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Abstract 

International shipping faces strong challenges with new legally binding air quality regulations and a 

50% decarbonisation target by 2050. Liquefied natural gas (LNG) is a widely used alternative to liquid 

fossil fuels, but methane emissions reduce its overall climate benefit. This study utilises new 

emissions measurements and supply-chain data to conduct a comprehensive environmental life 

cycle and cost assessment of LNG as a shipping fuel, compared to heavy fuel oil (HFO), marine diesel 

oil (MDO), methanol and prospective renewable fuels (hydrogen, ammonia, biogas and 

biomethanol). LNG gives improved air quality impacts, reduced fuel costs and moderate climate 

benefits compared to liquid fossil fuels, but with large variation across different LNG engine types. 

Methane slip from some engines is unacceptably high, whereas the best performing LNG engine 

offers up to 28% reduction in global warming potential when combined with the best-case LNG 

supply chain. Total methane emissions must be reduced to 0.8–1.6% to ensure climate benefit is 

realised across all timescales compared to current liquid fuels. However, it is no longer acceptable to 

merely match incumbent fuels; progress must be made towards decarbonisation targets. With 

methane emissions reduced to 0.5% of throughput, energy efficiency must increase 35% to meet a 

50% decarbonisation target.  
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1. Introduction 

While much progress has been made in decarbonising electricity, transportation lags behind [1]. The 

pathway to decarbonise shipping is particularly contentious. Sea-transport is considered the lowest 

carbon mode of transport per tonne-km, but its sheer magnitude means international shipping is 

responsible for 1.1 GtCO2 emissions per year, 3% of the global total [2].  If the maritime industry 

were a country, it would be the world’s sixth largest CO2 emitter – ahead of Brazil and Germany [2]. 

'Business as usual' projections see maritime emissions growing by 50-250% to 2050 due to 

population and economic growth [3], but in 2018 the International Maritime Organization (IMO) 

announced the first greenhouse gas (GHG) target for international shipping, at least 50% greenhouse 

gas reduction by 2050 compared to 2008 [4, 5]. Recent IMO regulations on air quality will also 

significantly reduce SOX and NOX emissions, particularly in port emission control areas [6]. 

Decarbonisation and improving air quality may be driven by a combination of efficiency 

improvements such as the energy efficiency design index (EEDI), and the use of alternative fuels [2]. 

Heavy fuel oil (HFO) and marine diesel oil (MDO) represent 98% of fuel used in the industry [7] and 

while various low carbon fuels are being developed such as hydrogen, methanol or ammonia [8], 

they are still commercially immature and expensive [9]. Whilst the uptake of battery electric road 

vehicles has progressed and shows excellent emissions potential, ranges of several thousand 

kilometres, necessary for deep-sea shipping, are still a distant prospect [10]. Liquefied natural gas 

(LNG) is the most prominent alternative fuel in terms of current usage, that may offer ~30% reduced 

CO2 emissions and is cost-competitive versus lower carbon options, and thus is rapidly maturing [2]. 

By 2017, there were 120 LNG-fuelled vessels in commercial operation, with many also planned or in 

construction [11].  The share of LNG-capable newbuild was to 5% in 2015, rising to 13% in 2018 [12]. 

However, methane emissions in both upstream fuel production and engine slip have been shown to 

significantly affect these benefits. Lowell et al. [13] suggest that high methane emission scenarios 

result in higher GHG than liquid fossil fuels. These emissions may be highly variable across both 

engine-types and supply chain routes [14].  

Methane is a potent greenhouse gas, so even low levels of emissions may negate the relative carbon 

benefits of switching from HFO or MDO. Methane is 120 times stronger than CO2 in terms of climate 

forcing on an instantaneous basis, but is relatively short-lived with an average life span of 12 years, 

compared to CO2 which persists in the atmosphere for hundreds of years [15]. Consequently, the 

relative impact of methane compared to CO2 depends on the time frame being considered. Global 

Warming Potentials (GWP) are widely used to compare GHGs, typically over a 100-year time horizon 
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– which under-represents the near-term warming impact of methane. It is important to understand 

both the short- and long-term climate impacts, thus studies should move to considering different 

time horizons and metrics to better understand the impacts of fuels switching [15].   

Methanol could potentially improve air quality and GHG emissions from ships at low cost. It has 

received some attention to date [e.g. 16, 17] and one marine engine is available which can run on 

methanol as a dual fuel. As of 2018 there were 7 methanol-fuelled ships in operation, with another 4 

planned to be in operation for 2019 [18]. Most methanol production is currently from natural gas (as 

well as coal, especially in China), incurring a high primary energy requirement, and potentially high 

supply chain methane emissions. 

Previous studies have estimated greenhouse gas emissions from LNG-fuelled ships [13, 19-21] and 

from methanol [17, 22]. Air quality [20, 21] and cost impacts [23, 24] have also been investigated in 

others. In particular, Thomson et al. [21] conduct a life cycle assessment of the use of natural gas as 

a marine fuel for 2 engine-types, using the technology warming potential (TWP) to incorporate the 

changing climate impacts of a technology shift over time. This study adds to previous work by 

providing a comprehensive assessment of GHG, air quality and cost impacts of LNG and methanol, in 

comparison to incumbent liquid fossil fuels and low-carbon alternatives. It is based on the most 

recent upstream emission data [14] combined with new measurements of LNG ship exhaust 

emissions [11] to shed light on the influence of technological variability on emissions. This study also 

determines opportunities to reduce emissions further and estimates the maximum allowable 

methane emissions to ensure a benefit in climate performance compared to current liquid fuels. 

These results and insights serve to inform shipping industry investment decisions and provide 

evidence for policymakers and further academic studies into transforming the shipping industry to 

meet climate targets. 

