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ABSTRACT 

This paper was to answer a fundamental question on whether LNG truly contribute to reducing 

environmental impacts from shipping activities. Given this, it was intent to determine the 

holistic association between LNG and environmental impacts. An enhanced method, known as 

the parametric trend lifecycle assessment, was introduced. To obtain a general observation, the 

analysis was coupled with the extensive dataset of over 7,000 ships consisting of bulk carriers, 

container ships, LNG carriers and Ro-Ro ships under various scenarios. Results demystified 

the environmental strengths and limitations of LNG engines that fell into three representative 

types: low-speed high-pressure dual-fuel engines, low-speed low-pressure dual-fuel engines, 

and medium-speed low-pressure dual-fuel engines. The first engine type was confirmed 

effective compared to diesel fuel, whereas the other two types required further optimization. 
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Research findings also revealed that the operational phase generally contributed twice the 

global warming effect and about ten times more local pollutants than the production phase. A 

substantial contribution to the industry could be made by the environmental indicators 

developed in this paper. They are highly expected to help stakeholders to break through the 

discrepancy problem raised in previous studies that were so different from case to case that the 

scope, boundary of analysis, data, and assumptions they used were far away from contributing 

to standardization. In addition, the proposed approaches taken to develop those indicators are 

also strongly believed to offer a meaningful insight into future regulatory and decision-making 

frameworks. 

Keywords: environmental impact, liquefied natural gas, duel fuel engines, life cycle assessment, 

parametric trend life cycle assessment, cleaner shipping, marine fuels 
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ABBREVIATIONS and TERMS 

AP                                      Acidification Potential 

CO2 Equivalence.      Expression of the GWP in terms of CO2 for the following three components  

                                           CO2, CH4, N2O, based on IPCC weighting factors 

DWT                                  Dead Weight Tonnage 

EGR                                   Exhaust Gas Recirculation 

EP                                       Eutrophication Potential 

GHG                                   Greenhouse Gases 

GTL                                    Gas-To-Liquid 

GWP                                   Global Warming Potential 

HCl                                     Hydrogen Chloride 

HFO                                    Heavy Fuel Oil 

IMO                                    International Maritime Organization 

LBSI Engines                      Lean Burn Spark-ignited Engines 

LCA                                     Life Cycle Assessment 

LNG                                    Liquefied Natural Gas 

LSD Engines                       Low-speed Diesel Cycle Engines 

LS-HPDF Engines              Low-speed High-pressure Dual-fuel Engines  

LS-LPDF Engines               Low-speed Low-pressure Dual-fuel Engines 

MS-LPDF Engines              Medium-speed Low-pressure Dual-fuel Engines 

MARPOL                            International Convention for the Prevention of Pollution from Ships 

MEPC                                  Marine Environment Protection Committee 

MGO                                    Marine Gas Oil  

NG                                       Natural Gas 

NOx                                      Nitrogen Oxides 

PT-LCA      Parametric Trend LCA 

PM                                        Particulate Matters 

PO4 Equivalence.      Expression of the EP in terms of PO4 for the following three components  

                                             NO3, NH3, PO4 based on IPCC weighting factors 

Ro-Ro vessel                        Roll-on/roll-off vessel designed to carry wheeled cargo 
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SCR System                         Selective Catalytic Reduction System 

SFC                                       Specific Fuel Consumptions 

SNG                                      Synthetic Natural Gas 

SO2 Equivalence.       Expression of the AP in terms of SO2 for the following three components  

                                              SO2, NH3 based on IPCC weighting factors 

SOx                                        Sulphur Oxides 

TTW                                      Tank-To-Wake 

WTT                                      Well-To-Tank 

WTW                                     Well-To-Wake 
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1. Introduction 

1.1. Overview 

Air pollutions from shipping activities, which account for more than 80% of world trade, has 

been considered a significant threat to global sustainability [1]. Although shipping industry are 

attributed to approximately 2.5%-3.5% of global CO2 emissions, the level of greenhouse gases 

(GHG) is anticipated to increase from 50% to 250% by 2050 [2]. In response, the Marine 

Environment Protection Committee (MEPC) has established an ambitious goal by adopting a 

new resolution to curtail GHG emission by at least 50% by 2050 compared to 2008 [3]. Since 

the emissions of sulphur oxides (SOx) and nitrogen oxides (NOx) from ship exhaust gas also 

have an adverse effect on the marine environment, the International Maritime Organization 

(IMO) has implemented a series of strict regulations limiting those local emissions through the 

International Convention for the Prevention of Pollution from Ships (MARPOL) Annex VI [4]. 

To achieve this 2050 target as well as to comply with these stringent regulations, several viable 

options, such as using abatement technologies or alternative marine fuels, have been introduced 

to the marine industry over the last two decades. 

1.2. The growth of LNG & LNG fueled engine market 

Liquefied natural gas (LNG) has been recognised as one of the most credible candidates as a 

bridge fuel to achieve this goal. It is because LNG has several advantages due to its relatively 

low energy price, high accessibility [5], and lower sulphur content along with high technical 

maturity [6]. Thus, the LNG market has continued to grow and expand rapidly, with major 

exports from Qatar, Australia, the United States, and the Russian Federation, driven by 

enormous global demand centered on Asia as shown in Figure 1(a), (b) [7]. With a surge in the 
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LNG market, the number of LNG carriers has considerably increased in short-haul maritime 

transport [8].  

 

Figure 1: LNG supply and demand from 2015 to 2022 (forecast) (a), (b) [7] & Cumulative 

LNG-fueled ships built or on order as of mid-2018 (c) [9]. 

In addition to LNG carriers, other vessel types that use LNG as marine fuel, such as bulk 

carriers, container vessels, oil tankers, and car carriers, have also started to increase at the 

initiative of Norway as shown in Figure 1(c) [10]. It shows a 17% increase in the number of 

LNG-fueled ships in-service and 36% increase in the number of those ships on-order in 2018 

compared to 2017. This trend has continued over the last decade, as a result, the total number 

of LNG fueled vessels has reached to about 350 ships including LNG carriers [9]. 

1.3. Research gap 

With a strong popularity of LNG in the shipping industry, there have been voluminous 

environmental research in this field. Over the past decades, the energy industries have started 
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to adopt life cycle assessment (LCA) for estimating the holistic environmental impact of LNG 

using as a major national energy source [11]. Similarly, Okamura, Furukawa [12] conducted 

LCA to predict future LNG outlook, and Jaramillo, Griffin [13] compared LNG with other 

alternative fuels which are coal, and Synthetic natural gas (SNG) for electricity generation. The 

automotive industries have also interested in using LCA as automotive fuel [14]. Given this 

trend, the LCA has gradually obtained its reputation of being a useful tool to assess the 

environmental potential of natural gas holistically [15]. Prior to the 2010s, most studies reached 

similar conclusions, highlighting the potential benefits of using LNG as marine fuel in terms 

of environmental protection. 

Since early 2010s, the first LCA research on marine LNG fuel has been conducted as a 

comparative analysis on different marine fuels: heavy fuel oil (HFO), LNG, marine gas oil 

(MGO), and gas-to-liquid (GTL) [16]. It revealed that LNG could reduce both acidification 

potential (AP) and eutrophication potential (EP) by 78~90%, compared to HFO. 

Later on, some other studies were followed in a similar range of studies; LNG was compared 

to other credible alternative fuels such as liquefied biogas, methanol and bio-methanol [17], 

biomass-to-liquid fuel and rape-seed methyl ester for short sea shipping [18] and methanol as 

an alternative ocean shipping fuel [19]. Those studies have also drawn similar conclusions in 

favor of using LNG as a marine fuel. 

In the meantime, since late 2010s when the negative impact of methane was seen as a major 

contributor to global warming potential (GWP), the effect of accidental methane release from 

LNG processes [20] and onboard gas engines [9] has drawn more serious attention than ever 

before. This technical issue known as ‘methane slip’ occurs mainly when the unburnt fuel is 

released to the atmosphere due to incomplete combustion in Otto cycle engines, resulting in a 
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greenhouse effect that is about over 25 times greater than CO2 [21]. Thus, it has been thought 

that using LNG as a marine fuel may possibly be more harmful than helpful in the environment; 

this finding is contrary to what was promised with LNG in the past studies in early 2010s. 

Hence, the maritime LCA research in the late 2010s have a common view that the international 

maritime strategies of adopting LNG as a source of cleaner marine fuels may be somewhat 

misled. In fact, several research have shown that LNG may not be the key alternative energy 

source. For example, Pavlenko, Comer [9] evaluated 20- & 100-year GWP time frame for LNG 

engines and concluded that LNG cannot satisfy with IMO’s GHG strategy. Similarly, Sharafian, 

Blomerus [10] showed the result that MS-LPDF engines and lean burn spark-ignited (LBSI) 

engines cannot curtail GHG emissions.  

However, it is noted that despite several past LCA studies, none of them was able to offer 

practical insight into the underlying debate about whether LNG is ultimately a clean energy 

source for marine applications. It is because those studies, as shown in Table 1, were due 

largely conducted under case-by-case scenarios. Their results were technically correct under 

the corresponding conditions that they set, but they could not offer adequate suggestion for 

other cases in different research scopes, scenarios, regional characteristics, lifecycle models, 

assumptions, etc. In other words, those past research have been overly laden with the scenario-

oriented analyses where some specific vessels were selected as ‘case ships’, and the flows of 

energy and emissions associated with shipping activities of those ships were tracked and 

evaluated. Those models were undoubtedly detailed for the given vessels but irrelevant to other 

ships. 

The deep-seated limitations of the past research were a by-product of the conventional LCA 

procedures that was designed for case-specific analysis. As a result, it was inevitable to predict 
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the overall trend on the basis of a few samples. Indeed, such an attempt was as absurd as 

predicting the behavior of tens of thousands of vessels from LCA results obtained on one or 

two vessels; it was even not known whether they were representative samples or merely 

arbitrary ones. It should be noted that the misuse of the outcomes of the past research may 

provide a false sense of confidence when inferring the performance of the whole fleets. Some 

recent studies have started recognizing the problem and working on developing multiple 

scenarios to derive more general observation. For example, El‐Houjeiri, Monfort [4] conducted 

LCA considering LNG produced in various different regions such as Qatar, Australia, and U.S. 

Gulf Coast. Pavlenko, Comer [9] organized numerous case studies based in Qatar, U.S., Algeria, 

China, and Australia. In addition, Sharafian, Blomerus [10] compared domestic and imported 

LNG in various scenarios. There were also some comparisons among LNG propulsion systems 

which are ultra-steam turbine, four-stroke medium speed engine, and two-stroke low-speed 

engine systems onboard in terms of economic, environmental and technical performance of 

these systems [22]. Nevertheless, those efforts are still far from providing us with generally 

applicable insights into the emission trends of all marine ships. 

