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ABSTRACT 

In recent decades, Life Cycle Assessment (LCA) has been widely adopted as a 

method to determine the holistic environmental impacts of products and systems 

across various industrial and academic sectors. The methodological soundness of 

LCA has been demonstrated during this period. Although the marine industry was 

a latecomer to LCA, with few studies reported until 2000, there has since been a 

gradual increase in the number of LCA applications for marine ships and fuels. 

Initially developed as a standardised model to assess the holistic environmental 

impacts of static activities, LCA has been criticised for its inadequacy when applied 

to the maritime sector, where ships are subject to dynamic changes. Shipping 

activities operate in an ever-changing environment of wind speed and direction, 

solar radiation, ship speed, load, routes, and voyage schedules. As a result, it is 

essential to estimate the environmental impact of ships on a real-time basis. 

This thesis highlights the research gaps inherent in the conventional LCA method 

and their applications in the maritime sector, which can be summarised into two 

fundamental issues: 1) the traditional LCA is overly dependent on past data, and 2) 

their results are deterministic while no real-time processes are involved. To address 

these gaps, this thesis introduces Dynamic LCA, which comprises two packages of 

LCA models: Live-LCA and Real-time LCA. The effectiveness of these LCA 

models was evaluated through a series of case studies. 

Live-LCA was applied to ships using solar PV systems, revealing a difference of 

up to 44% in the environmental impacts of the case ship compared to the traditional 

LCA. This case study also contributed to demystifying the lifecycle impacts of PV 

systems for marine applications. The second case study with Live-LCA was 

conducted to determine the viability of alternative fuels for Scotland's short-route 

ferries. The study proved that a key feature of Live-LCA, data generation through 

simulations, was effective under circumstances where real data is not available. 

Unlike Live-LCA, Real-Time LCA (RT-LCA) was designed to be applied to case 

studies where real-time data is accessible. The real-time data was transmitted 
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through a digital platform developed by LAB021, a Korean ship digital solution 

provider. The format of outcomes, as real-time observation, was shown to be highly 

appreciable, while possibly encouraging ship operators to take immediate action to 

reduce lifecycle emissions if they are plotted too high. 

Overall, a key novelty of this thesis is the introduction of Dynamic LCA, which has 

been proven effective in resolving the fundamental limitations of conventional 

LCA. Key findings through a series of demonstrative works via case studies are 

also believed to make a sound contribution to the maritime industry while providing 

valuable insights into maritime decarbonisation in a holistic way. Lastly, Dynamic 

LCA can be a new standardised LCA method, challenging rules and policymakers 

for future regulatory frameworks. 
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GLOSSARY 

AC  Alternating Current 

AFI  Alternative Fuel Infrastructure 

AMP  Alternative Maritime Power 

AP  Acidification Potential 

BDN  Bunker Delivery Note 

CF  Carbon Footprint 

CH4  Methane 

CI  Cold-ironing 

CII  Carbon Intensity Indicator 

CO  Carbon Monoxide 

CO2  Carbon Dioxide 

CO2 eq. Carbon Dioxide equivalent 

COC  Confirmation of Compliance 

COP  Conference of Parties 

DC  Direct Current 

DCS  Data Collection System 

DP  Dynamic Positioning 

ECA  Emission Control Area 

EEA  European Economic Area 

EEDI  Energy Efficiency Design Index 

EEOI  Energy Efficiency Operational Indicator 

EEXI  Energy Efficiency Existing Ship Index 

EP  Eutrophication Potential 

EPL  Engine Power Limitation 

EPS  Electric Propulsion Ship 

ETD  Energy Taxation Directive 

ETS  Emissions Trading System 

ESS  Energy Storage System 
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GHG  Greenhouse gases 

GT  Gross Tonnage 

GWP  Global Warming Potential 

HSFO  Heavy Sulphur Fuel Oil  

HVO  Hydrotreated Vegetable Oil 

ICE  Internal Combustion Engine 

IEEC  International Energy Efficiency Certificate 

IGC Code International Code for the Construction and Equipment of Ships 

carring Liquefied Gases in Bulk 

IGF Code  International Code of Safety for Ships using Gases or other Low-

flashpoint Fuels  

IMO  International Maritime Organization 

ISO  International Organization of Standardisation 

LCA  Life Cycle Assessment 

LCI  Life Cycle Inventory 

LCIA  Life Cycle Impact Assessment 

LNG  Liquefied Natural Gas 

LPG  Liquefied Petroleum Gas 

LSFO  Low Sulphur Fuel Oil  

MARPOL  The International Convention for the Prevention of Pollution from 

Ships 

MCFC  Molten Carbonate Fuel Cell 

MEPC  Marine Environment Protection Committee 

MGO  Marine gas oil 

MLC  Multilevel Converter 

MPPT  Maximum Power Point Tracking 

MRV  Monitoring, Reporting, and Verification 

N2O  Nitrous oxide 

NMVOC Non-Methane Volatile Organic Compounds 

NOx  Nitrogen Oxides 

ODS  Ozone Depleting Substances 
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PEMFC Proton-Exchange Membrane Fuel Cell 

PM  Particulate Matters 

POCP  Photochemical Ozone Creation Potential 

PV  Photovoltaic 

REPA  Resource and Environmental Profile Analysis 

RO  Recognized Organization 

SEEMP Ship Energy Efficiency Management Plan 

SFOC  Specific Fuel Oil Consumption 

SO2 eq. Sulphur Dioxide equivalent 

SOx  Sulphur Oxides 

SOC  State of Charge 

SOFC  Solid Oxide Fuel Cell 

TtW  Tank-to-Wake 

UNFCCC United Nations Framework Convention on Climate Change 

WtT  Well-to-Tank 

WtW  Well-to-Wake 
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1. INTRODUCTION 

 Overview 

Since 1750, energy use has remarkably augmented as a result of human activities 

such as rapid technological growth and industrialisation (Intergovernmental 

Panel On Climate Change, 2007). However, up to now, more than 80% of the 

energy consumed worldwide is fossil fuels (International Energy Agency (IEA), 

2020a). Accordingly, the use of fossil fuels has been continuously increasing, 

and the global atmospheric concentration of anthropogenic greenhouse gases 

(GHG) such as carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) 

generated by the use of these fuels has notably increased (Acar and Dincer, 2019). 

The GHG generated in this way accelerated the global temperature rise, and the 

global average temperature rise caused climate change such as various natural 

disasters and continuous sea-level rise. Such climate change has become an 

inherently global issue, and active responses to solve it have become a core task 

of mankind that cannot be delayed any longer. 

As a result of these environmental impacts, awareness and interest in protecting 

the environment have greatly increased. The shipping sector is no exception to 

this global trend. 

Worldwide trade has increased dramatically during the last centuries, paralleling 

the continuous growth of global GDP, as illustrated in Figure 1-1 (a) and (b) 

(Ortiz-Ospina et al., 2018, The World Bank, 2021). Given that the waterborne 

transportation accounts for approximately 90% of worldwide trade (Mitchell and 

Gyanchandani, 2022, Guo et al., 2023, Singh et al., 2012, International Chamber 

of Shipping, 2014, Scott, 2014, Sustainable Shipping Initiative, 2011), the 

number and size of marine vessels have also significantly grown during the same 

period of time (see Figure 1-1 (c) and Figure 1 (d)) (United Nation Conference 

on Trade and Development (UNCTAD), 2020, Ortiz-Ospina et al., 2018). As a 

result, shipping has become one of the major sectors contributing to climate 
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change, and a high emitter of SOx and NOx, about 14% of global emissions 

(Bullock et al., 2022, Kontovas, 2020, Micco and Pérez, 2001). According to the 

data compiled from 2007 to 2018, the world shipping has produced around 3 % 

of CO2 emissions, as well as approximately 15% and 13% of global NOx and 

SOx emissions, respectively (International Maritime Organization, 2014, 

International Maritime Organization, 2020). 

 

Figure 1-1. Various graphs; (a) World exports at constant prices, relative to 1913 (world 

export volumes indexed at 1913=100), (b) World GDP, (c) Ratio of global trade to world 

GDP, (d) World total fleets. 

 

Not only the increase in concern about environmental impacts, but also interest 

in quality of life is encouraging changes in awareness of environmental issues. 

As the economy develops and life becomes more affluent, interest in quality of 

life has increased, and health is a very important factor in determining the quality 

of life (Ivinson, 2002, Asadi-Lari et al., 2004). Since air pollutants emitted from 

shipping activities can cause various harmful effects or diseases, such as 

increased mortality, respiratory distress, skin irritation, and cancer (Kampa and 

Castanas, 2008, Brunekreef and Holgate, 2002, Viana et al., 2014, Shuai et al., 

2017), more research is required to reduce pollutants to protect and maintain 

health. 
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In fact, this issue is not limited to certain individuals or experts. At the World 

Economic Forum, the top global risks were identified in terms of likelihood and 

impact. Extreme weather, Climate action failure, Human environmental damage, 

Infectious diseases, and Biodiversity loss were selected as the top global risks 

by likelihood, while Infectious diseases, Climate action failure, Weapons of 

mass destruction, Biodiversity loss, and Natural resource crises were identified 

as the top global risks by impact (McLennan, 2021). As such, environmental 

issues are being discussed as the most important topic even in global economic 

issues to the extent that world economic leaders recently selected 7 out of 10 

most important global issues as environmental issues. 

 

 Regulations and Issues about Environment in the maritime 

sector  

To solve these problems and as a part of the response, governments and other 

organisations have made various efforts to reduce pollutant emissions and 

prevent global warming through global emission commitments such as the 

Kyoto Protocol and the Paris Agreement. At the 2015 United Nations Climate 

Change Conference which is the 21st Conference of Parties (COP21, Paris) in 

2015, the 'Paris Agreement' was adopted to set and implement gas emission 

targets. In its content, the global average temperature should not rise above 2  

compared to pre-industrial levels, and finally, all countries set their own 

greenhouse gas emissions by aiming for zero net carbon dioxide emissions. 

Although the maritime sector was excluded from the Paris Agreement, the 

International Maritime Organization (IMO) developed and presented a roadmap 

to support the Paris Agreement. They have enacted and implemented a series of 

stringent environmental regulations to reduce air pollutants that contribute to 

global warming, acid rain and even more. In particular, IMO MARPOL Annex 

VI contains regulations on curbing air pollution from ships including sulphur 
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oxides (SOx), nitrous oxides (NOx), and ozone depleting substances (ODS) 

(International Maritime Organization, 2021). 

Notwithstanding the enterprising stance, the efforts of IMO towards 

environmental protection have exhibited evident shortcomings. The IMO's focus 

has been solely on the emissions produced during fuel consumption, thereby 

neglecting other environmental factors that emerge throughout various stages 

such as production, transportation, and storage. Consequently, the policy has 

been viewed as one that disregards these aspects. 

 

1.2.1. SOx emission control 

As shown in Figure 1-2, from 1st January 2020, a new regulation came into 

force that ships must use fuel oil including less than 0.5% sulphur contents 

which is LSFO (Low Sulphur Fuel Oil). Prior to this, from 2015, Fuel oil 

including less than 0.1% sulphur content, ULSFO (Ultra Low Sulphur Fuel 

Oil), must be used in Emission Control Area (ECA) (International Maritime 

Organization, 2021). 

The sulphur content of fuel oil consumed on ships should not exceed the 

following limits: 

¶ 4.50 % m/m prior to 1 January 2012 

¶ 3.50 % m/m on and after 1 January 2012 

¶ 0.50 % m/m on and after 1 January 2020 (LSFO) 

Within an Emission Control Area (ECA), rules are stricter as followed. 

¶ 1.50 % m/m prior to 1 July 2010 

¶ 1.00 % m/m on and after 1 July 2010 

¶ 0.10 % m/m on and after 1 January 2015 (ULSFO) 
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Figure 1-2. Regulation of sulphur content (a) and NOx emissions (b) in shipping 

 

Consequently, this regulation concentrates solely on mitigating SOx 

emissions during the fuel consumption phase by restricting the sulphur 

content of the fuel employed by vessels. 

 

1.2.2. NOx emission control 

For ships built in 2011 or after 2011, Tier 2 regulations are currently being 

applied, and Tier 3 regulations are being applied only to ships that are sailing 

in ECA (International Maritime Organization, 2013). 

Table 1-1. NOx emission limits 

Tier 
Ship construction year 

(Applicable for this year or later) 

NOX emission limit (g/kWh) 

n = Rated Engine Speed (RPM) 

n < 130 n = 130 ~ 1999 n Ó 2000 

 2000 17.0 45 × n-0.2 9.8 

 2011 14.4 44 × n-0.23 7.7 

 
  2016* 

    2021** 
3.4 9 × n-0.2 2.0 

* ECA in the North America or the US Caribbean 

** ECA in the Baltic Sea or the North Sea 

 

Similar to Section 1.2.1, this is an endeavour to mitigate SOx emissions from 

fuel consumption without taking into account other stages. 
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1.2.3. Initial IMO GHG Strategy 

The initial strategy of GHG reduction adopted by the IMO in 2018 solidified 

the existing goal of reducing and phasing out GHG emissions from the 

maritime sector. This initial strategy emphasised that technological 

innovation and the introduction of alternative fuels and/or energy sources 

are essential for international shipping (International Maritime Organization, 

2018). 

The three levels of ambition for GHG reduction among the initial strategies 

are as follows (Rutherford and Comer, 2018). 

1) Reduction of carbon intensity through the additional implementation of 

the Energy Efficiency Design Index (EEDI) targeting newly built ships 

- Review for the aim of strengthening the energy efficiency design 

requirements of ships by appropriately determining and applying the 

improvement rate at each stage by ship type 

2) Reduced carbon intensity of international shipping 

- Efforts to reduce the average CO2 emission per transport work in 

international shipping by at least 40% by 2030 and 70% by 2050, 

compared to 2008 shown in Figure 1-3 

3) Peak and decline GHG emissions from international shipping 

- Reach the peak of GHG emissions pronto from international 

shipping and reduce by at least 50% of the total annual GHG 

emissions by 2050 compared to 2008 
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Figure 1-3. IMO strategy for major reduction in GHG emissions from shipping (DNV GL, 

2018) 

The Initial IMO GHG strategy introduced the concept of lifecycle in the 

shipping sector, which is significant in addition to the plan for GHG 

reduction mentioned above. In MEPC 73, to improve the environment, the 

Initial IMO GHG Strategy sets a clear goal of developing robust life cycle 

GHG/carbon intensity guidelines for all types of fuels by 2023, with a focus 

on the lifecycle as shown in Figure 1-4. This has created an opportunity to 

review the feasibility of utilising environmentally sound methods from 

upstream to downstream of fuels for the shipping industry not only from the 

user perspective in the future. 

