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Abstract: Current efforts by the International Maritime Organization (IMO) to decarbonize the
shipping sector have gained momentum, although the exact path to achieve this goal is currently
unclear. However, it can be safely assumed that alternative cleaner and zero-carbon fuels will be key
components in the strategy. In this work, three ship emission scenarios for 2025, 2040, and 2050 were
developed that cover the area of the North and Baltic Seas. They aim at a fundamental transition in
the usage of marine fuels towards ammonia as the mainly used fuel in 2050, via an intermediate step
in 2040 with liquefied natural gas as the main fuel. Additionally, expected trends and developments
for the shipping sector were implemented, i.e., a fleet growth by vessel size and number. Efficiency
improvements were included that are in accordance with the Energy Efficiency Design Index of the
IMO. The scenarios were created using a novel method based on modifications to a virtual shipping
fleet. The vessels in this fleet were subject to decommission and renewal cycles that adapt them to the
scenario’s target year. Emissions for this renewed shipping fleet were calculated with the Modular
Ship Emission Modeling System (MoSES). With respect to ammonia engine technology, two cases
were considered. The first case deals with compression ignition engines and marine gas oil as pilot
fuel, while the second case treats spark ignition engines and hydrogen as the pilot fuel. The first case
is considered more feasible until 2050. Reductions with the first case in 2050 compared to 2015 were
40% for CO, emissions. However, CO; equivalents were only reduced by 22%, with the difference
mainly resulting from increased N> O emissions. NOx emissions were reduced by 39%, and different
PM components and SO, were between 73% and 84% for the same target year. The estimated NHjz
slip from ammonia-fueled ships in the North and Baltic Seas was calculated to be 930 Gg in 2050. For
the second ammonia engine technology that is considered more advanced, emission reductions were
generally stronger and ammonia emissions smaller.

Keywords: ship emissions; emission modeling; emission inventory; scenarios; MoSES; ammonia;
decarbonization

1. Introduction

With approximately 80% of the world’s global freight by volume transported on ships,
the shipping industry has great importance in the globalized economy [1]. However, with
a consumption of more than 300 Mtonnes of fossil fuels annually, ships are a significant
contributor to global warming through the emissions of various greenhouse gases (GHGs),
such as COy, N2O, and CHy4 [2,3]. Overall, ships are responsible for the emissions of nearly
3% of annual global CO; equivalents.

Due to the Paris Agreement, the shipping sector needs to comply with GHG reductions
to meet the current challenges of global warming. Therefore, the International Maritime
Organization (IMO) announced in 2018 an initial strategy with the goal of reducing GHG
emissions by at least 50% by 2050 compared to 2008 and presented a list of candidate
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measures [4]. Although the pathway to achieve this goal is not yet clear, one of the adopted
short-term measures is the IMO’s Energy Efficiency Design Index (EEDI) [5]. It is a globally
binding design standard which entered into force in 2013 and requires newly built ships
to become increasingly more energy-efficient. A second short-term measure is the Energy
Efficiency Existing Ship Index (EEXI). It specifies a determined energy efficiency compared
to a baseline that ships with a gross tonnage over 400 have to comply with starting in 2023.

Research on decarbonizing the shipping sector picked up pace and many studies
investigated different aspects and methodologies to cut down CO, emissions to reach
reduction targets. Technologies, such as wind or solar assistance, slow-steaming, waste
recovery or fouling-reducing paints, and hull coatings can improve vessel efficiency [6,7].
Modern algorithms can help in optimizing operational parameters such as speed and fuel
type depending on cost and carbon emissions [8]. Potential CO, emissions savings up to
38% by an optimization of trade routes by distance were calculated by Wang et al. [9].

In addition, the introduction of alternative, carbon-free marine fuels is an integral
component of the strategy. At present, ammonia (NH3) is the most promising alternative
fuel to fulfill this role in the medium term [10-14]. Other increasingly important fuels that
are not carbon-free but “cleaner” than conventional fossil fuels include liquefied natural
gas (LNG) and methanol (MeOH). In contrast to ammonia, these have the advantage that
they can be better used with existing infrastructure.

In the following Section 2, a novel methodology for generating scenarios for ship
emissions is presented. This general approach is based on physical fleet developments,
such as the decommissioning and renewal of a ship, and implemented through changes to
a virtual shipping fleet. It enables a flexible scenario design with a particular usefulness
for the creation of future scenarios. An emission inventory (EI) can then be calculated
based on this virtual fleet. This allows us to leave the complex relationships of the energy
consumption of several thousand ships and the corresponding emissions to a computational
model. Using this approach, three future shipping fleets were created for the years 2025,
2040, and 2050, and the corresponding Els were calculated using the Modular Ship Emission
Modeling System (MoSES) [15]. The shipping fleets include projections for a fundamental
fuel switch to ammonia as a medium-term carbon-free alternative fuel in 2050, via extensive
use of LNG in 2040, based on studies by Det Norske Veritas-Germanischer Lloyd [16]. In
addition, these scenarios take into account expected trends in fleet development and
technological progress within the framework of current legislation. The study area is
located in Europe and includes the well-studied North and Baltic Sea region. One purpose
of the scenarios is to obtain knowledge about the effects of possible future developments.
The Els produced are thus an important step in assessing the impact and feasibility of
climate change mitigation measures in the shipping sector to counteract global warming,.