 

1.4. Contribution of this paper 

The lack of consistency and extensivity in previous studies has hindered from reaching a 

meaningful answer to the recurring question on whether using LNG as a marine fuel would 

ultimately be beneficial in any given situation. Since the use of LNG is so popular with the 

global 2050 target, these shortfalls may turn out potentially disastrous as they can possibly 

misconfigure global or local energy plans. In this context, this paper was proposed with strong 

motivation to demystify the LNG performance; if LNG is more harmful than helpful, it must 
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be noted that we are presently using our resources to worsen the environment rather than 

conserve it.  

In order to answering the research question while narrowing the research gaps, this paper was 

proposed to achieve the following objectives such as: 

• To establish an enhanced environmental assessment method to overcome the 

limitations of conventional LCA practices.  

• To apply the proposed method to an extensive number of marine vessels presently 

engaged in international voyages. 

• To obtain the general observations from the case studies and determine the 

environmental benefits or harms of marine LNG with confidence. 

• To provide environmental indicators in a most accessible format to predict the lifecycle 

emissions from using LNG as marine fuel.  

• To offer strong recommendations for future regulatory frameworks and policies. 

Key lessons from the past research convince that there is a great reason to propose a 

differentiated extraordinary LCA process which can help us to properly understand and 

quantify the environmental benefits and harms posed on LNG fuel for the entire fleets. 

Therefore, to develop environmental indicators that can help us to predict the effectiveness of 

LNG as a marine fuel with high confidence.  

The proposed approach is organized in a way that overcomes the limitations posed by the past 

research: the overreliance on a single outcome when predicting the entire fleets. The underlying 

strategy is to predict the vessels’ performance not by any single ship but by marine fleets around 

the world under dissimilar conditions such as age, power, gross tonnage, etc. 
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In that sense, research based on general observation covering whole fleets should be possible. 

To reach this point of view, a large database related to the whole fleet rather than a few case 

ships, as well as a wide range of previous LCA results with extensive scopes and research 

backgrounds are required. Once these databases are collected, a modified LCA calculator 

which can simultaneously perform thousands of LCAs should be developed. With this 

enhanced application, numerous diverse environmental impact results could be encapsulated 

behind simple formulas namely indicators which promptly enable to generally observe 

environmental performance of a ship from a broader perspective. 

Analysis results will be consolidated into environmental indicators in a form of simple 

equations. The proposed indicators will certainly be useful for estimating the holistic 

environmental performance of LNG for global shipping, as well as being easily accessible to 

the public who are not knowledgeable about LCA but interested in the benefits and harms of 

using LNG as marine fuel. Thereby, the research will contribute to directing future policies and 

regulatory frameworks to the right direction by providing practical insights and guidance to 

help stakeholders and policy makers better informed of LNG fueled ships. 

To achieve this goal, section 2 (Method applied) introduces the applied LCA method and 

describes the step-by-step process. Section 3 (Case studies) shows the results of various 

comparisons across different types of ships and engines under various conditions. By means of 

interpretation of findings, research novelty and original contribution to the industry will be 

highlighted in section 4 (Discussion). Lastly, the key findings will be summarized in section 5 

(Conclusions).  
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2. Method applied 

This paper adopts Parametric Trend LCA (PT-LCA) which was initially proposed by Jang, 

Jeong [23] in an effort to overcome the limitations of the conventional LCA process [24].  

Unlike the typical LCA approach specialized for individual cases, the PT-LCA is more engaged 

with descriptive statistical concepts to interpret the behaviors of the whole fleet.  

Figure 2 illustrates how the PT-LCA has been applied to predict the lifecycle environmental 

impacts associated with thousands of vessels, assuming the use of LNG as marine fuel. (As the 

organizational and functional difference from the existing LCA approach was discussed in Jang, 

Jeong [23], this paper was proposed to focus on its application to the maritime LNG issue.) 

The PT-LCA is organized with three key steps: 1) goal and scope, 2) modeling, and 3) results. 

The first step is proposed to establish the strategy, the overall research aim, data usage and the 

boundary of analysis scope. In the second step, the collected data is fed into the PT-LCA 

platform where LCA models are formulated to estimate various emission types and the 

equivalence of environmental potentials such as GWP, AP and EP at individual level. In the 

third step, the entire environmental potentials for the whole fleets are combined and plotted 

altogether as a form of graphs which could indicate the general relationship between ship 

characteristics and emission levels. Using the regression analysis, the general trends can be 

condensed into some simple equations which would be highly accessible and useful for 

determining the LNG benefits, thereby making future rules and decisions. 
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Figure 2: Flow diagram of LNG PT-LCA. 



This is a peer-reviewed, accepted author manuscript of the following research article: Jang, H., Jeong, B., Zhou, P., Ha, S., & 
Nam, D. (Accepted/In press). Demystifying the lifecycle environmental benefits and harms of LNG as marine fuel. Applied 
Energy. 

 

15 

 

2.1. Step 1: Goal and scope 

2.1.1. General scope 

This paper profoundly deals with the holistic environmental impacts of using LNG as marine 

fuel from well to wake (from energy production to onboard use) as illustrated in Figure 2(A). 

The LNG life cycle can be broken into two parts: well-to-tank (WTT) and tank-to-wake (TTW). 

The WTT, often referred as upstream, represents the life stages from raw material extraction, 

LNG processing and supply chain to final arrival onboard. The TTW, or downstream, embodies 

the onboard use phase. 

Table 1 summarizes the LCA results obtained from previous LNG studies. The PT-LCA adopts 

the maximum and minimum paths as input parameters for WTT analysis to quantify the 

environmental impact of thousands of ships and observe the difference in results according to 

input sources. 

The TTW analysis is coupled with marine database covering full ship specifications engaged 

in international services for the four most common ship types: bulk carriers, container ships, 

LNG carriers and Ro-Ro ships. Three representative marine LNG engines (Medium-speed low-

pressure dual-fuel (MS-LPDF), Low-speed low-pressure dual-fuel (LS-LPDF) and Low-speed 

high-pressure dual-fuel (LS-HPDF)) are combined with the entire ship fleets, thereby 

estimating the correlations between ships and engines in terms of environmental potentials. 

Regarding the scope and boundaries of this analysis, here are important points to be defined:  
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▪ The major emissions which are CO2, CH4, SOx and NOx are investigated based on 

primarily literature data. 

▪ LCA models are only focused on the life cycle of LNG excluding emissions from life 

cycle of ships and LNG fueled propulsion systems. 

▪ Four types of thousands of vessel databases are compiled from Lloyd’s Register. 

▪ Lifespan of vessel is assumed to be 30 years without berthing or anchoring. 

▪ LS-LPDF, LS-HPDF and MS-LPDF are chosen the most representative LNG 

propulsion systems based on literature. 

▪ LCA models consist of WTT and TTW, from production to LNG consumption onboard. 

▪ Based on environmental inventory database derived from the maximum & minimum 

pathway databases, environmental impacts are calculated and applied to thousands of 

ships. 

▪ The selective catalytic reduction (SCR) system for the LS-HPDF engine is assumed to 

reduce NOx emission by 95%. 

▪ The functional unit for PT-LCA are represented as mathematic equations expressing 

correlations between ship basic information and environmental impacts. 

 



This is a peer-reviewed, accepted author manuscript of the following research article: Jang, H., Jeong, B., Zhou, P., Ha, S., & Nam, D. (Accepted/In press). Demystifying the lifecycle environmental benefits and 
harms of LNG as marine fuel. Applied Energy. 

 

17 

 

Table 1: Previous studies of WTT LNG emissions. 

Year Reference Geographical boundary WTT (upstream) LNG Emissions 

NG extraction or production NG transport to liquefaction NG purification & liquefaction LNG transport to storage LNG storage and distribution Total 

2011 [25] From Qatar to Rotterdam CO2 0.7 g/MJ  

CH4 0.007 g/MJ 
- CO2 0.7 g/MJ purification 

CO2 4.2 g/MJ liquefaction 

CH4 0.04 g/MJ purification & 

liquefaction 

Transported over 1000 km by vessel 

CO2 2.5 g/MJ 

CH4 0.02 g/MJ 

CO2 0.3 g/MJ Terminal 

CO2 0.6 g/MJ Distribution 

CO2 9.0 g/MJ 

CH4 1.7 g/MJ 

2011 [25] From North Sea or 

Slochteren to Rotterdam 

CO2 0.7 g/MJ 

CH4 0.007 g/MJ 

CO2 0.5 g/MJ 

CH4 0.001 g/MJ 

CO2 0.7 g/MJ purification 

CO2 5.0 g/MJ liquefaction 

CH4 0.04 g/MJ purification & 

liquefaction 

- 
CO2 0.6 g/MJ Distribution CO2 7.5 g/MJ 

CH4 1.4 g/MJ 

2011 [25] From Siberia to Rotterdam CO2 0.7 g/MJ  

CH4 0.007 g/MJ 

Transported over 7000 km by 

pipeline  

CO2 10.2 g/MJ 

CH4 0.19 g/MJ 

CO2 0.7 g/MJ purification 

CO2 5.0 g/MJ liquefaction 

CH4 0.04 g/MJ purification & 

liquefaction 

- 
CO2 0.6 g/MJ Distribution CO2 17.2 g/MJ 

CH4 5.9 g/MJ 

2014 [17] From Norway to 

Gothenburg 

Natural gas production in 

Norway 
- 

Assumed the liquefaction plant  

has an overall efficiency of 93%. 
- 

Distributed  

from North Sea to Gothenburg 

(350 NM) with an LNG tanker 

with DF engines. 

CO2 8.3 g/MJ 

CH4 0.033 g/MJ 

NOx 0.0095 g/MJ 

SOx 0.00083 g/MJ 

2017 [26] From Qatar to the industrial 

city of Ras Laffan through 

wet subsea pipelines. 