The next section outlines the methodology and data inventory of the study. Results for GHG 

emissions, air quality impacts and costs and presented in section 3 and validated against the 

literature. In section 4, the potential reductions in GHG emissions from LNG-fuelled ships are 

discussed in relation to methane emissions, engine and ship efficiency and bio-LNG blending. Finally, 

conclusions, limitations and recommendations are outlined in section 5. 
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2. Methodology 

A cradle-to-grave life cycle assessment was performed for the fuel supply chain and combustion of 

shipping fuel, with a focus on greenhouse gas emissions (CO2 and methane) and air quality emissions 

(NOX, SOX, CO, particulates). An economic assessment was conducted to compare fuel costs 

associated with different fuels and engines. The following fuels and engine types were considered, 

while hydrogen, ammonia, biomethane and biomethanol are also compared in the discussion based 

on secondary sources:  

• LNG: Lean-burn spark ignited (LBSI);  
• LNG: Low pressure Dual-Fuel 4-stroke (LPDF 4-stroke);  
• LNG: High-pressure dual fuel 2-stroke (HPDF 2-stroke);  
• LNG: low pressure dual-fuel 2-stroke (LPDF 2-stroke);  
• heavy fuel oil (HFO);  
• marine diesel oil (MDO); and  
• methanol.  

 

The four LNG engines represent all types currently used as primary engines [11]. LBSI and LPDF 4-

stroke engines are typically used in smaller ships, while HPDF and LPDF 2-stroke engines are used on 

larger vessels such as LNG carriers. Liquid fuel ships (HFO and MDO) were modelled based on the 

average across several existing LCA studies to gain the broadest consensus view of the technologies. 

This includes a mix of slow- and medium-speed diesel found in the global fleet of ships, reflected in 

the variation in efficiencies and emissions estimated here.  

The study considers the whole fuel cycle, given average operation efficiencies for each fuel and 

engine type. Figure 1 outlines the  scope of the study with the different stages considered for each 

fuel and engine type. Note, the study does not specify a ship type, but instead an engine and 

average efficiency. Ship manufacture itself is not considered, but both direct and indirect emissions 

across the fuel supply chain are considered from a life cycle perspective. In reality, the onboard fuel 

delivery and storage are different across the options, but these are expected to represent a minor 

part of the total lifetime emissions. The study focuses on the main propulsion engine rather than 

additional auxiliary engines, although results will be transferrable to these (e.g. for estimating total 

ship operational emissions) if their efficiencies are comparable. Exhaust gas treatment is also 

excluded from the scope but could be added to liquid fuel engines and to HPDF 2-stroke engines in 

scrubbing NOX. The inclusion of exhaust treatment would have an impact on emission and cost 

results and should be further researched to better understand the trade-offs between different LNG 

engines.  
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Figure 1. Fuel supply chains from raw material extraction, processing to end-use for different fuels and engines. 
Transport steps are not illustrated but exist between each stage. 

Results are given with a functional unit of 1 kWh of output from the engine. The assessment 

incorporates average efficiencies of different engines as outlined in the inventory assessment below. 

Operating efficiencies differ among ships, particularly between short-sea and deep-sea operations, 

as deep-sea engines operate at a steady state for longer periods. Efficiencies used here reflect 

averages from the literature, but the variation and its impact are discussed in this section as well in 

section 4.2. 

The impacts presented relate to climate change, air quality and costs, a full description of which is 

detailed in the following section. The use of alternative climate metrics to the global warming 

potential (GWP) is included, namely the global temperature potential (GTP) across different 

timescales.  

The study uses Gabi thinkstep life cycle assessment software for creation of mass, energy, and 

emissions balances, and Matlab for data analysis.  It follows the ISO 14040/14044 methodology [25, 

26] for environmental assessment, which describes a four-step method: goal and scope; inventory 

analysis; impact assessment; and results interpretation. The following section details the inventory 

analysis and impact assessment metrics. 
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2.1 Inventory assessment 

2.1.1 Supply chains 

The study utilises the natural gas supply chain model developed by Balcombe et al. [14] for LNG and 

methanol, as well as Balcombe et al. [27] for the liquefaction, LNG transport and storage stages. 

Stages included are pre-production, production and processing, transmission, liquefaction, storage, 

and delivery. A range of CO2 and methane emissions are derived using the probabilistic distributions 

for each stage of the supply chain in Balcombe et al. [14]. The median emissions for each stage are 

used for a central estimate, with 10th and 90th percentile estimates used for low and high estimates, 

respectively.  Note that these estimates are not region-specific but encompass a wide range which 

are likely to be broadly reflective of the industry. Liquefaction emissions were separately based on 

Balcombe et al. [27], giving mean, high and low figures synthesised from several previous studies. 

Table 1 gives a breakdown of the methane emissions assumed for each stage of the natural gas 

supply chain.  

Table 1. Estimates of methane emissions from each stage of the natural gas supply chain. Low, central, and 
high estimates are given for sensitivity assessment. Emissions are expressed as a percentage of delivered gas.   

 

Production and 
processing [14] 

Transport and 
storage 

(upstream) [14] 
Liquefaction 

[27]  

LNG transport 
and storage 

[27] Total  

Low 0.03% 0.17% 0.011% 0.001% 0.22% 

Central 0.22% 0.43% 0.35% 0.012% 1.03% 

High 1.82% 1.42% 0.63% 0.032% 3.91% 
 

The energy for liquefaction is assumed to come from the combustion of natural gas, requiring 9.4% 

of throughput based on the mean of 8 studies [13, 28-34]. For LNG transport, the range of CO2 and 

methane emissions was calculated from NGVA-thinkstep [19] and the IMO study from Korea [35]. 

Note that LNG shipping figures could be higher in practice, given that the highest value comes from 

the only primary direct measurement study [35], which acknowledges its own under-estimation. For 

liquid storage there is very little publicly available data a central estimate of 1-day storage is 

assumed, with a high and low of 0-2 days of storage as per Lowell et al. [13]. It is conservatively 

assumed that 10% of boil-off gas is released as methane emissions. For bunkering, it is assumed that 

0.22% of LNG is boiled off or displaced as vapour during fuelling, with a 50% capture resulting in 

0.11% emission [13, 36]. Additional direct and indirect impacts associated with the natural gas 

supply chain are taken from the Ecoinvent 3.3 database [37]. 