As a detailed process for this, ISWG-GHG 9 initiated a comprehensive 

procedure to develop LCA guidelines for lifecycle GHG intensity of marine 

fuels. They have recognised the need to develop a procedure that includes 

decisive and objective criteria for determining the emission values 

applicable to a specific situation, and discussions on this topic have taken 

place. 

Following further discussions, MEPC 78 established a Correspondence 

Group on marine fuel lifecycle GHG analysis with the responsibility for 

developing draft LCA guidelines. This group is tasked with identifying 

initial fuel production pathways and feedstocks, and developing 

methodologies to calculate total GHG emission values including upstream 

and downstream. Additionally, the group needs to establish a procedure to 
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continuously review the issue of fuel sustainability standards and set 

emission values. 

 

Figure 1-4. Initial IMO Strategy on reduction of GHG emissions (IMO, 2018) 

 

1.2.4. MEPC 76 

To achieve the initial IMO GHG strategy, various goals were set, and as a 

short-term measure, the International Convention for the Prevention of 

Marine Pollution from ships (MARPOL) Annex 6 amendment was 

approved at MEPC 75. Subsequently, at MEPC 76 held in June 2021, the 

amendment to MARPOL Annex 6 including technical guidelines was 

finally adopted. 

The adoption of technological and operational measures to reduce the 

carbon intensity of international transport from 2023 is a key aspect in 

MEPC 76, and accordingly, the following measures are highlighted: EEXI, 

CII, and the enhanced SEEMP. 

These regulations represent a new set of requirements that promote change 

by mandating both operational and technical improvements to existing 

processes. Specifically, they require that calculations be performed for 
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energy efficiency and carbon intensity in accordance with emissions targets. 

This is expected to be a significant step in the decarbonisation journey of 

the maritime industry. While the EEXI has the disadvantage of performing 

measurements only once during ship construction, the CII performs 

calculations on an annual basis to ensure compliance with regulations that 

are continuously strengthened every year. However, despite the importance 

of these regulations in advancing decarbonisation, they do not address the 

major drawback of focusing solely on the fuel use side of the calculations. 

(a) Energy Efficiency eXisting ship Index (EEXI) 

As one of the revised MARPOL Annex 6, EEXI is a regulation 

corresponding to technical measures. This regulation applies to ships 

engaged in international voyages of 400 gross tonnage (GT) or more to 

reduce greenhouse gas emissions, and is implemented from January 1, 2023. 

Vessels can operate only when the International Energy Efficiency 

Certificate (IEEC) is issued, which is proof that EEXI is satisfied (DNV GL, 

2020). 

The Engine Power Limitation (EPL) is being considered as one option to 

respond to EEXI regulations. 

(b) Carbon Intensity Indicator (CII) 

CII, an operational approach that is applied from January 1, 2023, is a 

regulation to measure how efficiently ships transport goods or passengers, 

and is applied to ships engaged in international voyages of 5,000 GT or more. 

It is calculated based on the actual annual fuel consumption and operating 

distance of the ship, and annual grades from A to E are given according to 

Attained CII compared to Required CII. In addition, in order to continuously 

reduce emissions, the Required CII value is planned to be lowered annually, 

and accordingly, the rating thresholds will become increasingly stringent 

(DNV, 2021). Therefore, in order to maintain the same rating, it is necessary 

to identify and implement measures to constantly improve the operational 

efficiency of ships. 
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Improvement of CII grade is also expected through the implementation of 

EPL to satisfy EEXI regulations. 

(c) Ship Energy Efficiency Management Plan (SEEMP) 

(International Maritime Organization, 2016, Lloyd's Register, 

2021) 

i) Part I  

According to MARPOL Annex VI, ships of 400 GT or more engaged 

in international voyages must maintain a copy of the SEEMP Part I on 

board from January 1, 2013. 

 

ii)  Part II 

From 2019, ships of 5,000 gross tonnage and above engaged in 

international voyages must collect fuel oil consumption data, based on 

the amendments to MARPOL Annex VI adopted in 2016. The collected 

data should be reported to the Administration or Recognized 

Organization (RO), and the data collection method and reporting 

procedure should be specified (IMO Data Collection System, IMO 

DCS). The Confirmation of Compliance (CoC), which is issued after 

approval by the Administration or RO, must be kept on board the ship. 

 

iii)  Part III 

Additional modifications to MARPOL Annex VI were adopted at 

MEPC 76. It describes SEEMP Part III, which includes CII in addition 

to the existing SEEMP Part I and Part II, implemented from 1 January 

2023. The content of it is, vessels subject to CII should develop 'CII 

calculation method', 'Required CII value for the next 3 years', 

'Implementation plans to achieve Required CII' and 'Self-evaluation and 

corrective action procedures'. 
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1.2.5. United Nations Climate Change Conference 

The 26th Conference of Parties (COP26) to the United Nations Framework 

Convention on Climate Change (UNFCCC) in Glasgow, United Kingdom, 

was held to recognise the urgency of climate change and to commit to a 

lasting and new framework for climate policy and other tangible progress 

(Hunter et al., 2021). The Clydebank Declaration, defined in COP26, was 

adopted to achieve the ambitious goal of net-zero GHGs in the shipping 

sector by 2050, starting with emission-cutting in 2023. This declaration set 

a much higher target than the IMO's current reduction target of 50% 

reduction of greenhouse gases by 2050 compared to 2008. In this respect, 

this declaration is evaluated as a positive move that urges the shipping 

industry to further contribute for a low-carbon future, and at the same time, 

that calls for a lot of effort. In addition, the declaration announced that at 

least six Green Corridors, zero emission maritime routes, would be 

developed by 2025 as one of the COP26 agreements (Pham et al., 2022, 

Tinh et al.). 

However, all vessels passing through the Green Corridor have no obligation 

to zero emissions or create and to participate in partnerships between them 

to reduce emissions. As a result, even though international ports are making 

great efforts to realise the Clyde Bank Declaration, the reality is that the 

level of participation and activation of the international community has not 

yet reached the expected level. 

 

 Toward Net-zero 

1.3.1. Net-zero Initiative 

(a) United Kingdom 
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The UK played a crucial supporter in advocating the initial strategy 

resolution aimed at reducing greenhouse gas emissions from the 

International Maritime Organization (IMO) to safeguard the environment. 

In line with this, they clearly articulated their commitment to a 50% 

reduction in GHG emissions from the shipping sector by 2050 compared to 

the level of 2008. As a result of this effort, the Maritime 2050 report was 

released in January 2019, outlining a forward-looking strategic vision for 

the shipping industry that emphasises sustainability and ecological 

responsibility (Department for Transport of the UK government, 2019). 

The UK government has implemented measures to realise the goals set out 

in the Maritime 2050 report, including increased support for the transition 

to environmentally friendly ships. To this end, a government-led shipping 

office called the UK Shipping Office for Reducing Emissions (UK SHORE) 

was established. This new initiative is intended to facilitate and promote the 

adoption of sustainable shipping practices in the UK shipping industry 

(Daniel and Lee, 2022).  

The UK government is committed to achieving net zero greenhouse gas 

emissions in shipping through the implementation of the UK SHORE, 

which involves comprehensive research and development activities in 

collaboration with industry, including the Clean Maritime Demonstration 

Competition (CMDC), as well as promoting the development of industrial 

facilities and infrastructure. The strategy encompasses the development of 

a diverse range of green fuels and technologies, such as electrical energy, 

hydrogen and ammonia. These activities are expected to serve as a 

significant catalyst for the British shipping industry's attainment of net-zero 

emissions, as well as contribute to the clean maritime sector. 

 

(b) European Union 

The European Union has announced its commitment to adopting the 'Fit for 

55' package and pledging to reduce greenhouse gas emissions by at least 55% 
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(relative to 1990 levels) by 2030 from a life cycle perspective. Moreover, 

they also have committed to achieving climate neutrality by 2050 through 

the revision of the EU Green Deal, well known as European climate law (de 

las Heras, 2022). Achieving climate neutrality will require a 90% reduction 

in transportation emissions, and this will require expanding efforts to 

improve the operational efficiencies of transportation and increase the 

proportion of consumption of sustainably produced renewable energy 

sources and low-carbon fuels (European Commission, 2021). 

As an action plan for this, the Commission proposed to expand the European 

Union Emissions Trading System (ETS) to the marine sector and to review 

the Energy Taxation Directive (ETD). Because even though existing ETS 

and ETD have the advantage of cost-effectively achieving GHG emission 

reductions and providing an appropriate price signal to the decisions of each 

stakeholder, such as operators, investors and consumers, all barriers to 

solutions to low and zero-emission cannot be addressed adequately. 

Furthermore, FuelEU Maritime and Alternative Fuel Infrastructure (AFI) 

are also suggested to achieve the aforementioned goal. 

To take active actions to protect the environment through more detailed 

environmental impact assessment, the well-to-wake (WtW) based 

evaluation method considering the effects of energy production, 

transportation, distribution and use, was proposed. This is to reduce the 

GHG footprint and encourage technologies and production pathways that 

provide tangible benefits over conventional fuels. 

The following items will be considered and discussed as regulations so that 

these environmentally effective proposals can be efficiently carried out: 

emission factors based on WtW, applicable emission-free technologies or 

usage criteria, the rules of conducting simulation, and direct measurements 

method for emissions. For the shipping sector, it is planned to monitor the 

WtW emission factors to cover whole related greenhouse gases, broken 

down into well-to-tank (WtT), tank-to-wake (TtW) and fugitive emissions, 

for every single type of fuel consumed at berth and at sea. 
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European Union Emissions Trading System (EU-ETS) 

The EU-ETS is a market-based action system designed and operating on the 

'Cap and Trade' principle. Within the shipping industry, a cap on the total 

greenhouse gases emitted from ships is established, and in the event of 

surpassing the limit, emission rights must be procured via a trading 

mechanism. Furthermore, the emissions ceiling is gradually reduced on a 

yearly basis, with the ultimate aim of attaining carbon neutrality across all 

of Europe's industries (Galdi and Ferrari, 2022). 

 

Energy Taxation Directive (ETD) 

The ETD, which stands for Energy Taxation Directive, is a regulatory 

framework concerning the taxation of energy consumption within the 

European Economic Area (EEA). This directive aims to promote the use of 

greener fuels by significantly reducing taxes on such fuels. The expected 

outcome of this tax reduction is a substantial increase in the adoption of eco-

friendly fuels among ships operating within Europe (Kostova, 2022). 

 

FuelEU Maritime  

This proposal outlines proactive measures to realise decarbonisation in the 

shipping industry, as one approach to achieving the 'Fit for 55'. A critical 

aspect of this proposal is the promotion of sustainable marine fuel utilisation, 

which require the advancement of environmentally friendly technologies 

and addressing market barriers (ULLA -MARI, 2022). 

This proposal aims to include all ships of 5,000 GT or more that visit 

European ports, irrespective of their flag state, to achieve the greenhouse 

gas reduction objective by 2050. The target, which is based on the average 

GHG intensity from ships in 2020, involves a short-term reduction of 2% 
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by 2025, with a progressive reduction in emissions leading to a 75% GHG 

reduction by 2050 as shown in Figure 1-5. 

 

 

Figure 1-5. Greenhouse gas intensity reduction plan of FuelEU Maritime 

 

To achieve the proposed objective, this proposal recommends specifying the 

environmental impact of fuels on the Bunker Delivery Note (BDN) and 

evaluating it from the perspective of the fuel's entire life cycle. It is worth 

noting that the targets established by FuelEU Maritime do not solely 

consider fuel usage; instead, they are based on GHG emissions computed 

using the life cycle of fuels and their associated industrial activities. 

In summary, the reduction target of FuelEU Maritime goes beyond 

shipboard emissions (Tank-to-Wake, TtW) to consider the total greenhouse 

gas emissions (Well-to-Wake, WtW) generated by various fuels and related 

engine technologies. Based on life-cycle environmental impact assessments, 

ships are encouraged to use renewable and low-carbon fuels. Operators are 

not obligated to use specific technologies to comply with regulations, but 

they are required to use carbon-free and low-carbon sustainable fuels. 
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FuelEU Maritime is expected to play a crucial role in the economic aspect 

of ship operation, similar to the EU-ETS, where penalties are imposed on 

excess emissions that do not meet the set targets. While the EU-ETS allows 

for costs/penalties to be avoided by increasing the efficiency of vessel 

operation, the FuelEU Maritime requires a change in fuel. For instance, if a 

large bulk carrier emitting about 9,700 t CO2 eq. per year while at sea and 

about 1,400 t CO2 eq. while at berth continues to use conventional fossil 

fuels, it may initially incur higher costs under the EU-ETS as shown in 

Figure 1-6. However, assuming the carbon market is stable, these costs 

remain constant. Conversely, fines under the FuelEU Maritime will 

continue to increase, reaching ú3.6 million in 2050, about six times the EU 

ETS. It is worth noting that all calculations of these emissions are performed 

for the entire process from production to the use of ship fuel using LCA. 

 

Figure 1-6. Penalty comparison between FuelEU Maritime and EU ETS 

 

Stakeholders who understand the full implications of these environmental 

regulations can find opportunities to reduce costs. For example, offsetting 

the penalty of an entire fleet with a few ships with superior 

performance/environmentality is a possibility. According to Lloyd's 

Register (2023), if ten conventional fuel ships operate for 5 years (2030-
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2034), the potential penalty for FuelEU Maritime is around ú277 million. 

However, if one e-methanol-fuelled ship joins the fleet, the penalty can be 

waived. 

Therefore, based on GHG emission results obtained through LCA, 

significant cost savings can be achieved through the strategic application of 

fuel (Solakivi et al., 2022). As a result, the need to emphasise technology 

development and sustainable energy production capability will continue to 

be highlighted, and in this process, LCA is expected to become a necessity 

rather than an option. 

 

Alternative Fuel Infrastructure (AFI ) 

This proposal is one of the additional steps towards the realisation of 

FuelEU Maritime. Its provisions comprise the establishment of bunkering 

infrastructure to facilitate the use of liquefied natural gas (LNG) in the 

shipping industry, which is a viable and immediate alternative to traditional 

fossil fuels and can mitigate GHG emissions. Furthermore, the proposal 

advocates for the deployment of the port power supply to reduce pollution 

emanating from ports (DINU, 2021). 