CO4 2.3 g/MJ CO2 5.9 g/MJ CO2 5.5 g/MJ CO2 6.8 g/MJ LNG evaporation CO2 2.4 g/MJ 

Natural gas distribution at long-

distance pipeline CO2 0.66 g/MJ 

Natural gas distribution at high 

pressure to the consumer CO2 

0.41 g/MJ 

Natural gas distribution at low 

pressure to the consumer CO2 

0.18 g/MJ 

CO2 24 g/MJ 

2019 [10] In North American 

countries (Domestic LNG 

case) 

In North American countries 

CO2 9.14 g/MJ 

CH4 0.15 g/MJ 

NOx 0.016 g/MJ 

SOx 0.0106 g/MJ 

In North American countries 

CO2 3.71 g/MJ 

CH4 0.03 g/MJ 

NOx 0.031 g/MJ 

SOx 0.0006 g/MJ 

In North American countries 

CO2 7.67 g/MJ 

CH4 0.04 g/MJ 

NOx 0.008 g/MJ 

SOx 0.0016 g/MJ 

In North American countries 

CO2 1.86 g/MJ 

CH4 0.01 g/MJ 

NOx 0.004 g/MJ 

SOx 0.0003 g/MJ 

In North American countries 

CO2 2.87 g/MJ 

CH4 0.09 g/MJ 

NOx 0.001 g/MJ 

SOx 0.0001 g/MJ 

CO2 25.25 g/MJ 

CH4 0.32 g/MJ 

NOx 0.059 g/MJ 

SOx 0.0133 g/MJ 

2019 [10] From North American 

countries to the other 

countries (Imported LNG 

case) 

In North American countries 

CO2 9.19 g/MJ 

CH4 0.15 g/MJ 

NOx 0.016 g/MJ 

SOx 0.0106 g/MJ 

In North American countries 

CO2 3.71 g/MJ 

CH4 0.03 g/MJ 

NOx 0.031 g/MJ 

SOx 0.0006 g/MJ 

In North American countries 

CO2 7.67 g/MJ 

CH4 0.04 g/MJ 

NOx 0.008 g/MJ 

SOx 0.0016 g/MJ 

Transported by ships to the other 

countries 

CO2 3.29 g/MJ 

CH4 0.01 g/MJ 

NOx 0.035 g/MJ 

SOx 0.0102 g/MJ 

Distributed by trucks, barges. 

CO2 2.88 g/MJ 

CH4 0.09 g/MJ 

NOx 0.001 g/MJ 

SOx 0.0002 g/MJ 

CO2 26.73 g/MJ 

CH4 0.32 g/MJ 

NOx 0.091 g/MJ 

SOx 0.0233 g/MJ 

2019 [27] From New Orleans to 

Rotterdam, Netherlands 

CO2 21 kg/MWh Natural gas 

extraction 

CO2 61 kg/MWh Domestic 

Pipeline Transport 

CO2 38 kg/MWh Liquefaction CO2 28 kg/MWh Tanker/Rail 

Transport  
- 

CO2 219 kg/MWh 
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CO2 49 kg/MWh Natural gas 

gathering & boosting  

CO2 18 kg/MWh Natural gas 

processing 

CO2 4 kg/MWh LNG Regasification 

2019 [27] From Oran, Algeria to 

Rotterdam, Netherlands 

CO2 66 kg/MWh Natural gas 

extraction 

CO2 48 kg/MWh Natural gas 

gathering & boosting  

CO2 18 kg/MWh Natural gas 

processing 

CO2 61 kg/MWh Domestic 

Pipeline Transport 

CO2 39 kg/MWh Liquefaction CO2 40 kg/MWh Tanker/Rail 

Transport  

CO2 4 kg/MWh LNG Regasification 

- 
CO2 276 kg/MWh 

2019 [27] From Yamal, Russia to 

Rotterdam, Netherlands 

CO2 61 kg/MWh Natural gas 

extraction 

CO2 45 kg/MWh Natural gas 

gathering & boosting  

CO2 17 kg/MWh Natural gas 

processing 

CO2 166 kg/MWh Domestic 

Pipeline Transport 
- - - 

CO2 289 kg/MWh 

2019 [27] From New Orleans to 

Shanghai, China 

CO2 21 kg/MWh Natural gas 

extraction 

CO2 50 kg/MWh Natural gas 

gathering & boosting  

CO2 18 kg/MWh Natural gas 

processing 

CO2 60 kg/MWh Domestic 

Pipeline Transport 

CO2 41 kg/MWh Liquefaction CO2 76 kg/MWh Tanker/Rail 

Transport  

CO2 4 kg/MWh LNG Regasification 

- 
CO2 270 kg/MWh 

2019 [27] From Oran, Algeria to 

Shanghai, China 

CO2 66 kg/MWh Natural gas 

extraction 

CO2 48 kg/MWh Natural gas 

gathering & boosting  

CO2 18 kg/MWh Natural gas 

processing 

CO2 61 kg/MWh Domestic 

Pipeline Transport 

CO2 38 kg/MWh Liquefaction CO2 19 kg/MWh Tanker/Rail 

Transport  

CO2 4 kg/MWh LNG Regasification 

- 
CO2 254 kg/MWh 

2019 [27] From Yamal, Russia to 

Shanghai, China 

CO2 63 kg/MWh Natural gas 

extraction 

CO2 46 kg/MWh Natural gas 

gathering & boosting  

CO2 17 kg/MWh Natural gas 

processing 

CO2 222 kg/MWh Domestic 

Pipeline Transport 
- - - 

CO2 348 kg/MWh 

2019 [28] From Algeria, 

Australia, Indonesia, 

Malaysia, Nigeria, 

Norway, Qatar, Trinidad & 

Tobago and the USA to 

Europe, North America, 

Asia Pacific, China, and 

Middle East 

CO2 6.1 g/MJ CO2 9.2 g/MJ CO2 2.5 g/MJ CO2 0.7 g/MJ CO2 18.5 g/MJ 

2020 [9] From a mix of conventional 

(48%) and shale gas (52%) 

produced in the United 

States and use the most 

recent baseline in the 

GREET model. 

Considered Considered Considered Considered Considered CO2 11 g/MJ 

CH4 0.3 g/MJ 
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2.1.2. Data collection 

2.1.2.1. Vessel 

The four proposed ship types - bulk, container, LNG carrier and Ro-Ro – were recognized as 

having the greatest impact on marine air pollution [29]. As such, the relevant information of 

the entire fleets in those ship categories were collected through the Lloyd’s Register maritime 

database; it offers thousands of ship specifications including flag, age, power, DWT, etc. The 

number of ships falls into 2,009 for bulk carriers, 3,539 for container ships, 512 for LNG 

carriers and 1,254 for Ro-Ro ships. Figure 3 shows the general distributions that indicate the 

association between the number of vessels and specifications: ship age, power, and DWT. 

 

Figure 3: Distribution chart of the four types of vessels database according to major input parameters: 

(a) vessel numbers according to age (Year), (b) vessel numbers according to power (kW) and (c) 

vessel numbers according to deadweight (DWT).  

The ships in the database are generally aged on a scale from 0 to 30 years, while ships between 

4- and 11-years account for about 50% of the total vessels. Those vessels have wide ranges of 

engine powers, generally from 1,000 kW to 40,000 kW. Ships having power between 10,000 

and 20,000 kW are more than 52% of the total. However, the power of LNG carrier ships is 

normally ranged between 23,000 and 40,000 kW. The number of vessels having less than 
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60,000 DWT accounts for about 53%, while bulk carriers are largely likely to have 80,000 

DWT or greater. 

2.1.2.2. LNG fueled propulsion 

Hitching the rise above the growing LNG popularity as a cleaner marine energy source, several 

types of gas engines have been come into the market over the last two decades;  such as steam 

turbines, LBSI engines, low-pressure injection dual-fuel (LPDF) engines, high-pressure 

injection dual-fuel (HPDF) engines and gas turbines [9]. As of today, the following three 

internal engine types dominate the shipping market: MS-LPDF, LS-LPDF, LS-HPDF [9]. In 

addition to this, Low-speed diesel cycle engines (LSD) using HFO are also considered as a 

reference in engine-to-engine comparisons.  

Figure 2(B) shows the conceptual configuration of each engine type. For the MS-LPDF engines, 

four sets of engine systems are arranged in parallel so that the electricity generated from these 

engines converges into the common switchboard which distributes the combined electricity to 

the electric motor fitted with the propeller through the gear box [8]. The MS-LPDF engines, 

which adopt Otto cycle with about 44% efficiency in general [10], can be maintained the 

compression ratio 5-6 bar lower than diesel cycle engines during combustion by mixing MGO 

as pilot fuel and natural gas [9]. 

The LS-LPDF engines also adopt the Otto cycle with a similar combustion principle as the LS-

MSDF engines. However, natural gas with higher pressure (about 10 bar) is injected to cylinder, 

which slightly improves the engine efficiency to about 51% [10]. The engines produce 

mechanical power that is transmitted to the propellers.  
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The LS-HPDF engines work on a Diesel cycle in gas mode. Diesel cycle is operated at high 

temperature and pressure, compared to Otto cycle [30]. Since the formation of NOx emissions, 

which comprise mainly NO and NO2, are highly sensitive to the temperature and gas injection 

pressure (300 bar) in combustion chambers, NOx emission levels with Diesel cycle are 

normally greater than that with Otto cycle engines [31]. Therefore, to comply with NOx levels 

in MARPOL Annex VI, additional post-treatment such as exhaust gas recirculation (EGR) or 

selective catalytic reduction (SCR) should be installed [10], which can reduce NOx by more 

than 95% by using NH3 as a reducing agent [32]. Like LS-LPDF engines, the mechanical forces 

of the LS-HPDF engines are also produced and transmitted through shafting systems to the 

propeller. 
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Figure 4: Flowchart on LNG PT-LCA Modelling process.
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2.2. Step 2: Modelling  

The conventional LCA approach focuses on acquiring unit functions, generally formatted as 

emission quantity per unit energy consumption (e.g. g/kWh). On the other hand, as shown in 

Figure 4, the PT-LCA specifies the correlations between inputs and outputs. In this paper, 

vessel basic information such as age, power, tonnages, etc. from Lloyds’ register would be 

corresponded as inputs, whereas environmental impacts, like GWP, AP and EP, are outputs. 

As a result, anyone who has access to the correlations can easily infer the environmental 

potential for a certain ship. The step 2 is all about the pathway to developing relevant LCA 

models to attain those correlations.  

The model of life cycle inventory analysis (LCI) can be considered as a platform where inputs 

are processed to evaluate the quantities of emissions; representative emission types associated 

with marine engines are CO2, CO, CH4, HCl, NOx, SOx and NMVOC according to IMO [3], 

IMO [33]. The proposed LCI model couples the input parameters with the lifecycle emission 

factors predetermined through past LCA research, thereby completing the process of emission 

quantification that can be split into two stages: the WTT and the TTW. 

2.2.1. LCI for Well-To-Tank (WTT) emissions 

Since previous LCA studies on LNG fueled ships have their own purpose, scope, boundaries, 

and assumptions shown in Table 1, the LCA results somewhat differ from each other. Such a 

gap suggests that the LCA rarely offers any single ‘right’ way in estimating emission factors. 