For methanol, the conventional production route is via natural gas reforming to syngas and 

methanol synthesis. It is assumed that this occurs close to the point of extraction thus there is no 
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transport requirement. The production and processing of natural gas is the same for the LNG supply 

chain. The inventory for gas reforming and methanol synthesis is derived from the NREL database 

[38], using Ecoinvent 3.3 for ancillary impacts [37]. The upstream impacts allocated to heavy fuel oil 

and marine diesel oil are taken from Ecoinvent 3.3. For HFO, bunker oil with an average sulphur 

content of 3.5%w/w is assumed, reflecting the current global sulphur cap (soon to become 0.5% in 

2020)[2]. For diesel, the production of low sulphur light fuel oil is used, with a sulphur content of 

0.005% w/w. For upstream carbon dioxide emissions, 440 gCO2/kg HFO and 524 gCO2/kg diesel is 

associated with the production up to point of use [37].  

2.1.2 Engines 

Table 2 presents a review of the efficiencies and emissions associated with each fuel and engine 

combination. References for each value individually are given in the Supplementary Information.  

Table 2. Summary of engine efficiencies and emissions. ‘?’ denotes no data found. Total fuel efficiency was 
calculated with the main and pilot fuel consumption rates shown, with a conversion based on an LHV of LNG of 
47.1 MJ/kg and assuming MDO is used as a pilot fuel with LHV of 43.1 MJ/kg. Data sources: [3, 11, 13, 16, 17, 
19, 20, 22, 39-42].  

Values 
LPDF 4-
stroke  

LBSI  
HPDF 2-
stroke 

LPDF 2-
stroke 

HFO MDO Methanol 

Main fuel consumption (g/kWh) 169.1 170.2 135.1 138.2 201.5 184.5 397.5 

Pilot fuel consumption (g/kWh) 2.5 0 8.3 1.0 0 0 0 

Total fuel efficiency (% LHV) 44.6% 44.9% 53.5% 54.9% 44.2% 45.3% 45.3% 

CO2 emissions (g/kWh) 452.1 480.5 430.8 411.6 579.4 557.5 541.4 

CH4 emissions (g/kWh) 5.3 4.4 0.3 3.2 0.01 0.01 0 

NOX emissions (g/kWh) 2.3 1.3 10.1 2.0 13.4 14.0 1.7 

CO emissions (g/kWh) 1.8 1.5 0.79 1.4 0.64 ? ? 

NMVOC (g/kWh) 0 0 0.1 0.3 0.2 ? ? 

PM (g/kWh) 0.0056 0 0.11 0.0056 0.63 0.16 2.9 x 10-6 

SOX (g/kWh) 0.0048 0 0.30 0.0096 5.7 0.57 0 

 

The variation in emissions across engine types is considerable, exemplified by Figure 2 which utilises 

the most recent data on methane slip. These figures are incorporated into the uncertainties 

estimated in this study and more information on all emission types is given in the supplementary 

information. Note that there is little variation in the estimates of methane emissions from the HPDF 

and LPDF 2-stroke engines. This is not a result of low variability or uncertainty, but due to a lack of 

data on these relatively new technologies, where all values collected here are from manufacturers 

data. Particularly for the HPDF engine with low emissions, there is an onus on the industry to 
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demonstrate that these low emissions can be achieved in real-world application and maintained 

over time. 

  

Figure 2. Estimates of methane emissions from various engines and fuels. The left panel presents emissions 
from LNG engines relative to throughput, whilst the right panel presents the absolute mass of methane emitted 
per unit of energy output. Circles represent individual literature estimates, thick lines represent mean values 
and the bars represent the interquartile range. Data sources: [3, 11, 13, 17, 19, 20] 

2.2 Assessment metrics 

2.2.1 Climate change metrics 

Global warming potentials (GWPs) are used to compare the relative impact of different GHGs on 

climate forcing, by converting emissions into ‘CO2 equivalents’. GWP is the average time-integrated 

radiative forcing of a pulse emission over a defined time horizon, compared to CO2. For example, the 

GWP100 gives the average climate forcing impact over 100 years compared to that of CO2. The 100 

year time horizon is most common, giving a CO2 equivalent value of 28–36 for methane (depending 

on whether various indirect climate effects and eventual oxidation to CO2 are included) [43]. 

However, there is much criticism about the use of GWP [15], because: 

• the selected time horizon has a large impact on the value of the metric; 
• despite its name, it does not compare gases against their effect on global temperature, which 

has a non-linear relationship to radiative forcing;  
• it measures an average climate forcing effect over time but gives no indication of the climate 

impact at an endpoint in time. 
 

These criticisms have led to calls for the use of different time horizons (e.g. 20 years) and different 

metrics that are better aligned with climate targets, such as the global temperature change potential 
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(GTP) described in the IPPC AR5 [43]. GTP produces different equivalency values to GWP and is 

defined as the change in mean surface temperature after a specified time due to a pulse emission, 

relative to an equivalent pulse emission of CO2. The key differences to GWP are that it is an end-

point metric and it estimates the temperature change rather than radiative forcing [44]. This study 

uses GWP100 as a baseline metric to allow comparisons with other studies. Given the broad range of 

CO2 equivalences for GTP values over time, GTP is used dynamically to assess the climate benefits: 

for each year between zero and 100, emissions are multiplied by the CO2 equivalency values. To 

represent the large range of CO2 equivalencies across different metrics, one large and one small 

metric value were selected: a GWP20 value of 87 and a GTP100 value of 13 as a proxy to illustrate 

‘short term climate’ and ‘long term climate’ impacts, respectively. 

2.2.2 Air quality 

The following air quality metrics are used in the study, relating to key impacts associated with 

shipping: 

• NOX (gNOX/kWh) 
• SOX (gSOX/kWh) 
• Total particulates (gPM/kWh) 
• Photochemical ozone creation potential (POCP) (gC2H2eq./kWh) 

 

Whilst emissions of NOX, SOX and particulates are well-known and widely considered, POCP also 

represents an important indicator, especially with respect to emission of NOX and methane. These 

compounds react in the atmosphere with hydroxyl radicals to produce tropospheric ozone (O3), 

which at ground level damages human health, ecosystems and agricultural yields [45].  