 

1.3.2. Discussion on the introduction of Life Cycle Assessment 

(LCA) 

The FuelEU Maritime proposal represents compelling evidence of the 

European Union's intent to introduce Life Cycle Assessment (LCA) in the 

shipping industry. Furthermore, the assessment of inland transportation 

conducted by the European Union offers valuable insights into how the 

environmental impact assessment and measures proposed by FuelEU 

Maritime can be evaluated and implemented. In this evaluation, not only the 

user perspective (TtW) of various fuels, but also the production aspect (WtT) 

of those were considered (Hill et al., 2020). In other words, the holistic 
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environmental impacts were calculated by considering the overall 

environmental loads from production to the use of fuels. As such, this 

method is anticipated to serve as a vital trigger for shifting the focus within 

the shipping industry from the type of fuel used to the method of fuel 

production. 

Previous EU actions have already had a history of spurring a corresponding 

IMO response to GHG issues, particularly shortly after the EU adopted the 

Regulation on Monitoring, Reporting and Verification (MRV) of GHG 

emissions from vessels, the IMO launched a similar regulation to collect 

data on global GHG. From these precedents, the European Commission's 

proposed regulation is highly likely to have an impact on the IMO in the 

future, and it is expected that the IMO will develop a new LCA guideline to 

evaluate the well-to-wake perspective of fuels based on this regulation. 

 

 Motivations 

The necessity of reducing environmental pollution continues to be a pressing 

issue, and the severity of climate change caused by pollution is increasing. 

Numerous activities aimed at mitigating these societal issues and protecting the 

environment have been implemented. As part of these efforts, various 

regulations mentioned in section 1.2 have been introduced and implemented. 

Moreover, to safeguard the environment and comply with regulations, 

considerable efforts are being devoted to reducing energy consumption and 

introducing environmentally friendly fuels through various research and 

activities. 

However, despite these efforts, environmental indicators show no signs of 

improvement, and the severity of environmental pollution continues to escalate. 

As part of the effort to prevent this phenomenon, the primary motivation of this 

research is to contribute towards achieving environmental protection in the 

shipping sector. By identifying the limitations that are not addressed in the 
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current regulations and proposing ways to address the identified weaknesses, this 

research aims to provide guidance towards further environmental protection and 

enhanced eco-friendliness. 

Furthermore, in the quest to achieve net-zero GHG emissions, countries and 

organisations are actively engaging in discussions and formulating proposals and 

regulations. It has become widely acknowledged that reducing GHG emissions, 

which is considered the leading contributor to climate change, necessitates 

comprehensive and informed decisions that encompass both the user perspective 

and production processes. This shift in focus has brought the concept of Life 

Cycle Assessment (LCA) to the fore, leading to discussions on the suitability of 

its application in the shipping industry.  

Nevertheless, considering the history of early LCA startups, it is notable that 

they were not initially developed for the shipping industry. Given that the 

shipping industry operates in a distinctive environment, different from other 

conventional industries, it is crucial to investigate whether the previously 

introduced LCA methodology is applicable to the shipping sector. To this end, a 

rigorous review is deemed and motivated necessarily to validate the 

methodology's applicability in the maritime sector and provide direction towards 

safeguarding the environment and transitioning to a GHG-free future. 

Developing and providing an environmental assessment tool is crucial to ensure 

that the new system/fuel required by the shipping sector is a suitable means of 

protecting the environment from the perspective of the lifecycle. Providing 

guidelines for selecting a more environmentally friendly system/fuel is no longer 

optional, but rather a necessity for future generations. 

 

 Outline of the thesis  

This thesis consists of 10 chapters and 3 appendices.  
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Chapter 2 introduces the research aim and objectives with an outline of the 

thesis to achieve them. In Chapter 3, the overviews of the current activities such 

as studies/applications to increase efficiency and reduce emissions, and the new 

systems such as electric propulsion and alternative fuels are presented. 

Additionally, problems and limitations of current activities and systems are 

identified in this chapter.  

A detailed literature review to address the identified issues from Chapter 3 is 

conducted in Chapter 4. In this chapter, existing analysis methods with 

conventional life cycle assessment methodology are reviewed and analysed to 

find research gaps and affirm plans to fill them. Based on the results of review 

and analysis, new methodologies for analysis and evaluation of environmental 

impacts are proposed in Chapter 5. In Chapters 6 to 8, case studies are 

conducted based on the newly proposed methodology. Through this, it is 

possible to confirm the excellence and effectiveness of the new methodologies 

compared to the conventional methodology. In addition, case study results prove 

that the new methodologies must be applied not only to the shipping field but 

also to the environmental evaluation in general. 

The contributions, novelties, limitations of this thesis and recommendations for 

future work are discussed in Chapter 9. Finally, Chapter 10 summarises and 

concludes the research. 

 

Appendices A to C provide supplementary information not included in the main 

text as follows:  

Á Appendix A shows previous research and activities to increase efficiency 

and reduce emissions. 

Á Appendix B deals with the environmental data for the solar PV system 

and the data of power from it.  

Á Appendix C presents the functional units with/without fuel 

transport/storage. 
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2. RESEARCH AIM AND OBJECTIVES 

 Aim and objectives 

Based on current circumstances and motivations, the goal and purpose of this 

research was set. The overall aim of this thesis is to contribute to reducing 

holistic environmental impacts for marine vessels by introducing a novel 

lifecycle assessment model, which is the ñDynamic LCAò proposed in this 

thesis. 

In order to achieve the aim, the following objectives are specified: 

¶ Objective 1: To understand the shortcomings of current practices and 

environmental indicators, and to recognise key challenges. 

¶ Objective 2: To identify the limitations of conventional LCA approaches 

and their applications to the maritime sector. 

¶ Objective 3: To develop an enhanced LCA methodology suitable for the 

dynamic behaviour of shipping. 

¶ Objective 4: To demonstrate the effectiveness of the proposed LCA 

methods through case studies. 

¶ Objective 5: To provide suggestions on proper usage of LCA as a new 

standard to the marine vessels to achieve clean maritime. 
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 Outline flow of research and tasks 

Several tasks to achieve the aforementioned research aim and objectives are 

illustrated in Figure 2-1 and described below. 

 

Figure 2-1. Outline flowchart for the research 

 

In this thesis, various environmental protection activities and regulations were 

organized according to the flow presented in Figure 2-1, and the boundaries of 

these activities were defined. Based on this, it was explained that the application 

of Life Cycle Assessment (LCA) in the shipping industry should be actively 

pursued. However, there are clear limitations to introducing and implementing 

this concept in shipping, considering the background and methodology of LCA. 

To overcome these limitations, a refined LCA methodology called Dynamic 

LCA was proposed. This enhanced methodology takes into account the unique 

characteristics and dynamic environment of the shipping industry, allowing for 
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evaluation that reflects real-time changes. Dynamic LCA addresses the 

limitations of existing data that have been consistently identified as weaknesses 

in LCA, enabling the derivation of continuous and accurate environmental 

impacts tailored to the characteristics of ships operating in a dynamic 

environment. 

The effectiveness of the proposed methodology was validated through case 

studies, demonstrating its ability to derive ship-related environmental impacts in 

a more reliable and precise manner compared to traditional LCA. Based on these 

findings, the adoption of Dynamic LCA becomes imperative in order to 

safeguard the environment in the shipping industry and meet increasingly 

stringent regulations. Furthermore, this methodology necessitates the revision 

and supplementation of current regulations to encompass the entire lifecycle of 

products, from production to consumption and disposal, rather than solely 

considering the user's perspective. 

Moreover, this methodology provides valuable insights into determining which 

fuels and systems are most effective in achieving the goals of sustainability and 

net-zero emissions in shipping. Finally, it serves as a guideline for ship operation 

for stakeholders such as ship operators and owners, offering direction and 

essential data to policymakers responsible for creating and implementing 

regulations and policies. 

 

Task 1.1 Overview of responses to protect the environment in academia 

and industry  

Achievement of environmental protection activities was identified by increasing 

the efficiency of fuels, systems, and devices to satisfy reduce emissions. 

Simultaneously, the limitations of the activities concerning the holistic 

environment were also distinctly detected. 
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Task 1.2 Overview of new systems and application to overcome current 

issues  

The impact of activities to obtain environmental benefits through improvement 

based on the existing system identified in Task 1.1 is helpful to some extent, but 

not dramatic. Therefore, the electric propulsion system and new greener fuels 

that are being studied and considered for introduction for greater environmental 

advantages are reviewed.  

 

Task 1.3 Review of current environmental indicators 

The pitfalls of current maritime environmental indicators along with the existing 

and new systems based on a limited perspective were clearly confirmed. In 

addition, the right direction of thinking and decision in the environmental aspect 

was presented. 

 

Task 2.1 Introduction to Life Cycle Assessment (LCA)  

In order to extend the limited perspective in terms of the environment identified 

in Task 1 to a holistic perspective and identify clear environmental impacts, Life 

Cycle Assessment was introduced.  

 

Task 2.2 Review of the direction to introduce environmental impact 

assessment in the shipping sector 

The characteristics of LCA, which is widely used for environmental impact 

assessment, were confirmed, and its suitability for introducing it to the shipping 

field was reviewed. Most of the fields where LCA has been developed and 

utilised are onshore sites, and it is characterised by using only existing data for 

processes based on fixed procedures. By comparing these characteristics with 
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the operating characteristics of shipping, clear defects for the part that could not 

be covered were identified and supplementary measures were devised. 

 

Task 3.1 Enhanced methodology to evaluate accurate environmental 

impact 

An improved LCA methodology was proposed that compensates for the main 

disadvantages of conventional LCA; performing limited research based on 

deficient data which is secured/researched, and impossible to be applied to other 

cases with different research processes and results. 

 

Task 3.2 Enhanced methodology to apply in dynamic circumstances 

Conventional LCA has a decisive drawback in that it has been performed based 

on static activities. However, ships are based on dynamic activities and are 

exposed to continuously changing environments, not the same process or 

sequence. This is the reason why a new methodology that can appropriately 

reflect this is required, proposed, and applied. 

 

Task 4.1 to 4.3 Case studies 

Case studies were conducted by implementing newly developed methodologies 

in Tasks 3.1 and 3.2. They incorporated the electric propulsion system and 

diverse fuels reviewed in Task 1.2, resulting in more precise and appropriate 

environmental impact assessments by taking various factors into account. The 

findings of case studies have verified the effectiveness of the methodology 

proposed in this research, thereby establishing the need to transition from the 

current Life Cycle Assessment (LCA) to the next generation LCA. Moreover, 

these methodologies can be applied to different types of vessels, facilitating a 

comprehensive investigation and general observation, and ensuring the rigour of 

the research and its outcomes. 
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Task 5 The new paradigm for eco-friendly research in the shipping 

sector and directions of future studies 

This task is deliberated on the effective application of new paradigm 

environmental impact assessment methodologies, identified in Tasks 4.1 to 4.3, 

to the maritime sector. Furthermore, an in-depth review of the anticipated effects 

resulting from the implementation of the methodology was conducted. 

Subsequently, it provided guidance on the execution of environmental protection 

activities in the shipping industry, identified the essential activities that should 

be included, and presented meaningful directions to various stakeholders. 

Finally, the research concluded by summarising the aspects that necessitate 

further investigation and future works. 
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3. LITERATURE REVIEW OF CURRENT 

APPLICATION  

In this Chapter, numerous countermeasures were appraised to meet the 

aforementioned regulations and rules and achieve reducing emissions toward net 

zero, such as increasing efficiency, optimal operation, additional devices, applying 

alternative fuels and new systems/power sources. In addition, current indicators to 

show emissions from vessels were also reviewed. 

This process entailed evaluating the adequacy of the existing emissions reduction 

efforts and measures towards achieving net-zero emissions, as well as confirming 

whether the indicators comprehensively reflected the ship's activities. 

Consequently, this section reviewed the sufficiency of current measures and 

identified additional factors necessary for effective emission control as shown in 

Figure 3-1 and Table A-1. Especially, in Table A-1, numerous previous research and 

activities aimed at increasing efficiency and reducing fuel consumption to meet 

ever-strengthening regulations are listed in categories óFuel usage & featureô, 

óEngine & System related to fuelô, óEnvironmental effect from fuelô, 

óEnvironmental issue in the maritime sectorô, óDevices for environmentô, 

óEfficiency for environmentô, Alternative fuelsô, and óLCA study in the maritime 

sectorô by year which are summarised in Figure 3-1. 
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Figure 3-1. Research trends regarding current measures in the maritime sector to achieve 

net zero and meet regulations 

 

 Past research/technical measures on emission reduction in 

the marine sector 

In order to respond to the GHG emissions regulations mentioned in section 1.2 

and 1.3, a variety of technical and operational measures have been introduced, 

and the contents are summarised in the categories óDevices for environmentô and 

óEfficiency for environmentô in Table A-1. 

Several studies have explored novel technologies, including slow steaming, hull 

cleaning, heat recovery systems, and shaft generators, to improve the efficiency 

of ships and reduce energy consumption. Additionally, proposals for efficient 

fuel use have been put forward to curtail the amount of energy required for ship 

operation. These research and development efforts have resulted in a marked 

reduction in fuel consumption during operation (i.e., use) of ships. However, 
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these activities have primarily focused on reducing fuel consumption during ship 

operation and only consider the user perspective (TtW). 

 

 New system development and application  

The activities listed in section 3.1 are measures to install additional devices or 

enhance efficiency using existing technologies or systems that can attain certain 

targets, but do not have large emission reductions to achieve the target of GHG 

emissions. However, to meet increasingly stringent regulations and reach net 

zero, more robust research and measures are needed. The activities presented in 

this section are anticipated to be game-changers that can accomplish net-zero 

emissions in the future. 

 

3.2.1. Electric propulsion ship 

Electric propulsion ships using novel electric technologies - such as batteries, 

solar panels, fuel cells - have drawn great attention and expanded their share 

into the shipping market gradually (DNV GL, 2019a). 

There are three types of electric propulsion system (Karimi et al., 2020b); 

1) Diesel-electric system: electricity generated by diesel generators run 

propulsion motors. 

2) Hybrid system: the electric energy used by propulsion motors is 

produced and supplied by the diesel generator or the energy stored in the 

battery is used. 

