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Abstract

To decrease greenhouse gas emissions from combustion, the marine indus-
try is moving to carbon-free alternative fuels like ammonia. Which is very
appealing because of the existing ammonia infrastructure and appealing
combustion characteristics. Previous combustion study utilizing ammonia
as fuel indicates that ammonia may be used as fuel. However, the study is
heavily concentrated on ammonia combustion and not so much on ammonia
engine and system operation.

The assessment of the literature assesses engine operation with a dual fuel
(DF) engine, combustion theory, ammonia safety and influence on materi-
als, emissions and catalytic reduction, fuel system and bunkering from a full-
scale ammonia testing facility developed in Norway. It was discovered that
ammonia as a fuel is challenging to burn and that there are issues in the cur-
rent systems that make ammonia difficult to utilize as a fuel. The results re-
veal that maintaining ammonia gas temperature control at appropriate lev-
els is challenging. Evaporating and heating the ammonia demands a lot of
energy and heat. The engine's ammonia operation is additionally limited by
the selective catalytic reduction (SCR) system, as low loads do not meet the
minimum intake temperature. Because this makes loading and starting the
engine difficult, therefore it has been done in diesel mode. The test results
show that a typical Wirtsila 34DF engine may be operated at low load to
attain a 60% ammonia share. Over 70% ammonia energy share may be
reached by adjusting the engine. High NOx levels, unburned ammonia, and
the formation of N-O might be a problem. However, by using an SCR and
unburned ammonia, NOx levels and ammonia slip may be reduced even
more.

The results of this thesis show the challenges in engine and system function-
ing with ammonia as fuel. More testing and research are required to achieve
carbon-free operation by enhancing engine performance, lowering emis-
sions, and minimizing ammonia release.
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Sammandrag

For att minska utslappen av vaxthusgaser fran forbranning évergar den marina in-
dustrin till kolfria alternativa branslen, som ammoniak. Anviandningen av ammo-
niak lockar pa grund av den befintliga infrastrukturen for ammoniak och dess for-
delaktiga forbranningsegenskaper. Tidigare studier har visat att ammoniak kan an-
vandas som briansle, men fokus har framst legat pA ammoniakforbranning snarare
an driften av motorn och kringliggande system.

Denna litteraturoversikt utviarderar drift av en dubbelbranslemotor, forbrannings-
teori, ammoniaksikerhet, materialpaverkan, emissioner, katalytisk reduktion,
branslesystem och bunkring fran en fullskalig ammoniakprovningsanlaggning ut-
vecklad i Norge. Resultaten visar att det ar svart att branna ammoniak som bransle
och att det finns problem med de befintliga systemen som gor ammoniak svart att
anvanda som bransle. Det ar svart att uppratthalla temperaturkontrollen av ammo-
niakgas vid lampliga nivaer. Forangning och uppviarmning av ammoniak kraver
mycket virmeenergi. Driften av ammoniakmotorn begransas ocksa av det selektiva
katalysator reduktionssystemet, eftersom ldga belastningar inte uppfyller den
minsta insugningstemperaturen. For att underlatta lastning och start av motorn ut-
fors dessa i diesellage. Testresultaten visar att en typisk Wartsild 34 DF-motor kan
koras med 1ag belastning for att uppna en ammoniakenergiandel pa 60 %. Genom
att justera befintliga motorn kan man uppna en ammoniakandel pa 6ver 70 %. Hoga
nivaer av NOx, obrand ammoniak och bildning av N.O kan vara problematiska. Ge-
nom att anvianda en selektiv katalystor och anvinda obrand ammoniak som rea-
gent, kan dock NOx-nivderna och ammoniakutsldppen ytterligare minskas.

Resultaten fran denna avhandling belyser svarigheterna med att driva en motor och
ett system med ammoniak som bransle. Ytterligare tester och forskning kravs for
att uppna kolfri drift genom att forbattra motorprestanda, minska utslappen och
minimera ammoniakutslappen.

Nyckelord Forbranningsmotor, Ammoniak, Alternativa branslen, Utslapp
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1 Introduction

Energy is vital requirement for human survival. Currently, the production
and consumption of energy are contributing to greenhouse gas emissions
(GHG). This is mainly due to the fact that a significant portion of the energy
produced is derived from fossil fuels, resulting in a warming effect on the
earth. Like the Paris agreement, adopted by 196 parties in 2015, is to limit
the global warming to below 2 °C, compared to pre-industrial levels. The in-
creasing demand for energy has led to an increase in energy consumption
globally, driven by the introduction of energy-intensive technologies, vehi-
cles, systems, and applications. This has resulted in various environmental,
health, and sustainable development constraints. To solve these issues, it is
widely recognized that it is urgent to shift towards renewable and clean fuels,
such as hydrogen and ammonia. To mitigate the harmful effects of fossil
fuels, more sustainable fuels and solutions should be used. One of the most
essential characteristics of sustainable sources is their environmental suita-
bility. Many people believe that sustainable fuels will become the most ap-
pealing energy sources in the short and long term, as well as the most prom-
ising from a technological and environmental standpoint [1].

Since combustion is a major source of GHG emissions, replacing traditional
fossil fuels with renewable energy sources and biofuels is expected to reduce
carbon emissions. However, the intermittent nature of most renewable en-
ergy sources, such as wind, solar, and tidal power, presents the issue of en-
ergy storage, namely the inefficiency and expense of energy storage [2]. Am-
monia is mostly used to produce fertilizers. Ammonia has been used in a
smaller scope in the past for both combustion engines and fuel cells. Previ-
ously studies on ammonia combustion suggest that the ammonia is difficult
to ignite, due to high auto ignition temperature, high minimum ignition en-
ergy, narrow flammability limits and low burning velocities [2], [3]. These
high ignition temperatures cause low combustion temperatures and power
reduction.

1.1 Background

As emission standards in the marine industry are becoming more stringent,
for example, the international maritime organization IMO aim for 2050 is to
decrease overall GHG emissions in half compared to 2008 levels [4]. This
implies that the industry must adapt, and engine manufacturers must con-
sider other fuels and technologies to achieve these reductions. Today, numer-
ous merging fuels, including hydrogen, ammonia, methanol, liquefied natu-
ral gas (LNG), and synthetic fuels, have the potential to reduce GHG



emissions. Ammonia, among these fuels, has the ability to provide ship own-
ers and operators with a zero-carbon operation. It has additionally been de-
termined that ammonia could enter the global market rapidly enough to cut
GHG emissions in order to satisfy the IMO 2050 standards [5].

As a result, Wairtsila and MAN, among others, are researching and develop-
ing ammonia-fuelled engines for both bigger 2-stroke engines and 4-stroke
engines. Wartsila has begun full-scale testing of an ammonia-fuelled marine
four-stroke engine in Stord, Norway, in collaboration with Knutsen OAS
shipping, Repsol, and the Sustainable Energy Catapult Centre. In partner-
ship with a Japanese university, MAN is developing a two-stroke engine that
can identify combustion characteristics using ammonia. [5].

This thesis was created in collaboration with Wirtsila Finland Oy, which are
testing partners in Stord, Norway. Because this is the first large-scale ammo-
nia engine testing, the technology is not yet completely established. This the-
sis aims to find out how the systems in Stord were designed, how the engine
operates, what safety measures should be implemented, and what may be
improved based on test findings. The thesis results are subsequently utilized
for future development of ammonia-fuelled engines at Wirtsild's engine Re-
search and Development department.

1.2 Goals

This thesis aims to provide valuable insights to stakeholders on how to oper-
ate an ammonia-fueled engine. It also aims to examine the constructed sys-
tems used for testing an ammonia gas engine. This includes:

e A need to understand how to operate the engine in a dynamic envi-
ronment while using ammonia as fuel.

e Recognizing the technical constraints of the existing configuration.

e Analyzing how the systems were established for ammonia engine test-
ing.

Additionally, the thesis presents the performance and emission outcomes
from the tests and compares them to natural gas and diesel operation. The
research questions are:

e How should a standard marine dual-fuel engine be operated with am-
monia as fuel, and what are the limitations of using ammonia?

e What things should be considered when designing an ammonia-com-
patible engine test system?



¢ What’s the performance and emissions of the engine from the tests?

¢ How do these results compare to standard natural gas and diesel per-
formance and emissions?

1.3 Constraints

This thesis identifies a built and tested engine system that uses ammonia as
fuel. However, it does not cover the design requirements for components
such as the fuel system, cooling, and engine structure. The thesis does not
examine the use of control systems for regulating combustion, pressure, tem-
perature, and fuel mixing. The thesis will solely focus on the dual fuel low-
pressure ammonia gas concept, without exploring other combustion con-
cepts.
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2 Literature review

The theory of internal combustion engine (ICE), engine operation and am-
monia as an engine fuel are discussed in this chapter. The upcoming research
will build upon the findings of this literature review.

2.1 Engine theory

The internal combustion engine is the most common form of engine. In this
thesis the focus will be on internal combustion engines.

Internal combustion engine’s primary purpose is to convert chemical energy
in fuel to mechanical power. As contrast to external combustion engines, in-
ternal combustion engines release the energy by burning the fuel inside the
engine. The actual working fluids are the fuel-air mixture and burnt by-prod-
ucts. Combustion of the fuel-air mixture transfers to work, which turn the
mechanical parts to produce a desired power output [6].

A stationary cylinder, crankshaft and piston make up the internal combus-
tion engine. The piston is driven by the expanding combustion gases, which
then turns the crankshaft. Which ultimately turns the wheels of the car
through a geared system called powertrain or drives a propeller on a ship [7].

There are two main types of engines: spark ignition (SI) and compression
ignition (CI). The SI engine is commonly called petrol, gasoline, or gas en-
gine, derived from the typical fuels used. Otto engine is the formal name. SI
engines are ignited with a spark and CI engines are ignited with compression.
CI ignition happens when pressure and temperature rise above the auto-ig-
nition temperature of the fuel-air mixture, different fuels have different auto
ignition temperatures.

The CI engine, also known as the diesel engine, is named after its inventor,
and is named for the type of fuel it typically uses. Both types of engines can
be operated as a 2-stroke or 4-stroke engines [8].

Operation of the four-stroke engine is used in majority of the ICE”s. The pis-
ton performs four strokes and two crankshaft revolutions to complete the
four-stroke operation. Both SI and CI engines use this cycle, the cycle consist
of:

1. Intake stroke, which can be seen in Figure 1 marked as a. Piston starts
at TDC and moves towards BTC. This motion draws in the air-fuel
mixture.

2. Figure 1 with the letter b indicates the compression stroke, which be-
gins after the intake stroke following BTC. With the piston traveling
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from BTC to TDC, the air-fuel combination is compressed. Combus-
tion occurs at the end of the stroke when the motion is completed.

3. Power stroke, this stroke starts at TDC and ends at BTC. The increase
in temperature and pressure drives the piston towards BTC. The en-
gine's net power is generated during this phase of the cycle. is shown
as d in Figure 1.

4. The piston goes from BTC to TDC during the exhaust stroke while the
exhaust valve is open, and the gases are forced out the exhaust. After
the exhaust valve has been closed, the cycle is restarted by opening the
intake valve when the piston reaches TDC [6].

Inbet Exhaust Inlet Exhaust Inlet Exhaust Inlet Exhanst

() Intake () Compression (e} Expansion () Exhaust

Figure 1 Four-stroke operating cycle [6].

Figure above also shows the engine geometry and the most critical compo-
nents in an engine. One important parameter for engine design is the com-
pression ratio. The nominal compression ratio r is the cylinder volume at
BTC divided by the cylinder volume above the piston at TDC, expressed as

[9]:

v VeatV
r = tdc — clTVs (2. 1)
Vbtc Vea

Where Vsis the swept volume and Ve is the clearance volume of the cylinder
at TDC [9]. Typical values for r in SI engines are 8 — 12 and for CI engines 14
— 22 [6]. Higher values of compression ratios result in higher thermal effi-
ciency. For an otto cycle engine the efficiency is expressed as [9]:

1
Notto = 1 — F(k—1) (2.2)

From equation 2.2 it can be seen that higher value of r increases the thermal
efficiency. Another parameter that is important to assess the load of an en-
gine is referred to mean effective pressure (MEP). This parameter is defined
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as pressure. Definition of MEP is the work output divided by the swept vol-
ume, which can be expressed as:

(2.3)

Deriving the latter equation and taking into consideration the energy addi-
tion and thermal efficiency we get:

MEForo = (1 B r(kl—l)) RTfel(le—l) &4

This shows that the MEP (which is also called indicated mean effective pres-
sure (IMEP)) pressure is proportional to p: if all other parameters are con-
stant. The p: parameter is the inlet pressure to the cylinder, hence by increas-
ing the inlet air pressure we receive higher MEP values. This can be done with
turbocharging [9]. Diesel and dual combustion cycles have similar relation-
ships as the otto cycle combustion, with modification of the thermal effi-
ciency. The brake mean effective pressure (BMEP) can be derived from re-
lated IMEP which is p; = p,ps where pris the frictional torque. The BMEP

value can be evaluated from the engines output power, defined as [9]:

__ PpLAncyNeyc
60x1000

P (2.5)

where

P = output power in kW

pb= brake mean effective pressure BMEP
L = stroke (m)

A = bore area m2

neyt = number of cylinders

Neye = number of cycles per minute

For combustion an oxidizer for the fuel is needed. Often air is used which
contains 21% oxygen (O2). The combustion reaction is exothermic, releasing
heat as a by-product. The heat emitted from combustion is determined by the
hydrocarbon content and the incomplete reactions. The emissions produced
by complete combustion are carbon dioxide (CO-) and water (H-0O). How-
ever, practically there are also nitrogen oxides (NOx) and other emissions
produced. The air-fuel ratio, which is determined by the actual air quantity
to ideal stochiometric quantity, is the most critical component for combus-
tion, which describes if the combustion is rich or lean [10],

13



(m_i> — " (26)

(ﬂ) mpth
Mk/stoich

A=
Were,

m,= Actual air quantity supplied to the engine
m; = Fuel quantity supplied to the engine
my = Theoretical air quantity for complete combustion for a specific fuel

Another important parameter to determine the efficiency of the engine is
the engine brake thermal efficiency (BTE). This may be computed using the
engine power output and the fuel spent as a product with lower heating value
(LHV):

Pp
My LHVy 11, LHV,,

(2.7)

NBTE =

where Pb is the engine power, i, and m,, is the respective mass flows of
burned fuels, and LHV is the lower heating value of the fuels, as previously
mentioned.

The engine has several components, each with its own functions. These com-
ponents are critical for combustion of fuels and the functionality of the en-
gine. The example is for a Dual fuel (DF) engine, which operates with both
liquid and gas operation, or as a combination of a CI and SI engine. The gas
pipe delivers the fuel, while the intake valve introduces the gas fuel. The fuel
injector is utilized in diesel operation as well as pilot fuel in DF operation. Air
is brought to the charger and compressed, then cooled at the charge air cooler
and drawn into the air receiver via the turbocharger, which is mounted on
the exhaust pipe. A connecting rod connects the crankshaft to the piston,
which is sealed with the cylinder liner. The camshaft is used to control the
timing of the air and exhaust valves [10]. In Figure 2 the engine components
can be seen from a Wirtsila 34 DF cross section.
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Gas pipe

Turbocharger

./ .'" i 3
Fuel injector I\ L O

Piston

Charge air cooler

Camshaft

Cylinder liner 2 ™ || 5
) .

. Air reciever
Conneting rod

Crankshaft

Figure 2 Wartsila 34 DF cross section, modified from [11].