` 

In this context, this paper collected some WTT emission factors from two studies showing the 

results in most dissimilar ways: one represents the highest emission levels and the other 

represents the lowest as shown in Table 2. In this respect, it can be deduced that the emission 

levels of a particular LNG WTT analysis are likely to be placed within this gap. 

Table 2: Maximum & Minimum pathways WTT inventory data. 

Characteristic Units [g/MJ] LNG HFO 

Minimum pathway [17] Maximum pathway 

[10] 

[10] 

CO2  8.30×100 2.67×101 1.86×101 

CH4 3.30×10-2 3.20×10-1 1.60×10-1 

NOx 9.50×10-3 9.10×10-2 5.50×10-2 

NMVOC 6.90×10-4 - - 

N2O 1.70×10-4 - - 

NH3 7.70×10-7 - - 

PM10 3.20×10-4 4.70×10-3 7.90×10-3 

SO2 8.30×10-4 2.33×10-2 3.40×10-2 

First, the maximum pathway covers the following life stages of LNG: extraction, pipeline 

supply, liquefaction, shipping, storage, trucking and dispensing. Meanwhile, the minimum 

pathway relatively considers those life stages: extraction, liquefaction, shipping, storage, 

shipping and dispensing. Finally, through both pathways, the LNG fuel proposes to be supplied 

to four types of vessels: bulk, container, LNG carrier and Ro-Ro carrier. 

In Figure 2(A) of the WTT section, the red line refers to the maximum pathway of LNG, while 

the blue line shows the minimum pathway. The maximum pathway is assumed as the imported 

LNG scenario where the NG extracted from North America enters the LNG liquefaction stage 

after passing the 1,500 km pipeline as a nominal value. The cryogenic energy below - 162 °C 

is transported by ship to other countries, stored, and then distributed to consumers by truck. 
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On the other hand, the blue line represents minimum pathway of LNG. The minimum pathway 

is assumed to be extracted from Norway, and it goes directly to the liquefaction stage without 

the pipeline stage. The LNG is transported and stored in Gothenburg, then distributed by ship. 

Table 3: Characterization factor for selected environmental impact categories. 

 

 

Figure 5: WTT Environmental impacts [10, 17]. 

 

Using the data as input for the analysis in Table 2 and Table 3, the WTT environmental impacts 

were estimated as shown in Figure 5. 

 

In addition, given that the LS-HPDF engines still produce high levels of NOx emissions, this 

engine type is generally required to be equipped with the aforementioned SCR system. For the 

Impact categories 

[Unit] Characterization factors Original reference 

GWP [kg CO2 Eq.] 1 CO2, 30 CH4, 265 N2O [34] 

AP [kg SO2 Eq.] 1.88 NH3, 0.7 NO2, 1 SOx [35] 

EP [kg PO4 Eq.] 1 PO4, 0.35 NH3, 0.022 COD, 013 NOx [35] 
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case of LS-HPDF engines with SCR system, the WTT life cycle inventory database was offered 

in Table 4. 

 

Table 4: WTT Life cycle inventory results of SCR entire system [36].  

2.2.2. LCI for Tank-To-Wake (TTW) emissions 

For the WTT, results of the LCA were somewhat inconsistent due to several factors such as 

different scenarios and input variables applied to the analysis. On the other hand, the TTW 

analysis could yield relatively consistent results by assuming each ship would be operated at 

design speed (maximum engine operating load) constantly at all time to understand the 

environmental impact of the worst case scenarios as shown in Table 5 [9]. 

Thereby, with the aforementioned assumption that the lifespan of vessel was assumed to be 30 

years without berthing and anchoring, the total fuel consumption of each vessels could be 

calculated based on the specific fuel consumptions (SFC) and the engine efficiency.  

Emissions 

Process 

Production Transportation Installation 

Atmospheric 

emissions (kg) 

Dust 2.25×105 2.05×102 5.00×104 

CO 7.67×104 4.76×101 -  

CO2 9.58×106 1.84×104 1.00×106 

SOx 6.65×104 3.29×101 8.00×103 

NOx 3.05×104 6.81×101 5.00×103 

Hydrocarbon 1.32×103 -  -  

CH4 1.26×104 -  -  

H2S 6.06×101 -  -  

HCl 6.09×102 -  -  

HC -  9.50×100 -  

NH3 -  -  -  
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In addition, for the case of LS-HPDF engines with SCR system, the NOx emission amount of LS-

HPDF in Table 5 was required to be adjusted from 1.22 g/MJ to 0.06 g/MJ and the TTW inventory 

database for the SCR was offered in  
Table 6: TTW Life cycle inventory results of SCR entire system [36]. 

 

Table 5. TTW emissions for proposed LNG fueled propulsion and their efficiency [10]. 

  

Table 6: TTW Life cycle inventory results of SCR entire system [36].  

  Engine type 

LNG fueled engines HFO fueled engine 

MS-LPDF [37] LS-LPDF [8] LS-HPDF [38] LSD [38] 

Engine Efficiency (J/J) 
  

0.44 0.505 0.5 0.5 

SFC (g/kWh) [9] 

  

149 142.3 130.7 180 

SFC (MJ/kWh) [9] 

  

7.45 7.12 6.54 7.19 

Emission factor 

NOx g/kWh engine output 1.9 2.68 8.76 11.58 

g/MJ fuel 0.23 0.37 1.22 
0.06 (with SCR) 

1.61 

g/kg fuel 11.29 18.27 59.13 62.73 

CO g/kWh engine output 1.9 1.9 [37] 0.79 0.64 

g/MJ fuel 0.23 0.27 0.11 0.09 

g/kg fuel 11.29 12.95 5.33 3.47 

CH4 g/kWh engine output 6.9  3.3 [39] 0.01 [40] 0.01 [40] 

g/MJ fuel 0.84 0.46 0.00139 0.0014 

g/kg fuel 40.99 22.5 0.068 0.054 

% 4.1 2.25 0.0068 0.0054 

CO2 g/kWh engine output 444.2 412     446 577 

g/MJ fuel 54.29 57.79 61.95 80.14 

g/kg fuel 2,638.6 2,808.8 3,010.5 3,125.4 

SOx g/kWh engine output 0.17 0.17 0.41 10.29 

g/MJ fuel 0.021 0.024 0.057 1.429 

g/kg fuel 1.01 1.16 2.78 55.74 

PM g/kWh engine output 0.02 [40] 0.01 0.92 [37] 1.42 [40] 

g/MJ fuel 0.0024 0.0015 0.128 0.1972 

g/kg fuel 0.12 0.068 6.23 7.69 

- Lower heating value (LHV) of LNG: 48.6 MJ/kg 
- Lower heating value of HFO: 39.0 MJ/kg 

- Emission per unit of fuel energy (g/MJ fuel) = 1/3.6 x g/kWh engine output x efficiency engine 

- Emissions per mass of fuel (g/kg fuel) = g/MJ fuel x LHV fuel (MJ/kg) 

Emissions Process 
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2.3. Step 3: Results of analysis 

By applying thousands of cargo ships in the four different categories, the PT-LCA was 

conducted so that correlations between the inputs and the environmental potentials through 

regression analysis were determined as shown in Figure 4. The three main environmental 

impacts, namely GWP, AP and EP were considered to be evaluated as those potentials are most 

closely related to the maritime air pollution; the IMO has strengthened environmental 

regulations to gradually curb those emissions [23]. Analysis results will be further discussed in 

section 3 (Case studies). 

 

Operation 

Atmospheric emissions (kg) 

Dust 2.45×105 

CO - 

CO2 4.90×106 

SOx 3.92×104 

NOx 1.12×106 

Hydrocarbon - 

CH4 - 

H2S - 

HCl - 

HC - 

NH3 2.20×101 
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3. Case studies (Results of Step 3) 

3.1. Comparison of ship types 

Figure 6 shows the overall trends of environmental impacts, referred to as well-to-wake 

(WTW), for the proposed ship types with engine power up to 40,000 kW. In general, it has 

been shown that the environmental impacts tend to ramp up with the rise in vessel power. Three 

thresholds have been identified that change the rank of ship types in terms of emission levels. 

To be specific, Figure 6 indicates three points with which it can be divided into four sections: 

1) ‘Before A’ point, 2) ‘Between A & B’ points, 3) ‘Between B & C’ points, and 4) ‘after C’ 

point. For brevity, every single diagram is not subject to full discussion. Instead, some 

underlying points and findings are summarized as below:  

‘Before A’ point (about 14,000 kW or less) 

‘Before A point’ shows bulk carriers are ranked no. 1, presenting the greatest impacts on 

the environment. It is followed by container, Ro-Ro and LNG carrier across all cases. In 

Figure 6(c), a bulk carrier with an engine power of 10,000 kW (LS-HPDF) emits more 

emissions than a container ship with the same engine type and power: 1.21×109 kg CO2 

Eq. and 1.08×109 kg CO2 Eq. respectively. A Ro-Ro ship with the same condition follows 

with 1.01×109 kg CO2 Eq. On the other hand, an LNG carrier with the LS-HPDF at 10,000 

kW reveals much lower lifecycle GHG emissions compared to other ship types. 
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Figure 6: Results of comparison of vessel type through parametric trend LCA describing environmental impacts according to engine power [kW]: Lifespan of a ship is 30 

years, WTW environmental impacts which are GWP, AP and EP trends for the four ship types (Bulk - Red dash line, Container - Orange solid line, LNG carrier - Green short 

dash line, Ro-Ro - Blue short dash dot line). (a) MS-LPDF, GWP according to ship power [kW], (b) LS-LPDF, GWP according to ship power [kW], (c) LS-HPDF, GWP 
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according to ship power [kW], (d) LS-HPDF (SCR), GWP according to ship power [kW], (e) MS-LPDF, AP according to ship power [kW], (f) LS-LPDF, AP according to 

ship power [kW], (g) LS-HPDF carrier, AP according to ship power [kW], (h) LS-HPDF (SCR), AP according to ship power [kW], (i) MS-LPDF, EP according to ship power 

[kW], (j) LS-LPDF, EP according to ship power [kW], (k) LS-HPDF, EP according to ship power [kW], (l) LS-HPDF (SCR), EP according to ship power [kW]. 
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Likewise, AP and EP also show similar trends. In Figure 6(g) and Figure 6(k), at 10,000kW 

engine output, a bulk carrier emits 1.24×107 kg SO2 Eq., whereas a container carrier 

releases with 1.10×107 kg SO2 Eq.. A Ro-Ro ship produces with 1.03×107 kg SO2 Eq. and 

a LNG carrier is with 6.46×106 kg SO2 Eq.. The same trend are also found in the other 

engine types of LS-LPDF, MS-LPDF and LS-HPDF (SCR). 