3) Fully battery system: the electric energy used on the ship is only 

supplied by the batteries. 
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As recognised green maritime solutions (Vahabzad et al., 2020, DNV GL, 

2018), those ships are believed to be able to respond to the current demands 

of maritime environmental protection (Kanellos et al., 2016, Lee et al., 2014, 

Yang et al., 2020) in addition to various benefits as summarised: higher 

energy efficiency (Hansen and Wendt, 2015), optimisation of engine room 

arrangement (Pestanam, 2014, Chai et al., 2018) with less volume and 

weight  (Zahedi et al., 2014), lower operation and maintenance costs 

(Doorduin et al., 2013), less noise and vibration (Nguyen et al., 2021), high 

system reliability (Hansen and Wendt, 2015) as well as excellent 

manoeuvrability (Lee et al., 2014, Sadr and Khanzade, 2013) with 

remarkable technical advancement (Hansen and Wendt, 2015). 

A noteworthy aspect of the electric propulsion system is its ability to achieve 

considerably high propulsion efficiency across all loads by adjusting the 

number of generators compared to mechanical propulsion with a single main 

engine, as illustrated in Figure 3-2 (Hansen and Wendt, 2015). This is 

because the efficiency of the internal combustion engine increases as the 

load increases. This feature ensures significant fuel efficiency, which 

surpasses that of conventional mechanical propulsion methods that are 

inherently inefficient in the low-load section. Consequently, the electric 

propulsion system is becoming increasingly recognised as a viable option 

for protecting the environment. 
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Figure 3-2. Efficiency of ship propulsion depending on the propulsion system  

 

Reflecting these advantages, a study, conducted by Breijs and Amam (2016), 

analysed a hybrid propulsion system that included batteries and resulted in 

a fuel savings of 11% when this system was applied to a ferry on sea trials 

compared to the current mechanical propulsion system. This outcome was 

achieved by adjusting the battery charging time and implementing a power 

management system of a hybrid propulsion system. 

The electric propulsion system offers various advantages; however, its 

widespread adoption in the shipping industry is limited by the higher 

investment costs compared to existing systems. Potential losses arising from 

the additional conversion stage of the power converter and power quality 

issues arising from the intensive use of electronic equipment also can be 

attributable (Geertsma et al., 2017a). Furthermore, installation of a battery 

necessitates a high-speed charging solution, but inadequate charging 

infrastructure in many locations exacerbates energy supply and demand 

vulnerabilities (Karimi et al., 2020a). Battery safety and cost are also 
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commonly cited drawbacks of this technology (Berg and Helldén, 2007, 

Zahedi et al., 2014). 

In terms of electric power system, the AC power distribution system was 

widely adopted for most electric propulsion ships in the past. However, with 

the convenience of switching power thanks to advanced development on 

power electronics technology, DC distribution systems have prevailed as the 

mainstream of electric propulsion ships (Hansen and Wendt, 2015, Hansen 

et al., 2011, Pestanam, 2014). The advantages of the DC distribution system 

over the AC distribution system in the electric propulsion ship can be 

summarised as below (Hansen and Wendt, 2015, Hansen et al., 2011, Kim 

et al., 2018). 

¶ Unlike AC based propulsion ships that require generators to be 

operated at a fixed speed regardless of the output to maintain the 

rated frequency, DC based propulsion ships can change speed freely, 

which improve the propulsion efficiency at low loads as shown in 

Figure 3-3 (Pestanam, 2014). In the study by Pestanam (2014), DC 

system can reduce around 13% of fuel consumption when it is 

applied to Platform Supply Vessel (PSV) with DP operations for 35% 

of the schedule, steaming for 25%, standby for 15%, and port for 

25%. 

 

Figure 3-3. SFOC of generator in different current systems 
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¶ Fast parallel operation is possible because generator synchronisation 

is not required. 

¶ Installation weight and volume can be reduced by simplifying or 

exempting components such as the main AC switchboards, 

converter transformers and harmonic mitigation equipment, thereby 

reducing the propulsion loads and reducing fuel consumption. 

¶ Reduced maintenance costs due to fewer breakdowns since the 

engine continues to operate at its optimum operating point. 

¶ Energy storage system (ESS) can be freely connected, and additional 

energy sources such as solar panels, fuel cells, and supercapacitors 

can be installed to save energy and obtain benefits such as peak 

shaving and load levelling. 

¶ Unlike AC systems where reactive power is present, DC systems 

have no problem with reactive power interactions, making it easy to 

maintain power stability. 

The DC system is presently under extensive consideration for employment 

in electric propulsion ships, given the aforementioned various advantages. 

In particular, ships that necessitate continuous adjustments in propulsion 

speed, such as passenger ships, ferries, and military vessels, stand to derive 

significant energy-saving benefits from the implementation of the DC 

system (Nguyen et al., 2021). 

Notwithstanding the many benefits offered by the DC system, there exist 

several challenges that demand attention. Firstly, power electronic 

converters must be utilised to interconnect devices, such as loads and power 

sources, in a DC system. Moreover, since numerous loads, such as motors, 

necessitate AC power, the greater the number of such devices, the higher 

the cost of power conversion (Nguyen et al., 2021). Lastly, the major 

drawback of the DC system is the protection system. In contrast to AC 
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systems, which are capable of swiftly de-energising and clearing arcs at zero 

crossings of current in the event of a fault, DC systems lack such crossings. 

Thus, DC systems require more sophisticated circuit-breaking techniques to 

be applied (Skjong et al., 2016). 

In the name of environmental protection, a lot of policy efforts are being 

made to convert cars that use existing fuel into electric cars, and accordingly, 

much public attention is being focused (Burchart-Korol et al., 2020, Wu et 

al., 2018). In line with this trend, it is true that from the popular and 

generalised perspective, the electric propulsion ship is also viewed as an 

eco-friendly ship. On the other hand, there are very few fundamental and 

holistic studies on whether the electric propulsion ship is truly eco-friendly 

ships, and in the meantime, technical aspects such as efficiency, control, etc. 

have been intensively studied in research on the electric propulsion ship. 

 

3.2.2. Auxiliary power system 

(a) Battery 

Battery is a key energy storage system, and their utilisation is gradually 

increasing. To charge it, alternative marine power (AMP) from onshore 

supply the electricity. 

The efficient and safe operation should be secured by selecting the most 

suitable energy storage devices for the ship propulsion purpose among the 

various types. As shown in Figure 3-4 (Kularatna, 2014), it is clearly 

indicated that batteries are an excellent energy storage type when 

considering both power density and energy density. Therefore, it is largely 

used in a wide variety of industries including marine vessels (Ovrum and 

Bergh, 2015, Wen et al., 2016). In particular, Li-ion batteries are found 

excellent in power density  (Song et al., 2019, Maheshwari et al., 2020). 
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Figure 3-4. Power density and Energy density of energy storages 

 

In addition, (Buchmann, 2017) compares the capacity retention of batteries 

over the number of operation cycles as shown in Figure 3-5. It reveals that 

batteries can be used for a longer period if kept between 25 and 75% of the 

battery state of charge (SOC). Considering battery lifetime and cost, 

installation space and weight, etc., charging at 25% and discharging at 75% 

can be the best battery management decision. 
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Figure 3-5. Actual capacity loss of battery by charging and discharging and expectation 

of battery life by extrapolation 

 

The present studies provide the basis for the selection and application of an 

energy storage system (ESS), which can be utilised with safety and 

efficiency in shipping. Furthermore, the research findings propose an 

approach to utilisation that has the potential to conserve more energy and 

minimise emissions from the user's standpoint. 

 

(b) Solar PV 

To achieve zero-carbon shipping, solar PV systems with higher technical 

maturity have started to be considered as a main source of power for marine 

vessels. In fact, the solar PV system has continued to expand its use and 

increase its installed capacity due to eco-friendly energy policies and the 

growing awareness of environmental protection. However, due to the 

feature of the ship, it has been mainly installed and used on land rather than 

ships due to the loading of cargo and the limitation of the installation space 

on the deck. In order to use this system more effectively, research on cost-

benefits (Wei et al., 2021), optimisation of the residential solar system 
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(Amabile et al., 2021), and research by Li et al. (2021) to investigate the 

efficient installation status of solar panels have been conducted. In addition, 

studies on the efficient use of energy storage devices such as lithium 

batteries with the solar PV system was conducted by Schleifer et al. (2021), 

and a hybrid power generation system including those with diesel generators 

was also performed by Marqusee et al. (2021). However, through the 

development of technology and various studies, recent attempts to apply and 

utilise the solar PV system to ships are continuing. 

Solar energy is subject to challenges as power generation is highly 

dependent on environmental conditions (Li et al., 2020, Wen et al., 2016, 

Amabile et al., 2021) and it may be difficult to secure enough space for PV 

systems onboard (Li et al., 2021). Given this, the current application of 

solar-powered ships is due limited to small and short route vessels rather 

than ocean-going ships. In particular, technical/economic advantages were 

found for small-scaled PV powered ships by Wei et al. (2021) with a short 

payback time through fuel savings (ABS, 2017). In addition, compared to 

other renewable technologies, the weight of solar panels is light and easy to 

apply (Nguyen and Dong, 2020). Hence, hybrid electric ships fitted with 

diesel generators, batteries or solar PV panels are presently becoming a new 

shipbuilding trend for green short sea shipping (Lee et al., 2013, Nasirudin 

et al., 2017, Schleifer et al., 2021, Marqusee et al., 2021). 

Despite recent popularity, PV-powered ships are still at their early stage and 

several studies have attempted to address technical challenges such as 

energy storage, infrastructure for electric charging and demands on high 

power capacity to propel ships, etc (Nuchturee et al., 2020, Kim et al., 2016). 

Here are some representative examples. Lim et al. (2019) conducted a 

prediction of electric power consumption on electric propulsion ships to 

determine the capacity of the generator and propulsion motor. Hansen et al. 

(2011) studied the onboard DC grid system, and Thantirige et al. (2015) 

examined multilevel converter (MLC) topologies that are suitable for 

medium voltage drives. In addition, Hou et al. (2017) contributed to 

mitigating frequent power fluctuations due to changing propulsion motor 
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load and external factors on electric propulsion ships. In addition, Table A-2 

summarises remarkable studies on the combination of electric propulsion 

systems with PV systems for marine application. This synopsis presents that 

although electric propulsion ships and the solar PV system have been 

applied to the maritime sector under the pretext of environmental protection 

as greener shipping, past studies have due largely focused on only the 

technical demonstration of the proposed system. 

The PV electric vessel runs on electricity from the onboard PV system, and 

from the national grid if the PV system is not able to fully meet the required 

power. The holistic environmental impacts on electricity generation vary 

greatly depending on primary energy resources, technologies and 

geographic conditions (Turconi et al., 2013), implying that the same PV 

electric ship can make totally different environmental performances. This 

argument can raise a fundamental question to be answered; whether PV-

electric ships can ultimately be a future lifecycle solution for world maritime 

environmental protection with no exception, or whether the same ship can 

be more harmful than helpful in the environment under some circumstances. 

Unfortunately, there was no past research that could offer some meaningful 

insight into this question. 

 

(c) Wind 

The utilisation of wind technology as a major propulsion for ships persisted 

until the 19th century, when the steamship emerged. The invention of ships 

powered by steam engines provided greater flexibility and reliability in 

transporting cargo and passengers, resulting in the gradual decline in the 

employment of wind technology in shipping (Harlaftis et al., 2012). 

Wind energy is a pollution-free and clean energy source that holds promise 

in accelerating the decarbonisation of the shipping industry. Recent 

advancements in research and development, as well as ship application 

cases, have increased interest in the use of wind technology (Argyros, 2015). 
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Various wind technologies have been developed as auxiliary propulsion 

units for ships, such as the following types (Delft and Fraunhofer, 2016, Lu 

and Ringsberg, 2020). 

Flettner Rotor: It generates forward thrust by employing the Magnus effect 

through the use of electrically powered rotating cylinders that are installed 

perpendicular to the deck. 

Towing kite: After sending a large kite to a high altitude, it uses the thrust 

generated by wind. 

Wingsail: It generates propulsion by creating a lifting effect while reducing 

the induced drag that slows the vessel, and is similar to an aerofoil that 

employs aerodynamic force. 

Soft sail: It utilises a traditional sail with modern features, rotating the sail 

itself to obtain optimal lift. DynaRig is the representative type. 

Wind turbine: It is a type of turbine installed on the deck of a ship that 

generates thrust or electricity for propulsion. However, due to the size of the 

turbine, it is generally challenging to apply it to merchant ships, although it 

is used in some yachts. 

According to recent research, the fuel saving effect of wind power on a ship 

varies depending on the speed. However, Schlaak et al. (2009) has reported 

that wind power can result in savings of up to 36%. Furthermore, Chou et 

al. (2021) has conducted extensive research on various types of wind-

powered technologies. The results indicate that the application of these 

technologies can result in fuel efficiency increases ranging from 0.4% to 

60%. Specifically, the Flettner rotor can result in fuel efficiency increases 

of 0.4% to 50%, towing kites can lead to increases of up to 50%, wing sails 

can result in increases of 5% to 60%, soft sails can increase between 4.2% 

and 35%, and wind turbines can result in increases of 1% to 4%. 
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It is clear that these studies have been conducted with focusing on increasing 

efficiency and reducing fuel consumption in relation to the TtW perspective 

regarding fuel use. 

 

3.2.3. Alternative fuels 

Since alternative fuels are strongly regarded as a promising solution to abate 

GHG emissions and mitigate/restrain climate change, introducing 

alternative fuels to the maritime sector is very crucial, essential and 

indispensable. Based on the DNVôs report as shown in Figure 3-6 (DNV GL, 

2019c), it is clearly shown that, by 2020, oil, which accounts for more than 

90% of the fuel used in the shipping sector, will gradually be replaced by 

alternative fuels. However, it is projected that the usage of HFO will persist, 

and its consumption, which has significantly declined due to stricter 

regulations, is anticipated to slightly increase in the future due to the 

development and maturation of Onboard Carbon Capture System (OCCS) 

technology. In addition, from 2038, alternative fuels are predicted to be used 

more than oil and the use of greener fuels is expected to increase 

continuously. A notable aspect is that the overall energy consumption is 

expected to exhibit a gradual decline until 2050, despite the anticipated 

growth in shipping activities attributed to increased freight volumes. This is 

attributed to the projected reduction in energy consumption per tonne-mile 

by 35% to 40% by 2050, driven by ongoing technological advancements 

(DNV GL, 2019c). 
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Figure 3-6. Energy use and projected fuel mix 2018ï2050 for the simulated IMO ambitions 

pathway with main focus on design requirements 

 

There has been a lot of research on fuel used in the maritime sector from the 

past. 

