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Summary

Although liquefied natural gas (LNG) contains less carbon per unit of energy than
conventional marine fuels, its use might not reduce greenhouse gas (GHG) emissions
on a life-cycle basis. This paper compares the life-cycle GHG emissions of LNG,
marine gas oil (MGO), very low sulfur fuel oil, and heavy fuel oil when used in engines
suitable for international shipping, including cruise ships. The analysis includes
upstream emissions, combustion emissions, and unburned methane (methane slip),
and we evaluate the climate impacts using 100-year and 20-year global warming
potentials (GWPs).

Over a 100-year time frame, the maximum life-cycle GHG benefit of LNG is a 15%
reduction compared with MGO, and this is only if ships use a high-pressure injection
dual fuel (HPDF) engine and upstream methane emissions are well-controlled.
However, the latter might prove difficult as more LNG production shifts to shale gas,
and given recent evidence that upstream methane leakage could be higher than
previously expected. Additionally, only 90 of the more than 750 LNG-fueled ships in
service or on order use HPDF engines.

Using a 20-year GWP, which better reflects the urgency of reducing GHGs to meet the
climate goals of the International Maritime Organization (IMO), and factoring in higher
upstream emissions for all systems and crankcase emissions for low-pressure systems,
there is no climate benefit from using LNG, regardless of the engine technology.

HPDF engines using LNG emitted 4% more life-cycle GHG emissions than if they used
MGO. The most popular LNG engine technology is low-pressure dual fuel, four-stroke,
medium-speed, which is used on at least 300 ships; it is especially popular with LNG- www.theicct.org
fueled cruise ships. Results show this technology emitted 70% more life-cycle GHGs
when it used LNG instead of MGO and 82% more than using MGO in a comparable
medium-speed diesel (MSD) engine.
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Given this, we conclude that using LNG does not deliver the emissions reductions
required by the IMO’s initial GHG strategy, and that using it could actually worsen
shipping’s climate impacts. Further, continuing to invest in LNG infrastructure on
ships and on shore might make it harder to transition to low-carbon and zero-carbon
fuels in the future. Investing instead in energy-saving technologies, wind-assisted
propulsion, zero-emission fuels, batteries, and fuel cells would deliver both air quality
and climate benefits.

Background

In 2018, the IMO adopted an initial strategy to reduce and eventually eliminate GHGs
from the international maritime shipping sector. This transition will require using fuels
that contain less carbon and, eventually, zero carbon. LNG contains less carbon per
unit of energy than conventional marine fuels, which means that burning it emits less
carbon dioxide (CO,). However, there are other GHG emissions to consider.

LNG consists mainly of methane. Over a 20-year time period, methane traps 86 times
more heat than the same amount of CO.,,. If even a small amount of methane escapes
anywhere along the process of extracting it from the earth and burning it in an engine,
using LNG could emit more life-cycle GHGs than conventional fuels. Judging the
climate implications of using LNG as a marine fuel therefore requires comparing the
life-cycle GHG emissions of LNG to those of conventional marine fuels.

This is a timely issue. LNG represented less than 3% of ship fuel consumption in the
years 2013 through 2015 (Olmer, Comer, Roy, Mao, & Rutherford, 2017), but more ships
than ever are now using LNG. In 2019, there were 756 LNG-powered ships, of which
539 were LNG carriersup from 355 ships, including 309 LNG carriers, in 2012, according
to internal ICCT analysis based on IHS (2019) data. As illustrated in Figure 1, the number
of LNG-fueled ships of all kinds has increased steadily over the past decade, especially
in the ferry, offshore, tanker, and container segments. New cruise ships are also being
built with LNG engines. Additionally, LNG carriers, which use their cargo as fuel,
continue to be built as global demand for LNG grows (see Figure 2).
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Figure 1. Cumulative LNG-fueled ships built or on order as of mid-2018 (excluding LNG carriers).
Source: IHS (2019)
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Figure 2. Cumulative LNG carriers built or on order as of mid-2018. Source: IHS (2019)

LNG is becoming popular for several reasons. First, it contains very little sulfur.
Additionally, LNG engines are tuned to either emit low nitrogen oxide (NO,)
emissions—at the cost of higher methane emissions in some cases—or to incorporate
NO,_reduction technologies such as exhaust gas recirculation (EGR) or selective
catalytic reduction (SCR). These low sulfur oxide (SO,) and NO, emissions make LNG
an attractive fuel for ships that operate in Emission Control Areas (ECAs), where ships
must comply with more stringent air quality standards.

Second, LNG is, and has been, less expensive than MGO and is now in some regions
cheaper than heavy fuel oil (HFO). Moreover, to comply with IMO’s 2020 global sulfur
limit, ships must either switch from HFO to more expensive very low sulfur fuel oil
(VLSFO) or use HFO with a scrubber, if they have one installed. However, the use of
scrubbers has recently come under intense scrutiny and is undergoing regulatory
review due to concerns about both the reliability of these systems to deliver consistent
air pollution compliance and because of the water pollution produced by open-loop
operations. Increasing numbers of national, sub-national, and local regions have
disallowed the use of open-loop scrubbers, including Malaysia, China, Singapore, and
the port of Fujairah; the Panama Canal also recently banned the use of open-loop
scrubbers. California disallows the use of all scrubbers—open-loop or closed-
loop—because of evidence that suggests that scrubbers may not result in equivalent
emissions reductions as ECA-compliant fuels.

As of November 2019, VLSFO was nearly as expensive as MGO. LNG will likely remain
less expensive than VLSFO in the future and might be less expensive than HFO,
depending on how the price of HFO responds to the IMO’s 2020 global sulfur limit
(CE Delft et al., 2016). Therefore, some ship owners are finding that it makes economic
sense to invest in an LNG-fueled ship.

In this paper, we compare the life-cycle GHG emissions of LNG, MGO, VLSFO, and HFO
when used in engines suitable for international shipping, including cruise ships. We
include upstream emissions, combustion emissions, and unburned methane (methane
slip), and we evaluate climate impacts using 100-year and 20-year GWPs.
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Policy context

Several regional and global policy developments help explain the recent surge of
interest in LNG as a marine fuel. These include stricter air pollution regulations, energy
efficiency regulations, Arctic protection efforts, and climate concerns.

In addition to global fuel sulfur limits, stricter air pollution regulations for shipping are
found in the four IMO-designated ECAs: the Baltic Sea, the North Sea, North America
(United States and Canada with some polar regions excepted), and the U.S. Caribbean.
LNG has been certified as a key compliance technology to reduce both SO , which is
regulated by a fuel quality requirement, and NO , which is reduced through engine
combustion improvement or exhaust aftertreatment. The Baltic Sea ECA in particular
is supported by a Norwegian NO,_ fund that allows companies that make investments
in NO,-reducing technologies to avoid taxation. LNG has been the major beneficiary

of investments under the NO_fund (Bectas, Hubatova, & O’Leary, 2019; NOx Fondet,
2019). Importantly, Ushakov, Stenersen, and Einang (2019) observed that “it is quite
often that engines appear to be ‘overtuned’ resulting in very low nitrogen oxides
emission, far below the limit set by the standards” (p. 19). This overtuning, which
involves leaner mixtures, would contribute to combustion methane slip. There are cases
in which engines may emit low NO, or low methane, but not both simultaneously.

The IMO’s Energy Efficiency Design Index (EEDI) regulations require new ships to
become less carbon intensive over time. The EEDI regulates the amount of CO, that can
be emitted to move goods or people a given distance. Because the EEDI currently only
regulates CO,, ship owners who buy LNG-fueled ships have an easier time meeting the
standards. This is because LNG emits approximately 25% less CO, than conventional
marine fuels in providing the same amount of propulsion power. Until the IMO regulates
GHGs, as it has signaled it will do under its initial GHG strategy (Rutherford & Comer,
2018), LNG will remain an effective way for ship owners to meet the standards. The
EEDI applies to new ships, but the IMO is also working to regulate GHGs from the
existing fleet. Concerns about stranded investments have been raised (Birkett, 2019).
Additionally, investing in LNG infrastructure on ships and on shore can make it harder
to transition to low-carbon and zero-carbon fuels in the future, sometimes referred to
as “carbon lock-in” (Abbasov, 2019).

Another driver of LNG investment may be Arctic protection efforts. As the Earth
warms, larger expanses of the Arctic are opening up for deep sea shipping. This, in
turn, is driving year-on-year increases in traffic across the Northern Sea Route (Russian
waters) and, to a smaller extent, the Northwest Passage (Canadian waters). Shipping
and fishing are already a major source of black carbon (BC) near and in the Arctic
(Comer, Olmer, Mao, Roy, & Rutherford, 2017a; Comer et al., 2017b), and governments
and civil society are concerned about the ecological and climate impacts of increased
Arctic shipping, especially BC emissions and the risks of an HFO spill (Comer et al,,
2017b). In response, the IMO has called for proposals to regulate BC by 2021 and has
agreed to develop a ban on using and carrying HFO as fuel in the Arctic; this ban could
be in effect by 2023, and LNG could be used to comply with both policies.

Climate concerns also seem to be driving interest in LNG. While international maritime
shipping is not explicitly included in the Paris Agreement, ratifying parties agreed

that all sectors should make efforts to reduce GHG emissions consistent with limiting
anthropogenic warming well below 2°C and aiming to limit warming to no more than
1.5°C. That principle subsequently spurred the IMO to develop its own climate strategy.
Thus it is important to establish a comprehensive understanding of the life-cycle GHG
emissions resulting from the use of LNG as marine fuel before significant investments in
LNG infrastructure and newbuilds are made.
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Agreed to in April 2018, IMO’s initial GHG strategy aims to peak GHG emissions as
soon as possible, to reduce the carbon intensity of shipping by at least 40% by 2030
compared with 2008 levels, to reduce absolute GHG emissions from 2008 levels by

at least 50% by 2050, and to eliminate GHGs from the sector as soon as possible

and consistent with the Paris Agreement temperature goals (International Maritime
Organization [IMQO], 2018). This implies at least a 70% reduction from business-as-usual
emissions in 2050 (Rutherford & Comer, 2018). LNG is viewed by some as a key bridge
fuel for meeting those targets. However, there is upstream methane leakage and
downstream methane slip from LNG that needs to be considered.

Methodology

Methane slip emission factor assumptions

Several ship engine technologies can use natural gas. Among them are:

« steam turbines

¢ lean burn spark-ignited (LBSI) engines, usually four-stroke, medium-speed

¢ low-pressure injection dual-fuel (LPDF) engines that are four-stroke, medium-speed
« LPDF engines that are two-stroke, slow-speed

¢ high-pressure injection dual-fuel (HPDF) engines that are two-stroke, slow-speed
(medium-speed is being introduced)

e gas turbines

Each of these engine technologies emits unburned methane (methane slip). Unburned
methane arises primarily from incomplete combustion and fuel concealed in crevices in
the combustion chamber during compression. Lean mixtures injected at low pressure
are associated with more methane slip than high-pressure injection.

