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Summary

There is a strong need to reduce greenhouse gas emissions, including those of the maritime sector.
To do so, the maritime industry needs to move away from fossil fuels and find different solutions. For
deep-sea shipping, using ammonia as a fuel is one of those solutions. The AmmoniaDrive is a promis-
ing concept to use ammonia efficiently as a fuel onboard ships. However, there is already concern
regarding harmful nitrogen-based emissions: NOy, NH; and N,O. The first two are a hazard for the
local environment and human health, while the latter is a powerful greenhouse gas. Clearly, there is a
need to prevent these pollutants from entering the atmosphere.

The removal of harmful emissions from the exhaust pipe can be done by installing after-treatment
components. For AmmoniaDrive, the Selective Catalytic Reduction (SCR) is deemed the most useful
component. The capability of the SCR to reduce both NOy and NH; simultaneously is a huge benefit.
SCR’s are currently already used on ships to comply with regulations in the NOy Emission Control
Areas (NECA). In this application, the main objective is to reduce NOy emissions, and Urea is added
to the exhaust to provide the required NH; inside the SCR. The SCR’s used in ships are currently often
Va based. This material is cheap compared to Fe and Cu. Also, it has a high resistance to sulphur,
which is often present in current marine fuels. Therefore, the use of NH; as fuel opens up the option
to use Fe and Cu based SCR’s. The Cu type is currently widely used in the automotive industry.

This study conducts experiments on a computer model describing a Va, Fe and Cu SCR. The goal of
these experiments is to compare the steady-state performance of each material over a wide range of
inlet variables. Most important for the SCR performance are the exhaust gas temperature, the NOy
concentration and the NH; concentration. The computer model is a 1-D single-channel model. This
means 1 channel of the monolith is modelled and that this channel is discretised along the length of
the monolith. Kinetic data from literature was used to determine the reaction rates.

The emission levels leaving the SCR are compared to the TIER Il limits, currently in effect in the
NECA's. These current limits only regulate the specific NOy emissions. A new limit, also taking into
account NH; and N,O emissions is proposed. This new limit poses a maximum on the specific NOy
and NH; emissions combined. Moreover, it limits the N,O emissions to reduce greenhouse gas emis-
sions. Meeting these new limits is much harder compared to meeting the current regulations.

Due to the good performance of the Cu catalyst at low temperatures, it is considered the best option
to reduce the NOy and NH; emissions from the AmmoniaDrive power plant. The Va and Fe catalyst
perform well at higher temperatures, but higher temperatures in the exhaust mean the system is less
efficient. Removing N,O from the exhaust is difficult; production of N,O in the Internal Combustion
Engine (ICE) should therefore be avoided. For future research, it is essential to look at the dynamic
behaviour of all catalyst types. Furthermore, it is recommended to validate the models using physical
tests.
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Introduction

"The total annual Green House Gas (GHG) emissions from international shipping should be reduced by
at least 50% by 2050 compared to 2008.” This is one of the main goals of IMO to fight global warming.
To comply with the Paris agreement, an even larger reduction is needed: 95% compared to 1990 for
the transport sector as a whole. Ships can be made to sail more efficiently, or the transport of goods
can be organised more efficiently.

However, such ambitious reduction goals can not be met without the use of fossil-free fuels [30] &
[60]. Batteries are not likely to become the standard for ships, due to their relatively low energy density
and specific energy. The loss of cargo capacity would be too big. Green hydrogen has a high potential
for inland and short sea shipping, but is also not likely to become the standard for deep sea. The fuel
storage would take too much space, due to the low energy density of hydrogen.

Deep-sea shipping needs other green fuels with higher energy densities and specific energies. These
can be carbon-based, such as green diesel or methanol, but can also be carbon-free: like ammonia.
Ammonia has been marked by many as a very high potential candidate for deep-sea shipping. For
shipping, the costs of ammonia compared to carbon-based green fuels will be similar or even cheaper
if the feedstock cost of CO, becomes higher [60]. Compared to other fuels, ammonia has a good po-
tential to be produced renewably, and it can easily be stored. These properties are shown in table 1.1
and figure 1.1. When looking at these figures it is important to note that ships often only bunker around
1/3 to 1/2 of their total capacity, which partially reduces the need for such high energy-dense fuels like
diesel [60] and opens opportunities for using ammonia.

Table 1.1: Comparison renewable fuels [10]

Specific Energy Renewable Storage  Storage
Fuel type energy LHV density  synthetic production pressure temperature
[MJ/kg] [GJ/Im3] cost [MJ/MJ] [bar] [°C]
Marine Gas Oil 42.7 36.6 n.a. 1 20
Liquid Methane 50 23.4 2.3 1 -162
Ethanol 26.7 211 3.6 1 20
Methanol 19.9 15.8 26 1 20
Liquid Ammonia 18.6 12.7 1.8 10r10 -34 or 20
Liquid Hydrogen 120 8.5 1.8 1 -253
Compressed Hydrogen 120 7.5 1.7 700 20

Ammonia can be directly fuelled into a Solid Oxide Fuel Cell (SOFC) to generate electricity [39]. How-
ever, to fully power a ship with a SOFC is less attractive. This is due to its high costs and low power
density compared to an ICE. Besides, SOFC’s have a long start-up time and can not cope with fast
load changes [3]. Neither is feeding NH; directly into an ICE the solution for a marine power plant.
Due to slow burning velocity of an ammonia-air flame, some type of flame enhancement is needed for

1



2 1. Introduction

Including tank weight and packaging factor
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Figure 1.1: Energy density and specific energy of different fuels including tank weight and packaging factor [60].

ammonia to be used as a fuel. This could be done with hydrogen for example [37]. Hydrogen could be
directly stored on board, but this poses challenges for storage on ships, due to its low energy density.
Another solution is to crack the ammonia and produce hydrogen: something that can be done onboard
the ship. AmmoniaDrive takes it even one step further by replacing a cracker by a SOFC, increasing
the power plant’s efficiency by multiple percent points. This is a result of the electric power produced
by the SOFC when generating H,. An overview of the power plant layout is shown in figure 1.2 [62].
The size of this system is not yet known. However, to perform this thesis, the size and power output of
the system is set to be roughly equal to the Wartsilla 12V31 marine engine.

The combustion of ammonia raises concerns with respect to nitrogen-based pollutants such as NOy,
N,O and NH;. They can be measured in the exhaust of multiple experimental NH;-engines [41], [52],
[67], [37]. The nitrogen based pollutants are bad for the local environment, cause global warming, and
pose a risk for human health: they clearly should be kept to an absolute minimum. To do so exhaust
after treatment will be installed with SCR as the main component, as is the logical choice with the pres-
ence of both NOy and NH; in the exhaust. The aim of this thesis is to investigate the potentials for
reducing these harmful nitrogen-based emissions using the SCR.

1.1. Objective and Research Questions

Ammonia fuel has a very high nitrogen content and is thus likely to emit large amounts of NO,: upto 5
times as high as in current marine diesel engines [5]. The ICE is also likely to have un-burned ammonia
in the outlet. Both substances are a serious hazard to the (local) environment and are topic of debate
for what is known as the “stikstofcrisis” in the Netherlands [32]. In addition, NOy is also a carcinogenic
substance. At last, N,O emissions are of concern, as this is a very strong greenhouse gas. More than
enough reason to eliminate these emissions. This thesis focuses on the removal of these constituents
from the exhaust, preventing the pollutants from entering the atmosphere. The main research question
is as follows:

To what extend can the harmful nitrogen-based pollutants be removed from the AmmoniaDrive
exhaust with existing after treatment components?

To help answer this question, the following sub-questions are proposed.



1.1. Objective and Research Questions

1. How can the exhaust of AmmoniaDrive be characterised in terms of composition, flow and tem-

perature?

2. What components are currently available for exhaust after treatment and how would they be used
in AmmoniaDrive? Can a preliminary setup of components be chosen?

3. Which parameters at the inlet of the SCR have most significant influence on reduction and pro-

duction of nitrogen based pollutants in the SCR in stead state condition?

4. How do these important parameters influence the performance, i.e. the reduction and production
of nitrogen based pollutants, of the SCR in stead state condition?

5. What are the needed outlet conditions from the ICE to ensure sufficient reduction of harmful

emissions by the after treatment components in stead state condition?
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Ammonia
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SOFC Air

-
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Figure 1.2: Overview of preliminary layout AmmoniaDrive system [62].






AmmoniaDrive Exhaust

In this chapter the combustion of ammonia is discussed, the pollutants that can be expected as a result
of this chemical process, and their hazards. Next, the other properties of the exhaust are discussed.
Finally, the legislation regarding nitrogen-based pollutants is discussed. This chapter comes from the
literature report, conducted at the beginning of this thesis [4].

2.1. Ammonia Combustion

The kinetics of ammonia combustion have been widely studied. The overall reaction describing ideal
ammonia combustion is as follows:

ANH; + 30, & 2N, + 6H,0 2.1)

The combustion kinetics have been studied by Duynslaegher et al. [16] at low pressures. She proposes
the reaction mechanism shown in figure 2.1. Ammonia combustion at high pressures has been studied
by Dai et al. [9]. The used reaction scheme, including the fluxes of more than 5%, is shown in figure 2.2.
Although N,O is not shown in this (due to its small mass flux) it is formed from NH2 and is discussed
in the paper itself. Although both reaction mechanisms are different, it gives a preliminary insight into
the different paths for ammonia combustion and radicals formed along these paths. From here, it is
already possible to see which radicals can become a problem when present in the exhaust. NO, NO,
and N,O are all formed during ammonia combustion and are stable and harmful to the environment.
As can be predicted when looking at mass fluxes in figure 2.2, NO will be the most dominant radical in
the exhaust.

NH3 Flux
=P >40% +OH |-H20
OH 62% +H20 |-oH * f tO |-OH
Al —_—  >20% +H2NO |-HNOw oy *H | -H2
07% .
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o
NH NO 5% — >5% FHO2 | -
N3% NO 5% 2 +NO2 | -NO
y +02 -0
+ +NH2 | -NH3
[HNOH -———— H2nO | NO|-OH | +OH |-H20
+HO2 | -H202 +NO2 | -HONO
Y +NH2 | -H20 +NH2 | -NH3 N2H3
N2 +NO2 | -HONO
) 2 4% +02  |-HO2 +OH |-H20
H 78% % H2NN W +OH |-H20 +HO2 | -H202
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% NH, 5% 06% HNO ‘
+02 | - NH2
+02 [-HO2 N2H2
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Figure 2.1: Consumption reaction pathways for the modified

Konnov mechanism proposed by Duynslaegher et al. [16]. Figure 2.2: Reaction path diagram for pure NH; at ¢=0.5,

Tc=1080K, Pc=60bar [9].
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2.2. NO,, N,O and NH;

In this section, a more detailed explanation is provided on how the different pollutant emissions are
formed and why they are undesired.

2.2.1.NO,

NOy is the collective term for NO and NO,. Although NO is not directly a pollutant, it reacts with oxygen
in the atmosphere to form NO,. NO, can react with oxygen (O,) molecules in the air to form ozone
(O3) and cause acid rain. The formation of ozone leaves a NO molecule, which again reacts to NO,,
after which the process starts over again [20]. One might think the ratio between NO and NO, is not of
great importance, as NO is oxidised to NO, after all. This is however not true. The functioning of the
after-treatment system is highly dependent on these ratios, which is further discussed in 3.3.

In combustion engines NOy is formed via three different mechanisms: thermal, prompt and fuel NOy.
The quantities in which they are formed, depend mainly on temperature and residence time in the com-
bustion chamber [33].

Thermal NOy is formed in very hot parts of the combustion chamber. Nitrogen and oxygen from the
air react with one another to form NO. This reaction is called the Seldovich mechanism and is shown
in the two reactions below. Thermal NOy often starts to form around 1900-2000K and above.

O+N, >NO+N

(2.2)
N+0, >NO+0

The prompt NOy is formed in rich sections of the fuel combustion. This means it is mainly present in
direct injection engines, such as conventional diesels. It uses radicals such as CH, HCN, NCO HN and
N to form NOy. Of course, the radicals containing a carbon atom are only applicable to hydrocarbon
fuels. This phenomenon is more important when the combustion temperature is too low for thermal
NOy to be formed.

The last mechanism converts nitrogen atoms in the fuel directly to NOy. Fuel NOy is formed when
the nitrogen atoms in the fuel react with the oxygen in the air. This mechanism is already a large
contributor of NOy emissions for some hydrocarbon fuels, especially fuels such as heavy fuel oil that
contain relatively high nitrogen contents, and are used in marine vessels. Clearly, the nitrogen content
in ammonia is very high, which will make fuel NOy a large contributor.

2.2.2. NH,
The NH; emitted by the engine is directly related to the combustion efficiency of the engine. NH;
causes damage to the environment and can be toxic to people [69]. Currently, agriculture is the main
source of NHj;, but transportation and power plants using SCR systems are also an increasing source
of NH;. The use of NH; as a main fuel could lead to a further increase in pollution if no proper measures
are taken.

High concentrations of NH; can be found in the exhaust if the engine is operated in rich condition,
due to the lack of available oxygen molecules to react with. In other engines running a premix of air
and fuel, a portion will always remain unburned. Wall wetting is one of the mechanisms for fuel to stay
unburned. However, as ammonia is already gaseous at ambient conditions, this mechanism is unlikely
to contribute in the case of ammonia combustion [67].

Other sources of unburned fuel are trapped fuel inside the combustion chamber crevices and fuel near
the cylinder wall. The latter is likely to suffer from flame quenching due to the relatively cold cylinder
walls. The amount of unburned fuel in crevices increases with the pressure, and thus compression
ratio, inside the combustion chamber [67].

2.2.3.N,0
N, O is a major problem as it is a strong greenhouse gas: the global warming potential (GWP) of N,O
is very high at 298 CO, equivalents! [21]. This means one kg of N,O contributes just as much to
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the greenhouse effect as 298 kg of CO,. Clearly, emitting larger quantities of this substance would
disregard the benefits of having a CO, free power plant. N,O has two sources in AmmoniaDrive: the
ICE and the after-treatment components. Westlye, lvarsson, and Schramm [67] suggest N, O is formed
when unburned ammonia from the crevices reacts with the NO in the cylinder during the expansion
stroke. The following two reactions are believed to be responsible for the N,O formation at low and
high temperatures respectively:

NH, + NO, & N,0 + H,0 (2.3)
NH +NO & N,0 + H (2.4)

The N,O can not only be emitted by the ICE, but can also be formed along the different catalytic
components in the exhaust treatment [1] & [26]. A more detailed explanation of these mechanisms is
discussed in 3.

2.3. Regulations

Currently, the MARPOL annex IV regulates the NO,, emissions for merchant ships. The limits in
place are presented in table 2.1 [29]. Whilst the TIER II limits apply worldwide, the Tier Il limits are
only applicable in Emission Control Areas (ECA) [27]. For this study, TIER Il limits will be used as
a standard, as AmmoniaDrive ships should be able to operate in those ECAs. This means that if
an engine speed of 750 RPM (Wartsilla 31V12) is adopted, the maximum allowable NOy emission
would be 9 - 7507°%2% = 2.4 [g/kWh]. For the engines presented in chapter 2.4 the limits would be
9-1000792% = 2.3 [g/kWh] and 9-15007°2° = 2.1 [g/kW h] for the engines running at 1000 and 1500
RPM respectively.

Table 2.1: NO,. emission limit by IMO. [29]

Total weighted cycle emission limit (g/kWh)
Tier | Ship construction date on or after n = engine’s rated speed (rpm)
n<130 | n=130-1999 | n=2000
| 01-Jan-00 17 | 45 -n7020 9.8
Il 01-Jan-11 14.4 | 44 .n7023 7.7
] 01-Jan-16 34 | 9.-n7020 2

The IMO does not yet impose any limits on NH; emissions by ships. It is however likely that such limits
will be implemented in the IMO regulations once ammonia becomes a more widely available and used
fuel by ships.

As the IMO regulations are often slow, it is also interesting to have a look at the more progressive
emission limits for heavy-duty road vehicles sold in the EU. The limits are regulated under EURO 6 and
limit the emissions for both NOy and ammonia. The limits on NOy are much lower than those posed by
the IMO: 0.4 and 0.46 g/kW h for steady-state and transient testing respectively. The limit on ammonia
is set at 10 ppm [14]. Although future shipping regulations are likely to allow higher values, a similar
order size should be achieved by AmmoniaDrive after treatment.