In addition to estimates of GHG emissions, the scenario Els include emissions of
air pollutants such as sulfur oxides (SOx), nitrogen oxides (NOx), and particulate matter
(PM). These can be transported several hundred kilometers from major shipping routes
and degrade air quality in populated areas. Projected future emission changes in these air
pollutants from shipping, as well as of the major GHGs, are discussed in Section 3.

2. Methodology
2.1. Reference Emission Inventory

The reference ship emission inventory that was the basis for the scenario emission
inventories (Els) was generated using the bottom-up approach of the MoSES model. The
model uses data recorded from the Automatic Identification System (AIS) to recreate ship
movements from consecutive AIS signals. For each movement, an average speed and
a temporal reference are calculated. In addition, based on the current and service speed of
the ship, an engine load factor (EL) is calculated according to Equation (1):

EL = <Sir)3 ¢))
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Based on the engine load factor, the ship’s engine power (main or auxiliary engine,
Pyain aux), the duration of the route segment (At), and an emission factor (EF), the emissions
for each ship movement are calculated using Equation (2):

Emissions; = At Y EL; x P; x EF;. )

i=main,aux

where At Y qin aux ELi X P; is the ship’s energy consumption (E) in the respective route
segment. Since the calculation of the energy consumption is based on approximations
and does not take into account external influences such as wind and waves, there is an
uncertainty associated to the calculated values. In addition, uncertainties arise from ship
characteristics that are important for emission modeling but are missing from the queried
databases. In the MoSES model, missing ship characteristics are estimated by ship-type-
specific regression models. The effects of uncertainties resulting from the neglect of wind
and waves and from unknown vessel characteristics are reduced in large modeling areas
with numerous vessels where errors are frequently averaged out.

For the former, an error of 2% was determined by Jalkanen et al. [17] for the power
consumption in a regional domain. An error of 8-20% on power consumption for the
present EI was determined by Schwarzkopf et al. [15] due to the estimation of several
unknown ship characteristics important for ship emission modeling. A relatively large
uncertainty in ship emission modeling is often associated with the choice of emission
factors, since they proportionally affect the emission quantity, following Equation (2).
Consequently, the results in ship emission modeling are very sensitive to the choice of
emission factors.

Moreover, an uncertainty is introduced by the AIS data on which the bottom-up mod-
eling procedure is based. AIS signals are transmitted unencrypted and they can be freely
recorded and processed. Thus, AIS data sources are diverse and can range from govern-
ment agencies to businesses to private records; consequently, the data quality varies. Minor
data errors can be corrected by the MoSES model, such as short temporal gaps, erroneous
coordinates, and physically unreasonable ship speeds. Large temporal gaps, however, can
lead to significant errors in the resulting emissions data. Additionally, emissions at margins
of the AIS data can be less accurate due to decreasing data quality and lack of knowledge
of vessel activity. Further details about the model, the emission factors (EFs) used, and
the uncertainties in the modeling procedure can be found in Schwarzkopf et al. [15]. In
addition, the EFs used for the emission calculations in this work are compiled in Table Al.
The AIS data for the North and Baltic Sea, on which the reference EI for 2015 is based, were
compiled by the European Maritime Safety Agency (EMSA), an agency of the European
Union. The vessel characteristics (e.g., the ship engine power P) required or helpful for the
emissions calculations were either used from the IHS Markit 2020 database or extracted
from the AIS data. The computational domain of the EI was located in northern Europe
and ranged from 48.32° N to 68.37° N and 5° W to 31.41° E. The resolution of the gridded
EI was 0.069° in the east-west direction and 0.036° in the north—south direction. This corre-
sponded to approximately 4 km x 4 km. The gridded emissions and power consumption
data were also found to be comparable to data calculated with the established STEAM3
model [17-19] (see [15] for the full comparison). In addition to the EI, a virtual shipping
fleet was generated from the AIS data. The virtual fleet is a data structure that compiles the
recreated vessel movements, calculated emissions, energy consumed, and the respective
characteristics queried and calculated for each vessel.

2.2. Scenario Generation

In analogy to the reference EI, the scenario Els were generated using a bottom-up
approach. However, the data basis is not the AIS data, but rather a modified version of the
virtual shipping fleet that was produced alongside the reference EI for 2015. The scenario
Els for the years 2025, 2040, and 2050 cover the same domain and have the same resolution
as the reference EI.
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The modified virtual shipping fleets for the scenarios were created using a scenario
creation toolbox implemented in the MoSES model and a novel, general approach that is
based on physical fleet developments. The underlying data and steps of this approach can
be adjusted and individually executed to provide a flexibility for the scenario generation
by a modified shipping fleet. In this work, a virtual fleet was renewed by implementing
changes to vessels that reflect currently foreseeable legislation, trends in fleet development,
and technological advances. The projections distinguish between six of the eleven ship
types considered in MoSES, namely “Bulk”, “Cargo”, “Cruise”, “Passenger”, “Tanker”,
and “Other”. The ship type “Tugs” was included in the category “Other”, because no
specific data were available. Due to a lack of data, no changes were made for ships of type
“Fishing”, “Military”, “Pleasurecraft”, or for ships whose type could not be determined
(“Undefined”). The exclusion of fleet developments for the latter three ship types was
justified by their small contribution to total emissions, which for CO, was determined to
be 1.8% for fishing vessels, 0.2% for pleasurecrafts, and 1% for undefined vessels.