2.2.3 Cost 

We present fuel costs that incorporate prices and engine efficiencies. Data were collected on the 

price of each fuel from the last 20 years, as documented in the Supplementary Information. LNG 

import prices to the US from Canada, Trinidad and Tobago as well as US and Netherlands LNG prices 

were included [46, 47]. Global average HFO and MDO prices were collected from various sources 

[36, 47-50], whereas methanol prices were collected from the US, Netherlands, China, Brazil, India 

and Turkey [51-53]. These costs do not consider additional logistical costs associated with bunkering, 

where insufficient data was found to incorporate. However, Ship & Bunker [54] estimate Canadian 

LNG bunker prices at approximately 220–300 USD/t in 2016 and 2017, which falls within the range of 

prices considered here. Commodity prices have been volatile; two metrics are developed to test 

price sensitivity. For each fuel, 5 and 10-year historical average prices are used alongside maximum 
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and minimum values, to estimate the relative cost-benefit associated with switching from HFO to 

alternatives. 

3. Results: GHGs, air quality and cost impacts 

The following sections detail the performance of LNG engines compared to HFO and MDO against 

GHG, air quality and cost metrics. In summary, LNG performs well for ‘long-term’ climate change 

(GTP100), particulates, SOX and fuel costs, but results are mixed for short-term climate change 

(GWP20) and NOX, and only under certain conditions are emissions reduced. Methanol performs 

relatively poorly for most climate metrics, is on par to LNG for air quality indicators but is much more 

expensive. Results are first presented and then compared against other literature, followed by an 

assessment of the maximum allowable methane emissions to ensure a climate benefit over HFO. 

3.1 Greenhouse gas emissions 

The LNG-fuelled HPDF 2-stroke and the LPDF 2-stroke engines reduce climate impacts across all 

metrics, but only when supply chain emissions are constrained. These engines have a higher 

efficiency (53.5% and 54.9% compared to ~45%), which enhances the lower carbon intensity of 

natural gas over liquid fuels. Higher efficiency also results in proportional reductions in supply chain 

emissions, as the engine requires less gas as an input. Additionally, and most importantly from a 

short-term perspective, methane slip is extremely low for the HPDF 2-stroke: 0.2% versus 2.5-3.1% 

for LBSI and LPDF 4-stroke). It must be emphasised here that the engines with the lowest estimated 

impacts are those where there are only manufacturer test-bed data available. 

Figure 3 shows GWP100 estimates for each fuel and engine, split by supply chain stage and gas. With 

methane having a CO2 equivalency of 36, the HPDF engine reduces emissions by 18% with a value of 

590 gCO2eq/kWh compared to 715 gCO2eq/kWh for HFO and 687 gCO2eq/kWh for MDO. The LPDF 2-

stroke reduces remissions by approximately 8%, whereas the other LNG-fuelled engines increase 

emissions by 7-9% (746 - 828 gCO2eq./kWh for LBSI and LPDF 4-stroke) due to their higher methane 

emissions. Supply chain emissions contribute 21-24% for the LNG engines and 14-16% for the 

conventional liquid fuels. 
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Figure 3. GWP100 emissions associated with each fuel type/engine case. Emissions are split into (top panel) 
supply-chain stage and (bottom panel) by gas and into upstream/downstream.  Liquid fuel supply chains were 
not disaggregated into supply-chain stages and so are shown with an aggregated gradient. Equivalent graphs 
using alternative climate metrics (GTP) are given in the Supplementary Information. 

While end-use emissions from methanol are 8%-12% lower than MDO and HFO, supply chain CO2 

emissions contribute significantly due to the energy intensity of methanol production. Upstream 

emissions contribute 36% of total climate impacts, giving methanol the highest total GWP100 of all 

options. Different methanol production routes (e.g. from biomass gasification or via catalytic 

hydrogenation of CO2) would reduce the supply chain emissions whereas biomethanol would 

produce biogenic combustion emissions which may be discounted. 

Using the GTP100 metric (with a lower methane CO2 equivalency of 13), all gas-fuelled engines 

perform more favourably than the liquid fuels. GHG savings average 12–26% compared to HFO 

(shown in Supplementary information). Evidently the value and type of climate metric has a 

significant impact on the inferred benefits of a fuel or technology shift from liquid to natural gas 
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fuels. Figure 4 shows the GTP over time horizons from 0 to 100 years for each engine and fuel, 

highlighting the possible range of results due to supply-chain. 

 

Figure 4. Dynamic GTP emissions across time horizons of 0 to 100 years for each engine and fuel.  The 
horizontal axis gives the year in which temperature impact is measured for a ship operating in 2020.  Panels 
show LNG-fuelled HPDF 2-stroke engine (green), LPDF 2-stroke (yellow), LPDF 4-stroke (orange), LBSI (blue) and 
methanol (purple) compared to HFO (black) and MDO (grey) diesel engines over time. Shaded areas represent 
low, central, and high case supply chain emissions. 
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The charts assume a ship operating in 2020 and give the impact on temperature felt across a range 

of future years.  For example, a ship fuelled by HFO and an LPDF 2-stroke engine would have a 

similar impact on global temperature experienced in 2050, but before that point the LPDF engine 

would cause more warming (due to short-term methane emissions), and after that point it would 

cause less warming (due to less CO2 emissions). The HPDF 2-stroke engine yields a reduction in 

temperature rise under all supply-chain conditions after 40 years. Under central and low supply 

chain methane emissions, relative benefits are achieved for all time frames for the HPDF, but 

methane emissions cause higher impacts for the LPDF 2-stroke. For the high supply chain emission 

case for the HPDF engine, the short-term impact of methane emissions is severe, resulting in 

increased temperature change relative to HFO and MDO. 

For LPDF 4-stroke and LBSI engines, high methane emissions at the point of use quickly reduce the 

carbon benefit associated with natural gas, where the inflection point for both engines at the central 

supply chain case is around 50 years (2070). For methanol, total emissions are never lower than HFO 

and MDO due to high supply chain CO2 emissions. Methane emissions are lower than for LNG but 

higher than other liquid routes, thus the short-term climate impact is substantially higher. 