As shown in Figure 3-1 and Table A-1, energy-related research in the 

maritime sector shows a clear trend, which is Environmentality. Until the 

1800s, research was carried out simply focusing on how to use fuel (Allen, 

1730, Paul, 1865, Richardson, 1865, Clark, 1884, Edwards, 1895), but from 

the 1900s, it developed into research related to the characteristics of the fuel 

itself (Blackiston, 1909, Daniels, 1921, D'Eyncourt, 1929, Chung et al., 

2000). Research on the use of fuel considering the characteristics of ships 

and engines (Verhey, 1920, Lucke, 1921, Evans and Brierly, 1928, Beck 

and Miller, 1944, Shi et al., 2010), the emulsification of fuel oil and etc 

(Martin, 1951, Harbach and Agosta, 1991, Lin et al., 1995a, Lin et al., 

1995b), contributed to the development of the shipping field. But apart from 

these efforts, the world has faced environmental problems. Accordingly, 

research on the environment was actively conducted in earnest to obtain 

answers to global environmental problems such as global warming. Various 

environmental issues, such as emissions from fuel mainly used in ships 

(Capaldo et al., 1999, Corbett, 2004, Endresen et al., 2007, Winnes and 

Fridell, 2009, Dalsøren et al., 2009, Moldanová et al., 2009, Popovicheva et 

al., 2009, Agrawal et al., 2010, Zhang et al., 2021), as well as emission, 
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policies and environmental regulations in the shipping field (Register, 1990, 

Carlton et al., 1995, Okamura, 1995, Kütting and Gauci, 1996, Corbett and 

Fischbeck, 1997, Lawrence and Crutzen, 1999, Endresen et al., 2003, Cofala 

et al., 2007, Han, 2010), were studied. In addition, abundant research on 

devices for environmental improvement and methods to increase energy 

efficiency have also promoted the eco-friendliness of the shipping industry 

(Stefanopoulou and Smith, 2000, Cooper, 2001, Seif and Tavakoli, 2004, 

Dimopoulos et al., 2008, Ballou et al., 2008, Gully et al., 2009, Dedes et al., 

2010, Geertsma et al., 2017b, Geertsma et al., 2017a, Planakis et al., 2022). 

However, in spite of these efforts, it was true that the existing system alone 

was insufficient to suggest a policy direction to meet continuously 

tightening environmental regulations or alternatives for environmental 

improvement. In consequence, interest in alternative fuels rather than 

conventional fuels has increased. 

The fastest alternative fuel that can replace existing oil fuel is LNG. This is 

because it is appropriate compared to other alternative fuels considering all 

indicative status, including technological maturity, fuel availability, and 

rules such as The International Code of the Construction and Equipment of 

Ships Carrying Liquefied Gases in Bulk (IGC Code) and International Code 

of Safety for Gas Fueled Ships (IGF Code) (Elgohary et al., 2015), as shown 

in Figure 3-7. Furthermore, the use of LNG can reduce more than 70% of 

NOx, 90% of SOx, and 85% of particulate matter (PM) compared to 

conventional fuels, therefore LNG, which can be immediately applied, is 

evaluated as a very attractive alternative fuel (Banawan et al., 2010, Sui et 

al., 2020). 
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Figure 3-7. Indicative status of alternative fuels (DNV GL, 2018) 

 

However, since LNG, a carbon-based fuel, has only about 10-20% 

greenhouse gas reduction effect compared to conventional fossil fuels 

(Arteconi et al., 2010), there is a limit as an alternative fuel that can solve 

global warming, which is currently the most serious problem. Therefore, 

such interest has led to research on various alternative fuels such as nuclear, 

biofuel, and carbon-free fuels including ammonia, hydrogen, and plug-in 

electricity (Ford, 1977, Khlopkin and Zotov, 1997, Farrell and Glick, 2000, 

Calfo et al., 2002, McCoy, 2002, Brett, 2008, Banawan et al., 2010, Van et 

al., 2019, Hansson et al., 2019, Al-Enazi et al., 2021).  

On the other hand, ships are involved in a variety of activities that lead to 

energy supply and demand, consumption and emissions. Therefore, to 

estimate the overall environmental impact of a given vessel, it is necessary 

to track and analyse the flows of energy and emissions associated with every 

single activity at various life stages. However, the research on these various 

alternative fuels has only focused on fuel use, technical aspects and the 

simple reduction of emissions when existing fuel is converted to alternative 

fuels (Brett, 2008, Banawan et al., 2010, Van et al., 2019, Iannaccone et al., 

2020, Sui et al., 2020, Sapra et al., 2021, Al-Enazi et al., 2021, Fan et al., 

2022). 
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Despite the considerable variety of studies, research on alternative fuels in 

the shipping field has limitations in not comprehensively reflecting various 

ship-related activities aforementioned. Most of the studies showing the 

difference in emissions according to fuel do not consider the upstream of 

the fuel, but only the user aspect (Capaldo et al., 1999, Endresen et al., 2007, 

Winnes and Fridell, 2009, Dalsøren et al., 2009, Moldanová et al., 2009, 

Zhang et al., 2021). In addition, research on pollutants generated from ships 

focused only on exhaust gas emissions due to energy consumption (Kütting 

and Gauci, 1996, Lawrence and Crutzen, 1999, Endresen et al., 2003, Delft 

et al., 2006). In the case of alternative fuels, despite the fact that the amount 

of emissions generated from the viewpoint of the life cycle is significantly 

different according to various production methods, the production stage was 

not considered in studies by Brett (2008), Van et al. (2019), Sui et al. (2020), 

and Al -Enazi et al. (2021). Therefore, the holistic study should be 

introduced to identify the comprehensive aspects including fuel production 

for alternative fuels. 

 

 Current indicators for measurement of emissions 

The IMO has adopted several indicators that are vital in introducing regulations 

aimed at safeguarding the environment in the international shipping industry. 

These indicators play a significant role in evaluating the energy efficiency and 

carbon emissions of ships to measure and improve their environmental 

performance. By monitoring the energy efficiency and carbon emissions of 

ships, these indicators have become a fundamental tool in promoting sustainable 

shipping practices and reducing the environmental impact of the shipping 

industry. 

 

(a) Energy Efficiency Design Index (EEDI) 
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It is an indicator to evaluate the energy efficiency of newly built ships which is 

adopted at MEPC 62 in 2011. 

ὉὉὈὍ 
В     

  
                            (1) 

Where; P is power of a ship, Cf is the fuel mass to CO2 mass conversion factor, 

SFOC is certified Specific Fuel Oil Consumption in g/kWh, Capacity is the 

deadweight, Vref is ship speed in nautical miles per hour. 

Briefly, it can be explained as óTotal energy consumption / Distance travelledô. 

 

(b) Energy Efficiency Operational Indicator (EEOI) 

It is an indicator to evaluate the energy efficiency of in-service ships which is 

adopted at MEPC 64 in 2013. 

ὉὉὕὍ 
В   

  
                             (2) 

Where; j is fuel type, FCj is the mass of the consumed fuel j, CFj is the fuel mass 

to CO2 mass conversion factor for fuel j, mcargo is cargo carried (tonnes) or work 

done (number of TEU or passengers) or gross tonnes for passenger ships, D is 

the distance in nautical miles corresponding to the cargo carried or work done. 

Briefly, it can be depicted as óTotal energy consumption / Total distance 

travelled or transport capacityô. 

 

(c) Energy Efficiency Existing Ship Index (EEXI) 

It shows the energy efficiency based on the information on existing ships over 

400 GT. It is adopted at MEPC 76 in 2021. EEDI evaluates the energy efficiency 

of newly built ships based on their design, whereas EEXI evaluates the energy 

efficiency of existing ships based on their actual performance. 
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ὉὉὢὍ 
В     

  
                            (3) 

Where; P is 75%/83% of the rated installed power (maximum continuous rating, 

MCR), Cf is the fuel mass to CO2 mass conversion factor, SFOC is certified 

Specific Fuel Oil Consumption in g/kWh, Capacity is the deadweight, Vref is 

ship speed in nautical miles per hour. 

Shortly, this indicator can be explained as óShip's designed maximum energy 

efficiencyô / óCurrent ship's energy efficiencyô. 

 

(d) Carbon Intensity Indicator (CII) 

It measures and displays the degree of continuous improvement in reducing the 

carbon footprint of the international shipping industry, adopted at MEPC 76 in 

2021. 

ὅὍὍ 
В   

  
                              (4) 

Where; j is fuel type, FCj is the mass of the consumed fuel j, CFj is the fuel mass 

to CO2 mass conversion factor for fuel j, Capacity is the deadweight, D is the 

distance in nautical miles corresponding to the cargo carried or work done. 

In simple expression, óCO2 emissions during operationô / óDistance travelled or 

transport capacityô. 

 

Upon reviewing the environmental indicators currently employed in the shipping 

sector, certain observation has come to light. Specifically, these indicators are 

calculated based solely on the ship's operational use, without considering the 

fuel's full life cycle impact. Consequently, while emissions generated during fuel 

usage are considered, emissions arising from fuel production are absolutely 

neglected. 
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 Research gap identification 

In this chapter, various efforts to reduce emissions to protect the environment 

have been explored. As can be clearly seen in Table A-1, previous research in 

the field of shipping has solely emphasised the user's perspective on the TtW 

aspect, without providing a comprehensive analysis of the multifarious activities 

associated with ships from a holistic viewpoint. 

To achieve the proper use of the electric propulsion ship and the PV installed 

ship, the fundamental way to proper use should be answered by determining the 

correlations of the environmental performance of electric ships and PV with 

external circumstances such as national electric grids or geographical conditions 

from the cradle to grave point of view. A narrow-range appraisal of previous 

studies may be deceptive as another source of possible pollution from incorrect 

convictions for these ships. Without lifecycle demonstration, PV electric vessels 

are more likely to be abused with false convictions and misleading them with 

the wrong local/global policies and decisions. 

Given that, the past publication as listed in Table A-1 and Table A-2, and their 

research trends are clearly indicative of lack of relevant studies on the holistic 

environmental impacts of PV systems. Despite the strong demand of lifecycle 

environmental demonstration of all potential marine energy sources, most of past 

research were falling into the research categories of technical issues such as 

efficiency, stable electricity supply, and cost, etc. 
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Figure 3-8. Lifecycle GHG emissions factors for electricity 

 

In fact, the environmental impact of electrical energy is subject to substantial 

variation, based on the type of fuel used during the production stage, as 

illustrated in Figure 3-8 (National Renewable Energy Lab., 2021), when 

evaluated through a holistic perspective. 

Despite a variety of technical and operational measures and the introduction of 

electric propulsion ships, it is still neither conceivable to achieve 50% GHG 

reduction target by 2050 nor to accomplish the net-zero target in the EU. Table 

A-1 also presents the research on carbon-low or -neutral fuels, suggesting that 

those alternative fuels can be the only solutions to meet current demands. 

Nevertheless, it is true that most of the studies on whether a certain fuel can emit 

less emissions and protect the environment have been identified only from the 

user's point of view. Furthermore, the current indicators that measure and 

evaluate the energy efficiency and emissions of ships, such as EEDI, EEOI, 

EEXI and CII, can only confirm the consumer side. 
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Figure 3-9. CO2 emissions of alternative fuels in shipping 

 

Contrary to the assertions of numerous studies, cited in Table A-1, that suggest 

alternative fuels as the optimal method for safeguarding the environment, it is 

confirmed that greener fuels have significantly different environmental impacts, 

which are contingent on the production method employed and exhibit a similar 

trend to electrical energy, as illustrated in Figure 3-9 (DNV GL, 2019b). 

Furthermore, a holistic perspective reveals that even in the case of hydrogen fuel, 

which is expected to resolve future environmental issues, the environmental 

impact is dependent on the production method, and it can be confirmed that more 

GHG emissions are generated than by highly polluting HFO. 

Therefore, this thesis strongly argues that a comprehensive life cycle approach 

should be adopted to address the full impact of shipping operations on the 

environment, including upstream emissions from fuel production, 

transportation, and refining, in addition to downstream emissions from ship 

usage. Life Cycle Assessment is a methodology that can be an appropriate 

answer to this need. By adopting a comprehensive approach with LCA, the 

shipping industry can promote a more sustainable and environmentally-friendly 

sector. 
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4. LITERATURE REVIEW OF LIFE CYCLE 

ASSESSMENT 

The purpose of this chapter is to introduce Life Cycle Assessment (LCA) and fill 

the research gap in order to address the issues identified in Chapter 3. Most 

studies/activities to improve the environment only focused on the user perspective, 

even though the impact is not negligible as confirmed in Figure 3-9. LCA 

complements these problems and makes it possible to more thoroughly check the 

environmental impact. This chapter focused on identifying deficiencies of current 

LCA designed to adequately assess environmental impacts and determining 

whether conventional LCA can be properly applied to the shipping sector. As a 

result, it was identified and clarified disadvantages and limitations of conventional 

LCA that need to be overcome and improved to suit the characteristics of the 

shipping field. Based on identified pitfalls, the enhanced way will be suggested to 

reflect the dynamic shipping environment. Through this, this chapter is to provide 

direction to more accurately and reliably capture the environmental impact of the 

shipping sector from a holistic perspective. 

 LCA history 

The Life Cycle Assessment (LCA) is a contemporary term referring to a holistic 

environmental management tool that was defined in the 1980s and 1990s. Prior 

to this, several terms/concepts, including Resource and Environmental Profile 

Analysis (REPA) or Ecobalance, were employed to determine environmental 

impact. However, at present, the term LCA is widely used to represent 

environmental assessment. The concept of environmental assessment has 

progressed from a simple analysis of energy use to a comprehensive evaluation 

of environmental load and impact. Recently, LCA has evolved into a technique 

that addresses environmental, resource, and energy issues comprehensively, and 

it is currently expanding into research that considers sustainability (Guinée, 2016, 

Valdivia et al., 2021, Finkbeiner et al., 2010). 
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Figure 4-1. History of LCA   



Ch.4. Literature review of life cycle assessment  

 Chybyung Park, University of Strathclyde. 2023  52 | P a g e 
 

As the LCA history shown in Figure 4-1 (Singh and Bakshi, 2009, Hoffman and 

Schmidt, 1997, Guinée, 2002, Guinee et al., 2011, Brusseau, 2019, Frischknecht 

and Knöpfel, 2013, McManus and Taylor, 2015, Selmes, 2005, Damiani et al., 

2021), the first LCA studies could be traced back to the late 1960s and early 

1970s and were born limited to a schedule/regular process like manufacturing 

products in factories. 