2.4. AmmoniaDrive Outlet

As the AmmoniaDrive is still a non-existing drive, the exact composition of the exhaust gas is unknown.
However, an estimate should be made to further investigate the feasibility of eliminating the harmful
emissions. The following outlet parameters of the ICE are considered to be of great importance:

+ Exhaust composition
» Exhaust temperature

» Exhaust flow
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2.4.1. Composition

As discussed in chapter 2.1 the expected compounds in the exhaust are N,, O,, H, 0O, NO, NO,, N, 0O,
and NH;. The concentrations of N,, O,, and H,O can be calculated using the standard composition
of air and the overall reaction for complete ammonia combustion as shown in reaction 2.1. Standard
air consists of 21% oxygen, 78% nitrogen and 1% other by volume [19]. For convenience, 21% oxy-
gen and 79% nitrogen is assumed. The composition of the non-toxic components can thus be easily
approximated using the equations below. In this approximation, a complete combustion is assumed
(which is of course incorrect, but gives the needed level of detail):

21-21¢
x =
%7100 + ¢ (21 + 14y, )
79 + 14¢x
Xy, = fuel,NHg (25)
100 + ¢ (21 + 14x e, )
42¢

100 + ¢ (21 + 14%xpyerna,)

XH,0 =

The levels of NO, NO,, N,O, and NH; are less easily determined. Studies of the levels of these
substances in the exhaust of an ammonia hydrogen engine have been performed by Westlye, lvarsson,
and Schramm [67], Pochet, Jeanmart, and Contino [52] and Lhuillier et al. [42]. A short overview of the
type of engine and the exhaust levels are shown in table 2.2.

Table 2.2: Hydrogen ammonia engines

Author Westlye et al. [67] Lhuillier et al. [42] Pochet et al. [67]
Ignition Si Si HCCI
Cylinders [#] 1 1 1

n [%] 20-40 39 37

H2 fraction [-] 0.2 0-60 0.06-1
Volume [cc] 612 400 436
Speed [RPM] 1000 1500 1500

NO [ppm] 1000-5000 186-9280

NO, [ppm] 10-150 0-500 1000-6000
N, O [ppm] 10-40 3-95 significant
NH; [ppm] 1000-3000 1100-20000 0-6000
CR[] 7-15 10.5 21.9

¢ [-] 0.7-1 0.6-1.2 0.1-0.6
Texn [K] 675-800 675-825 450-600

Both Sl engines show relatively little NOy production when operated at stoichiometric or rich conditions.
Furthermore the NOy is dominated by NO. NO emissions are generally in the order size of 1000s of
ppm, and so is NH;. Itis important to note that the researchers found feasible operating conditions with
a NH3/NOy ratio close to 1 in the exhaust, which would be beneficial for the after-treatment system.
NO, is only in the order size of 10s of ppm, and the same applies to N, O.

The Homogeneous Charge Compression Ignition (HCCI) engine shows roughly equal amounts of NOy
and NH; in the exhaust. Large differences can however be seen for the NO,/NO ratio and N, O levels.
Pochet, Jeanmart, and Contino [52] reports the NO measurements to be flawed by N, O, as the UV
spectrometer used, can not separate the two. N,O emissions are very high due to the relatively cold
temperatures (below 1400K) in the cylinder. Under these conditions, it is not possible to fully oxidise
NH;. Even when the combustion temperature is further increased, wall quenching will always reduce
this combustion temperature locally.

Obviously, the engines shown in table 2.2 are very different from marine engines such as the Wart-
sild 31V12. How the levels of the different pollutants will scale is very difficult, if not impossible to
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predict at this stage. The vastly different size and speed of the engine change important NOy parame-
ters, such as burning temperature and residence time. The pollutant levels found in the small engines
will be used throughout the research as it is the best option for now.

2.4.2. Exhaust Temperature

Temperature is one of the key aspects when it comes to the after-treatment of the exhaust [70]. The
engines presented in table 2.2 also show an exhaust temperature. Both Sl ignited engines show an
increase in exhaust temperature with an increase of ¢. The lowest value found in the HCCI engine by
Pochet, Jeanmart, and Contino [52] corresponds to pure hydrogen combustion, while the upper limit
corresponds to 95% ammonia mixture by volume.

These smaller engines have actual measurements. These physical experiments are very valuable.
On a marine scale, multiple computational studies have been performed. The company Proton Ven-
tures B.V. has studied a compression ignition type engine running on ammonia for marine purposes.
The rated power of this engine was 8MW. As part of this project, they had the goal to perform experi-
mental data to validate the efficiency of the model and to register the emissions. However, the available
software at that time was not powerful enough to estimate such emissions. Although not realistic, the
model assumed complete combustion. With this condition, the exhaust temperature was calculated at
ca.296 °C [22].

Recently Zheng [74] studied the combustion of hydrogen ammonia blends in internal combustion en-
gines on marine size. In his findings, he concluded HCCI to be a very promising technique for an
ammonia-hydrogen engine. The exhaust temperature in this research ranged from 550 to 650 K. Un-
fortunately, pollutant concentrations were not calculated in this research.

Combining the previous data, it can be concluded that large differences in exhaust temperature ex-
ist. The HCCI and compression ignition type engines have a lower exhaust temperature compared
to the Sl engines. Despite the differences, all temperatures are within the working ranges of SCR
systems.

2.4.3. Flow

The exhaust flow of an ammonia engine will be different compared to the exhaust flow of a conventional
diesel powerplant. This has consequences for the flow resistance and allowable pollutant concentra-
tions in the exhaust. The latter is due to the fact that emission limits are measured in gr/kWh. If the
Wartsila 12V31 is taken as a reference, an order of magnitude of the airflow can be estimated. First
the equivalence ratio of the engine is determined using the data from table 2.3 [64] and table 2.4. The
used calculation method is shown below [33]:

_ A F fair F
o7 =(5) (%), = (75) (3),
-1 _ fexh_ffuel>'<£> z(fexh _ )(5)
5 ( ) (7) =72 -1)(3) (2.6)
-1

fexh F ) N
((SFC P 1 i) ~ 0.4 for all operating conditions

¢

Table 2.3: Wartsila 12V31 operating conditions [64].

Power [kW] sfc [g’kWh] £, [kg/s]

7080 169.6 12.6
6018 167.7 10.68
5310 171.7 10.08

3540 179 7.44
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Next, an estimate can be made for the ammonia hydrogen engines. The efficiency and thus in going
chemical energy will be roughly the same for all concepts. Looking at the stoichiometric ratios and
Lower Heating Value (LHV) of the different fuels, it becomes clear that similar mass flows can be
expected in the exhaust regardless of the fuel used. Hydrogen is not taken into account here, asiitis only
a small fraction of the fuel on mass base. Ammonia Sl engines will run close to an equivalence ratio of 1,
but slightly lean [42] and the HCCI engines close to 0.2/0.3 [52], [74]. The expected mass flow through
the after-treatment system will thus be around 2 times smaller for the ammonia S| engine and up to 2
times larger for the HCCI engine, compared to the conventional diesel engine. Itis important to note that
the lower mass flow of the S| engine is beneficial as much higher pollutant concentrations (measured
in ppm) are allowed, compared to the HCCI engine, when looking at the same g/kWh emission levels.

Table 2.4: Stoichiometric air to fuel ratios of MDO and NH;

(g)s [kg/kgl LHV [MJ/kg] —2 [Mjkg] Ref

(F).+
MDO 145 427 2.8 [36]
NH 6.06 18.8 2.7 [74],[61]




Exhaust After-Treatment

This chapter comes from the literature report, conducted at the beginning of this thesis [4]. The al-
lowable limits for ships and trucks are very different, as explained in chapter 2.3. As a result, both
after-treatment systems are also very different. In this section, a short overview of a common layout
system for both applications will be given. The focus will be centred around a system with SCR. Other
options would include a three-way catalyst as is common in stoichiometric operated cars. This option
is not considered as it does not break down NH; and does not convert NOy when oxygen is present in
the exhaust [12].

3.1. Common Layout Ships

The after-treatment system for modern ships often consist of two main components: the scrubber and
SCR unit. A schematic overview, such as provided by Warstila is shown in figure 3.1. The scrubber
is installed to reduce sulphur oxide emissions. As of 2020 stricter regulations are enforced regarding
sulphur emissions by ships. Globally only 0.5% sulphur content is allowed in the fuel, or a scrubber
has to clean the exhaust, to reach similar levels of sulphur [28]. In the ECAS this level is even as low
as 0.1% sulphur. When switching to ammonia as a fuel, as is with all synthetic fuels [60], no sulphur
will be present in the fuel and thus the exhaust. As a result, the need to have a scrubber installed will
be completely eliminated.

A SCR reactor is installed to reduce the NOy emitted by the ship. The NOy reacts with NH; over
a catalytic surface and forms N, and H,0O. A more detailed explanation of the working principles of
the SCR is given later in this chapter. The ammonia required for this reaction is injected into the
exhaust in the form of Urea. A solution of 40% urea in water is most commonly used in the shipping
industry [5]. The solution is non-toxic and non-combustible in contrast to ammonia and is, therefore,
more easily stored onboard. Once injected into the exhaust stream the water vaporises and the urea
is decomposed into NH; and CO,. This decomposition is a very important process and requires a
temperature of 180/200 or higher [70] & [51]. The AmmoniaDrive will most likely use NH; directly as it
is already stored as fuel onboard the ship. As a result, the after-treatment system will not struggle with
the partial decomposition of urea.

11



12 3. Exhaust After-Treatment

Absorptive silencers

and scn;tét;er after — Scrubber
Boiler and other | il
equipment after SCR iz
-
S e 7 : [ | ] Compact NOR unit
1 | | with integrated SCR
!_H“““\ , reactor and silencer

Mixing & Injection :
unit before SCR -y I Mixing silencer
- F o e including injection

unit

Reactive silencers
allowed before SCR

Figure 3.1: Exhaust after-treatment onboard ships, overview of Wartsila [65]

3.2. Common Layout Road Vehicle

The current allowable emissions for road transportation are much lower than that of shipping. As a
result, the after-treatment systems installed are also much more extensive. An overview of the standard
exhaust cleaning system for EURO 6 heavy-duty diesel exhaust is shown in figure 3.2. It differs greatly
from the system presented in figure 3.1. Firstly, there is no scrubber or other device to remove SOy
content. SOy is not even presented as a harmful substance. This is due to the very low sulphur contents
of today’s fuels for road vehicles. First, the exhaust passes a Diesel Oxidation Catalyst (DOC). This
catalyst burns hydrocarbons that have slipped through the ICE. This is of course not relevant for the
AmmoniaDrive, but it also converts a large portion of NO into NO,, which can be very beneficial as it
enables more active reaction mechanisms. A more detailed explanation is given in chapter 3.3. It also
raises the temperature slightly which helps the SCR reactions. Although a larger SCR would give the
same result [23].

Next down the line, the Diesel Particulate Filter (DPF) is installed. This filter eliminates the Particulate
Matter (PM) from the exhaust. In the AmmoniaDrive context, a DPF is less relevant. The burning of fuel
will not produce PM, however, a particulate filter would be useful for wear from the engine and lubricant
oils. As the DPF has only little significance with respect to AmmoniaDrive, it is not further discussed.

Before the exhaust enters the SCR, Urea is added to the exhaust gas. Urea decomposes into ammonia
and carbon dioxide, and NH; is used as a reducing agent in the SCR. The exhaust now enters the SCR.
The ammonia reacts with the NO and NO, and produces water and nitrogen. This component will be
key in reducing the harmful emissions in the AmmoniaDrive exhaust, as it is currently the only working
mechanism to reduce the NOy and NH; content simultaneously. To effectively do so, often a slight
excess of ammonia is entering into the SCR. This excess ammonia is broken down in the Ammonia
Slip Catalyst (ASC). The amount of excess ammonia is still unknown: at one far end extra ammonia
will have to be added before the SCR and thus low quantities will have to be broken down. At the other
far end, large quantities coming from the engine will have to be further decomposed in the ASC.
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Figure 3.2: The standard Euro VI diesel engine exhaust gas cleaning system. The bars below the catalysts represent the effect
each catalyst has on the composition of the exhaust gases [1]

3.3. After Treatment Components

In this section, a more detailed explanation of the different components and their reaction mechanisms
is given.

3.3.1.DOC

The (Diesel Oxidation Catalyst) DOC has been applied in road vehicles over the last 40 years. The
DOC usually uses platinum as a catalytic material and has a strong oxidising nature [2]. The main
function of the DOC is to oxidise the hydrocarbons and CO in the exhaust. Both reactions are shown
in reaction scheme 3.1 and 3.2 respectively. The AmmoniaDrive itself will not emit any hydrocarbons,
and as a result, the DOC will and can not be used in this way.

m
2C0 + 0, - 2C0, (3.2)

Due to the strong oxidising nature of the catalyst, not only hydrocarbons and carbon monoxide are
oxidised, but also the other substances in the exhaust. This is one of the main reasons why they
are currently not installed in marine applications. The high sulphur content of marine fuels becomes
problematic as H,S0,, also known as sulphuric acid, is formed in the DOC according to reaction 3.3
[13].

250, + 0, — 250,

SO; + H,0 - H,S0, (sulphuric acid) (3.3)
Sulphuric acid is a very corrosive and aggressive acid. However, without the presence of sulphur in
the fuel, this is not a problem anymore. One of the great benefits of the DOC is the conversion of
NO into NO, as shown in reaction 3.4. The presence of NO, promotes the fast SCR reaction 3.8 as
is explained later in this chapter. The elevated NO, content is even of such high importance, DOC
systems are often optimised for NO, production [13].

2NO + 0, > 2NO, (3.4)

Although lacking proper documentation of NH; oxidation over a DOC, it is very likely to happen [70].
Both ASC and DOC are platinum-based catalysts, therefore the same oxidation mechanisms are ex-
pected for both catalysts, as shown in reaction 3.14, 3.15 and 3.16. The NH; oxidation is a waste of
fuel as it is also needed in the SCR. Moreover, it could produce N,O and NOy! For both reasons, a
DOC is currently not seen as a vital component for the exhaust after-treatment of AmmoniaDrive.
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3.3.2. SCR

SCR is a widely adopted device to deNOy the exhaust gasses of ships, cars and other lean operated
engines. The first SCR systems on ships were installed around 1990 and have now become the main
device to reduce NOy emissions from lean operated engines [15]. Although SCRs are not the only
solution to reduce NOy content in the exhaust, they are in this thesis considered the only logical op-
tion for AmmoniaDrive. Other solutions applied in the automotive industry are the Three-Way Catalyst
(TWC) and Lean NOy trap. The former is used in stoichiometric operated engines and reduces the hy-
drocarbons, carbon monoxide and NOy simultaneously. They lose conversion efficiency quickly when
the engine is not operated at stoichiometric condition and are thus deemed not suitable [59] & [12].
The Lean NOy Trap (LNT) is mainly used in light-duty diesel vehicles [58]. The NOy is "trapped” on
a substrate, which is regenerated by introducing hydrocarbons into the LNT. This is usually done by
running a few rich cycles in the engine for 1-10 seconds every 60-120 seconds. Compared to a SCR
it provides a less cost-effective solution and is less efficient. However, it has the benefit of eliminating
the need for carrying an extra reducing agent in a separate tank. Clearly, this benefit does not apply to
AmmoniaDrive as NH; is already present in the exhaust and directly available as fuel. In the case of
AmmoniaDrive, it would also be possible to regenerate the trap with hydrogen instead of hydrocarbons.
This regeneration would also produce N,O and NH;, which must be reduced again down the line [6].
Furthermore, it requires the FC to produce more hydrogen, which is not beneficial for the fuel consump-
tion and system size. Combining these facts, the LNT is not considered to be a suitable solution for the
AmmoniaDrive.

Inside the SCR multiple reactions are taking place. The most important ones are those where NH4
reacts with NO and NO,. Before this can happen the NH; has to be absorbed on the monolith. The
absorption en desorption of NH; goes via the following reaction scheme [1], where S denotes a free
surface and the * absorbed ammonia:

NH; + S < NH; (3.5)

This reaction depends, just like all reactions, on the temperature of the monolith. All materials can
store more NH; at lower temperatures and less at higher temperatures. The storage of ammonia takes
place on the so-called Lewis and Brgnsted acid sites. The Lewis sites can accept electrons from the
NH; molecules to bond, while the Bronsted sites donate a proton to the NH; molecule. The Lewis site
provides a weaker bond for ammonia, while the Bragnsted provides a stronger bond. The amount of
available sites is dependent on the used catalytic material. It is also important to note that NH; is not
the only substance in the exhaust which can bind with the acid sites: H,O and OH can also take the
place of NH3, leaving no or fewer sites for the NH; to bond. [55] & [5]

The buffer of ammonia provides clear advantages and disadvantages. If the catalyst can store a lot
of NH; it is less sensitive to changes in the inlet concentrations. However, the system becomes much
more sensitive to changes in inlet temperature (related to load changes in the engine). The increase
in temperature will lead to a larger release of NH; molecules if the buffer capacity is larger [35].

Once the ammonia is absorbed it can react with the other substances present in the exhaust. Ac-
cording to Lezcano-Gonzalez et al. [40] & Liu, Zhao, and Lee [43] the NH; molecules stored on the
Brgnsted sites react very slowly compared to the ones stored on the Lewis sites and thus have only
little contribution to the SCR process. The reactions can be split into a set of desired and a set of
undesired reactions. The desired reactions convert the harmful NO and NO,, into the harmless N, and
H,O. There are three of them, and are often referred to as slow, standard and fast SCR and are shown
in reaction scheme 3.6, 3.7 and 3.8 respectively [5].

