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Abstract: Current Greenhous gas emissions (GHG) from maritime transport represent around 3% of
global anthropogenic GHG emissions and will have to be cut in half by 2050 to meet Paris agreement
goals. Liquefied natural gas (LNG) is by many seen as a potential transition fuel for decarbonizing
shipping. Its favorable hydrogen to carbon ratio compared to diesel (marine gas oil, MGO) or bunker
fuel (heavy fuel oil, HFO) translates directly into lower carbon emissions per kilowatt produced.
However, these gains may be nullified once one includes the higher Well-to-tank emissions (WTT)
of the LNG supply chain and the vessel’s un-combusted methane slip (CHy) from its combustion
engine. Previous studies have tended to focus either on greenhouse gas emissions from LNG
in a Well-to-wake (WTW) perspective, or on alternative engine technologies and their impact on
the vessel’s Tank-to-wake emissions (TTW). This study investigates under what conditions LNG can
serve as a transition fuel in the decarbonization of maritime transport, while ensuring the lowest
possible additional global warming impact. Transition refers to the process of moving away from
fossil fuels towards new and low carbon fuels and engine technologies. Our results show: First,
the importance of applying appropriate engine technologies to maximize GHG reductions; Second,
that applying best engine technologies is not economically profitable; Third, how regulations could
be amended to reward best engine technologies. Importantly, while the GHG reduction of LNG even
with best engine technology (dual fuel diesel engine) are limited, ships with these engines can with
economically modest modification switch to ammonia produced with renewable energy when it
becomes available in sufficient amounts.

Keywords: decarbonizing; maritime transport; alternative fuels; engine technology; EEDL; LNG

1. Introduction

Greenhouse gas emissions (GHG) from maritime transport are estimated at around one billion-ton
carbon dioxide equivalents (CO, eq.). This accounts for around 3% of total anthropogenic GHG
emissions, a fairly stable share according to the last three GHG Studies of the International Maritime
Organization (IMO) [1-3]. These emissions will have to be reduced by at least 50% up to 2050, if
a pathway reflecting the Paris agreements [4] shall be reached [5]. The main source of emissions
from ships is the exhaust gas from its combustion engines, followed by the emissions from producing
the ship fuel. Of these exhaust gases, carbon dioxide (CO;) affects climate, while carbon monoxide
(CO), sulfur oxides (SOx), nitrogen oxides (NOx), methane (CH,) and particulate matters including
Black Carbon (BC) have both global climate effects and regional and local environmental impacts on
human health and nature.
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Metrics that compare exhaust gases based on their global warming potential (GWP), reported as
"CO, equivalents", are used to show their contributions to climate change [6]. GWP gives negative
weights to exhaust gases and particles that have a cooling effect, and positive weights to those that
have a warming effect. The GWP values as provided by the International Panel on Climate Change
(IPCC) in their Assessment Reports (AR), for which AR 5 is the latest [7], are based on the most recent
scientific work, and therefore recommended as a characterization factor of climate impact in life-cycle
assessment (LCA) studies [8]. It is worth pointing out that the choice of metrics between GWP and an
alternative one, Global Temperature change Potential (GTP), is still under debate [9,10]. GWP estimate
the heat absorbed by greenhouse gas, whereas GTP estimate the resulting rise in surface temperature.
They claim to be more aligned with the temperature target of the Paris Agreement [10-12], and some
studies from other sectors use GTP100 instead of GWP100 [13]. However, within the maritime sector
or the transport sector, the main focus is on GWP and few comparisons are made that include GTP,
in which case the assumption is that GTP 40 equals GWP 100 when LNG is compared against MGO
(diesel) [14].

For emissions contributing to air pollution, locally and regionally, there is an accepted consensus
that natural gas (LNG) delivers major reductions when the fuel is combusted in the ship’s engines
(or gas turbines) compared to diesel (marine gas oil, MGO) and traditional bunker fuel (heavy fuel
oil, HFO) [15,16]. LNG does not contain sulfur and thus there are no emissions of sulfur oxides
(SOx). Emissions of Particulate Matter (PM) are also much lower from combustion of LNG. Emission
of Nitrogen Oxides (NOXx) is governed by combustion process parameters, with temperature being
the dominant parameter. Thus, NOx emissions will vary depending on the engine technology and
is not directly related to the fuel. Using LNG in low pressure Otto-process engines typically results
in very low NOx emissions. It was these advantages which triggered the first development projects
of LNG for maritime applications in the late 1980s. In addition, with its high hydrogen-to-carbon
ratio, LNG is often seen as a promising option to reduce maritime GHG emissions. If one estimates
emissions and energy based on the combustion stage only, LNG results in about 25% lower CO,
emissions than conventional fuels like diesel or bunker fuel. Such estimates are called Tank-to-wake
(TTW) [14]. When one includes Well-to-tank (WTT) estimates of emissions for the LNG supply chain
(from extraction through logistics to the vessel’s tanks) as well as un-combusted methane (CH,) from
the ship’s engine(s), these additional emissions will reduce and in the worst case more than nullify any
Greenhouse gas (GHG) gains from LNG relative to HFO or MGO, as documented in recent studies of
life-cycle emissions from marine engines [17-19].

Un-combusted methane from ships engine is one of many sources to the world’s increasing
global methane emissions, where the rising atmospheric methane levels represent a major challenge in
the effort to limit global warming [20-23]. Methane atmospheric concentration levels have drastically
increased since the industrial revolution and almost tripled. In comparison the CO, concentration in
the atmosphere, which tends to get most of the focus in the climate change debate has increased much
less, i.e., by 50% over the same period. This evolution is graphically represented in Figure 1, showing
the atmospheric gas concentrations of CO,, N»,O and CHy from 1750 to 2020, in absolute values on
the left side of the figure and percentage increase on the right side.
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Figure 1. Atmospheric gas concentrations of CO,, N,O and CHy from 1750 to 2020 (Source: compiled
by the authors; Data sources: [24,25]).