In the first step of scenario creation, all ships that had exceeded the average lifetime
for their respective ship type in the target year of the scenario were identified. Estimates
for the average lifetime from Winnes et al. [20] were used and are shown in Table 1. All
ships identified in this regard were “renewed”, which means they were modified in several
ways. First, the year a ship was built was incremented by the life-cycle expectations of
its type. This ensured that the EFs complied with the respective regulations when the
emissions were recalculated. In particular, this was important for NOx emissions, because
in the North and Baltic Seas, ships must usually comply with the NOx Tiers set by the
IMO [21,22].

To account for trends in shipbuilding, the capacity of the renewed vessel was increased
by up-scaling the gross tonnage. Likewise, the ship engine size was increased. The capacity
increase followed the data from Fridell et al. [23], which are shown in Table 1. Since the
values in Table 1 refer to an average capacity increase of the entire fleet, an effective capacity
increase factor (c.s) was determined for each scenario and ship type based on the ships
available for renewal and their summed capacity in gross tons (cgyg)- The factor c,rr was
calculated using Equation (3) to cover the average capacity growth of the entire fleet with
the vessels available for renewal:

Ceff = (Ctot X Crer)/ Capair + 1. 3)

The relative capacity increase as percentage c,,; is shown in Table 1 and ¢} is the total
capacity in gross tons of the entire shipping fleet.

Table 1. Increase in number of ships and capacity increase in percent for all three scenarios, based
on Fridell et al. [23]. Annual efficiency increases based on IMO Energy Efficiency Design Index and
average ship lifetimes from Winnes et al. [20] for the ship types considered.

Ship Number Incr. [%] Capacity Incr. (c.ep) [%] Eff. Incr. [%] Lifetime [y]
Ship Type/Year 2025 2040 2050 2025 2040 2050 Annual

Bulk 2 5.1 7.2 5.1 12,5 19.1 0.99 19
Cargo @ 8.3 222 32.7 10.9 26.9 379 0.82 26
Cruise 10.5 28.2 41.6 4.6 9.9 12.2 0.74 27
Passenger 12.1 30.8 43.1 13.8 35.4 48.1 0.69 27
Tanker 12.7 34.7 51.8 22.5 64.9 101.0 0.73 26
Other 4.6 9.9 12.2 4.6 9.9 12.2 0.69 25

2 For the ship type Cargo, the sum for container and general cargo ships was used, weighted by the ship type
distribution, according to the UNCTAD Report 2020.

The up-scaling of engine power for “renewed” ships was performed using the ship-
type-specific estimation models described in Schwarzkopf et al. [15]. These were used to
scale main engine power using the gross tonnage and the auxiliary engine power using
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main engine power. In addition, a weighting factor was calculated when actual engine
performance data were available from a database for the respective vessels. The weighting
factor was determined as the ratio between the actual engine power and the estimated
engine power from the respective estimation model. It was applied during the up-scaling
procedure to preserve information from the database and reduces the error from the
estimation model. In addition, an efficiency coefficient ¢ was introduced for each ship, with
0 < e <1, which is in accordance with the IMO’s EEDI and directly affected the calculated
energy consumption:

Erea =EXxe 4)

In Equation (4), E is the energy consumption of the ship and E,.; the reduced energy
consumption after applying the efficiency coefficient e. The efficiency factor for a ship was
calculated individually for each ship, depending on the annual efficiency increase and the
number of years valid for an efficiency increase (i.e., EEDI measures are valid from 2013
and no efficiency increase is considered after 2040). The annual efficiency increase data can
be found in Table 1.

If needed, a scenario shipping fleet could be created in multiple renewal cycles. For
the scenarios presented, one cycle was run for the 2025 shipping fleet, two cycles were
run for 2040, and three for 2050. The number of required cycles should be oriented to
the average ship lifetime divided by the difference in years between the year of the target
scenario and the year of the reference shipping fleet. However, for the present scenarios,
intervals smaller (10-15 years) than the average vessel lifetimes (19-27 years) were chosen
to implement a trend towards a generally newer fleet. This was considered plausible, as
future technological advances will encourage the construction of new ships.

The next steps in the scenario-building process involved a projected distribution of
fuel types according to their share of total ship energy consumption. The respective shares
of fuel types were chosen according to the Engine Use and Transitions Scenario 11 of
DNV-GL [16], which considers a reduction in CO; emissions from global shipping by 50%
in 2050 compared to 2008. The corresponding data for this are shown in Table 2. This
scenario projects a transition to ammonia as the primary fuel in 2050 over LNG as the most
common fuel in 2040. Biodiesels are included here among the distillate fuels.

Table 2. Percentage of energy consumption by fuel type for the reference emissions inventory (2015)
and the three scenarios created (2025, 2040, 2050), according to DNV-GL [16].

Fuel Type/Year 2015 2025 2040 2050
Residual fuel 14.97 12.75 10 1
Distillate fuel 83.93 73.75 22 23

LNG 1.19 13.5 57 33
MeOH 0.05 0 1 2
NH; 0 0 10 40

In order to distribute the fuel types accordingly, it was first necessary to use MoSES to
calculate the total energy consumption for each individual ship and for the entire fleet of
ships. Subsequently, the fuel used by each ship in the virtual fleet was changed until the
desired energy share was achieved. Where possible, the original fuel types were retained
and newer technologies such as LNG and, in particular, methanol and ammonia were
preferred for ships of a more recent build. To produce the Els, the MoSES model is then
used to calculate the emissions of each vessel in the renewed virtual fleet based on up-
scaled engine power, efficiency improvements, applicable regulations, and redistributed
fuel types. Details of the associated procedure and the applied EFs for the traditional fossil
fuel oil are described in Schwarzkopf et al. [15]. The emission values for LNG and methanol
engines were analogous to those in the Fourth IMO GHG Study.