For each engine technology, Table 1 describes the types of ships that use them,
provides our assumptions for the amount of methane slip from each, and indicates
whether we included the technology in our analysis. Methane slip emission factors are
weighted to represent IMO’s E2 or E3 test cycles. A full description of each technology
and the literature that led to our methane slip assumptions is provided in Appendix B.
For most engine technologies, the literature includes measurement campaign data on
methane slip. However, for HPDF engines, only manufacturer-reported methane slip is
available. This is explained in more detail in Appendix B.
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Table 1: LNG engines, the ships that use them, and our methane slip emission factor assumptions

LM2500)

Ships in Thermal
operation and Year with efficiency
Engine Example ship types on order as of the most when using | Methane slip Included in our
type? (and engines) mid-2018° installations® LNG¢ (gCH4/kWh) analysis?
Car/passenger ferries
LBSI mostly (e.g., Rolls-Royce/ No; has few
medi,um- Bergen C26:33L9PG), At least 45 2014 48% 47 intern_ationgl shipping
speed offshore supply vessels ' or cruise ship
P (OSVs), a few general cargo, applications
tugs, and roro vessels
LNG carriers mostly (e.g.,
LPDF, zgi’zsgaseggsdegrylth At least 300, Yes; has current and
medium- o including future international
passenger ferries; 2018 48% 5.5 o .
speed, at least 13 shipping and cruise
four-stroke | 2150 used for LNG-fueled cruise ships ship applications
cruise ships (e.g., MaK P P app
16M46DF)
LNG carriers (e.g., Wartsila/
Winterthur Gas & Diesel Yes: has current and
LPDF, (WinGD) 5X72DF) and futtjre international
slow-speed, | mega container ships (e.g., At least 50 2020 50% 2.5 shibbing and cruise
two-stroke | Wartsila/WinGD 12X92DF). shippa glications
Also, some oil and chemical P app
tankers
LNG carriers (e.g., MAN-
HPDF B&W 5G70ME-C9-Gl) as Yes; has current and
3 . ; . )
slow-speed, well as contalher ships and At least 90 5018 539% 02 fu’gure. |nternat|ona|
two-stroke a few car carriers, general shipping and cruise
cargo carriers, and a bulk ship applications
carrier
No; has limited future
international shipping
) . applications and is an
f:f;i:‘e b’:_Gfoac;;'ers (9. Kawasaki | At joast 280 2006 28% 0.04 older and less efficient
technology compared
with other LNG
engines
No; has limited, if
any, international
Gas turbine High-speed ferries (e.g., GE At least 1 2013 37% 0.06 shipping or cruise ship

applications and is less
efficient than other
LNG engines

2 LBSI means lean burn spark-ignited; LPDF means low-pressure injection, dual fuel; HPDF means high-pressure injection, dual fuel.
b Source: IHS (2019).
¢ For dual-fuel engines, thermal efficiency can be slightly lower when using conventional marine fuels.

Estimating well-to-wake emissions for LNG relative to other
marine fuels

For this analysis, we used the GREET (Greenhouse gases, Regulated Emissions, and

Energy use in Transportation) model(Argonne National Laboratory, 2018) to estimate
upstream emissions for LNG and conventional marine fuels. GREET provides a

robust dataset of emissions related to fuel production and breaks them into various

life-cycle phases; there is also the option to supplement with user data to assess the

impact of various assumptions on a fuel’s full well-to-wake (WtWa) GHG emissions.

GREET is used widely by government agencies, industries, and academia because it is
transparent, flexible, and contains high-quality data.

While the “downstream” (i.e., the hull-to-wake) emissions from LNG combustion in a
given engine are consistent regardless of the source of the LNG, the “upstream” (i.e.,
well-to-hull) emissions can vary widely across LNG sources. Our literature review,
presented in Appendix A, assesses the range of possible upstream life-cycle emissions
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for LNG. We found substantial variation depending on region of origin, processing
assumptions, and transport distance. For this analysis, we used a representative
upstream emission factor that reflects typical LNG production practices in the United
States because we found that this mix results in well-to-hull (WtH) emissions in the
middle of the range we found in the literature.

We used the Intergovernmental Panel on Climate Change (IPCC) Assessment Report

5 (AR5) 100-year and 20-year GWP factors for methane, which normalize the climate
forcing impact of methane into CO, equivalents (CO,e). Depending on the study, the
100-year GWP for methane in the AR5 can range from 28 to 36 (Balcombe, Speirs,
Brandon, & Hawkes, 2018). This variation is created by two factors: First, fossil methane
has a higher GWP than biogenic methane because the fraction that oxidizes into CO,
in the atmosphere is treated as fossil CO, rather than biogenic CO,; this increases the
GWP from 28 to 30. Second, one can consider methane’s climate-carbon feedbacks by
accounting for its impacts on other gases such as ozone (O,) and hydroxyl (OH), which
can slow the removal of GHGs from the atmosphere; this increases the GWP from 30
to 36. We therefore use a 100-year GWP of 36 in this analysis. The equivalent 20-year
GWP is 86, which is also used in this analysis.

Well-to-hull emissions from LNG and conventional marine fuels

We use GREET’s default assumptions for natural gas and petroleum extraction, which
reflect a typical 2017 mix of fuel sources. For LNG, we assume a mix of conventional
(48%) and shale gas (52%) produced in the United States and use the most recent
baseline in the GREET model.?2 For petroleum, we use the GREET default mix of crude
sources, which includes domestic U.S. crude oil (57%), Canadian oil sands crude (10%),
and conventional Canadian crude oil (10%); the remainder comes from the Middle East,
Africa, and Latin America. For VLSFO, which is not modeled in GREET, we assume a
weighted average of 20% HFO and 80% MGO to approximate the blend ratio needed to
meet IMO’s 2020 global sulfur limit of no more than 0.50%.

We summarize the WtH emissions from conventional marine fuels in Table 2. The
emissions from each are broken down by the three primary GHGs attributable to fuel
production and then totaled into CO,e using IPCC AR5 GWP values. HFO has the
lowest WtH emissions because it requires less hydrogen and energy at the refinery

for processing, and a lower share of refinery energy is allocated to it within the life-
cycle analysis than for higher-quality products. LNG has higher WtH emissions than
conventional fuels because of its higher upstream methane emissions, and these are
primarily due to leakage from extraction, processing, and transport. The liquefaction
phase also increases the energy demand and emissions attributable to LNG production,
as this increases its emissions relative to natural gas supplied through pipelines.®

Table 2: Well-to-hull emissions for LNG and a selection of conventional marine fuels, in grams
(g9)/megajoule (MJ)

HFO VLSFO MGO LNG
CH, 0.1 0.1 0.1 0.3
N,O 0.0 0.0 0.0 0.0
co, 10.7 12.9 13.5 1.0
CO,e (100-year) 14.3 16.8 17.4 21.5
CO,e (20-year) 19.2 22.0 22.7 35.6

Source: GREET (2018)
Note: GWP values from IPCC AR5 (IPCC, 2013)

2 This analysis does not assume that all LNG would be sourced from the United States; rather, we use the
upstream emission factor associated with LNG produced in the United States as our base case because it falls
in the middle of the range of upstream emission factors described in Appendix A.

3 Liquefaction is a process that cools natural gas to liquid form. Emissions from this process are described in
Appendix A.
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Hull-to-wake emissions from LNG and conventional marine fuels

Hull-to-wake (HtWa) represents the emissions associated with burning the fuels in a
given engine and Table 3 details these combustion emissions by fuel type. The CO,
combustion emissions from GREET are a function of the carbon content of each fuel
except for VLSFO, which we calculate as a 20:80 ratio of HFO and MGO, and for each
fuel a portion of the carbon is emitted as volatile organic compounds (VOCs) and
carbon monoxide (CO). Burning LNG generates the lowest amount of CO,on a per-MJ
basis; conversely, HFO has the highest combustion emissions. Fossil fuel combustion
also emits small quantities of nitrous oxide (N,O) and methane (CH,), both of which
are potent climate-forcing agents. The CH, amounts in Table 3 represent combustion
emissions only; methane slip is a separate and additional source of methane emissions
and was included in Table 1.

Table 3: Hull-to-wake combustion emission factors by fuel (g/MJ fuel)

HFO VLSFO MGO LNG
CH, 7.5x104 7.4x104 7.5x1074 1.8x1072
N,O 3.9x10°3 3.8x10°3 3.9x10°3 1.6x1073
co, 80.1 75.6 73.6 56.5
CO,e (100-year) 81.2 76.6 74.7 57.5
CO,e (20-year) 81.2 76.7 74.7 58.4

Source: GREET (2018)
Note: GWP values from IPCC AR5 (IPCC 2013)

Table 4 contains the specific fuel consumption for the engines analyzed. We converted
the grams per kilowatt-hour (g/kWh) specific fuel consumption reported by the
manufacturers of the example engines listed in Table 1to MJ of energy demand per
kWh of delivered energy. Sources for specific fuel consumption of LNG and MGO come
from engine manufacturers: for LPDF, medium-speed, four-stroke (Wartsila, 2019a);
for LPDF, medium-speed, four-stroke cruise ship version (Caterpillar, 2016); for LPDF,
slow-speed, two-stroke (WinGD, 2019); for HPDF, slow-speed, two-stroke (MAN Energy
Solutions, 2018); for slow-speed diesel, two-stroke (MAN Energy Solutions, 2017); and
for medium-speed diesel, four-stroke (Wartsila, 2019b). Specific fuel consumption for
other fuels is based on assumed relative energy contents of 40 MJ/kg fuel for HFO,
41.8 MJ/Kkg fuel for VLSFO, 42.7 MJ/kg for MGO, and 50 MJ/kg for LNG. For HFO, we
assumed that the fuel is used in conjunction with a scrubber system, necessitating an
additional 2% energy consumption per kWh of delivered energy ('t Hoen & den Boer,
2015). The LPDF, slow-speed, two-stroke and HPDF engines require a small amount of
MGO pilot fuel.