While the main source of anthropogenic methane emissions is the agricultural sector, accounting
for more than half of the global CHs; manmade emissions [20], the maritime transport sector is
experiencing a rapidly growth in methane emissions, with no signs of stabilization in the future.
The latest IMO GHG Study [3] reports a 150% growth in methane emissions from ships between 2012
and 2018, mostly due to increased number of LNG fueled vessels and claims a need for IMO to regulate
methane emissions.

Overall, in the public debate, LNG seems to be treated as a bipolar issue. Some studies argue
that all LNG usage are beneficial regarding both GHG and local air quality. In contrast, other studies
tend to argue against LNG due to its high methane slip through the whole Well-to-tank chain. There
seems to be few, if any, that try to describe the issue of LNG from a middle of the road perspective.
Although LNG as fuel itself does not decarbonize maritime transport, unlike carbon-neutral fuels, its
contribution to a decarbonization process is not negligeable. The main motivation for this study has
been to investigate how LNG can serve as a transition fuel to decarbonize maritime transport. Ideally
this requires delivering both short term GHG reductions and engine solutions and tank arrangements
which easily can be modified to run on very low or zero carbon fuels, such as ammonia produced from
renewable sources, when these become available.

After a review of recent research presented in Section 2, the methodology applied in the present
study is described in Section 3. The technical and environmental analysis and results are presented in
Section 4, followed by economic analysis and results in Section 5 and conclusions in Section 6.

2. Literature Review

Previous studies of marine fuels have used both simplified and more advanced life-cycle assessment
(LCA) methodology to assess environmental impacts from fuel extraction and processing to combustion
in the ship’s engines, as documented in earlier review of potential and life-cycle assessment of GHG
emissions [26-28]. Life cycle assessment enables evaluation of a product environmental performance
throughout its whole life cycle from raw materials extraction, through production, usage, end-of-life
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treatment and final disposal. When it comes to the scope of marine fuel life-cycle studies, previous
studies on LNG have tended to focus either on greenhouse gas emissions from LNG in a Well-to-wake
(WTW) perspective, or on alternative engine technologies and their impact on the vessel’s Tank-to-wake
emissions (TTW), and fewer studies have considered Well-to-wake emissions (WTT). Previous studies
can therefore be grouped into three main categories:

(1) Well-to-tank (WTT) studies which for a conventional fuel include the whole upstream chain from
production, processing and transport to the refinery, refining, transport to the ship and bunkering
operations. For LNG, it includes gas production, processing, liquefaction and transport to the final
customer. JRC (2013) [29], Exergia (2015) [30], GREET (2018) [31] and Alvarez (2018) [32], are
examples of studies with a focus on the WTT supply chains.

(2) Tank-to-wake studies (TTW), with focus on the combustion of marine fuels as a function of engine
technology and the fuel. These studies have often focused on existing emission control areas
(ECAs), such as in North Europe or North America and their potential extensions [33-38]. Or,
they have focused on development of alternative technologies and thermal energy efficiency
related to unburnt hydrocarbons, such as the methane slip [15,16,39-43].

(3) Well-to-wake (WTW) studies which assess the overall emissions from the fuel supply and the fuel
combustion in the assessed ship engines. Compared to full LCA studies, the construction and
decommissioning phase for the oil and gas chains are excluded [35,44—48]. More WTW studies
of marine fuels have been published recently. Hua et al. (2019) [49] proposed a new model
for life cycle emissions estimation, applied to 10 post-Panamax container ships, and comparing
LNG against HFO. El Houjairi et al. (2019) [50] compared HFO, MGO and LNG on considering
distinct fuel supply chains and combining a set of bottom-up engineering models for detail
GHG estimations. Similarly, Sharafian et al. (2019) [51] conducted life cycle assessment of GHG
emissions with HFO versus LNG on a WTW basis. Hwang et al. (2019) [52] considered distinct
fuel supply chains for WTT estimations using a case of a 50,000 dwt Bulk Carrier for TTW
estimations. El Houjairi et al. (2019) [50], Hwang et al. (2019) [52] and Sharafian et al. (2019) [51]
all highlighted that un-combusted methane reduces LNG’s GHG advantage compared to diesel
and bunker oil. Thinkstep (2019) [14], Lindstad (2019) [17], ICCT (2020) [18] and Lindstad and
Rialland (2020) [19] compared LNG to conventional fuel options which all meet the 2020 sulfur
cap of maximum 0.5% globally (MGO, VLSFO—very low sulfur fuel oil; HFO in combination
with an Exhaust gas scrubber) on a WTW basis for alternative engine technologies. The issue of
methane slip and uncertainty associated is acknowledged across sectors and has also been raised
in studies of road transportation [53-55].

3. Methodology

The present study aims at identifying under which conditions LNG can serve as a transition fuel
in the decarbonization of maritime transport, with the lowest possible increase in climate impact and
lowest possible increase in cost compared to traditional oil based engine solutions.

To do so, we conduct a LCA of alternative power solutions, following the LCA process as defined
by ISO LCA guidelines (14040) [56]: goal and scope definition, inventory analysis, impact assessment
and interpretation. This framework is similar to the one applied by Hwang et al. (2019) [52] and Dong
and Cai (2019) [57] in their studies of maritime technology solutions. In the present study, the LCA
consists of WTW GHG emissions, from the fuel production to combustion, using CO, equivalents
per kWh as a common criterion. The WTW approach is generally preferred for assessing fuels in
terms of potential GHG and energy savings [29,58]. Construction and decommissioning phases of fuel
production units and energy systems are therefore not part of the analysis.