Experimental and modeling evidence on ammonia slip from marine engines is very lim-
ited and predicting a reliable future emission factor is bound to large uncertainty. It is known
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that ammonia is a rather difficult fuel to combust in a diesel (combustion ignition) engine due
to much higher auto-ignition temperature compared to diesel (924 K vs. approximately 550 K
for diesel) and low flame speed. Dual-fuel engines where ignition is initiated by a different
fuel, such as diesel or Hy, appear as the most promising combustion concept for ammonia in
the marine sector, similar to the combustion of natural gas. In such engines, both low-pressure
and high-pressure combustion can take place, with the former being more sensitive to methane
slip, which averages at 6.9 g/kWh or 4.1% of total methane consumption [24]. With ammonia
being a more difficult fuel to combust than methane, even higher slip rates may be expected.
Indeed, on a dual-fuel engine with 40% energy fraction of ammonia over diesel, ammonia slip
reached up to 16 g/kWHh, corresponding to some 4500 ppm in the exhaust [25]. Hence, with
90% engine fraction for ammonia, the total slip would be more than double the value reported.
In our worst-case scenario, we assumed 8% ammonia slip, which is twice that of natural gas in
similar combustion engines. This is equivalent to 31.2 g/kWh of ammonia slip as a worst-case
scenario. Ammonia combustion is also prone to high N>O emissions as a by-product of
the chemical mechanism of ammonia oxidation. In simulations, Wu et al. [26] estimated up
to 0.5 g(NO)/kWh in the exhaust of a four-stroke marine type of engine. We could not
locate any experimental data on N»O emissions from marine engines. On a spark ignition
engine, Westlye et al. [27] determined up to 80 ppm of N> O in the exhaust for lean combustion.
Assuming typical thermodynamic efficiencies for a marine engine, this would amount to
0.78 g(N2O)/kWh in the exhaust, which is in the same order of magnitude as the simulated
results of Wu et al. [26]. Hence, this value was retained as the worst-case emission factor in
our calculations. An overview of all applied EFs can be found in Appendix A in Table A1.

To reflect the large uncertainty associated with current EFs and slip for marine ammonia
engines, two cases for ammonia technology were distinguished in the present scenarios. The
first case is referred to as “uncontrolled” and assumes a compression ignition engine with
marine gas oil (MGO) as pilot fuel. This technology leaves fossil fuel emissions per kWh that
are equivalent to about 20% of the emissions from traditional marine diesel engines fueled
solely by MGO. The “uncontrolled” case can be interpreted as a pessimistic scenario with
regard to the implementation of the ammonia engine technology scenario. The second case is
referred to as “controlled” and involves a spark ignition engine using hydrogen as the pilot fuel
and exhaust gas treatment (e.g., selective catalytic reduction (SCR) or exhaust gas recirculation
(EGRY)). The “controlled” case can be considered as an optimistic scenario regarding ammonia
engine technology, while the “uncontrolled” case can be considered as pessimistic.

A final step in scenario building concerned a trend towards an increasing number of
ships. Since it was difficult to predict which shipping routes and in which areas in the North
Sea and Baltic Sea more ships will be needed and used in the future, a uniform approach
was chosen to reflect this development. For this purpose, the energy consumption and
emissions were increased according to the projections for an increasing ship number by
Kalli et al. [28], as shown in Table 1. The number of tankers, which remains high despite the
decarbonization and the reduced need for oil transport, can be explained by an increasing
demand for transport of other liquid cargoes such as LNG, ammonia, and hydrogen.

3. Discussion of Resulting Scenario Emission Inventories

In the following section, the observed emission trends in the created scenarios are
explained, starting from the reference year 2015 to the three scenario years 2025, 2040,
and 2050. Furthermore, a distinction is made between the “uncontrolled” and “controlled”
cases, which refer to the ammonia engine technology used. However, in view of current
developments, an application of a technological option similar to the uncontrolled case,
but with improvements reducing NOx (to comply with Tier III regulations), N,O, and
NHj3 emissions, seems most plausible for the year 2050. The technology considered in the
controlled case can presumably be expected to emerge temporally after the uncontrolled
case [29]. For the uncontrolled case, the evolution of total emission levels for the scenario
years considered is shown in Figure 1. For the emission species that differ compared to the
controlled case, the developments are shown in Figure 2.
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Figure 1. Development of total annual emissions from 2015 to 2050 in the North and Baltic Sea domain
(see Figure 3 for the spatial extent of the domain). For NH3-powered engines, a compression ignition
engine with marine diesel oil as pilot fuel is considered, which is referred to as the “uncontrolled”
case. Annual emission totals are listed without brackets above their corresponding bars. Values for
CO, were divided by 500, for NH3 by 5, for NOx by 10, and for CO; equivalents by 500 to fit the
scale. The values resulting from this division are given in brackets above their corresponding bars.
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Figure 2. Development of total annual emissions from 2015 to 2050 in the North and Baltic Sea domain
(see Figure 3 for the spatial extent of the domain). For NHz-powered engines, a spark ignition engine
with hydrogen as pilot fuel is considered, which is referred to as the “controlled” case. The figure shows
only emission species whose development is different in the controlled case than in the uncontrolled
case. Annual emission totals are listed without brackets above their corresponding bars. Values for CO,
were divided by 500, for NH3 by 10, for NOx by 10, and for CO, equivalents by 500 to fit the scale. The
values resulting from this division are given in brackets above their corresponding bars.
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Figure 3. CO; emission fluxes in [g - m2. yearfl] from the reference emission inventory (2015, (a))
and the percentage change from the scenario emission inventories for the years 2025 (b), 2040 (c), and
2050 (d), compared to the reference.