3.1.1 Comparison with prospective low carbon fuels 

This study has focused on the currently available fuel options, but there are several prospective fuels 

that may deliver deeper decarbonisation, namely hydrogen and ammonia, or hydrocarbons 

produced from biogenic sources. Low carbon fuels such as hydrogen and ammonia exhibit no CO2 

emissions upon their combustion (or electrochemical conversion) but must be derived from low 

carbon supply chains to ensure their environmental effectiveness. Supply chain emissions can vary 

widely across feedstocks, technologies and regions [55]. To compare the results of this study with 

these future fuels, the literature was reviewed to assess current understanding of the life cycle 

environmental impacts. Results for greenhouse gas emissions are shown in Figure 5; results for air 

quality emissions and cost are not yet possible as these fuels are too nascent.  
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Figure 5. Central estimates of life cycle GHG emissions from LNG fuelled ships compared to literature estimates 
hydrogen and ammonia fuel. An engine efficiency of 45% was assumed for renewable hydrogen and ammonia 
combustion to compare results from Bicer et al. Data sources: [20, 22, 56, 57] 

These fuels may all be either combusted in an engine (or turbine) or used within a fuel cell. The 

hydrogen feedstock is an important differentiator, where hydrogen produced from natural gas 

would only give an improvement if carbon capture and storage were to be implemented. Even then, 

the GHG savings are estimated to be marginal with GHG emissions of 600 gCO2eq./kWh engine 

output. Hydrogen from renewable electrolysis exhibits GHG emissions of ~120 gCO2eq./kWh, 

representing a substantial decrease [20, 57]. Estimates of ammonia derived from renewable 

electrolysis (plus Haber Bosch conversion) are ~300 gCO2eq./kWh which is also an improvement [57]. 

Liquid biogas (LBG) and biomethanol figures were taken from Brynolf et al. [22] for a study based on 

willow for the case of LBG, and willow or forest residues for biomethanol. The biogenic sources of 

carbon result in the discounting of the CO2 released on combustion, meaning substantially reduced 

total emissions compared to LNG and liquid fossil fuels. Whilst biomethanol has a high energy 

intensity of production, the overall impact is substantially reduced, particularly when produced from 

waste residues. LBG is impacted by potential methane slip (where 4% is assumed in this study) which 

results in higher climate impact than biomethanol. 

These preliminary estimates are unlikely to reflect the variation in emissions associated with 

different fuel supply chains in different regions (e.g. utilising different equipment and with differing 

weather conditions). Thus, further work is required to develop realistic bounds and optimal supply 
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chains to minimise emissions from low carbon fuels. Additionally, onboard energy conversion 

systems for low carbon fuels are largely untested in commercial applications, so efficiencies and 

emissions may vary substantially. Even so, these estimates suggest that renewable ammonia and 

hydrogen fuels may reduce ship GHG emissions compared to HFO by 60% and 80%, respectively.  

3.2 Air quality 

Air quality impacts from each fuel and engine are illustrated in Figure 6. HFO exhibits the highest 

emissions in three out of four impact categories, while the LNG fuelled engines exhibit the lowest 

apart from the HPDF engine. SOX emissions are largely eliminated with gas fuel and particulate 

emissions are reduced by 82–89% for all LNG engines compared to HFO. NOX emissions are reduced 

by 83–93% for LPDF and LBSI engines compared to HFO, but the HPDF engine results in an increase 

of 14%. LNG fuelled engines reduce POCP emissions by 21% - 44% compared to HFO, except for the 

HPDF engine which exhibits similar emissions. The contributors to the POCP are methane and NOX 

emissions: whilst methane emissions are reduced with the HPDF engine, the increase in NOX 

emissions eliminates the benefit.  

 

Figure 6. Air quality impacts associated with each fuel and engine type. Impacts are expressed as a percentage 
of the average emissions for the HFO option, with the data labels showing the absolute values in units specified 
in each column.  
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3.3 Cost 

LNG engines exhibit lower fuel costs per kWh of power output, given the fuel prices seen thus far 

this century. Figure 7 shows the fuel costs over the last 17 years, based on the engine efficiencies 

assumed in this study. All LNG engines have offered 20–80% lower fuel costs over this time. In 

comparison, MDO is 10–70% higher cost compared to HFO, whereas methanol is 10–140% higher.  

  

Figure 7. Historical average fuel costs for each fuel and engine type, given average efficiencies as outlined in 
the methodology and average fuel costs from various regions including the US, Netherlands, Canada, and India. 
Estimates are given in absolute terms (left) as well as relative to an HFO baseline (right).  Numbers to the right 
of each plot show the mean and standard deviation over the last five years for each fuel, with the average of all 
engines used for LNG. 

Whilst the price of all fuels has varied by a factor of 3 across this timeframe, LNG is consistently 

lowest cost. However, this is offset by substantially higher capital costs for LNG engines and ancillary 

equipment. Capital costs vary widely depending on ship type and size, as well as market conditions, 

but may be 5–40% higher than diesel engines [58-60]. Tank costs also impact capital costs, 

potentially three times the cost of heavy fuel oil tanks given the larger size and greater challenge 

associated with containing LNG safely [59, 61]. The displaced cargo space associated with LNG tanks 

may also have cost implications for operators, though these are not well represented in literature. 

These premium costs are typically paid back via low operating costs within 3-12 years [62-65]. 

3.4 Overall performance assessment 

No single fuel/engine option represents the best performance across all impact categories 

considered. Table 3 gives an overall assessment of each option across the key environmental and 

cost indicators. Indicators are compared and allocated to 3 qualitative categories (from best to 
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worst) to give a broad overview of performance. The LNG-fuelled HPDF engine performs the best 

across short-term and long-term climate categories, cost, SOX and particulates. However, unabated 

NOX emissions may be an issue and must be addressed. The other LNG fuelled engines perform 

favourably for all cost and air quality categories, but poorly for short-term climate impact due to 

high methane emissions. Methanol from natural gas performs well for air quality but poorly for both 

short and long-term climate impacts and is worst for cost. 

Table 3. Qualitative assessment of key environmental and cost characteristics for each fuel and engine type.✓ = 
best, ✓ = good, - = average,  = worst. 