The present study includes first an environmental WTW assessment of distinct power solutions,
followed by an economic assessment of a reference vessel, as shown in Figure 2. The focus was on
identifying appropriate fuel/engine solutions for lowering GHG emissions. The fuels assessed, in
order of refinement and—typically—cost were the traditional Heavy Fuel Oil (HFO), followed by
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two finer alternatives: Marine Gas Oil and Very Low-Sulfur Oil (MGO and VLSFO), finally followed
by Liquefied Natural Gas (LNG). The engine solutions considered were high pressure diesel (HP
Diesel) and low-pressure Otto dual fuels (LP Otto DF) engines, which were 2- and 4- strokes types.
The combination fuels/engines selected for the analysis are all compliant with present IMO air emission
regulations. For the economic assessment, the scope was narrowed down to one vessel type Supramax
dry bulker 63000 dwt and one engine type. Globally there are around 3000 Supramax vessels which
together perform nearly 10% of the world’s sea freight work measured in tons of nautical miles [59].
While this example is not representative of the global fleet and limits the possibility to generalize
the results, it is a very relevant case and covers the largest segment in terms of type and size category.

Goal and Scope Definition Interpretation

Goal: Identify LNG to power solutions minimizing GHG emissions from ships

1: Environmenal impact assessment 2: Cost assessment
Scope: WTW GHG emissions from Scope: LCC of reference vessel for
alternative fuels and engine solutions distinct power solutions |
Select reference
vessel and
Inventory Analysis representative
engine type for
WTW = WTT + TTW CAPEX + OPEX cost estimation
(CO,eq. g/MJ) + (CO,eq. g/ kWh) GHG emissions reductions +
Conclusion on
conditions LNG
! Impact Assessment i as transition fuel
Asses.sment the GWP of ?BCh power Assessment of abatement costs for
solution relative to baseline solution LNG-based solution
(MGO HP Diesel engine)

LCA phases as defined is ISO 14040

Adaptation to present study

Figure 2. Environmental and Economics impact assessment process.

The WTW assessment was divided into well-to-tank (WTT) and tank-to-wake (TTW). The WTT
emissions expressed in gram CO, eq. per MJ, both in a 20- and a 100-year time perspective (GWP20
and GWP100), are identified through a review of previous studies. No distinction in fuel pathway was
made for each of the fuel considered, but the range of values reported was considered for sensitivity
analysis. The TTW and resulting WTW were expressed in CO; eq./kWh, to avoid the dependency on
operational parameters such as load factor necessary for estimating emissions per transport work.
The main parameters used for calculation of WITW emissions are shown in Table 1.

The economic impact analysis includes capital, operational and fuel cost. Capital and operational
expenditures (CAPEX and OPEX) for a reference vessel (newbuild with Diesel engine and SCR) are
identified for alternative engine solutions based on published data and in-house knowledge.
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Table 1. Description of main parameters for calculation of Well-to-wake emissions (Source: compiled
by the authors).

Parameters Description

WTW GHG emissions of alternative fuel/engine combinations, in CO, eq./kWh.
WIWerGKwh WTW = WTT + TTW

WTT GHG emissions in gram CO, eq./kWh. Reported for GWP100 and GWP20
WTTGHG/kWh = WTTGHG/M] X 3.6/TEE
WTTG HG/kWh where:
WTTgHG)vy are the reported WTT emissions from the selected fuel, in g/GJ.
TEE is the Thermal Efficiency of the engine for a given fuel, in %.

TTW GHG emissions in g CO; eq./kWh for distinct engine/fuel combinations solutions.
TTWGHG/kWh = SFOCMF X COzMF + SFOCPF X COZPF + CH4 X C02 €q. (CH4)

where:
SFOCyr and SFOCPF are the Specific Fuel Oil Consumption for main fuel and pilot fuel,
TTWGHcAwWh respectively.
SFOC = 3.6x1000

Low Calorific Value x Thermal Efficiency
COumr and CO,pr are CO, emission factors for main fuel and pilot fuel, respectively.

CO; eq. (cHy) is the CO, emission factor for CHy, in CO; eq. (GWP20 and GWP100).
CHy, is the methane slip for the given engine.

4. Technical and Environmental Analysis and Results

This section contains the following sub-sections: Well-to-tank (WTT) emissions; Engine technology;
Methane slip; Well-to-wake (WTW) emissions for 2-stroke engines and 4-stroke engines; and is
concluded with a section comparing the results of this study with previous studies.

4.1. Well-to-Tank (WTT) Emissions

WTT emissions includes all emissions from the production of the fuels and the transport needed
to deliver them into the ships fuel tanks. Thinkstep (2019) [14], ICCT (2020) [18], Lindstad and Rialland
(2020) [19] all found that estimates of WTT emissions vary widely across previous studies both for
LNG only and when LNG is compared with conventional fuels. While there might be good reasons
for some of these variations, we need the relative differences between the fuels to make fair WTW
comparisons. Table 2 contains the WTT emissions values in CO, eq. with both GWP100 and GWP20
for LNG, versus conventional fuels applied by recent studies [14,17,18] and for GWP 100 from three
studies performed in the previous 5-7 years [29,30,60]. In this study, MGO served as the reference fuel,
which implies that all relative differences are quoted versus MGO.

Table 2. Well-to-tank (WTT) Greenhouse gas emissions per MJ for alternative fuels (Source: compiled

by the authors).
Gram CO; eq. per MJ
Previous studies (GWP100) LNG MGO VLSFO HFO LNG/MGO
JRC (2013) [29] 194 154 126%
Exergia (2015) [30] 194 15.0 129%
Verbeek and Verbeek (2015) [60] 19.1 14.2 9.8 135%
Thinkstep (2019) Global average [14] 18.5 14.4 13.2 13.5 128%
Lindstad (2019) [17] 18.5 144 13.2 9.6 128%
ICCT (2020) North America [18] 21.5 17.4 16.8 14.3 124%
Previous studies (GWP20) LNG MGO VLSFO HFO LNG/MGO
Thinkstep (2019) Global average [14] 271 194 18.2 18.5 140%
Lindstad (2019) [17] 27.1 19.4 18.2 14.6 140%

ICCT (2020) North America [18] 35.6 22.7 22 19.2 157%
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The main observations from Table 2 are that when we divide the LNG value on the MGO value
for each study, the study results are quite close, i.e., that WTT emissions for LNG are 24-35% higher
than for MGO with a 100 year time perspective and 40-57% higher than MGO with a 20 year time
perspective. The Thinkstep (2019) [14] report is well known and publicly available, and its WTT figures
for LNG, MGO and VLSFO are within the main range of values published. Thus, we used them for
the calculations in this study:.

