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The energy requirement has increased exponentially over the past decades due to
industrialization and the changes of subsequent lifestyle. Almost 90% of the present
energy source is based on the combustion of fossil fuels. Diesel engines are considered the
most ideal power generators in transportation and industrial sectors owing to their fuel
economy and efficiency. However, they suffer from the disadvantages of exhaust
pollutants particularly oxides of nitrogen (NO,), which are facing increasingly stringent
emission regulations which led to the search for alternative technologies. The technologies
that allow for the highest NO, reduction are EGR (Exhaust gas recirculation), NOy
absorbers, lean NO, catalyst system and SCR (Selective catalytic reduction). Selective
Catalytic Reduction system (SCR) is an advanced active emissions control technology
converts nitrogen oxides (NO,) with the aid of catalyst into diatomic nitrogen (N,),
and water (H,O). To take place the conversion reactions, a reducing agent is need, which is
usually a solution of urea (32.5%) and high purity water (distilled water) known as
AdBlue. AdBlue is decomposed into ammonia and water vapour, and then decomposed
ammonia is adsorbed on the catalyst substrate then adsorbed ammonia reacts with oxides
of nitrogen and reduced into eco-friendly nitrogen and water vapour.

Introduction

The energy requirement has increased
exponentially over the past decades due to
industrialization and the changes of
subsequent lifestyle. Most of this energy is
generated from fossil fuels such as coal,
natural gas, gasoline, and diesel (Camarillo et
al., 2013). Almost 90% of the present energy
source is based on the combustion of fossil
fuels and biomass. In the last few decades, the
environmental effects of pollutant emission

from combustion sources have becoming
increasingly serious. Diesel engines are
widely used in many areas like automobiles,
locomotives  marine  engines  power
generations etc.., due to its high power output
and thermal efficiency (Sounak Roy et al.,
2009). Even though the diesel engines give
more benefits, the human discomfort caused
by pollutant emission of these engines has to
be considered (Rahimpour et al., 2012). The
major pollutant emissions of the diesel
engines are NOy, particulate matters, smoke
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and soot particles. Although all other
emissions, NOy is one of the most important
emission from diesel engines. It plays an
important role in the atmospheric ozone
destruction and global warming. It is also
most precursors to the photochemical smog
(Ziang et al., 2011). Component of smog
irritate eyes and throat, stir up asthmatic
attacks, decrease visibility and damages
plants and materials as well. By dissolving
with water vapor NOy from acid rain which
has direct and indirect effects both on human
and plants (Fujishim et al., 2013).

Because of these disadvantages diesel engines
are facing increasingly stringent emission
regulations which led to the search for
alternative technologies. The technologies
that allow for the highest NOx reduction are
EGR, NO, absorbers, lean NO, catalyst
system and SCR. Lean NOy catalyst system
are not suitable for mobile vehicles due to
their narrow temperature window and poor
thermal conductivity. NOy absorbers high
operating temperature window, but highly
sensitive to sulphur poisoning. EGR is
currently being used in production vehicles
and has been shown to be reliable and
effective but it is only able to reduce NO
emission by 50%. SCR allows for greater than
90% reduction of NOy emission when
compared to these technologies (King, 2007).

Selective Catalytic Reduction (SCR) is an
advanced active emissions control technology
converts nitrogen oxides referred to
as NOy with the aid of a catalyst into diatomic
nitrogen (N2), and water (H,0O). To take place
the conversion reactions, a reducing agent is
need, which is usually a solution of urea
(32.5%) and high purity water (distilled
water) known as AdBlue, but other solutions
such as anhydrous ammonia, aqueous
ammonia which are sprayed into the smoke
flow or exhaust gas and are absorbed into the
catalyst are known (Balogh et al., 2011). SCR

technology was first applied in thermal power
plants in Japan in the late 1970s, followed by
widespread application in Europe since the
mid-1980s. In the USA, SCR systems were
introduced for gas turbines in the 1990s, with
a growing number of installations for NOy
control from coal-fired power plants. Since
mid-2000s, urea-SCR technology has been
also adopted for mobile diesel engines
(www.dieselnet.com).

SCR technology

Since mid-2000s, urea-SCR technology has
been also adopted for mobile diesel engines.
The mobile engine application required
overcoming several problems related to the
urea dosing technology, catalysts
optimization, as well as urea infrastructure.
Some regulatory authorities notably the US
EPA were initially skeptical about the SCR
compliance path with emission standards,
both in terms of ensuring that the reductant
(urea) is available together with diesel fuel
throughout the nationwide  distribution
network, and that it is always timely
replenished by vehicle operators. Ultimately,
SCR proved to be a more robust emission
technology than the main alternative
option, NOy adsorbers, and has been widely
used in all types of mobile diesel engines.