We estimated the 100-year and 20-year CO2e/kWh combustion emission factors for
each engine-fuel pair by multiplying the specific fuel consumption listed in Table 4 by
the fuel-specific CO,e emission factors in Table 3. We then added the methane slip
emissions from Table 1, assuming a 100-year GWP for methane of 36 and a 20-year
GWP of 86. The result is the total life-cycle GHG emissions for each engine-fuel pair.
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Table 4: Specific fuel consumption for analyzed engines

Engine type SFC HFO? VLSFO MGO LNG
g/kWh 201 188 184 149
LPDF, medium-speed, four-stroke
equivalent MJ/kWh 8.03 7.87 7.87 7.45
LPDF, medium-speed, four-stroke, 9/kWh 199 187 183 147
cruise ship version equivalent MJ/kWh | 7.97 7.81 7.81 7.37
a/kWh 198 186 182 142.3°
LPDF, slow-speed, two-stroke
equivalent MJ/kWh 7.94 7.78 7.78 7.12°
a/kWh 177 167 163 130.7¢
HPDF, slow-speed, two-stroke
equivalent MJ/kWh 7.10 6.96 6.96 6.54¢
a/kWh 180 169 165 N/A
Slow-speed diesel, two-stroke
equivalent MJ/kWh 7.19 7.05 7.05 N/A
g/kWh 188 176 173 N/A
Medium-speed diesel four-stroke
equivalent MJ/kWh 7.52 7.37 7.37 N/A

2 |Includes a 2% energy consumption penalty for using scrubbers
PRequires an additional 0.8 g/kWh (0.034 MJ/kWh) of MGO pilot fuel
¢ Requires an additional 6.1 g/kWh (0.26 MJ/kWh) of MGO pilot fuel

Higher methane scenario

Higher upstream leakage

Researchers have devoted substantial effort in recent years to improving the
measurement and mitigation of methane leakage from natural gas extraction,
particularly for natural gas extracted from shale formations, which is a more technically
demanding method of extraction. As shale has quickly grown to provide a majority of
U.S. natural gas over the past decade, the climate implications of shale gas have grown
in significance (Energy Information Administration, 2019). This section assesses the
impact of higher leakage assumptions for both methane extraction (WtH) and LNG
use (HtWa) on upstream methane emissions. For the HtWa phase of LNG use, we also
include the emissions from crankcase leakage, as described in Appendix A.

Recent research suggests that methane leakage may be higher for shale gas than

for conventional natural gas, largely due to the increased gas venting following
high-volume hydraulic fracturing (Howarth, 2015). A review of peer-reviewed analyses
by Howarth (2015) suggested the U.S. Environmental Protection Agency’s (EPA)
assumptions about the upstream methane leakage from shale gas may understate
actual emissions. A recent analysis by Alvarez et al. (2018) used surface monitoring

at facilities in conjunction with aircraft observations to assess methane leakage
assumptions, and found that the U.S. natural gas industry overall has a leakage rate of
2.3%. That is more than 60% higher than the EPA’s assumption of 1.4%.

We summarize the baseline EPA assumptions of upstream methane leakage from
natural gas in Table 5. Due to the possibility of high upstream methane emissions
changing our understanding of the relative climate impacts of LNG compared with
conventional marine fuels, we also include a higher leakage scenario based on the
analysis developed by Alvarez et al. (2018).
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Table 5: Upstream (well-to-hull) methane leakage assumptions

U.S. conventional natural U.S. shale-derived natural
gas (EPA) - used in conventional gas (EPA) - used in shale
portion of baseline portion of baseline

U.S. natural gas
(Alvarez et al., 2018) - used in
our higher methane scenario

Leakage assumptions (gCH4/GJ natural gas)

Extraction 129.9 133.2 203.1
Processing 5.6 5.6 5.6

Transmission and storage 41.4 41.4 41.4
Distribution 18.4 18.4 18.4
Total 195.3 198.6 287.8

Source: GREET (2018) and Alvarez et al. (2018)

We find that with the Alvarez et al. (2018) higher leakage assumptions, upstream
LNG emissions increase by nearly 15% relative to the baseline EPA case. However, as
combustion emissions are much larger than upstream emissions, this change only
increases WtWa emissions (without methane slip) for LNG systems by 4% relative to
the baseline case.

Higher downstream slip

Some low-pressure engines may have open crankcases that allow methane to
escape without being burned. Our literature review suggests that crankcase losses
could amount to 1 gCHA/kWh. This is consistent with Caterpillar (2015) estimates for
crankcase emissions, assuming 0.75% blow-by, as discussed in the literature review in
Appendix A. We add 1 g/kWh of methane for each LPDF engine in this scenario.

Results

In this section, we summarize our analysis of life-cycle GHG emissions for engines that
are suitable for international shipping and cruise ships. We compared life-cycle GHG
emissions from dual-fuel engines using LNG and conventional fuels. We also assessed
life-cycle GHG emissions from slow-speed diesel engines (international shipping) and
medium-speed diesel engines (cruise ships).

While most life-cycle assessments use 100-year GWP, we also considered the short-
term impacts of using LNG. Methane has an atmospheric lifetime of only 12.4 years—a
fraction of the lifetime of CO,—but has a much larger impact on the climate in the near-
term. Recall from above that the 20-year GWP, which evaluates the climate-forcing
impact of GHGs in a 20-year timeline, for methane is 86. Using this figure, the climate
impact of LNG more than doubles.

Additionally, because shale gas is becoming more popular as a source for LNG and
because actual methane leakage may be higher than reported (Alvarez et al. 2018),
upstream emissions assumptions to date may be too low. Further, using low-pressure
engines may result in unburned methane escaping from the crankcase that has not
previously been assessed. For these reasons, we also assessed a scenario where the
upstream methane leakage and the downstream methane slip are higher.

We present our results under four scenarios:

1. 100-year GWP
20-year GWP

100-year GWP with higher upstream leakage and crankcase emissions

Boon

20-year GWP with higher upstream leakage and crankcase emissions
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Life-cycle emissions considering long-term (100-year) and short-term
(20-year) climate impacts

We compare life-cycle GHG using LNG and conventional marine fuels and organize the
results by considering engines that are suitable for international shipping, including
those more commonly used in cruise ships.

International shipping

As shown in Figure 3, accounting for only upstream (blue bars) and combustion
emissions (brown bars) and ignoring methane slip, using LNG in dual-fuel engines
would generate life-cycle emissions savings of between 16% and 21% relative to MGO
on a 100-year timescale. When we add methane slip (orange bars), those savings
erode or disappear. Considering a 100-year time frame, HPDF engines using LNG
emit 15% fewer life-cycle GHG emissions compared with when they use MGO and
compared with a slow-speed diesel (SSD) using MGO.* LPDF slow-speed, two-stroke
engines emit about 9% fewer life-cycle GHGs than MGO when using LNG; however,
they emit about 1% more lifecycle GHGs than an SSD using MGO. LPDF medium-
speed, four-stroke engines emit 8% more lifecycle GHGs when they use LNG instead
of MGO and 16% more compared to a 4-stroke medium-speed diesel (MSD) using
MGO, as shown in Figure 5.
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Figure 3: Life-cycle GHG emissions by engine and fuel type, 100-year GWP

Using a 20-year GWP, the only engine type that has lower life-cycle emissions using
LNG is the HPDF, and here the emissions savings are relatively small: 3% lower than
when it uses MGO (as well as compared with an SSD engine using MGO). Using LNG in
either LPDF technology results in much higher life-cycle emissions on a 20-year basis:
17% higher than using MGO for LPDF slow-speed, two-stroke and 52% higher than
using MGO for LPDF medium-speed, four-stroke. Using LPDF slow-speed, two-stroke
with LNG emits 30% more lifecycle GHG emissions than an SSD using MGO. An LPDF
medium-speed, four-stroke emits 62% more lifecycle GHG emissions than an MSD using
MGO (see Figure 6).

4 We found that, for conventional fuels, SSD engines emit similar lifecycle emissions as HPDF engines; as such,
SSD is excluded from the figure to save space.
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Figure 4. Life-cycle GHG emissions by engine and fuel type, 20-year GWP

Cruise ships

For cruise ships, we compare LNG and conventional fuels in both LPDF medium-speed,
four-stroke engines and medium-speed, four-stroke marine diesel engines. Because
low-pressure injection engines emit higher amounts of unburned methane than high-
pressure injection engines, using LNG emits more GHGs than conventional fuels on a
timescale of 100 years, where it is 8% more than MGO, as shown in Figure 5, as well

as on a timescale of 20 years, where it is 52% more than MGO, as illustrated in Figure
6. Also, using the LPDF medium-speed, four-stroke engine with conventional marine
fuels emits more life-cycle GHG emissions than a similar marine diesel engine. While
the LPDF’s thermal efficiency of 48% when using LNG is the same as the marine diesel
engine, the LPDF’s thermal efficiency drops to 46% when using conventional fuels. This
explains the higher combustion and, therefore, life-cycle emissions compared with the
marine diesel engine.
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Figure 5: Life-cycle GHG emissions by fuel type for engines suitable for cruise ships, 100-year GWP
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Figure 6. Life-cycle GHG emissions by fuel type for engines suitable for cruise ships, 20-year GWP

Life-cycle emissions using higher leakage and crankcase assumptions

International shipping

Using a 100-year GWP, higher upstream methane emissions reduce the life-cycle

GHG savings of an HPDF using LNG compared with MGO from 15% to 12%, as shown

in Figure 7. The impact is greater for low-pressure injection engines, which can have
crankcase methane emissions. LPDF, slow-speed, two-stroke engines using LNG see
their life-cycle emissions savings compared with MGO reduced from 9% to less than 1%.
Note, however, that using LNG in the LPDF slow-speed, two-stroke engine emits 10%
more lifecycle GHGs than an SSD using MGO. For LPDF, medium-speed, four-stroke
engines, higher methane emissions mean that life-cycle emissions using LNG are 16%
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higher than MGO instead of 8% higher under the base scenario. It also emits 24% more
lifecycle GHG emissions than an MSD using MGO.

Using a 20-year GWP, we find that using LNG as a marine fuel has no short-term
climate benefit when combined with a trend toward higher upstream methane
emissions and crankcase emissions. HPDF engines, which were the only engine to have
lower life-cycle emissions than when they operated on MGO in the higher leakage
scenario when 100-year GWP was used, emit 4% more than MGO using a 20-year GWP,
as shown in Figure 8. HPDF engines do not have crankcase emissions, so this result is
purely a consequence of higher upstream emissions. Using a 20-year GWP for LPDF
engines, which can have crankcase methane emissions, we find they emit 35% (slow-
speed, two-stroke) to 70% (medium-speed, four-stroke) greater GHGs on a life-cycle
basis than when they use MGO. In all cases, an SSD using MGO emits the lowest
amount of lifecycle GHG emissions. Specifically, an LPDF, slow-speed, two-stroke

using LNG emits 50% more lifecycle GHG emissions than an SSD using MGO. An LPDF,
medium-speed, four-stroke using LNG emits 82% more lifecycle GHG emissions than an
MSD using MGO.
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Figure 7: Life-cycle GHG emissions by engine and fuel type, 100-year GWP, higher methane scenario
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Figure 8. Life-cycle GHG emissions by engine and fuel type, 20-year GWP, higher methane scenario

Cruise ships

For cruise ships, when we consider higher upstream emissions and crankcase
emissions, we find that using LNG in a LPDF four-stroke, medium-speed engine emits
16% more life-cycle GHGs than if it used MGO on a 100-year time frame and 70% more
on a 20-year time frame. Comparing it to an MSD using MGO, using LNG in an LPDF
four-stroke, medium-speed engine emits 50% to 82% more life-cycle GHGs on 100-year
and 20-year time frames, respectively. Like before, we also find that using the LPDF
engine with conventional marine fuels emits more life-cycle GHG emissions than a
similar marine diesel engine.

