical filtration and usually made of
either cordierite (2MgO-2A1,03;-5Si0,) or silicon carbide
(SiC) honeycomb structure monolith with the channels
blocked at alternate ends. The plugged channels at each

end force the diesel particulates matters through the porous
substrate walls, which act as a mechanical filter (Fig. 3). As
soot particles pass through the walls, they are transported
into the pore walls by diffusion where they adhere. This
filter has a large of parallel mostly square channels. The
thickness of the channel walls is typically 300400 pm.
Channel size is specified by their cell density (Typical
value: 100-300 cpsi) (Kuki et al. 2004; Ohno et al. 2002;
Tsuneyoshi and Yamamoto 2012).

The filter walls are designed to have an optimum
porosity, enabling the exhaust gases to pass through their
walls without much hindrance, whilst being sufficiently
impervious to collect the particulate species. As the filter
becomes increasingly saturated with soot, a layer of soot is
formed on the surface of the channel walls. This provides
highly efficient surface filtration for the following operat-
ing phase. However, excessive saturation must be pre-
vented. As the filters accumulate PM, it builds up
backpressure that has many negative effects such as
increased fuel consumption, engine failure, and stress in
the filter. To prevent these negative effects, the DPF has to
be regenerated by burning trapped PM.

There are subsequently two types of regeneration pro-
cesses of DPFs commonly referred as active regeneration
and passive regeneration. Active regeneration can be
periodically applied to DPFs in which trapped soot is
removed through a controlled oxidation with O, at 550 °C
or higher temperatures (Jeguirim et al. 2005). In an active
regeneration of DPF, PM is oxidized periodically by heat
supplied from outside sources, such as an electric heater or
a flame-based burner. The burning of PMs, captured in the
filter, takes place as soon as the soot loading in the filter
reaches a set limit (about 45 %) indicated by pressure drop
across the DPF.

The higher regeneration temperature and large amount
of energy for heat supply are serious problems for active
regeneration. While the temperatures as high as melting
point of filter generates to failure of DPF, the necessity of
energy for heating increases the production cost of system
due to complex supplements. These negative effects regard
the active regeneration as being out of preference.

Unlike in the active regeneration, in passive regenera-
tion of DPF, the oxidation of PMs occurs at the exhaust gas
temperature by catalytic combustion promoted by depos-
iting suitable catalysts within the trap itself. PM is oxidized
by an ongoing catalytic reaction process that uses no
additional fuel. Under a temperature range between 200
and 450 °C, small amounts of NO, will promote the con-
tinuous oxidation of the deposited carbon particles. This is
the basis of the continuously regenerating trap (CRT)
which uses NO, continuously to oxide soot within rela-
tively low temperatures over a DPF (York et al. 2007,
Allansson et al. 2002).
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In passive regeneration, the entire process is very sim-
ple, quiet, and effective and fuel efficient, that is, neither
the vehicle operator nor the vehicle’s engine management
system has to do anything to induce the regeneration of the
DPF. In this process generally, a wall flow silicon carbide
filter is used with DOC, sophisticated engine management
system and sensors. DOC upstream of DPF increases the
ratio of NO, to NO in the exhaust and lowers the burning
temperature of PMs. NO, provides a more effective oxi-
dant than oxygen and so provides optimum passive
regeneration efficiency (Johansen et al. 2007).

The wall flow SiC filter is one of the most widely used
filters as DPF worldwide. Since the regeneration occurs at
high exhaust temperatures, DOC has to be used upstream
this filter. Catalyzed DPFs (CDPF) housing the DOC for-
mulation on the DPF itself can eliminate this obligation. In
this system, there is not any DOC or any aftertreatment
systems upstream DPF and all reactions take place in the
CDPF. CDPF in which Pt is used as catalyst has the same
conversion efficiency compared to wall flow SiC filter.
With CDPFs, the oxidation temperature of soot can be
decreased. In addition to the oxidation occurring in DPF
may be realized at lower temperatures, the conversion rate
can be further increased using biodiesel or fuel additives
(Lambharess et al. 2011). Although the regeneration is one
of major problem for DPFs, nowadays many studies and
researches have been carried out for solving this problem
and decreasing the oxidation temperatures of soots.