For HFO, there is a large variation in Well-to-tank GHG emission estimates. This is due to
differences in allocation principles and due to the chemical composition of the crude in different region,
i.e., sweet easily refined North Sea crude oil, versus sour crude oil with a higher sulfur content from
oil-sand. Further, transforming all the crude into distillates at modern highly advanced refineries tends
to come at a high energy consumption, compared to just leaving a part of it as a heavy fuel oil to be
burnt in ship engines or at power stations [61-63]. Due to this, a main argument for scrubbers is that it
enables continued use of HFO from less advanced refineries, which have lower GHG emissions per
ton of oil refined, than refineries with advanced processes and equipment to convert the traditional
bottom of the barrel into distillates such as MGO. For these reasons, we used the values developed
by Lindstad (2019) [17] of 9.6 grams of CO, eq. per MJ for HFO (which is at the same level as the 9.8
found by Verbeek and Verbeek (2015) [60]) to fully exploit the maximum GHG reduction potential by
using HFO in a combination with scrubbers.

4.2. Tank-to-Wake (TTW) Emissions

4.2.1. Engine Technology

HFO, VLSFO and MGO (Heavy Fuel Oil, Very Low Sulfur Fuel Oil, and Marine Gas Oil) are
combusted in traditional diesel engines, or in dual fuel engines. Liquefied Natural Gas (LNG) is burnt
in dual fuel engines, either in low pressure (Otto) engines or in high-pressure (diesel) engines. Dual
fuel means that the engine can run on both liquid and gaseous fuels.

In a high-pressure dual fuel diesel engine, LNG is injected at a pressure of 300-350 bar and
ignited by a small amount of diesel. The resulting combustion is nearly complete. This implies that
a nearly zero methane slip can be achieved throughout the load range of the engine by proper design.
Another benefit of a dual fuel diesel engine is that it can burn conventional fuels, biofuels, LNG,
LPG and ammonia, all with a high and consistent thermal energy efficiency. Some of these fuels will
require modifications of the engine injection and control systems, but the engine is prepared for it, so
the required modifications are very moderate in comparison to replacing the whole engine and fuel
system. The diesel process runs with high combustion temperatures and thus produce NOx emissions.
To meet IMO Tier 3 NOx requirements, high-pressure dual fuel engines require add-on processes and
equipment such as Selective Catalytic Reduction (SCR).

In a low-pressure dual fuel engine, the LNG is injected under low pressure, comparable to the Otto
cycle (petrol engine). A benefit of the low-pressure is that it gives low NOx emissions, and no additional
treatment technologies are needed to meet IMO tier 3 NOx requirements. A disadvantage with the dual
fuel Otto engine is that the methane slip (due to unburnt methane) is much higher than for the diesel
dual fuel engine, both at high and low engine loads. The methane slip at medium and high loads
originates from the pre-mixing of air and fuel, allowing the air/fuel mix to enter regions of the cylinder
where combustion will not occur, i.e., crevices and cylinder wall [43]. At low loads (25% or less),
achieving complete combustion is even more challenging, due to there being a much lower fuel-air
ratio. This allows bulk quenching in the coldest areas of the combustion chamber [64], resulting in
high methane slip and hence also higher fuel consumption [41]. Adding it all up, thermal efficiency
tends to be lower for the Otto dual fuel engines compared to the diesel engine option. For more insight,
see [16]. When an Otto dual fuel engine runs on diesel, due to fuel prices or lack of LNG availability,
it also implies a higher fuel consumption compared to a conventional diesel engine, because diesel
is best suited to be combusted in a diesel process. In this study, we therefore used a higher thermal
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efficiency for the diesel engine compared to the dual fuel (Otto) LNG engine when both run on diesel,
which are in line with ICCT (2020) [18] and engine manufactures specifications. When the Otto dual
fuel engine runs on LNG, we assumed that the thermal efficiency in theory will be the same as for
a diesel engine but only adjusted for the methane slip, which in this setting wasted fuel.

Currently, high-pressure dual fuel diesel engines are available in the market only for 2-stroke
engines. Two stroke engines are preferred engine types for tankers, bulkers and container vessels from
about the 5000 kW size upwards. The 2-stroke advantage is a slightly lower fuel consumption per kWh
compared to the 4-strokes. The disadvantage is that 2 -stroke engines require a larger height inside
the ship and have a 10% to 20% higher cost. The required height is typically not available on Ro-Ro
vessels due to the ramps or in Cruise vessels, where space has great value for passengers. Nevertheless,
there is also ongoing research and development activities on developing high pressure solutions for
the 4-stroke market. For these reasons, we have included 4-stroke diesel dual fuel engines in this study.