An internal combustion engine burns fuel with air to generate high-pressure
gases that directly affect engine components. For a complete combustion of
hydrocarbons (CxH) the by products are carbon dioxide (CO-) and water va-
por (H20), which can be expressed as:

CeH, + (x + %) 0, © XCO; +XHy0 + AgH (2.8)

Where Az H is the heat released from the combustion process [10]. The fun-
damental combustion influences are highly determined by the events taking
place in the combustion chamber. These factors influence the combustion

[12]:

e Cylinder and cylinder head layout

e The design of the charge entering the combustion chamber e.g. flow
pattern. Mainly influenced by the intake valve geometry, lift and tim-
ing.

e Injection properties like timing, position, pump design and the loca-
tion of the injector. In a gasoline engine the spark plug location is also
a contributing factor.

e Earlier mentioned compression ratio

e Air-fuel mixture and ratio

15



Fuel type
Cooling of the surrounding combustion chamber
Exhaust recirculation (EGR)

The combustion in SI and CI engines differs somewhat. Combustion in SI
engine can be expressed in a list [12]:

5.

6.

Air-fuel mixture is formed either in the inlet manifold of the engine,
where the fuel is injected and thus pre-mixed entering the engine. In-
troducing the fuel can be done with either a carburetor or injector.
Spark is introduced to the air-fuel mixture when the piston is close to
TDC.

From the delay of the spark the combustion or flame is initialized, and
the flame propagates through the combustion chamber. This combus-
tion rate is defined by several factors like the mixture of the fuel and
air and flow of the mixture.

The reaction from the combustion is heat and pressure increase which
pushes the piston downwards. The air-fuel mixture is formed to by-
products.

The temperature increases, thus the heat is transformed to the cylin-
der and surroundings.

Mechanical work is done from the movement of the piston.

The combustion process in a diesel engine, also known as CI, is similar but
not identical. This concept can be illustrated as [12] :

o b

Air is entered into the cylinder in the charge cycle.

Injection of fuel from 600 to 1500 bar. The charge air is above the auto
ignition temperature of the fuel injected. Injected fuel vaporizes
quickly and ignites after a certain delay.

Combustion occurs after the delay from injected fuel to ignition. Pres-
sure rises in the cylinder; the pressure rise is controlled by the injec-
tion rate. Air motion is what brings new fuel and air to the flame, this
way the motion of the air is important for the overall combustion effi-
ciency.

Heat is transferred to the surroundings.

Piston is pushed down by combustion, from the expanding gases. The
result is a net torque on the crankshaft which is the desired outcome.

To evaluate the fuel consumption to the power output there is a metric
called specific fuel consumption. Specific fuel consumption is a comparable
metric to convert the fuel energy to produced energy, neglecting the scale of
the compared engines. The specific fuel consumption is the fuel mass flow
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rate divided by the brake power. Which can be expressed as:
bsfc = L1 (2.9)

Where N is engine speed and 7 is output torque. Typical values range from
200 to 400 g/kWh. The engine efficiency is related to the specific fuel con-
sumption inversely, meaning that higher engine efficiency is achieved with
lower specific fuel consumption [13].

To control emissions and boost the mean effective pressure, an effective pro-
cess called the Miller Cycle can be used. This involves cooling the combustion
process by shortening the compression stroke and reducing the charge air
temperature in the cylinder. In the Miller Cycle, air is compressed at a much
higher pressure to reach the desired air-fuel ratio. This is achieved by timing
the inlet valve closure (IVC) to ensure the right amount of air is drawn into
the cylinder. As a result, the charge air expands and lowers the temperature
at the beginning of the compression stroke. To achieve this, high boost pres-
sures such as two-stage turbocharging are necessary. This results in im-
proved engine efficiency and reduces specific fuel consumption, leading to
lower emissions. [14].

2.2 Engine operation

In gas operating mode the DF engine runs as a lean burn engine or as a com-
bination of a CI and SI engine. Where the gas is drawn to the cylinder from
the intake, as the otto-process does and starting the combustion with pilot
diesel injection. This can be seen in Figure 3. The pilot injection initializes
the combustion of the gas-air mixture. With this kind of setup, it is possible
to achieve great emission, performance, and efficiency. However, the lean
burn concept is used to avoid knocking. But at high loads, misfiring can occur

[15].
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Intake of Compression of Ignition by
air and gas air and gas pilot diesel fuel

Figure 3 DF engine or lean burn engine with pilot injection concept [15].

Controlling the combustion of each cylinder in an engine can be difficult with
these engines. Individual combustion control on the Wartsila 34DF allows
for maximum performance under varied gas quality and other circum-
stances. Figure 4 illustrates the operating window for each cylinder, where
the combustion control seeks to avoid the knocking and misfiring zones. The
best performance, thermal efficiency, lowest NOx emissions, and maximum
power output may be found between the misfiring and knocking regions.

Ciptimum performance
for all cylinders

Knocking

Misfiring

Opmrating
windaw

BMEP [ bar ]

Thermal efficiency [ % ]
NOx emissions [ g/ kW h ]

Air | Fuel ratio
Figure 4 Optimum operating window for 34DF engine [16].

Many factors influence gas combustion, including fuel quality, air/fuel ratio,
and charge air temperature. If one essential parameter changes, uncontrolled

combustion, or knocking, could result. This generates pressure peaks in the
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cylinder, which, depending on the severity of the knocking, can lead to un-
controlled damage. When running in gas mode, a knock control is triggered
as a safety measure. If there is excessive knocking, the system will switch to
diesel mode [15].

The exhaust gas wastegate (EWG) is used for changing the air-fuel ratio on a
DF engine for optimal performance in terms of both power and emissions.
This allows engine exhaust flow to be directed past the turbocharger, result-
ing in decreased boost pressure. This EWG acts as a regulator, altering the
air-fuel ratios in response to changing site circumstances [15].

2.2.1 Wartsila 6L34DF

The Wartsild 34DF is a dual fuel four-stroke engine. The number 34 is de-
rived from the cylinder's 340 mm bore diameter, with a stroke length of 400
mm. A compression ratio of around 12 and an engine speed of 720 or 750
rpm. The BMEP value for these engines is 2.2 MPa, compared to a similar
competitor engine Himsen H35DF with 2.08 MPa. With greater BMEP val-
ues Wartsila gained a competitive advantage in kW/mass values, without
compromising performance, efficiency and fuel flexibility.

The power output for Wartsild 34DF is 480 kW/cylinder at 720 rpm and
500kW/cylinder at 750 rpm [17].

The engine's dual fuel (DF) design enables it to run on both liquid and gase-
ous fuels. The engine behaves like an Otto engine while using gaseous fuels.
When using liquid fuel, the engine runs in accordance with the diesel process.
Wairtsila started working on DF engines in 1987 with the first gas-diesel en-
gine concept (GD). In the early 1990s, work on developing spark-ignited (SG)
engines started. Low pressure pure gas engines were the intended use of the
SG engine. After that, the true DF breakthrough unveiled— the capacity to
mix liquid and gaseous fuels. This achieved greater fuel flexibility, efficiency,
and environmental performance [18]. This has been highly successful in ma-
rine applications, where fuel flexibility and emissions are both important fac-
tors.

2.2.2 Starting and stopping

Start mode is entered from the stand-by mode. The start is initialized by a
request from the operator. The engine slowly turns twice with reduced air
pressure to prevent hydrostatic lock in case there is water in the cylinder.
After this the engine is ready for starting mode. Before starting there are dif-
ferent operation modes to be checked, which are:
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e Gas operating mode
e Diesel operating mode
e Backup operating mode

The engine is always started with liquid fuel by default; when the gas mode
is used, the pilot fuel is used when the engine reaches the required speed.
This is referred to as a pilot check, and it ensures that combustion and trans-
fers are safe.

In gas operating mode the order of starting the engine is following [15]:

e GVU gas leakage test.

e The wastegate is set to position by the control air.

e Starting air starts to rotate the engine.

e Engine speed control is activated.

e Pilot injection is enabled and fuel pressure control.

e Starting air is deactivated.

e After this, the pilot combustion check is performed.

e After the pilot check is okay the gas admission valves are started, and
gas pressure is checked.

e Engine speed is raised to nominal speed and during this the gas ad-
mission valve duration is set by the fuel limiter map.

e After this, the start fuel limiter is deactivated at a predefined speed
before the engine speed is reached and the normal speed control is
started.

e Lastly, when the engine has reached the desired speed, the engine is
ready to be synchronized to the load.

When starting the engine on gas mode, it is subject for the classification so-
ciety approval. Diesel operating mode is basically the same expect for the gas
pressure check and GVU leakage test.

The backup operating mode is when the pilot injection is deactivated, and the
engine works like a conventional diesel engine. This mode is used as a backup
and should not be used for long periods of time, because the pilot injector
nozzles will clog.

Starting an engine needs preparation, so that it starts safely without risking
any damage. For example, pre heating of cooling water and lube oil, slow
turning the engine, and preparing the gas fuel system.

There are also minimum temperature requirements for starting an engine on
gas mode, which is [19]:

e HT temperature 50 °C
e Lube oil temperature 30 °C
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e LT temperature 40 °C
e Air receiver temperature 45 °C

The total startup procedure to get to nominal speed (after the temperatures
are above the stated minimum temperatures) is around 2.5 minutes. A typical
engine startup procedure can be seen in figure 5.
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Figure 5 Wartsila 34 DF engine startup procedure [19].

To safely stop the engine, the unloading must be gradually reduced. When
the generator breaker opens after unloading, the engine idles for a brief
amount of time before entering shutdown mode; if the engine is in gas mode,
the pilot injection remains active during the shutdown operation to burn un-
burned gas in the cylinders. Simultaneously, the fuel rack for the main fuel
oil pump is pressed to zero, the gas admissions valves are deactivated, the
engine gas ventilation valve opens, and exhaust ventilation is initiated. This
process is carried out to eliminate any residual gas fuel in the exhaust system,
preventing the occurrence of explosions during the next start-up.

The GVU then cuts off the gas supply to the engine, resulting in zero gas pres-
sure. This can be seen in Figure 6, where the controlled unloading, idling and
shutdown mode is illustrated for a DF engine on gas mode at constant speed.
In the case of an uncontrolled shutdown, the procedure is the same, the dif-
ference is that the generator breaker opens immediately from the respective
load. After the shutdown must be reset and the operator must investigate the
reason for the shutdown [15].
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Figure 6 Stop procedure of a DF-engine on gas operation [15].

The emergency stope mode is similar to the shutdown mode, the load simul-
taneously drops to zero and the sequence of the shutdown mode is followed.

2.2.3 Loading

Air supply is one major limiting factor when loading an engine. This is be-
cause the charging process needs time to accelerate before supplying the
right amount of air [16]. Supercharging is used to boost an engine's power
output and increases the charge air density of the intake manifold. This re-
sults in increased engine output and specific power per cylinder, i.e. engine
downsizing. There are several ways to do this, such as a compressor, screw
type compressor, sliding vane supercharger, or turbocharger. The properties,
performance, and dynamic behavior of various superchargers differ; none-
theless, turbochargers are the most used superchargers in vehicles today
[20].

A turbocharger consists of an exhaust driven turbine, air compressor wheel,
housings and a common shaft with bearings. For optimal performance, a cer-
tain speed and air flow is needed according to the design of the turbocharger.
The issue with road vehicles is that the engine runs at various speeds, making
turbocharging less effective over the whole speed range, consequently de-
creasing fuel economy and emission performance. This is true for turbo-
chargers with fixed geometry. A wastegate is a solution to this problem. It can
be controlled mechanically or electrically and regulates the engine's boost. By
bypassing the exhaust gases and decreasing the exhaust flow to the turbine,
the wastegate lowers the boost pressure as a result. This boosts low-speed
range power and allows for greater management of power output in relation
to engine speed. A turbocharger's limiting factors include maximal mechan-
ical and thermal loads. Improvements can be achieved through the use of
new materials and improved design. [20]
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After the charging process, the temperature of the air is increased due to the
isentropic process of the charging. By reducing the temperature, the air den-
sity is increased. Charge air cooling is also important for:

¢ Reducing thermal stresses on components.

e Increasing the charge air mass resulting in higher power output.

¢ Reducing nitrogen oxides emissions because of the lower combustion
temperature.

Due to increased emission requirements, future engines would certainly be
turbocharged. The design of the turbocharger is important, and a compressor
map is a useful tool to use when selecting a turbocharger for an engine. When
matching the turbocharger to the engine, the objective is to get [20]:

e Great low speed torque

e Great specific fuel consumption

e Low emissions and smoke

e Turbine and compressor do not exceed shaft speed and blade fre-
quency limits.

e Limits for mechanical stress and temperatures is met.

Controlled load increase is essential for proper performance on gas fuel be-
cause dual fuel engines used in the gas mode require precise control of the
air/fuel ratio. The loading rate for W34DF can be seen in Figure 7 it can be
used for gas and diesel operation, when the engine is preheated [11].

W34DFB loading curve, constant speed
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Figure 7 Loading rate for Wartsila 34DF operation at constant speed [11].

Before loading at maximum loading ramps the engine have to reach the nom-
inal HT-cooling water and lubricating oil temperature or when the engine has
been operated > 30% load under 30 minutes. When loading the engine faster
than recommended in gas mode may result in knocking and gas trip to diesel.
When loading, it should be applied gradually in normal operation. The con-
trol of the engine does not limit the loading rate, but in gas mode it acts on
speed deviation if loaded fast.

In Figure 7, the recommended total loading time for a Wartsila 34 DF is
around 300 seconds. The minimum loading time running on gas is around
100 seconds, whilst the emergency diesel mode can load the engine in 20
seconds. So clearly at fast loading, diesel fuel is preferred [11].

Unloading the engine needs to be performed according Figure 8, with diesel
maximum mode being instantaneous from 100% load to zero load. Nominal
unloading ramp is 60 seconds for both gas and diesel operation.
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Figure 8 Unloading rates at constant speed [16].
As a result, when unloading fast, diesel operation is preferred. The conclu-
sion of loading and unloading is that when fast unloading and loading is re-

quired diesel operation is highly preferred. Gas mode is slower, due to the
need to control air-fuel ratio precisely.
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2.3 Ammonia

Ammonia (NHj) is a chemical that is widely used in a variety of industries,
including agriculture, cleaning products, and refrigeration. Ammonia occurs
in nature mostly in form of ammonium salts. Ammonia is largely produced
in nature as via the breakdown of biological compounds that contain nitrogen
or by the eruption of volcanoes. Ammonia molecule has similar electron con-
figuration as water thus, behaving similarly in many reactions [21]. While
ammonia is a valuable chemical, it is also toxic and can be harmful if not
handled appropriately. As a result, it is critical to be aware of the potential
hazards associated with ammonia and to take the appropriate steps to ensure
safety when working with this chemical. The chemical properties of ammonia
is summarized in table 1.

Table 1 Ammonia properties modified from [22], [23] [24].

Property Value

Molecular formula NH,

Molecular weight 17.03 g/mol

Density 0.6 g/cm3 (gas)
Boiling point -33.34 °C

Melting point -77.73 °C

Solubility Highly soluble in water
Viscosity 2.2 centipoise (gas)
Surface tension 7.1 dyne/cm (gas)
Odor Pungent, suffocating
Color Colorless

pH 11.6 (10% solution)
Flammability Highly flammable
Explosion limits 15-28% (in air)
Autoignition temperature 565 °C

Stoichiometric air-fuel ratio 6.06

Production of ammonia for fertilization is the most important industries in
the world at the moment. When used as a fertilizer, the crop yields signifi-
cantly better than without fertilizer. If ammonia production were not utilized
as a fertilizer, the world's population would be reduced by 2 to 3 billion.

Currently, the manufacturing of fertilizers uses between 2 - 3 percent of the
world's total energy. Ammonia is the source of 97% of the nitrogen fertilizers
[25]. According to [26], the global total production of ammonia was 176 mil-
lion metric tons in 2014. Ammonia is one of the most emission-intensive
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commodities produced, at around 2.4 t CO- per ton ammonia produced. This
is almost twice the amount of steel production and four times of cement pro-
duction [27].

The majority of the energy used to produce fertilizers is needed for the pro-
duction of ammonia by the absorption of atmospheric nitrogen. The process
of turning ammonia into urea also requires a significant amount of energy
[25]. Synthesis of ammonia from nitrogen and hydrogen can be expressed by
following reaction:

N>+3H> < 2NHj5 (2.10)

Nitrogen source is often from air. Hydrogen part is produced from fossil
fuels, by steam reforming, partial oxidation or electrolysis. Although about
80% of ammonia production uses steam reforming. Which natural gas plays
a big role in. About 77% of steam reforming is based on natural gas [25]. As
of now the ammonia production is not fully carbon neutral, but in the future
there could be ammonia produced which is carbon neutral.