8NH + 6NO, — 7N, + 12H,0 + 8S (3.6)
ANH; + 4NO + 0, — 4N, + 6H,0 + 4S (3.7)
2NH; + NO + NO, - 2N, + 3H,0 + 2§ (3.8)

The medium SCR reaction needs O,, but its rate is not reduced as long as the oxygen content is above
2% in the exhaust [73]. The temperature of the monolith and catalytic material influence greatly what
reactions take place. This is discussed in more detail later in this chapter. The consumption of NH; with
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respect to NOy is 1:1 for the medium and fast SCR reaction. For the slow reaction this ratio is equal
to 4:3. As mentioned earlier, the ratio between NO, and NO is very important. If the ratio is closer to 1
nearly all NOy and NH; will react via the fast SCR reaction, resulting in higher conversion efficiencies.

Next, there are the undesired reactions. In the case of high sulphur content fuels, the SO, in the
exhaust can be absorbed by the catalyst and react later on with the ammonia. In AmmoniaDrive this
is clearly not a problem. The absorbed ammonia can react in multiple undesirable ways [5]. Firstly
it can oxidise as shown in reaction scheme 3.9. The NO that is produced, can still be broken down
further downstream. It is undesirable as it consumes NH; and thus increases the use of reducing agent.
However, in AmmoniaDrive it could be a useful reaction as it is a functioning mechanism to get rid of
excess NH;. Next, the ammonia can react with NO, to form ammonium nitrate, as presented in reaction
scheme 3.10. This reaction mainly occurs at low temperatures, but can be a problem as it causes solid
deposition on the washcoat. Finally, the ammonia can react with NO to form N, O, following reaction
scheme 3.11. This is a major problem as it is a strong greenhouse gas, and can not be broken down
any further down the line.

4NH3 + 50, - 4NO + 6H,0 + 4S (3.9)
2NH + 2NO, » NH,NO; + Ny + H,0 + 25 (3.10)
4NH; + 4NO + 30, - 4N,0 + 6H,0 + 4S (3.11)

3.3.3. SCR MATERIALS

Commercial SCR catalyst beds come mainly in three different types: Copper (Cu), Iron (Fe) and Vana-
dium (Va) catalyst. They all have different properties, drawbacks and advantages.

Vanadium

V,05/TiO, promoted with WO; is currently widely adopted in industry and the predominant choice for
marine applications [44]. This is a result of the high sulphur resistance and low cost of the material.
The former is clearly not a driving force for AmmoniaDrive. However, the price tag could be one.
Compared to the Cu and Fe SCR, the vanadium-based SCR provides a much cheaper solution. On
the downside, the optimal working range is relatively small at 300-400 °C. The formation of N,O and
ammonia oxidation according to reaction 3.11 and 3.9 respectively, becomes significant above 400 °C.
The formation of ammonia nitrate, following reaction 3.10, plays a role below 200 °C. If the exhaust
gas entering the catalyst is above 500 °C, the catalyst starts to release V into the environment. This
does not only reduce the working of the catalyst, but is also highly toxic and carcinogenic. This toxicity
also presents difficulties when handling the material for maintenance purposes. [43]. When it comes
to buffer capacity of NH;, the vanadium catalyst can store the least of the three [70].

Cu-Zeolite

Copper zeolites are generally used when very high conversion rates are required, but comes at a high
financial cost [70]. The NOy conversion rates surpass the other catalysts, especially at lower tempera-
tures [24]. The optimal NOy conversion ranges from 175-300 °C [51]. This can also bee seen in figure
3.3. When operating at higher temperatures the oxidation of NH; increases, which leaves less NH;
for the desired SCR reactions [40]. The temperature can be much further increased before thermal
degradation takes place: temperatures up to 750 °C do no permanent damage [43]. The Cu-zeolites
are also less sensitive to changing NO,/NOy ratios. The conversion efficiencies at low NO,/NOy ratios
are almost as high as those found at a ratio of 0.5 [24]. In conventional heat engine systems, multiple
problems can arise when using the Cu catalyst. The hydrocarbons and sulphur compounds can form
bonds with the Cu sites, resulting in so-called poisoning of the catalyst. The catalyst can be cleaned,
by removing the compounds from the inlet and raising the temperature significantly. If the inlet tem-
perature of the system is too low, the urea can form deposits on the catalyst, blocking the active sites
[51]. Luckily, all these problems do not occur in the AmmoniaDrive, as these compounds are not used.
The buffer capacity of the Cu zeolite is very large: around 4 times higher than Fe, posing difficulties
in handling temperature fluctuations as explained earlier [51]. Some N,O formation can be expected
over the CU catalyst, although quite low. Only 10s of ppm are found in the exhaust with 500 ppm NO
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and NH; at the inlet. A peak in N,O formation is seen around 350 °C.

Fe-zeolite

The Fe catalyst is, just like the Cu SCR, based on a zeolite carrier. Compared to the other options, it
provides the "in-between solution”, when it comes to cost and NOy conversion [70]. It can not handle
the presence of hydrocarbon compounds in the exhaust, as this results in HC poisoning. Sulphur is
less of a problem [51]. The typical working range of this catalyst is relatively wide and ranges from
350 to 550 °C, as can be seen in figure 3.3. Of the three options considered it is the best performing
catalyst at high temperatures. Thermal degradation does not occur up to temperatures of 670 °C [51].
The catalyst is very sensitive to changing NO,/NOy ratios as shown in figure 3.4. A ratio of 0.5 would
be ideal, but as discussed earlier, not the expected ratio of the AmmoniaDrive. The ammonia buffer of
Fe catalysts is significantly lower than that of Cu, around four times. [51]. The Fe-zeolites outperform
the other catalysts when it comes to N,O formation. N,O is produced over the catalyst surface, but
can also be broken down from temperatures of 250 °C and above, providing a net zero output. This
reduction takes place via reaction mechanisms 3.12 and 3.13 [73].

2N,0 - 2N, + 0, (3.12)
3N,0 + 2NH; — 4N, + 3H,0 (3.13)
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Figure 3.3: NOy conversion efficiencies of CU and Fe-zeolites

with ANR = 1 [51] Figure 3.4: Map of NOy conversion vs NO,/NOy ratio and
temperature, on Fe/ZSM-5. [31]

3.3.4. ASC

Ideally, the amount of NH; inserted in the SCR would be fully consumed. However, in practice a slight
overdose of NH; is needed inside the SCR to achieve full NOy reduction. As a result NH; will be leaving
the SCR and needs to be removed before the exhaust gasses are released into the environment. The
solution is to place an Ammonia Slip Catalyst (ASC) after the SCR. The ASC itself has a monolithic
structure, like the SCR, and can exist of multiple catalytic components, which will be discussed in more
detail in this chapter [52] & [26]. Currently, this component is most often not installed on ships. It
should not be used in combination with high sulphur content fuels, just like the DOC [5]. The formation
of sulphuric acid as shown in reaction 3.3 should be avoided. In the context of AmmoniaDrive, there
is less control over the NH; concentrations entering the SCR, as it can already be present in large
amounts coming out of the ICE. This increases the need for an ASC in the AmmoniaDrive concept.
ASC is actually a reactor capable of containing multiple different catalysts: an Ammonia Oxidation
Catalyst (AMOX) and SCR. The AMOX uses mostly Platinum Group Metal (PGM) as catalytic materials
to promote the oxidation of NH;. Metals in this group are amongst others platinum, palladium and
rhodium. [11]. Just like in the SCR, the ammonia first needs to be adsorbed in by the catalyst bed,
before taking part in one of the oxidation reactions. The desired reaction taking place in the ASC is
shown in reaction 3.14 [26].

4NHs; + 30, — 2N, + 6H,0 (3.14)
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However, the selectivity towards N, of a Pt catalyst is quite poor. As a result N,O and NOy can also be
formed. The formation of N, O is shown in reaction 3.15, which reaches a maximum between 225-300
°C. The formation of NOy is shown in reaction 3.16 and 3.17. The formation of NOy starts to become
a problem when temperatures higher than 250 °C are reached. [26]. In figure 3.5 the different yields
are plotted as a function of temperature.

4NH; + 40, - 2N,0 + 6H,0 (3.15)
4NH; + 50, - 4NO + 6H,0 (3.16)
2NO + 0, & 2NO, (3.17)
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Figure 3.5: NH3 oxidation on PGM catalyst [7].

Clearly, the production of NOy and N, O in the last exhaust treatment component is problematic as they
will be released into the environment. The performance of the ASC can be improved by introducing an
SCR and AMOX catalyst into the ASC. The SCR will promote the SCR reactions (reaction 3.6,3.7 and
3.8), reducing the NOy output of the ASC. The integration of the SCR catalyst can be done in different
ways. The SCR can be mixed into the AMOX, creating a single mixed layer. Next, the SCR catalyst
can be stacked onto the AMOX making a dual-layer configuration. Finally, the two previous options
can be combined: a SCR catalyst on top of a mixed layer, creating a hybrid dual layer. These three
configurations are shown in figure 3.6, but more setups could be thought of. The selectivity towards N,
can easily be well over 60% using an AMOX+SCR catalyst [26] & [7].
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Figure 3.6: Ammonia slip catalyst configurations [26].

Besides the freedom of choice in layer configuration, different SCR materials can be chosen as well.
For example the work of Hansen [26] focuses primarily on Cu-zeolite, while the work of Colombo et al.
[7]focuses on Fe-zeolites. The former could be a better way to promote low-temperature activity. While
the latter should be able to further reduce the formation of N, O, based on the findings in the previous

section.



Geometry

This chapter comes from the literature report, conducted at the beginning of this thesis [4]. To properly
model a SCR or ASC, one first has to understand its geometry. Catalysts come in multiple types,
namely pellets, powders and monolithic structures. The latter provide Superior mass transportation,
lower pressure drop, thermal stability, and mechanical strength. Thus, monolithic structures are the
best option for exhaust after treatment components [25]. The monolith consists of a single block with
multiple channels (most often square) on the inside. An example is shown in figure 4.1.

Figure 4.1: Monoliths with different cell densities: (a) side view; (b) top view [25].

The monolith itself is either entirely made from the catalytic material, resulting in an extruded monolith.
Or, the monolith is made from a carrier material, providing mechanical strength. The monolith is then
later powder or washcoated to apply the catalytic layer. In this case the monolith is most often made
from a ceramic or metallic material. The former benefits from a more porous structure which makes it
easier for the coating to stick and have good thermal stability. The latter provides a higher mechanical
strength, better heat transfer, a lower pressure drop and smaller volume [25].

Most marine SCR systems consist of multiple washcoated monoliths placed after one another, as shown
in figure 4.2a. An example of a monolith layer is shown in figure 4.2b.

19
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Figure 4.2: Marine SCR system [5].

All catalysts require a support material, the actual catalyst is only present in a few percent mass fraction.
The support material has to have a high surface area and good thermal stability [26]. A common support
material for the Vanadia catalyst is TiO; [5]. The Cu and Fe SCR catalyst use zeolites as a support
material. Specific examples of zeolites are ZSM-5, SAPO-34 and SSZ-13 [73]. The PGM oxidation
catalyst, as present in the AMOX is often supported on a Al,O; material [26]. The catalytic surface atits
most detailed level is shown in figure 4.3 and 4.4. Both figures show a Scanning Electron Microscope
(SEM) image of a VO5-WO;/TiO3; and Cu ZSM-5 catalyst surface respectively. In these images the
porous nature of the different catalytic surfaces is clearly visible. When zooming out it is possible to
see how the washcoat is attached to the monolith. Figure 4.5 shows a microscopic view of a monolith
cross section. In this image it is clearly shown, that the flow channels are not actually square, but have
rounded edges. This is an inevitable effect of the way a washcoat is applied.

Figure 4.5: Cross section of ZSM-5
Figure 4.3: SEM image of VOs- Figure 4.4: SEM image of Cu ZSM-5 washcoat on monolith [71].
WO, /TiO5 catalyst surface [57] catalyst surface [38]

A schematic cross section of the monolith is shown in figure 4.6, both an extruded and washcoated
catalyst are shown in this figure. The differences in channel geometry can clearly be seen in these
cross sections. Using the schematic drawing in figure 4.7, it is possible to define some of the important
geometric properties [68] & [5].
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Figure 4.6: Monolith cross section [51]. Figure 4.7: Dimensions of monolith cross section.
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The cell density N is often expressed in cells per square inch (CPSI) and is calculated using the cell
spacing L, using the following formula:

N=— (4.1)

The open frontal area (OFA) is calculated using the cell density (N), cell spacing (L) and wall thickness
(t). This is shown in the equation below:
OFA=N-(L-t,)" (4.2)

The hydraulic diameter (d},) is defined as a function of cell spacing and wall thickness:
dp=L—-t, (4.3)

The Geometric Surface Area (G,) is defined as a function of the open frontal area and the hydraulic
diameter:

Gg = 4—— (4.4)

When increasing the cell density, both the pressure drop and GSA are increased. Larger channels are
used when high levels of soot and/or dust can be expected in the exhaust. This helps the channels
from becoming blocked [34]. Common values for marine applications are around 100 CPSI [72] & [5].
However, AmmoniaDrive might benefit from a higher cell density as clogging by soot is not limiting any
longer.






Modelling Approach

As explained before, the testing will be done on a computer model. This chapter explains step by step
how the model was built. Building a model can be very complex and mistakes are easily made. To
better guide this process the "9 step method” is used to systematically build a suitable model [8]. This
method consists of the following steps:

1. Purpose

System border & variables
Relevant phenomena
Hypotheses & assumptions
Submodels

Conservation laws & relations

Simplifications

© N o o0 &~ w0 N

Implementation
9. Simulation, validation and application

The rest of this chapter will elaborate on each step in the same order as presented here. The last step
will be presented in the next chapter as it is a slightly more elaborate step compared to the others.

5.1. Step 1, Purpose

Before a model can be built it is important to define the purpose of the model. By doing so, it becomes
easier to determine which parts need more detail and which parts can have more simplifications. In
short, the models should be able to predict the nitrogen based pollutant levels at the outlet (NO,
NO,, NH; & N,0O) of the SCR over a range of inlet variables. The level of detail should be such
that a comparative study can be conducted regarding workable inlet conditions and how the different
materials compare to one another. It is possible to construct a 0-D, 1-D, 2-D or 3-D model. A 0D model
is not ideal in this case as concentrations would not be able to vary along the length of the catalyst.
The 1D model does have this capability. If differences in the radial direction, for example due to heat
loss at the housing of the reactor, must be taken into account a 2-D model should be used. Finally,
it is also possible to compute a 3-D model if these radial changes are non uniform, which could be a
result of non uniform inflow. The 2 and 3-D models require a lot of computational power and could be
of interest in a final design phase of components. For this study a 1-D model is assumed to provide
the proper balance between accuracy and computational speed.

The 1-D model already contains quite a few states and although the results to be obtained are steady
state, a dynamic model is built. If the model has no dynamics, it becomes extremely hard, if not impos-
sible, to solve at once. The model will therefore be a dynamic model.

23
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5.2. Step 2, System Border and Variables

Before the model is built, it is important to clearly define the boundaries of the model and the variables
crossing these boundaries. A schematic drawing of the SCR indicating the boundary is shown in figure
5.1. The model consists of two catalytic layers and a void in between. The exhaust flow (indicated with
green arrows) crosses the model boundaries. The variables describing the flow at the in- and outlet are
shown in table 5.1, the subscript E stands for "entering” and L for "leaving”. P denotes the pressure,
f the mass flow and T the temperature. These three values are single scalars. X; and ppm; are both
vectors. The first is used to express the mass fraction of O2, N2 and H20 in the bulk phase, the latter
is used to express the molar fractions of NO, NO,, NH; and N,O.

Table 5.1: Border variables.

—

Inlet Outlet
PE PL
fE fL
. TE TL
- ::atalyt-m layer ppm;g | ppm; .
nsulation
Xj,E Xj,L

Void space

— - —- Model Boundary

Figure 5.1: Schematic drawing of SCR, showing the model boundaries.

5.3. Step 3, Relevant Phenomena
Next, it is important to list the relevant phenomena taking place inside the model. The relevant phe-
nomena inside this model are:

+ Heat transfer

» Heat storage

+ Mass transfer

+ Mass storage

+ Pollutant transfer
+ Pollutant storage

* Chemical reactions
» No work

* No Phase change

5.4. Step 4, Hypotheses and Assumptions

The hypotheses and assumptions on which the model is built, are listed in step 4. Hypotheses, in
contrast to assumptions, can be falsified or verified afterwards. The following hypotheses are made:

» Laminar flow along the entire length of the channel.
The laminar flow hypothesis can easily be checked. The highest change for turbulent flow will
occur at full scale testing, an equivalence ratio of 0.2 and an inlet temperature of 100 °C. Testing
showed that in this condition the mass flow is equal to 26.4 kg/s, the hydraulic diameter is 2.2 mm,
the cross section is 4.13 m2 and the void fraction 0.774. For this check the dynamic viscosity of
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airis used, which is 21.74 uPas [17]. The Reynolds number is described by the following equation

[50]:
v-d
Re=P Y 4
u
_ _Srdn
A€ (5.1)

B 26.4-0.0022
" 413-0.774-2.17e — 05
= 835

The Reynolds number is smaller than 2300, which indicates the flow is laminar.