The study that introduced the concept of life cycle environmental impact 

assessment for the first time is recognised as an evaluation which examined the 

complete process of beverage container production to disposal. It was 

commissioned by Coca-Cola in 1969. As disposable products began to be 

commonly used, consumers appreciated the convenience they provided, but they 

also became worried about the environmental problems resulting from the use 

of disposable items. Nevertheless, from the perspective of a profit-driven 

company, beverage packaging was changed from bottles to disposable products, 

thereby eliminating the need to transport returnable bottles back to the factory 

and reducing the production costs of beverage containers. However, reasons 

were needed to address consumer opposition to environmental issues, and for 

this purpose, Coca-Cola requested the Midwest Research Institute to investigate 

the impact of product packaging on endowed resources and the environment. 

The institute compared various types of single-use containers with glass bottles, 

considering several factors such as energy consumption, waste generation, air 

emissions, and water pollution (Hunt et al., 1996). Following these pioneering 

studies, life cycle environmental assessments were performed on single items 

such as paper and plastic production during the 1970s. Until this point, most of 

the research had concentrated on simply determining which product had more 

benefits. Furthermore, it can be claimed that the company-driven environmental 

impact assessment was carried out because the majority of cases were 

commissioned by businesses for reasons such as profit and marketing. 

(a) Decades of Conception (1970-1989) 

It can be asserted that this period was the time when the concept of 

environmental impact assessment was conceived. In 1972, Ian Boustead 
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conducted total energy calculation which was later known as the concept of 

'Ecobalance' (Jensen et al., 1997, Boustead, 1992). Afterwards, Boustead 

continued related research, organised the methodology, and published that 

applicable to various materials as the 'Handbook of Industrial Energy Analysis' 

in 1979 (Boustead and Hancock, 1979). While in 1974, the U.S. Environmental 

Protection Agency introduced REPA for the first time (Hunt, 1974). Numerous 

unpublished studies were conducted utilising these terms. Nevertheless, due to 

the absence of a common framework and standard for environmental impact 

assessment, studies utilising the concept were conducted using different methods 

and procedures, which made it impossible to generalise the study results in terms 

of reliability. 

In the 1970s, significant issues such as the oil shock (1973) and the energy crisis 

(1979) emerged. As a result of the shortage of energy and resources, interest in 

energy efficiency increased. Consequently, environmental assessment at the 

level of energy analysis was utilised as a broad range of tools used to identify 

potential impacts on various environmental indicators and resource depletion, 

and related studies were extensively conducted (Fink, 1997). Furthermore, 

environmental problems caused by pollution and waste began to receive public 

attention. Based on these interests and critical minds, in 1978, the Eco-label 

system was first introduced in Germany (Rubik, 1995), and SETAC, which 

contributed significantly to environmental assessment, was established in 1979 

(Mogensen, 2000). However, this interest in the environment was short-lived, 

and research slowed down as a result. 

In the 1980s, interest in the environment resurged, and various studies were 

actively conducted (Kemp, 1990). Hunt and Franklin expressed their interest in 

such a large environment using the expression 'dramatic re-awakening of 

environmental consciousness' (Hunt et al., 1996). In particular, the first 

workshop on LCA was held in Vermont in 1989, and environmental assessment 

was gradually carried out. 

Until the 1970s and early 1980s, companies took the initiative in evaluating 

environmental impacts, but in the 1980s, as environmental regulations were 
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created, regulatory/compliance-driven environmental evaluations began to be 

conducted. 

 

(b) Decade of Standardisation (1990-2000) 

Interest in the environment has rapidly increased since the second half of the 

1980s due to various environmental influences. Initially, it showed local and 

regional characteristics but expanded to global problems, such as ozone layer 

destruction and climate change in the 1990s (OECD, 2001). As a result, it can 

be said that the awareness of pollution prevention has grown significantly. 

Thanks to this interest, academic interest in environmental impact assessment 

has also increased remarkably. 

During this period, the concept of environmental impact assessment was 

established, and more detailed research was conducted. Additionally, the term 

Life Cycle Assessment (LCA) has come to represent environmental impact 

assessment, and standardisation has progressed. Through this, a framework for 

LCA implementation was established, and guidance was provided. 

In the early 1990s, the Society of Environmental Toxicology and Chemistry 

(SETAC) developed standards (SETAC, 1993). SETAC continued discussions 

on the LCA methodology and framework so that the concept could be settled. In 

1992, two LCA workshops were held. In the first workshop, an LCA component 

called 'Goal Definition and Scoping' was added, along with an agreement on the 

LCA framework. Based on this, a report on the LCA conceptual framework was 

published in 1993 by Fava (1993) and the following LCA framework was 

introduced as shown in Figure 4-2. 
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Figure 4-2. LCA framework introduced by SETAC 

 

In the second workshop, discussions on data quality in LCA were conducted, 

and based on this, a report on LCA data quality was published in 1994 by Fava 

(1994). The United Nations Environment Programme (UNEP) published a report 

on the concept and execution method of LCA in 1996 and a report on the 

generalisation of LCA in 1999 (UNEP, 1996, UNEP, 1999). 

The International Organization for Standardisation (ISO) specified the LCA 

method and carried out standardisation work. Accordingly, the SETAC standard 

was adopted and revised as an ISO standard in the late 1990s, through which 

ISO stipulated the large framework of LCA implementation and provided 

guidance. 

¶ ISO 14040 Environmental management - Life cycle assessment - 

Principles and framework (1997) (International Standard Organization, 

1997) 
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¶ ISO 14041 Environmental management - Life cycle assessment - Goal 

and scope definition and inventory analysis (1998) (International 

Standard Organization, 1998) 

¶ ISO 14042 Environmental management - Life cycle assessment - Life 

cycle impact assessment (2000) (International Standard Organization, 

2000a) 

¶ ISO 14043 Environmental management - Life cycle assessment - Life 

cycle interpretation (2000) (International Standard Organization, 2000b) 

Although these LCA frameworks were established, standardisation was not 

carried out for each detail, enabling flexible LCA performance rather than 

standardised evaluation. 

Regulation/Compliance-driven environmental assessment, a trend from the 

1980s, was continuously maintained in the 1990s, and environmental impact 

assessment was used as a tool to prepare measures to satisfy various regulations 

in response to global environmental problems. 

 

(c) Decade of Elaboration (2000-2009) 

Due to the emergence of continuous environmental problems and climate change, 

there was a significant increase in interest in the environment. Consequently, 

LCA research also increased considerably (McManus and Taylor, 2015). 

However, due to the lack of detailed standardisation of LCA methods by ISO 

and the absence of a common consensus on how to interpret some ISO 

requirements, various studies conducted at this time resulted in different 

approaches regarding system boundaries and allocation methods. As a result, 

elaborate discussions were carried out to identify factors that could hinder the 

consistency of LCA research in various aspects, such as system boundaries and 

calculation procedures. 
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In 2002, UNEP and SETAC launched an international life cycle partnership 

known as the Life Cycle Initiative. The primary objective of this initiative was 

to put lifecycle thinking into action and enable better data and metrics to 

determine consistent categories and generalisability of findings (Rosenbaum et 

al., 2008). Subsequently, in 2003, the European Platform on Life Cycle 

Assessment (EPLCA) was launched. UNEP and SETAC continued their 

partnership and published Guidelines for Social Life Cycle Assessment of 

Products in 2009 (Andrews et al., 2009). 

In 2006, the ISO guidelines were revised and newly adopted. ISO 14040 was 

revised to ISO 14040:2006, and ISO 14044 were specified. 

¶ ISO 14040:2006 Environmental management - Life cycle assessment - 

Principles and framework (2006) (International Standard Organization, 

2006a) 

¶ ISO 14044 Environmental management - Life cycle assessment - 

Requirements and guidelines (2006) (International Standard 

Organization, 2006b) 

While ISO 14040 focuses on describing the concept and framework of LCA, 

ISO 14044 serves to specify the requirements for LCA and provide procedures 

and guidelines for implementation with framework as shown in Figure 4-3. 
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Figure 4-3. LCA framework (ISO 14044:2006) 

 

During this period, more regulations and policies for environmental protection 

were introduced, and governments and organisations initiated policy-driven 

environmental movements. 

 

(d) Toward Sustainability (2010 ~) 

For the sake of protecting the environment and creating a better future, 

researchers have begun to conduct studies on achieving sustainability, which is 

a higher concept. Currently, LCA is being performed to evaluate the impact on 

the environment. However, when discussing sustainability, it must be considered 

not only the environment but also the economy and society. In other words, 

determining the sustainability of a product/system involves examining whether 

it can be economically utilised and socially acceptable from various angles, in 

addition to its impact on the environment. Consequently, it can be argued that 

this movement towards sustainability represents a way of thinking that prioritises 
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the preservation of the environment. This is because sustainable 

products/activities are inherently linked to environmental preservation. 

Several sustainability studies have been conducted as a name of Life Cycle 

Sustainability Assessment (LCSA), including the Life Cycle Sustainability 

Analysis in 2011 (Guinée and Heijungs, 2011). This trend represents a new 

direction for policy-driven environmental movements. 

 

 ISO standards 

As explained in section 4.1, the currently used ISO standards is based on the 

revised version in 2006. Following this standard (ISO 14044:2006), the LCA 

general framework is guided as shown in Figure 4-3. 

 

4.2.1. Goal and Scope 

Defining the Goal and Scope is a crucial step in conducting a comprehensive 

and relevant LCA. 

The goal defines the primary objective of the LCA study, which informs the 

methodology and study design. It should clearly state the reason for 

conducting the assessment, such as comparing environmental performance, 

identifying more emission points, or assessing the overall impact of a 

process. Additionally, the target audience and range of provisions or 

constraints should be identified in the goal step. 

While the scope of the LCA outlines the system boundaries of the analysis, 

including the product or process being evaluated, the functional unit used 

for comparison, and the life cycle range to be included. The scope also 

specifies the environmental impacts and range of resources/data to be 

considered. 



Ch.4. Literature review of life cycle assessment  

 Chybyung Park, University of Strathclyde. 2023  60 | P a g e 
 

 

4.2.2. Life Cycle Inventory Analysis (LCI) 

Life Cycle Inventory Analysis (LCI) is the second step and key component 

of LCA. The goal of LCI is to identify the environmental loads associated 

with a product or system and to provide a database of emissions from 

sources that exist in various routes (production plants, transportation 

vehicles for distribution, mining or farming methods, etc.). 

In this stage, the data of inputs, outputs, and environmental loads of a 

product or system over its entire life cycle are collected and quantified. Then, 

it provides a comprehensive inventory of the resources consumed and the 

emissions released at each stage of the product's life. 

In order to perform accurate LCA, collecting appropriate/reliable data at the 

LCI stage is the most important. Data is collected on the inputs and outputs 

of each stage of the product's life cycle, including the raw materials used, 

energy consumed, water/resources consumed, waste generated, and 

emissions released. The data is then compiled into an extensive inventory 

with a connection from upstream to downstream, including raw material 

extraction, manufacturing, transportation, use, and disposal. 

 

4.2.3. Life Cycle Impact Assessment (LCIA) 

Life Cycle Impact Assessment (LCIA) corresponds to the third step of the 

four components of LCA, a systematic procedure for diagnosing potential 

environmental impacts of a product or system. It builds on the data collected 

in the LCI phase and provides predicted results by evaluating possible 

environmental impacts based on the calculated environmental loads. 

The environmental load data that has been gathered is classified according 

to impact categories, namely global warming potential, eutrophication 
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potential, acidification potential and etc, which were established during the 

Goal and Scope stage. 

Following the definition of impact categories, the subsequent step in LCIA 

involves conducting Characterisation, which involves the quantification of 

the potential impact of an input or output unit on each impact category, using 

characterisation factors. 

 

4.2.4. Interpretation 

Interpretation constitutes the final stage of LCA, and is a critical step that 

involves the evaluation and diagnosis of LCI and LCIA results. It is closely 

linked to all the preceding stages and encompasses the provision of 

insightful and meaningful information about the environmental 

performance of a product or system. 

A significant aspect of Interpretation is the identification of major 

environmental issues. By comparing and analysing data collected during the 

LCI stage, it is possible to assess the potential for reducing environmental 

loads through alterations in product design, manufacturing processes, or 

end-of-life management. Moreover, it can aid in determining the most 

significant impact categories by comparing the results of LCIA for each 

category. 

Another essential point of this stage involves the evaluation of whether the 

outlined purpose and research boundary in the Goal and Scope stage are 

adequately reflected in the study. To achieve this objective, the 

Completeness analysis, Sensitivity analysis, and Consistency analysis 

methods are employed. Conducting these processes is essential to ensure the 

accuracy and reliability of the LCA results. 

Lastly, this step culminates in drawing conclusions, specifying limitations, 

and providing recommendations based on the LCA results. Consequently, 
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the information gleaned from this stage can guide decision-making towards 

more sustainable practices and communicate environmental sustainability 

concerns to stakeholders and decision-makers. 

 

 Limitations of current Life Cycle Assessment 

While the current IMOôs environmental regulations and the GHG strategy 

envisage a reduction in operational carbon emissions, most recent research 

points out their shortcomings: although carbon-neutral fuels like grey hydrogen 

and ammonia produce no GHG emission in Tank to Wake (TtW) stage, they 

would produce greater amounts of emissions in Well to Tank (WtT) stage. Those 

fuels could possibly result in more emissions than those fossil fuels from a 

lifecycle perspective (Gilbert et al., 2018). To address this fact and the issues 

highlighted in Section 3.4 and bridge the research gap in environmental studies, 

Life Cycle Assessment (LCA) has been implemented in the shipping sector. 

Life cycle assessment (LCA) is a widely-proven tool to evaluate the 

environmental impact of a product by collecting information on materials used 

during the entire life cycle and the energy consumption and emission generated 

from production, operation and disposal of the product (Klöpffer, 2014). 