Selective catalytic reduction (SCR)

SCR is another technology to reduce NO, emissions and
especially improved for high-duty vehicles. Because of low
exhaust temperature, it has not been used widely for light-
duty vehicles. But nowadays, it is being developed for
light-duty passenger vehicles and a few light-duty vehicle
manufacturers like Audi have been using this technology in
their automobile. SCR is used to minimize NO, emissions
in the exhaust gas to utilize ammonia (NH3) as the
reductant (Biswas et al. 2009). Water and N, are released
as a result of catalytically conversion of NOy in the exhaust
gas. Due to the toxic effects of NH; and to prevent burning
of NHj; in the warm atmosphere before the reaction, NHj is
provided from an aqueous solution of urea (Moreno-Tost
et al. 2008; Hamada and Haneda 2012). This solution is
obtained from mixing of 33 % urea (NH,),CO and 67 %
pure water by mass.

In order to get high efficiency, the amount of NHj; stored
on the SCR catalyst should be controlled as high as pos-
sible. However, high NH; storage can lead to undesired
ammonia. Ammonia slip is generally avoided or minimized
by the precise injection of urea based on the required
ammonia (Majewski and Khair 2006). By spraying solution
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on exhaust gas, as a result of the pure water vaporization,
solid urea particles begin to melt and thermolysis takes
place as seen in Eq. (4) (Koebel et al. 2000; Yim et al.
2004).

(NH;),CO — NH3 4+ HNCO (thermolysis) (4)

NH; and isocyanic acid are formed in thermolysis
reaction. NH; takes part in the reactions of SCR catalyst,
while the isocyanic acid is converted with water in a
hydrolysis reaction (Koebel et al. 2000). Further NHj is
produced by this hydrolysis [Eq. (5)].

HNCO + H,O — NH; + CO; (hydrolysis) (5)

Thermolysis and hydrolysis reactions occur more rap-
idly than SCR reactions. Two molecules of ammonia are
produced in a molecular urea by reactions of thermolysis
and hydrolysis (Chi and DaCosta 2005). The efficiency of
reactions to produce NH; from urea depends largely on
exhaust gas temperature. While the temperature of urea
melting is 133 °C, it is indicated in different researches that
thermolysis starts at 143, 152, 160 °C (Linde 2007; Oh
et al. 2004; Sun et al. 2001; Schaber et al. 2004; Calabrese
et al. 2000). Although the conversion of aqueous urea
solution to NHj is started at the time of injector spraying,
full conversion is not completed by the entrance of the
catalyst. Half of the total amount of decomposition of urea
to NHj; is obtained up to entrance of catalyst. Thus, con-
version efficiency is theoretically 50 % to the catalyst
entrance. However, the implementation of the hydrolysis
reaction in the gas phase before the entrance of catalyst
increases conversion efficiency due to exhaust temperature
(Koebel et al. 2000; Chi and DaCosta 2005). After the
thermolysis and hydrolysis, the chemical reactions which
occur in SCR catalyst are shown below.

4NO +4NH; +0, — 4N, + 6 H,O (6)
2NO + 2NO; + 4 NH; — 4N, + 6 H,O (7)
6 NO, + 8§ NH; — 7 N, + 12 H,O (8)