 Fully developed flow for heat and mass transfer is assumed along the full length of the channel.
As a result of this hypothesis the asymptotic values for both the Nusselt and Sherwood number
can be used [49].

To verify this hypothesis the thermal entrance length (L.) is calculated in equation 5.2. This is
the length required for the Nusselt number to decrease within 5% of its fully developed value [50].
This calculation requires the Prandtl number. For this case the Prandtl number used, is for air at
300 K and is equal to 0.7 [18].

Loy (5%) = 0.017 - Re - Pr - dj,
=0.017 - 835- 0.7 - 0.0022 (5.2)
=0.022m

Compared to the length of the monolith itself, this means the flow is fully developed within 7% of
the channel length. The entrance effects for heat and mass transfer are therefore neglected in
the channel.

Next to the hypothesis, a number of assumptions were made:

* The exhaust gas behaves as an ideal gas.

* The monolith has a constant cross section.

* Adiabatic process.

» Same friction coefficient for all materials

» The channels inside the monolith are perfectly square.

+ Solely convection as transport mechanism for bulk flow in monolith channel.

+ Perfectly mixed concentrations and heat inside each cell of the monolith channel.

* Perfectly mixed concentrations and heat inside void space.

5.5. Step 5, Sub-models

During this step, the setup of the model is made: the model is divided into smaller sub-models and
information flows are determined. The model is built with resistive and storage elements (both noted
with R and S respectively). The storage modules make use of an integrator to "store” the relevant
quantity. To transport a quantity from one storage module to another, a resistive block is used. This
model makes use of three different domains: mass, heat and pollutants.

On atop level the model is divided into three sub models: two monolith layers and one void space. This
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setup is shown in figure 5.2. The monolith layer acts as a resistive element for mass transport, whilst
the void is a storage for mass, heat and pollutants. The pollutant concentrations are either indicated
with ¢; g or Y; g. The first is measured in mol/m? and is used for the Va model. The latter is measured
in mol/mol and is used for the Fe and Cu model. This difference is a result of the kinetic data provided
by Aberg et al. [1] and Metkar, Balakotaiah, and Harold [47].

Sub-model arrangement
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Figure 5.2: Top level sub-models

The Void model sub-model is opened in figure 5.3. In this sub-model a storage element for heat, mass
and pollutants are present. Heat, mass and pollutants are all transported with the gas flow through the
two adjacent monoliths.

Void sub-model
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Figure 5.3: Void sub-model

The monolith layers are a bit more complex. At the top a resistive mass flow element is shown. Using
this block, both mass flow and flow speed are determined, these two parameters are also important for
the transport of heat and pollutants. One resistive flow module was chosen over the entire length of the
monolith to reduce the stiffness and number of states of the model. Both heat and concentrations are
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discritised in length. The pollutant levels are discritised in length to realise higher accuracy. As both
reaction rates and transport mechanisms inside the washcoat are dependent on the washcoat temper-
ature, the heat is also discritised along the length of the monolith. Heat in the gas phase is transported
with the mass flow in the monolith channel. From the gas, heat is transferred from and to the monolith.
Inside the monolith itself conduction can also transfer heat to and from the adjacent cells.

The pollutants in the bulk phase are transported with the volume flow inside the monolith channel.
In the channel pollutants can be transferred to and from the washcoat. Here, they can take part in one
of the reaction mechanisms and NH; can be stored on the active sites. The Va model uses one con-
centration in the washcoat element, while the Fe and Cu models are also discritised in the y-direction.
Diffusion is the transport mechanism for the pollutants inside the washcoat. It is important to note
that monolith temperature is an important parameter in the pollutant balance and is used to determine
transport properties as well as reaction rates. The monolith sub-models for Va, Fe and Cu are shown
on the two following pages.
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Monolith layer sub-model (for Fe and Cu)
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5.6. Step 6, Conservation Laws and Relations

Each block as presented in Step 5 has formulas implemented. In this step all relations and conservation
laws are presented and explained, block by block.

5.6.1. Void

First the used formulas as implemented in the Void sub-model are discussed.

Mass Storage
A mass balance is used to monitor the accumulation of mass in the volume elements. The conservation
of mass, as implemented in the model, is expressed in equation 5.3 and is equal to zero in steady state
conditions [56]:

om
at

=fe—h (5.3)
In which m is the mass and f the mass flow.
The pressure is calculated in using the ideal gas law [56]:

m-Rg-T
p=_—"5"

54
Vooia 54

In the equation above, P is the pressure, m the mass, R, the specific gas constant, T the temperature
and ;4 the volume of the void space.

The implementation of these formulas in Simulink can be seen in figure C.1.

Heat Storage
The internal energy of a system is defined by:

dU = 0Q — oW (5.5)

In which Q is the heat and W the work.
Stapersma [56] shows that the equation above can be rewritten in the following form to monitor the
temperature:

oT
m-cy o =fg - (hg —w) — fp - (hy —w) (5.6)

In which ¢, is the specific heat capacity for constant volume, h the enthalpy and u the specific internal
energy.
The specific internal energy can be calculated using the following formula:

d, = f ¢, - dT (5.7)

The implementation in Simulink can be seen in figure C.2.
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Pollutant Storage

The different pollutants are also stored in the void space. They are transported by the incoming and
leaving bulk flow. The balance used for the Va model is shown in equation 5.8, the equation used in
the Fe and Cu model is shown in 5.9.

dc; €

j
- = o pe — . 58
5t L (CLE Vg —Cjp UL) (5.8)
ayY; €

j
— =——(Yipg-vg—=Y;; -V 5.9
it Lvoid ( JE VE J,L L) ( )

In the equations above c; and Y; are the pollutant concentrations, L, oid the length of the void space
and v the velocity.
The implementation in Simulink can be seen in figure C.3.

5.6.2. Monolith Layer
In this section the formulas used in the monolith sub-model are discussed.

Mass Flow, Resistive
The pressure drop over a channel can be described by the following equation [50]:

L 1
AP:d)f.(ﬁ).z.p.vz (5.10)

In the equation above ¢ is the friction factor, dj, the hydraulic diameter, L,, the length of the monolith
and v the velocity. By describing the pressure drop in this manner, the inlet and outlet pressure drops are
bundled in the friction coefficient. Furthermore, it is assumed the flow has a constant speed and density
over the resistive element: the change in density as a result of the pressure drop and temperature
increase are neglected. Thereby the acceleration pressure drop is also neglected. The change in the
composition of bulk gasses (02, N2 and H20) is also neglected due to the relatively low concentrations
of pollutants (below one percent) [5].

The formula, as given in 5.10, can be rewritten so it can be used to determine the mass flow in the

model:
dp, Pg ’ B
=A, € . V2 [1—-—= 5.11
fE cs ¢f K Lm RS,E - TE PE ( )

Where A, the total cross-section area of the SCR, € the void fraction of the catalyst, d;, the hydraulic
diameter, ¢y the friction factor and L,, the length of the monolith. The entering properties of the fluid
were used to determine the average values along the length of the catalyst. The accumulation of mass
inside the monolith channel is neglected, so:

fo="1e (5.12)

The flow velocity inside the monolith channel is calculated using the following equation, it is assumed
the density and thus velocity do not change along the catalyst length:
m

B PE Asc € ©19

Vg

In which the density pg is calculated using:

Pg

g = (5.14)
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The outlet velocity of the Va model is equal to the inlet velocity:

v, = vg (5.15)

The outlet velocity of the resistive mass flow block of the Fe and Cu model uses a different outlet
velocity. An adjustment is made for the difference in temperature and pressure for the in and outlet.
The outlet velocity of the Fe and Cu model is shown in equation 5.16. Note that this correction factor
is only used to correct the flow velocity leaving the monolith, it is not used to change the flow velocity
inside the monolith itself.

T, Py
UL—E'P_L‘UE (516)

The implementation of these formulas in Simulink can be seen in figure C.4 (Va model) and C.5 (Fe
and Cu model).

Gas Temperature, Storage

The temperature balance used for the bulk gas is shown in equation 5.17. The first term on the right
hand side represents the convective transport of heat along the channel of the monolith, the second
term describes the heat transferred from the monolith structure to the bulk gas phase.

aT,

W=fE'hE_fL'hL+Q.m—>b (5.17)

Mmp - Cpp -

my, is the mass of bulk gas present in each cell, ¢, , the heat capacity of the bulk phase and Qmop the
heat transferred from the monolith to the gas phase.
The implementation of these formulas in Simulink can be seen in figure C.8.

Monolith Temperature, Storage

The temperature balance used for the monolith is shown in the equation 5.18. All heat released by the
reactions is absorbed by the monolith. This is partly a mathematical trick to create a less stiff model
due to the higher heat capacity and mass of the monolith compared to the bulk gas. More heat flows to
and from the monolith cell due to conduction inside the monolith and via heat exchange with the bulk
gas.

aT, . . .
Acs : (1 - E) ' fpm dx - Cpm * a_;n = Qreaction + Qcond + Qb—>m (5-18)

In the equation above, p, is the density of the monolithic structure, ¢, ,, the heat capacity of the monolith
material, Q,cqction represents the heat released by the reactions, 0cona the conductive heat flow inside
the monolith structure and Q,_,, the heat exchange between the gas bulk phase and the monolith
structure.

In this block, the heat released by the reactions is also calculated. This is done using the following
equation:

AHi = Hi,products - Hi,reactants (519)

The implementation of these formulas in Simulink can be seen in figure C.8.
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Heat Exchange Gas-Monolith, Resistive
The heat exchanged between the bulk gas and monolith is described as follows:

Q.b—>m =Acs Gy - f hb—>m : (Tg,i - Tm,i) dx (5-20)
Qm—»b = _Q.b—>m (521)

In the equation above G, is the area to surface ratio and h,,_,,,, the heat transfer coefficient. The latter
is defined as follows:

Nu-A
hysm = ; b (5.22)
h

Where Nu is the Nusselt number and 1, the thermal conductivity of the bulk gas.
The implementation of these formulas in Simulink can be seen in figure C.7.

Heat Conduction Monolith, Resistive
The heat conduction inside the monolith structure in longitudinal direction can be described by the
following equation:

Ty,

Qcona = Acs - (1 =€) " Am - ox (5.23)
In the equation above, 4,, describes the thermal conductivity of the monolith structure.

The implementation of these formulas in Simulink can be seen in figure C.6.

Concentration Balance Pollutants in Bulk Phase, Storage

In the bulk phase two mechanisms create a change in concentration. First the convection of pollutants
in the bulk flow is important (first term of right hand side). Next to this pollutant particles are exchanged
with the washcoat (second term of the right hand side). The Va model keeps track of the pollutants in
mol/m3, the equation is as follows:

aC"b aC'lb .
b o I (5.24)

Here c;, represents the pollutant concentration in the bulk phase, while ¢; .., represents the ex-
change of pollutants from the washcoat to the bulk phase.

The Fe and Cu model keep track of the pollutants in molar fractions. The balance used, is shown in
the equation below:

Yy oYip .
ajt - - _6; +Yjwep (5.25)
The implementation of these formulas in Simulink can be seen in figure C.10 (Va model) and C.11 (Fe

and Cu model).

Pollutant Exchange Washcoat-Bulk, Resistive

In this block the exchange of pollutants between the washcoat and bulk phase is covered. The Va model

has one concentration in the washcoat and therefore uses a slightly different approach compared to

the Fe and Cu model, this model calculates a concentration gradient inside the washcoat.

The pollutant exchange in the Va model is described in the following way:

4.k,

éj,b—)WC = d_gj ' (Ci,b - Ci,wc) (526)
hyd

Cjwemb = —Cjpowe (5.27)
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In this equation k, ; represents the mass transfer coefficient, this is calculated in the following way:

_ Sh-Dy;

0= (5.28)

Where Sh is the Sherwood number and Dy ; the diffusivity of each pollutant in the bulk mixture.
The pollutants going from the washcoat to the bulk phase is described by the following equation in the
Fe and Cu model:

Y,

—4 ).
9 (v, - yjlwc|y=0) (5.29)

Y powe =

j,b—>wc dhyd
The concentration in the washcoat depends on the double derivative of the concentration in the y-
direction. Therefore this block also calculates the derivative of Y aty = 0:

ay;

The implementation of these formulas in Simulink are integrated in different blocks in Simulink. The
concentration exchange of the Va model can be found in figure C.10 and C.12. The concentration
exchange of the Fe and Cu model is can be found in C.11 and C.15.

Pollutant Concentration Washcoat, Storage

The Va model uses the balance shown in equation 5.31. The first term on the right hand side of the
equation represents the exchange of pollutants with the bulk phase and the second term the change
in concentration due to the reactions taking place.

dc; )
6],:/6 = Cj,b—>WC + Z U]Tl (T, 9, Cj,wc) (531)
i

The concentration storage in the Fe and Cu washcoat is governed by the following equation:

azyj,wc
€Ewe Franie E . Z Vit (T, o, YJ-,WC) + De,j - dy? (5.32)

2

ewc is the washcoat porosity, Cym is the total molar concentration, v the stoichiometric coefficient, r
the reaction rate and D, the effective diffusivity. A ratio of D./Dy of 90 was used.

The implementation of these formulas in Simulink can be seen in figure C.12 (Va model) and C.13 (Fe
and Cu model).

Pollutant Diffusion in Washcoat, Resistive
This block calculates the derivative of X; . over y and is only used for the Fe and Cu balance. The
following equation is used:

azyj,wc,i _ Yj,wc,i—l -2 Yj,wc,i + Yj,wc,i+1
ol = . (5.33)
dy dy

To solve this equation a boundary condition is required on both ends of the washcoat thickness. Aty
= 0, this boundary condition is presented by equation 5.30. At the full thickness of the washcoat the
following boundary condition holds:
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aY;
% =0aty=Rg,, (5.34)

(5.35)

The implementation of these formulas in Simulink can be seen in figure C.15 for both the Fe and Cu
model

Pollutant Reaction, Resistive
In this block the different reactions are modelled. They are modelled using the Arrhenius equation as
shown below [47] & [1]:

—E;
ki =ky; exp| = 5.36
i 0,i p(R'TWC) ( )

Where kg ; is the pre-exponential factor of reaction i, E; is the activation energy of reaction i, R is the
universal gas constant, and T is the reaction temperature.

To model the actual reaction rates, the vanadium model has a slightly different approach from the Fe
and Cu model. The first uses the bulk concentrations measured in mol/m3, while the latter two make
use of the mole fraction by volume inside the washcoat. The way reaction rates are modelled in the Va
model is shown in equation 5.37. The formula used for the Fe and Cu catalyst is shown in 5.38.

¢ (5.37)
Y; (5.38)

The specific rate expressions per reaction are shown in table 5.2.

Table 5.2: Rate expressions

Number Reaction Rate expression Va Rate expression Fe & Cu
R1 NH3 +Seo NH3* klf(]- - Q)CNHg,b - klrg kleNH3 (1 - 9) - klrg
R2.1 2NH;*+150, >N, +3H,0+28 n.a. ky17Xo0,0
R2.2 2NH;*+5/20,->2NO+3H,0+28S kyor6 n.a.
R3 NO + 1/2 O, & NO, n.a. ks X8l Xno — karXno,
R4 ANHg*+4NO+0, 4N, +6H,0+4S  kypCyopf Saros.
NH3
R5 2NH;*+NO+NO, »2N, +3H,0+28S ksfCnopCno,n0 ks XnoXno, 0
R6 4 NH;*+3NO, -35N,+6H,0+4S n.a. ke Xno,0
R7 2 NH3;*+2NO, » N, + NH,NO; +H,0+28S n.a. k7rXno,0
R8 NH4N03 g NZO + 2 HZO n.a. kaXNH4NO3
Rg 2 NZO d 2 NZ + 02 n.a. k9fXN20
R10 2NH;*+3N,0->4N,+3H,0+28S n.a. k1o Xn,00
R11 2NH;*+2NO, » N, +N,O+3H,0+28S k117Cno, »0 k115 Xno, 0

The implementation of these formulas in Simulink can be seen in figure C.16 (Va model) and C.17 (Fe
and Cu model).
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Pollutant NH; Storage, Storage

The ammonia stored on the active sites is expressed as a cover fraction @, ranging from 0 to 1. More
ammonia is stored as a result of the adsorption reaction. The adsorbed ammonia can then react via
one of the other reaction mechanisms.

90
6’1”3 - Z Vi, (T,60,; ) (5.39)

2

Cst

C,; is the total available active sites on the catalyst, this is 270, 2000 and 4000 [mol/m3] for the Va, Fe
and Cu catalysts respectively.
The implementation of these formulas in Simulink can be seen in figure C.14 for all models.

5.6.3. Constants and flow numbers
Many blocks make use of certain constants, such as heat capacity and diffusivity. This subsection
covers how these numbers can be calculated.