4.2.2. Methane Slip

Un-combusted methane gives a GHG impact that is 28-34 times higher per gram emitted than
CO;, over a 100-year perspective [7]. With a short-term horizon of 20 years, the warming impact of
CHy is 85 times larger per gram than CO; [7]. The methane slip is typically measured either based on
engine laboratory testing, when running according to the NOx test cycle [14], or from running the same
test cycle on vessels at sea with real sea conditions (not exceeding Beaufort 6), as performed by [41]. In
a NOx test, the engine operates at high power, i.e., at 75% and 100% power for 70% of the time and
at 25% and 50% power for the remaining 30% of the time. With high power the methane slip is low,
but when power decreases below 50%, the methane slip increases significantly with Otto based dual
fuel engines [16,41]. In contrast to the NOx test cycle, today’s vessels typically operate at less than
75% power [65] and only at high power when needed for safe maneuvering under difficult conditions,
or when they really have to speed up to ensure early passage through canals or locks, or to secure
business. This implies that using test bed cycles for methane slip generally will underestimate a ship’s
real methane emissions when it is running on LNG. In addition, testbed values from laboratory tests are
generally lower than values measured by the same testing cycle on board vessels at sea, as documented
by Stenersen and Thonstad (2017) in their report for the Norwegian NOx-fund. Table 3 shows methane
slip figures of the distinct engine types based on previous published studies and values, either as one
specific value or as a range. Moreover, the last line displays the values applied in this paper.

Table 3. Methane slip figures (in g/kWh) (Source: compiled by the authors).

2-Stroke Dual 2-Stroke Dual  4-Stroke Dual 4-Stroke Dual

Fuel-Diesel Fuel-Otto Fuel-Otto Fuel-Diesel
Engine Engine Engine Engine
Stenersen and Thonstad 53
(2017)-SINTEF [41] ’
Thinkstep (2019) [14] 0.1 2.1 3.9
Lindstad (2019)-SINTEF [17] 0.3 2.1-4.0 3.9-5.3
ICCT (2020) [18] 0.2 2.5 5.5
MAN (2020) [66] 0.2-0.3
SGMF (2019) [67] 0.1 2.1 3.9
This study (2020) 0.25 2.5 5.0 0.25

4.3. Well-to-Wake (WTW) Emissions

In this section, we establish the Well-to-wake (WTW) emissions for 2- and 4-stroke engines based
on the WTT and TTW figures reported in the previous sections.
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4.3.1. Well-to-Wake (WTW) Emissions for 2-Stroke Engines

Notably, 2-stroke engines include pure diesel engines, diesel dual fuel engines and Otto dual fuel
engines. After combining fuel and engines, we obtained 7 options. The first set of options is the diesel
engine on HFO & Scrubber, VLSFO or MGO; the second set of options is the diesel dual fuel engine
running on LNG or on diesel; the third set of options is the Otto dual fuel engine running on LNG or on
diesel. The main input values and factors used in the calculation for each of these options are as shown
in Table 4. These are based on the inputs described in the three previous sections. In the first column,
the nature of the value is indicated as number 1 (one) for general consensus values such as a lower
calorific value for each fuel, number 2 (two) for the values compounded in the previous sections of this
chapter and number 3 (three) for calculated values.

From Table 4 we observe: First, that LNG combusted in a dual fuel diesel engine reduces GHG
emissions with 9-15% compared to MGO; Second that LNG combusted in a dual fuel Otto-engine
increases GHG emissions significantly in a short-term horizon (GWP20), and even with a long-term
horizon (GWP100), it gives only marginal reductions compared to MGO. Third, when the Otto dual fuel
engine run purely on MGO, the GHG emissions increase by around 7% compared to when the MGO
is combusted in either a pure diesel engine or a dual fuel diesel engine. These results are visualized
in Figure 3; Figure 4, displaying values for GWP20 and GWP100, respectively in grams of CO, eq.
per kWh for WTT, TTW and methane slip for the investigated fuel and engine combinations. Finally,
the vertical dashed line shows the WTW value for the reference fuel, i.e., MGO, and the green number
relative value for each fuel in % of the MGO-baseline.

WTW with Diesel and Dual Fuel Otto 2-stroke engines
Gram CO, eq. per kWh - GWP20

MGO (DF-Otto engine) ==HE= 577
MGO (DF-Diesel engine) =58= 541
LNG (DF-Otto engine) =Za4= 411 213
LNG (DF-Diesel engine) ==mt= 404 21
MGO (Diesel engine) =S5E= 541
VLSFO (Diesel engine) ==ZEE= 558
HFO&Scrubber (Diesel engine) ZEEE 558 5
0 200 400 600 800 1000

EWTT TTW CO2 TTW CH4 % of MGO

Figure 3. WTW CO; eq. emissions per kWh (GWP20) as a function of fuel and a 2-stroke engine.
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Table 4. Well-to-wake CO; eq. emissions per kWh for 2-Stroke engines (Source: compiled by the authors).
. HFO & VITSFO MGO Diesel LN.G DF LNG DF Otto MG.O DE MGO DF
2-Stroke Engines Scrubber Diesel Engine Diesel Engine Diesel Otto Engine
Diesel Engine Engine & Engine & Engine &
1 CO; emission factors g CO,/g fuel 3.114 3.176 3.206 2.75 2.75 3.206 3.206
1 Low Calorific Value MJ/kg 40.2 41.0 42.7 49.2 492 42.7 427
1 CH,4-GWP100 COze 30 30
1 CH4-GWP20 COz e 85 85
2 Thermal engine efficiency % 50% 50% 50% 50% 49.2% 50% 47%
3 Compared to Diesel engine % 100% 98% 100% 94%
3 SFOC-Main fuel Gram/kWh 179.1 175.6 168.6 145.3 147.6 168.6 179.4
2 SFOC-Pilot Fuel Gram/kWh 1.5 1.5
2 Methane Slip Gram/kWh 0.25 2.5
3 TTW-GWP100 CO; eq. Gram/kWh 558 558 541 412 486 541 577
3 TTW-GWP20 CO; eq. Gram/kWh 558 558 541 426 623 541 577
2 WTT-GWP100 CO; eq. Gram/MJ 9.6 13.2 14.4 18.5 18.5 14.4 14.4
3 WTT-GWP100 CO; eq. Gram/kWh 69 95 104 133 135 104 110
2 WTT-GWP20 CO; eq. Gram/MJ 14.1 19.6 20.8 279 27.9 20.8 20.8
3 WTT-GWP20 CO; eq. Gram/kWh 102 141 150 201 204 150 160
3 WTW-GWP100 COzeq. Gram/kWh 627 653 644 545 621 644 687
3 WTW-GWP20 COzeq. Gram/kWh 659 699 690 626 827 690 737
3 WTW-GWP100 in% of MGO 97% 101% 100% 85% 96% 100% 107%
3 WTW-GWP20 in% of MGO 95% 101% 100% 91% 120% 100% 107%
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WTW with Diesel and Dual Fuel Otto 2-stroke engines
Gram CO, eq. per kWh - GWP100
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- |
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Figure 4. Well-to-Wake (WTW) emissions for 2-Stroke engines.