BMDownstream MUpstreamm  MMethane slip

900
846
800
700
600
K
2 500
N
wN
o
o 400
o
300
200
100
0
MGO VLSFO MGO VLSFO HFO
LPDF (Medium speed, 4-stroke) Medium speed diesel, 4-stroke

Figure 9: Life-cycle GHG emissions by fuel type for engines suitable for cruise ships, 100-year
GWP, higher methane scenario
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Figure 10. Life-cycle GHG emissions by fuel type for engines suitable for cruise ships, 20-year
GWP, higher methane scenario

Discussion

Our results are sensitive to the choice of GWP (100-year or 20-year) and assumptions
about upstream emissions and downstream methane slip. In comparing our results
against others, we keep these parameters in mind.

Thinkstep (2019) and Lindstand (2019) are two recent analyses that examined the
life-cycle GHG impacts of using LNG instead of conventional marine fuels. There are
differences in key parameters among Thinkstep (2019), Lindstad (2019), and this study.
While all three studies consider 100-year and 20-year GWPs, Thinkstep (2019) focused
on 100-year GWP scenarios and included 20-year GWPs only for sensitivity analysis.
Lindstad (2019), like us, draws conclusions using 100-year and 20-year GWPs, noting
that 20-year GWPs better reflect the urgent need to reduce GHG emissions.

Regarding upstream emissions, our base assumption of 100-year GWP and well-
controlled upstream emissions is 21.5 gCO2e/MJ, 16% higher than the Thinkstep (2019)
and Lindstad (2019) studies. However, our assumption for upstream MGO emissions
7.4 gCOZe/MJ) is 20% higher than those studies (14.4 gCOze/MJ). Our assumptions,
therefore, make it easier for LNG to emit fewer life-cycle GHG emissions than MGO
compared with Thinkstep (2019) and Lindstad (2019). We assume 20% higher upstream
emissions than Thinkstep for VLSFO (16.8 gCOze/MJ in our study compared with 14.0).
We also assume 6% higher upstream HFO emissions than Thinkstep (14.3 gCO_,e/MJ
compared with 13.5) and 49% higher than Lindstad (9.6 gCOze/MJ), who argues that
HFO should be considered a byproduct because modern refineries are built to convert
all crude into distillates and, from 2020, HFO will come from older refineries. Therefore,
refining emissions should not be attributed to HFO. In our view, refining emissions
should be included as part of HFO’s upstream emissions because HFO is a product with
economic value and demand for HFO will continue beyond 2020, especially as more
ship owners install scrubbers.

Regarding methane slip, our assumptions tend to fall between Thinkstep (2019)
and Lindstad (2019), except for HPDF engines, where we assume higher slip than
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both studies, consistent with the manufacturer’s measured values.®> Recall that a full
discussion of our slip emission factor assumptions is provided in Appendix B.

Using a 100-year GWP and assuming that upstream methane leakage and downstream
methane slip are well-controlled, we found that HPDF engines and slow-speed, two-
stroke LPDF engines emitted fewer life-cycle GHGs when using LNG than when they
used conventional fuels. Combined, these engines power at least 140 ships, including
LNG carriers, container ships, and other cargo ships. These results are consistent with
Thinkstep (2019). Lindstad (2019) also found lower life-cycle GHG emissions for HPDF
engines when they used LNG instead of conventional fuels, but not for slow-speed,
two-stroke LPDF engines. However, Lindstad (2019) shows that using MGO in an HPDF
engine or an SSD engine would emit fewer life-cycle GHGs than using LNG in an LPDF,
slow-speed, two-stroke engine, which is consistent with our results. Considering the
medium-speed, four-stroke LPDF engines that power at least 300 ships, including LNG
carriers, offshore supply vessels, car and passenger ferries, and cruise ships, we found
that they emitted more life-cycle GHGs when using LNG than conventional fuels. This
is consistent with Lindstad (2019), but not with Thinkstep (2019), which found a 5%
life-cycle benefit of using this engine on LNG instead of MGO. Using 100-year GWP
and assuming higher upstream emissions, we found that only the HPDF engine had

a life-cycle GHG reduction compared with using MGO in that same engine, and the
reduction was 12%.

The IPCC (2018) Special Report on Global Warming of 1.5°C suggests that limiting
warming to 1.5°C requires anthropogenic methane emissions to begin to decline
immediately and to be at least 35% below 2010 levels by 2050. Given that methane has
strong warming effects, using 20-year GWP better aligns with an urgent need to reduce
GHGs. Such urgency is reflected in IMO’s initial GHG strategy: “IMO remains committed
to reducing GHG emissions from international shipping and, as a matter of urgency, aims
to phase them out as soon as possible in this century” (IMO, 2018, para 2).

Using a 20-year GWP, and consistent with Lindstad (2019), we found that only one
engine technology, HPDF, reduced life-cycle GHG emissions when using LNG instead of
conventional fuels. Even then, the benefit was 3% and only if upstream emissions were
well-controlled. Unfortunately, well-controlled emissions may not be the case as we

see a trend toward shale gas, which releases more methane when extracted than other
natural gas sources, as well as evidence that actual methane leakage upstream may be
higher than expected (Alvarez et al., 2018). When we factored in the higher upstream
emissions to account for this trend, we found that the HPDF engine emitted more
life-cycle GHG emissions using LNG instead of MGO.

Several new-build cruise ships are LNG-fueled. They usually use combinations of
medium-speed, four-stroke engines to provide propulsion and auxiliary power. LNG-
powered cruise ships provide air quality and health benefits for passengers, crew
members, and port communities, but at a climate cost. Under all conditions, the LPDF
medium-speed, four-stroke engines that are popular with cruise ships have higher
life-cycle GHG emissions when using LNG than conventional marine fuels.

Using LNG could have some regional benefits, for example by reducing black carbon
emissions in the Arctic. However, there are low- and zero-emission alternatives to fossil
fuels for Arctic shipping (Comer, 2019) and international shipping. Using zero-emission
solutions such as batteries, hydrogen fuel cells, and wind-assisted propulsion would
deliver both air quality and climate benefits.

5 Lindstad (2019)’s methane slip values are taken from Stenersen and Thonstad (2017).
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Future Work

Additional work could be done to model methane emissions as a function of engine
load, to incorporate black carbon and perhaps sulfur into the analysis, and to explore
the life-cycle consequences of using non-fossil sources of LNG, such as biogas. Each of
these is discussed briefly below.

Methane slip as a function of engine load

Methane slip varies as a function of engine load, with higher slip at lower loads. Our
analysis relied on weighted methane slip emission factors that represent the IMO’s E3
or E2 test cycles. We know from Olmer et al. (2017) that actual ship operations are
different. It is possible to model the methane slip from each LNG-fueled ship hour-
by-hour by modifying the approach of Olmer et al. (2017). This would likely show that
the real-world consequences of using LNG as a marine fuel are worse, from a climate
perspective, than we find here. In the wake of the global financial crisis, many ships
have responded by sailing slower, operating at low engine loads. Olmer et al. (2017)
found that container ships, in particular, operated at very low engine loads in the
years 2013, 2014, and 2015. As more container ships opt for LNG, their methane slip
emissions could be higher than we estimate here.

Black carbon

Future analyses could incorporate other short-lived climate pollutants, such as BC. The
ICCT has published inventories of BC emissions from global shipping (Comer et al.,
2017a; Olmer et al., 2017) and Arctic shipping (Comer et al., 2017b). Comer et al. (2017a)
presented a detailed analysis of BC emission factors. They showed that, based on
laboratory tests and a few on-water measurements, BC emissions are a function of fuel
type, engine type, and engine load. LNG has very low BC emissions.

Black carbon was not incorporated into this analysis for several reasons. First, there
are few, if any, published test results of BC emissions for dualfuel engines. Second, BC
emission factors increase as engine load decreases, as does methane. Thus, the engine
load conditions under which BC emission factors could be high are also those where
methane emission factors could be high. Lastly, it is difficult to estimate upstream

BC emissions from natural gas and oil extraction. Therefore, even if we estimated
downstream BC emissions, the upstream BC emissions would remain unaccounted for,
introducing uncertainty into the life-cycle assessment.

Biomethane

Liguefied biomethane produced from biogas has begun to attract attention as a
source of low-carbon LNG for shipping applications that could be generated with low
or in some cases negative life-cycle GHG emissions (Baker, 2019). Both the climate
implications and economics for biomethane can vary considerably depending on the
feedstock used for its production, its production region, and the costs of its specific
production process. Biogas produced from wastes that would otherwise decompose
and release methane has very low GHG emissions, though the availability of these
feedstocks may be limited (Searle, Baldino, & Pavlenko, 2018). Biogas produced from
purpose-grown crops such as silage maize has higher emissions than those made from
wastes and residues, as these crops may displace existing crop production and thus
generate indirect land-use change (Valin et al., 2015).

The availability of bio-LNG for marine applications is likely to be limited due to high
cost, limited feedstock availability, and competition with the power sector. Baldino,
Pavlenko, Searle, and Christensen (2018) explained the challenging economics of
many waste-derived biogas pathways, particularly for use in the transportation sector.
Linking some sources of biogas to the natural gas grid may be more cost-prohibitive
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than onsite combustion for electricity. Baldino et al. (2018) estimated that the bulk of
waste-derived biogas for transportation in the EU context only becomes cost-viable
between €0.3 and €1.1 per cubic meter of gas, compared with a wholesale fossil LNG
cost of €0.20 per cubic meter. Given that the projected future energy demand for
international shipping is expected to continue to grow, bio-LNG could likely only meet
a small share of future demand.

Conclusions

We compared the life-cycle GHG emissions of LNG, MGO, VLSFO, and HFO for
engines that are used in international shipping, including on cruise ships. The
maximum life-cycle GHG benefit of LNG was a 15% reduction compared with MGO
over a 100-year time frame. Note that this is only achieved by ships using an HPDF
engine and only if upstream methane emissions are well-controlled. Controlling
upstream methane emissions could be challenging as more LNG production shifts to
shale gas and given recent evidence that upstream methane leakage might be higher
than previously thought.