Thermodynamic Properties

The polynomial data as presented by Mcbride et al. [46] were used to determine the heat capacity,
enthalpy and thermal conductivity of each component. The used formulas are shown in equation 5.40,
5.41 and 5.42 respectively. The used coefficients can be found in Appendix B.

c, (T

pé)=a1+a2-T+a3-T2+a4'T3+a5~T4 (5.40)
H(T) T2 T3 T4 TS
T=b1+a1‘T+a2‘?+a3-?+a4-z+a5-? (541)
l/l—AlT+B+C+D 5.42
n() = A-In(T) + 7 + 7 (5.42)

To determine the thermodynamic and transport properties of the bulk phase, only the mayor compo-
nents are considered: O,, N, and H,O. The contribution of the pollutants have been neglected as they
do not make up more than 0.5% of the mixture at most (When pollutant levels hit 5000 ppm). The heat
capacity, enthalpy and thermal conductivity of the bulk mixture were determined using mole fractions,
the formulas are shown in equation 5.43, 5.44 and 5.45 respectively [53].

Cop = Z Y-y (5.43)
i
hy = Z Y by (5.44)
i
Ap = Z Y4 (5.45)
i

Using the isobaric heat capacity (c,) it is possible to determine the isochoric heat capacity (c,), the
used formula is:

¢y =Rs—c¢p (5.46)

Diffusivity

To determine the diffusivity during verification of the Fe and Cu model, the expressions as presented
by Metkar, Balakotaiah, and Harold [47] are used to determine the diffusivity of all pollutants in Argon.
During the actual testing of the SCR, the diffusivity of each pollutant in air was used. To approximate
this, the method of Wilke and Lee as presented in Poling, Prausnitz, and O’connell [53] was used. The
method uses an empirical correlation to describe the diffusion coefficient:
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[3.03 - (0.98/M3 )] (10-2) 732

172
PMA/B o0

DAB = (547)

In this equation the D45 is binary diffusion coefficient of A in substance B, measured in [cm?/s], M, &
Mg the molecular weights in [g/mol] of A & B respectively and P the pressure in [bar].

Mg, eag @and o, are described by the following three equations:

Myp = 2[(1/My) + (1/Mp)] ™" (5.48)
eap = (ean) (5.49)
opp = er L (5.50)

Qp can be described using the Lennard Jones potentials [53]:

A C E G

[9)
D Y T exp FT) T exp (T

~ P T epr (551

The values used in the polynomial coefficients used in the equation above can be found in appendix B.

Nusselt and Sherwood number

The Nusselt and Sherwood number do depend on the x coordinate. However, as a fully developed
flow is assumed in the entire monolith channel, asymptotic value can be used. For square channels
the following values are assumed [50]:

Nuo, = 2.976 (5.52)
She, = 2.976 (5.53)

Specific gas constant
The specific gas constant R can be calculated using the universal gas constant and molar mass.The
equation is as follows:

R—E 5.54
= (5.54)

The molar mass can be calculated using either one of two equations as shown below:

nc
M= ZM,- -y (5.55)
=1
1 wvuX
1_v%
= z W (5.56)
j=1

5.7. Step 7, Simplifications
Not all physical processes are modelled into the finest details, a number of simplifications were made.
The simplifications are listed below:

» Mass accumulation inside monolith channel can be neglected.
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 Density and thus flow velocity inside flow channel are constant.

» Heat capacity, heat transfer and enthalpy only defined by bulk species.

The diffusivity of the different pollutants is calculated in air.

No heat transfer through the insulation of the SCR reactor.

All NH4NO3 is converted into N,O.
As a result reaction 7 and 8 are taken together as reaction 11. Reaction 7 is taken as the limiting
reaction.

5.8. Step 8, Implementation

The models are built in Matlab Simulink R2020b and the ODE15s solver is used to solve them. The
models are built up in the same way as discussed in step 5. Screen shots of the model are shown
in Appendix C. To discretise the monolith layer in x direction and the washcoat in y direction, the "For
Each” block in Simulink was used. This block allows to create a for loop inside the Simulink model.

The Fe and Cu model require the concentration of each pollutant to determine the exchange rate of
pollutants between the washcoat and bulk concentrations (as can be seen in equation 5.30 and 5.29).
This is approximated by linear extrapolation:

Yj,wc|y=0 =15 Yj,chNy=1 -05- Yj,wclNy=2 (5-57)

Most gas properties, such as heat capacity and diffusivity, are implemented in a simplified way. To
reduce computational effort, a second order polynomial was fitted to the data. This polynomial is im-
plemented in the model.

From the simplification "All NH4NO3 is converted into N,O” it is possible to remove NH4NO3 from
the pollutant balance. This was done by creating reaction 11 as shown in table 5.2. The pre exponen-
tial factor and activation energy of reaction 7 are adopted for this reaction.

R7: 2NH3 * +2NO, - N, + NH,NO3 + H,0 + 2§
R8: NH,NO; = N,0 + 2H,0
R11: 2NH;z * +2N0O, — N, + N,0 + 3H,0 + 25
The equilibrium of the NO oxidation (reaction 3) comes from Metkar, Balakotaiah, and Harold [48]. The

equilibrium consists of multiple reaction sub-reactions. The overall equilibrium constant was calculated
beforehand and implemented as a look-up table.



Verification

The last, but very important step, is to do the verification and validation of the model. Verification
shows that the equations are solved right, while validation is a process that shows the right equations
are solved [54]. To properly do the latter, experimental testing is required. This is out of the scope of
this thesis, therefore, only verification is done.

6.1. Comparison with Original Paper.

Before the models can be further used, they are compared to their sources: The papers providing the
kinetic data.

6.1.1. Vanadium

The paper of Aberg et al. [1] uses three tests. During the first test only diluted NH; is fed to the SCR,
in the second test a feed of NH; and NO with an ANR of 1 and finally a feed of NH; and NO with an
ANR of 1.2. To replicate the tests, the data presented in table 6.2 is used. It is important to know that
the actual flow rate is unknown. The paper states “space velocities in the order of 40,000 h~'” are
used. To match the flow rates as close as possible, a space velocity of 40,000 h~? is used for these
experiments. An overview of the used geometric parameters is shown in table 6.2. Both 3, 5 and 10
cells in x direction are considered. The computation times required for the 15 validation experiments
are shown in table 6.1. This time is needed to run all 15 experiments on 6 cores (Intel(R) Core(TM)
i7-8750H CPU @ 2.20GHz 2.21 GHz) simultaneously.

Table 6.2: Geometric and flow parameters used for validation of Va model

Table 6.1: Computation time for Va model. Parameter Symb0| Value Unit
o Number of Layers 1 #
Nx Computation time Cell density CPSI 270  #fin?
3 0:30 Wall thickness tw 0.015 in
5 0:35 Diameter monolith D 483 cm
10 1:26 Length Monolith Ly 0.08 m
SCR void fraction € 0.56 -
Space Velocity SV 40,000 1/n

The results of the diluted NH;, ANR = 1 and ANR 1.2 are shown in figure 6.1, 6.2 and 6.3 respectively.
The trends match the reference material. However, the results differ more when the temperature in-
creases. This could partly be a result of the unknown exact mass flow through the SCR in the reference
material.
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Figure 6.1: Diluted NH; verification experiment for Va model.
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Figure 6.2: ANR = 1 verification experiment for Va model.
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Figure 6.3: ANR = 1.2 verification experiment for Va model.

6.1.2. Fe and Cu Model

The first step is to see if the results of the Fe and Cu match the results of the source paper of Metkar,
Balakotaiah, and Harold [47]. To do so multiple experiments, matching the validation experiments
from the paper itself are performed. First a constant feed containing 500 ppm NH; is examined, then
a constant feed containing 500 ppm NO, finally a feed with 500 ppm NH; and 500 ppm NO. Some
of the geometric properties used for these experiments were not directly given in the paper and had
to be constructed from other data in the paper. The generation of heat was neglected during this
verification step (in line with the paper). Furthermore, the tests are conducted with Argon as carrier gas
and therefore use different values for diffusivity. The used relations are shown in table 6.3. The other
geometric and flow parameters are shown in table 6.4.

Table 6.4: Geometric and flow parameters used for validation of Fe and Cu

model
Parameter Symbol Value Unit
Table 6.3: Diffusivity in Argon Number of Layers 1 #
Gas Diffusivity (m?/s) Washcoat thickness  Rg, 5.00E-05 m
Cell density CPSI 400 #/in?
1.7006
oy e Wall thickness ty 0.007 in
NSZ 3'2126% 01'_771389 Diameter monolith D 0.81 cm
N s 1'g oy Length Monolith L 0.02 m
2 ) Washcoat porosity €we 04 -
SCR void fraction € 0.742 -
Volumetric flow rate  Q 1000 ml/min
Velocity in channel u 0.45 m/sat300K

The results of the first two experiments are shown in figure 6.4, the third experiment is shown in figure
6.5. Small differences can be seen, but overall the trend follows the source paper very closely. To
perform all three tests, 63 runs have to be performed to get a data point every 50 °C. The time consumed
by the computer to perform these 63 runs on 6 cores (Intel(R) Core(TM) i7-8750H CPU @ 2.20GHz
2.21 GHz) simultaneously, is shown in table 6.5 and table 6.6 for the Fe and Cu catalyst respectively.
The Fe model takes significantly longer to solve, compared to the Cu model. This is a result of the
more complex reaction mechanism taking place in the Fe catalyst. The higher level of complexity also
requires a smaller maximum relative error in the solver. Taking these computation times and accuracy
of the computations, Nx=5 and Ny = 5 is used in further calculations.
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Table 6.5: Computation time for Fe model

Computation Ny
time 3 5 10
3| 3:49 9:44 53:16
Ny 5| 7:20 1526 1:13:50
10 | 31:21 55:51 3:47:00

Fe NH3 slip (feed: 500 ppm NH3)
600

500

400 1
S 300
a

200 1

100 1

100 200 300 400 500 600

Temperature °C
Cu NH, slip (feed: 500 ppm NH,)

600
Metkar
500 ¢ — — —-Nx=3, Ny=3
Nx=3, Ny=5
400 + — — — -Nx=3, Ny=10
£ - Nx=5, Ny=3
g 300 Nx=5, Ny=5
—r—e— Nx=5, Ny=10
20 e Nx=10, Ny=3
Nx=10, Ny=5
or Ay e Nx=10, Ny=10
S
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Temperature °C

Table 6.6: Computation time for Cu model

Computation Ny
time 3 5 10
3| 122 256 12:01
Ny 5| 213 514 20:47
10 | 7:.01 14:37 53:49

Fe NO & NO, slip (feed: 500 ppm NO)

600 1

500

400 1
g 300
a

200 1

100 1

NO, = = .
— e e L L 1

0

100 200 300 400 500 600
Temperature °C
Cu NO & NO, slip (feed: 500 ppm NO)

600 1

500

400 1
g 300
a

200 1

100 1

100 200 300 400 500 600
Temperature °C

Figure 6.4: Diluted NH; and Diluted NO verification experiment for Fe and Cu model.
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NO, Conversion efficiency (feed: 500 ppm NO, 500 ppm NH,)
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Figure 6.5: NO conversion verification experiment for Fe and Cu model.

6.2. Batch Reactor

For the sake of this experiment it is assumed that the monolith layer is not part of a flow reactor, but a
batch reactor. By doing so, itis possible to see if the correct amount of NH; is absorbed and reacts, with
the corresponding volume of the reactor. The dimensions of this batch reactor correspond to the ones
shown in table 6.7. Clearly, this "test” is not a proper physical test, as transport and heat coefficients
change when there is no flow. However, it does show if the correct amounts of pollutants react. This
helps to confirm the model was constructed correctly.

Table 6.7: Dimensions of batch reactor.

Variable Value Unit

L 1 [m]

B 1 [m]

tw 0.012 [inch]
cpsi 100 [#/inch2]
eps 0.7744 [-]

With these values it is fairly easy to come up with a simple test case and the theoretical and actual
amount of NH; that reacted inside the reactor. To do so it is assumed all NH; reacts if an initial ANR of
1:1 is used. This is a valid assumption as NO can not react without NH5, while NH; can oxidise solely
and irreversibly. This is also the reason a ANR greater than 1 is often used to break down all NOy in
an SCR. First, the maximal theoretical amount of NH; that is able to react is determined. This is shown
in equation 6.1. In this case, an initial concentration of 1000 ppm NO and 1000 ppm NH; is assumed.
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-ppm-le—6
R,-T PP (6.1)

= 0.01887mol

NH3 theoreticat = Acs - L - €

Next, it is possible to check how much NH; has reacted in the models. For both Fe and Cu, the kinetic
data is based on mol/s/m3washcoat. Therefore the total amount of NH; reacting is governed by the
following equation:

o L ~Rqo>
NH3,model =Acs Gy - f f f (rads - rdes)dy ~dx - dt
0 0 Jo

= (0.01887mol for both Fe and Cu

(6.2)

for Va the equation is slightly different. The volume over which must be integrated is not that of the
washcoat itself, but the volume of the channels:

© AL
NH3,model =Acs - eps- J j (Taas — Tges)dx - dt
0 0

= 0.01887mol for Va

(6.3)

All models consume the maximum theoretical amount as can be expected. This verification step helped
to debug errors in the heat generated in the SCR reactor, as well as faults in the transport coefficients.

6.3. TNO Model

TNO offers a Cu model, that can be used to see how well data from Metkar, Balakotaiah, and Harold
[47] can be scaled. The same tests as with the small scale verification, but with different geometry and
higher inlet concentrations are performed. The used geometry is equal to the geometry presented in
table 7.2. There is one other difference: The experiments of Metkar use a NO,/NOy ratio of 0, while
these experiments use a NO,/NOy ratio of 0.075. The results of the experiments are shown in figure
6.6 and 6.7.

Looking at the diluted NH; experiment in figure 6.4, certain similarities and differences can be seen
between the two models. Both models show no oxidation in the lower temperature range. In the higher
temperature range all NH; is oxidised. The oxidation of NH; is shows a strong increase over a short
temperature interval. The location of this interval is located at a higher temperature for the TNO model.
The diluted NOy experiment shows a large difference with the TNO model. The kinetic data provided
by Metkar includes the oxidation of NO to NO,, the TNO model does not. The result is a different
shaped curvature, as NO is converted into NO, with an optimum around 425/450 °C.

Figure 6.5 shows the TNO model predicts around a 10% higher conversion efficiency at lower temper-
atures. For both models a sharp increase is seen in conversion efficiency in the range from 100 to 200
°C. At higher temperatures the conversion efficiency the model start to decrease, while the conversion
efficiency of the TNO model stays near 100 %. From literature it can however be expected that the
conversion energy drops slightly at higher temperatures [47] & [51].
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Figure 6.6: Diluted NH; (left) and diluted NOy (right) validation experiment for Cu model.
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Figure 6.7: NOy conversion verification experiment for Cu model.
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Test Setup and Schematic

This chapter first discusses the full scale setup and dimensions used for testing. Furthermore, the
maximum allowed emissions for NOy, NH; and N, O are discussed.

7.1. Full Scale Dimensions

To size the SCR for full scale operation, multiple sources were consulted. To size the width of the
SCR, table 7.1 was used. It shows for a 7300 kW engine, a SCR with a cross section of 2.44*2.44 m is
needed. This measurement also includes a 15 cm thick insulation on both sides, as well as a packaging
factor of 0.95 as a result of stacking multiple modules side by side [5]. The width of the catalytic layer
as used in the model is therefore determined in the following way:

B = (Btot — 2 tinsutation) - PF
= (2.44-2-0.15)-0.95 (7.1)
= 2.033 [m]

¢y is determined using equation 5.11 with a pressure drop of 1500 Pa over the 2 layers combined at
full load of a Wartsila 12V31. This corresponds to a mass flow of 12.6 kg/s, 266 °C at the inlet of the
SCR [63].

For the monolith layer itself, marine standards are maintained. This means that the cell density is
relatively low and thus the hydraulic diameter is high. This geometry is useful when high amounts of
soot can be expected in the exhaust, to prevent clogging of the channels. When switching from HFO or
diesel to NH; as fuel, soot will also be removed from the exhaust. This will allow for smaller channels,
however, for this study the cell density will remain 100 cpsi.

An overview of the used parameters together with their source is shown in table 7.2.

7.2. Input variables

The engines as presented in 2 show a great variety forimportant inlet parameters of the SCR. The most
important parameters, used to define the flow out of the engine and into the SCR are: temperature,
NOjy concentration, NH; concentration, equivalence ratio, NO,/NOy ratio and N, O concentration. The
upper and lower limits used during testing are shown in table 7.3. The range used is in line with the
findings as presented in chapter 2. These engines are not marine size engines, but small experimental
engines. As a result, the actual concentrations of pollutants leaving the ICE in the AmmoniaDrive might
be different. It is likely to assume that they will be within the range as presented in this table.

The experiments to be carried out will be steady state. Initially no concentration or ammonia coverage is
presentin the SCR. At the start of the experiment a certain set of NO, NO,, NH; and N, O concentrations
are introduced at the inlet and maintained at this level for 3000s. After this duration steady state is
achieved and the outlet concentrations at this moment in time defines the steady state capabilities of
the SCR.
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Table 7.1: SCR dimensions of Wartsila [66].