However, as verified in section 4.1 on the history of LCA, LCA originated from 

an environmental impact assessment conducted for the production of a single 

product as shown in Figure 4-4. Hence, it is therefore fundamental that it was 

designed to evaluate the environmental impacts of static processes. However, 

unlike a factory that produces the same product under identical conditions, the 

operating environment and conditions of ships change with every moment and 

situation. Therefore, the existing LCA methodology has limitations in assessing 

the environmental impact of the shipping sector. Nevertheless, the International 

Maritime Organization (IMO) and its member state presently regard 

conventional LCA, which cannot cover dynamic process, as the most dependable 
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tool for determining the holistic environmental impacts of marine vessels, 

without any doubt. 

 

Figure 4-4. Necessity of Dynamic LCA 

 

In this chapter, it is aimed to review the cases of LCA applied to the shipping 

industry, identify their limitations, and confirm the necessity of introducing 

dynamic LCA, as illustrated in Figure 4-4. 
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4.3.1. LCA in the marine industry 

Recognition of LCA research and application to the marine industry have 

grown over the last two decades to understand the environmental impact of 

the shipping sector as a whole from the perspective of the life cycle. Through 

this trend, voluminous LCA research has been conducted. In these studies, 

considering the upstream stage of energy, they evaluated how substitutions 

such as introducing a new system to a ship are actually environmentally 

beneficial. 

The Norwegian University of Science and Technology created a dedicated 

LCA tool for optimising the ship design in terms of energy efficiency and 

environmental aspects in 2002 (Ellingsen et al., 2002), the National 

Maritime Research Institute of Japan developed LCA software for reliable 

LCI (Life Cycle Inventory analysis) data of cargo ships in 2005 (Kameyama 

et al., 2005), and Kameyama et al. (2007) developed óLIMEô which is a 

comprehensive life cycle impact assessment (LCIA) methodology. In 

addition to these developments, LCA studies have been carried out in 

consideration of ship construction, operation, maintenance and dismantling 

throughout the shipping industry in 2014 (Popa et al., 2014, Chatzinikolaou 

and Ventikos, 2014). In 2018, Wang et al. (2018) emphasises the importance 

of LCA application in the marine industry and applied this to the ship hull 

maintenance strategy. 

LCA research has been extended to fuel and power systems used in ships. 

Some examples of marine fuels are as follows: LCA study on main fossil 

fuels used in ships (Bilgili, 2021) and on LNG as ship fuel (Hwang et al., 

2019); LCA in marine fuels produced in Saudi Arabia and compared it to 

LNG (El Houjeiri et al., 2019); a study on the difference in environmental 

impact when using HFO and LNG as fuels (Sharafian et al., 2019); 

environmental assessment according to ship specification for ships using 

LNG (Jang et al., 2021); research on electric propulsion ship in the aspect 

of the lifecycle (Jeong et al., 2020, Jeong et al., 2022); and lifecycle research 
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on various alternative fuels (Gilbert et al., 2018, Perļiĺ et al., 2020, Bilgili, 

2021, Xing et al., 2021). 

As for power systems, some remarkable studies were conducted: applying a 

solar panel to a ferry (Wang et al., 2019), identifying a greener power system 

(Ling-Chin and Roskilly, 2016a) and LCA study on hydrogen fuel cell (Jang 

et al., 2022, Perļiĺ et al., 2022). 

In addition to this, there have been LCA studies conducted on the scrubber 

system, which is assessed as an alternative that can comply with sulphur 

oxide regulations while using existing marine fuels as it is. Ma et al. (2012) 

has evaluated its life cycle performance, while Jang et al. (2020) have 

compared the environmental impact of various types of scrubber systems in 

terms of their life cycle, using a new methodology called Prametric-Trend 

Life Cycle Assessment (PT-LCA). 

Overall, the series of past LCA research applied to the marine sector above 

is strong evidence of the effectiveness towards net-zero and cleaner shipping. 

Based on this effort, LCA has been now highly acknowledged across 

industries. The European Commission adopted a proposal of óFit for 55ô to 

reduce GHG emissions by at least 55% by 2030 and make the EU climate 

neutral by 2050 across all EU industrial sectors (European Commission, 

2021). The FuelEU Maritime initiative was published in July 2021 as 

maritime strategies for óFit for 55ô. More importantly, this initiative urges 

the EU shipping sector to measure and control GHG emissions through LCA. 

As a standardisation process, the FuelEU Maritime initiative has first 

introduced LCA guidelines for maritime fuels, which are proposed to be 

applied in 2025. Similarly, IMO has also been grappling with developing 

new guidelines equivalent to EU LCA guidelines since 2018 and its first 

draft version will be finalised in late 2023. 

Nevertheless, these studies also clearly expose the inherent limitations of 

the conventional LCA approach which are fundamental problems that serve 

the purpose of this thesis and require further improvement to ensure that this 
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method of environmental assessment is properly adopted and used in the 

shipping sector. 

 

4.3.2. Shortcomings of current LCA approach 

Since 2000, as mentioned earlier, researchers in the maritime sector started 

to borrow LCA methods from other industrial applications and tried to 

estimate lifecycle emissions for ships. However, their attempts were 

fundamentally exposed to pitfalls in that early LCA has been to evaluate 

static processes, case-specific scenarios or estimated/assumed sources due 

to lack/absence of data. These characteristics of conventional LCA have 

made it difficult to properly implement the dynamic behaviour of ships, 

general observation and appropriate/reliable environmental assessment. 

The first limitation identified pertains to the applicability of study results to 

other cases, as the studies conducted were limited to specific cases. 

Conventional LCA was specially designed for case-specific purposes. In 

other words, those methods are more likely to be used to conduct 

environmental impact assessment (EIA) for systems and products with little 

consideration of influential factors that vary in time and of variation in 

external conditions. For example, Wang et al. (2019) conducted LCA for a 

PV short-sea vessel engaged in the Bosphorus Strait, located in the Sea of 

Marmara that analysis results would be relevant to circumstances as defined 

and assumed in the study. That means, this case-specific nature of the LCA 

study is still missing an underlying feature that needs to be considered to 

determine whether the same vessel may make a different performance under 

diverse scenarios and/or business cases, given that PV performances are 

highly dependent on the external conditions. In this regard, this past research 

can hardly answer whether the PV electric ships are ultimately optimal 

solutions or not. 
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The same issues were observed prevalent across most of the past LCA across 

industries; Research of Atodiresei et al. (2017), Jeong et al. (2020), El

Houjeiri et al. (2019) and Hwang et al. (2019) targeted a specific region. In 

addition, Kameyama et al. (2007), Chatzinikolaou and Ventikos (2014) and 

Ling-Chin and Roskilly (2016a) chose specific ship type. The case-specific 

nature of the studies represents a significant limitation, in that the study 

outcomes are only valid under the conditions of the study and cannot be 

extrapolated to other situations. That means the conventional LCA is neither 

effective to obtain a general trend nor understanding the relations of 

internal/external variables. This shortcoming also affects the LCA database 

which contains a large amount of data from certain scenarios/conditions that 

may be not relevant to other conditions.  

Not only this, Strazza et al. (2010) did not clearly set the fuel production 

method, and Ling-Chin and Roskilly (2016b) performed LCA assuming the 

amount of energy produced by the solar PV system. Research by Ma et al. 

(2012), Nian and Yuan (2017), Jang et al. (2020) and Jang et al. (2021) 

calculated the fuel consumption assuming the engine power as the 

maximum continuous rating (MCR), and Gilbert et al. (2018) and Sharafian 

et al. (2019) had ambiguity in the environmental impact assessment because 

ship specifications were not considered. Through these cases, it can be seen 

that the environmental impact in the maritime sector has not been properly 

analysed to cover the entire life cycle from a holistic point of view. In other 

words, lots of parts are replaced by predictions or assumptions, which 

obscure an intuitive assessment of how much a ship's activities really affect 

the environment. As a result, it was not possible to suggest which 

fuel/energy source should be used in what way to become a true greener 

system in the shipping sector. 

Lastly, conventional LCA practices are overly laden on static estimation as 

providing perpetual results indicative of lifetime emission levels. Hence, 

they lack the implementation of dynamic behaviours of ships subject to 

incessant changes. These limitations, which are inherent in conventional 

LCA practices, can be observed in the EU/IMO directives mentioned above. 
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As shown in Figure 4-1, the first LCA studies could be traced back to the 

late 1960s and early 1970s and were born limited to a schedule/regular 

process like manufacturing products in factories. Since 2000, as mentioned 

earlier, researchers in the maritime sector started to borrow LCA methods 

from other industrial applications and tried to estimate lifecycle emissions 

for ships. However, their attempts were fundamentally exposed to pitfalls in 

that early LCAs were created to evaluate static processes that were difficult 

to properly implement the dynamic behaviour of ships. The upper 

mentioned LCA studies in the marine sector have yielded outstanding 

research outcomes, enabling a comprehensive understanding of the 

environmental impact of the shipping sector, and facilitating the 

development of countermeasures to address it. Nonetheless, limitations 

inherent to the conventional LCA methodologies have been identified, 

including their inability to conduct general observation, offer continuous 

environmental impact results, and adequately reflect the dynamic and ever-

changing characteristics of ships. 

 

  Research gap identification 

Shipping is a global and highly dynamic activity. Ships are always subject to 

incessant changes in fuel properties, operating/weather conditions, voyage plans 

and energy management strategies, etc. Indeed, those parameters are key inputs 

for lifecycle environmental impacts for ships. As a result, ships are highly likely 

to produce varying levels of emissions during any given period of time. 

However, it was identified that the conventional LCA method is not highly 

relevant for implementing dynamic analysis because it also relies on the existing 

database. Due to these characteristics, conventional LCA coupled with such a 

database obtained from previous studies, cannot adapt to continuous changes in 

external conditions including time variation. Consequently, LCA investigations 

based only on existing data may not accurately reflect the dynamic features of 
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new power sources such as the solar PV system and electric propulsion, which 

will make great differences in the environmental results of ship performance. 

This existing data-based nature also forces researchers to substitute guesses or 

assumptions for these parts in the absence of existing data, which becomes a 

major obstacle providing research ambiguity. As a result, the existing method 

renders general observation unfeasible, and the results of research do not have 

universality and make narrow proposals possible due to ambiguity and 

uncertainty. 

From the literature review, it is confirmed that research that is able to resolve the 

ambiguity caused by predictions and assumptions, and in which various aspects 

mentioned are adequately considered is essential. This research gap needs to be 

overcome through the enhanced LCA method and advanced research 

methodology proposed in this thesis. Only the evolved methodology based on 

the current LCA can only provide the right energy solution and the way toward 

net zero to the shipping field. 

Another significant research gap identified regarding the introduction of LCA in 

the shipping sector pertains to the piecemeal and one-time provision of LCA 

results. 

In a static environment where products are manufactured following a predefined 

process, it may not be necessary to update LCA results continuously. However, 

unlike such environments, ships operate in dynamic conditions in which their 

operational circumstances vary, leading to diversified environmental impacts. 

Consequently, it is not feasible to accurately ascertain the environmental impact 

of a ship based on fragmented LCA results. 

In response, the IMO's environmental indicator, Carbon Intensity Indicator 

(CII), has been programmed to continuously update the ship's environmental 

performance by regularly iterating the calculations with updated parametric 

inputs. However, as expounded in section 3.3, the CII implemented by the IMO 

is subject to certain limitations. Specifically, it is limited to assessing CO2 

emissions and cannot provide a comprehensive evaluation of the overall 
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environmental impact. Furthermore, although the environmental impact is 

updated periodically, the cycle is lengthy, spanning a year. 

In this context, a novel LCA approach should be proposed to implement 

continual monitoring/estimation and update of environmental performance in 

response to any change in parametric inputs. It is believed that this thesis can 

suggest an effective solution to the proper arrival of LCA into the marine sector. 

Hence, it is to implement a dynamic feature into the conventional LCA process 

by proposing an enhanced LCA model. 
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Figure 4-5. The superiority/necessity of new proposed-LCA compared to conventional 

LCA (C-LCA) and CII  
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Table 4-1. Comparison of characteristics between environmental impact assessment 

methodologies 

Comparing methods of environmental impact 

 Scope Interval Pros Cons 

CII TtW Annual 
Å Updating data/results 

annually 

Å Considering only 

the use/operation 

aspect 

Å Only focusing on 

CO2 

C-LCA WtW 
One time 

calculation 

Å Holistic 

evaluation/analysis 

Å Using past data 

Å Past performance 

Å No update on the 

results 

New 

proposed-

LCA 

WtW 

Every second 

(continuous 

update) 

Å Updating Data/Results 

in real time 

Å Holistic 

evaluation/analysis 

Å Using real-time/actual 

data 

- 

 

As can be seen in Figure 4-5 and Table 4-1, the new methodology, which will 

be suggested in this thesis, is targeted to combine the merits of CII, continuous 

and consistent inspection and update of results, with the benefits of LCA, which 

captures the environmental impact from a holistic perspective from upstream to 

downstream. In addition, it aims to be possible to supplement the shortages of 

CII, which covers only the fuel consumption aspect and focuses on only CO2 

without total environmental impact, and the disadvantages of the conventional 

LCA, which cannot derive results reflecting different situations when 

fuel/system is changed and does not provide continuous results. 
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5. METHODOLOGY 

 Introduction 

In Chapter 3, a number of activities carried out in the shipping sector to reduce 

emissions were identified. Although these activities are commendable, it was 

concluded that they are insufficient for achieving truly green and net-zero 

shipping. This confirms the necessity of introducing LCA in the shipping field. 

However, after reviewing the background, application, and methodology for 

which LCA was created in Chapter 4, it was found that there are pitfalls in that 

the environmental impact generated by ships cannot be properly grasped by 

conventional LCA.  

In order to remedy identified shortcomings of current LCA, the enhanced and 

advanced LCA, called dynamic LCA, is suggested in this thesis as shown in 

Figure 5-1. 

The Dynamic LCA methodology has the capability to consistently and 

iteratively capture the characteristics of ships operating in a dynamically 

evolving environment. This enables the mitigation of limitations inherent in 

conventional LCA, which typically provides one-time assessments, and 

facilitates the continuous provision of accurate and relevant environmental 

impact results. Furthermore, by employing modelling and simulation, the 

reliance on existing data can be minimised, leading to enhanced precision and 

reliability of the outcomes, as well as the establishment of an extensive database. 