The modeled scenarios assume a broad fuel transition to ammonia by 2050 to meet
the decarbonization targets set by the IMO. This transition is planned to proceed via LNG
as the main ship fuel used in 2040. Emissions were generally reduced by the IMO’s EEDI
measures that required an increasing efficiency of new ship generations built from the
beginning of 2013. An offsetting effect to the increased efficiency came from the growing
number and size of ships (the latter going hand in hand with higher engine power) to meet
the demands of global trade.

3.1. CO, Emissions

Compared to 2015, CO; emissions in the uncontrolled case were modeled to increase
by 2% in 2025 and decrease by 18% in 2040 and by 40% in 2050 (Figure 1). In the controlled
case, a CO;, reduction of 47% could be achieved from 2015 to 2050 (Figure 2). The increase
in CO; emissions by 2025 was based on fleet growth trends by vessel size and number.
These trends outweighed the lower CO, emissions from LNG-fueled ships (approximately
13% lower CO; emissions per gram of fuel, versus residual and distillate fuels), which were
increasing in number until 2025 [3]. In the 2040 scenario, a higher percentage of ships used
LNG as a bridging technology (57%). In addition, it was assumed that 10% of ships will use
ammonia as fuel. In the uncontrolled case, CO; emissions from ships using NHj3 as fuel
were not zero but reduced by approximately 83%, compared to traditional marine engines
powered by fuel oil. In the controlled case, the exhaust gas of the applied ammonia engines
is truly carbon-free due to the use of hydrogen as pilot fuel. Both effects together led to
a trend reversal and an overall decrease in CO; emissions. For the 2050 scenario, 40% of
the energy demands in shipping were projected to be met by ammonia, resulting in further
reductions in CO, emissions.
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The designated target of the IMO is a reduction in CO; emissions from global shipping
by at least 50% in 2050 compared to 2008 [4]. The CO, reductions in the uncontrolled
case of this study were short by 10 percentage points (40% CO, decrease) of achieving the
IMO target. In the controlled case, CO; reductions were only short by 3 percentage points
(47% CO; decrease). For achieving a reduction of 50%, differences in CO, emissions need
to be compensated, e.g., by processes such as Carbon Capture and Storage during fuel
production, which were not considered here. Furthermore, this study compares the CO;
reductions between the years 2050 and 2015. However, results from Kalli et al. [28] suggest
that the total CO, emissions in the North and Baltic Seas’ Sulfur Emission Control Area
(SECA) region varied only a little between the years 2009 and 2015. Thus, a comparison
between the years 2050 and 2008 might be similar to the results presented here.

The spatially distributed CO, emission fluxes [g-m~2 - year '] of the reference EI
for 2015 on a logarithmic scale are shown in Figure 3a. Figure 3b—d show the percent
change in CO; emissions for the three future scenarios, compared to the reference EI. In
particular, in Figure 3b, the characteristics of the scenario-building method are visible
from the differences in percentage CO, reductions. In 2025, CO, reductions were still
small compared to 2015. In some areas, especially in domestic and coastal regions and
in the North Sea between Scotland and Norway, no change or even an increase in CO,
emissions could be observed. These observations could be attributed to fishing vessels
and pleasurecrafts as well as vessels whose type could not be determined. All these
ships usually sail near the coast, and due to a lack of data, they were not changed in the
scenario shipping fleets. A similar observation was made for regions and routes on which
mainly newer ships were deployed, as these were not renewed for the 2025 scenario fleet.
Nevertheless, in these areas and on these routes, the number of ships was increased and
accordingly the emissions compared to 2015. However, overall emissions in these regions
were generally low. In 2040 and 2050, a significant decrease in CO;, is clearly visible along
the main shipping routes in the English Channel, along the northern European coastline,
and in the Baltic Sea (Figure 3c,d).

3.2. Methane Emissions

Emissions of methane increase by 61% from 2015 to 2025. They peaked in 2040 by an
increase of 1105% and were still increased by 631% in 2050, compared to 2015. The reason
for this was the increasing number of LNG-fueled ships. LNG-fueled marine engines can
leak unburned methane, known as methane slip, which is responsible for the largest part
of CHy4 emissions. To effectively reduce the GHG emissions from the shipping sector, this
must be carefully considered, as the global warming potential (GWP) of methane is 25 CO,
equivalents [30] and can outweigh the savings in CO, emissions.

This could impede the ambitious GHG reduction targets and demonstrates the need
for discerning control that targets methane slip from LNG-fueled ships. Therefore, this
topic was included in the list of candidate short-term measures of the IMO’s GHG reduction
strategy [4]. In addition, at the COP26 climate summit, more than 100 countries pledged to
reduce methane emissions [31].