The vapor pressure of ammonia varies according to temperature and pres-
sure. The relationship between the vapour pressure and temperature is im-
portant to maintain gaseous ammonia or inversely to maintain liquid am-
monia. At 10 bar absolute pressure the ammonia vapor pressure tempera-
ture is 25 °C. this can be seen in figure 9. This relationship is for anhydrous
ammonia, free of water.

Dewpaint of anhydrous ammania
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Figure 9 Saturation of liquid ammonia at different temperatures and pres-
sures or ammonia vapor pressures at gas-liquid equilibrium, reference data
from [28].

Ammonia is incompatible with several metal materials used in the produc-
tion and handling industry. It is corrosive to several metals like copper, brass,
and zinc. The noticeable visual effect is a greenish colour forming on the sur-
face of the metal. Therefore, careful selection is in place when using ammonia
as a fuel [29].

Because ammonia is dangerous to both people and the environment, it must
be always handled with caution. More about safety in the next chapter.

2.3.1 Safety

Ammonia is an odourless, corrosive, colourless gas with a strong unpleasant
smell. The range of the odour detection level is 5 parts per million (ppm) to
53 ppm [30]. Different levels of ammonia concentrations, has various effects
to humans, in table 2 the concentrations and effects are summarized.
Ammonia is particularly water soluble. Ammonia reacts with moist surfaces,
such as mucous membranes, to form ammonium hydroxide, which is exo-
thermic in nature and generates heat [30]. Because ammonia is very soluble
in water, it is easily absorbed by bodily fluids like sweat, tears, saliva and can
cause serious chemical burns. As a result, ammonia safety in the marine in-
dustry should be prioritized [31].

Table 2 Different ammonia concentrations and effects on humans [32].

Ammonia concentration [ppm] Effects on humans

5-10 Detectable by smell

50 Feeling of discomfort

100 Irritation

200 - 300 Irritation to eyes and throat

300 - 500 Not fatal, but bearable for short time
2500 - 5000 Life threating in 30 minutes

5000 - 10000 Fatal in short time

Safety when using ammonia is critical, due to the toxicity and fire hazards
characteristics of it. But the long history of ammonia production according
to [21] has demonstrated a very safe operation. In 1913 the ammonia produc-
tion became more industrialized, even with 110 years of use very few failures
have occurred. This is thanks to safety standards and procedures.
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Because the failures and incidents are publicly shared and reported. This en-
ables the industry to improve and learn from incident experiences and solu-
tions on how to avoid future incidents [21].

Main hazards when storing and transporting ammonia are [33]:

e Poisoning
e Fire and explosion injuries
e Suffocation

Data from accidents that have occurred with ammonia usage is mainly explo-
sions and fires. Confined explosions in ammonia plants seem to be limited to
those that are a few hundred equivalents to kg TNT. These explosions are
typically not severe for individuals outside the plant fence, because they are
typically not fatal to humans at distances of 50 to 60 meters [33]. As ammo-
nia has a high lower explosion limit (LEL) and minimum ignition energy, it
is considered to have a low risk of causing fire or explosive atmospheres [32].
The most significant side effect of using ammonia as a fuel is ammonia tox-
icity. As a result, classification societies are establishing new rules for safety
distances, ammonia emissions, corrosiveness, and ammonia fuel system
safety management [32].

These factors contribute to safe operation of ammonia handling is:

e Standards, proper design, material selection, operation, fabrication,
and inspections.

e Trained and professional operators

e Maintenance plan for the system

A general practice that’s applied today is to make an hazards and operability
(HAZOP) study with a team of professionals like operators, experts, and en-
gineers. The study objective is to observe potential failure and risk possibili-
ties and applicable solutions to these [33]. Ammonia fuel systems for ships
should be designed to avoid failure, ammonia leaks should be avoided, and
measures to reduce human health hazards and hazardous regions should be
implemented [32].

Human exposure with ammonia is dependent on legislation and exposure
time. Ammonia's corrosive and exothermic characteristics can cause imme-
diate harm to the eyes, skin, mucous membranes of the oral cavity, and res-
piratory system (severe irritation and burns). Additionally, due to ammonia's
high solubility in water, the tonsillar region of the respiratory system effec-
tively scrubs out ammonia [30]. To prevent any individuals to be exposed to
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ammonia, there are guidelines on ammonia releases. The American Environ-
mental Protection Agency (EPA) has guidelines for industrial exposure
guidelines based on acute exposure guideline levels (AEGL). Table 3 summa-
rizes the guideline limits. These are recommendations in the United States;
hence, they may differ from nation to nation. For example, Europe has lim-
ited the eight-hour exposure to 20 ppm and short term to 50 ppm [34]. While
EPA recommendation is 30 ppm for short exposure time to 8-hour time, ac-
cording to AEGL-1. This demonstrates how there are no wide restrictions on
ammonia exposure.

Table 3 Summary of AEGL-classification for ammonia, reference [30].

Classifica-
tion 10 min 30 min 1h 4h 8h Note
30 ppm 30 ppm 30 ppm 30 ppm 30 ppm Mild irri-
AEGL-1 (21mg/m3) (21tmg/m3)  (21mg/m3) (21mg/m3) (21mg/m3)  tation
Irritation
to eyes
220 ppm 220 ppm 160 ppm 110 ppm 110 ppm and
AEGL-2 (154 g/m3) (154 g/m3)  (112g/m3)  (77g/m3)  (77g/m3)  throat
2700 ppm 1600 ppm 1100 ppm 550 ppm 390 ppm
AEGL-3 (1888 g/m3)  (1119g/m3) (769g/m3) (385g/m3) (273g/m3)  Lethal

The maritime industry, particularly marine classification associations, is de-
veloping standards for ammonia-powered ships. According to DNV's classi-
fication rules for gas-powered ship installations [35], the rules mentions that
the ammonia leakage limit is set at 30 ppm. This ARMS system collects and
handles ammonia release from many sources, such as pipe purging, fuel sys-
tem bleeding, pressure relief valve releases, and other potential ammonia re-
lease scenarios. Releases are handled with the ARMS system and vented. Ac-
cording to the classification, the vent mast must be at least 25 meters away
from the nearest air intake/outlet or any openings to an enclosed environ-
ment [35].

These ammonia release limits, according to the rule, is similar to AEGL-1
guidelines.

Ammonia is partly made of nitrogen and nitrogen is categorized into two
types: unreactive nitrogen and reactive nitrogen. Unreactive nitrogen is the
78% of nitrogen found in air.

Nitrogen oxides (NOx), nitrous oxides (NO-), nitrate (NO3), and ammonia
(NHj3) are all examples of reactive nitrogen. These are used as fertilizers in
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biological systems to promote growth [36]. These reactive nitrogen causes
both air pollution and negative biodiversity effects. Excessive reactive nitro-
gen in water can cause the growth of harmful algal blooms, which can lead to
fish mortality. Nitrate present in drinking water can also have adverse effects
on human health, increasing the risk of developing cancer.

Ammonia toxicity is a threat to the environment. As ammonia contain nitro-
gen, nitrogen build-up on organisms has a significant influence on biodiver-
sity. In nitrogen-rich environments, fast-growing species outcompete
smaller and more sensitive species. As a result, number of species are de-
creasing. Ammonia emissions has four primary effects on the biodiversity:
eutrophication, acidification, direct toxicity, and indirect consequences [37].
In Table 4 the effect of these mechanisms is described.

Ammonia pollution specifically in forests, encourages the formation of algal
slime, which can suffocate tree-living plants such as mosses and lichens. NH3
and NOx emissions have diminished forest biodiversity by more than 10%
throughout two-thirds of Europe [36].

Table 4 Ammonia impact mechanisms on biodiversity [37]

Mechanism Description

Eutrophication | Nutrient accumulation in the environment through soil
and water pathway

Acidification Acidification of soil and water

Direct toxicity | Direct damage to leaves and plant surfaces

Indirect effects | Changing the plant vulnerability to cold, drought and dis-
eases

Compared to other gas fuels ammonia is safer, because of [2]:

e Lighter density than air, dissipates rapidly to the atmosphere.
e Strong odour, which enables for easy detection.

e Hard to ignite, which makes it safer to transport and store.

e Non-flammable, reduces explosion risks

e [Existing ammonia industry

Ammonia, as previously stated is hazardous to both humans and the envi-
ronment. However, the combustion properties of ammonia are excellent in
terms of safety but difficult in terms of combustion. The flammability of am-
monia is compared to that of other fuels in Figure 10. This figure emphasizes
the latter-informed features of ammonia.
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Figure 10 Hazards with different fuels depending on the fire and toxicity risk
plotted [38].

Proper ventilation is crucial in engine rooms and ships because the fuel can
be toxic. It's important to store ammonia in a well-ventilated area. If there
are explosive atmospheres present, the storage area must not have any igni-
tion sources to prevent fires or explosions. To avoid igniting explosive atmos-
pheres, electrical equipment should be used in compliance with the ATEX
regulations [39]. Ammonia has an equipment group of ITA and a temperature
class T1 with reference to IEC 60079-20 [35].

Because ammonia is very soluble in water, the concept of using water to cap-
ture ammonia gas has been researched previously. According to [40], where
they studied the absorption of ammonia into water, with theories and field
testing. The testing showed that a fog nozzle pointed downwards to the am-
monia gas stream could retrieve 85% of the ammonia gas. And this was
sprayed at a water ratio of 15 litres of water to 1 kg of ammonia [40]. Similar
solution could be implemented in restricted volume spaces, where ammonia
gas is harmful, for example in ventilation ducts.

As earlier mentioned, ammonia has been used industrially over 100 years al-
ready. But ammonia as fuel and consequently safety precautions are not fully
established. As previously mentioned, DNV as a marine classification are
working on rules for ammonia as a fuel on ships. Other examples of safety is
also the functionality of the systems and consequently the materials. In the
upcoming chapter, we will discuss the challenges related to the interaction
between ammonia and materials.
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2.3.2 Materials

Ammonia as a chemical reacts with wide range of materials. Especially cop-
per-based alloys are prone to corrosion of the metals, like copper, brass and
zinc. Many types of bearing materials which are used in machinery. These
often has a lubricating oil film, which is coated in the bearing material. This
is acceptable, because the oil prevents chemical reaction between ammonia
and the bearing material [41]. DNV rule for ammonia fuelled ships, clearly
states that copper and zinc should not be used in ammonia fuel systems [42].
On the other hand, ammonia is compatible with aluminium, steel and stain-
less steels. But the material should not have a high yield strength, as this can
cause stress corrosion cracking (SCC), this is the case if the ammonia is an-
hydrous.

When increasing the tensile strength, the risk for SCC increases. However,
[41] also states that SCC gets increasingly limited when the percentage of wa-
ter increases to around 0.2% water content in the ammonia. With increasing
water content, the boiling point of the ammonia and water mixture also
changes. DNV rule also states, in the material requirements chapter, that the
ammonia should not contain less than 0.1% water content [42]. Also limiting
the oxygen content have shown to limit SCC, by keeping the oxygen content
below 2.5 ppm. This is done by reducing the oxygen content in the tank, while
filling the tank. The allowable oxygen content is a function of the tempera-
ture, which can be found in [42]. According to the European Maritime Safety
Agency, greater ppm levels of oxygen in liquid ammonia increase SCC in
steels, which spreads fast at high temperatures. [43].

To prevent SCC, the rule also states that, the maximum yield strength of ma-
terials used in fuel tanks and piping should not exceed 355 N/mmz2 [44].

If materials with higher yield strength is used, the requirement is, that the
materials need to be post-weld stress relief heat treated.

Source from international association of classification societies [45], men-
tions that the any fine graded steel used for pressure vessel type tanks for
transportation of anhydrous ammonia, that the nominal yield strength
should not exceed 355 N/mmz2 and the actual yield strength of 440 N/mm?2
[45]. Similar to the rule by DNV.

Ammonia compatibility with elastomers is also varying, like for metals.
Because of the above-mentioned insights, careful material selection is neces-
sary, when using ammonia. From Cole-Parmer website, which has a genera-
tor for chemical and material compatibility, the materials are summarized in
table 5 [46].

32



Table 5 Cole Parmer chemical compatibility table [46] for materials used with
ammonia. A — excellent, B — Good, C — Fair, D — severe effect, N/A — no
information [46].

ABS plastic N/A CPVC A - Excellent  Polycarbonate D - Poor
Acetal (Del- Polyetherether Ke-
rin®) D - Poor EPDM A - Excellent  tone (PEEK) B - Good
A - Excel- A2 - Excel-
Aluminum lent Epoxy A - Excellent  Polypropylene lent
Flourocarbon
Brass N/A (FKM) D - Poor Polyurethane D - Poor
A1 - Excel-
Bronze D - Poor Hastelloy-C® B - Good PPS (Ryton®) lent
Buna N (Ni- A - Excel-
trile) C - Fair Hypalon® D - Poor PTFE lent
Carbon graph- A - Excel- A1 - Excel-
ite lent Hytrel® N/A PVC lent
A - Excel- A - Excel-
Carbon Steel lent Kalrez N/A PVDF (Kynar®) lent
Carpenter 20 B2 - Good  Kel-F® A - Excellent  Silicone N/A
A - Excel-
Cast iron lent LDPE C1 - Fair stainless steel - 304 B2 - Good
A -Excel- Natural rub- A2 - Excel-
Ceramic Al203  lent ber D - Poor stainless steel - 316  lent
ChemRaz
(FFKM) N/A Neoprene A - Excellent  Titanium C - Fair
Copper N/A NORYL® N/A Nylon B- Good

When using ammonia in an engine, the ammonia can interact with many dif-
ferent materials from elastomers to metals. So as an engine fuel the material
investigation for the compatibility is needed.

Previous master's thesis work for Wartsila [47], investigated the effects of
ammonia on engine components, both metallic and elastomer, using experi-
ments done within the engine and with accelerated aggressive corrosion.
During the accelerated test, the bearing materials corroded and became blue-
greenish on the surface. There were also cracks and pitting corrosion signs.
The engine test indicated no obvious signs of corrosion on the bearings,
which might be due to the oil coating protecting the material from corrosion.
The elastomer test on a crankshaft seal, which used an FKM sealant, indi-
cated that the sealant expanded extensively, expanding by 90%. The result
was that very few elastomers are ammonia compatible, and copper zinc alloys
should be avoided [47].

2.3.3 Ammonia as engine fuel
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Ammonia has no direct GHG effect and is carbon-free [2]. According to [48],
green ammonia is estimated to provide roughly 95% decrease in lifecycle
GHG emissions when compared to HFO.

This is one reason why especially the maritime sector is considering it as a
future fuel. The use of ammonia as a marine fuel will gain popularity as a
means to reduce greenhouse gas emissions for the shipping industry. Inter-
national energy agency (IEA) estimates that by 2070 the shipping industry
will use > 50% ammonia as fuel. However, oil is expected to remain the pri-
mary fuel in the shipping industry until 2050, which can be seen in figure 11.

The main combustion challenges with ammonia is listed as follows [3]:

e High ignition energy/temperature
e Low flame velocity
¢ Slow chemical kinetics

To address the high ignition energy, ammonia is blended with conventional
fuels to improve combustion ignition. It is also helpful to raise the tempera-
ture of the cylinder, which helps in the ignition of the ammonia. Ammonia is
usually in gaseous form and is drawn into the cylinder with the air. To attain
comparable power production to that of traditional fuels, the ammonia fuel
and air must be correctly combined. Another way to inject the ammonia, is
injecting liquid ammonia into the cylinder. This requires ammonia compati-
ble fuel injectors. A turbocharger can improve combustion and power pro-
duction to boost power. Because ammonia has a greater octane value than
gasoline, the engine may be turbocharged easier. Higher compression ratios
can help with the difficulty with ammonias ignition challenges [3].