The rate of SCR reactions may be listed as “7 > 6 > 8”.
The rate of reaction in Eq. (7) is higher than the other
reactions. The reaction of Eq. (6) is realized in the absence
of any oxidation catalyst before the SCR catalyst, namely
NOy emissions in the form of NO. In the case of using a
DOC with a high size and capacity before SCR catalyst,
NOy emissions become in the form of NO and the reaction
of Eq. (8) takes place. Therefore, the reaction rate
decreases and a decline in conversion efficiency of NO,
emissions are realized. The reaction of Eq. (7) will take
place if the size and loading amount of the oxidation cat-
alyst is optimized. Due to high rate of reaction, conversion
of NO, emissions is actualized effectively. 1:1 of NO:NO2
ratio shows the maximum performance of SCR. For this
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Fig. 4 Typical SCR system
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reason, it is necessary to set a NO:NO2 ratio of about 1:1
(Sluder et al. 2005; Devarakonda et al. 2008; Shost et al.
2008).

Figure 4 shows a typical SCR system with DOC. Zeo-
lite- and vanadium-based catalysts are used in SCR sys-
tems. Temperature has a characteristic role in choosing
catalyst. While copper—zeolites have the best low temper-
ature performance, iron—zeolites have the best high tem-
perature performance (Hamada and Haneda 2012).

SCR system can run in the temperature between 200 and
600 °C. Reactions start generally at 200 °C, and the max-
imum conversion efficiency is obtained at 350 °C (Way
et al. 2009). The temperatures below 200 °C cause cyanide
acid, biurea, melamine, amelide, and ameline due to
decomposition reactions of urea solution. These compo-
nents can accumulate in the exhaust pipe wall and lead to
undesired results (Schaber et al. 2004). To prevent these
formations, the spraying of urea solution starts at the
exhaust gas temperature above 200 °C. Besides, the tem-
peratures above 600 °C cause NH; to burn before reacting
with the NO, emissions.

The researches on SCR systems have been intensified
for system design, urea delivery system, catalyst, injection
solution, injection pressure, and times.

V,05-WO5/TiO,, Fe-ZSM5, Cu-ZSMS5, and Ag/Al,O;
are the most commonly used catalyst and many researches
are focused on these catalyst types. Cu-PPHs, CeO,-TiO,,
Cu/Al,O3, NbCe, and Fe-MFI are the other catalyst types
that become a current issue. In many of the researches
which were conducted on these catalysts, conversion effi-
ciency of NO, emissions have been obtained more than
90 % rates (Shan et al. 2012; Casapu et al. 2011; Oliveira
et al. 2011). The catalysts based on TiO, doped by Tung-
sten using Vanadium as active component are the most
applied catalysts for SCR because of their high activity
even at low temperature and high selectivity for NO, as
product. Zeolite is another base that may be used instead of
TiO,, and has some differences at efficiency of NO,

conversion. Unlike these bases, Ag-Al,O5 catalysts have
relatively low activity under the low exhaust temperature.

Urea injection quality and mixing are complex and
critically important. Many studies have been carried out to
determine the effect of urea droplet quality on conversion
efficiency. It shows that urea injection is a significant
parameter on conversion efficiency. It can affect conver-
sion efficiency up to 10 %.

Although many amines (Methylamine, ethylamine,
propylamine, and butylamine) have been tested as injection
solution, no one could achieve the efficiency of urea
solution named as AdBlue in markets worldwide (Stanci-
ulescu et al. 2010). Other reductants, also, have been
screened to substitute ammonia.

In SCR applications, hydrocarbons (HC) can be used as
the reductant instead of ammonia or urea. This method is
known as hydrocarbon SCR (HC-SCR), and many resear-
ches have been carried out on this method. Due to the
existence of hydrocarbon in the exhaust gas (passive mode)
or in the injected fuel itself (active mode), it is a relatively
simple to apply it to the passenger vehicles. In diesel
engines, the primary HC is diesel fuel, but other HCs such
as ethanol, acetone, and propanol can be injected into the
exhaust stream to aid in the reduction of NO,. Ag-Al,0O3
catalyst is the most promising catalyst for HC-SCR.