3.3. N»,O Emissions

The third important GHG emitted by ships is nitrous oxide (N2O). Similar to NOx,
nitrous oxide is a byproduct in internal combustion engines that forms from the air that is
injected into the cylinders. The use of ammonia as a marine fuel can increase emissions of
N,O due to additional nitrogen from ammonia combustion. Nitrous oxide is very potent
as a greenhouse gas with a GWP of 298 CO; equivalents [30]. A 4% increase in N,O was
projected in the 2025 scenario due to the implemented fleet growth. In the uncontrolled case
for the 2040 scenario, a 213% increase in N, O emissions was estimated compared to 2015
due to the deployment of the first ammonia-fueled ships (Figure 1). In 2050, a 900% increase
was estimated compared to 2015. A reduction in nitrous oxide emissions by a different
engine technology or through better control of the combustion process might be possible.
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This is reflected by the calculations for the controlled case, which projects a reduction in
nitrous oxide emissions by 17% in the 2040 scenario and by 29% in 2050 scenario with
respect to 2015 (Figure 2).

3.4. CO, Equivalent Emissions

The effect of the scenario projections on the development of total GHG emissions
is illustrated by means of their CO, equivalents in Figures 1 and 2. From 2015 to 2025,
CO; equivalents were modeled to increase by 2%. Compared to 2015, CO; equivalents
in 2040 were reduced by 9% in the uncontrolled case and 13% in the controlled case. In
the 2050 scenario, the reductions were 22% and 44%, respectively. Besides CO;, methane
and nitrous oxide were considered for the calculation of CO; equivalents. An additional
consideration of BC with a 100-year GWP of 900 in the calculation of CO; equivalents [3]
significantly increased the reductions due to a decreased use of fuel oils. In the uncontrolled
case, changes in CO, equivalent emissions, including BC, were +0.2% in 2025, —20% in
2040, and —31% in 2050. In the controlled case, these changes were also +0.2% in 2025,
—24% in 2040, and —50% in 2050. These results show the significant differences in overall
GHG reductions between the NH3 engine technologies used. In the controlled scenario for
2050, only 7% of the reduction potential could be attributed to CO; without considering the
GWP of BC. The major part of 15% could be achieved by a better control of nitrous oxide.
A greater reduction potential of 15% was associated with nitrous oxide, which is accessible
by a better control of N,O emissions. These results suggest not only that CO; is important
in future legislation that aims at reducing GHG emissions in the shipping sector, but also
that emissions of N>O need to be included in future regulation measures if a transition
towards ammonia as a more climate-friendly fuel is to succeed. The results also highlight
the significant contribution of BC to CO; equivalent emissions from ships, which can be
reduced by transitioning to cleaner and carbon-free fuels.

3.5. NOx Emissions

Nitrogen oxide emissions decreased by 13% in the 2025 scenario compared to 2015
(Figures 1 and 2), primarily due to MARPOL Annex VI NOx control requirements and
the implementation of a Nitrogen Emission Control Area (NECA) in the North and Baltic
Seas [32,33]. Accordingly, ships that were renewed during the scenario generation had
a more recent year of build and thus needed to comply to stricter emission limits. In
addition, the higher number of LNG-fueled ships reduced total NOx emissions, as they
generally emit less NOx and often even have emissions below the limits of the IMO Tier III
Regulation. In 2040, the number of newly built ships that had to comply with the NECA
regulations increased. In addition, the share of energy consumed by LNG-fueled vessels
increased significantly, by 57%, compared to 2015. For ammonia-fueled ships, the amount
of NOx emissions also depends on the technology used and is different for the uncontrolled
and controlled cases. Calculations for the uncontrolled case resulted in a NOyx emissions
decrease by 39% in the 2050 scenario, compared to 2015. Compared to the 2040 scenario, this
represented an increase by 41%. It is worth noting that the NOx EFs for the uncontrolled
case were about equal to the Tier II limits, although ships built after 2021 are required
to comply with the Tier III limits. Therefore, either manufacturers of marine ammonia
engines are required to reduce NOx emissions of their products to Tier III standards or
ammonia-fueled vessels must be exempted from this regulation in order to operate in the
North and Baltic Seas. The NOx EFs for the controlled case were in the magnitude of the
Tier III limits. This resulted in a NOx reduction of 62% in the 2040 scenario and of 61% in
the 2050 scenario, compared to 2015. In this context, it should be noted that NOx emissions
from ammonia-fueled engines could be further reduced through the application of selective
catalytic reduction (SCR) or exhaust gas recirculation (EGR) technologies [34].
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3.6. Particulate Matter and SO, Emissions

The reduced use of conventional oil-based fuels in marine engines also led to a re-
duction in particulate emissions. Particulate matter in ship emissions consists of black
carbon (BC), mineral ash (MA), primary organic aerosols (POAs), sulfate (SO4), and water
associated with sulfate (SO4 x HyO), which were projected to be reduced by between 73%
and 84% in the 2050 uncontrolled scenario (Figure1). Slightly higher reductions were
expected in the controlled case (Figure 2). SO, emissions are reduced analogously. In the
2025 scenario, the reductions were mainly based on the shift from distillate fuel (DF) to
LNG, since LNG generally produces fewer particles in burning and contains very little
sulfur. In the 2025 scenario, the reductions were mainly due to the switch from DF to
LNG, which produces fewer particulates when burned. This is also attributable to its
lower sulfur content. In the 2040 and 2050 scenarios, particulate emissions were further
reduced due to the continued increase in the share of LNG- and NH3-fueled ships. In the
controlled case, emissions from ammonia combustion could be considered nearly free of
primary particulates.