The low flame velocity is the second issue with ammonia combustion. The
key issues here are mixing the fuels and controlling the ratio of ammonia,
mixed fuel, and air. The slower chemical kinetics of ammonia combustion
pose the third challenge. The issues arise from the fact that unburned ammo-
nia can be released through the exhaust. Another fuel may be utilized as a
promotor for ammonia combustion to overcome the problem [3].

34



Consumption of energy by the shipping industry worldwide in 2019 and 2020, with a
forecast through 2070, by fuel type (in million metric tons of oil equivalent)
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Figure 11 Shipping industry fuel usage forecast for 2070 by Statista [49].

Ammonia exists as a gas at normal pressure and temperature. However, be-
cause fuels are typically stored as liquids onboard vessels, this is the most
predominant method. Ammonia in liquid form requires a temperature of -33
°C at 1 atm, this is true for anhydrous ammonia.

However, water is a form of impurity in ammonia and the water content in
the ammonia change the dew point of the ammonia. The water content in
anhydrous ammonia is typically between 0—0.5% by weight [50]. When wa-
ter is present, the dew point of ammonia can vary. Much research has been
conducted on the thermodynamic effect of water in ammonia for refrigera-
tion systems, where ammonia is used and where the thermodynamic charac-
teristics of ammonia are essential.

In many refrigerating systems, water contamination of the ammonia refrig-
erant is common. Because of the solubility of ammonia in water, an aqueous
ammonia solution may be created, which replaces the anhydrous ammonia
refrigerant. This transformation occurs over time in many systems. The con-
sequences of ammonia refrigerant water pollution are numerous. Pressure-
temperature relationships are limited [51]. The compressor oil undergoes
chemical changes. Sludges and organic acids are produced. Pump operation,
pipe pressure loss, and evaporator performance all suffer as a result.

According to [51], there are industry standards for the ammonia grade and
the purity of the ammonia, for example, federal specification O-A-445B, has
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a minimum purity of 99.95%. The residual 500 ppm can contain water or oil.
This is what the term anhydrous ammonia refers to, free of water. As the re-
frigerant is diluted with water the refrigerant becomes aqueous ammonia.

As water and ammonia are mixed, the mixture is called a Zeotropic mixture.
Which are what refrigerants are called. This is when liquid components
which are mixed has different boiling points. In contrast a pure fluid evapo-
ration and condensation is isothermal. But for these Zeotropic mixtures, with
two or more components, has non-isothermal phase change behaviour. This
means that the combination of the components has a start and end evapora-
tion. The start of the evaporation when the components are in liquid state,
are at the bubble point temperature (i.e., temperature when the mixture
starts to boil), but before the gas is fully saturated the gas has to be above the
dew point temperature (temperature when condensation begins) [52].

This temperature difference is called temperature glide. Depending on the
mixture components there are different glide temperatures, typical for com-
mercial refrigerants are around 0.2-0.25°C. For refrigerant systems, a high
temperature glide is not wanted. The result is that the temperature difference
over an evaporator is reduced, consequently the cooling power. In Figure 12
this is illustrated as the region between dew line and bubble line. This region
is a two-phase region with both vapor and liquids and the range for ammonia
and water is large, up to several tens of degrees.

At constant pressure
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Figure 12 Phase changing process for a zeotropic mixture with a binary mix-
ture. X is the liquid component at T, Y is the vapor component at T and Z is
the bulk composition of the mixture [53].
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During this phase change, the different components in the mixture with dif-
ferent boiling points, promotes preferred condensation, relative to each other
[53]. Calculation of ammonia and water thermodynamic properties can be
seen in [54].

Another important property, considering ammonia as fuel for storage, is the
energy content. Lower heating value (LHV) of ammonia is 18.8 MJ/kg, which
is approximately 40% of that of gasoline and natural gas. This value differs
also somewhat from different suppliers across the world, for example, the
methane content in natural gas and the water content in ammonia.

For combustion initiation, the flammability limits to ignite the fuel and air
mixture is also important. Based on the data in Table 6, the lower flammabil-
ity limit is quite high compared to gasoline, about 25 times higher and the
flammability limits are narrower.

The laminar flame velocity for ammonia/air is 0.015 m/s, about 3% of gaso-
line/air velocity [23]. Fuel minimum ignition energy is also proportional to
the inverse of laminar flame velocity. This indicates that if the laminar flame
velocity is low, the energy required for minimum ignition energy is greater

[55].

One characteristic of ammonia is that the stoichiometric air-fuel ratio is 6.06-
part air mass to fuel mass. If you reach this ratio, the lambda value is 1, which
can be calculated using equation 2.6. The stoichiometric ratio for diesel and
gasoline is typically 14.4, which means that ammonia stoichiometric combus-
tion needs 50% air supply that gasoline air supply needs [56].

The minimum ignition energy for ammonia is eight mJ, about >50 times than
that of gasoline ignition energy. This is the minimum energy needed under
stoichiometric conditions, as the energy requirements vary with lean and rich
mixtures of fuel and oxidizers. A thorough study conducted by [57] discov-
ered the minimum ignition energy required for mixtures of methane/air and
hydrogen/air.

Ammonia also has a high heat of vaporization, about 1.371 kJ/kg (water has
around 2.2 kJ/kg), which means that when ammonia in liquid form transi-
tions to gas, the liquid ammonia will absorb heat from the surroundings to
vaporize [5]. This process is called an endothermic process, which means that
heat is required to get the process to occur. The benefit of this in combustion
is that it lowers the temperature at the beginning of the combustion if the fuel
is injected as a liquid into the cylinder. As a result, NOx formation is con-
trolled. Laminar flame velocity, flammability limits, and minimum ignition
energy properties for ammonia indicate that combustion has low flammabil-
ity and is difficult to ignite. One way to enhance the combustion and ignition
of ammonia is by adding a small quantity of traditional fuel to ignite the
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mixture. [23]. Table 6 compares the fuel properties of ammonia to those of
hydrogen, diesel, and natural gas. Flame velocities are presented in stoichio-
metric conditions.

Table 6 Fuel properties of ammonia compared to hydrogen and gasoline,
modified from [23], [57].

Ammonia Hydrogen  Diesel gNaastural

Lower heating value MJ/kg 18.8 120.0 43 49

Flammability limits vol.% 15-28 4.7-75 0.6-5.5 5-15

Laminar flame velocity m/s 0.015 3.51 0.05 0.34

Autoignition tempera- oC

ture 651 571 220 580

Absolute min. ignition mJ

energy 8.0 0.018 0.14 0.48

Octane rating, RON - >130 >100 N/A 120

Density 25 °C, 1 atm g/L 0.703 0.082 830 0.6952
a At NTP

Additional challenges with ammonia/air combustion is reduction in NOx
emissions. NOx is a part of the total emissions generated form combustion,
but the overall combustion reaction of ammonia is [29]:

4NH, + 30, - 2N, + 6H,0+heat (2.12)

Nitrogen oxides are also generated as a by-product of the combustion. From
the chemical reaction in 2.12, it can be seen that ammonia does not contain
any carbon. Therefore there are no CO- emissions, but as previously men-
tioned, there is a need for pilot fuel ignition. Thus, CO- emissions arise from
the pilot fuel, depending on the pilot fuel used.

However, combustion can produce nitrous oxides (N-0O), more potent GHG
emissions than methane. N-O is a substantial GHG contributor, having a
100-year global warming potential (GWP) 298 times that of CO-. As a result,
even small amounts of N-O can significantly influence overall GHG emis-
sions from combustion. As a result, it should be avoided in combustion to
limit GHG emissions from the engine [58]. One way to reduce N-O emissions
is with a higher combustion temperature. In terms of combustion, the CI pro-
cess has a higher combustion temperature, which reduces N-O emissions,
whereas the SI process has a lower reduction due to alower combustion tem-
perature. [58].

Using ammonia as engine fuel also reduces emissions like sulphur dioxide,
carbon monoxide, hydrocarbons, and heavy metals. However, this depends
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on the engine combustion concept, or the amount of pilot fuel used. Thus,
these hydrocarbon, sulphate, and particulate matter emissions come from
the pilot fuel. Considering the unburnt ammonia, called ammonia slip, and
the toxicity of ammonia, Otto process combustion has difficulty reducing the
slip without extensive slip control or after-treatment systems. However, the
toxicity of ammonia contributes to acid deposition and eutrophication. Here
again, with extensive control and after treatment, the emission should be pre-
ventable [58], [59].

2.4 Emissions and Catalytic Converter

Emissions, other than CO- and H-O, that can form from the combustion of
fuels are [10]:

e Carbon monoxide (CO)
e Hydrocarbons (HC)

e Particulate matter (PM)
e Sulphur Oxides (SOx)

e Nitrogen oxides (NOx)

The formation of CO is a chemical reaction that forms under incomplete com-
bustion and lack of oxygen. The factors which determine the formation is
from the excess air factor (lambda-value), temperature, and pressure. The
lack of oxygen and the formation of CO emissions have a linear relationship
to the lambda value. Other parameters that determine the CO formation are
compression ratio, the start of ignition, load, and fuel injection [10].

HC emissions are similarly caused by incomplete combustion, but they are a
measure of partly combusted hydrocarbons. The pollutants are caused by
both fuel and lubricants. Another source of HC emissions is when the flame
comes into touch with a cold wall (flame quenching), which stops the fuel
and air combustion reaction and leaves unburned fuel near the wall, result-
ing in HC emissions. The HC emissions rise under rich conditions, implying
that a shortage of oxygen is also a cause. The temperature also has an im-
pact on HC emissions. [10].

In diesel engines, the PM emissions are mainly soot, where some organic
materials have been absorbed. PM emissions are also similarly a result of
incomplete combustion of fuel and from lubricating oils. For larger diesel
engines, the PM emissions are at rates of 0.5- 1.5 g/kWh [10].

2.41 Emissions
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An important environmental issue is the emission of nitrogen oxides (NOx)
during fuel combustion from stationary sources, especially from power sta-
tions, industrial heaters, and cogeneration plants. Acid rain, ozone in the
troposphere, and respiratory issues for people are all attributed to NOx emis-
sions. Varying developed nations have different regulations regarding the
emission of nitrogen oxides. [60]. It is also recognized that NO- can provoke
cardiovascular diseases, estimating that 23 500 premature deaths in UK un-
der one year [61].

NOx refers to a group of seven oxides, including N2O-, N>O4, N2O3, N.O, NO3,
NO., and NO. These oxides are formed by the combination of nitrogen and
oxygen present in the air, a process known as the Zeldovich mechanism.
Among these, NO and NO- are the most significant. NO formation occurs
through two processes, one of which is thermal and influenced by factors like
temperature, air-fuel ratio, oxygen concentration, and pressure. The NOx for-
mation mechanism has been thoroughly studied, and the reactions that re-
sult in NO formation from atmospheric nitrogen can be described in detail.

[6]:

O+N,>NO+N (2.13)
N+0,—- NO+0 (2.14)
N+ OH - NO+H (2.15)

At 2200-2400 K the maximum formation of NO occurs. Because of the high
temperatures, NOx can be formed from the fuel, if the fuel contains nitrogen
[10].

The NOx requirements apply for marine diesel engines over 130 kW in output
power. Neglecting emergency purposed engines. Different levels of Tiers is
based on the ships construction date. The limit is also dependent on the en-
gine speed. These tier requirements are for emission-controlled areas (ECA),
requirements are listed in table Table 7.

Table 7 IMO tier levels on ships operating in certain emission-controlled ar-
eas, like north American ECA from 2016 and Baltic Sea from 2021 [62].

Total weighted cycle emission
limit (g/kWh)
Tier Ship construction date n = engine’s rated speed (rpm)
on or after
n n =130 -
<130 | 1999 n>=2000
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| 1 January 2000 17.0 | 45:n°°2 9.8

11 1 January 2011 14.4 | 44-n°-23 7.7

III | 1 January 2016 3.4 | 9-n°2 2.0

Tier III requirements for a Wirtsila 6L.34DF new build or retrofit would
therefore yield 9 - 7507%2 = 2.39 g/kWh. Tier II would yield 9.6 g/kWh and
Tier I 11.9 g/kWh.

Previously studied ammonia gas turbine combustion, where both models and
previous experiments were reviewed in [63]. Concluded that, NOx generation
at low equivalence ratio ® (which is the inverse of lambda ratio), for NH3/air
and methane (CH,4)/air are quite similar in adiabatic conditions. But NH3/air
the NO generation decreases rapidly under rich conditions compared to
CH,/air mixtures. But under lean conditions the NO generation is much
higher for NH3/air flames. However, NO- emissions increases also under rich
conditions, but as earlier stated, the NOx emissions are predominant by NO.
At an equivalent ratio of 0.9 which is a lambda of 1.11, with NH3/ air mixture,
NO generation reaches a peak. Increasing the equivalence ratio to 1.3
(lambda 0.77) the NO generation is negligible. So according to this study, the
best way to reduce NOx emissions is to run on slightly rich conditions [63].
However, combustion in rich conditions also increases the unburned NHj;
rapidly, which in turn lowers the combustion efficiency [2]. The optimum
choice would be to run ® = 1.1 (lambda 0.91). In the same research, at ® =
1.12 the NH;3 mole fractions and NO mole fractions is equal in ammonia/air
combustion.

2.4.2 Catalytic converter

To reduce emissions generated from the engine, catalytic converters are
used. The catalytic converter has precious metals like Pt, Pd and Rh. The met-
als are dispersed on to a larger surface of substrate oxides. To achieve a large
surface area, the catalytic substrate is a honeycomb structure. There are also
several types of catalytic converters, passive selective catalytic reduction
(SCR) catalytic converters and active catalytic converters. The passive SCR is
the exclusive catalyst that is used for NOx reduction and no added reducing
agents are used. In contrast to active SCR, which uses reducing agents like
ammonia and urea. Active SCRs are predominant in stationary applications,
in Figure 13 illustrates the system [10].
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Figure 13 Process of an active SCR system [10].

The operating range for catalytic converters varies. Vanadium-titanium
works most efficiently between 200 — 450 °C. At the lower temperature
ranges, the catalytic converter generates ammonium sulfates, and at higher
temperatures> 450, it generates NO. The maximum temperature when am-
monia is used as a reducing agent is approximately 600 °C [10]. The SCR
operation for 34DF engines has a temperature range of 270 — 450 °C [19].
This temperature requirement is because, the high temperature is needed for
the activation energy of the catalyst reaction [64].

The SCR process of de-NOx for both nitrogen monoxide (NO) and nitrogen
dioxide NO., following reactions can be described as [60], [64]:

4NHs + 4NO + 0, - 4N, + 6H,0 (2.16)
2NO, + 4NH; + 0, - 3N, + 6H,0 (2.17)

These equations for NO reduction indicate that, to remove one mole of NO,
one mole of NH3 is required, and two moles for NO-. The composition of NOx
is predominantly by NO, which is around 90% of total NOx emissions. There-
fore, the first equation could be used to describe NOx reduction with ammo-
nia, where one mole of NHj3 is needed to remove one mole of NOx. The result
after the catalytic reaction is Nitrogen (N-) and water. [64].

NOx reduction is also exothermic when using ammonia, which means that
the reaction releases heat. The heat release is minor because the total NOx
concentration to the SCR is typically around 0.02% of the exhaust volume.
Therefore, the heat released is proportionally small [64].

Reagents for the SCR system can use aqueous ammonia or anhydrous am-
monia. There are also solutions that use urea to ammonia systems, but these
have the highest associated investment cost. Positive aspects of urea are that
it is safer and not toxic.
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Wairtsila also provides a Wartsila NOx reducer (NOR) for medium-speed en-
gines, like 34 DF. This is due to stricter regulations from the International
Maritime Organization (IMO). With both engine and NOR, the combination
of these is sufficient to meet IMO and EPA Tier III requirements. Fuels that
can be used are heavy fuel oil (HFO), marine diesel oil (MDO), and marine
gas oil (MGO). This is an active type SCR with urea injection with a typical
consumption of 10-151/MWh [65].