Compared with the emission control solutions (EGR,
LNT, and SCR) to reduce NO, emissions, it has generally
shown that SCR has the high efficiency in NO, conver-
sion. Unlike LNT technology, SCR removes NO, con-
tinuously through the active reductant on the catalyst
surface. Otherwise, LNT has a wide operating tempera-
ture window and lower desulfurization temperature.
Because it leads to an increase in HC and CO emissions
and low NO, conversion efficiency compared to SCR and
LNT, EGR lags behind. In many applications, these
technologies can be used as combination to increase NOy
conversion efficiency (Xu and McCabe 2012; Lopez et al.
2009).
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With all other advanced aftertreatment devices, sulfur
content in the combustion fuel is an important problem for
SCR catalyst. The aftertreatment technologies are so sen-
sitive to the sulfur content in the fuel. Sulfur content of the
diesel fuel is included within the catalysts and begins to
accumulate in the active sites of the catalyst, which lowers
the catalytic activity. Although sulfates can be thermally
decomposed, high temperatures (>600 °C) are required to
desulfurization under rich conditions. Alternative fuels and
fuel additives have been used to prevent the effect of sul-
furs on aftertreatment devices. It is possible to increase the
emission reduction efficiencies of aftertreatment systems
with fuels containing no sulfur. Especially biodiesel is the
most used alternative fuel to prevent the sulfur damage,
and many researches have been carried out on the use of
biodiesel as an alternative fuel to diesel (Ng et al. 2010).

Conclusion

This article reviews the characteristics of main pollutant
emissions (CO, HC, PM, and NO,) from diesel engines and
control technologies of these pollutant emissions with
standards and regulations. Among these pollutant emission,
CO and HC are emitted because of incomplete combustion
and unburned fuel while NO, emissions are caused because
of high combustion temperatures above 1,600 °C. As for
PM emissions, the reasons of PM emissions are agglom-
eration of very small particles of partly burned fuel, partly
burned lube oil, ash content of fuel oil and cylinder lube oil
or sulfates and water. These pollutant emissions have
harmful effects on environment and human health. Even
though many applications have been implemented on die-
sel engines to prevent harmful effects of these pollutant
emissions and to meet stringent emission regulations, only
aftertreatment emission control systems are of the potential
to eliminate the pollutant emissions from diesel exhaust
gas. To control these pollutant emissions as desired is only
possible with aftertreatment systems. Diesel exhaust
aftertreatment systems include DOC, DPF, and SCR. These
systems are the most requested components especially for
heavy-duty diesel engines and usually a combination of
DOC, DPF, and SCR has been respectively used for the
simultaneous removal of main pollutant emissions from
diesel engine exhaust.

DOCs are used not only to reduce CO and HC emis-
sions, but also to exert a considerable influence on the
performance of downstream DPF and SCR. DOCs increase
the exhaust temperature for DPF regeneration and convert
NO to NO, for increasing conversion efficiency of SCR
systems. DPFs are used generally with DOC to eliminate
PM emissions from diesel exhaust gas. They are typically
constructed from cordierite SiC. This structure acts as a
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mechanical filter and eliminates PM emissions from diesel
exhaust gas by %100. SCR systems are highly effective to
reduce NO, emissions. NH; is used as a reductant and
injects on exhaust gas to convert NO, emissions to N,
form. NH; is obtained from a urea solution known as
AdBlue in the market. Pt- and Pd-based catalysts are the
most commonly used catalyst for DOC and SCR. The
temperature of diesel exhaust gas has an important effect
on reducing pollutant emissions. Besides catalyst type,
space velocity of exhaust gas, and emission form are the
other parameters affecting the efficiency.

With the aftertreatment emission control systems, it is
possible to reduce the damage of the pollutant emissions on
air pollution, to meet emission standards and requirements,
and to prevent the harmful effects of pollutant emissions on
environment and human health. Due to these missions,
emission control systems are utmost importance world-
wide. For the complete destruction of polluting emissions
from diesel engines, further studies and researches on the
aftertreatment emission control systems should be intensi-
fied and continued.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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