 

LNG: Metha-
nol 

MDO HFO 

LPDF 
4-

stroke 

LBSI HPDF 
2-

stroke 

LPDF 
2-

stroke 

GWP100   ✓ -    

Climate long term (GTP100) - - ✓ ✓    

Climate short term (GWP20)   ✓ - - - - 
Ozone creation ✓ ✓  ✓  -  

NOX - ✓  ✓ -   

SOX ✓ ✓ ✓ ✓ ✓ -  

Particulates ✓ ✓ ✓ ✓ ✓ -  

Cost ✓ ✓ ✓ ✓   - 
 

3.5 Comparison of results with the literature 

Figure 8 compares the GHG results of this study with other estimates from the literature, split into 

upstream and end-use emissions. Estimates are between 577 and 738 gCO2eq./kWh power output. In 

comparison, this study estimates higher emissions, 598–817 gCO2eq./kWh across engine types (524–

991 gCO2eq./kWh total range including low and high scenarios), owing to increased supply chain 

contribution and other factors, as follows.  
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Figure 8. Comparison of the GWP100 emissions from LNG engines with literature estimates, divided by 
upstream supply chain and ship emissions. Literature values were transformed using an average 45% efficiency 
where needed. Data sources: [13, 19, 20, 39, 66] 

Upstream supply-chain emissions differ the most across the studies, particularly the methane 

component. The variation in methane emissions across literature reflects a genuine variability of 

emissions across different supply chains and regions [14, 27, 67]. However, the lowest estimates of 

supply chain emissions are around 60 gCO2eq./kWh, which is extremely low considering the potential 

contribution from liquefaction alone is estimated to be 80–100 gCO2eq./kWh. Methane slip from the 

engine also contributes to the differences, particularly compared to the NGVA study [19]. Whilst 

estimates of emissions from the HPDF engine are similar (589 cf. 598 gCO2eq./kWh), our updated 

methane figures from the LPDF 4-stroke engines differ significantly (662 vs 787 gCO2eq./kWh).  

3.6 Maximum allowable methane emissions 

Given the critical importance of methane slip and upstream methane emissions, this section 

assesses the maximum allowable methane emissions to ensure a climate benefit across different 

timescales compared to HFO. Figure 9 shows the impact of different total supply chain methane 

emissions with varying CO2 equivalence. The figure indicates that if methane emissions are kept 

below 0.8–1.6%, a climate benefit is achieved over all CO2 equivalences and timescales compared to 

HFO (labelled as points a–b in Figure 9). To ensure a climate benefit is achieved over 100 years for all 

engines and scenarios, methane emissions must be below 1.5–4.9% (labelled c–d) and for 20 years 

the figure is 0.9–2.2% (labelled e–f). Some supply chains and engine types already exhibit these 

emission rates below 0.8–1.6%, but emissions could be reduced further, as explored in the next 

section. 

0

100

200

300

400

500

600

700

800

H
ig

h

Lo
w

LN
G

 Q
at

ar

LN
G

 N
L

LP
D

F 
4-

st
ro

ke

H
PD

F 
2-

st
ro

ke

LN
G

 N
or

th
 S

ea

LN
G

 Q
at

ar

LN
G

O
th

er
 s

tu
di

es

Th
is

 s
tu

dy

LB
SI

LP
D

F 
4-

st
ro

ke

LP
D

F 
2-

st
ro

ke

H
PD

F 
2-

st
ro

ke

Lowell Verbeek NGVA Bengtsson Gilbert Averages Balcombe 2018

G
re

en
ho

us
e 

ga
s 

em
is

si
on

s
(g

CO
2e

q.
/k

W
h)

Upstream Ship

How can LNG-fuelled ships meet decarbonisation targets? An environmental and economic analysis



Page 19 of 31 
 

 

Figure 9. Maximum allowable methane emissions to ensure climate parity with HFO over time, for different 
CO2 equivalences (GWP values). The green area represents conditions where LNG is favourable to HFO, the red 
area is when HFO is favourable and the amber area depends on other aspects such as engine efficiency and 
supply chain emissions. Methane emissions included are across the whole supply chain including end-use and 
are expressed as a percentage of total gas consumed. 

4. Discussion 

Given the recent IMO target for at least 50% GHG reduction by 2050, substantial reductions are 

required from fuel change, demand reduction and efficiency increase [2]. Note that the IMO target is 

a total climate emission reduction of 50% which means that the emissions reductions per kWh or per 

ship must be greater given the projected increase in shipping demand. For LNG, there is potential to 

reduce GHG emissions, but this is clearly limited by its carbon content. Figure 10 shows the change 

in total GHG emissions achieved from switching from HFO to other fuels. Two of the four LNG 

engines give reductions of 8% and 18%, with the HPDF engine offering up to 28% reduction in GHG 

emissions and the LPDF 2-stroke offering up to 18% (on a GWP100 basis). However, across the range 

of supply chain and slip emissions for each scenario there is also a risk of LNG engines producing 

higher emissions than HFO. Consequently, it is vital that LNG supply chains and engines meet the 

highest standards included within this study. 
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Figure 10. The emissions reduction potential for each fuel and engine type relative to the HFO baseline. The 
error bars represent the minimum and maximum values from the scenarios considered in this study. 

There are several options to further reduce emissions beyond those estimated in this study and to 

meet 50% GHG reduction targets. The requirements for LNG ships to meet a 50% emissions 

reduction is quantified in Figure 11 via the combined target for methane emissions and ship 

efficiency improvements. Efficiency increases or fuel savings must be at least 33% to enable LNG 

ships to meet 50% reduction targets, even with zero methane emissions. With a realistic level of 

total methane emissions, for example 2% (the International Energy Agency global average [1] plus 

the low emitting HPDF engine), a ~40% energy efficiency increase would be required to meet a 50% 

GHG reduction target.  
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Figure 11. Maximum allowable methane emissions and operational efficiency increase/ fuel savings required 
for LNG to meet a 50% GHG emission reduction compared to HFO. The central value represents the HPDF 
engine with a central CO2 emission scenario, the shaded area represents the lowest and highest across all 
engines and supply chain scenarios.  

Options for further reducing GHG emissions and increasing efficiencies are explored in the following 

sections, relating to reducing methane emissions, increasing efficiency, and incorporating 

biomethane. 