Using a 20-year GWP, which better reflects the urgency of reducing GHGs to meet
IMO’s climate goals, and factoring in higher upstream and downstream emissions, we
found no life-cycle GHG emissions benefit to using LNG for any engine technology.
HPDF engines using LNG emitted 4% more life-cycle GHG emissions than if they used
MGO. At least 90 ships that are in service or on order use HPDF engines. The most
popular LNG engine technology—LPDF, four-stroke, medium-speed, which is used on
at least 300 ships and is especially popular with LNG-fueled cruise ships—emitted 70%
more life-cycle GHGs when it used LNG instead of MGO and 82% more than using MGO
in a comparable MSD engine.

These results show that LNG does not deliver the emissions reductions demanded by
the IMO’s initial GHG strategy and that using it might actually worsen shipping’s climate
impacts. Given this, it is fair to question continued investments in LNG infrastructure on
ships and on shore, as these could make it harder to transition to low- and zero-carbon
fuels in the future. Investing instead in energy-saving technologies, wind-assisted
propulsion, zero-emission fuels, batteries, and fuel cells would deliver both air quality
and climate benefits.
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Appendix A: Literature review of upstream greenhouse gas
emissions and sources of methane slip from marine engines

Upstream greenhouse gas (GHG) emissions

Upstream emissions associated with liquefied natural gas (LNG) include natural gas
production and processing to remove impurities from the feed gas, liquefaction,
domestic transportation, fugitive emissions during bunkering, if reported, and
sometimes international transport. For more consistent comparisons among studies,
we applied two approaches. First, we noted that different studies assessed in this
literature review assume different global warming potential (GWP) values of CH,
and N,O. To eliminate the variations caused by this, we applied the GWP from the
Fifth Assessment Report (AR5) of the IPCC, listed in Table Al, for our own modeling
of marine fuels and adjusted the emission values from other studies when possible.
Unless noted, the results are on a 100-year GWP basis. Second, we conducted separate
comparisons of emissions excluding and including international transport.

Table Al. GWP used in this study and used to adjust
values from other studies for consistent comparison

GHG 100-year GWP 20-year GWP
co, 1 1

CH, 36 86

N,O 265 264

Source: IPCC (2013)

Figure Al shows the upstream GHG emissions of LNG, excluding international
transport, from the studies assessed in the literature review. The figure includes the
exact GWP value from each study and the adjusted GWP value, and compares these
to baseline heavy fuel oil (HFO) upstream emissions from our model results. Studies
missing adjusted values lack the data needed to differentiate emissions from CO, or
CH,. Studies using the same GWP as in Table Al have the same original and adjusted
numbers. Adjusted emissions of LNG range from 8.8 to 26.77 gCO,e/MJ, with an
average of 17.1 gCOZe/MJ. Higher upstream LNG emissions are generally due to
greater methane leakage from natural gas production together with longer domestic
transportation (El-Houjeiri, Monfort, Bouchard, & Przesmitzki, 2018). Although original
values from previous studies show a wide range of LNG upstream emissions, about
68% of them indicate greater emissions than from HFO. Note that some of the studies
used smaller GWP in their estimations and that data deficiencies prevented us from
making the adjustment; therefore, the percentage is likely to be higher than 68%.
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Figure Al. Upstream GHG emissions of LNG excluding international transport, 100-year GWP.
Note: NA means North America; GOM means Gulf of Mexico; TX-LA-MS Salt means the Texas-
Louisiana-Mississippi Salt Basin.

Liquefaction is a process that cools the pre-treated natural gas down to a liquid form.
It contributes about 30% to 60% of total upstream emissions, and the rest mainly
comes from production and processing. Figure A2 shows the variations of liquefaction
emissions from the studies we reviewed. It shows a range of 2.41t0 10.2 gCO_,e/MJ. The
variation is caused by different liquefaction technologies using different refrigerants.
On average, emissions from the liguefaction process contribute approximately 6.55
gCO,e/MJ to upstream emissions.
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Figure A2. GHG emissions during natural gas liquefaction, 100-year GWP.

The transport of LNG includes domestic transport, such as between extraction wells
and liquefaction plants, and international transport from production sites to where it is
consumed. Domestic transport of LNG is usually by truck, rail, or pipeline, depending
on the volume, distance, and facility availability. Domestic transport typically
represents 15% to 20% of upstream emissions.
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Countries with LNG resources are not necessarily its largest consumers, and
international maritime shipping is often the most cost-efficient way of transporting
LNG over a long distance. Based on 2018 market data, top LNG exporters are Qatar,
Australia, Malaysia, the United States, and Nigeria, while Asia Pacific countries including
Japan and China, and some European countries including Spain and France are major
importers (IEA and KEEI, 2019). Figure A3 presents the upstream GHG emissions of
LNG including international transport. Like Figure Al, studies missing adjusted values
lack the data needed to differentiate emissions from CO, or CH,. Studies using the
same GWP as in Table Al have the same original and adjusted numbers. Emissions from
international transport range from 1.0 to 6.5 gCO,e/MJ, depending on distance, and
adding this means the adjusted total upstream emissions including shipping range from
14.7 to 28.57 gCO,e/MJ, with an average of 21.2 gCO,e/MJ. It is important to clarify
that studies that include international transport are not necessarily comparable to one
another, as they may use different sets of origins and destinations from one another.
Nevertheless, when adding the emissions from international transport, average LNG
GHG emissions are 20% higher than HFO.

B Original MAdjusted —-LNG Original Average --LNG Adjusted Average HFO
35

30

Emissions (9CO,e/MJ)

Figure A3. Upstream GHG emissions of LNG including international transport, 100-year GWP.
Note: NA means North America; GOM means Gulf of Mexico; TX-LA-MS Salt means the Texas-
Louisiana-Mississippi Salt Basin.

To understand potential regional variations, we organized study results by production
region, shown in Figure A4a, and by shipping region, shown in Figure A4b. On average,
LNG from Qatar has relatively low upstream emissions and this might be due to the
lower CO, content in feed gas (i.e., raw gas from the production field), the shorter
domestic transport distance (El-Houjeiri et al., 2018), and the lower carbon intensity of
Qatar’s electricity grid (Thinkstep, 2019). In contrast, natural gas reservoirs in Australia
tend to have high CO, content (El-Houjeiri et al., 2018) and the domestic transport
distance in Australia and Algeria is relatively long (Thinkstep, 2019). Considering
international transport emissions, shown in Figure A4b, the regional variation is

less obvious, but still follows the same rank. One exception is the case of exporting
LNG from the United States to Asia Pacific, which has high emissions because of the
long shipping distance (Pace, 2015). This indicates that emissions from international
transport can offset some of the benefit of using less carbon-intensive LNG.
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Figure A4. Average upstream GHG emissions of LNG by production region (excluding emissions
from international transport) and by shipping region (including emissions from international
transport), 100-year GWP

Methane is a more potent GHG than CO,, and methane emissions play a larger role

in determining the total upstream emissions for LNG than for other fuels.® Figure A5
shows total upstream GHG emissions for LNG and the portion of these that are from
methane. Methane contributes approximately 30% to the total upstream carbon dioxide
equivalent emissions in most studies. We observed two extreme cases: In one, methane
leakage contributes 61% of life-cycle emissions because of high extraction emissions
(El-Houjeiri et al., 2018), and in the other, no leakage was estimated (Tagliaferri, Clift,
Lettieri, & Chapman, 2017). In general, methane emissions of LNG tend to be greater
than those of HFO.

6 N,O emission is not discussed because its amount is very small and contributes little to upstream emissions
of LNG.
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Figure AS5. Total upstream LNG emissions and the emissions due to methane leakage, 100-yr GWP
We also applied the 20-year GWP from Table Al to understand the short-term
impacts of LNG, and that is presented in Figure A6. As shown, the global warming
impact from LNG would be much greater in the near term and much worse than
HFO. This diminishes the potential of using LNG to meet short-term climate change
mitigation targets.
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Figure A6. Total upstream emissions of LNG using 100-year GWP and 20-year GWP

We summarize the range of GHG emissions from literature in Table A2. Four key factors
that contribute to the variation are production region, methane leakage during gas
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production and processing, difference in liquefaction technology, and international
transport distance. Regardless of the variation, more than 85% of the 15 data points
collected from previous studies show higher upstream emissions for LNG than HFO.
This alone raises concerns about the climate change mitigation potential for LNG in the
international maritime shipping sector.

Table A2. Upstream LNG emissions range from literature, 100-year GWP

International
gCOze/MJ Liquefaction transport LNG upstream total
Minimum 2.41 1.0 14.7
Average 6.55 3.2 21.2
Maximum 10.2 6.43 28.57

Methane slip from marine engines

LNG is the only cargo permitted for use as a fuel by the IMO (Dobrota, Lali¢, & Komar,
2013). Historically, LNG was used to power LNG carriers, in part because boil-off
methane from the LNG is freely available. The only other method to prevent boil-off to
the atmosphere is to re-liguefy the boil-off gas, and that requires massive amounts of
energy. But now LNG is generating wider interest and use from merchant and service
vessels for which the boil-off motivation does not apply.

Many different units and measures are employed in the literature to describe the
quantity of methane lost to the atmosphere or the GWP of methane loss. Perhaps the
simplest is the fraction of methane lost as a ratio to the total methane transmitted or
used. However, this becomes more difficult when the composition of the natural gas
deviates from pure methane and the composition is not known. In a recent study of
fugitive methane (Clark et al., 2017), the loss was reported as grams of fugitive methane
per kilogram of natural gas used, a “parts per thousand” measure. Since losses are
typically small relative to the total amount, this introduces little difference between the
total amount either before or after the loss. However, the measure changes if the fuel
gas composition is high in species other than methane. Further, if the natural gas used
is determined from CO, measurements, the stoichiometry also causes a minor change.

A variant on the method above is to cite the loss in mixed units, such as mass of
methane per volume of either liquid LNG or gaseous natural gas. Usually methane
alone is cited as the loss, but in the case of leaks, species other than methane are also
emitted. From an energy-loss perspective, these other gases should be included in
the measure. In practice, the tools used to estimate or measure the loss will determine
whether methane alone is considered.

Fugitive methane has also been characterized by the mass of methane lost as a
fraction of the energy of the fuel available (g/MJ). To do this, the heating value must
be defined. For engine operation, losses may be on a brake-specific basis where the
methane loss is expressed as a ratio to the useful shaft work produced by the engine
(9/kWh). Engine efficiency is therefore included in this measure, and this is the most
common approach for quantifying other pollutants, such as NO..