Urea-SCR has been selected by a number of
manufacturers as the technology of choice for
meeting the Euro V (2008) and the JP 2005
NOXx limits both equal to 2 g/lkWh for heavy-
duty truck and bus engines. First commercial
diesel truck applications were launched in
November 2004 by Nissan Diesel in
Japan and in early 2005 by Daimler (Daimler
Chrysler at the time) in Europe. In the United
States, SCR systems were introduced by most
engine manufacturers in 2010, to meet the US
EPA NOy limit of 0.2 g/bhp-hr for heavy-duty
engines. In light-duty vehicles, SCR was
introduced in some US EPA Tier 2 vehicles,
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while others used NOy adsorbers. By about
2012-2015, most of the Tier 2 vehicles with
NOy adsorbers have been converted to urea-
SCR. In Europe, SCR was introduced on
certain Euro 5 models, with a much wider
application of the technology in Euro 6
vehicles. SCR was introduced in nonroad
diesel engines to meet the US Tier 4i/EU
Stage I11B emission standards (King, 2009).

SCR operation principle

The NOy reduction reaction takes place as the
exhaust gases pass through the catalyst
chamber converter and thus converts the
nitrogen oxides contained in the exhaust gas
into water vapour and nitrogen. Before
entering the catalyst chamber the ammonia or
other reductant (such as urea), is injected and
mixed with the gases.

SCR-reductant

SCR technology permits the NO, reduction

reaction to take place in an oxidising
atmosphere. It is called selective because the
catalytic ~ reduction  of  NOy  with
ammonia(NH3), urea, monomethylamine,

dimethylamine, trymethylamine, cyanuric
acid, carbamates, ammonium carbonate,
ammonium bicarbonate, etc.. as a reductant
occurs preferentially to oxidation of NH3 with
oxygen with oxides of nitrogen (Jiang, 2010).

SCR is a process for reducing the
concentration of NOy from the combustion
exhaust, which involves the injection of
aqueous solution of urea in the tail pipe of a
four stroke, constant speed DI diesel engine.
Ammonia has been ruled out as a reducing
agent, due toxicity and handling issues. So
urea has been selected for reductant of choice
for most applications, stored on board in an
aqueous  solution. To overcome the
difficulties associated with pure ammonia,
urea is selected. Urea can be hydrolysed and

decomposed to generate ammonia. An
injected aqueous solution of urea solution is
decomposed into ammonia and water vapour,
and then decomposed ammonia reacts with
oxides of nitrogen and reduced into eco-
friendly nitrogen and water vapour (Praveen
and Natarajan, 2014).

Several reductants are currently used in SCR
applications including Anhydrous ammonia,
Agueous  ammonia, Urea  (AdBlue).
Anhydrous ammonia extremely toxic and
difficult to safely store, but needs no further
conversion to operate within an SCR.
Typically favoured by large industrial SCR
operators. Aqueous ammonia must be
vapourized in order to be used, but it is
substantially safer to store and transport than
anhydrous ammonia. Urea (AdBlue) is safest
to store, but requires conversion to ammonia
through thermal decomposition in order to be
used as an effective reductant (King, 2007).

SCR system

SCR system consists of Diesel Exhaust Fluid
(DEF) tank and pump, SCR Catalytic
Converter, Control device.

Diesel Exhaust Fluid (DEF) tank and pump:
Under the direction of the vehicle’s onboard
computer, DEF is delivered in precisely
metered spray patterns into the exhaust stream
just ahead of the SCR converter. SCR
Catalytic Converter: This is where the
conversion happens. Exhaust gases and an
atomized mist of DEF enter the converter
simultaneously. Together with the catalyst
inside the converter, the mixture undergoes a
chemical reaction that produces nitrogen gas
and water vapour.

Control device: Exhaust gases are monitored
via a sensor as they leave the SCR catalyst.
Feedback is supplied to the main computer to
alter the DEF flow if NOy levels fluctuate
beyond acceptable parameters (King, 2007).
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Steps involved
process

in SCR NOy reduction

The SCR NOy reduction process can be
summarized as three major steps. In the first
step, urea solution (AdBlue), as the source of
the reductant (NHs), is injected at the
upstream of the catalyst and then is converted
to NHs.