4.3.2. Well-to-Wake (WTW) Emissions for 4-Stroke Engines

In this section, we establish the Well-to-wake emissions for 4-stroke engines, i.e., the pure diesel
engine, the diesel dual fuel engine and the Otto dual fuel engine. As described earlier dual fuel
diesel engines are currently only available for 2-stroke engines, but there is ongoing research and
development projects for development of dual fuel diesel 4-stroke engines. Therefore, the 4-stroke
diesel dual fuel engine is included in this study highlighted with a gray color in Table 5.
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Table 5. Well-to-wake CO; eq. emissions per kWh for 4-stroke engines (Source: compiled by the authors).
. HFO & VITSFO MGO Diesel LN.G DF LNG DF Otto MG.O DE MGO DF
4-Stroke Engines Scrubber Diesel Engine Diesel Engine Diesel Otto Engine
Diesel Engine Engine & Engine & Engine &
1 CO; emission factors g CO,/g fuel 3.114 3.176 3.206 2.75 2.75 3.206 3.206
1 Low Calorific Value MJ/kg 40.2 41.0 42.7 49.2 492 42.7 427
1 CH4,~GWP100 (CO; eq.) 30 30
1 CH;-GWP20 (CO; eq.) 85 85
2 Thermal engine efficiency % 47% 47% 47% 47% 45.6% 47% 44%
3 Compared to Diesel engine % 100% 100% 100% 94%
2 SFOC-Main fuel Gram/kWh 190.5 186.8 179.4 154.6 159.4 179.4 191.6
2 SFOC-Pilot Fuel Gram/kWh 1.5 1.5
2 Methane Slip Gram/kWh 0.25 5.0
3 TTW-GWP100 CO; eq. Gram/kWh 593 593 575 439 593 575 614
2 TTW-GWP20 CO; eq. Gram/kWh 593 593 575 451 868 575 614
3 WTT-GWP100 CO; eq. Gram/MJ 9.6 13.2 14.4 18.5 18.5 14.4 14.4
2 WTT-GWP100 CO; eq. Gram/kWh 74 101 110 142 146 110 118
3 WTT-GWP20 CO; eq. Gram/MJ 14.1 19.6 20.8 279 27.9 20.8 20.8
3 WTT-GWP20 CO; eq. Gram/kWh 109 150 159 214 220 159 170
3 WTW-GWP100 CO; eq. Gram/kWh 667 694 685 581 739 685 732
3 WTW-GWP20 CO; eq. Gram/kWh 702 743 734 665 1088 734 784
3 WTW GWP100 in % of MGO 97% 101% 100% 85% 108% 100% 107%
3 WTW GWP20 in % of MGO 96% 101% 100% 91% 148% 100% 107%
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From Table 5 we can observe that: First that LNG combusted in the dual fuel Otto-engine increases
GHG emissions with nearly 50% within a short-term horizon (GWP20); Second, even with a long-term
horizon (GWP100) LNG increases GHG emissions compared to MGO. Third, if LNG shall contribute
to GHG reductions in the 4-stroke market, and there is a need for dual fuel diesel engines, then we will
get similar reductions as for 2-stroke DF diesel engines; Fourth when the Otto 4-stroke dual fuel engine
runs purely on MGO, the GHG emissions increase by around 7% compared to when using a pure
diesel engine or the dual fuel diesel engine (which is similar to the numbers for 2-stroke engines). Fifth,
with scrubbers the Greenhouse reduction potential is 3-4% greater than for MGO if we assume that
HFO comes from less advanced oil refineries.

These results are visualized in Figures 5 and 6, displaying values for GWP20 and
GWP100, respectively.

WTW with Diesel and Dual Fuel Otto 4-stroke engines
Gram CO, eq. per kWh - GWP20

MGO (DF-Otto engine) == 614 107
MGO (DF-Diesel engine) =S8= 575 ! 100
LNG (DF-Otto engine) =2E— 443 I 425 148
LNG (DF-Diesel engine) == 430 n |
!
MGO (Diesel engine) =55= 575 ]
VLSFO (Diesel engine) =5t= 593 J 101 %
HFO&Scrubber (Diesel engine) = 593 J
0 200 400 600 800 1000 1200
=WTT TTW CO2 TTW CH4 of MGO

Figure 5. WTW CO, eq. emissions per kWh (GWP20) as a function of fuel and a 4-stroke engine.

WTW with Diesel and Dual Fuel Otto 4-stroke engines
Gram CO, eq. per kWh - GWP100

MGO (DF-Otto engine) =EE= 614 { 107
MGO (DF-Diesel engine) =EEE 575 , 100
1
I
LNG (DF-Otto engine) == 443 150 ' 108
LNG (DF-Diesel engine) == 431 8 35
MGO (Diesel engine) =S 575 1
VLSFO (Diesel engine) =EgeE 593 ! 101
|
HFO&Scrubber (Diesel engine) =& 593 ] 97
0 200 400 600 800 1000 1200
=EWTT TTW CO2 TTW CH4 of MGO

Figure 6. WTW CO, eq. emissions per kWh (GWP100) as a function of fuel and a 4-stroke engine.
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4.4. Comparing the WTW Results of the Present Study With Previous Studies

Table 6 compares the result of this study with previous studies which have distinguished between
alternative engine technologies. The first column provides a reference to each study. The percentage
values provide the Well-to-wake emissions for LNG as a percentage of the same emissions when
running the diesel engine on MGO.