4.1 Reducing methane and supply chain emissions 

Methane emissions can never be eliminated from the upstream supply chain, but significant 

reductions are possible. Best practice supply chains could achieve emissions of 0.2–0.5% of delivered 

gas [14]. It is imperative that the effect of super-emitters, a small number of high-emitting 

equipment or facilities, is minimised. The effective implementation of frequent leak detection and 

remediation (LDAR) can ensure super-emitters are identified and remediated quickly. The Oil and 

Gas Climate Initiative (a member organisation of 13 of the largest oil and gas companies) recently 

committed to reducing their supply chain emissions to 0.2% [68], although this does not include the 

full supply chain. However, there is still a lack of data to quantify emissions at key supply chain 

stages, particularly for LNG transport. It is vital that further measurements are taken from a 

representative sample from the current fleet to quantify methane emissions from LNG carriers. 

Regarding ship operation, the low-methane HPDF 2-stroke engine must be validated with 

operational emission measurements to prove that emissions of <0.2% can be achieved. For the other 
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engines, methane reduction must be a top priority and progress is expected on reducing methane 

slip if given a suitable regulatory push. Methane emissions could be reduced from higher-emission 

ships via operational control, engine design or after-treatment. Improved process control, variable 

valve timing and improved gas metering are operational measures are being implemented by 

industry, as shown by improved methane slip rates since 2010 [11]. Engine design has also improved 

to reduce dead space where methane would remain uncombusted. Low engine loads are likely to 

cause higher emissions and consequently the implementation of cylinder deactivation at low load 

could reduce total emissions [69]. Lower temperatures cause incomplete combustion and methane 

slip, which arises from a leaner air-fuel mixture or at low load operation. Consequently, operational 

control is vital in minimising methane slip. The Sintef report suggests that LPDF 4-stroke engines 

emissions could be reduced to 1.7%-2.4% [11], but this is not enough to compete with other existing 

engine types.  

Combining low supply chain emissions with the lowest engine emissions, this study shows that total 

emissions could be constrained to less than 0.5%. As the importance of methane emissions increases 

with ever-strengthening climate targets, industry may drive even greater reductions. If so, LNG-

fuelled ships could deliver emissions reductions beyond 30% compared to HFO. Similarly, CO2 

emissions may be reduced further in the supply chain, particularly the liquefaction process. 

Liquefaction is an energy intensive process where the fuel is typically a proportion of the gas itself. 

This results in CO2 emissions from combustion, but these emissions are exacerbated per unit of 

energy delivered as ~10% of delivered gas is consumed as fuel in liquefaction. If fuel were derived 

from an alternative lower carbon source, this emission could be constrained. 

4.2 Increasing engine and ship efficiency 

A second route to further decarbonisation is to reduce fuel usage from increased energy efficiency. 

Efficiency gains could be made from the engine and power plant, or from broader ship design or 

operational improvements. The impact of increased efficiency is two-fold: reducing direct CO2 

emissions via burning less fuel, but also reducing the embodied supply chain emissions. 

Several engine efficiency improvements have potential in the near future, including exhaust gas 

recirculation, variable valve timing, improved turbocharging and combustion chamber design [11].  

Some of these measures are already operational. Sintef suggest that engine efficiency could increase 

to greater than 50% from 45–48% with current low-pressure engines [11]. However, newer 2-stroke 

gas engines already exhibit efficiencies of 53-55% LHV.  
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There are also several options for improving ship efficiency based on waste heat recovery, slow 

steaming, hull design and renewables. Typically half of the fuel’s chemical energy is lost as waste 

heat, and can be converted into mechanical or electrical energy with Waste Heat Recovery Systems 

(WHRS) [70-72].  Several commercial systems are available, but these are generally high cost and 

complex to retrofit [71, 73], offering fuel savings in the range of 4–16% [70, 71, 74]. Slow steaming is 

an operational decision that requires no vessel alterations but means more vessels or journeys are 

required to transport the same volume of cargo. Reducing vessel speed lowers drag and a 10% speed 

reduction can enable a 15–20% fuel saving [75, 76]. Increased transport times is a result, but there is 

a cost trade-off between fuel and other operational costs. Slow steaming is estimated to have 

reduced international shipping emissions by 10–30% over the last decade [3, 77]. Various paints, hull 

coatings and air lubrication can minimise skin friction and inhibit organism attachment, including 

biocides (which are generally the cheapest option) and non-stick coatings (which are more 

ecologically benign) [78, 79]. Modern coatings are expected to reduce fuel consumption by 5–15%[80, 81]. 

Newbuild ships can be improved further by optimising ship design, with lighter materials, slender 

hulls and bulbous bows; each believed to save around 10% of fuel consumption[80-82].  

Onboard renewables are another option. Several companies are trialling sails and kites to harness 

wind power [83], which can reduce fuel consumption by up to 25% on smaller ships (up to 10,000 

tonnes) [84, 85]. Wind assistance is more beneficial at lower speeds, thus combining with slow 

steaming would compound efficiency gains. Solar panels are also being demonstrated in several 

vessels, primarily for auxiliary power requirements, offering up to 10% fuel savings [86, 87]. Hybrid 

solar sails can provide more of the ship’s energy needs whilst preserving limited deck space [80, 83]. 

Individual efficiency measures can save in the region of 10% of fuel consumption, so several 

measures must be combined with natural gas engines to comply with the IMO’s 50% 

decarbonisation target. For example, natural gas engines (up to 28% carbon savings) could be 

combined with slow steaming (10–20%) and wind assistance (15–20%) to meet a 50% reduction in 

CO2 emissions [2].  

4.3 Blending or replacing with biomethane 

As suggested in the Section 3.1, the replacement of natural gas with biomethane, or liquid biogas, 

could substantially reduce GHG emissions [88, 89] and could be produced from waste residues or 

dedicated energy crops. Biomethane is methane produced from biogenic material, for example 

anaerobic digestion of wet organic matter. As the carbon atoms within biomethane are biogenic, the 

resultant CO2 emissions from its combustion is often discounted due to the carbon cycle in plant 
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growth. GHG emissions may be ~40% of those from LNG due to discounted biogenic carbon 

emissions, but are dependent on the feedstock source and production process [2]. It is important to 

acknowledge that biofuel supply chain emissions are not negligible and methane emissions may be 

high, both from end-use as well as over the supply chain [90]. 