 ‘Between A and B’ points (approximately 14,000 to 21,000 kW) 

In the section between A and B, the environmental impact of the Ro-Ro ship is observed 

to increase so that the ranking order is changed: bulk, Ro-Ro, container, and LNG carrier 

from high to low. In Figure 6(c), the difference between 2.26×109 kg CO2 Eq. for a 

container ship and 2.35×109 kg CO2 Eq. for a Ro-Ro ship is negligible. On the other hand, 

a bulk carrier at 20,000 kW contributes about 15% greater in GWPs than an LNG carrier 

at same power. Similar results are found for other local environmental potentials of AP 

and EP as well as for other engine systems such as LS-LPDF, MS-LPDF and LS-HPDF 

(SCR). 

‘Between B and C’ points (about 21,000 to 27,000 kW) 

In this section, the smallest differences in environmental impact are observed among ship 

types. Those impacts of LNG carriers tend to increase, and the ranking order changes to 

bulk, Ro-Ro, LNG carrier and container from high to low impacts. With the vessel power 

of 25,000kW, in Figure 6(c), a bulk carrier emits 3.34×109 kg CO2 Eq. which is 14% higher 

than the emission level of 2.85×109 kg CO2 Eq. from a container with the same power. 

‘After C’ section (about 27,000 kW or greater) 
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With the continual increase in the environmental potentials, the LNG carriers outruns the 

Ro-Ro ships. As a result, the order turns out to be bulk, LNG carrier, Ro-Ro and container. 

In Figure 6(c), at 35,000 kW, a bulk and a container emit 4.75×109 kg CO2 Eq. and 

4.03×109 kg CO2 Eq. respectively. The percentage differs by 15%, but the difference in 

quantity seems more significant as it is estimated at 0.72×109 kg CO2 Eq. 

It is worth noting that even with the same LNG propulsion system, the environmental impact 

may vary depending on the ship power and type. For instance, in the section where the vessel 

power is within the point A, the difference in environmental impacts between ship types can 

increase by up to 50%. The rest of sections represents a relatively narrow gap - about 15%. 

As one noticeable point to be emphasized is that bulk carriers and container ships have 

attributed to the largest share (42%) of CO2 emissions related to maritime activities between 

2013 and 2015, which corresponds to nearly 1 billion tonnes of CO2 [29]. 

Above all, the results of PT-LCA were represented as the association between two variables 

(ship types and environmental potentials) under various engine power and type scenarios. 

Those indicators were found to be useful in evaluating and comparing emissions in different 

scenarios. Therefore, it is highly expected that this approach will ultimately confirm whether a 

certain ship can achieve the IMO’s ambitious goal of 50% GHG reduction by 2050 compared 

to the 2008 level. 
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3.2. Comparison of engine types (including HFO fueled engine) 

Figure 7 indicates the results of WTW environmental impacts of LNG engines with maximum 

value. In particular, Figure 7(a) to Figure 7(d) show the GWP of each engine under different 

ship types. Except for GHG emissions, very identical trends are observed in the results. Similar 

to some recent LNG studies [9, 10], those trends suggest that the LS-HPDF series engines can 

offer benefits for reducing lifecycle GHGs compared to HFO usage. In contrast, all other 

engine types have been shown more harmful than the conventional diesel product in terms of 

GWP. The MS-LPDF engines were estimated to produce the highest levels of GWP, while the 

LS-LPDFs would emit less than MS-LPDF engines, but slightly more than the LSDs.  

For example, Figure 7(a) shows that, with a vessel power having 10,000kW, LS-HPDF engines 

were estimated to produce 1.21×109 kg CO2 Eq., LSD engines are to release 1.41×109 kg CO2 

Eq., whereas MS-LPDF engines are to emit 1.63×109 kg CO2 Eq.. The rest of ship types 

depicted in Figure 7(b), (c) and (d) also are also in a similar trend. As shown in Figure 7(c) for 

LNG carriers with a vessel having an engine power of 10,000kW, LS-HPDF engines are 

expected to emit 6.32×108 kg CO2 Eq., LS-LPDF engines are predicted to produce 7.55×108 

kg CO2 Eq.. The LSD engines are at 7.98×108 kg CO2 Eq. and MS-LPDF engines are to emit 

8.83×108 kg CO2 Eq. 
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Figure 7: Results of comparison of engine type through parametric trend LCA describing environmental impacts according to engine power [kW]: Lifespan of a ship is 

30 years, WTW environmental impacts which are GWP, AP and EP trends for the four engine types (LSD – Black solid line, MS-LPDF - Red short dot line, LS-LPDF - 

Orange dash dot line, LS-HPDF - Blue dash line, LS-HPDF(SCR) - Green short dash dot line), (a) Bulk, GWP according to ship power [kW], (b) Container, GWP 

according to ship power [kW], (c) LNG carrier, GWP according to ship power [kW], (d) Ro-Ro, GWP according to ship power [kW], (e) Bulk, AP according to ship 
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power [kW], (f) Container, AP according to ship power [kW], (g) LNG carrier, AP according to ship power [kW], (h) Ro-Ro, AP according to ship power [kW], (i) Bulk, 

EP according to ship power [kW], (j) Container, EP according to ship power [kW], (k) LNG carrier, EP according to ship power [kW], (l) Ro-Ro, EP according to ship 

power [kW].
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Although it is clear that the greater the ship’s power, the more it affects the environment, the 

incremental slopes vary depending on the engine types.  

In Figure 7(a), when a vessel power is 10,000kW, the difference between LS-HPDF and LSD 

are marked at 0.20×109 kg CO2 Eq. On the other hand, the gap significantly rise along with the 

increment in power; at 35,000 kW, the difference in emission level between LS-HPDF and 

LSD is about 0.76×109 kg CO2 Eq. That means that the relative percentage of CO2 Eq. 

emissions difference between LS-HPDF and LSD at 10,000 kW and at 35,000 kW is about 

26%. 

However, as shown in Figure 7(e) - Figure 7(l), all other LNG engine systems are much smaller 

in AP and EP than LSDs. Among them, MS-LPDF engines, that emit the highest GHG 

emissions, produce less SOx and NOx emissions than LS-HPDF and LS-LPDF engines. On the 

contrary, LS-HPDF engines emit more SOx and NOx emissions than the other two LNG engines, 

but it also reveals that LS-HPDF (SCR) can lower AP and EP to the lowest level. 

Figure 7 (e) shows, at 10,000kW, MS-LPDF engines are estimated to emit 3.78×106 kg SO2 

Eq., LS-LPDF engines are at 4.97×106 kg SO2 Eq., LS-HPDF engines are at 1.24×107 kg SO2 

Eq., LSD engines are at 3.57×107 kg SO2 Eq. and LS-HPDF (SCR) engines are at 3.21×106 kg 

SO2 Eq. These results imply that MS-LPDF engines can reduce AP by 90% when compared to 

LSD engines; LS-HPDF engines are predicted to achieve a 65% AP reduction and LS-HPDF 

(SCR) engines can further accomplish a 91% reduction. 
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In Figure 7(i), the EP trends are less dramatic than the AP while showing the similar trends. At 

10,000kW, MS-LPDF engines are estimated to emit 5.86×105 kg PO4 Eq., LS-LPDF engines 

would emit 8.08×105 kg PO4 Eq., LS-HPDF engines are for 2.1×106 kg PO4 Eq., LSD engines 

are for 2.94×106 kg PO4 Eq. and LS-HPDF (SCR) engines are for 3.82×105 kg PO4 Eq. MS-

LPDF engines are found to reduce EP by 80% more than LSD engines; LS-HPDF engines and 

LS-HPDF (SCR) can reduce EP by 30% and by 87% respectively.  

Research findings point out that AP and EP have stronger associations with ship power than 

GWP. It can also be further inferred that LS-HPDF (SCR) engines could be the best option in 

response to cleaner shipping regardless of the ship type. In fact, LS-HPDF engines without 

SCR have a strong advantage of reducing GWP, but it is not effective at reducing AP and EP.  

The LS-LPDF and MS-LPDF engines are not better than HFOs in terms of GWP but have a 

huge advantage in reducing APs and EPs. 

In this section, the most eco-friendly LNG engine type was disclosed as LS-HPDF (SCR) in 

various scenarios. The engine power has a positive relation with the level of emission reduction 

compared to HFO. Although LNG is not a zero-emission fuel, research findings provide some 

implications that it can be better used as a bridge fuel between HFO and low carbon fuels, if 

the engine can be selected appropriately given the ship's power and type. 

 

3.3. Comparison of WTT and TTW 

Figure 8 shows the results of comparative analysis between WTT and TTW environmental 

impact trends when each engine type is associated with bulk carriers. This clearly shows that 
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TTW produces significantly more emissions than WTT. For example, in terms of GWP, when 

a vessel with the power of 10,000 kW, a LS-HPDF engine would produce 4.48×108 kg CO2 

Eq. in WTT stage, while the same engine would emit 7.72×108 kg CO2 Eq. in TTW. Similarly, 

LS-LPDF and MS-LPDF engines also reveal to produce twice as much emissions in TTW than 

in WTT. 

Likewise, in the AP and EP, TTW has more impacts than WTT, though the gap is far larger 

than GWP. In particular, the significant difference is found more noticeable in LS-HPDF than 

MS-LPDF. For example, at 10,000 kW, MS-LPDF engines emit 1.23×106 kg SO2 Eq. during 

WTT and emit 2.55×106 kg SO2 Eq. for TTW. In the meantime, LS-HPDF engines emit 

1.07×106 kg SO2 Eq. for WTT and emit 1.13×107 kg SO2 Eq. for TTW. If MS-LPDF engines 

are fitted onboard, WTT would produce two times more emissions than TTW. However, if LS-

HPDF engines are considered, the gap increases by ten times. Since LS-HPDF engines emit 

NOx contributing to AP about 6 times more than MS-LPDF engines, the environmental 

impacts between WTT and TTW in LS-HPDF engines are remarkable compared to MS-LPDF 

engines as the engine power increases. Therefore, it can be confirmed that the contribution of 

TTW to the marine environment, in terms of AP and EP, is much higher with HPDF engines 

than LS-LPDF or MS-LPDF engines. 