3.7. CO and NMVOC Emissions

Non-methane volatile organic compounds (NMVOCs) and CO emissions increased by
21% and 24%, respectively, in the 2025 scenario compared to 2015 (Figures 1 and 2). The
amount of NMVOC emissions from marine diesel engines and LNG-fueled ships is of a
comparable magnitude. However, carbon monoxide emissions are higher for LNG-fueled
vessels. For this reason, CO emissions increased further for the 2040 scenario, alongside
the increasing number of LNG-powered ships. For this reason, CO emissions continued to
rise in the 2040 scenario, analogously to the increasing number of LNG-fueled ships. For
the uncontrolled and controlled case, NMVOC emissions were at similar levels in the 2040
scenario as in 2015, as additional emissions from fleet growth were offset by the deployment
of ammonia-fueled vessels and the EEDI measures (Figures 1 and 2). Since experimentally
determined EFs were not available for NMVOC emissions from ammonia engines, they
were estimated to be 20% of the NMVOC EFs for marine diesel engines in the uncontrolled
case to match the amount of pilot fuel used. In the uncontrolled 2050 scenario, CO emissions
increased by 5% and NMVOC emissions decreased by 27% compared to 2015, due to the
high number of ships operating on carbon-free ammonia (Figure 1). For the controlled case,
a decrease of 3% was modeled for CO and of 35% for NMVOC emissions (Figure 2). The
slightly lower emission totals in the controlled case were based on the assumption that
ship emissions from ammonia engines are almost free of CO and NMVOCs, which are both
carbon compounds.

3.8. Ammonia Emissions

With the introduction of ammonia-powered ships, ammonia slip emerged as a problem.
According to Ntziachristos et al., ammonia slip can be up to 8% of the NH3; consumed
for the technology used in the uncontrolled case. Ammonia emissions of 930 Gg were
calculated for the uncontrolled 2050 scenario in the regarded domain (Figure1). This
corresponds to approximately twice the ammonia emissions from Germany in 2020, which
then amounted to 537 Gg [35]. With the technology of the controlled case, ammonia
slip was reduced to approximately 100 ppm, resulting in only 4% of NHj; emissions,
compared to the uncontrolled case. This reduced ammonia emissions to 35 Gg for the
controlled 2050 scenario (Figure 2). It should be noted that this ammonia slip, in conjunction
with NOx and SO, emissions from shipping, is expected to increase concentrations of
secondary ammonium aerosols near the shipping lanes, especially in the uncontrolled
case. Furthermore, the toxicity of ammonia can be directly harmful to organisms and cause
environmental acidification and nitrification [36].
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4. Concluding Summary and Outlook

This publication presents a novel methodology for generating ship emission scenarios.
The methodology allows simulating physical fleet developments, such as the decommis-
sioning and renewal of ships, fuel type changes, and efficiency gains, implemented through
changes to a virtual shipping fleet. Subsequently, the emissions of this fleet can be calculated
with the MoSES ship emission model, so that the complex relationships between the energy
consumption of several thousand ships and the corresponding emissions can be handled
in a computational model. The methodology presented is generally applicable to enable
a flexible scenario design, but it is particularly useful for the generation of future scenarios.

One use case for this approach is shown in this work by the creation of three ship
emissions inventories for the future scenario years 2025, 2040, and 2050. They cover
a domain located in northern Europe that includes the North and Baltic Seas. Motivated by
the IMO’s increased efforts to decarbonize the shipping sector and the growing urgency
to reduce GHG emissions, the scenarios examine the impact of a broad fuel transition to
ammonia in 2050 via LNG as an interim solution in 2040. With respect to the ammonia
engine technology, two cases were distinguished. One case assumes a compression ignition
engine with marine gas oil as pilot fuel and is referred to as “uncontrolled”, while the
other involves a spark ignition engine using hydrogen as the pilot fuel and is referred to as
“controlled”. Emission reductions were in general stronger for the controlled case; however,
it is assumed that the technology of the uncontrolled case will be more feasible by 2050.
In addition, a growing fleet by ship size and number is considered as well as efficiency
improvements in accordance with the IMO’s EEDI measures.

Compared to the reference ship emission inventory for 2015, CO; emissions decreased
by 40% for the uncontrolled 2050 scenario. However, for CO, equivalents, the reduction was
only 22% (or 31% by including BC in the calculation of CO, equivalents). This difference
was primarily due to tremendous increases in methane and nitrous oxide emissions, by
613% and 900%, respectively.

NOx emissions were calculated to be reduced by 39% in the uncontrolled 2050 scenario;
this includes reductions associated with the implemented NECA regulations in the North
and Baltic Seas for fuels other than NH3. CO emissions were calculated to increase slightly,
by 5%, and NMVOC emissions decreased by 27%. The phasing-out of marine fossil fuels
reduced emissions of SO, and primary particulate matter from shipping by more than 73%.
However, NHj slip from ammonia-fueled ships emerged as a new emission species from
shipping. For the study region, it amounted to 930 Gg in the uncontrolled 2050 scenario and,
in combination with NOx and SO;, has the potential to promote the formation of secondary
particles near the shipping routes. It should be noted that this slip can be significantly
reduced, e.g., by the different technological approach addressed in the controlled case,
which reduced ammonia slip to approximately 4%, compared to the uncontrolled case.