2.5 Regulatory compliance

International maritime organization has a goal to cut GHG emissions by at
least half by 2050 compared to 2008 levels for ships. The measures to achieve
this is with energy efficiency design index (EEDI) as baseline and this is com-
pared to the ships energy efficiency existing ship index (EEXI). The calcu-
lated index value needs to be calculated for individual ships above 400 giga
tons and with comparison values for different ship types and categories. This
EEXI value needs to be below the required EEXI value [66].

Currently, there are various codes assigned to different types of ships. The
IGC code, in particular, is an international standard for the construction and
equipment of ships that transport liquefied gases in bulk. Its primary objec-
tive is to establish safety regulations for such vessels to minimize risks to the
crew, ship, and surrounding environment [67]. According to section 16.9 of
the IGC code regarding alternative fuels, it is allowed to use the cargo fuel as
engine fuel as long as it is as safe as natural gas. However, using toxic cargo
as fuel is not allowed. Since ammonia is classified as toxic, it is not permitted
to be used as fuel under this code [5]. The International Code of Safety for
Ships Using Gases or other Low- Flashpoint Fuels also has a second code, the
IGF code. This code is developed for natural gas combustion for ships. This
code also applies to other Low- Flashpoint Fuels; the fuels can be used so that
the safety level is equivalent to the code requirements [5]. However, ammo-
nia is not a low-flashpoint fuel, but the code provides an alternative mecha-
nism to approve designs for these types of fuels, like ammonia. But it needs
acceptance from the flag state.

Sections 4.2.1 and 4.2.3 assess risk methodologies to satisfy the overall IGF
code. This risk assessment must ensure that the hazards to passengers, the
environment, and the structural integrity of the ship caused using low- flash-
point fuels are addressed. Physical layout, operation, and maintenance haz-
ards that result from any foreseeable failure must also be included in the eval-
uation. At the very least, the risk assessment should consider the loss of func-
tion, component damage, fire, explosion, and electric shock [5].
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2.6 Fuel system

In a Wirtsila 34DF engine there are three different fuel systems,

e Conventional main diesel fuel injection system
e Pilot diesel fuel injection system
e Gas fuel system

The primary function of the main diesel fuel injection system is to provide
diesel fuel when operating in diesel mode, with a main diesel needle. The pi-
lot diesel injection system is to provide diesel for combustion initiation when
operating in gas mode with a pilot diesel needle. A pump unit, injection
valves, common rail, and feed pipes are all part of the system. The pump unit
generates the necessary fuel pressure. The injectors are linked in parallel to
a common rail, with which they share the fuel supply. The double-walled feed
lines from the pump to the injectors capture leaking fuel. The injector has
two needles, one for pilot injection in gas mode and the other for primary fuel
injection in diesel mode and backup mode. Because the pilot fuel is controlled
by a solenoid, the timing and duration of the injection are adjustable. Before
the injector, there are fuel filters that clean the fuel of particles [19].

A gas valve unit (GVU), external gas supply system, filter, double-wall pipe
and manifold, gas ventilation valve, pressure sensor, and gas admission valve
form a gas fuel system. The gas admission valves govern the volume of ad-
mitted gas, which regulates the speed and power for each cylinder in the cyl-
inder head input channel. As a result, the gas is only combined with air dur-
ing the engine's intake cycle. The valve is controlled by the engine control
system and may be controlled independently of the intake valve.

Liquid fuels have to be stored and contained in conditions where fuel-aging
is not possible. Fuel storage and logistic of liquid fuels are subject for rules
and regulations which are developed all the time. Includes environmental
and safety regulations [12]. Gaseous fuels apply to similar regulations.

Fuel systems for testing cells or engine rooms are transmitted and pumped
through pumps or static head. Achieving this there is a need for bunkering,
storage and control of the fuel. That includes also fuel venting, tanks, safety
valves and monitoring of the system.

The injected fuel mass is used to manage diesel engine load. As a result, for
best performance, this must be as precise as possible. There is a possibility of
excessive noise when the stoichiometric air-fuel ratio is attained. The more
accurate and consistent the fuel metering in a full load curve (over time), the
smaller the safety margin from the smoke limit; hence, engine performance
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may be maximized. Fuel quantity tolerances should be kept as low as possible
under full load and should not exceed 2.5% [6].

2.6.1 Bunkering

Bunkering of fuel is an operation that is safety critical. This is especially true
for fuels that are harmful in terms of fire/explosion and toxicity. In the cur-
rent industry, bunkering is developed with industry practices. However, with
LNG as a fuel rising in the maritime industry, there is criticism of the proce-
dures from LNG tanker practitioners. When bunkering there are several
things to consider [68]:

e Safe zones

e Transferring equipment

e Connection

e Loading and transferring

e Pipe purging with inert gas
e Safety

Safe zones need to be established between the receiving and transferring sup-
ply. This is to ensure personal safety when bunkering. When bunkering LNG,
which is stored at a -162 °C temperature, the equipment needs to be designed
for this purpose. When tank sizes and loading rates vary, separate vapor lines
are fitted to return the vapor to the supply. Nowadays, articulated booms are
used instead of cryogenic hoses, but the most practical solution is to have a
combination of boom and short hose. The experience, according to [68], has
proven that flexible hoses have coped the mechanical and thermal stresses
better than expected [68].

For the connection of LNG from supply to ship, there are two unformal prac-
tical rules in place:

1. Gas and air should not be present in the same space.
2. Ifrule 1 can’t be followed, make sure there are not a ignition source

When connecting hoses, consider using rule 2. Static electricity can be an ig-
nition source, but in this case the loading facility and the ship can have dif-
ferent electrical potential. Therefore, before connecting, a bonding cable is
attached between the facility and ship, an isolation switch is connected in se-
rial with the bonding cable [68].

When the cable is connected, the switch is turned on, afterwards, the hose
can be safely connected. After the hose connection, the hose or boom con-
tains air, so before the LNG bunkering can start, the lines should be purged
with an inert gas like nitrogen, to displace the air in the lines. Then the lines
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are gassed up with methane gas to displace the nitrogen. When all these prep-
arations are done, LNG bunkering can begin, in Figure 14 a schematic of LNG
bunkering is seen.

Nz - battery

Receiving ship

Bunker supply facility

Figure 14 LNG bunkering from shore to ship by umping it from the bottom
[68].

When LNG enters the ship tank, some of it will vaporize and raise the pres-
sure in the tank.

To reduce the temperature and pressure in the tank, the LNG can be loaded
from the top instead of from the bottom. The biggest issue with LNG bunker-
ing is the transfer rate. According to [68], the best transfer rate is about 50
m3 per hour. Higher transferring rates will generate vapor when the gas con-
sumption of the ship is low. Therefore, return vapor lines which is fitted to
return the vapor to the shore supply tank, are restricting the transfer rate.

2.6.2 Fuel mixing and sharing

Fuel sharing is when both gaseous fuels and liquid fuels are used simultane-
ously. In a DF engine the gaseous fuel is drawn in with the air and the diesel
fuel is injected in the cylinder in the compression stroke, which can be seen
from Figure 3. In fuel sharing mode the operator can set the gas to liquid ratio
depending on gas amount available and the power preference according to
the operating profile [15]. When activated to fuel sharing mode the ratio of
the liquid and gas fuels are set to a certain share and the control system con-
trols the actual share by looking at the deviation of the set point and the
measured point.

For fuel mixing the DNV rule [35] states that if ammonia is mixed with gase-
ous LNG, the dew point of the mixture shall be monitored. If the composition
of both fuels changes, the combined gas composition dew point also changes.
The fuel system providing ammonia and gaseous LNG shall be fitted with a
flow meter, it also requires double block and bleed valve arrangements to
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ensure that fuels don’t leak to the fuel system. This block and bleed arrange-
ment shall be automatically monitored with differential pressure over the
valves [35].

When considering the safety of the fuel system some adequate precautions
need to be in place. IGF code for low flash point fuels would be adequate reg-
ulation to look at when running ammonia in a DF engine, even though am-
monia is not a low flash point fuel. IGF code states the following [69]:

¢ When the gas supply suddenly is shutoff, the engine shall proceed with
continuous operation with liquid fuel without major interruptions.

e Automatic valves need to be fitted accordingly to manage the change
over from gas to liquid fuel.

¢ When manually shutting of the gas system, the gas fuel supply needs
to be shut off at the same time as the ignition source and not later than.

The fuel gas system for ammonia is like that of natural gas, however there are
some differences, which are brought up in the next chapter.

2.6.3 Ammonia fuel system

Ammonia as a shipping fuel provides many benefits, including lower emis-
sions as compared to traditional fuels. There are some drawbacks as well,
which are:

e Toxic and harmful for humans and environment.
e Gravimetric and volumetric energy density.
e Low explosiveness and challenging to start the combustion.

The energy density, both gravimetric and volumetric, is the first fuel charac-
teristic that differs significantly from traditional fuels. Yet, when compared
to other potential fuels, such as hydrogen, ammonia is easier to store and
more economically viable [70].

Where ammonia LHV GJ/t is 18.6 and marine diesel oil (MDO) have 42.7
GJ/t. When the volumetric energy density qualities of ammonia and hydro-
gen are compared, ammonia has 11.4 GJ/m3 and hydrogen has 8.52 GJ/m3,
with hydrogen gravimetric energy density being significantly greater, at 120
GJ/t. As a result of the volumetric energy densities, ammonia is more eco-
nomically feasible to utilize as a fuel onboard a ship [70].

Another feature of ammonia is its low explosiveness and difficulty in initiat-
ing the combustion. This can be solved by using pilot fuel, which has a greater
flammability and ignites more easily than ammonia. This implies a second
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fuel system and fuel, which might result in different engine modifications,
design, and operation.

Third property of ammonia is that it is toxic to humans and animals, in very
low concentrations. The corrosiveness of ammonia also implies change to the
certain materials in a fuel system. There are several studies made on this sub-
ject, on the corrosiveness of ammonia on engine components. Further read-
ing on engine component effects using ammonia as fuel can be found here

[47].

Some research on ammonia engines and fuel systems has already been per-
formed. It has been conducted an engine compatibility with ammonia test in
[71], where they investigated the effect of ammonia on engine components as
well as numerous other tests on ammonia combustion using various ignition
methods. The most notable outcome of the laboratory test, which simulated
an army vehicle operating on an engine for 120 hours, was that only copper-
based materials showed considerable weight loss. This is a result of the inter-
action between ammonia and copper. However, running the engine on gaso-
line results in similar weight loss rates. Although running a SI engine on am-
monia caused degradation, any copper-based materials should be avoided
[71].

They also ran oil tests with a sample period of 40 hours, which revealed that
the oil's properties had not changed much. General Motors tried a similar oil
experiment with ammonia as engine fuel in 1966. Oil samples from a single
cylinder engine with 75 operating hours and a multi cylinder engine with 46
operating hours were analysed. These analyses revealed that the oil had not
deteriorated. The overall acid number and viscosity remained constant. [24].

One prerequisite for the compression ignition engine testing was to deter-
mine whether ammonia could be injected using a standard pump and
whether the pump and injection system had any influence on scoring or cor-
rosion [71]. Problems did occur, the pumping was inconsistent and could not
be maintained for more than five minutes, using the standard fuel system.
Plungers was changed to 8 mm from standard 5 mm in the injection line. This
improved the pumping somewhat, but there was an apparent problem with
vapour lock. To solve this the pump was cooled about 5 °C below ambient
temperature. Cooling of the pump did two things,

1. It avoided vapor lock, enabling the pump to fill evenly on each stroke.
2. To avoid vaporization of the ammonia entering the pump, the intake
temperature was kept less than the cylinder temperature.

Having followed the test, the pump was disassembled (after about 30 hours
of operation) to detect the effects of corrosion or scoring. The items were
found to be in excellent condition after an inspection [71].
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The experiment continued with several ignition methods, including diesel pi-
lot injection, fuel additives, and hydrogen injection into the intake manifold.
Conclusions from the study was [71]:

1. No substantial problems with materials and lubrication oil

2. To get sufficient delivery of ammonia, injection pump should be
cooled

3. Ammonia combustion without any ignition promoters require high
compression ratio and jacket and air temperatures.

4. Depending on the pilot fuel cetane number, ammonia can be ignited
with pilot fuels at compression ratios as low as 12:1.

5. Fuel additives did not promote required ignition energy levels to get
the ammonia to ignite.

6. Gases introduced to the intake manifold induced ammonia combus-
tion, despite that the volume needed were large, 10% hydrogen and
15-20% acetylene.

7. High temperature glow coils were effective ignition sources, but spark
plugs, and normal glow plugs did not initiate combustion.
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3 Engine and system operation on ammonia

Tests were conducted on a Wirtsild 34 dual-fuel engine with multiple cylin-
ders. The goal of the tests was to determine how much ammonia, in terms of
energy share, could be safely combusted without modifying the engine, such
as a typical Wartsila 34DF configuration on fuel sharing. The test's second
goal was to obtain large ammonia energy share levels while regulating the
engine on fuel sharing. Additional tests were conducted, including the use of
mixing of natural gas and ammonia gas. To initiate combustion, pilot diesel
fuel was injected into the cylinder while ammonia gas was injected into the
intake manifold. The ammonia was stored as a liquid in a tank and evapo-
rated with coolant water from the engine. The GVU was used to control pres-
sure, and the gas admission valve duration regulated flow. Stainless steel
pipes were used from the tank to the engine, and from the mixing unit the
pipes were double piped. The combustion phasing or ignition were controlled
with a pilot diesel injection.

The tests were carried out on different loads with varied diesel/ammonia ra-
tios. There were also tests on mixed natural gas and ammonia. These tests
provided data on exhaust emissions and engine performance. The purpose of
the tests was to introduce ammonia gas into a typical engine setup without
modifications. Later, the tests were carried out while the engine was being
adjusted to allow for greater ammonia energy share amounts.

The chosen methods involve practical engine testing using gaseous ammonia.
In addition to the engine, systems such as exhaust after treatment, ammonia
fuel system, and ammonia release mitigation system have been developed to
test the engine's performance with ammonia. This chapter summarizes the
built systems and how the engine was tested to provide a complete under-
standing of the systems as well as the research methodologies and materials
used. Because this is one of the first full-scale tests, various technological and
operational approaches are unknown and needs to be understood. Apart
from practical engine testing, other methods include identification of the sys-
tems, as well as reviewing relevant academic journals and drawings, and par-
ticipating in the engine tests, meetings, and reviewing ship rules.

3.1 System description at Stord

This chapter summarizes the systems built for the tests. This includes sys-
tems that are relevant for ammonia as fuel:

e Engine and auxiliary systems
e Aftertreatment system
e Fuel system
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¢ Ammonia release mitigation system
e Detection and safety systems
e Test cell infrastructure

This chapter excludes systems that are not in contact directly with ammonia
as a fuel, for example the natural gas fuel system.

3.1.1 Test facility

The engine test facility is in Stord, Norway. Stord is a municipality in the west
coast of Norway in the district of Sunnhorland [72]. Wartsila has an office in
Stord where they provide engineering knowledge to the local maritime sec-
tor. The engine testing is part of a larger project with many stakeholders, with
customers; Knutsen OAS shipping AS, Repsol and the test center Sustainable
Energy catapult center. Wartsila will carry out the world”s first long-term
test of ammonia as fuel in a marine four stroke internal combustion engine.
The engine testing, through the demo2000 program, has been granted 20
million NOK from the Research Council of Norway. The testing trial will start
in the testing center in Stord in the first quarter of 2021 [73].

The test facility is operated by Sustainable Energy catapult center, and it is
located near the Wartsila office at Stord. This building, which can be seen in
figure 15, is meant for renewable technology testing and in one of the test
cells Wartsila has a 61.34DF engine in. The idea is to show a ship concept with
an ammonia-fuelled engine, beginning from liquid bunkering to exhaust
treatment.

Figure 15 Test facility energy house at Stord.