Meanwhile, LS-HPDF (SCR) engines tend to be slightly different from other engines. In terms 

of GWP, it is almost identical to LS-HPDF engines. However, the difference between WTT 

and TTW in AP and EP is much less than that of the other three engines, as the SCR system 

significantly reduced NOx emissions in TTW stage. Even in EP, WTT started to have a higher 

value than TTW at about 2,5000 kW. Eventually, it was confirmed that the SCR system could 

achieve a substantial reduction in AP and EP from a life cycle perspective.
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 Figure 8: Results of comparison of WTT and TTW through parametric trend LCA describing environmental impacts according to power [kW]: Lifespan of a ship is 30 years, 

WTT and TTW environmental impacts which are GWP, AP and EP trends for the bulk ships (WTT – Red solid line, TTW - Blue dash line). (a) MS-LPDF, GWP according to 

ship power [kW], (b) LS-LPDF, GWP according to ship power [kW], (c) LS-HPDF, GWP according to ship power [kW], (d) LS-HPDF (SCR), GWP according to ship power 
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[kW], (e) MS-LPDF, AP according to ship power [kW], (f) LS-LPDF, AP according to ship power [kW], (g) LS-HPDF carrier, AP according to ship power [kW], (h) LS-

HPDF (SCR), AP according to ship power [kW], (i) MS-LPDF, EP according to ship power [kW], (j) LS-LPDF, EP according to ship power [kW], (k) LS-HPDF, EP 

according to ship power [kW], (l) LS-HPDF (SCR), EP according to ship power [kW]. 
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3.4. Comparison of Maximum and Minimum pathways 

Figure 9 to Figure 12 show environmental impact results depending on maximum and 

minimum pathways of each LNG engine type with 95% confidence interval. The red line 

indicates the WTW environmental impacts taking the maximum pathway, whereas the blue 

line illustrates the same stage taking the minimum pathway, and the black line indicates WTW 

for LSD engines. 

A common observation through those figures is that the difference in GWP between the 

maximum and minimum pathways for each engine is clearly distinguished. In the case of MS-

LPDF and LS-LPDF engines (see Figure 9 & Figure 10), the AP and EP show a little difference 

in the maximum and minimum pathways, but the GWP emitted more GHG than the LSD 

engines. The minimum pathway emits less emission than LSD engines. Research findings have 

shown that WTT's methane leak will be a key issue to enable MS-LPDF and LS-LPDF engines 

to contribute to GHG emission reduction. 

According to section 2.2.1., such a distinction observed between the maximum and the 

minimum pathways can be mainly due to the disparate scenarios of logistics; the maximum 

pathway covers the NG transport between the extraction and liquefaction processes via the 

pipeline, but the minimum pathway does not consider it. This result suggests that it may be 

possible to reduce GHG emissions by reducing the logistic activities which are sensitive to 

distance from extraction to the liquefaction points and transport means.
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Figure 9: Environmental impact results of Maximum & Minimum pathways of the MS-LPDF engine with 95% confidence interval: Lifespan of a ship is 30 years, WTW 

Maximum pathways – Red solid line, WTW Minimum pathways - Blue dash line, WTW LSD – Black short dash dot line. (a) Bulk, GWP according to ship power [kW], (b) 

Container, GWP according to ship power [kW], (c) LNG carrier, GWP according to ship power [kW], (d) Ro-Ro, GWP according to ship power [kW], (e) Bulk, AP according 



` 
to ship power [kW], (f) Container, AP according to ship power [kW], (g) LNG carrier, AP according to ship power [kW], (h) Ro-Ro, AP according to ship power [kW], (i) 

Bulk, EP according to ship power [kW], (j) Container, EP according to ship power [kW], (k) LNG carrier, EP according to ship power [kW], (l) Ro-Ro, EP according to ship 

power [kW]. 

  

Figure 10: Environmental impact results of Maximum & Minimum pathways of the LS-LPDF engine with 95% confidence interval: Lifespan of a ship is 30 years, WTW 

Maximum pathways – Red solid line, WTW Minimum pathways - Blue dash line, WTW LSD – Black short dash dot line. (a) Bulk, GWP according to ship power [kW], (b) 

Container, GWP according to ship power [kW], (c) LNG carrier, GWP according to ship power [kW], (d) Ro-Ro, GWP according to ship power [kW], (e) Bulk, AP according 



` 
to ship power [kW], (f) Container, AP according to ship power [kW], (g) LNG carrier, AP according to ship power [kW], (h) Ro-Ro, AP according to ship power [kW], (i) 

Bulk, EP according to ship power [kW], (j) Container, EP according to ship power [kW], (k) LNG carrier, EP according to ship power [kW], (l) Ro-Ro, EP according to ship 

power [kW]. 

 

Figure 11: Environmental impact results of Maximum & Minimum pathways of the LS-HPDF engine with 95% confidence interval: Lifespan of a ship is 30 years, WTW 

Maximum pathways – Red solid line, WTW Minimum pathways - Blue dash line, WTW LSD – Black short dash dot line. (a) Bulk, GWP according to ship power [kW], (b) 



` 
Container, GWP according to ship power [kW], (c) LNG carrier, GWP according to ship power [kW], (d) Ro-Ro, GWP according to ship power [kW], (e) Bulk, AP according 

to ship power [kW], (f) Container, AP according to ship power [kW], (g) LNG carrier, AP according to ship power [kW], (h) Ro-Ro, AP according to ship power [kW], (i) 

Bulk, EP according to ship power [kW], (j) Container, EP according to ship power [kW], (k) LNG carrier, EP according to ship power [kW], (l) Ro-Ro, EP according to ship 

power [kW]. 

 



` 
Figure 12: Environmental impact results of Maximum & Minimum pathways of the LS-HPDF (SCR) engine with 95% confidence interval: Lifespan of a ship is 30 years, 

WTW Maximum pathways – Red solid line, WTW Minimum pathways - Blue dash line, WTW LSD – Black short dash dot line. (a) Bulk, GWP according to ship power 

[kW], (b) Container, GWP according to ship power [kW], (c) LNG carrier, GWP according to ship power [kW], (d) Ro-Ro, GWP according to ship power [kW], (e) Bulk, AP 

according to ship power [kW], (f) Container, AP according to ship power [kW], (g) LNG carrier, AP according to ship power [kW], (h) Ro-Ro, AP according to ship power 

[kW], (i) Bulk, EP according to ship power [kW], (j) Container, EP according to ship power [kW], (k) LNG carrier, EP according to ship power [kW], (l) Ro-Ro, EP 

according to ship power [kW]. 
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In the meantime, comparing Figure 9 with Figure 10 and Figure 11, unlike engines, the LS-

HPDF engine is superior to the MS-LPDF and LS-LPDF in reducing GHG, but has some 

limitations for diminishing AP and EP. 

No significant differences are found in the maximum and minimum paths in terms of AP and 

EP, but the differences for each engine type were noticeable in the GWP. Specifically, for 

WTT's maximum path, the MS-LPDF and LS-LPDF engines are less green than HFOs in terms 

of GWP, but it could be greener if the shortest transport routes and minimum transport means 

were secured. 

Thus, although section 3.2. concluded LS-HPDF (SCR) engines would be the only option to 

guarantee the excellence of GWP reduction when compared to HFO engines, the research 

finding stated in this section provided an insight MS-LPDF and LS-LPDF could also be an 

option to reduce GWP on the condition of optimized WTT pathway.  
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3.5. Comparison of engine types 

Figure 13 compares the environmental impacts of engine types in order to confirm the 

adequacy of statistical analysis in the previous findings. In comparison, it was to determine 

whether the difference in engine types should results in differences in environmental impacts 

substantially. 

The findings are highly consistent with what were presented in the previous sections. 

Regardless of ship types, for the GWP, the order from the greatest to the least is MS-LPDF, 

LSD, LS-LPDF, LS-HPDF and LS-HPDF (SCR). In AP, LSD shows the highest, followed by 

the MS-LPDF, LS-LPDF and LS-HPDF (SCR). Although EP shows a wider distribution than 

AP, the order of environmental impact is displayed the same as AP.  

For example, Figure 13(a) indicates MS-LPDFs emits 3.0×109 kg CO2 Eq., LS-LPDFs emits 

2.8×109 kg CO2 Eq., LS-HPDFs emits 2.4×109 kg CO2 Eq., LSDs emits 2.8×109 kg CO2 Eq., 

and LS-HPDF(SCR)s emits 2.4×109 kg CO2 Eq on average. In a similar pattern, Figure 13(b) 

indicates MS-LPDF emits 1.9×109 kg CO2 Eq., LS-LPDF emits 1.8×109 kg CO2 Eq., LS-HPDF 

emits 1.5×109 kg CO2 Eq., LSD emits 1.8×109 kg CO2 Eq., and LS-HPDF(SCR) emits 1.5×109 

kg CO2 Eq on average. 

On the other hand, it should be mentioned that Figure 13 cannot be used as indicators to 

compare environmental impacts of different ship types. To be specific, LNG carriers in Figure 

(c) appear higher environmental impacts than bulk carriers in Figure 13 (a). It is not because 

the ship type of LNG carrier produces more emissions than the type of bulk carrier but because 

the LNG carriers are generally larger in size than bulk carriers in the world fleet database.   
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Figure 13: Box plot chart results of engine types according to ship types: Lifespan of a ship is 30 years, MS-LPDF engine – Orange box, LS-LPDF engine – 

Green box, LS-HPDF engine – Purple box, LSD engine – Yellow box, LS-HPDF (SCR) engine – Blue box. (a) GWP of Bulk, (b) GWP of Container, (c) 

GWP of LNG carrier, (d) GWP of Ro-Ro, (e) AP of Bulk, (f) AP of Container, (g) AP of LNG carrier, (h) AP of Ro-Ro, (i) EP of Bulk, (j) EP of Container, 

(k) EP of LNG carrier, (l) EP of Ro-Ro
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4. Discussion 

LNG has been recognized as a bridge fuel that is ostensibly contributing to resolving maritime 

environmental problems. It is obvious that LNG has the strength of reducing SOx and NOx 

emission levels, compared to the existing HFO. However, this research has revealed the fact 

that this fuel has encountered a fundamental challenge that it could be rather more harmful than 

helpful in the global GHG issue since the issue of methane leakage or methane slip has come 

into surface. This issue would act as a considerable hinderance to achieving the ambitious goal 

of halving carbon emissions by 2050 compared to 2008 level. 

The PT-LCA was designed to introduce an effective way to address this kind of issues. To 

resolve the current research gap, this paper using the PT-LCA evaluated general trends of 

holistic environmental impacts of LNG fueled ships as being coupled with extensive data for 

thousands of ships engaged in the international voyages. The PT-LCA enabled us to 

encapsulate all the complex and inconsistent information regarding the environmental 

performance of using LNG as a marine fuel into simple equations which can be expressed as 

correlations between inputs (ship particular) and outcomes (environmental impacts). This 

format of outcomes would be helpful to easily understand whether using LNG is an ultimately 

better fuel option without any knowledge of LCA, which is known to be inaccessible to marine 

researchers. In fact, it will be a useful tool for a quick comparison - though hugely extensive 

analysis is condensed behind it - between the engine types according to different ship 

characteristics. 