Table 6. Comparing the results of the present study with previous studies (GWP100) (Source: compiled

by the authors).
2-Stroke Dual  2-Stroke Dual 4-Stroke Dual  4-Stroke Dual
Fuel-Diesel Fuel-Otto Fuel-Otto Fuel-Diesel
Engine Engine Engine Engine

Verbeek and Verbeek (2015) [60] 85% 108%
Thinkstep (2019) [14] 80% 87% 96%
Sharafian et al. (2019) [51] 90% 98% 107%
Lindstad (2019) [17] 87% 104% 106%
ICCT (2020) [18] 85% 103% 116%
Lindstad and Rialland (2020) [19] 110%

This study (2020) 85% 96% 108% 85%

The main observations are: First, all studies show that LNG in combination with the 2-stroke
Dual fuel diesel engine reduces GHG emissions by 10-20% compared to MGO, with an average result
of 15%; Second, for 2-stroke Dual fuel Otto engines, the variance between the studies is larger than
for the dual fuel diesel option; Third, the results from this study are quite close to the average values
which can be calculated based on these studies.

5. Economic Analysis and Results

In the previous section, we have seen that Dual fuel diesel engines fueled by LNG can deliver GHG
reductions of up to 15% for the whole Well-to-Wake chain, while the dual fuel 2-stroke Otto-engine
will emit similar quantities greenhouse gases (CO; eq.) similar to MGO or even raise emissions. This
implies that if shipowner’s decisions are made based on well-informed environmental assessments
alone, they will choose a dual fuel diesel engine. In the real-world, decisions tend to be made based on
lowest cost for compliance with regulations. Lindstad and Be (2018) [68] have previously investigated
combinations of alternative engine setups, including batteries, alternative fuels and innovative hull
forms to fulfil future Energy Efficiency Design Index requirements (EEDI). The EEDI regulation
involving IMO restricts a given vessel to a maximum for emitted grams of CO, per ton-mile, with this
maximum depending on vessel type and vessel size (carrying capacity). The vessel’s EEDI compliance
is assessed through sea trial at delivery [17,69-71]. Basically, the EEDI test measures the emissions per
ton nm for a fully loaded vessels when the main engine delivers 75% of its maximum continuous power
(MCR) under calm water conditions. The findings from [68] indicate that future EEDI requirements
raise newbuilding costs, so that unless the selected abatement option reduces fuel cost through for
example reduced fuel consumption, the costs of transporting goods will rise. Or alternatively if
the price of LNG drops below the costs of both using VLSFO or HFO in combination with Scrubber,
building a new ship to run on LNG could be profitable on its own.

When considering LNG from the perspective of the vessel’s rated Energy Efficiency Design
Index, neither the Well-to-tank emissions for producing the fuel nor any un-combusted methane
(CH,) from the ship’s engine are included in the considerations. There are several explanations for
this approach. First, the Well-to-tank emissions are out of scope, since EEDI includes only the-vessel
fuel consumption. Second, IMO’s EEDI formula comprises only CO, and not CO; equivalents, so
the on-board un-combusted methane slip is excluded. Third, given the EEDI thresholds of 30%
emission reductions for phase 3, relative to vessels from the reference period (1998-2008), a LNG
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compliant engine running on LNG will easily satisfy the threshold independently of the dual fuel
engine, regardless of whether it is diesel or Otto based.

To answer the important question of under which condition LNG can serve as a transitional fuel,
we compared the two alternative LNG dual fuel options, i.e., diesel and Otto for the most typical
2- stroke engine segment. These are vessels with 7-13 MW power installed, for which we used
the Supramax dry bulkers as a proxy. Globally there are around 3000 Supramax vessels which together
carry out nearly 10% of the world’s sea freight work as measured in ton nm [59]. Moreover, here
the cost calculation for the Supramax (55-65" dwt) also serves as a proxy for typical bulk and tank
vessels in the 35-80,000 dwt segment, i.e., the Handymax bulkers (40-55’dwt), the MR oil product
tankers (around 50’dwt) and the Panamax dry bulkers (around 80" dwt), i.e., the largest dry bulkers
built to utilize the original 1914 Panama canal locks.

The figures in Table 7 are based on news reports of broker assessments [72-74], personal
communication with ship owners and engine manufactures as well as in-house knowledge. To estimate
the annual costs, we used as a rule of thumb 8% of total investment for the capital cost (CAPEX,
a combined cost for equity, loans and the principal down payment) and 4% for the operational cost
(OPEX). Today a typical Supramax with today’s operational speeds and operational patterns will
have an annual fuel consumption of around 6000 tons [3,75,76]. With a diesel engine in combination
with SCR to fulfil IMO tier III NOx requirements, a new built vessel costs around 30 million USD. If
we instead selected LNG as the main fuel, this would cost around 5 MUSD more than the previous
approach with the Dual Fuel Otto-engine solution and up to 10 MUSD more with the Dual Fuel diesel
engine solution. It could be argued that the cost difference between the LNG options, which translates
into a 0.6 MUSD higher annual cost, is in the high end, but the high pressure diesel technology has so
far provided a significantly higher maintenance cost onboard than the Otto option. To keep it simple,
all fuel prices are given in USD per Ton of oil equivalents (TOE), an energy content measure.

Table 7. Costs for the two alternative LNG dual fuel engine options versus Conventional fuels (Source:
compiled by the authors).