The maximum engine power output is 3000 kW with an installed SCR after
treatment to reduce NOx emissions. The engine runs at a constant speed of
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750 rpm, and as a load to the engine, a generator is coupled to the engine. In
order to produce electricity, the generator first generates AC power. This
power is then sent to an AC/DC converter and switch gear, before being con-
verted back into AC power by a DC to AC converter. Finally, the converted
power is connected to the grid. Figure 16 displays the engine. Further details
regarding the fuel systems, treatment systems, and safety systems can be
found in subsequent chapters.

Figure 16 a) Engine Ioated the test cI b) GVU, c) mixing unit.

The ventilation system installed in the test facility consists of a treated air
supply extracted from a safe zone outside. There are two ventilation systems,
one for normal ventilation and one for the test cell. The ventilation system is
installed with dampers, gas, and fire detectors to prevent gas or fire from es-
calating to different parts of the facility. If there is a gas leak in the test cell,
there are roof-mounted fans to evacuate gas leaks to a dedicated place. The
fans have a capacity of five air changes per hour [74].

The supply fuel to the engine and the test facility, there is a need for a fuel
infrastructure. This is covered in the next chapter.

3.1.2 Fuel infrastructure

This plant is designed to run on a variety of fuels, including ammonia, MDO,
natural gas, and hydrogen. But the main focus of the study is to determine
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the effectiveness of the ammonia fuel system. The Wartsila 34DF engine is
capable of running on diesel and natural gas, and it uses diesel main and pilot
injection for ignition initialization.

To test the engine using ammonia gas as fuel, a full-scale testing program has
been initiated, and the fuel system must be able to handle ammonia. The gas,
pilot, and primary fuel systems used in this test program are standard for the
dual-fuel engine.

The ammonia gas fuel system begins with a tank filled with liquid ammonia,
similar to the process used for bunkering LNG as explained in chapter 2.6.1.
The tank has a volume of 24.6 m3 and can hold around 13 tons of liquid am-
monia at a pressure of 8 barg. When the ammonia in the tank starts to evap-
orate, when increasing the temperature of the tank, it works like a pump and
forces the liquid ammonia to the evaporator. The cooling water from the en-
gine and test cell's return line is used as the heating medium, through a heat
exchanger, which also reduces the dry coolers cooling capacity. The cooling
water is used by the evaporator and superheater. A heat exchanger separates
it from the engine cooling system, which helps to increase the pressure in the
tank. The evaporator turns the liquid ammonia into gas, while the super-
heater dries the gas. Figure 17 shows an illustration of the fuel system infra-
structure.
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Figure 17 Schematic of the built fuel system.

To power the engine, natural gas is extracted from the grid at a pressure of 3-
4 barg and compressed to 8-10 barg. This gas, along with ammonia, is trans-
ported through an 80-100 meter trench located beneath a road. The pipes
used in the trench are made of underground piping and stainless-steel cor-
rugated pipes with polymer liners for corrosion protection. Stainless steel
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with a yield strength of 205 MPa was chosen as the pipe material, which
meets the acceptable criteria outlined in Chapter 2.3.2 and classification so-
ciety standards, as the highest allowable yield strength is 355 MPa. Figure 18
illustrates the pipe in the trench and its profile.

® Trace heating

Figure 18 Pipe design and trench pipe profile, pipe image reference [75].

Next, the piping routes from the basement of the test cell to a gas mixer. The
mixer combines ammonia and natural gas for gas mixing testing. The mixing
unit and GVU are located in a heat-controlled space where the piping is
heated with hot air. This process helps prevent condensation of ammonia
gas, which could occur if the mixing unit and GVU were at a lower tempera-
ture than the gas itself, and condensate if the gas is at the dew point.

To prevent any extensive stress corrosion cracking (SCC), the ammonia used
and provided has a water content of 0.3% of the total amount provided by
Yara. It was concluded that the water significantly affects the ammonia-water
mixture's thermodynamic properties in chapter 2.3.3. This effect changes the
dew point of ammonia and enhances a two-phase region, which means that
the combination of water and ammonia has start and end evaporation tem-
peratures.

When ammonia gas is used as engine fuel, the water content may affect con-
densation, causing condensation to occur at higher temperatures. However,
water content is also helpful in preventing SCC. So, while designing an am-
monia fuel system, the gas temperature should be similar or greater than nat-
ural gas. The engine standard for the maximum gas temperature is 60 °C[16],
which limits the ammonia gas temperature to above that. The specified am-
monia provided by Yara has a vapor pressure of 8.57 bar at 20 °C [50]; this
would be according to the bubble point temperature of the ammonia, accord-
ing to Figure 9. No specified temperature glide or two-phase region.
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According to this data, the temperature needed to maintain the ammonia
above the dew point would not cause any major challenges.

3.1.3 Engine and safety system

As mentioned earlier, the Wartsila 34DF engine was used for the test pro-
gram. To prevent any ammonia incidents, safety systems are essential. The
test facility has multiple functions, including decreasing ammonia emissions,
although some discharge into the atmosphere still occurs. During gas opera-
tion, the gas fuel upstream from the GVU vents into the atmosphere. To en-
sure safe operation, nitrogen purging is necessary in the following situations:

e Controlled engine shutdown
e Emergency shutdown
e Gastrip

In the event of an ammonia leak, any remaining ammonia in the system is
safely discharged into the atmosphere. The system is designed to ensure that
the amount of ammonia released is carefully managed and dispersed in a way
that does not pose a risk to people or the environment. A thorough investiga-
tion have been conducted to determine the maximum level of ammonia that
can be safely released, which in this case is set at 30 ppm. The height of the
venting masts is a critical factor in this process. The vent mast controlling the
release of ammonia from the tank area is 25 meters tall, while the vent for
the test cell, which handles smaller amounts of ammonia, is around 12 meters
tall. Figure 19 illustrates the release mitigation system in place at the test fa-
cility, and figure 20 shows the masts and the basement detector.

SR

A\J‘ent mast

O NH; sensor

Figure 19 Release mitigation system layout.
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Ammonia detectors are placed in the tank area, test cell roof, test cell base-
ment (where the pipes come in), GVU double pipe ventilation, and test cell
ventilation to monitor leaks from these possible sources. The detector used
is type Oldham OLCT 100Xp, which has a measurement range of 1000 ppm
and an accuracy of 20 ppm [76]. The basement detector can be seen in figure
20.

To ensure safety, the alarm limits for detecting ammonia leaks are set to just
a few parts per million (ppm) of the detecting range. This means that even
minor leaks will trigger an automatic shutdown of the ammonia supply to the
plant. The ventilation and double-walled space of the GVU have a higher
sensing range of 150 ppm since they are in a controlled environment. How-
ever, for areas that are not as controlled, such as those where unexpected
leakage may occur, the limits are set at five ppm.

Figure 20 a) Ammonia detector venting mast situated at the tank area, b)
Vent mast situated at the test cell, c) Ammonia detector.

As mentioned earlier in section 3.1.2, the facility cools the engine using 2 MW
dry coolers. The engine's cooling water return line is also utilized for heat
input in the ammonia gas fuel system, helping with evaporation and pressure
build-up. By using the engine's heat recovery, the dry coolers' cooling power
is reduced. The heat recovery is employed in the second circuit, where fuel
system heat exchange consumers are located. All consumers are connected
to the same circuit, as shown in figure 21.
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Figure 21 Heat exchange system schematic.

The upcoming chapter will cover the operation of the engine.

3.2 Operation at Stord on Ammonia with Wartsila 6L34DF

In December 2022, preliminary engine testing began by mixing ammonia
and natural gas with a pilot diesel combustion igniter. This was to ensure the
fuel system was functioning properly. Later, in early 2023, a more compre-
hensive test was planned to run at 50% load with varying levels of ammonia
blended with natural gas. Additionally, biogas was blended with natural gas
at a 10% rate, resulting in a higher CO- content than typical LNG.

Natural gas is supplied through the national gas grid. The first test involved
a 10% ammonia mass share mixed with natural gas (with 10% biogas), but
the engine tripped from gas mode to diesel mode due to a clogged filter
caused by a high-pressure difference. Inspection of the filter revealed a pow-
der-like substance, which was sent for analysis and identified as ammonium
carbamate (NH,COONH,). A possible reaction for ammonium carbamate is
as follows [77]:

C0,(g) + 2NHs(g) © NH,COONH, (3.1)
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Under normal room temperature and dry conditions, ammonia and carbon
dioxide react to form ammonium carbamate. This substance is highly soluble
in water and can even react to form ammonium carbonate ((NH4)-COs3) in
moist air [77]. As mentioned earlier, the natural gas supplied to the test facil-
ity had a high amount of CO-, which could be the source for the CO- according
to reaction 3.1, which formed ammonia carbamate, clogging the filter.

Engine testing continued without biogas in the natural gas system, and no
issues appeared. The testing continued with fuel sharing once the engine was
successfully operated and the fuel system was confirmed to work. The tests
were carried out with varied ammonia shares at load points of 30%, 50%,
70%, and 100%. SCR temperature limitations are not attained at lower loads
than 30%. Hence lower loads were not tested. The lowest temperature for
SCR operation, according to chapter 2.4.2, is 200 °C.

There have been a few limitations of the system in performing these tests.
Gas alarm limits have stopped the tests, where small ammonia leaks were
detected, the issue was not resolved, but did not occur again.

3.2.1 Engine preparation for ammonia as fuel

There are multiple things to consider while starting the engine. Because this
is the world's first full-scale ammonia test, there are numerous new factors
to consider and take into account. What should be prepared before starting
the engine, and should the engine be started straight on ammonia or not?
This chapter describes the preparations that must be made before the engine
may be started.

Before starting the engine, it should be prepared as stated in 2.2.2, with the
required temperatures for HT- temperature, lube oil temperature, LT tem-
perature and receiver temperature, starting in gas mode. Preparation of the
ammonia fuel system is to:

e Ensure that the system is working correctly and that the monitoring
of leaks works correctly.

e Heating for the cooling system, the water needs to be heated in the
heating system to heat the ammonia tank.

e Heating for ammonia tank to achieve pressure build-up in the tank.

e Leak test piping and equipment and purge the system with inert gas
before letting ammonia gas into the engine.

e Trace heating of the piping to the test cell and air heating to the GVU
started beforehand.
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e When the GVU leak test is completed, the engine is ready to start on
ammonia from the fuel system point of view.

Based on the tests conducted, it was found that it takes some time to build up
pressure in the tank (8-10 barg) when starting the engine without heat recov-
ery, especially at low ambient temperatures. However, this is not a common
occurrence as the tank is continuously heated daily during testing. Although,
after a long interval or during winter, it may take a few hours to heat the tank
depending on how cold it is. The tank is located in a house for safety pur-
poses. This allows for faster heating of the tank with the available power. To
have sufficient pressure, around 8 barg, the tank would need to be heated to
around 20 °C.

To introduce ammonia gas into the engine, the ammonia fuel system is
opened gradually, and nitrogen is purged through the pipes before substitut-
ing ammonia gas. This should only be done if the pipes have been empty and
there have been longer pauses. This process is done methodically and may
take up to 30 minutes. To ensure the engine reaches the minimum SCR inlet
temperatures, it is run on diesel mode at over 25% load while preparing the
fuel system.

As per section 2.4.2 of the engine's performance manual, to prevent blockage
of the catalyst caused by the condensation of ammonium-bisulfate and hy-
drocarbons, the minimum temperature limit is set at 290 °C. The SCR system
will only function once this temperature is achieved. Therefore, the engine
must operate at a load of over 20% to reach this minimum temperature.

At shutdown, the catalyst must be run at the minimum temperature limit to
control the temperature in the catalyst. The engine was run for 10 minutes at
15% load to gradually go down in temperature. The operational requirements
for an engine equipped with an SCR are to prevent running at 10% load in
gas mode and to run in liquid mode. Starting an engine with ammonia is
hence not recommended from that standpoint. This is one of the reasons why
starting the engine on ammonia has not been tested.

In figure 22 illustrates running an engine on ammonia, with different modes
included.
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Figure 22 Operational diagram and sequence on using ammonia in a engine.

At the site, the ammonia fuel tank is stationary, which means that it needs to
be refuelled. To ensure safety, it's important to limit the oxygen content dur-
ing the bunkering process, as discussed in Chapter 2.3.2. This is done by
purging the tank with inert gas before the bunkering process begins. The
bunkering process is similar to that of LNG, as explained in Chapter 2.6.1.
Two hoses are used to connect the supply to the tank - one for liquid ammo-
nia and another for the vapor return line. Safety is of utmost importance
when dealing with explosive and toxic fuels. Before transferring the liquid
ammonia, the lines are purged with inert gas to avoid any air in the pipe,
which could create explosive air-fuel mixtures. A pump on the truck transfers
the liquid ammonia to the tank.

During the transfer, some of the liquid ammonia begins to vaporize, causing
the pressure inside the tank to increase. To equalize the pressure between the
tank and the truck, the vapor return line is connected back to the tank. How-
ever, this may slow down the total bunkering time as it restricts the transfer
rate to the vapor return line. In the test program, a few bunkering processes
have been completed, and the last one took only a couple of hours. Bunkering
personnel wear protective gear, including full body suits and air-assisted
breathing masks, when dealing with ammonia to ensure their safety. Acci-
dents can occur, though, if the proper procedures and information are not
employed. In a 1945 study [56], the first use of liquid anhydrous ammonia as
a fuel for motor buses occurred in Belgium. The reason for the deployment
of ammonia to public buses was that it was informed that diesel oil would not
be available to buses. These buses also needed refilling of ammonia. One se-
rious accident happened when filling the tank of a private automobile (the
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buses had an accident-free record), and it was caused by mistakenly overfill-
ing the tank. As a result, the contents of the tank ruptured the tank, causing
relatively minor material damage [56].

As a result, when filling the ammonia tank, there should be methods to pre-
vent overfilling and competent personnel bunkering. In this test program in
Norway, no accidents have occurred related to the ammonia fuel system.

3.2.2 Dynamic engine operation

To test different operational modes, the engine was tested for different sce-
narios, like different loads and ammonia shares. The test, however, was car-
ried out at a constant speed of 750 rpm. Because the engine has a wide oper-
ating range, it may be utilized for a variety of operations, such as steady-state
running, unloading, loading, and starting. Because the engine runs on am-
monia, there may be concerns with numerous operational modes that still
need to be thoroughly tested. So far, testing has been carried out using fuel
sharing and fuel mixing with natural gas. During the first tests, the engine
was run using typical DF values. The engine was then adjusted under con-
stant load at various load points with varying ammonia energy shares, which
is written in table 8.

Table 8 Test points run on the engine under the test campaign.

Load % 30 50 70 100

Fuel sharing std engine | 60% 43% 34% 34%
configuration

NH,/MDO*

Fuel sharing tuned NH; | 65% 75% 50% 45%
/MDO*

Fuel mixing NH;/NG** | 34% 46% 56% -
Loading/unloading Diesel mode Diesel mode  Diesel mode  Diesel mode
Starting Diesel mode Diesel mode  Diesel mode  Diesel mode

*Up to Energy share of ammonia
** Mixed energy share of ammonia with natural gas

The tests on fuel sharing mean that MDO is injected through the main injec-
tor whilst ammonia gas is drawn into the cylinder in the intake stroke. The
fuel mixing is done with ammonia gas and NG, mixing at different mixing
ratios and with a diesel pilot fuel injection.

The mixing tests are performed to ensure the ammonia gas system's func-
tionality and to begin the system's commissioning in a safe way. Because full-
scale testing is the first larger test, it must be conducted with caution. As a
result, sophisticated testing on the engine's dynamic functioning is restricted.
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Loading and unloading with ammonia has not been tested since the engine
has not been tuned for every load point. The engine has been run on diesel
operation while loading and unloading. This is accomplished by switching
from fuel sharing to diesel mode, followed by loading or unloading. When the
load point is reached, the operation is switched back to fuel sharing.