All of the above, the novelty of this paper can be summarised as below. 
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• Proposal and demonstration of the excellence of an enhanced LCA methodology to 

overcome the current assessment challenges and limitations posed on the existing 

maritime environmental indicators and conventional LCA approaches. 

• New environmental indicators, which encapsulate all the details and technical 

complexity behind, are useful for estimating the lifecycle impacts of all LNG marine 

engine systems in a more relevant and approachable way. Thus, it is highly believed 

that they contribute to remedying a fundamental challenge inherent in LCA process, 

while at the same time contributing to making it accessible to anyone interested in 

evaluating environmental impacts of using LNG as marine fuel without requiring expert 

assistant. It also suggests a credible way to facilitate the use of LCA for a wider range 

of marine applications.  

• Demystifying the lifecycle environmental benefits / harms of using LNG as a future 

marine fuel by offering clear and quantitative guidance on what the conditions, the 

marine vessels can benefit from LNG and what circumstances they cannot. In fact, 

research findings add new knowledge to the marine industry, helping to rectify 

unconditional trust of LNG as a cleaner marine energy source and enhancing proper 

decision-making for future international policies. 

• Presenting the potential power of the new LCA approach which implies great benefits 

of its functionalities applicable to investigating and answering the various industrial 

questions for economic, environmental, safety challenges, etc. 

Meanwhile the proposed formulas are not a perfect measure for estimating the lifecycle 

environmental impacts of LNG fueled ships. Those indicators driven from the PT-LCA have 

both strengths and weaknesses of descriptive statistics which exist to simplify and generalize 

certain phenomenon or observation. As a result, it inevitably implies some loss of details and 
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discussion. The users of the proposed formula for evaluating emission levels should understand 

this point. An example can be found with R-Squares that largely range from 60% to 80% 

consistency (See Appendix). Nevertheless, they offer valuable information on significant 

trends of emissions associated with using LNG as marine fuel in a much convenient format, 

compared to disparate functional units, such as 25.25 g/MJ for CO2 emission, as presented in 

Table 1; functional units still claim a complex process of estimating fuel consumptions over 

the ship lifespan. If the fuel consumption is not fully accessible, those units will not be used as 

a comparative tool for evaluating environmental performances between ships and engines. 

By contrast, the proposed indicators in this paper may make the LCA overly accessible in a 

sense that anyone with data can estimate the lifecycle emissions of a particular ship in a moment. 

The misuse or deconstruction of those indicators may lead to incorrect conclusions to 

potentially dangerous levels. As a next step, we may need to establish safety guidelines that 

always keep the users results with high reliability. 

Regarding the WTT and TTW of LNG, the results discussed in Section 3.3. offered an insight 

that the aspect of the use of LNG is much more important to the environment than the 

production phase of LNG. However, as discussed in Section 3.4., even though LNG engines 

such as LS-LPDF and MS-LPDF have shown higher GWP compared to LSDs, if WTT 

produces LNG through minimum pathway, it can be more environmentally friendly than 

conventional diesel engines regardless of LNG engine types. By expanding this result, it may 

also be possible to study whether the 2050 GHG goal can be ultimately achieved when the 

entire fleet use LNG produced by the minimum pathway with the LS-LPDF or MS-LPDF 

engine. In other words, using PT-LCA, it is achievable to access a wide range studies where 

existing LCA studies are difficult to approach with only a few case ships. 
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After all, although it is difficult to apply the results derived from this to all ships individually, 

it can be more practical and widely used than the existing LCA in terms of comprehensively 

predicting the future by grasping the overall trend. 
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5. Conclusions 

In addition to the qualitative results and contributions discussed in the discussion section, the 

quantitative results are summarized as follows. 

1) In the case of the minimum pathway, all gas engines types - MS-LPDF and LS-LPDF 

as well as LS-HPDF - were proven to reduce all environmental potentials: not only AP 

and EP but also GWP. Therefore, it can be further inferred that those gas engines can 

be a proper option as a bridge fuel as long as the WTT stage is optimally managed. 

2) The vessel power has a strong correlation with the environmental impact. In addition, 

types of ships and propulsions also have an impact on the environmental performance 

to some extent.  Details of associations can be found with the proposed formula given 

in Appendix. Those formula will be useful indicators for quick comparison of holistic 

environmental impact among ships at different engine types.  

3) Depending on the vessel power, the level of environmental impacts - GWP, AP and 

EP - for each ship type can be arranged in the greatest to smallest order.  

▪ About 14,000 kW or less: ① Bulk, ② Container, ③ Ro-Ro, ④ LNG 

▪ About 14,000 to 21,000 kW: ① Bulk ② Ro-Ro ③ Container ④ LNG 

▪ About 21,000 to 27,000 kW : ① Bulk, ② Ro-Ro, ③ LNG, ④ Container 

▪ About 27,000 kW or greater : ① Bulk, ② LNG, ③ Ro-Ro, ④ Container 

4) At maximum pathway, in terms of GWP, it can be ranked as  ① MS-LPDF, ② LSD, 

③ LS-LPDF, ④ LS-HPDF, ⑤ LS-HPDF (SCR) However, in maximum pathway 

scenarios, the LS-HPDF was found as an only available option to reduce GWP when 

compared to conventional diesel fuel. In other words, other types of gas engines are 

rather more harmful than helpful for the environment. 
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On the other hand, in terms of AP, EP, the results are in the following order: ①  LSD 

② LS-HPDF ③ LS-LPDF ④ MS-LPDF ⑤ LS-HPDF (SCR) The greater vessel 

powers, the larger differences in environmental impacts are observed among engine 

types.  

5) Tank-To-Wake stage generally produces two times more GWPs than Well-To-Tank 

one. In terms of AP and EP the difference climbs up to about ten times. However, with 

the minimum pathway of WTT, all LNG engine types can outperform diesel engines. 

In other words, the optimal WTT would be a key aspect to achieving the 2050 GHG 

reduction goal. 

6) Research findings can help us to confirm the best option under various scenarios, which 

is highly believed to contribute to future energy policies and regulatory framework. 

This paper implies that we may overestimate the environmental benefits of using LNG 

as a marine fuel. Such a false understanding may mis-lead us to diminishing our planet. 

In addition, it also offers meaningful insights into methods on how we can secure the 

environmental benefits properly and holistically. 

7) PT-LCA are to be more extensively applied to various alternative marine fuels such as 

hydrogen, ammonia, LPG, electricity, etc. Likewise, their environmental benefits from 

shipping activities are overly appreciated. It is highly believed the proposed LCA 

method will also demystify their strengths and weaknesses as future marine fuels. 

Therefore, a series of future studies should continue and ultimately determine the best 

energy source for sustainable shipping. In addition to this, PT-LCA also should be 

applied to various social questions beyond the environment. It will be useful for any 

issue, such as economy or safety, that requires a holistic view. 
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Appendix 

Table A 1 WTW Maximum pathway environmental impact trends (1. Bulk, 2. Container, 3. LNG carrier, 4. Ro-Ro). 

 

Equation 

Residual 

Sum of 

Squares 

Pearson’s r 
R-Square 

(COD) 
Adj. R-Square 

(a) LS-HPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 141488.7 × 𝒳 − 2.0𝐸8 

2. 𝒴 = 117895.7 × 𝒳 − 9.9𝐸7 

3. 𝒴 = 155249.4 × 𝒳 − 9.2E8 

4. 𝒴 = 133441.8 × 𝒳 − 3.2E8 

2.9E20 

1.6E21 

4.9E20 

2.5E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(b) LS-HPDF 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 1436.1 × 𝒳 −2.0E6 
2. 𝒴 = 1196.6 × 𝒳 − 1.0E6 

3. 𝒴 = 1575.8 × 𝒳 − 9.3E6 

4. 𝒴 = 1354.4 × 𝒳 − 3.2E6 

3.0E16 

1.6E17 

5.0E16 

2.6E16 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(c) LS-HPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟
 

1. 𝒴 = 245.2 × 𝒳 − 353642.0 
2. 𝒴 = 204.3 × 𝒳 − 172902.3 

3. 𝒴 = 269.1 × 𝒳 − 1596787.3 
4. 𝒴 = 231.3 × 𝒳 − 558147.0 

8.9E14 

4.8E15 

1.4E15 

7.6E14 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(d) LS-LPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 169074.0 × 𝒳 − 2.4E8 
2. 𝒴 = 140881.1 × 𝒳 − 1.1E8 
3. 𝒴 = 185517.4 × 𝒳 − 1.1E9 
4. 𝒴 = 159458.2 × 𝒳 − 3.8E8 

4.2E20 

2.3E21 

7.0E20 

3.6E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(e) LS-LPDF 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 579.6 × 𝒳 − 835837.4 
2. 𝒴 = 483.0 × 𝒳 − 408656.9 

3. 𝒴 = 636.0 × 𝒳 − 3774027.1 
4. 𝒴 = 546.6 × 𝒳 − 1319187.5 

5.0E15 

2.7E16 

8.2E15 

4.2E15 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(f) LS-LPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 93.8 × 𝒳 − 135383.0 
2. 𝒴 = 78.2 × 𝒳 − 66191.3 

3. 𝒴 = 103.0 × 𝒳 − 611290.3 
4. 𝒴 = 88.5 × 𝒳 − 213672.7 

1.3E14 

7.1E14 

2.1E14 

1.1E14 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 
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(g) MS-LPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 189860.5 × 𝒳 − 2.7E8 
2. 𝒴 = 158201.6 × 𝒳 − 1.3E8 
3. 𝒴 = 208325.6 × 𝒳 −1.2E9 
4. 𝒴 = 179062.5 × 𝒳 − 4.3E8 

5.3E20 

2.9E21 

8.8E20 

4.5E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(h) MS-LPDF 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 440.9 × 𝒳 − 6.3E5 
2. 𝒴 = 367.4 × 𝒳 − 3.1E5 
3. 𝒴 = 483.8 × 𝒳 − 2.8E6 
4. 𝒴 = 415.8 × 𝒳 − 1.0E6 

2.9E15 

1.5E16 

4.7E15 

2.4E15 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(i) MS-LPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 68.4 × 𝒳 − 9.8E4 
2. 𝒴 = 57.0 × 𝒳 − 4.8E4 
3. 𝒴 = 75.0 × 𝒳 − 4.4E5 
4. 𝒴 = 64.5 × 𝒳 − 1.5E5 