MGO & VLSFO & LNG & LNG &
Supramax Dry Bulker 63,000 dwt Diesel Diesel DF Otto-  DF Diesel- UNIT
Engine Engine Engine Engine
Fuel type Diesel VLSFO LNG LNG
New-built cost with Diesel-engine & SCR 30 30 MUSD
Dual fuel engine & fuel system including 5 10 MUSD
tanks
Total investment 30 30 35 40 MUSD
Annual Fuel consumption (TOE) 6000 6000 6120 6000 Ton
Change in GHG compared to MGO (GWP 1% _49, _15%
100)
Annual CAPEX & OPEX 3.60 3.60 4.20 4.80 MUSD
Fuel price per TOE-Low estimate 450 375 300 300 USD/ton
Fuel price per TOE-Average estimate 450 375 500 500 USD/ton
Annual Fuel cost Low estimate 2.70 2.25 1.84 1.80 MUSD
Annual Fuel cost average estimate 2.70 2.25 3.06 3.00 MUSD
Annual cost low estimate 6.30 5.85 6.04 6.60 MUSD
Annual cost average estimate 6.30 5.85 7.26 7.80 MUSD
Change in annual tons of CO,, compared to 0 192 ~769 _2 885 Ton

MGO

The main observations from Table 7 is that if the fuel price of LNG is lower than the fuel price per
energy unit for VLSFO and MGO, then LNG in combination with a Dual fuel Otto engine becomes
a very cost competitive option. In contrast, LNG with a Dual fuel diesel engine cost increases compared
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to all other options. With a high LNG fuel price, LNG is not cost competitive versus either MGO
or VLSFO. Nevertheless, even with a high LNG price, combining LNG with a dual fuel Otto engine
would be an easy way to fulfil IMO phase 3 EEDI regulations. Figure 7 shows how these findings are
influenced by variations in annual fuel consumption where the LNG is based on the low estimate
presented in Table 7. Similarly, Figure 8 shows the change in annual GHG emissions CO; eq.) for
the assessed fuel and distinct engine technologies.

Energy cost per TOE
as a function of engine technology

1500 ¢
1425 “ Engine (Fuel Price):
1350 |%
i 5(7)3 “ = === NG DF Diesel engine
1125 | % (300 USD/TOE)
1050 \\
975 (S = -+ LNG DF Otto engine
w
S 900 |\ &S (300 USD/TOE)
=85 I So
= 750 = . :
& 675 N %"“«. MGO Diesel engine
S 600 : ~o ‘"“‘«--.-—h_, (450 USD/ton)
£ 525 te— e
% 450 - —— = VLSFO Diesel engine
< 375 | S —
375 USD/TOE
% 300 ( /TOE)
e 225
= 150
75
0
1000 2000 3000 4000 5000 6000 7000 8000

Annual Fuel consumption (TOE)

Figure 7. Energy Cost as function of Engine Technology, in USD per Ton of oil equivalents (TOE).

Change in annual ton of CO2 eq. compared to MGO
as function of engine technology

500
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500 by C -
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-2000 S : :
S = = = = | NG DF Diesel-engine

-2500 S

Change in annual ton of CO2e compared to MGO
U4
U4

-3000 N
3500 S

-4000
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Figure 8. Change in annual GHG emissions (GWP 100), as a function of engine technology.
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The main observations from the sensitivity analysis are: First, LNG in combination with an DF
Otto engine is economically competitive even at quite low annual fuel consumptions, i.e., from 4000
TOE upwards. However, even if it easily fulfils the EEDI phase 3 requirement (Lindstad and Be
2018) [68], the real GHG reduction is next to nothing, i.e., around 4%; Second, LNG in combination with
a DF diesel engine increases costs significantly, unless the fuel consumption is high. Butin contrast with
the DF Otto engine, a DF diesel engine delivers 15% GHG reduction of Well-to-wake emissions, which
at least is more appropriate by providing the 30% reduction in Tank-to-wake emissions required by
EEDI phase 3. Importantly, while the GHG reductions from LNG, even with best engine technology (i.e.,
dual fuel diesel engines), are modest, ships with these engines can with modest modification switch to
using ammonia produced with renewable energy when it becomes available in sufficient amounts.

With LNG becoming cheaper than even HFO in some regions globally, and its good environmental
perception compared to conventional fuels, we therefore expect a growing number of ships to be
delivered with dual fuel Otto engines fulfilling all EEDI requirements, but where the GHG savings
even in the best case scenario are next to nothing. We therefore conclude: First that there is a need for
policies that reduce the broader GHG emissions of shipping and not only CO;; Second, that the policies
needs to including the well-to-tank emissions of producing the fuels, i.e., the Well-to-tank. If we fail to
include all GHGs, we might end up with paragraph ships fulfilling all EEDI requirements, but where
the GHG savings are only on paper. This can be solved by IMO through including un-combusted
methane in the EEDI formula, i.e., to change it from CO; only to CO, equivalents.

6. Conclusions

This study has investigated under what conditions LNG can serve as a transitional fuel in
the decarbonization of shipping. Our results show that the LNG can serve as such a transitional fuel
only if it is combined with the best engine technology, i.e., diesel dual fuel engines. This finding
combines two arguments: the first relating to the short-term benefits of LNG as an energy carrier,
the second to the longer term benefits of a diesel dual fuel engine’s ability to burn fuels with very low
or zero GHG emissions energy sources such as renewables or ammonia when they become available for
use in this way. Each argument is sufficient (in its own right) but may need to be considered together,
given a fairly tough price tag of around five million USD, or around 15 percent of newbuilding costs
in addition to the costs of a dual fuel Otto-engine. Concerning the short term benefits of LNG as an
energy carrier, when LNG is combusted in the Otto-engine, these benefits are insignificant even under
the best case scenario when the analysis (a) includes other greenhouse gases than CO,, and especially
methane, and (b) comprises well-to-wake emissions, rather than just the combustion stage.

For IMO as a normative organization, the opportunity to regulate methane emissions through
technical measures would seem rather urgent, most straightforwardly by including methane as a CO,
equivalent in the IMO EEDI formula (the energy efficiency design index for new-buildings). This is
necessary for an otherwise implicit LNG encouragement not to backfire, including in ways that would
hurt IMO'’s credibility relative to the shipping industry, builders and owners.
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