In the second step, the NHj3 inside the catalyst
is adsorbed on the catalyst substrate. The
adsorbed NHj3; can then catalytically react

1. AdBlue evaporation:

NHZ—CO—NHz(liquid) — NH,—CO—-NH; + H,0,

2. Urea decomposition:
NH,—CO—-NH; — NH3+ HNCO,

3. Isocyanic acid (HNCO) hydrolyzation:
HNCO + H,O — NH3 + CO,

For the AdBlue evaporation process, it has
been reported that the reaction is mainly
affected by the spatial droplet size and
temperature (Kim and Ha, 2014), such that
the reaction rate of this process can vary
between different AdBlue injector designs
and engine operating conditions. With
evaporated AdBlue (urea), equal mole
ammonia and isocyanic acid can be generated
through the decomposition process. Recent
studies have pointed out that this process
strongly depends on temperature. The
reaction generally starts from 200° C and
reaches a maximum reaction rate around 350°
C (Hsieh and Wang, 2010). When the exhaust
gas temperature is less than 200° C, the urea
decomposition  reaction can  generate
byproducts such as cyanuric acid, biuret,
melamine, ammelide and ammeline as
deposits on pipe wall (Schaber et al., 2004),
which are hard to be removed and are highly
undesired. To avoid this problem, urea
injection generally starts when exhaust
temperature is higher than 200° C and double-

with  NOy and convert them to nitrogen
molecules and water, which is the third step.

AdBlue to NH;

For SCR systems in vehicle applications,
32.5% aqueous urea solution (AdBlue) has
been specified as the source of ammonia.
AdBlue is converted to ammonia mainly by
three steps: evaporation, decomposition, and
hydrolyzation (Piazzesi et al., 2006) as shown
in Eqg. (1), Eq. (2), and Eq. (3).

1)

(2)

©)

wall design to avoid heat conduction from
exhaust gas to outside environment is often
used by the exhaust pipe between AdBlue
injector and SCR catalyst. Hydrolyzation is
another process which can convert the
isocyanic acid (HNCO) generated from urea
decomposition to equal mole ammonia and
CO,. This reaction, on the other hand, is very
inactive under temperature of 400° C.
However, with the presence of catalyst such
as zeolite based SCR catalyst, this reaction
becomes very fast and studies have reported
that the reaction rate is 2 orders of magnitude
faster than the SCR De-NOy reaction rate. In
other words, complete conversion of HNCO
to NHs is possible at the upstream part of the
SCR catalyst.

NH;3 adsorption/desorption
The ammonia adsorption process is a two-

way reaction which can be explained by the
following equation.
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NHs + 0 free <> NHs*, (4)

Where 0 free represents the free substrate site
of the SCR catalyst and NH3* represents the
ammonia which has been adsorbed on the
SCR substrate. An important variable which
strongly relates to ammonia
adsorption/desorption reactions is the SCR
catalyst storage ammonia capacity, which has
been reported to be temperature related.

The ammonia adsorption and desorption rates
are related to the amount of free catalyst sites
Ofree, which can be directly affected by the
ammonia storage capacity. If the ammonia
storage capacity is not correctly considered in
SCR control or SCR modeling, unexpected
ammonia slip can be observed (King, 2007).

NO, conversion

The major SCR NOXx reductions processes are
listed below.

4ANH3;+ 4NO + O, — 4N, + 6H,0, (5)
2NHg+ NO + NO; — 2N, + 3H,0, (6)
4NH;3; + 3NO; — 3.5N, + 6H,0 (7)

The first reaction in Eq. (5) is generally
known as “standard” SCR. In typical exhaust
gases, NOx is composed mainly of NO
(>90%), which reacts with ammonia
according to the standard SCR reaction.
Under the usual operating conditions of diesel
exhaust, the standard SCR reaction has a high
potential of NOy reduction at temperatures
above 300°C. A major challenge in
developing the urea-based SCR process for
automotive applications is the enhancement of
the SCR activity at lower temperatures. In
addition to measures aiming at increasing the
volumetric activity of the SCR catalyst itself,
use of the “fast SCR” reaction in Eq. (6) is
another possibility for enhancing SCR
efficiency, especially at low temperatures
(Madia et al., 2002). In fact, below 300°C, the

fast SCR reaction utilizing an equimolar
mixture of NO and NO; proceeds much more
rapidly than the standard SCR reaction with
pure NO (Koebel et al.,, 2001). However,
reaction (7) is much slower than the fast SCR
reaction in Eqg. (6) and still slower than the
standard SCR reaction in Eq. (5) (Madia et
al., 2002).