Methane losses are also cited in terms of CO, equivalency in GWP. Hence the methane
may be cited in units such as “CO, equivalent GWP by mass per basis of LNG,” where
the basis may be a mass or volume of LNG, or the LNG heating value, or the work
produced by an engine operating on that LNG. The GWP must be known for translation
of these units into methane mass. Across the literature, the 100-year GWP equivalency
has been presented variously at values from 23 to 36, and 20-year values from 62 to
96. A previous ICCT marine methane emissions study (Olmer et al., 2017) employed
IPCC (2007) values of 25 for 100-year GWP and 72 for 20-year GWP.
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In our analysis of hull-to-wake emissions, the ratio of the brake-specific mass of
methane is employed. Where other units are used, a best effort is made to translate
the data equitably. In calculating brake-specific units from other measures, the engine
efficiency must be used; if the efficiency is not reported, assumptions at part load
may be approximate. Often, if methane alone is not reported as a fraction of the total
hydrocarbons (HCs), values of 85% or 90% are used for the ratio of methane emissions
to HC emissions for natural gas engines. Finally, fugitive methane is released in

several different ways during marine propulsion. Only hull-to-wake (HtWa) losses are
considered in this analysis.

System leaks

One obvious source of loss is from leaks across the fuel system, from the tank to the
engine cylinders. This system may include pumps, scavenging compressors (for boil-off
gas), filters, valves, injectors, and associated plumbing. In many cases, for reasons of
safety, methane fuel plumbing is jacketed; this ensures that leaks are not released into
the engine room, and those jackets are then vented to the atmosphere. No data are
available to quantify losses of this kind. Studies (Johnson, Covington, & Clark, 2015;
Subramanian et al., 2015) have examined losses from other systems, such as those at
land-based gas compressor stations or at well sites, but these are not readily extended
to shipboard analysis. Although many of these land-based leaks are a climate concern,
few represent an immediate safety hazard. Losses of methane from natural gas buses,
trucks, LNG fueling stations, and CNG fueling stations were reported by Clark et al.
(2017). Although the researchers examined the on-board fuel systems for all of the
vehicles in the study, “no continuous leaks were found from CNG vehicles while a single
leak was identified on an LNG vehicle that was below the quantification limit of 0.24
g/h” (p. 972). Extending this finding to the marine world, no emissions factor should be
assigned to engine fuel system leaks without further research.

Intentional gas discharge

Methane may be lost due to intentional discharge of gas. This may be associated with
maintenance, as happens when systems are cleared of gas or blown down to permit
safe maintenance operations. The quantities discharged during maintenance are

likely to be small relative to methane slip from the engines during revenue service.
Venting may also be associated with general engine operation, although no specific
case has appeared in the marine engine material reviewed. For 15-liter displacement
high-pressure direct injection (HPDI) truck engines examined in a prior study, normal
operation required occasional “dynamic venting,” relating to transient operation (Clark
et al.,, 2017; Delgado & Muncrief, 2015; Speirs et al., 2019). Those methane emissions
contributed 9.9 g/kg of fuel, or about 1% fuel loss, to the inventory for those engines.
In the absence of detailed LNG marine engine operation and maintenance information,
any factors assigned to this cause would need to be addressed in future studies.

Valve overlap (part of exhaust slip)

Some of the losses of methane found in the engine exhaust might be due to valve
overlap, where the engine exhaust and intake valves are open at the same time (Joss,
2017). Valve overlap is more common in diesel engines because only intake air can

be lost during the overlap period. Overlap is desirable for optimal gas exchange and
permits the valve durations to be extended. With fixed valve timing, its benefits and
deficits vary with engine speed. However, if the fuel and air mixture is prepared in the
intake manifold, then late exhaust valve closure can lead to fuel flowing directly to the
exhaust (Stone & Ball, 2004). Marine engines are turbocharged, and Nieman, Morris,
Miwa, and Denton (2019) observed that the intake manifold pressure can sometimes
be higher than the pressure in the exhaust manifold, accentuating loss. Dual fuel
engines adapted from fuel oil engines would require adjustment of valve timing to
address this loss. Note that late model engines with variable valve timing (e.g., Rolls-
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Royce, 2018) presumably would be configured to avoid this loss completely. HPDF
engines, where fuel is not present in the intake, would avoid this loss. Where there is
timing control over natural gas port injectors, introduction of the natural gas can be
delayed relative to intake valve opening to avoid blow-through (Wartsila, 2009).

Concealed gas (part of exhaust slip)

For engines fueled with natural gas at low pressure, there is a fuel-air mixture present
during at least part of the compression stroke, and it is present throughout the cylinder
volume. If the gaseous fuel is introduced with air from the manifold, it is present
throughout the intake and compression strokes. Some of the fuel-air mixture enters
crevices or contained spaces in the engine (Joss, 2017; Wagemakers & Leermakers,
2012). A prime example is the space between the piston crown and cylinder wall, which
is above the top ring of the cylinder at the top land crevice. The head gasket area also
offers crevices. These zones are protected from the combustion process in the bulk

of the cylinder, and the methane in these areas remains unburned. Toward the end of
the expansion stroke, it emerges from the crevices into the bulk gas, and much of it

is discharged in the exhaust. These examples are some the largest cases of methane
losses (Konigsson, 2014). Nieman et al. (2019) observed that this top land is potentially
larger in diesel engines that may be adopted for dual-fuel operation. Nieman et al.
(2019) also observed that it is best to prevent fuel from getting trapped in these areas
in the first place, which can be done by reducing the crevice volume or by directly
injecting the gas. A second methane storage mechanism exists; in this method, some of
the gas is absorbed into the oil film on the cylinder wall during compression, protected
from oxidation, and then desorbed in time to be expelled subsequently in the exhaust
stroke (Murillo Hernandez, 2015). Both crevice and absorption methane slip would
appear with methane from other sources of loss and are characterized as part of the
total exhaust loss, discussed below.

Inefficiency of combustion (part of exhaust slip)

Combustion of a fairly homogenous lean mixture of gas and air proceeds with a flame
that moves from the ignition source—that is, burning diesel, a rich burning gas mix
from prechamber holes or a flame kernel from a spark plug—through the bulk of the
gas in the cylinder. Laminar flame speeds are slow, and so charge movement and
turbulent flame propagation are desirable. However, Joss (2017) presented unstable
flame propagation caused by turbulence as a cause for poor combustion at high engine
speed, and this may be interpreted as high piston speed for long stroke, low- and
medium-speed marine engines. Broadly, if the charge motion in the cylinder is not
optimized for the combustion, the flame front may not reach some stray pockets of
gas; these then fail to burn, particularly at very high lambda values. Jensen, Schramm,
and Morgen (1999), working with a small bore engine, showed that the fraction of
unburned gas passing through the engine rose as the mixture became leaner beyond
a lambda of 1.25, and was also affected by gas composition. Tan, Dagaut, Cathonnet,
and Boettner (1994) showed that the presence of ethane and propane assisted with
methane oxidation, and stressed both the effect of LNG composition and the difference
between using boil-off gas and forced LNG evaporation. Poor combustion may also
occur close to the cylinder wall, in a “quench zone” associated with cooling by heat
transfer to the wall. While partial combustion of the gas to form CO detracts from
engine efficiency, it also serves to reduce methane slip. Overall, poor combustion
efficiency of the gas would appear as methane slip along with methane from other
sources of loss and is characterized as part of the total exhaust loss, discussed below.

Open crankcase emissions

Additional methane loss can occur from crankcase emissions, which are not included
in the exhaust stream unless intentionally fed into the exhaust. Piston rings do not
seal completely against the cylinder wall. Gases that pass by the rings, termed blow-
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by, enter the crankcase, and must be vented. Some air and fuel may also reach the
crankcase via valve stem clearances and return lubricating oil passages. Tatli and Clark
(2009) presented data on the flow from crankcases of diesel truck engines of 5.9 to
14.6 liter displacement and showed that between 0.22% (for a recently rebuilt engine)
and 1.49% of the working gas was lost past the rings. Blow-by in production spark-
ignited engines is typically about 1% of the intake flow (Stone & Ball, 2004). Delprete,
Selmani, and Bisha (2019) related blow-by to ring design, and this permits the scaling
of data to larger engine sizes.

For decades, automobile engine crankcases have been closed, meaning that the
crankcase gas is returned to the engine intake. Closing crankcases has not been
favored on diesel engines because the oil in the blow-by flow fouls turbochargers,
and this would also apply to turbocharged gas engines. Separation of the oil mist
also proves to be difficult. Caterpillar (2015) provided practical information on closing
marine diesel and natural gas engines. The Caterpillar 3516C IMO |l marine diesel
engine includes a closed crankcase design. Caterpillar subsidiary Progress Rail has
announced dual fuel IMO Tier Ill marine engines, suited to tug applications, with a
closed crankcase system.

In natural gas engines, the blow-by gas generally carries the same methane
concentration as is supplied in the intake air. If the crankcase is vented to the
atmosphere, this implies a methane slip of about 1%, regardless of the air/fuel ratio in
the cylinder. Dieselnet cites sources that predict the blow-by volume flow in terms of
engine power output. Values range from Blow-by [dm3/s] = rated power [kW]/180 for
a new engine to Blow-by [dm3/s] = rated power [kW]/60 for a worn engine. For an
average condition engine with an air/fuel ratio of 30, these values would translate to a
methane slip of about 19/kWh.

In a U.S. pump-to-wheels methane study (Clark et al., 2017), 9- and 12-liter
stoichiometric spark-ignited engines were characterized for both exhaust and
crankcase emissions. The engines had open crankcase vents, although similar engines
were sold with closed crankcase systems in Europe and in the United States in
subsequent years. The 9-liter engines, equipped with a three-way exhaust catalyst,
emitted at 5.55 g/kg from the tailpipe and at 9.90 g/kg from the crankcase vent.

The 12-liter engines emitted at 2.45 g/kg from the tailpipe and 10.19 g/kg from the
crankcase vent. Johnson et al. (2015) measured both exhaust and crankcase methane
emissions from four-stroke lean burn G3512, G3612, and G3516 Caterpillar stationary
engines driving natural gas compressors. For a total of six engines, the crankcase
fugitive methane was 4% to 22% of the engine exhaust methane emissions.

Brunnet et al. (2018) acknowledged methane in the crankcase while discussing oil

mist explosions in marine engines: “The increasing use of LNG fueled ships leads to an
accumulation of unburned methane in the crankcase or below the piston, depending
on 4-stroke or 2-stroke engines, respectively” (p. 282). The oil mist arises mostly

from high velocity blow-by gas stripping oil from the cylinder wall. Wartsila (2007)
presented oil mist separation for diesel-powered cruise ships. However, the objective
of such technology is not necessarily to close the crankcase, but to remove oil from

the stream and return the oil to the crankcase, still venting the stream to atmosphere.
Both open-vent and closed-vent demister systems are in the marketplace (UT99, 2019).
Lofholm, Pettersson, and Vestergard (2009), of Wartsila, reported that for gas engines,
the separator can provide closed crankcase operation, with the stream returned to the
turbocharger intake.