Biomethane has the potential to further reduce GHG emissions while complying with air quality 

regulations too, but there may be resource and cost constraints going forward. Currently, global 

biogas production is around 1.2 EJ/year [91], whereas fuel consumption from shipping is 

approximately 13 EJ/yr [3]. Haberl et al. [92] suggest that by 2050, a technical resource potential of 

49 EJ/year could be achieved from crop residues, and 39 EJ/year from manure residues [92]. 

However, these projections do not consider policy or economic constraints, which would reduce 

these values significantly. Modelling business as usual and decarbonisation pathways with the MUSE 

integrated assessment model [93] suggests much lower potential for biogas.  Production from 

agricultural, animal, and industrial wastes, as well as energy crops is modelled to reach 1.9-3.2 

EJ/year in 2030 and 4.8-15.4 EJ/year in 2050.  A description of the model, scenarios and main results 

can be found in the Supplementary Information. 

Even if biofuel production were to achieve larger scales, it may be that other uses of biofuels would 

be prioritised over shipping: the dependence of decarbonisation pathways on the successful 

implementation of negative emissions technologies for example. Bioenergy with carbon capture and 

storage (BECCS) may be essential for achieving net-zero emissions, leaving little scope for use as a 

shipping fuel. In summary, bio-LNG offers a compatible mix with – or replacement to – LNG and may 

offer reduced net emissions, but availability is likely to be a barrier to a larger-scale contribution to 

shipping.  

In summary, access to a responsibly managed renewable fuel infrastructure is necessary to meet 

climate targets, although this will require varying levels of infrastructural (and technology) 

development and investment. Additionally, the cost of fuel is an uncertainty and may be higher than 

conventional higher-emitting fuels. The use of biofuels may negate the need for substantial 

infrastructural development, but there are resource constraints that limit their potential use in the 

marine sector. 

LNG fuel combined with additional efficiency measures on the other hand will require capital 

investment onboard but is likely to represent a lower cost option. Efficiency measures typically do 

not require infrastructural reform and so can be carried out on a ship-by-ship basis. This may 

represent lower cost and logistical/policy challenge, but with the risk of lower improvements in GHG 
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emissions, or even a risk of worsening impacts compared to today should the gas supply chain 

emissions be unconstrained.  

Moving forward, dependence on unabated fossil fuels must be diminished to meet net-zero global 

emissions rates in the second half of this century. But in the meantime, LNG-fuelled ships with 

additional efficiency improvements represent an option for emissions reductions at low cost and 

without substantial infrastructural investment. 

5. Conclusions  

This study has conducted an environmental and cost assessment of four LNG marine engines and 

compared them to incumbent fossil fuels and methanol. As with most comparative life cycle 

assessment (LCA) studies, no option presents the lowest environmental and cost impacts across all 

categories, but HPDF engines perform best in 7 of the 9 categories. The LNG-fuelled HPDF engine 

exhibits lowest climate impacts, costs, and air quality impacts, apart from higher NOX emissions. It 

gives GHG reductions of up to 28% compared to HFO on a GWP100 basis, whilst the LPDF 2-stroke 

gives reductions of up to 18%. The higher efficiencies of these two engines compared to other 

engines markedly lowers both engine and supply chain emissions. This compound effect 

demonstrates that higher-efficiency gas engines could make a large contribution to greenhouse gas 

reductions. By using the GTP100 metric with a lower methane CO2 equivalency than GWP100, all 

gas-fuelled engines perform favourably to the liquid fuels, with GHG savings of 12–26% on average 

compared to HFO. On the other hand, using the GWP20 metric with a high equivalency results in 

only the HPDF engine being favourable over liquid fuels. However, it must be acknowledged that 

emissions rates for the HPDF and LPDF 2-stroke engines are yet to be proven and should be the 

focus of further work. Natural gas supply chain emissions of both CO2 and methane must be proven 

to be low, to ensure that natural gas can outperform other fossil fuels for marine transport. 

Methanol from natural gas performs relatively poorly on climate impacts due to the carbon intensity 

of the supply chain. However, the CO2 emissions from the end-use are slightly lower than HFO and 

MDO.  

LNG-fuelled ships exhibit reduced environmental impacts for the most air quality metrics. However, 

currently LBSI and LPDF 4-stroke engines emit too much methane (2.5% and 3.1% w/w respectively) 

to ensure that LNG provides a climate benefit compared to other fuels. This study estimates the 

maximum allowable emissions from the supply chain and use to ensure a climate benefit over liquid 

fuels. Total methane emissions must be reduced to 0.8% - 1.6% to ensure climate benefit is realised 
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across all timescales compared to liquid fuels. To achieve such low emissions, methane slip must be 

reduced to levels assumed for HPDF engines. Additionally, supply chains must ensure that the 

distribution of emissions is constrained, and the impact of potential super-emitters is minimised by 

timely and effective detection and remediation techniques. 

LNG engines are unable to meet the industry’s 50% GHG emissions reduction target without further 

improvement. Improvements may come from reduced methane emissions, increased engine, and 

broader ship efficiencies, as well as a potential shift to low-carbon fuels. Total methane emissions 

could be constrained to less than 0.5%, engine efficiencies could be moderately improved and there 

is substantial potential for ship efficiency measures relating to waste heat recovery, slow steaming, 

and hull design. With a methane emission rate of 0.5%, 35% efficiency savings would be needed to 

meet a 50% emissions reduction. Combined, these measures would serve to meet intermediate 

climate targets, with bio-LNG, hydrogen and ammonia offering future routes to deeper 

decarbonisation.  

It must be acknowledged that there are very few high-quality and transparent measurements of 

methane emissions from LNG engines and LNG transport, and this must be urgently addressed. If 

natural gas is to play a significant role in the shipping sector, methane emissions must be 

acknowledged, understood, and systematically reduced via technological innovation and effective 

operation and maintenance practices. 
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