To investigate how the projections in these ship emission scenarios affect pollutant
concentrations and air quality in the North and Baltic Seas, chemistry transport modeling
studies are currently being conducted with the presented ship emission inventories. Future
work in the context of ship emission scenarios could address further developments that
might be expected in the future. However, the impact of some of these developments is
unclear or difficult to quantify at the present time. These include, e.g., politically induced
changes in trade relations, which are not considered in the scenarios since the projections in
this regard are too uncertain. Furthermore, the scenarios do not take into account a potential
non-compliance of ships to cleaner fuels, different engine technologies, or possible new
legislation aimed at the mitigation of GHG emissions and/or air pollution. In addition,
shore power could play a larger role for berthing ships in the future, which would reduce
ship emissions in larger port areas. Moreover, no rerouting of important shipping lanes was
considered, e.g., via a possible Arctic route, which may open under ongoing climate change.
A newly accessible Arctic route could change the routing of major shipping lanes in the
North Sea and even increase shipping traffic. Considering these potential developments,
the spatial distribution of ship emissions in the presented inventories should be taken with
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care. However, we believe that at the regional level, uncertainty in emission factors of
future ammonia engines has the most important impact on air quality, and the present
calculations provide a good initial quantitative overview of regional ship emissions from
ammonia engines, which should be updated as new data become available.
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The following abbreviations are used in this manuscript:

AIS Automatic Identification System
BC Black Carbon
BSH German Federal Maritime and Hydrographic Agency

COq4eq Carbon Dioxide Equivalents

COP26 26th United Nations Climate Change Conference of the Parties
DF Distillate Fuel

DNV-GL Det Norkse Veritas-Germanischer Lloyd

EEDI Energy Efficiency Design Index
EF Emission Factor

EGR Exhaust Gas Recirculation

EI Emission Inventory

EMSA European Maritime Safety Agency
GHG Greenhouse Gas

GWP Global Warming Potential

IHS Information Handling Services
IMO International Maritime Organization
LNG Liquiefied Natural Gas

MA Mineral Ash

MARPOL  International Convention for the Prevention of Pollution from Ships
MeOH Methanol

MEPC Marine Environmental Protection Committee
MGO Marine Gas Oil

MoSES Modular Ship Emission modeling System
NECA Nitrogen Emission Control Area

NMVOC  Non-methan Volatile Organic Compounds
NOx Nitrogen Oxide

PM Particulate Matter

POA Primary Organic Aerosols

SCR Selective Catalytic Reduction

SECA Sulfur Emission Control Area

SI Spark Ignition
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SOx Sulfur Oxide
UNCTAD  United Nations Conference on Trade and Development

Appendix A. Emission Factors

Table Al. Emission factors in [g/kWh] used for the calculation of the reference and scenario ship
emission inventories. NH3 unc. refers to the case implementing the uncontrolled ammonia engine
technology, NH3 con. to the controlled technology. LNG refers to ships fueled with liquefied natural
gas, MeOH refers to ships fueled with methanol, DF refers to ships fueled with marine diesel oil, and
RF refers to ships fueled with marine residual fuels. SFC is the specific fuel consumption [g/kWh],

EL is the ship engine load, and FSC is the fuel sulfur content as mass fraction. The descriptors “Main’
and “Aux” refer to emission factors applied to the main or auxiliary engine of a ship, respectively.

Emission NHj3
Species Unc.

NH;
Con.

LNG MeOH DF RF

BC 0

3.49 x 1075 x ¢—0056EL 4
1.61 x 10752

x X corrgc;  x(Mainpg) = 0.03,

a
0.003 x(Maingg) = 0.06, x(Auxpgrg) = 0.15°

CH, 0

Main: 0.2,
Aux: 552

—0.013 x EL+0.03 ¢ 0.01¢ 0.014

CcO 0.09 4

1.04% 5EL +3EL? —13EL+10°¢ 0.44-0.54 be 0.542

CO, 1104

2.75 x SFC? 1.375 x SFC? 3.206 x SFC @ 3.114 x SFC?

MA 0

0 0

0

FSC x 0.02 x SFCf

N,O 0.778 4

0.0154 0.032

0.003 2

0.03-0.034 be 0.03-0.034 b

NH;3 31.24

0

0 0

NOx 104

328 132

9EL2 —20EL+20°

IMO Tier III limits P

NMVOC 0

0 052

0.053-0.063 bAd

0.1-1.8 44

0.2 x corrpoa; if EL < 0.15: corr = 3.3, else:

POA 0 0 0 0 corrpos = 1.024/(1 — 47.660 x e 32547xEL) a

SO, 0.065 4 0 3.17 x 107° x SFC @ 0.00264 x SFC 2 SFC x FSC x 1.998 x 0.97753 f

SFC x FSC x (0.01 + EL x x) x 2.996;

j
S04 0.0013 0 0 0 x(DF) = 0.004, x(RF) = 0.035 f

a: 4. IMO GHGS [3]. P: Several correction functions (corr) increase BC emissions for different lower loads and can
be found in the original manuscript by Aulinger et al., 2016 [37]. ©: Fridell et al., 2021 [38]. ¢: Ntziachristos et al.,
2021 (personal communication). ¢: Engine RPM-dependent. f: Schwarzkopf et al., 2021 [15]. 8: This EF considers
the application of selective catalytic reduction (SCR) or exhaust gas recirculation (EGR). h: For ships built in 2021
or later (see IMO NECA [21,22]; otherwise, see [15,39]). !: Dependent on ship engine load and navigational status.
For details, see EMEP 2019 [40]. J: For this EF, 2% of SO, emissions mass is assumed.
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