Diesel operation was used to start the engine. Because starting the engine on
ammonia has little impact on overall GHG emissions. Furthermore, the SCR
is not activated until the exhaust temperature hits 290 °C, thus any ammonia
leak would not aid NOx reduction. Loads lower than 25% do not attain an
SCR inlet temperature of 290 °C, therefore the ammonia slip generated by
these lower loads is released into the environment. As a result, lower loads
should be avoided since any unburned ammonia would be released into the
atmosphere. Considering the cost of the fuel, which varies depending on the
manner of production, it is more expensive than fossil fuels, therefore any
unburned fuel is also a cost.

Because the engine is intended for natural gas and diesel operation, the air
demand may change while utilizing ammonia. The air demand in 2.3.3 for
stoichiometric combustion with ammonia is 6.06. The stoichiometric ratio of
ammonia is around half that of diesel, implying that the air supply is similarly
roughly half. However, because ammonia has a heating value that is roughly
half that of diesel and natural gas, the air demand equals out, as the amount
of air required per time unit is not larger than in conventional diesel or nat-
ural gas operation due to the double amount of ammonia required per time
unit. Comparing the lower heating values of ammonia and diesel and con-
sider the air need, the comparable air demand for ammonia operation to die-
sel operation is:

LHV jiese1 . Stochammonia _ 45.5 6.06

= =0.96
LHVy " stochgeee 188 14.4

As the air demand for diesel operation would be 1 and for ammonia operation
the air demand would be 0.96 times the diesel operation air demand. In the-
ory this is a small difference, and the charging capacity of the engine would
be sufficient to supply the needed air, with similar margins adjusting the air-
fuel ratio with wastegate.

The tests showed that the charging capacity is more of a problem than the
theory justifies. As the engine and the tests are not tuned for ammonia at
every load and energy share. The tests are run quite lean in the beginning and
then tuned to different air-fuel ratios.

3.2.3 Measurement setup
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The engine shaft power is obtained from current and voltage measurements
after the generator to provide accurate power readings. To obtain the accu-
rate shaft power from the engine, the generator efficiency at various loads
and speeds is considered. This data is received from the generator manufac-
turer and put into the engine management system to compute the engine's
shaft power. All the temperature and pressure measurements are also moni-
tored in the engine management system.

Exhaust emissions measurement for this engine setup is a bit different to
normal DF engine, because of the ammonia fuel use.

Emissions NO, NOx, O2, CO, and CO- are measured with a Horiba PG-250,
emissions like NH3, N-O and H-0 are measured with a separate analyzer af-
ter the engine and after SCR. This allows for measurement of the actual emis-
sions emitted to the atmosphere and so that the SCR performance can be

monitored. Figure 23 illustrates the measurement setup.
Urea tank

Control/pump
unit
Exhaust pipe
SCR
Engine
Switching
Horiba box
Gasmet

Figure 23 Emission measurement setup.

The data acquisition is collected from several sources, for every measured
sensor data.
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3.2.4 Data analysis

The sensor data acquisition is done with the engine control system and sev-
eral interconnected programmable logic controllers (PLC). In cylinder pres-
sure measurements are measured with Dewesoft. The pressure measure-
ments is then analysed using MATLAB software. The other measurements
are analysed in Excel.
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4 Results

4.1 Evaluation of fuel system

In order to assess the systems used during this testing phase, it is important
to identify and test them. The results and monitoring outlined in this chapter
serve as the basis for evaluating the systems. To accurately evaluate the sys-
tems, it is necessary to understand and define their performance under vari-
ous conditions. Specifically, the identification process focuses on fuel sharing
between ammonia and MDO, as well as the mixing of natural gas and ammo-
nia gas. The sections analyzed include the ammonia gas fuel system, engine,
exhaust system, and safety systems.

As ammonia is stored as a liquid, the evaporation process to gas is important.
The heat input to the evaporation unit is, therefore, essential to handle the
required fuel energy input to the engine. So, the heat exchange system be-
comes critical to achieve adequate flow. The heat exchange system is de-
signed to extract heat from the engine and use it to evaporate liquid ammo-
nia. However, if one consumer restricts the entire system, it can cause issues.
Once the liquid ammonia has evaporated, it becomes necessary to prevent it
from condensing back into a liquid state. The pipe, which is made of stainless
steel, is insulated for this reason. Plastic pipes with insulation are used in the
pipe trench. Electrical heat tracing is installed on the pipes to control the
temperature of the pipe. Which can be seen in figure 18.

The trench has a piping length of approximately 100 meters, which is located
underground, as specified in chapter 3.1.2. Proper design of the trace heating
and insulation is necessary to ensure sufficient heat input. Test results indi-
cated that the ammonia gas temperature dropped by over 40 °C from the
trench in and trench out at the start of the engine's operation. Furthermore,
the GVU was observed to cool the gas further in some cases, suggesting that
it may struggle to maintain and increase the ammonia gas temperature due
to its large area and mass. The ammonia gas experiences over the trench a
decrease in temperature due to cooling, as seen in figure 24.
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Figure 24 Ammonia fuel system gas temperatures from one day of running.

To solve this problem, the ammonia gas is heated more, but this solution is
restricted by the heat exchange circuit, which only shifts the problem else-
where. Furthermore, the heating power to the evaporator is limited since the
pressure build-up PEX (plastic material)-tubing is limited to 70 °C and is in
the same heat exchange circuit as the evaporator. As a result, the superheater
and evaporator are no longer capable of delivering higher temperatures to
the ammonia evaporation system.

Heating the air in the double piping, mixing unit, and GVU also showed little
increase in temperature in the ammonia gas. This can be seen in Figure 25,
at the beginning of the measurements.
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Figure 25 The impact of ammonia gas temperature on the heating of air in
the mixing unit and GVU. At the start, the gas pressure was 9 barg and it
decreased to 7.5 barg.

The heating impact was particularly powerful at the start of the tests. After
five hours of testing the temperature stabilized to the inlet temperature.

As the tests continued, it was concluded that temperature control of the fuel
system was seen as a critical task, to avoid condensation of the ammonia gas.

Comparing ammonia to liquified petroleum gas (LPG), the latent heat of am-
monia at 1 atm is around 1370 kJ/kg [78] and for LPG is 426 kJ/kg [79] at
the same condition. The lower heating value of ammonia is 18.8 MJ/kg and
for LPG 46 MJ/kg according to [79], this means that dividing
LHVirc/LHVnNn;3 times the difference between latent heat of ammonia and
LPG, would yield the difference in the heat required to vaporize ammonia
compared to LPG. Which would be:

46 MJ /kg y 1372k] kg _
18.8MJ/kg =~ 428kj/kg

This means that to vaporize the same amount of energy, which is a difference
of 2.4 in energy density, 7.8 times more energy must be supplied to the va-
porizer, to achieve the same power output from the engine. This comparison
highlights the need to adapt different heating equipment for ammonia gas
fuel systems than LPG systems. This also means that the heating system ca-
pacity for ammonia as fuel is more energy demanding. However, because the
tank, cooling compressors, and other consumers are all linked to the same
circuit, there may be issues with heating and cooling capacity. Which needs
to be considered when designing an ammonia fuel system.

Bunkering ammonia is a critical procedure that requires attention to safety
as the fuel is toxic. This procedure is similar to LNG bunkering, so similar
rules can be applied. When bunkering ammonia, it is essential to consider
the following for safety:

¢ Emphasize safety in both the procedure and operator knowledge. Uti-
lize gas detectors, chemical-resistant clothes, respirators, emergency
plans, and safety data sheets.

e Purge the pipes with nitrogen to prevent explosive atmospheres and
oxygen content.

e Monitor tank level, temperature, and pressure.

e Test the hoses for leaks to ensure that the connections are tight.
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e During bunkering, make sure all other connections to the tank are
closed, and the tank is not overfilled.

More information on safety will be discussed in the next chapter.
4.2 Safety system evaluation

4.2.1 Safety

The sensors that detect any ammonia release are placed in the test cell venti-
lation and basement, where the ammonia pipe enters the building. The alarm
limits are set to 5 ppm and 10 ppm for both installations. When it detects
ammonia, it will alarm the operator; no shutdown will occur.

A detector also detects ammonia if any leaks from the double fuel piping en-
ter the intermediate volume between the pipes. The alarm limit for this de-
tector is 150 ppm. If the detector alarms are above 150 ppm, the fuel system
shuts down according to the process shutdown procedure. It alarms and
shuts down the ammonia feed line to the test cell, closes GVU, opens the
purge valves after GVU, and the engine trips from gas to diesel to stop mode.
Then the ammonia from the GVU to the engine is purged with nitrogen and
vented from the vent mast outside the test cell.

As the measurement accuracy of the sensors is at a five ppm level, the alarm
limits could be higher to avoid any false alarms. As the engine does not trip,
it can still run on ammonia even if it detects ammonia in the ventilation.
However, as there are limits in the legislation on smell limits, the alarm limits
are justified. These limits could be higher if the air is treated, or the legisla-
tion is different.

In order to ensure a safe work environment, it is important to shut down the
ammonia-powered engine for 24 hours before performing maintenance. This
timing is based on internal testing experience. However, this might be a prob-
lem for future installations of similar engines. To tackle this issue, a formal
measuring technique could be established to open up the engine only based
on a safe threshold.

A respirator and a portable detector could be used for mechanical work if the
mechanical work starts immediately after the engine shut-down. If the en-
gine is run down systematically, the engine might be operated in diesel mode
for x amount of time to reduce ammonia levels in the engine components.
This is also desirable in terms of material and corrosion.

When entering the test cell after ammonia has been used, the operators need
to have air-assisted respirators and measure the ammonia level in the test
cell before it is allowed to be in the test cell without any respirators. When
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bunkering, respirators and chemical protective gear needs to be used. This is
to prevent liquid ammonia from reacting to the skin, face, mouth, and eyes.
As presented in chapter 2.3.1.

4.2.2 Ammonia release system

When operating the engine on ammonia, ammonia is occasionally released
into the atmosphere. The test facility has a release mitigation system that
uses cold flares to release ammonia in a controlled manner when necessary.
This system is illustrated in Figure 19, and the mast can be seen in Figure 20.
These situations are when bunkering and venting of the fuel system. The use
of ammonia as fuel could be better due to its toxicity and high cost. To pre-
vent any potential harm, a 25-meter-high mast has been constructed in the
tank area to vent any ammonia. This decision was based on dispersion anal-
ysis, which confirmed that a 25-meter mast would sufficiently dilute any am-
monia release to meet the required working environment limits in Norway.
Additionally, a smell limit must be adhered to, so dispersion analysis has also
been conducted on the vent mast from the test cell. Any un-burnt ammonia
will be utilized as a reagent for the SCR process, ensuring no ammonia release
from the exhaust.

To avoid venting ammonia into the atmosphere, when the engine trips, for
example, ammonia could be directed back to the tank. As the pressure in the
tank is regulated to 8-10 barg, the pressure from the line would need to be
increased, and this could be done with a compressor. However, there could
be challenges with oxygen contamination in the tank. As stated in chapter
2.3.2, the oxygen content should be kept below 2.5 ppm, which limits the
SCC. In future marine installations, it is also important to keep the ammonia
release to, preferably, nothing, as it is costly to release fuel. Another solution
to avoid venting would be to shut down the gas fuel system and close the
venting system so that the ammonia is left in the pipe. However, the venting
is to avoid ammonia leaks from the gas admission valve to the cylinder and,
therefore, could go to the crankcase or vented through the exhaust system to
the atmosphere.

4.3 Ammonia engine performance

The test findings show that ammonia burns with the support of a pilot diesel.
Results are presented in fuel sharing mode, when liquid fuel and gas is
blended in varied ratios. Unlike DF-operation, the main diesel injector is also
utilized instead of just the pilot injector. The actual combustion may be ex-
amined using in-line cylinder pressure measurements. This demonstrates
that when 34% ammonia energy share is blended with MDO and combusted,
the cylinder pressure conditions are similar to regular diesel operation. The
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measurements represent the average of all cycles during a 5-minute period.
Figure 26 displays cylinder pressure readings for normal diesel and natural
gas operation compared to fuel sharing with ammonia at 70% and 100% load.

The ammonia fuel sharing point in the A section with 100% load is similar to
the diesel reference, although with somewhat lower overall pressures, the
combustion appears to be more stable. The start of combustion, however, is
not as obvious as in the diesel operation. The tests also revealed that extra
pilot diesel was required, as well as an adjustment to the injection timing.
The overall pressures are lower due to lower air pressure or lambda is needed
for stoichiometric combustion. Because of differences in pilot injection tim-
ing and air pressure, the natural gas reference in both loads is different to
diesel reference. The start of combustion, on the other hand, is more visible.
The natural gas reference also has a faster pressure rise, meaning that the
combustion is faster, rather than the ammonia combustion where the pres-
sure rise is slower, indicating that the combustion is slower. The faster the
combustion, the higher will the direct engine efficiency be, but the benefit
might be minimal [6].

a) b)

Ammonia combustion pressure compared to diesel

° Ammonia combustion pressure compared to diesel
Mean combustion pressures at 100 % load

Mcan combustion pressures at 70 % load
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Figure 26 A is the cylinder pressures from 100% load, compared with diesel
reference, standard engine configuration with 45% ammonia and natural gas
reference. B is similar but at 70% load and a 34% ammonia energy share.

The ammonia shares represent the maximum quantity of ammonia that
might be utilized for each load, during these tests. The following issues con-
tributed to the inability to reach higher ammonia shares on typical DF engine

configuration:

e Gas fuel demand maximized.
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¢ Maximum exhaust temperatures reached.
e Start of combustion hard to control with the pilot diesel.
¢ Control of the air-fuel ratio limiting with the wastegate.

A higher ammonia share was achieved by modifying the air-fuel ratio with
the wastegate, increasing the gas pressure, and tuning the pilot diesel injec-
tion. As ammonia has a high autoignition temperature, it will result in a lower
flame temperature. Each cylinder has a gas admission valve located in the
cylinder head intake channel, a higher pressure in the gas supply pipe than
the charge air pressure assists in valve closure. To prevent valve damage, the
pressure in the gas supply line must be adjusted, which the GVU does. How-
ever, because ammonia has a poor energy density, the amount of fuel re-
quired is double that of natural gas, requiring a longer injection time or
higher pressure than with natural gas. When the gas pressure increases and
the air-fuel ratio decreases, the pressure differential across the valve also
rises due to the decrease in air pressure. Figure 27 compares in-cylinder pres-
sures from a tuned test and a normal engine setup.

Comparison of combustion pressures in an untuned and tuned ammonia engine.
Mean combustion pressures at 50 % load
T T T
Diesel reference !
Ammonia untuned
Ammonia tuned

Pressure

-60 -40 -20 0 20 40 60

Crank angle degrees
Figure 27 Comparison between average cylinder pressures from a 5-minute
period on a standard engine configuration with 34% ammonia energy share
to a tuned engine configuration allowing 45% of ammonia energy share to
diesel reference.

From the above figure, there can be seen that when the engine is tuned com-
pared to untuned, the start of the combustion is not as evident as with stand-
ard engine configuration. The combustion in the tuned configuration is also
slower, evident from how fast the pressure increases in the beginning.
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According to the results of the various tests, the gas admission valves also
failed due to a considerable pressure differential across the valve. Due to
wastegate operating constraints, control of the air fuel ratio was also limited,
and combustion temperatures increased, restricting both the engine compo-
nents and SCR temperature limits. If the gas pressure was not increased, the
demand for gas fuel was similarly limited.

The data indicate that there are various constraints to achieving a high am-
monia share. Natural gas mixed with ammonia gas tests produced the same
limitations and findings. However, if the operator wishes to blend 30% am-
monia or less in their energy mix in the future, they may be able to do so with
no substantial design modifications on a normal Wartsila 34DF engine.

4.3.1 Dynamic operation

Since the main testing effort was centered on fuel sharing, no tests of dynam-
ically operating the engine from start to stop were performed with ammonia
during this test period. However, indirect effects from operating experience
with ammonia and unexpected pauses when running on ammonia are pre-
sented in this chapter.