For large two-stroke engines employing a crosshead design, the underside of the
piston does not discharge to the crankcase, but rather to the intake chest that feeds
the intake ports. The intake chest is isolated from the crankcase by a seal, and low
leakage would be anticipated past that seal. In this way, these engines would re-ingest
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any blow-by, and methane slip from the crankcase should be insignificant relative to
other sources. If four-stroke gas engines (either spark-ignited or dual fuel) without

a crosshead design are used with high-pressure gas injection in the future, far less
gas would be anticipated in the area of the rings, and methane slip due to crankcase
venting would be substantially reduced.

Closing the crankcase and returning the unburned gas to the engine intake would
recapture about 1% of the LNG used to fuel the engine and contribute to raising the
efficiency of the engine. UT99 (2019) found that the efficiency of cogeneration gas
engines rises by 0.7% as a result of closing the vent, and this implies 0.7% blow-by
of methane.

The U.S. Environmental Protection Agency (EPA) and the European Union have
recently moved to control crankcase emissions from stationary engines. The EPA

rule includes regulation of 200 to 500 horsepower spark-ignited engines. Increasing
regulation and increasing commercial offerings with closed crankcase systems suggest
that there will be wide adoption of closed vents in the future. However, in the absence
of enforced retrofits and noting the longevity of marine engines, it is likely that both
open and closed crankcase systems will be in service in marine applications.

A crankcase emissions contribution needs to be incorporated selectively as an
emissions factor. It is also important to undertake an assessment of the fraction

of engines that both vent to the atmosphere and use technology that causes high
methane levels in the crankcase. Where there is a crankcase vent that discharges to the
atmosphere from any low-pressure LNG engine, the Caterpillar (2015) estimators and
an assumption of 0.75% blow-by suggest a methane loss factor of 1 g/kWh. At present,
there is no inventory to determine the fraction of marine LNG engines having closed
crankcases. About 37% of merchant ships are 5 to 14 years old, and these represent
54% of the tonnage; this attests to a fairly slow replacement rate (Equasis, 2017).
Because the closed crankcase technology is not the historical norm, it is reasonable to
apply the open crankcase emissions factor to a portion of low-pressure LNG engines,
excluding slow-speed engines, for purposes of a near-future HtWa fleet estimation. We
incorporate crankcase emissions in our “high leakage” scenario.
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Appendix B. Methane slip emission factors

In this appendix, we explain our methane slip emission factor assumptions. The
discussion is organized by engine technology.

Lean burn spark-ignited engines

We suggest a central value of 4.1 gCH,/kWh for LBSI engines. While we excluded

this engine from our analysis because it has few international shipping or cruise ship
applications, LBSI engines are being used for smaller ships. We therefore provide some
information on this technology here, in case it is beneficial to the reader.

LBSI engines use a single fuel, natural gas, and a four-stroke cycle. The gas is
sufficiently lean that a prechamber with a rich spark-ignited mixture is used to provide
a high-energy ignition source for the gas in the bulk of the cylinder. The gas jets

from the prechamber also assist with mixing and completeness of the combustion in
the cylinder. Very lean operation supports low NO_in the exhaust, without need for
aftertreatment. Rolls-Royce Power Systems (Rolls-Royce/Bergen), Mitsubishi, and
Caterpillar manufacture marine engines working on this principle. Wartsila already
manufactures lean burn prechamber spark-ignited engines for stationary use and will
offer a marine engine in this LBSI segment starting in 2021.

Stenersen and Thonstad (2017) and Ushakov, Stenersen, and Einang (2019) presented
the latest data on methane slip and find a weighted 4.4 g/kWh on the water compared
with a manufacturer reported 2.8 g/kWh on the test bed, for an average of 4.1 g/kWh
for the E2 and E3 test cycles.

It is reasonable to consider whether other data sources approximate or otherwise
differ from the suggested 4.1 g/kWh value, other than reported data that are too old to
reflect recent technology. However, in some cases, the precise engine load associated
with the emissions factor is not reported. Rolls-Royce (2012) presented values of 3
a/kWh at full load, and 5 g/kWh at 25% load, and these are in reasonable harmony.
Corbett et al. (2015), using multiple sources, presented 5 g/kWh in their Table 3.
Stenersen and Thonstad (2017) also presented manufacturer data, with various Rolls-
Royce engines having slip of 4.2 to 5.5 g/kWh and with a Mitsubishi engine emitting 3
and 3.6 g/kWh at two different lambda values. Winebrake, Corbett, Umar, and Yuska
(2019) used a value of 4.66 g/kWh. Verbeek, Kadijk, van Mensch, Wulffers, van den
Beemt, and Fraga (2011) suggested a factor of 3.9 g/kWh, but expressed concern that
it could be as high as 13 g/kWh at low loads. Speirs et al. (2019) plotted data from
several sources and showed an average of 26 g/kg, supporting the 4.1 g/kWh value.

From two manufacturer surveys, Thinkstep (2019) presented a value of 2 g/kWh

for LBSI, which is substantially below the values presented above. In June 2019, Dr.
Elizabeth Lindstad of SINTEF provided a commentary (Lindstad, 2019) critical of the
low emissions factor used in the Thinkstep report, and there was a response from
Thinkstep that defends the number of 2 g/kWh that was supplied in response to
surveys. Precise definition and choice of engine loads when determining emissions
factors has contributed further to the disagreement. Data available for the E2 or E3
cycles emphasize high load (weighted average of 68.5%), and LBSI| emissions generally
rise substantially as load is reduced. Long-haul shipping using LBSI technology may
meet or exceed the average load for the E2 or E3 cycles, but ferries and tugs may emit
at higher brake-specific levels.

High-speed, lean burn spark-ignited truck engines average about 4 g/kWh upon unit
conversion, in line with the Stenersen and Thonstad (2017) LBSI value. The Thinkstep
(2019) value for high-speed spark-ignited engines was 3.25 g/kWh.
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Without a preponderance of other sources disputing the Stenersen and Thonstad
(2017) and Ushakov et al. (2019) value, methane E2 and E3 emissions of 4.1 g/kWh are
supported for LBSI.

LBSI engine brake specific emissions levels vary with load. Table B1 shows the ratio of
emissions for 25% and 50% load to 90% load, estimated from graphs of Ushakov et al.
(2019) and Rolls-Royce (2012). As discussed for LBSI medium-speed engines below, an
engine that sees low average-to-peak load ratios in service will emit at a higher brake-
specific level than an engine that is operated near full load, or weighted toward high
loads, as for the E2 and E3 cycles.

Table B1. Ratios of part load to high load emissions for eight LBSI engines.
The data of Ushakov et al. (2019) were estimated from plots in their paper.

Emissions Ratio 50%/90% 25%/90%
Ushakov 1 1.7 3.3
Ushakov 3 0.8 0.7
Ushakov 4 0.8 3.5
Ushakov 5 2.1 4.6
Ushakov 8 1.8 8.7
Ushakov 9 1.2 1.3
Ushakov 10 1.0 1.0
Ushakov Average 1.3 3.3
Rolls-Royce (2012) 1.3 1.7
Average of 8 1.3 3.1

Low-pressure dual-fuel (LPDF) engines, medium-speed, four-stroke

We suggest a central value of 5.5 gCH4/kWh for medium-speed, four-stroke LPDF engines.

Medium-speed, four-stroke LPDF engines use a very lean mixture of air and natural
gas with a small amount of MGO pilot fuel. The lean mixture reduces NO,_ formation
and helps avoid engine knock. Compression must be sufficiently high to provide the
temperature to ignite the MGO, which has an auto-ignition temperature far below that
of the natural gas mixture.

Minimizing pilot injection lowers NO_emissions but leaves methane unburned,
especially at part load. At very low loads, methane slip is high unless the engine
controls switch to diesel-only operation below a specified torque output. There is,
therefore, a compromise between assuring low methane slip and providing high LNG
substitution at light loads.

Wartsila offers two designs for four-stroke engines burning gas and diesel. First, there
are engines recommended for marine use. They are designated “DF” for dual fuel.
Examples include the W20DF, W34DF, and W50DF. These employ the low-pressure
gas introduction described in this section. Second, there are Wartsila four-stroke
engines designated as “GD” for gas-diesel that employ high-pressure gas injection

and are designated for stationary and offshore platform use, and not for marine
applications. However, Ushakov et al. (2019) counted this technology as available for
marine use. These HPDF medium-speed engines include the W32GD and W46GD four-
stroke engines. The “DF” engines run either on diesel alone, or on low-pressure gas
with a diesel pilot that provides about 1% of the energy. The “GD” engines are designed
to run on a range of gas and diesel mixtures, or on diesel alone.

Several medium-speed LPDF four-stroke engines may be used with electric drive to
propel a large ship, providing a similar level of power to that of a single slow-speed
engine. Substantial data are available for LPDF medium-speed engines. As with LBSI,
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the Thinkstep (2019) factor of 3.84 g/kWh was lower—about 55% of the value—than
the Stenersen and Thonstad (2017) and Ushakov et al. (2019) value of 6.9 g/kWh.
LPDF emissions are likely to be affected by a NO -versus-methane tradeoff, at a

time when the IMO has tightened NO_ regulations without methane regulations

in place. Ushakov et al. observed that “it is quite often that engines appear to be
‘overtuned’ resulting in very low nitrogen oxides emission, far below the limit set by
the standards” (p. 1319). This overtuning, involving leaner mixtures, would contribute
to combustion slip. In some cases, engines may be capable of emitting low NO, or low
methane, but not both simultaneously.

Wartsila has stated that its W20 DF engine met 6 g/kWh Stage V (2020) European
standards on the E3 test cycle. Data provided to Bengtsson, Andersson, and Fridell
(2011 by Wartsila showed 3.6 g/kWh total hydro carbons (THC), but the load is
unknown. However, as reported by Stenersen and Thonstad (2017), Wartsila presented
E2 cycle averaged values of 3.82, 3.57, and 3.54 g/kWh with increasing bore size for
LPDF engines.

The detailed test data of Sommer et al. (2019) suggested that the emissions from the
two LPDF engines that they tested exceeded the 7.3 g/kWh value. From the graph

of the data, the cycle average would be about 9 g/kWh. On the other hand, the data
gathered by Anderson et al. (2015) suggested a factor not much above 2 g/kWh,

with 19/kWh at high power loading. Anderson et al. (2015) themselves estimated an
averaged cycle emissions value by applying the E3 and E2 factors of 0.2, 0.5, 0.15, and
0.15 to engine loads of 90%, 72%, 40%, and 29%, respectively and calculated 2.4 g/
kWh for THC, which implies 2 g/kWh for methane.