{1000

| 2440

Reactor | Engine power output | Reactor Reactor | Weight (kg) | L {mm)
size | (kv et O outiet DO | (inc. (i
Flange DN | Flange DN | catalyst cones)
elements)
i 1100
2 1200
3 1500
4 1600
5 2000
[ 2100
7 2500
8 2600
9 3000
10 3100
1" 3500
12 | 3800
13 (4100
14 4200
15 4700
18 4800
7 5300
18 5400
19 5900
20 | 6000
21 6600
22 6800
23 | 7300
24 | 7500
25 8300
26 8500
ar 9400
28 9600
29 10500
30 10700
3 11700
3z 11900
33 12800
34 13000
35 [ 12000
a8 [ 14300
ar 17300
38 17500
39 20800
40 20900

H (mm)

insulation)

840

1000
1160
1160
1320
1320
1480
1480
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1640
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anci. 150
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2600
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3240
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arz0
3720
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3880

7.3. Feasible Operating Range
After understanding how and why the SCR behaves as it does, it is possible to examine where the
feasible operating range of the SCR is. This range is defined as the set of input variables that provide
NO, NO,, NH; and N, O concentration levels at the outlet of the SCR below the legal or desired limits.

7.3.1. NO, and NH,

Mixing pipe, | Mixing pipe, ¥ 5 L \
Straignt lengtn | total lengnt 7 \\E‘ \ rrmm.:mzrs.:anko”k;:\
(m) I / \ iy stick ou
| .-,",:,’ R reactor nsulation
lowed after /¥ u
straight S S — \
lenght) H |
Y N1
¥ (7T N
2.4 3.2 [ e | N,
EERIIEERE \,
25 3.4 1 e | AN
> 150 ) A \
28 3.6 e H i r
2.7 3.8 | ing point
1 | ;S
2.7 R N N S s | v
25 3.9 . ! } } } } | /
4 |
28 4.2 Insulation, /{11 IfL TG /
28 4 Lifitiyl /
i { /
29 4.5 / A
i [
2.7 4.3 1 | /
2.8 4 N i 17
\ v \._Note! Dampers to be fitted
29 4.4 ‘\1\ 7
2.7 4.2 I\ /i :?$
2 .2 \ f
2 iR
2.6 4 ¢ W i
28 4.3 4
2.7 4.1 Inlet flange DI/
2 4.4
28 4.3
3 4.6 ~ w o
thlowi
oa wa Atank forsootblowing ‘]
3.1 4.7 o !
3 4.5 » |
3.2 4.8 |
3.1 4.6
33 4.9 T |
32 4.7 |
31 4.6 I
. ¥
33 4.8 1 o .
24 5.1 ~~. Service space
3.4 4.9
as 5. “~
3.6 5.4
34 4.9 The preferred postian of soot blowing atank with
) 5.1 equipments can be on same side as service space
- 8 or on the opposite side.
38 53 (Only one airtank needed / reactor)
a7 5.5
3.9 5.7 B
4 5.9 ‘
4.1 6.2

WARTSILA

The combined limit for NO and NO,, is currently covered by the TIER Il limit for NOy emissions. This
is 2.4 g NO4/kWh if the rotational speed of a Wartsila 12V31 engine is adopted. Currently, no limits
are in place for NH; emissions by ships. However, as NH; becomes a widely adopted fuel, it is likely
some limit will be introduced. As the problems caused by NH; emissions are similar to those caused
by NOy emissions, it is logical to limit the two together. The newly proposed limit, limits the combined
specific emission of NOy and NH; to 2.4 g/kWh.

Table 7.2: Marine size SCR parameters.

Parameter

Value

Unit

Source

Number of Layers
Washcoat thickness
Cell density

Wall thickness
Hydraulic diameter
Width monolith
Length Monolith
length void

friction coefficient

2
1.00e-04
100
0.012
0.0022
2.033
0.3

0.5
0.505

#/inch2
inch

3333

[66] & [65]
(1]
[5]
5]

[66], [65] & [5]
[5]

[5]
[63] & [65]
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Table 7.3: Range inlet variables

Variable Lower limit  Upper limit  Unit

Tg 100 600 [°C]
NOy 0 5000 [ppm]
NH; 0 5000 [ppm]
¢ 0.2 09 [

N /oy 0 015 [
N,O 0 100 [ppm]

7.3.2.N,O

There is no legal limit on the maximum allowable N,O emission (yet). However it is a highly potent
greenhouse gas as discussed earlier. So the AmmoniaDrive power plant should emit only little, if it
wants to have a "green” status. The CO2 emissions of a ship, measured in g/kWh, can be determined,
using the following equation:

k
specific CO, emission = sfc * _gco,
kgdiesel (7 2)
=170 % 3.16 :
=537 [g/kWh]
In the equation above, sfc represents the specific fuel consumption [36] and —kl;g{;"Zl the amount of CO2

emitted per kg diesel burned. The used molecular formula for diesel was C;,Hs;.

The maximum specific emission of N,O is shown in the equation below. It is assumed the reduc-
tion of green house gas is 90% compared to a conventional diesel power plant and the GWP of N,O
is 282 times that of CO2.

9co,/kWh - (1 —reduction)
GWPy,0
537 -(1-0.9) (7.3)
- 282
=0.19 [g/kWh]

N,O limit =

The limit is fairly low. If the power plant operates at an equivalence ratio of 0.55, this limit translates
into 23 ppm.






Results

This chapter presents the results of the carried out tests. The first step is to examine in more detail
which inlet parameters have the most effect on the NOy, NH; and N,O concentrations at the outlet
of the SCR. Next will be to examine how these inlet parameters influence the concentrations at the
outlet of each SCR type. It will be discussed which reactions and processes take place inside the SCR.
Finally, a more all-encompassing comparison will be done, here the feasible operating range of the
different SCR types will the examined.

8.1. Relevant Parameters

This section is divided according to the different pollutants: first NOy is discussed, later NH; and finally
N, O emission.

8.1.1. NO,

The figures in appendix D show the interaction between the different input parameters and NOy concen-
trations at the outlet. Further explanation on how to properly read these plots is given in the appendix.

When looking at the plots, multiple things become clear. First of all, temperature is a key player for all
materials. Va shows a more pronounced optimum around 300/400 °C. Fe and Cu on the other hand
do not start to perform worse when the temperature rises significantly. Furthermore, the increase in
NOjy concentration at the inlet leads to more NOy concentration at the outlet. Important to note is the
non-zero output of NOy with zero NOy input for the Va catalyst, this is a result of the oxidation of NH;
and will be discussed in detail in the following section. At last, the NH; concentration at the inlet IS
an important parameter for all catalysts. This is logical as NH; is needed to break down NOy via the
standard or fast SCR reaction.

The equivalence ratio, NO,/NOy ratio and N,O concentrations at the inlet make little difference. The
first matters little when looking at concentrations, measured in ppm. This is however not the case when
measuring emissions in g/kWh, further explanation will be given in chapter 8.3. The main change is
the different mass flow, thus flow velocity and therefore residence time inside the SCR. The fact that
changing residence time does not result in a performance loss, could tell that the SCR is oversized.
An oversized SCR is a problem when designing and optimising a system, as it results in a system
that is too big and too expensive. The steady state NOy conversion is not negatively influenced by an
oversized SCR.

The NO,/NOy ratio is an important parameter when looking at a greater interval: the diesel oxida-
tion catalyst is often optimised for a 50% ratio after all. The higher NO, content allows for the fast SCR
reaction to take place. This reaction does not only allow for faster conversion, but also conversion at
lower temperatures. For the relative small interval of 0-0.15, considered in this study, the effect is only
marginal.
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N20 concentration at the inlet shows little to no influence at all to the NOy emission. This is logi-
cal as no interaction between NO or NO, and N,O is present. When studying the different reaction
mechanisms, it can even be seen that only on the Fe catalyst, the N,O can react with NH;. The fact
that the N, O concentration at the inlet does not influence the NOy concentration at the outlet on the
Fe catalyst, shows that NH; is more likely to react with NOy instead of N,O. This claim will be further
substantiated in the following sections.

8.1.2. NH,

The plots as shown in appendix Eshows how the different parameters influence the NH; concentrations
at the outlet of the SCR. Further explanation on how to read these plots is given in the appendix itself.

Once again, the inlet temperature is a very important parameter for all SCR types as it controls the
reaction rates inside the SCR. The NH; concentration at the outlet decreases as the inlet temperature
rises. Both the Va and Cu SCR do not emit any more NH; at temperatures above 475 °C. The Fe
catalyst reaches this point at higher temperatures and might still emit small amounts of NH; at 600 °C.
The amount of NOy at the inlet is also an important parameter, that changing the NH; concentration
at the outlet. The standard and fast SCR reactions are important reactions taking place in the SCR
and as they both consume NOy and NH;, they lower the NH; concentration at the outlet. The NH;
concentration itself at the inlet of the SCR is obviously an important parameter to determine the amount
of NH; at the outlet: the NH; that was unable to react inside the SCR will leave at the outlet.

In line with the NOy concentrations leaving the SCR, the equivalence ratio, NO,/NOy ratio and N,O
concentration at the inlet make little difference in the NH; concentration leaving the SCR. However the
fact that the SCR is oversized needs a footnote. Although this is not a problem when looking at steady
state NH; emissions of the SCR, it is highly undesirable when the SCR operates in transient conditions.
The large SCR is able to hold large amounts of NH;. If the temperature increases, a large amount of
this NH; is released from the active sites and leaves the SCR. This could very well result in an overrun
of the allowable NH; concentrations at the outlet of the SCR.

8.1.3.N,O

Looking at the figures in appendix F, it becomes clear the Va and Cu catalyst can not break down
the N, O that enters the SCR. The Va catalyst produces extra N, O under certain conditions: high inlet
temperatures and relatively larger inlet concentrations of NO,, also NH; is required. Extra NOy and a
higher NO,/NOy ratio at the inlet lead to higher NO, concentrations at the inlet. As a result the N,O
production increases.

The Cu catalyst does not produce any extra N,O. The interaction plot shows no variation over all
inlet variables, except for N, O.

The Fe catalyst shows the ability to reduce the N,O concentrations entering the SCR. The inlet tem-
perature is an important parameter in this case as the reduction of N,O requires high temperatures.
The NH; concentration is also of importance as it is one of the breakdown mechanisms of N,O is by
reacting with bonded NH;. However, it is also possible for the N, O to be broken down without NH;.

8.2. Detailed Catalyst Behaviour

This section looks with more detail into how the inlet temperature, NOy concentration and NH; concen-
tration affect the nitrogen-based pollutant levels leaving the SCR. First, the Va catalyst is discussed,
later the Fe catalyst and finally the Cu catalyst.

8.2.1. Va Catalyst

First the NOy concentration leaving the Va SCR is shown in figure 8.1.

Looking at the zero NHj; inlet, it becomes clear NOy can not be broken down without NH5. This trend
also continues for the other NH; inlet concentrations, where only as much NOy can react as NH; is
injected. The plots at NH; ; = 1000 and 2000 ppm show an optimum around 300-400 °C. As the NH;
concentration is further increased, this optimum starts to move to the lower inlet temperatures. This is
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Figure 8.1: NOx concentrations at outlet Va-SCR (N, O = 100 [ppm], ¢ = 0.55, N0z /5 = 0.075).

a result of the generated heat inside the SCR. In the most extreme cases, a temperature increase of 60
°C can be seen over the SCR. When too high temperatures are reached, NH; starts to oxidise. This is
problem becomes very prominent above 400-500 °C. As this happens (according to reaction 2.2) NO
is formed. As a result, it is possible to emit more NOy than goes into the SCR.
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Figure 8.2: NH; concentrations at outlet Va-SCR (N,Og = 100 [ppm], ¢ = 0.55, NOZ/NOX =0.075).

When looking at figure 8.2, it is possible to gain more insight into the oxidation of NH;. Looking at
the NOy ; = Oppm, a decline in NH; emission occurs from temperatures of 350 °C and up, all NH;
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emissions are eliminated from 450 °C and above. When NOy concentrations at the inlet are increased,
the effects of the normal and fast SCR reaction become evident: between 250 and 350 °C, NH; reacts
with the available NOy in the reactor. Looking at figure 8.1 NH3 ; = 5000 it is possible to conclude that
in the range of 350-450 °C, the NO created by NH; oxidation is also broken down by the standard SCR
reaction.
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Figure 8.3: N, O concentrations at outlet Va-SCR (N,Of = 100 [ppm], ¢ = 0.55, N0z /5 = 0.075).

The production of N,O by the Va catalyst is shown in figure 8.3. The figure shows the Va catalyst is
not able to reduce the N,O coming into the SCR, instead, it produces extra N,O. With an increasing
amount of NH; at the inlet of the SCR, the N, O production inside the SCR also increases. Depending
on the NHj inlet concentration the production starts around 400-500 °C. The maximum production is
around 30/40 ppm. The effect of changing NOy inlet concentrations (and thus NO, inlet concentra-
tions), becomes more pronounced at temperatures above 500 °C.

8.2.2. Fe catalyst

Looking at figure 8.4 NH; ¢ = 0 ppm, it becomes clear NOy is not broken down without the presence
of NH;. The other plots in this figure show that lower concentrations of NH; and NOy react well from
300 C and higher. With high concentrations of NH; and NOy at the inlet it is possible to push this limit
down to 250 °C and higher, as a result of the large amounts of heat generated in the reactions. The
actual temperature of the washcoat surface, where the reactions take place, can easily be 60 C higher
than the inlet temperature. The performance of the NOy reduction, as was seen for the Va catalyst is
not present here. This phenomenon has two explanations. First, in contrast to the Va catalyst, the oxi-
dation of NH; does not result in the production of NO, but N2. Second, the SCR reactions are always
preferred over the direct oxidation of NH;, leaving enough NH; to react with the NOy.

Looking at figure 8.5 NOy = Oppm, it can be seen that NH; oxidation starts to occur from 300 °C
on. However, full oxidation of all NH; requires much higher temperatures: almost 600 °C. With an
increasing concentration of NOy at the inlet a shift becomes clear: first, the NOy and NH; react at
temperatures below 250 °C, beyond this temperature oxidation removes the leftover NH;.

Figure 8.6 shows the capability of the Fe catalyst to break down N,O. If 100 ppm N, O is introduced in
the inlet feed of the SCR, reduction occurs from 400 °C and full reduction is achieved far above 500 deg
C if the ANR is around 1 or lower. As the SCR reactions are faster, all reduction has to occur without
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NH; (reaction 9). If the ANR is above 1, the faster reaction where N, O reacts with NH; (reaction 10)
takes over. Reduction then starts around 300 °C and full reduction is achieved well below 500 °C.
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Figure 8.4: NOy concentrations at outlet Fe-SCR (N,Of = 100 [ppm], ¢ = 0.55, N0z /noy =0.075).
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Figure 8.5: NH; concentrations at outlet Fe-SCR (N,Of = 100 [ppm], ¢ = 0.55, N0z /y, = 0.075).
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Figure 8.6: N, O concentrations at outlet Fe-SCR (N,Of = 100 [ppm], ¢ = 0.55, V02 /5 = 0.075).

8.2.3. Cu catalyst

Figure 8.7 NH; = 0 ppm, shows that neither the Cu catalyst is able to reduce NOy by itself. When NH;
in introduced at the inlet of the SCR, reduction of the NOy already takes place at very low temperatures.
Looking the graphs, it can be seen that reduction takes place from 100 °C and full conversion takes
place from 200 °C and higher. At higher concentrations, this limit can be as low as 150 °C, due to the
heat produced by the reactions. At higher temperatures, 400 °C and above, the conversion efficiency
starts to reduce slightly. This is not because NH; starts to oxidise into NO as happens in the Va SCR,
but because NH; oxidises into N2 and is not "available” anymore for the normal or fast SCR reaction.

Figure 8.8 NOx ; = Oppm shows no NH; is oxidised below 300 °C. Between 300 and 400 °C the
NH; is oxidised partly and no NH; leaves the exhaust above 400 °C. When NOy is introduced at the
inlet, NOy and NH; start to react (as was visible in figure 8.4). This normal or fast SCR takes place
between 150-200 °C. The NH; exhaust concentrations leaving the SCR remain constant between 200
and 300 °C. Above these temperatures, the remaining NH; is oxidised in the SCR.

The production of N,O inside the Cu catalyst is shown in figure 8.9. Looking at the different plots
it becomes obvious the N, O production inside the Cu based SCR can be neglected: no extra N,O is
produced in all operating conditions. On the other hand, the Cu catalyst is also not able to break down
any N,O coming into the SCR.
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Figure 8.7: NOx concentrations at outlet Cu-SCR (N,Of = 100 [ppm], ¢ = 0.55, N0z /5 = 0.075).
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Figure 8.8: NH; concentrations at outlet Cu-SCR (N, Og = 100 [ppm], ¢ = 0.55, N0z /4 = 0.075).
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Figure 8.9: N, O concentrations at outlet Cu-SCR (N,Of = 100 [ppm], ¢ = 0.55, N9z /5 = 0.075).
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8.3. Feasible Operating Range

Now that understanding is gained on how the SCR behaves, it is time to look at the working range,
i.e. where the limits as discussed in chapter 7.3 are not exceeded. First, the three different materials
will be compared to one another, with an equivalence ratio of 0.55, a NO,/NOy ratio of 0.075 and zero
N, O at the inlet. Later the effect of changing the equivalence ratio is discussed. At last, the effect of
N, O at the inlet of the SCR is discussed.