Starting the engine was conducted in diesel mode. The tests began to run the
engine in diesel mode on the desired load point and then transferring to gas
mode using ammonia. The first tests were done with standard engine config-
uration on different loads to achieve high as possible ammonia fuel shares.
Then several engine parameters were tuned to achieve better emission per-
formance, for the same loads. There was no testing conducted on loading the
engine while using ammonia as fuel. The loading was done in diesel mode, as
several tests were done on the same load at the same time, consequently the
engine was not loaded frequently. As the loading of the engine is not for a
long time period, it does not affect the overall cumulative emissions much.
In the future loading tests will be conducted.

As of now, to successfully conduct these tests, the first tests could be to have
a small amount of ammonia and incrementally increase the ammonia
amount and load the engine according to the specified rates in figure 7 in
chapter 2.2.3. For higher shares of ammonia, parameters like air-fuel ratio,
air pressure, pilot injection timing and duration need to be tuned in the load-
ing range. There should not be major challenges, when the engine parameters
have been tuned for loading the engine on small amounts of ammonia. The
loading should be done after the SCR minimum temperature is reached and
the SCR is active, otherwise any unburnt ammonia will be emitted to the at-
mosphere.
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4.3.2 Emissions

One objective of engine development is to reduce emissions from produced
combustion. This may be accomplished in a variety of ways, one of which is
to rely on carbon-free fuels such as ammonia. However, as previously stated,
ammonia burning emits GHGs in the form of N-O, which is 296 times worse
than CO- emissions on a 100-year timescale, as described in 2.4.1. CO2 emis-
sions are proportional to the amount of diesel fuel used, and because ammo-
nia contains no carbon, burning of a large proportion of ammonia produces
minimal CO- emissions. Another emission from ammonia fuelled engines is
unburnt ammonia, this is not however a GHG emission, but is toxic for hu-
mans and the environment and should not be emitted to the atmosphere. In
this chapter the emissions are presented. If not specifically mentioned, the
emissions are after the engine.

Testing an ammonia gas DF engine with diesel pilot ignition in an internal
combustion engine, the N-O production decreased with higher amount of
ammonia, with both standard engine configuration and tuned engine config-
uration. These trends have a high linear correlation, as the trend fits well with
a r squared value of 0.98, with 1 as a perfect fit and correlation between N-O
production and ammonia content. The N.O production seems to be corre-
lated with the combustion temperature but does not have a perfect correla-
tion to the temperature, this can be seen from figure 28.

As can be seen in the figure, when the temperature increases the N-O pro-
duction decreases, but as the temperature trend does not correlate perfectly,
it can’t be concluded that the temperature is solely responsible for the N.O
production.
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Figure 28 N20 emissions on a standard 34 DF and for a tuned 34 DF on
different load points with different ammonia shares.

Calculating the equivalent CO- emissions from N-O emission and taking into
consideration the GWP of N-O, can be achieved by utilizing the formula be-
low, which is based on the measured N-O emissions:
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NZOCOZ.eqv = NZOGHG.factor * NZOg.kwh (4.1)

(Nzoppm*Nzofactor)
Mex*
1000

Prw

N20g gwn = (4.2)
Where:

NZOGHG.factor =298 [58]

m,, = exhaust flow in kg/hr

N20,,,, = measured wet ppm levels of N2O

Py, = engine power in kW

The N20j 4.,y is the specific density of N=O, compared to the exhaust density

as follows:
[(2*N+0)

NZOufactor - ;:C ~1.6 (43)

To obtain the value of 1}, in the ideal gas law equation pV = nRT, which re-
lates the molar volume of a gas at standard temperature and pressure, the
molar mass of nitrogen (N) and oxygen (O) must be considered. This factor,
depending on the exhaust density, is around 1.6. The equations 4.1, 4.2, and
4.3 have been defined from an internal calculation tool.

The specific emission from N-O in g/kWh would be 2.09 g/kWh if the engine
ran on gas at 100% load, with an exhaust mass flow of 4.4 kg/s [19] and for
example N2O emission of 200 ppm. Using the same GWP impact of N2O to
obtain a carbon dioxide equivalent measurement, would result in an equiva-
lent CO2eq of 520 g/kWh.

In terms of a net positive emission decrease utilizing ammonia as fuel, this
would be undesirable, as CO- emission from the diesel share would need to
be added, so that the total will still increase above standard natural gas and
diesel operation CO2eq emissions. The ideal N>O emissions would be zero,
which might be accomplished with an N>O catalyst installed after the engine.
But already with 20 ppm the CO2eq would be around 52 g/kWh.

For the conventional engine configuration, the unburned ammonia emis-
sions were more than 15 times greater than the NOx emissions. However, by
adjusting the air-fuel ratio, pilot injection, miller timing, and injection dura-
tions, ammonia emissions were reduced to one-third of those of the normal
setup. This can be seen in figure 29 in section b.

In comparison to NOx emissions, the ammonia-NOx ratio was, at best, ap-
proximately a ratio of two. The CO- emissions from diesel operation de-
creased by 60% compared to the standard engine configuration running on
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ammonia and even lower in the tuned engine test. The CO- reduction was
more significant as the energy share at 30% and 50% load increased, but as
the load increased, the energy share of ammonia decreased. Figure 29 dis-
plays these results. The N-O emissions in section a, at the load point 50%,
have a 60% decrease; the difference here is that the exhaust temperature is
over 100 degrees higher in the tuned version and almost 50% lower air sup-
ply, with 33% more ammonia.
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Figure 29 N20, CO2, NH3 and NOx emissions compared with standard DF
configuration, tuned engine configuration and diesel mode on the same en-
gine, with different ammonia energy shares. The vertical axes are normalized
and are therefore no absolute values.

In section d in figure 29, the NOx emissions seem unordinary high at the 50%
load; this could be a measurement error. But according to this section, with
the ammonia shares presented in table 8, the NOx reduction is consistently
20% below the standard diesel mode on the standard engine configuration.
This is after the engine and even lower after the SCR NOx reduction process.
The engine reduces NOx emissions by using an SCR and dosing urea. Instead
of using urea, unburnt ammonia is utilized as a reagent in place of it accord-
ing to equation 2.16. This equation specifies that one ammonia molecule is
needed to eliminate one NO, resulting in a target ratio of ammonia slip and
NOx of 1:1. Though the test conducted did not aim to optimize this ratio, it
proved that tuning the engine to achieve this ratio to some extent is possible.
When the combustion temperature is regulated, ammonia burns more effi-
ciently at higher temperatures, reducing the slip. However, at higher
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combustion temperatures, NOx production increases. Hence, achieving a 1:1
ratio is feasible.

Limiting the emission performance of the engine was several factors, includ-
ing high temperatures, air-fuel ratio control, gas duration, combustion igni-
tion, and engine control software. Consequently, of the high temperatures,
the SCR inlet temperatures were also limiting as the design temperatures are
maximum at 450 °C. As the NOx reduction process is exothermic, and when
the inlet temperature is high, the outlet temperature also limits further am-
monia energy shares.
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5 Conclusions

Ammonia is considered as a future fuel for maritime industry, as it can be
produced to be carbon free, thus decreasing the emissions from ships and
vessels using ammonia. It comes however with some challenges, like the tox-
icity for humans and environment, challenging combustion characteristics
and lack of legislative measures. These are challenges with ammonia as ma-
rine fuel for combustion purposes. In this thesis, which is done in parallel
with project conducted by Wartsila, on full scale ammonia testing on a stand-
ard Wartsila 6134 dual fuel engine. The project's goal is to demonstrate a
marine vessel concept powered by an ammonia-fuelled engine, from liquid
bunkering to exhaust treatment. Following research questions will be an-
swered in different sections in this chapter.

e How should a standard marine dual fuel engine be operated with am-
monia as fuel?

e What type of changes are needed, when running an engine on ammo-
nia?

e What’s the performance and emissions of the engine from the tests?

¢ How do these results compare to standard natural gas and diesel per-
formance and emissions?

Based on the identification and test results on the fuel system it can be con-
cluded that:

e The vaporization of liquid ammonia and to manage the temperature
of the ammonia gas is critical. To control the temperature in the best
way possible, restrict the heat loss by insulation, supply sufficient heat
with trace heating and have sufficient vaporization power in the heat-
ing circuit.

e Pressure builds up in the tank; heating the tank works well for pres-
sure build-up, but tank heating may not be the best solution to achieve
a fast pressure build-up rate in cold ambient temperatures. This might
be achieved using an external vaporizer that takes liquid ammonia and
feeds ammonia gas to the tank, for example. This sort of solution may
benefit from a higher rate of pressure build-up than heating the hole
tank. It might also be helpful for tank pressure control. With this
setup, the last amount of liquid ammonia cannot be transferred to the
engine due to insufficient pressure build-up. This is something that
could become a problem down the road on marine installations, using
tank heating to supply the ammonia.
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Engine cooling system is interconnected together with vaporizer,
pressure build for the tank, natural gas compressor cooling and super-
heater. The problem that occurs is that the tubing in the pressure build
up unit restrict the water temperature to 70 °C. This limits the tem-
perature of the superheater's ammonia gas. The answer might be to
provide a separate heating supply to the pressure build up unit rather
than connecting it to the same system and limiting the other consum-
ers that connected to the same system. Another possibility is to use
alternative tubing material with greater design temperatures. A third
option would be to reduce the demand for the heating system by im-
proving heat loss from the system.

Heating the air in the double-walled piping and GVU, helps to keep
the ammonia gas in gas form and in some cases also increase the tem-
perature. This is especially beneficial when the fuel system is cold.
However, large amount of mass is located in the GVU, so this could be
a possible condensation spot. Therefore, additional temperature mon-
itoring could be placed in the GVU, to monitor potential ammonia gas
condensation.

Because of the lower heating value of ammonia compared to natural
gas, more ammonia mass flow is required to maintain the same power.
In the tests, the gas duration was frequently maximized, and the coun-
terreaction was to raise the gas pressure. However, excessive pressure
differential over the gas admission valve damaged it multiple times.
This can be solved with an ammonia designed gas admission valve.
Higher heating demand for evaporating the ammonia is required,
compared to similar fuels like LPG.

Mixing natural gas with high CO. amount with ammonia gas can cause
ammonium carbamate, this can cause serious damage to fuel system
components and should be avoided.

While the fuel system is quite extensive, so is the ammonia release mitigation
system. To mitigate any damage to the people or environment, the release
rate has been estimated and based on this a dispersion analysis have been
done to the place where ammonia is released. The results and identification
of the ammonia release system is:

Ammonia release is possible to very low concentration and the gov-
erning limits are the working environment smell limits and general
ammonia release limits. However, the release of ammonia should be
minimized because it is toxic and a costly fuel. The tank area and the
test cell have each a cold flare used to release ammonia. As the poten-
tial ammonia release amount is larger at the tank area, the height of
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the mast is 25 m, this is to dilute the ammonia with the air and to keep
ammonia concentration below limits.

With the use of a catalytic converter and use the unburnt ammonia as
reagent, the urea need is limited. With the current setup the ammonia
slip after the catalytic converter were very, under 5 ppm.

When the engine trips from gas mode to diesel mode, in emergency
stop and at shutdown, the gas from the GVU to the gas admission valve
is vented through the test cell cold flare. This is to prevent damage for
the gas admission valve, and because the gas admission valves can leak
gas to the air receiver and combustion chamber. In these situations,
the vented ammonia gas is one unnecessary release of ammonia, and
this could be improved. The ammonia gas could be redirected to the
ammonia tank, though a compressor which increase the pressure
above the tank pressure. The ammonia gas could also be combusted
in the engine, correctly timed with the shutdown procedure, and pres-
sure supplied with inert gas.

The use of ammonia in the industry has a solid safety record. The excellent
safety features of ammonia are that it dissipates quickly in the air, has a
strong recognizable odour, and has a low explosive limit. However, ammo-
nia's toxicity is one of the main factors that makes it challenging to utilize as
engine fuel. The conclusion based on the identification on the safety system
is that:

The ammonia leak detection is located in appropriate locations, but
the alarm limits set for the ventilation detection and the detector in
the basement is set under the range of the accuracy, which might give
of false alarms.

When ammonia has been used, the engine components and mainte-
nance of the engine can’t start after 24 hours. This is a safe limit, and
it is based on internal experience. Running the engine with natural gas
to flush the system of ammonia surely helps every time the engine is
stopped. To run it on natural gas is however not feasible every time.
This time limit is not of a great concern in an engine laboratory but in
the field this limit could be problematic. More research on the limit
could be justified for this reason.

When entering the test cell after using ammonia, wear protective
clothing. Before anybody without respirators may enter the test cell,
ammonia concentrations must be measured with a handheld detector.
Chemical protection equipment must be utilized when bunkering lig-
uid ammonia.

Purging pipes before transferring ammonia is important when bun-
kering. When the ammonia gas is transferred to the test cell the lines
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is also purged, after longer breaks. If ammonia is used frequently the
lines could be filled with ammonia gas and the pressure monitored.
This would ease the usability of the system but could also be a safety
hazard.

Material selection when using ammonia is also important design con-
sideration. Copper and zinc-based alloys should be avoided, as also
mentioned in [47] and [71].

The engine tests on the combustion, concludes that:

In order to ignite ammonia, additional fuel promoter, such as diesel,
is required. The ignition of ammonia is aided by a high combustion
temperature. As a result, larger compression ratios may be more ad-
vantageous, since the initial compression ratio of 12 may be raised fur-
ther to diesel like compression ratios, which offer more consistent
combustion control and to have more pilot diesel injection control.
This however limits natural gas operation, as the current compression
ratio is optimized for natural gas operation. According to the test re-
sults, the pilot diesel injection faced challenges in controlling the com-
bustion's start.

Air to fuel ratio control with EWG, limited further ammonia energy
share as the EWG was fully open. This could be improved with differ-
ent turbocharger setup, so that the EWG range is more optimized to
richer air-fuel ratios. Another solution could be to have an air waste-
gate to further decrease air supply.

NOx emissions are lower for the standard engine configuration set-
tings running on different ammonia energy shares, compared to diesel
operation. This would indicate that there are no substantial effect
from fuel bound nitrogen, contributing to the NOx emissions, rather
the thermal NOx plays the major role. However, running the engine
hot and with high ammonia shares the NOx emissions could be sub-
stantial. Similar conclusions were also made in [80]. More testing
would be needed to determine the NOx generation, using ammonia as
fuel.

The unburnt ammonia can be used as reagent for the SCR to reduce
NOx emissions and the ratio between ammonia slip and NOx is possi-
ble to control to a ratio of 1. If the ammonia slip is extensive the exo-
thermic effect from the SCR process limits further increasing ammo-
nia energy share. If the input temperature to the SCR is at the maxi-
mum limit, this could become a limiting factor for the engine opera-
tion.
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¢ N-O emissions is dependent on the ammonia share and the combus-
tion temperature, lower than 20 ppm levels can be reached after the
engine and with N-O catalyst this could be decreased even further.

e High energy shares of ammonia can be achieved, but the combustion
control gets harder with low diesel energy amount from the pilot in-
jection. Gas duration, air-fuel control, exhaust temperature, SCR inlet
temperature are also limiting high ammonia shares.

e The CO: emissions decreased proportionally to the diesel amount.
However, as there are N>O emissions produced, the total emitted
CO2eq increases depending on the N-O emission amount. But the over-
all CO2eq emissions decreased by 30% in the best performing point.

e Richer air-fuel ratio is more beneficial for the emissions, but the tem-
peratures may become limiting.

To achieve a high energy share of ammonia, further testing is required on
different compression ratios and optimization of ammonia combustion. In-
creasing the compression ratio to a diesel-like level is possible due to ammo-
nia's high-octane rating. Additionally, dynamic engine testing is necessary
and requires intensive engine tuning. An ammonia-fuelled engine with
proper exhaust treatment is a feasible option for marine applications and
safety concerns and achieving zero carbon emissions require further work.
The emissions produced by using ammonia as a shipping fuel are typically
lower than those from traditional fossil fuels, this also depends on how the
ammonia is produced.
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