6.9E13 

3.8E14 

1.1E14 

5.9E13 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(j) LSD 
𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 163889.0 × 𝒳 − 2.3E8 
2. 𝒴 = 136560.8 × 𝒳 − 1.1E8 
3. 𝒴 = 179828.2 × 𝒳 − 1.0E9 
4. 𝒴 = 154568.1 × 𝒳 − 3.7E8 

4.0E20 

2.1E21 

6.6E20 

3.4E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(k) LSD 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 4159.2 × 𝒳 − 5.9E6  
2. 𝒴 = 3465.6 × 𝒳 − 2.9E6 
3. 𝒴 = 4563.7 × 𝒳 − 2.7E7 
4. 𝒴 = 3922.6 × 𝒳 − 9.4E6 

2.5E17 

1.4E18 

4.2E17 

2.1E17 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(l) LSD 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 342.5 × 𝒳 − 4.9E5 
2. 𝒴 = 285.4 × 𝒳 − 2.4E5 
3. 𝒴 = 375.8 × 𝒳 − 2.2E6 
4. 𝒴 = 323.0 × 𝒳 − 7.7E5 

1.7E15 

9.5E15 

2.8E15 

1.4E15 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(m) LS-HPDF (SCR) 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 141488.7 × 𝒳 − 1.8E8 
2. 𝒴 = 117895.7 × 𝒳 − 8.3E7 
3. 𝒴 = 155249.4 × 𝒳 − 9.0E8 
4. 𝒴 = 133441.8 × 𝒳 − 3.0E8 

2.9E20 

1.6E21 

4.9E20 

2.5E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(n) LS-HPDF (SCR) 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 267.6 × 𝒳 + 5.3E5 
2. 𝒴 = 223.0 × 𝒳 + 7.3E5 
3. 𝒴 = 293.6 × 𝒳 − 8.2E5 
4. 𝒴 = 252.4 × 𝒳 + 3.1E5 

1.0E15 

5.8E15 

1.7E15 

9.0E14 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(o) LS-HPDF (SCR) 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 28.2 × 𝒳 + 1.0E5 
2. 𝒴 = 23.5 × 𝒳 + 1.2E5 
3. 𝒴 = 30.9 × 𝒳 − 3.4E4 

1.1E13 

6.4E13 

1.9E13 

0.77582 

0.87331 

0.81527 

0.60189 

0.76267 

0.66467 

0.60169 

0.76261 

0.66401 
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4. 𝒴 = 26.6 × 𝒳 + 8.5E4 1.0E13 0.82797 0.68553 0.68528 
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Table A 2 WTW Minimum pathway environmental impact trends (1. Bulk, 2. Container, 3. LNG carrier, 4. Ro-Ro).  

 
Equation 

Residual Sum 

of Squares 
Pearson’s r 

R-Square 

(COD) 
Adj. R-Square 

(a) LS-HPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 102642.0 × 𝒳 − 1.4E8 

2. 𝒴 = 85526.6 × 𝒳 − 7.2E7 
3. 𝒴 = 112624.5 × 𝒳 − 6.6E8 
4. 𝒴 = 96804.4 × 𝒳 − 2.3E8 

1.5E20 

8.5E20 

2.5E20 

1.3E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(b) LS-HPDF 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 1321.7 × 𝒳 − 1.9E6 

2. 𝒴 = 1101.3 × 𝒳 − 9.3E5 

3. 𝒴 = 1450.2 × 𝒳 − 8.6E6 

4. 𝒴 = 1246.5 × 𝒳 − 3.0E6 

2.6E16 

1.4E17 

4.3E16 

2.2E16 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(c) LS-HPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟
 

1. 𝒴 = 229.9 × 𝒳 − 3.3E5 

2. 𝒴 = 191.6 × 𝒳 − 1.6E5 

3. 𝒴 = 252.3 × 𝒳 − 1.4E6 

4. 𝒴 = 216.8 × 𝒳 − 5.2E5 

7.9E14 

4.2E15 

1.3E15 

6.7E14 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(d) LS-LPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 126782.0 × 𝒳 − 1.8E8 

2. 𝒴 = 105641.3 × 𝒳 − 8.9E7 

3. 𝒴 = 139112.4 × 𝒳x − 8.2E8 

4. 𝒴 = 119571.5 × 𝒳 − 2.8E8 

2.4E20 

1.3E21 

3.9E20 

2.0E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(e) LS-LPDF 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 455.0 × 𝒳 − 6.5E5 

2. 𝒴 = 379.2 × 𝒳 − 3.2E5 

3. 𝒴 = 499.3 × 𝒳 − 2.9E6 

4. 𝒴 = 429.2 × 𝒳 − 1.0E6 

3.0E15 

1.6E16 

5.1E15 

2.6E15 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(f) LS-LPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 77.2 × 𝒳 − 1.1E5 

2. 𝒴 = 64.3 × 𝒳 − 5.4E4 

3. 𝒴 = 84.7 × 𝒳 − 5.0E5 

4. 𝒴 = 72.8 × 𝒳 − 1.7E5 

8.9E13 

4.8E14 

1.4E14 

7.5E13 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(g) MS-LPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 145608.4 × 𝒳 − 2.0E8 

2. 𝒴 = 121328.4 × 𝒳 − 1.0E8 

3. 𝒴 = 159769.7 × 𝒳 − 9.4E8 

4. 𝒴 = 137327.2 × 𝒳 − 3.3E8 

3.1E20 

1.7E21 

5.2E20 

2.6E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(h) MS-LPDF 

𝒴 = 𝐴𝑃 

1. 𝒴 = 310.6 × 𝒳 − 4.4E5 

2. 𝒴 = 258.8 × 𝒳 − 2.1E5 

1.4E15 

7.8E15 

0.77582 

0.87331 

0.60189 

0.76267 

0.60169 

0.76261 
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𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 3. 𝒴 = 340.8 × 𝒳 − 2.0E6 

4. 𝒴 = 292.9 × 𝒳 − 7.0E5 

2.3E15 

1.2E15 

0.81527 

0.82797 

0.66467 

0.68553 

0.66401 

0.68528 

(i) MS-LPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 51.0 × 𝒳 − 7.3E4 

2. 𝒴 = 42.4 × 𝒳 − 3.5E4 

3. 𝒴 = 55.9 × 𝒳 − 3.3E5 

4. 𝒴 = 48.1 × 𝒳 − 1.1E5 

3.8E13 

2.1E14 

6.4E13 

3.3E13 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(j) LS-HPDF 

(SCR) 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 102642.0 × 𝒳 − 1.3E8 

2. 𝒴 = 85526.6 × 𝒳 − 5.6E7 

3. 𝒴 = 112624.5 × 𝒳 − 6.5E8 

4. 𝒴 = 96804.4 × 𝒳 − 2.1E8 

1.5E20 

8.5E20 

2.5E20 

1.3E20 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(k) LS-HPDF 

(SCR) 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 153.2 × 𝒳 + 6.9E5 

2. 𝒴 = 127.6 × 𝒳 + 8.1E5 

3. 𝒴 = 168.1 × 𝒳 − 7.8E4 

4. 𝒴 = 144.5 × 𝒳 + 5.7E5 

3.5E14 

1.9E15 

5.7E14 

2.9E14 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 

(l) LS-HPDF 

(SCR) 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 12.9 × 𝒳 + 1.3E5 

2. 𝒴 = 10.8 × 𝒳 + 1.4E5 

3. 𝒴 = 14.2 × 𝒳 + 6.5E4 

4. 𝒴 = 12.2 × 𝒳 + 1.2E5 

2.5E12 

1.3E13 

4.1E12 

2.1E12 

0.77582 

0.87331 

0.81527 

0.82797 

0.60189 

0.76267 

0.66467 

0.68553 

0.60169 

0.76261 

0.66401 

0.68528 
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Table A 3 WTT & TTW maximum pathway environmental impact trends (1. WTT, 2. TTW).  

 
Equation 

Residual Sum 

of Squares 
Pearson’s r 

R-Square 

(COD) 
Adj. R-Square 

(a) LS-HPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 52280.2 × 𝒳 − 7.5E7 

2. 𝒴 = 89208.4 × 𝒳 − 1.2E8 

4.0E19 

1.1E20 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(b) LS-HPDF 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 125.1 × 𝒳 − 1.8E5 

2. 𝒴 = 1310.9 × 𝒳 − 1.8E6 

2.3E14 

2.5E16 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(c) LS-HPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟
 

1. 𝒴 = 17.0 × 𝒳 − 2.4E4 

2. 𝒴 = 228.2 × 𝒳 − 3.2E5 

4.3E12 

7.7E14 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(d) LS-LPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 56916.7 × 𝒳 − 8.2E7 

2. 𝒴 = 112157.2 × 𝒳 − 1.6E8 

4.8E19 

1.8E20 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(e) LS-LPDF 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 136.2 × 𝒳 − 1.9E5 

2. 𝒴 = 443.3 × 𝒳 − 6.3E5 

2.7E14 

2.9E15 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(f) LS-LPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 18.5 × 𝒳 − 2.6E4 

2. 𝒴 = 75.3 × 𝒳 − 1.0E5 

5.1E12 

9.3E-17 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(g) MS-LPDF 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 59554.7 × 𝒳 − 8.5E7 

2. 𝒴 = 130305.7 × 𝒳 − 1.8E8 

5.3E19 

2.5E20 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(h) MS-LPDF 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 142.6 × 𝒳 − 2.0E5 

2. 𝒴 = 298.3 × 𝒳 − 4.3E5 

3.0E14 

1.3E15 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(i) MS-LPDF 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 19.3 × 𝒳 − 2.7E4 

2. 𝒴 = 49.0 × 𝒳 − 7.0E4 

5.6E12 

3.5E13 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(j) LS-HPDF (SCR) 

𝒴 = 𝐺𝑊𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 52280.2 × 𝒳 − 6.4E7 

2. 𝒴 = 89150.5 × 𝒳 − 1.2E8 

4.0E19 

1.1E20 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 
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(k) LS-HPDF (SCR) 

𝒴 = 𝐴𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 125.1 × 𝒳 − 8.1E4 

2. 𝒴 = 142.4 × 𝒳 − 6.1E5 

2.3E14 

3.0E14 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 

(l) LS-HPDF (SCR) 

𝒴 = 𝐸𝑃 

𝒳 = 𝑉𝑒𝑠𝑠𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 

1. 𝒴 = 17.0 × 𝒳 − 1.9E4 

2. 𝒴 = 11.2 × 𝒳 − 1.2E5 

4.3E12 

1.8E12 

0.77582 

0.77582 

0.60189 

0.60189 

0.60169 

0.60169 