The green area represents the area where the NOy, NH; and N, O levels are below the newly specified
levels. The yellow area represents NOy emission levels below the current IMO standard for TIER 1.
Obviously, all operating conditions in the green area also meet the current IMO standards for NOy. In
the red area, the new and current limits are not met.

The plots shown in this chapter have the inlet temperature on the x-axis and the inlet NOy concen-
tration on the y-axis. Different variables on the x and y axis are shown in appendix J.

8.3.1. Va Catalyst

The results for the Va catalyst are shown in figure 8.10. The Va catalyst shows a very narrow band in
which it can operate. It becomes clear that the NH; and NOy concentrations need to roughly match 1
on 1 when they enter the SCR. At the lower temperatures (below 250 °C), too little NOy and NH; will
react, while at higher temperatures (above 450 °C) the NH; molecules will oxidise and form NO. As a
result, the NOy concentration at the outlet will become too high again.
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Figure 8.10: Operating range Va-SCR (N,Og = 0 [ppm], ¢ = 0.55, NOZ/NOX =0.075).

8.3.2. Fe Catalyst

The feasible operating range of the Fe catalyst is shown in figure 8.11. If the ratio between NOy  and
NH; ¢ is roughly 1:1, all temperatures above 300 °C will provide sufficient reduction. If there is more
NOjy at the inlet of the SCR than NH;, the NOy emissions will stay too high. If an access of NH; is
going into the SCR, relatively high temperatures (sometimes above 500 °C) are needed to oxidise all
NH;.
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Figure 8.11: Operating range Fe-SCR (N,Ofg = 0 [ppm], ¢ = 0.55, NOZ/NOX =0.075).

8.3.3. Cu Catalyst

At last, the response of the Cu catalyst is shown in figure 8.12. The Cu catalyst can operate with very
low inlet temperatures: with an ANR of 1, temperatures of 200 °C are already sufficient. If the inlet
temperature is further increased, a higher ANR is needed to reduce the NOy to acceptable levels. At
temperatures above 350 °C the Cu SCR can deal with large access amounts of NH;. The oxidation of
NH,; into N2 is already strong enough to reduce any quantity of NH; to acceptable levels.
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Figure 8.12: Operating range Cu-SCR (N,Ofg =0 [ppm], ¢ = 0.55, NOZ/NOX =0.075).

8.3.4. Effect of Equivalence Ratio

The equivalence ratio has only little to no effect on the performance of the SCR itself. However,the
effect on the specific emissions of the system is significant. In figure 8.13, 8.14 and 8.15 the effect
of a changing equivalence ratio for the Va, Fe and Cu catalyst respectively is shown. These figures
represent an inlet flow with 3750 ppm NH;. More figures, showing more NHj; inlet concentrations are
shown in appendix J. The increasing equivalence ratio allows the SCR to work over a wider range of
inlet NOy, NH; and temperature. As the equivalence ratio increases, the mass flow through the system
decreases. As a result, the same concentration of pollutants will result in a different specific emission
of pollutants.

The figures show a much wider feasible range at an equivalence ratio of 0.9 than at 0.2 for all ma-
terials. At 0.2, the Va catalyst can only meet current standards, while the Fe and Cu catalyst require
relatively high temperatures to meet both current and newly set limits.

At the equivalence ratio of 0.55, the Va catalyst is able to operate with both the current and newly
proposed limits. The Fe catalyst has reduced operating temperature with ANR close to 1 and can also
meet the new standards with a high surplus of NH; at high temperatures.

The Cu catalyst is able to operate at both lower and higher temperatures if the ANR is close to 1. With
a surplus of NH3;, the green and yellow areas are extended into the higher temperature range.

Going from 0.55 to 0.9, the minimum temperature, with ANR close to 1, does not go down significantly
for all three catalysts. However, the inlet range for NOy widens significantly at this point.

At high temperatures (above 450 °C for Fe and above 350 °C for Cu) and with a significant surplus of
NH,;, the performance starts to decrease slightly when going from ¢ = 0.55 to ¢ = 0.9. In this range, a
significant amount of NH; needs to oxidise to meet the new limits. The oxidation requires O, and due
to the lower concentration coming out of the engine, the system is less able to do so. The Va catalyst
does not show this behaviour. It is questionable if this is physically correct or a modelling mistake. The
reactions in the Va model are, in contrast to the Fe and Cu model, independent of O, concentrations.
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Figure 8.13: Operating range Va-SCR (N,Og = 0 [ppm], NH; g = 3750 [ppm], NO; /Noy = 0.075).
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Figure 8.14: Operating range Fe-SCR (N,Og = 0 [ppm], NH; ¢ = 3750 [ppm], N9z /o, = 0.075).
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Figure 8.15: Operating range Cu-SCR (N, O = 0 [ppm], NH; g = 3750 [ppm], N0z /0 = 0.075).
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8.3.5. Effect of N,O

The presence of N, O in the exhaust coming from the ICE can be problematic. Both the Va and Cu cat-
alyst type can not break down this molecule and it will pass right through the reactor. The Va catalyst
will even produce additional N, O in the high temperature range.

For this example, 100 ppm N, O is introduced in the inlet feed of the SCR. Both the Va and Cu catalyst
will have no feasible operating range with the newly defined standards. The Fe catalyst is able to break
down N, O and the feasible operating range is shown in figure 8.16. The yellow area is identical to the
one shown in figure 8.11 as this includes no limits for N,O. The feasible operating range with the newly
proposed limits is reduced significantly. Only at temperatures above 400/450 °C the catalyst is able
to reduce the N,O to acceptable levels. Exhaust temperatures this high are highly undesirable as it
means the AmmoniaDrive is a rather inefficient driveline.
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Figure 8.16: Operating range Fe-SCR (N,Of = 100 [ppm], ¢ = 0.55, N9z /y, = 0.075).






Conclusions

This study aimed to investigate to what extent the harmful nitrogen-based pollutants can be removed
from the AmmoniaDrive exhaust with existing after-treatment components. The levels should be re-
duced to at least the legal standards while providing a significant reduction in greenhouse gasses
emitted by the AmmoniaDrive power plant concept. To answer this question, the sub-questions posed
in chapter 1 will be answered. The first two sub-questions are answered in the literature report [4].

9.1. Findings from Literature Studies

A NH; fuelled ICE will undoubtedly emit significant quantities of NOy and NH, and possibly N,O. Based
on experimental NH; engines, high concentrations in the order size of 1000s ppm of NO and NH; can
be expected. The NO, and N, O emissions are expected to be relatively low at 10s ppm. The expected
exhaust temperature and flow differ significantly with Sl on end and HCCI on the other. The former is
characterised by high temperatures and a low mass flow, and the latter with lower temperatures and
higher mass flows. This is mainly a result of the vastly different equivalence ratios used in the different
engine types. Up to a certain extent, higher temperatures are usually beneficial to the after-treatment
components. The mass flow is essential as it influences the maximum allowable concentrations in
the exhaust. Important is that all experimental engines showed good lean operating performance, as
excess oxygen is needed for the after-treatment components to function.

Based on the gained knowledge regarding the ICE outlet conditions and different after-treatment com-
ponents it is possible to choose a first setup for the after-treatment system. The most suitable com-
ponents for AmmoniaDrive are expected to be an SCR and ASC. The SCR is generally composed of
three different materials. Vanadium based catalysts are currently the predominant choice for marine
applications due to their low cost and high sulphur resistance. The absence of other pollutants, like
sulphur, in the exhaust opens the way for different catalyst types to be used as well. The other catalyst
types to be further examined for AmmoniaDrive are Cu and Fe-zeolites. As ammonia slip from the ICE
gives less control over the NH; concentration in the exhaust, an ASC is also needed. A pure AMOX
ASC does not seem ideal as it could produce large amounts of NOy and N, O. Better selectivity towards
N, in the ASC can be achieved by introducing a SCR active catalyst as well. This could be, amongst
others, a mixed layer and stacked layer.

9.2. Working Principals of the SCR

The questions on which inlet parameters are important for the operation of the SCR (question 3) and
how these parameters influence the operation of the SCR (question 4) are answered in this section. As
the two questions are closely intertwined, the findings answering them both are listed here together:

* Inlet temperature of the SCR is a crucial parameter and determines mainly if and how well the
SCR will function. The Va catalyst has a narrow temperature range (250-400 °C) in which it
performs well, the Fe catalyst performs well at higher temperatures (above 300 °C), and the Cu
catalyst starts working at very low temperatures (200°C).
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9. Conclusions

None of the SCR materials can break down NOy without the help of NH;. The high NH; and NOy
concentrations are not a problem, as long as the ANR is close to one or larger.

The Va catalyst can only cope with a surplus of NH; in a small temperature window: below 400
°C the NH; is not converted, and above 450 °C the NHj; is converted into NO. The Va catalyst
can not cope well with a surplus of NH; as the oxidation of NH; produces NO. The Fe and Cu
catalysts produce N, when NHj; is oxidised and can therefore cope with a large surplus. At higher
inlet temperatures (above 500 °C for the Fe catalyst and 350 °C for the Cu catalyst), all leftover
NH; is oxidised.

The equivalence ratio does not influence the SCR performance: this shows the SCR is oversized.
This does not make much difference for this study as only steady-state performance is the object
of this research. Although the SCR behaviour itself does not change, there is a significant differ-
ence in emissions measured in g/kWh. This is a result of the change in airflow through the ICE
when operating at different equivalence ratios.

Generally speaking, the NO,/NOy ratio is an important parameter to determine the SCR perfor-
mance as it promotes the fast SCR reaction. In this setup, that is not the case. The low ratio,
ranging from 0-0.15, looked at in this research does not significantly influence the SCR perfor-
mance.

Non of the catalytic types produced significant amounts of N,O. This follows from the fact that
N,O is formed from NO, and the inlet concentrations of the latter are relatively low. However,
once N,O is present in the exhaust coming from the ICE, only the Fe catalyst can break down
the N, O at high temperatures: 450/500 °C.

The heat released by the reactions at higher inlet concentrations does not shift the feasible op-
erating temperature down.

9.3. Recommendations for ICE
From an engine perspective, it is also possible to draw conclusions. These conclusions are only appli-
cable for a steady-state situation.

* A high equivalence ratio is desired. Due to the different exhaust flows out of the engine when

changing the equivalence ratio, the same concentration of pollutants in the exhaust flow will result
in different specific emissions (g/kWh). One important side note: access oxygen is still a must for
the SCR to operate.

The production of N, O during combustion in the ICE should be avoided as it is challenging to get
rid of. This is only possible if the exhaust gas temperature exceeds 450 °C and the ANR exceeds
1. If the ANR is below 1, temperatures of 550 °C are needed.

An ANR of slightly over 1 is desired to reduce NOy and NH; emissions.

Lower exhaust temperatures from the ICE, 150-300 °C, require a Cu catalyst and an ANR of
around 1 to reduce any amount of NOy and NH;.

Medium exhaust temperatures, 250-400 °C, allow for all catalyst types to be used if the ANR is
around 1. If the ANR is above 1 and the temperature at the high end of this range (350-400 °C),
the Cu catalyst can reduce the surplus of NH;.

High exhaust temperatures, above 400 °C, require a Fe catalyst if the ANR is around 1. For a
higher ANR, a Cu catalyst is preferred.

The high inlet concentrations of NOy and NHj; itself are not a problem as long as the ANR is not
below 1. The heat generated by the reactions has little effect on the optimal inlet temperature of
the SCR.

An ANR below 1 does not work. This scenario requires the injection of extra NH; before the SCR
to increase the ANR. This reduces the fuel efficiency of the system.
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Discussion and Recommendations

To limit the scope of this thesis, certain boundaries have been set, and assumptions were made. Future
research will have to complement the work done so far. Some of the most important recommendations
are listed below.

The used kinetic data, for the Va model on the one hand and the Fe and Cu models, on the other
hand, comes from different papers/research groups. The focus of each paper was different: fast
simulation for the Va model and mixing of different catalytic materials for the Fe and Cu model.
As a result, other reaction mechanisms are implemented. The research will benefit if kinetic data
comes from one research group with one goal.

The used kinetic data is calibrated on different sized SCR’s. The Va data is based on a truck
size, while the Fe and Cu models are based on a laboratory scaled setup. Although the data
uses washcoat concentrations and can thus be changed in size by adjusting the mass transport
coefficient, it is not ideal. A full-scale validation of each material would be desirable. Ideally, this
data would also be used to create the kinetic data for the models.

This research focuses on steady-state results. A dynamic analysis also needs to be conducted.
The assumption that the SCR is oversized might cause problems for dynamic loading. The shifts
in temperature can cause problems for the NH; storage on the SCR and release significant quan-
tities of NH; into the environment.

This research only looks into a sole SCR catalyst. In addition, an ASC could be introduced. Also,
the injection of extra NH; before the SCR could be looked into as both options will increase the
operating range of the SCR.

Besides introducing different components before and after the catalyst, the SCR could also have a
different layout. Different SCR materials could be stacked after one another, different washcoats
can be stacked on top of each other, or mixed washcoats could be created. A thorough study
could be conducted on how to combine the benefits of the different catalytic materials into one
SCR.

The adopted limit for NH; is not existing yet. A more thorough environmental study should dictate
the desired limits for any future ammonia fuelled driveline.

The current study only provides an analysis of the SCR performance. For the AmmoniaDrive
to become a success, other aspects are essential as well. The financial part is important. The
Va catalyst is the cheapest out of the three, Cu the most expensive, and Fe in the middle. An
optimisation for the size and cost of the SCR system could be interesting as well. Important
parameters in this study could, amongst others, include the material, cell density and length of
the catalytic layers.
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Abbreviations

AMOX Ammonia Oxidation Catalyst

ANR  Ammonia to NOy Ratio
ASC Ammonia Slip Catalyst
ASC Ammonia Slip Catalyst
DOC Diesel Oxidation Catalyst
DPF Diesel Particulate Filter
GHG Green House Gas
GWP Global Warming Potential
HCCI Homogeneous Charge Compression Ignition
ICE  Internal Combustion Engine
LHV  Lower Heating Value
LNT Lean NOy Trap
NECA NOy Emission Control Area
PGM Platinum Group Metal
PM Particulate Matter
SCR Selective Catalytic Reduction
SEM Scanning Electron Microscope
SOFC Solid Oxide Fuel Cell
TWC Three Way Catalyst
Greek Symbols
€ void fraction
ewc  washcoat porosity
yh thermal conductivity

dynamic viscosity

equivalence ratio
oy friction factor
p density

Roman Symbols

Q

heat flux
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Nomenclature

[m/s]

[-]

[W/m K]
[Pa s]

-]
[kg/m?3]

[J/s]



70 Nomenclature
Acs cross section area monolith layer [m?]
of molar concentration [mol/m3]
Cp specific heat capacity [J/kg K]
Crm  total molar concentration [mol/m3]
Cy specific heat capacity [J/kg K]
dy, hydraulic diameter [m]
D, effective diffusivity [m?/s]
Dy diffusivity [m?/s]
E activation energy [J/mol]
f mass flow [kg/s]
GSA  geometric surface area [-]
H enthalpy [J]
h heat transfer coefficient [W/m? K]
h specific enthalpy [J/kg]
k rate constant [variable]
ko pre-exponential factor [variable]
kg mass transfer coefficient [m/s]
L cell spacing [in or m]
Len thermal entrance length [m]
Ly length of monolith [m]
Lyoia length of void [m]
m mass k]
N cell density [CPSI]
Nu  Nusselt number [-]
OFA open frontal area [in or m]
P power [kW]
P pressure [Pa]
Pr  Prandtl number [-]

heat [J]
R universal gas constant [J/mol/K]
T reaction rate [mol/m3/s]
Rq,  washcoat thickness [m]
Ry specific gas constant [J/kg K]
Re Reynolds number [-]
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sfc  specific fuel consumption

Sh Sherwood number

T temperature

t time

tw wall thickness

U internal energy

u specific internal energy
v stoichiometric coefficient
v velocity

V,oia  volume of void

w work

X; mass fraction
Y; molar fraction
Other Symbols

b bulk phase

E Entering

L Leaving

m monolith

wc washcoat

[9/kWh]
-]

(K]

[s]
[inorm]
[J]
[J/kg]
-]

[m/s]
[m?]

(J]

-]

-]
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In this appendix the numerical values for the kinetic data is shown.

Table A.1: Pre exponential factors.