Undesired reactions

Undesired reactions of Eqg. (8) and (9) only
occur if NO; levels are high in exhaust stream
above 50%. Undesired Reaction of Eq. (10)
will occur at temperature about 450°C; in this
reaction ammonia reacts with oxygen to form
N20. Oxygen is abundant in diesel exhaust,
undesirable reactions with oxygen can occur.
Reactions of Eq. (11) and (12) are undesirable
reactions with oxygen that results in water,
nitrogen and NO. Reaction of Eq. (13) results
in the formation of ammonium nitrate.

Ammonium nitrate only forms at temperature
below 200°C. Ammonium nitrate will deposit
on active material of the catalyst leading to
temporary deactivation (Koebel et al., 2002).
At temperature below 200°C reactions of Eq.
(14) and (15) can occurs which creates
ammonium sulphates. These sulphates will
deposit on the catalyst causing deactivation
(Lepperhoff and  Schommers,  1988).
Regenerating the catalyst at temperature
above 500°C removes the sulfur deposits and
restores the catalyst activity (King, 2007).

8 NO, + 6 NH; — 7 N,O + 9 H,O (8)
N02+4NH3+02—>4N20+6H20(9)

2NH; + 20, — N,O + 3H,0, (10)
4NH;3; + 30, — 2N, + 6H,0, (11)
4NH3; + 50, — 4NO + 6H,0, (12)
2NHsz + 2NO; + H,O — NH4NO3; + NH4NO,,
(13)

NH3 + SO3 + H,O — NH4HSO,, (14)
2NH; + SO3; + H,O — (NH4)ZSO4 (15)
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SCR catalyst

Without catalyst, acceptable reduction of NOy
using ammonia occurs at temperatures in the
range of 800-900° C. Above 900° C, ammonia
oxidises into NOy. Using catalyst, the reaction
of ammonia and NO, can occurs at
temperature between 150-550° C. The two
types of structures used for SCR catalysts are
supported catalyst and unsupported catalyst.
A catalyst with a supported structure has three
layers, the substrate, porous oxide support and
catalytic material. The substrate of the
catalyst is usually monolith honey comb
structure made of ceramic or metal. The
porous oxide support layer is made of
materials that have high surface area. The
increased surface area allows catalyst to be
more active. Materials used for porous oxide
support are zeolite or titania. Third layer is
catalytic material. It consists of transition
metals such as copper, iron, platinum or other
metals. In Unsupported catalyst structure, the
catalytic material and supporting material are
mixed together. The mixture is then extruded
into honeycomb shaped catalyst. Example; an
unsupported vanadia catalyst is extruded from
a mix of TiO,, WO; and V0, silicon-
aluminates and glass fibers
(www.dieselnet.com).

Ammonia slip

Ammonia emissions that are emitted from an
SCR system are referred to as Ammonia slip.
An imperfect control strategy that over injects
urea or deactivation of the SCR catalyst can
result in ammonia slip. Ammonia emissions
are a poisonous gas which is harmful to plants
and animals. Ammonia emitted into ambient
air can combines with sulfuric acid and nitric
acid to form ammonium sulfate and
ammonium  nitrate salts. SCR system
normally designed to allow for maximum
ammonia slip levels of 5-10 ppm. To prevent
ammonia slip, an oxidation catalyst can be

placed in downstream of the SCR catalyst.
The catalyst is typically made up of platinum
and aluminum oxide (King, 2007).

In conclusion, the SCR technology is the
dominating NOy reduction technology to meet
the current and future NOx emission
regulations. SCR allows for greater reduction
of NOy emission when compared to other
technologies. SCR system converts nitrogen
oxides from exhaust gas of diesel engine into
eco-friendly nitrogen and water vapour.
AdBlue is used as reductant in SCR system
for NOy reduction. Using catalyst, the
reaction of ammonia and NOy can occurs at
temperature between 150-550° C. The fast
SCR reaction utilizes an equimolar mixture of
NO and NO, proceeds much more rapidly
than the standard SCR reaction with NO.
Ammonia emissions that are emitted from
SCR system due to deactivation of catalyst is
prevented by placing an oxidation catalyst in
downstream of the SCR catalyst.
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