Corbett et al. (2015) used the same value, 4.4 g/kWh, for LPDF and LBSI. Thomson,
Corbett, and Winebrake (2015) and Winebrake et al. (2019) presented values so low
for LPDF that it is supposed that some HPDF data may be included in averaging, and
these values were not considered for comparative purposes. Speirs et al. (2019) plotted
data from several sources, showing an average of 42 g/kg; depending on engine fuel
efficiency, this supports a value in the range 6 to 6.5 g/kWh.

Determining a single representative factor for the LPDF engines is difficult, and there
is strong evidence that they vary widely in use, have responded to NO_ regulations
(Speirs et al., 2019), or represent engines of different generations and manufacturers.
The split between the real-world measurements of Sommer et al. (2019) and Anderson
et al. (2015) is wide, but averages to about 7 g/kWh. There is, however, an argument
that LBSI and LPDF should yield similar slip, at least at high load, since only the ignition
source differs.

Methane slip from LPDF engines is evidently highly dependent on load. Ushakov et

al. (2019) have plotted brake-specific emissions against load for seven LPDF engines.
Additional data at different loads are available from Anderson et al. (2015) and
Sommer et al. (2019), and from Nielsen and Stenersen (2010) and MacQueen (2011), as
plotted by Sommer et al. (2019). With a best effort, data were read from graphs, except
the data for Anderson et al. (2015), which were obtained by linear interpolation and
extrapolation of published data. The Nielsen and Stenersen (2010) and the MacQueen
(2011) data were presented by Sommer et al. (2019) in units of g/MJ fuel, so that
increased slip at light load would not include reduced engine efficiency and would
underestimate a ratio based on brake-specific units. All other data used to compute
ratios were in brake-specific units of g/kWh.

The individual engine data of Ushakov et al. (2019) average to a value of 1.7 for the
ratio of emissions at 50% load/90% load and average to 4.0 for 25% load/90% load,
as shown in Table B2. Two of the engines of Ushakov et al. (2019) showed lower brake
specific emissions at 50% load than 90% load.
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Table B2. Ratios of part-load to high-load emissions for 11 LPDF engines. Data for 10 of the entries
were estimated from data on plots, and must be considered approximate.

Emissions Ratio Basis 50%/90% 25%/90%
Ushakov 1 kWh 0.6 1.1
Ushakov 2 kWh 0.8 1.3
Ushakov 3 kWh 3.8 5.7
Ushakov 5 kWh 1.6 3.5
Ushakov 6 kWh 1.8 6.8
Ushakov 7 kWh 1.6 4.3
Ushakov 8 kWh 1.8 55
Ushakov Average kWh 1.7 4.0
Anderson et al. kWh 2.8 8.1
Sommer et al. kWh 3.0 8.6
Nielsen/Stenersen MJ fuel 1.6 2.3
MacQueen MJ fuel 1.1 3.6
Average of 11 mixed 1.9 4.6

The Sommer et al. (2019) data were presented in units of g/kWh in the paper, and in g/
MJ fuel in the supplemental material. The differences in the 25%/90% and 50%/90%
ratios differed in the following way: 3.0 and 8.6 on a g/kWh basis, and 2.4 and 6.4 on

a 9/MJ fuel basis. This shows the added influence of the reduced fuel economy in the
brake-specific emissions ratios.

Sommer et al. (2019) measured two engines that were very similar. If Sommer et al.
(2019) data are weighted twice, the averages for the table above are 2.0 and 4.9.

Ushakov et al. (2019) provided average values for the seven engines on their plot for
each load percentage, and they were read to the nearest 0.5 g/kWh as 4.5 g/kWh
(100%), 5.5 (75%), 7.0 (50%), and 16.5 (25%). This yielded ratios of part-load emissions
to full-load emissions of 1, 1.22, 1.56, and 3.67. If the E2 or E3 weighting values are
considered, the emissions implied for these seven engines would be 6.0 g/kWh, or 1.33
times the 100% load value. This differs from the 6.9 g/kWh presented by Ushakov et al.
(2019), due to different averaging approaches.

In summary, the Thinkstep (2019), Bengtsson et al. (2011), and Anderson et al. (2015)
data all support a value below 4 g/kWh, and the similarity to LBSI engines suggests a
value of 4.1 g/kWh. In contrast, Sommer et al. (2019) and the SINTEF (Lindstad, 2019)
data (particularly manufacturer measurements) support values that are far higher. We
suggest using an average of the 4.1 g/kWh LBSI factor and the 6.9 g/kWh LPDF factor.
This yields a factor representative of an E2 or E3 cycle of 5.5 g/kWh, which is also
similar to the value of 5.3 g/kWh for the two ships measured on the water by SINTEF.
However, it is certain from reported data that the slip of LPDF engines can vary by a
factor of at least three.

Low-pressure dual-fuel (LPDF) engines, slow-speed, two-stroke

We suggest a central value of 2.5 gCH4/kWh for slow-speed, two-stroke LPDF engines.

Slow-speed, two-stroke, turbocharged, crosshead LPDF engines mix the gas and air
early in the cycle stroke and use a diesel pilot injection to ignite the gas. Only 1% to

2% of the energy is delivered by the pilot fuel. Scavenging is via exhaust valves in the
head, and intake ports through the cylinder walls. Winterthur Gas & Diesel (WinGD)
and Wartsila offer engines working on this principle. These may be termed an Otto dual
fuel, because the pilot injection acts as a spark plug to initiate the flame front in the
gas. Gas is injected through the cylinder walls above the moving piston crown partway
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through the compression stroke, after the exhaust valves have closed, and is then
further compressed with the air before being ignited by the diesel. The gas mixture
must be sufficiently lean to avoid auto-ignition.

Few data are available for large, direct drive LPDF engines. The weighted cycle data for
the WinGD manufacturer data in the SINTEF report (Lindstad, 2019) yield a factor of
3.2 9/kWh. The Thinkstep report (2019) presented 2.1g/kWh. WinGD (2018) presented
a factor of 1.6 to 2.4 g/kWh for methane at 80% of THC and showed the rise of slip
from 1.9 g/kWh at full load to 3.2 g/kWh at 25% load for their 50cm bore engine.
Motorship (2017) presented a 3 to 4 g/kWh range for a 72 cm bore engine, and CIMAC
(2016) reported a 4 to 5 g/kWh value. The slow-speed LPDF showed some variation
with load. The 50%/100% reported by SINTEF (Lindstad, 2019) was 1.14, and the
25%/100% was 1.31.

In the absence of additional test data, we suggest a value of 2.5 g/kWh for slow-speed,
two-stroke LPDF engines.

High-pressure dual-fuel (HPDF) engines, slow-speed, two-stroke
We suggest a central value of 0.2 gCH4/kWh for slow-speed, two-stroke HPDF engines.

Slow-speed, two-stroke, turbocharged, crosshead HPDF engines employ a
sophisticated high-pressure injection system for the gas, and also inject a small
quantity of pilot fuel. These are also termed Diesel-cycle dual fuel engines, because
both fuels are injected at high pressure near top dead center and because no
combustion can occur prior to the dual injection. They are manufactured by MAN

and are offered with either exhaust gas recirculation or selective catalytic reduction
systems to control NO_emissions. These slow-speed two-stroke engines share some
commonality in combustion with the high-speed four-stroke high-pressure, direct
injection, heavy-duty, over-the-road engines sold by Volvo and Westport and with the
Wartsila gas-diesel (GD) engines in stationary engine applications.

MAN report a slip for their engines that is 0.2 g/kWh. The SINTEF report (Lindstad,
2019) presented the methane emissions as near zero. Huan, Hongjun, Wei, and
Guogiang (2019) echoed the 0.2 g/kWh value. Thinkstep (2019) presented 1 g/kg, which
translates to about 0.14 g/kWh. CIMAC (2016) reported 0.3 to 0.4 g/kWh. Variation of
the value with load or engine bore is unknown. Speirs et al. (2019) observed that HPDF
two-stroke engines “have no associated measurements of their methane emissions
other than from the manufacturers” (p. 53) and present the 0.2 g/kWh value.

Steam turbines

We suggest a central value of 0.04 gCHA/kWh for steam turbines, but even though it is
used today, we exclude this technology from our analysis because it has limited future
applications for international shipping and is an older and less efficient technology
compared with other LNG engines.

Methane loss is due to leaks or incomplete combustion in the boiler. Power plant data,
which would include leaks, suggests 0.2 to 0.3 g/kg (Hanjy et al., 2019). For small
boilers, the data of Merrin and Francisco (2019) were far below 0.1 g/kg. Though there
is a wide spread, these data suggest a typical value of 0.04 g/kWh for the combination
of an LNG boiler and steam turbine. Co-firing with fuel oil would reduce the brake-
specific loss because less methane would be supplied to the turbine.

LNG carrier tankers have long used steam turbines because, despite their inefficiency
compared with other marine engines, they allow ships to use their cargo as a fuel
(Fernandez, Gdmez, M., Gdmez, J., & Insua, 2017). When ships transport LNG, some
of it evaporates. This “boil-off gas” builds pressure in the cargo tank that needs to be
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relieved. One way is to vent the methane into the atmosphere, but this is harmful to the
climate and can create a fire and safety hazard on deck. Another way is to re-liquefy
the gas into a liquid, but that requires massive amounts of energy that could instead be
used for propulsion. Indeed, most LNG carriers have historically burned boil-off gas in
steam turbines. But nowadays ships have other options to use LNG, including marine
diesel engines that are more efficient and consume less LNG.

Gas turbines

We suggest a central value of 0.06 gCH4/kWh for gas turbines. We investigated gas
turbines but we do not include them in our analysis because they are not suited for
international shipping or for most cruise ship applications.

Gas turbines are used for high-speed ships such as ferries and naval ships. They are
much less efficient than other marine engines, but they generate a large amount of
power that can propel a ship quickly through the water. They are not suited for slower
speed freight and passenger transportation.

The Thinkstep (2019) report presented a value of 0.08 g/kWh for a gas turbine alone,
and 0.05 g/kWh for a combined cycle system. General Electric (GE) characterizes its
COGES system as having zero methane. Siemens (2016) also suggest zero slip.

We should note that another option is to burn fuel directly in a gas turbine, recover
waste heat with a steam turbine, and use both to power generators and electrically
driven propellers. Fernandez et al. (2017) presented the Rolls-Royce and GE designs
for these systems. Data suggest that these systems may be very efficient. GE (2016)
presented a high efficiency for their latest technology 605 MW electric power plant.
In 2016, the combined cycle plant in Bouchain, France, achieved a reported efficiency
of 62%. Marine units, constrained in power and size, would not achieve such high
efficiency, but this indicates a current upper limit for gas turbines coupled to steam
turbines. However, we are not aware of any combined-cycle applications for marine at
this time.
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