Kinetic data

Va Fe Cu

value unit value unit value unit
Ko,1f 372 [1/s] 1.70E+08 [mol/m3/s] 6.68E+07 [mol/m3/s]
Ko,1p 7.40E+06 [1/s] 3.00E+13 [mol/m3/s] 4.00E+15 [mol/m3/s]
Ko2.1f n.a. 7A7TE+07 [mol/m3/s] 5.56E+16 [mol/m3/s]
Koz225 | 1.64E+16  [mol/m3/s] n.a. n.a.
Kosf n.a. 1.00E+07 [mol/m3/s] 5.10E+07 [mol/m3/s]
Koar 4.58E+08 [1/s] 1.50E+10 [mol/m3/s] 7.08E+13 [mol/m3/s]
Kosf 1.57E+12 [m3/mol/s] 5.70E+17 [mol/m3/s] 1.00E+18 [mol/m3/s]
Ko,6f n.a. 213E+16 [mol/m3/s] 1.96E+17 [mol/m3/s]
Ko,7f n.a. 1.23E+08 [mol/m3/s] 2.28E+08 [mol/m3/s]
Ko,sf n.a. 3.50E+08 [mol/m3/s] 1.25E+08 [mol/m3/s]
Ko,of n.a. 4.50E+11 [mol/m3/s] n.a.
Ko, 107 n.a. 1.65E+10 [mol/m3/s] n.a.
Koi1s | 1.10E+14 [1/s] 1.23E+08 [mol/m3/s] 2.28E+08 [mol/m3/s]

Table A.2: Activation energy.
Va [kJ/mol] Fe [kd/mol] Cu [kJ/mol]

Eif 0 0 0

Eip 67.8 (1-0.1860) 145.9 (1-0.979) 145.9 (1-0.976)

Ezif n.a. 90.8 178.8

Ezaf 221.1 n.a. n.a.

=y n.a. 48 56

Esf 75.3 70.5 89.1

Ess 73.6 69.9 77.1

Eef n.a. 140.3 136.3

Esr n.a. 40 43

Egfr n.a. 37 41.5

Eof n.a. 128 n.a.

Eior n.a. 90 n.a.

Eq1f 140 40 43
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Gas data

In this appendix the numerical values of the coefficients used in the polynomials of equation 5.40, 5.41,
5.42 and 5.51.

Table B.1: Nasa Polynomial coefficients [46].

0O, N, H,O NO NO, NH; N,O
a; | 3.782E+00 3.531E+00 4.199E+00 4.219E+00 3.944E+00 4.302E+00 2.257E+00
a, | -2.997E-03 -1.237E-04 -2.036E-03 -4.640E-03 -1.585E-03 -4.771E-03 1.130E-02
as 9.847E-06 -5.030E-07 6.520E-06 1.104E-05 1.666E-05 2.193E-05 -1.367E-05
a, | -9.681E-09 2.435E-09 -5488E-09 -9.341E-09 -2.048E-08 -2.299E-08 9.682E-09
as 3.244E-12 -1.409E-12 1.772E-12 2.806E-12 7.835E-12 8.290E-12 -2.931E-12
b; | -1.064E+03 -1.047E+03 -3.029E+04 9.845E+03 2.897E+03 -6.748E+03 8.742E+03
A 8.160E-01 9.431E-01 1.554E+00 n.a. n.a. n.a. n.a.
B | -3.437E+01 1.228E+02 6.611E+01 n.a. n.a. n.a. n.a.
C 2.279E+03 -1.184E+04 5.597E+03 n.a. n.a. n.a. n.a.
D 1.005E+00 -1.067E-01 -3.926E+00 n.a. n.a. n.a. n.a.
Table B.2: Lennard Jones potential coefficients [53]

coefficient value

A 1.06036

B 0.15610

C 0.19300

D 0.47635

E 1.03587

F 1.52996

G 1.76474

H 3.89411
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Model Implementation

In this appendix snapshots of the model are included. The snapshots show how the formulas from

chapter 5 are implemented.

C.1. Void

Mass Storage

1
= fE - * g
S Jm (X L
= X_E Z » X L =
m
= fL
l—b il
Ideal Gas Law
———»(m)
" D
P
m
(T )r——» x —>|:>—"—>( P)
T
151)
- R_u »
XL LM M R

Figure C.1: Mass storage in void sub-model
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C. Model Implementation

FGas Temperature (Storage)
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Figure C.2: Gas temperature in void sub-model.
Pollutant Concentration (Storage)
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Figure C.3: Pollutant concentration in void sub-model.
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Figure C.4: Mass flow in Va model.



C.2. Monolith
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Figure C.5: Mass flow in Fe and Cu model.

Heat Conduction Monolith (Resistive)

T m,i-1

:

T m,i-1

T_m,i - d

d

m,i+1 -
— T _m,i+1

Figure C.6: Conductive heat transfer in all models.



84 C. Model Implementation
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Figure C.7: Heat exchange between monolith and bulk gas in all models.
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Figure C.8: Temperature balance of bulk gas in all models.



C.2. Monolith
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Figure C.9: Temperature balance of monolith in all models.



86 C. Model Implementation

[Pollutants Concentration in Bulk Phase (Storage)
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Figure C.10: Pollutant concentration in bulk phase in Va model.
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Figure C.11: Pollutant concentration in bulk phase in Fe and Cu model.



C.2. Monolith
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Figure C.12: Pollutant concentration in washcoat in Va model.
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Figure C.13: Pollutant concentration in washcoat in Fe and Cu model.
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C. Model Implementation
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Figure C.14: NH; coverage in all models.
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Figure C.15: Diffusion inside washcoat in Fe and Cu model.



C.2. Monolith
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NOy Interaction plot

In this appendix interaction plots are shown, they help to gain better insight on how the the input vari-
ables influence pollutant levels at the outlet of the SCR.

The interaction plot is a matrix plot. The different input variables are printed on the diagonal of the
matrix. The plot at off-diagonal position (i,j) is the interaction of the two variables whose names are
given at row diagonal (i,i) and column diagonal (j,j), respectively [45]. On the y axis the outlet NOx
concentration [ppm] is shown. The x-axis shows the range over which the column variable was tested.
On the right, the different tested values for the row variable are shown.
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Va-SCR: Interaction plot on NOxL[ppm]
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Fe-SCR: Interaction plot on NOxL[ppm]
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NH3 Interaction plot

In this appendix interaction plots are shown, they help to gain better insight on how the the input vari-
ables influence pollutant levels at the outlet of the SCR.

The interaction plot is a matrix plot. The different input variables are printed on the diagonal of the
matrix. The plot at off-diagonal position (i,j) is the interaction of the two variables whose names are
given at row diagonal (i,i) and column diagonal (j,j), respectively [45]. On the y axis the outlet NH3
concentration [ppm] is shown. The x-axis shows the range over which the column variable was tested.
On the right, the different tested values for the row variable are shown.
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Fe-SCR: Interaction plot on NHBL[ppm]
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N-O Interaction plot

In this appendix interaction plots are shown, they help to gain better insight on how the the input vari-
ables influence pollutant levels at the outlet of the SCR.

The interaction plot is a matrix plot. The different input variables are printed on the diagonal of the
matrix. The plot at off-diagonal position (i,j) is the interaction of the two variables whose names are
given at row diagonal (i,i) and column diagonal (j,j), respectively [45]. On the y axis the outlet N20O
concentration [ppm] is shown. The x-axis shows the range over which the column variable was tested.
On the right, the different tested values for the row variable are shown.
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Va-SCR: Interaction plot on NZOL[ppm]
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Fe-SCR: Interaction plot on N20L[ppm]
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Figure G.1: NOx concentrations at outlet Va-SCR (N, O = 100 [ppm], ¢ = 0.55, N9z /= 0.075).
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G. Va Parameter Effect

5000

4000
€ 3000
k=
w
5
© 2000
1000
0
100 200 300 400 500
0,
T [0
NH3E = 3000 [ppm]
5000
4000
£ 3000
k=
w
5
© 2000
1000
0
100 200 300 400 500

NH3_ = 0 [ppm]

T 1°C]

NOXx_ [ppm]

NOx¢ [ppm]

5000

4000

3000

2000

1000

5000

4000

3000

2000

1000

0
1

Va-SCR: NH3, [ppm]

NH3_ = 1000 [ppm]

0 -
00 200 300 400 500

1

T [°C]

NH3E = 4000 [ppm]

&
3
2
3500
00 200 300 400 500

T 1°C]

NOXx_ [ppm]

NOXx_ [ppm]

NH3_ = 2000 [ppm]

5000
4000
3000
2000

1000

0
100

NH3E = 5000 [ppm]

5000

4000

3000

1000 7

4500,

0
100 200 300 400 500

T [°C]

Figure G.2: NH; concentrations at outlet Va-SCR (N,Og = 100 [ppm], ¢ = 0.55, N0z /= 0.075).
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Figure G.4: NOx concentrations at outlet Va-SCR (N,Of = 100 [ppm], ¢ = 0.55, N9z /= 0.075).
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Figure G.5: NH; concentrations at outlet Va-SCR (N,Og = 100 [ppm], ¢ = 0.55, N0z /= 0.075).



G. Va Parameter Effect

Va-SCR: N20, [ppm]
NOxE =0 [ppm] NOxE =1000 [ppm] NOxE = 2000 [ppm]
5000 5000 5000
2
4000 4000 4000
€ 3000 £ 3000 € 3000
= =2 2
w w w
2 2 2
Z 2000 £ 2000 £ 2000
1000 1000 1000
0 0 0
100 200 300 400 500 100 200 300 400 500 100
0, 0,
T 1°C] T 0]
NOxE = 3000 [ppm] NOxE = 4000 [ppm]
5000 5000 5000
4000 4000 4000
€ 3000 £ 3000 £ 3000
= 2 2
w w w
2 2 2
Z 2000 Z 2000 Z 2000
1000 1000 1000
0 00 0 0
100 200 300 400 500 100 300 400 100
0, 0, 0,
TeI°Cl T °C] TeI°C]
. . . _ _ NO —
Figure G.6: N, O concentrations at outlet Va-SCR (N,Og = 100 [ppm], ¢ = 0.55, *“2 /y0, = 0.075).
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Figure G.7: NOy concentrations at outlet Va-SCR (N,Of = 100 [ppm], ¢ = 0.55, V02 /noy = 0.075).
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Figure G.8: NH; concentrations at outlet Va-SCR (N,Ofg = 100 [ppm], ¢ = 0.55, NOZ/NOX =0.075).
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Figure G.9: N, O concentrations at outlet Va-SCR (N,Of = 100 [ppm], ¢ = 0.55, NOZ/NOX =0.075).
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Figure H.1: NOx concentrations at outlet Fe-SCR (N, Of = 100 [ppm], ¢ = 0.55, N0z /y, = 0.075).
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Figure H.2: NH; concentrations at outlet Fe-SCR (N,Of = 100 [ppm], ¢ = 0.55, N9z /5 = 0.075).
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Figure H.3: N, O concentrations at outlet Fe-SCR (N, Og = 100 [ppm], ¢ = 0.55, N9z /5, = 0.075).
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Figure H.4: NOy concentrations at outlet Fe-SCR (N, Of = 100 [ppm], ¢ = 0.55, N0z /y, = 0.075).
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Figure H.5: NH; concentrations at outlet Fe-SCR (N,Of = 100 [ppm], ¢ = 0.55, N9z /5 = 0.075).
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Figure H.6: N,O concentrations at outlet Fe-SCR (N, Og = 100 [ppm], ¢ = 0.55, N0z /5, = 0.075).

T, =100 °c1
5000
4000
o
4000
E 3000
k=
W
<)
S 2000
1000
0
0 1000 2000 3000 4000 5000
NH3 [ppm]
T, =400[°C]
5000
4000
E 3000
k=
W
<)
S 2000
1000
0
0 1000 2000 3000 4000 5000
NH3 [ppm]

NOX. [ppm]

NOX. [ppm]

Fe-SCR: NOxL [ppm]

T, =200 °c1
5000
4000
3000
2000
1000
0
0 1000 2000 3000 4000 5000
NH3_. [opm]
T, =500[°C]
5000
4000
3000
2000
1000
0
0 1000 2000 3000 4000 5000
NH3_. [opm]

T, =300 °c]
5000
4000
£ 3000
k=
W
I
S 2000
1000
0
0 1000 2000 3000 4000 5000
NH3. [opm]
T, =600[°C]
5000
4000
£ 3000
k=
W
<
S 2000
1000
0
0 1000 2000 3000 4000 5000
NH3. [opm]

Figure H.7: NOy concentrations at outlet Fe-SCR (N, Of = 100 [ppm], ¢ = 0.55, N0z /y, = 0.075).
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Figure H.8: NH; concentrations at outlet Fe-SCR (N,Of = 100 [ppm], ¢ = 0.55, N9z /5 = 0.075).
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Figure H.9: N, O concentrations at outlet Fe-SCR (N,Of = 100 [ppm], ¢ = 0.55, V02 /Noy =0.075).
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Figure 1.1: NOx concentrations at outlet Cu-SCR (N,Of = 100 [ppm], ¢ = 0.55, N0z /5 = 0.075).
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Figure 1.2: NH; concentrations at outlet Cu-SCR (N,Of = 100 [ppm], ¢ = 0.55, N0z /= 0.075).
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Figure 1.3: N, O concentrations at outlet Cu-SCR (N,Of = 100 [ppm], ¢ = 0.55, N9z /= 0.075).
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Figure 1.4: NOy concentrations at outlet Cu-SCR (N,Of = 100 [ppm], ¢ = 0.55, N0z /5 = 0.075).
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Figure 1.5: NH; concentrations at outlet Cu-SCR (N,Og = 100 [ppm], ¢ = 0.55, N0z /= 0.075).
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Figure 1.6: N, O concentrations at outlet Cu-SCR (N,Og = 100 [ppm], ¢ = 0.55, ¥“2 /jo, = 0.075).
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Figure 1.7: NOx concentrations at outlet Cu-SCR (N,Of = 100 [ppm], ¢ = 0.55, N0z /5 = 0.075).
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Figure 1.8: NH; concentrations at outlet Cu-SCR (N,Og = 100 [ppm], ¢ = 0.55, NO2 /noy = 0.075).
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Figure 1.9: N, O concentrations at outlet Cu-SCR (N,Og = 100 [ppm], ¢ = 0.55, N0z /Noy =0.075).
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Figure J.1: Operating range Va-SCR (N,Og = 0 [ppm], ¢ = 0.2, N0z /5 = 0.075).
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Figure J.2: Operating range Va-SCR (N,Og =0 [ppm], ¢ = 0.2, %2 /yo, = 0.075).
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Figure J.3: Operating range Va-SCR (N,Of = 0 [ppm], ¢ = 0.55, N0z /5, = 0.075).
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Figure J.4: Operating range Va-SCR (N,Og = 0 [ppm], ¢ = 0.55, N0z /5, = 0.075).
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Figure J.5: Operating range Va-SCR (N,Og = 0 [ppm], ¢ = 0.9, N9z /5 = 0.075).
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Figure J.6: Operating range Va-SCR (N,Og = 0 [ppm], ¢ = 0.9, N9z /5 = 0.075).
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Figure J.7: Operating range Fe-SCR (N,Of = 0 [ppm], ¢ = 0.2, N0z /5 = 0.075).
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Figure J.8: Operating range Fe-SCR (N,Of = 0 [ppm], ¢ = 0.2, N0z /4 = 0.075).
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Figure J.9: Operating range Fe-SCR (N,Of = 0 [ppm], ¢ = 0.55, N0z /y, = 0.075).
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Fe-SCR
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Figure J.10: Operating range Fe-SCR (N,Og = 0 [ppm], ¢ = 0.55, NOZ/NOX =0.075).
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Figure J.11: Operating range Fe-SCR (N,Of = 0 [ppm], ¢ = 0.9, V02 /4 = 0.075).
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Figure J.12: Operating range Fe-SCR (N,Og = 0 [ppm], ¢ = 0.9, N0z /= 0.075).

J.

NOx,. [ppm]

o

NOX,. [ppm]

Figure J.13: Operating range Cu-SCR (N,Og =0 [ppm], ¢ = 0.2, N0z /= 0.075).
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Cu-SCR
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Figure J.14: Operating range Cu-SCR (N,Og =0 [ppm], ¢ = 0.2, N0z /= 0.075).
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Figure J.15: Operating range Cu-SCR (N,O = 0 [ppm], ¢ = 0.55, N0z /5 = 0.075).



J.3.Cu 129

1000 1000

Cu-SCR
NOxE =0 [ppm] NOxE =1000 [ppm] N()xE =2000 [ppm]
5000 5000
4000 4000
g 3000 E& 3000 é
“u w T
2 2000 2 2000 ES
z z z
0 0

1000 1000

0
100 200 300 400 500 100 200 300 400 500 200 300 400 500
0 o, 0
Te°Cl T [°Cl T [°Cl
NOx_ = 3000 [ppm] NOx_ = 4000 [ppm] NOx_ = 5000 [ppm]

5000 5000
4000 4000

E 3000 E 3000 £

= k= =

w w w

% (E 2000 %

= 2000 = z
0 0

0
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
T [°C] T [°C) T [°C]

Figure J.16: Operating range Cu-SCR (N,Of = 0 [ppm], ¢ = 0.55, NDZ/NOX =0.075).
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Figure J.17: Operating range Cu-SCR (N,Og = 0 [ppm], ¢ = 0.9, N0z /= 0.075).
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Figure J.18: Operating range Cu-SCR (N,Og =0 [ppm], ¢ = 0.9, N0z /5 = 0.075).
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