With these capabilities, the Dynamic LCA methodology allows for thorough 

evaluations and enables the ongoing utilisation of results as feedback and new 

data, fostering the implementation of various follow-up measures and actions. 
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Figure 5-1. Introduction of Dynamic LCA 
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 Dynamic LCA 

The current methodology relies too much on obtained databases, which are set 

up based on past data and cannot consider current situations. Furthermore, the 

reliability of the study is reduced if data is missing, as it is often replaced with 

assumptions or guesswork. This situation occurs frequently for ships whose 

circumstances are constantly changing, leading to many parts being replaced 

with data through estimations or speculations. In addition, the environmental 

impact of solar PV systems, which exhibit significant variations in energy 

production depending on environmental circumstances, can result in a 

significant ecological impact difference. To address these issues and fill the gaps 

in existing LCA studies, a new LCA methodology is proposed that generates 

data, called Live-LCA, rather than blindly assuming or guessing the 

uninvestigated data. 

Another research gap is that the existing LCA is a methodology developed for a 

static process, making it difficult to cover ship activities operating in a dynamic 

environment. Therefore, previous studies have omitted or assumed too many 

parts to cover the aspect of these dynamic circumstances, hindering adequate 

and reliable environmental assessment. To bridge this research gap, this thesis 

proposes a new methodology, Real-Time LCA (RT-LCA), that can properly 

reflect dynamic driving. This technique can significantly improve the 

disadvantages of static LCA by clearly identifying and providing the ship's 

environmental impact in real-time. 

 

5.2.1. Live-Life Cycle Assessment (L-LCA) 

The LLCA methodology was designed to address the limitations of relying 

solely on existing data by generating data through simulation and/or 

experimentation, and to respond to ambiguity. This means that the accuracy 

and reliability of research can be increased by generating data through 

simulation and/or experimentation in the absence of data on ever-changing 
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ship operating conditions. Moreover, the LLCA methodology replaces 

many parts with assumptions and expectations, making the results case-

specific, and allowing clear overcoming of the limitations of previous LCAs 

that hindered general observation. 

The LLCA methodology can offer a way to investigate previously 

unexplored facts and confirm the overall effects of new technologies, 

without being overly laden with a fixed dataset. Furthermore, it can 

quantitatively suggest the relationships between variables, such as different 

assumptions, inputs, scenarios, types of technologies, ship specifications, 

business cases, local/global conditions, and so on. Figure 5-2 illustrates the 

key features of LLCA in comparison to the conventional LCA. 
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Figure 5-2. Live-Life Cycle Assessment framework and methodology compared to 

conventional LCA 
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As shown in Figure 5-2, the conventional LCA method simply consists of 

the following four steps according to the ISO guidelines: Step 1- Goal and 

Scope; Step 2- Lifecycle Inventory analysis (LCI); Step 3- Lifecycle impact 

assessment (LCIA); Step 4- Interpretation. On the other hand, Live-Life 

Cycle Assessment (LLCA) includes the new features of ñStep 3: Data 

generationò where the Modelling/Setup & Simulation/Experiment step for 

input/output data generation. In addition to this, the rest of the existing LCA 

steps were also revised based on the purpose/functionality of LLCA. 

Through the new step "Data generation", LLCA to be more reliable, 

universally applicable, and produce appropriate results. From this, the 

general trend can be known, the index of ships can be derived, and the 

research results can be directly generalised without the techniques used for 

generalisation in the conventional LCA, such as sensitivity analysis or 

uncertainty analysis. Therefore, based on more reliable data, it is possible to 

complete general observation, and the result of general observation can be 

immediately used for regulation and policymaking. 

 

5.2.2. Real-Time Life Cycle Assessment (RT-LCA) 

RT-LCA is proposed to embody an immediate and lifelong process for real-

time maritime environmental impacts. A key functionality of RT-LCA is to 

utilise live and continuous data in real time so that it keeps updating the 

performance of a subject ship from a lifecycle perspective. 

Figure 5-3 compares the differences in process between the conventional 

LCA and RT-LCA. The RT-LCA generally follows the same steps as 

conventional LCA methods based on ISO guidelines; 1) goal and scope, 2) 

lifecycle inventory analysis (LCI), 3) lifecycle impact assessment (LCIA), 

and 4) interpretation. A key difference of RT-LCA lies in continuously 

iterative data entry, processing, and display of results every second, 

providing greater opportunities for monitoring, detective, proactive and 

corrective actions onboard if necessary. 
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Figure 5-3. Comparison between conventional LCA and Real-Time LCA 

 

As given in Figure 5-3, a fundamental shortcoming of conventional LCA is 

attributed to its limited data access and processing method. High reliance on 

outdated data and irreversible processing methods is not able to enable it 

responsible for the ship dynamism whose operating patterns, bunkering, and 

service routes are ceaselessly changing. 

Conventional LCA may be useful to estimate emission levels in the past but 

hardly predict future emission levels later on. In other words, a serious 

drawback imposed on the conventional LCA is that there is no process for 
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continuous updates of results in response to changes in various 

environmental factors in shipping. Hence, immediate feedback from any 

corrective action is not available with the conventional LCA. 

RT-LCA proposed in this thesis is a method of collecting/processing actual 

data in real time (Domínguez-Patiño et al., 2014, Schachinger and Al-Lami, 

2018). The continual data transmission from actual sensors and onboard 

monitoring systems is applied for the LCA and its iteration for continual 

updates in results. An iterative process is repeated every new second, 

thereby results are continually updated with the display of historical 

performance tracking over time. As a result, emissions and environmental 

impacts can be identified/interpreted in real time. This format of RT-LCA 

results is greatly helpful for ship operators to conduct rapid judgment and 

corrective action if needed. Indeed, it is an enhanced LCA approach that 

dresses a feature of CII on a conventional LCA process. 

 

 Chapter summary and conclusions 

Advanced methodology, named Dynamic LCA, for utilising in this thesis was 

proposed and presented in this chapter. 

Specifically, the first one of Dynamic LCA methodology is Live-LCA (L-LCA), 

which can overcome the limitations of conventional LCA methodology that 

heavily rely on secured databases and resort to assumptions or predictions when 

data is unavailable. The second one is Real-Time LCA (RT-LCA), which is 

applicable to the dynamic activities in the shipping field unlike previous model 

suitable only for static processes. This novel LCA method allows for general 

observations that were not feasible with existing methodology and facilitate the 

derivation of more accurate and reliable results. 

The primary distinction between the two is the availability of data. L-LCA was 

designed to generate and use data through an appropriate method when the 

required data cannot be obtained. Conversely, if the essential data can be 
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obtained in real-time, RT-LCA is intended to conduct an accurate environmental 

impact assessment immediately using it. 

Case studies that apply these methodologies are conducted in the following 

chapters to demonstrate their superiority over conventional LCA methodology. 
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6. ELECTRIC PROPULSION SHIP USING SOLAR PV 

WITH L-LCA 

 Introduction 

As reviewed in Chapter 4, existing LCAs heavily rely on past research data. For 

this reason, it is not possible to accurately evaluate the environmental impact of 

ships using renewable energy, which has been the subject of recent discussion, 

using the methods that assess the environmental impact of stationary situations 

based on previously studied data. This is because there is no previous data 

available in the case of producing varying amounts of energy based on 

continuously changing environmental factors. Consequently, these parts have to 

be substituted with assumptions or predictions, which leads to inaccurate and 

unreliable LCA studies. Therefore, since conventional LCA methods are 

incapable of examining how the same PV electric vessel could have significant 

differences in technical and environmental performance based on power 

production methods, service area, and regional climatic conditions, a case study 

was conducted to bridge this research gap. 

This case study was conducted to demonstrate the effectiveness of the Live-LCA 

methodology, which generates data in a suitable manner in the absence of 

relevant data, by presenting how it overcomes the aforementioned limitations. 

The study presented a case for achieving more reliable and accurate LCA 

performance through data generation. Furthermore, the importance of the Live-

LCA methodology was emphasised by denoting the potential for different results 

when studying the same case using conventional LCA methods. 

 

 Case study 

Figure 6-1 is a schematic representation of a case study conducted by applying 

LLCA. The necessity of LLCA application is proven through the case study, and 



Ch.6. Electric propulsion ship using solar PV with L-LCA   

 Chybyung Park, University of Strathclyde. 2023  83 | P a g e 
 

the superiority of LLCA is verified by comparing the research results with the 

case of performing the same study using the conventional LCA. 
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Figure 6-1. Schematic representation of a case study   
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6.2.1. Step 1: Goal and Scope 

In this step, system boundaries, functional units and framework are defined 

and present based on ISO standards. 

Conventional LCA studies have limited the boundary of goal and scope with 

a straightforward process from Step 1 to 4. However, the goal and scope of 

LLCA can establish a more scalable and extensive goal and scope, thanks 

to the data generation process. For the example of PV electric ships, the 

brevity of the solar PV system onboard may cause troubles with the 

irrelevance of data collection. On the other hand, LLCA can overcome such 

troubles by producing equivalent data sets through simulation and/or 

experiment which can iterate as many times/cases as proposed. Given this, 

LLCA will become more relevant and effective in studies where we need to 

obtain general understanding and observation on subject systems and ships 

under various different conditions. 

This case study was proposed to find the answer to the fundamental question 

arisen in Section 6.1 to estimate the holistic environmental benefits/harms 

of PV electric ships under various operating scenarios illustrating the goal 

and scope of the case study. 

A hybrid ship running on both diesel and plug-in battery was selected as a 

case ship. Then, the hybrid ship was assumed to be fitted with PV systems 

and the identical ships were assumed to have service engagement in 29 

countries across the world. For comparative purpose, the operational 

conditions as the existing data were defined as ócontrolled parametersô and 

the national electric grids and weather conditions were regarded as 

óexperimental variablesô to determine the associations between the 

environmental performance of PV electric ships and the experimental 

variables. The solar PV and battery systems for the electric propulsion of 

the case ship were modelled with MATLAB /Simulink software based on a 

simulation time of 100 hours in MATLAB R2022a version to estimate the 

power production/consumption during the voyage. 
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(a) Electric propulsion ship 

Based on the current practice of the case ship engaged in the West-Scotland 

coastal service (Karimi et al., 2020b), three credible operational scenarios 

will be investigated as below: 

1) Diesel-electric operation (Case 1): electricity generated by diesel 

generators run propulsion motors. 

To ascertain and compare the environmental impact of electricity 

production using diesel fuel onboard, diesel produced in Australia, 

Brazil, Germany, the UK, India, Japan, the USA, and the average data 

of EU-28 was selected. It was assumed that these diesel fuels would be 

loaded and utilised on the case vessel. 

2) Full battery mode (Case 2): the electric energy used by propulsion 

motors is supplied from the inland electricity grid. 

To assess and compare the environmental impact of electrical energy, it 

was assumed that electrical energy produced in 29 countries (Australia, 

Belgium, Bulgaria, Brazil, Cyprus, Germany, Denmark, Estonia, Spain, 

Finland, France, the UK, Greece, Ireland, India, Italy, Japan, Lithuania, 

Latvia, Malta, the Netherlands, Norway, New Zealand, Poland, Portugal, 

Romania, Sweden, Slovenia, and the USA) was supplied and utilised by 

the case ship. 

For this case, it is necessary to install an adequate capacity of battery. In 

this case study, the required battery capacity for navigation was 

calculated and provided; however, the impact of the increased weight 

and installation area compared to the battery installed in the actual case 

ship was not considered within the scope of this case study. 

3) Full battery with the solar PV system (Case 3): the electric energy used 

on the ship is only supplied by the batteries whose energy are supplied 

both from the inland electricity grid and the PV systems onboard. 

To determine the energy production capacity and environmental impact 

of the solar PV system installed on the case ship when operated in a 

specific country, the amount of energy generated by the solar panels was 

calculated/simulated based on the environmental conditions of that 
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country. This process ensures accurate estimation of solar panel energy 

production for reliable results. 

In this case study, it was assumed that the solar panel installation area 

constitutes 80% of the total ship area. Furthermore, the impact of 

increased weight and required installation space resulting from the 

addition of solar panels, which were not present in the existing case ship, 

was excluded from the scope of this study. 

 

(b) Case ship selection 

A hybrid RoPax ferry built by the Scottish shipyard of Ferguson Marine was 

selected as the case ship as shown in Table 6-1. Operational data and ship 

specifications were provided by the ship operator. The operational data was 

used for simulation model verification for battery operation. Solar panel 

systems were, then, modelled and fitted to the original hybrid systems in 

consideration of the size and space of the ship, allowing a more in-depth 

discussion on the eco-friendly ship. The onboard batteries are charged 

overnight via the shore connection. 

Table 6-1. Information of the case ship 

Case ship size and specification 

Length 39.99 m 

Beam 12.2 m 

Draught 1.73 m 

Deadweight 100 t 

Operation data of the case ship in a day 

 Hours 
Shaft power 

(kW) 

Total load (kW) 
(including hotel load 

and losses) 

Daily total power 

consumption 

(kWh/day) 

Transit mode 

(9 knots) 
6.0 267.5 354 2124 

Manoeuvring 

mode 
0.6 120 152 91 

Port mode 3.73 72 104 388 

Total operation 10.33 - - 2603 

Overnight 13.67 - - - 
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6.2.2. Step 2: Life Cycle Inventory (LCI) 

This step is to collect a variety of data appropriate and suitable to achieve 

the research goal and scope through the process of identifying, classifying, 

and quantifying all substances released into the environment, including 

pollutants, and all resources used in the production and operation of 

products. In other words, the success of Step 2 is also highly dependent on 

the quality of data and its accessibility. In other words, the data generation 

process in LLCA will enhance the Step 2 process as the results of 

simulations/experiments are directly converted into the input formats of 

Step 2 so that a number of LCI cases can be analysed simultaneously. 

Relevant data were collected from a variety of resources to estimate the 

technical and environmental performances of the case ship. The description 

of key data and sources is to follow as below: 

 

(a) GaBi 

The functional units of environmental impact (GWP, AP, EP, POCP) on the 

production of national electricity in 29 countries adjacent to the sea were 

extracted from Gabi Database (Sphera Solutions, 2023) as shown in Figure 

6-2. LCA is followed by simulations of the case ship sailing on power 

supplied by each country. 
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Figure 6-2. Environmental impact per 1kW of producing electricity in each country 

 

(b) RETScreen 

For simulation of the Solar PV system onboard, weather data for the 29 

countries were collected through RETScreen software (Government of 

Canada, 2023) as shown in Figure 6-3. By inputting the monthly average of 

solar irradiance (W/m2) and temperature (ɒ) data for location into the 

modelling, the difference in electric production level across the nation was 

estimated through simulation as shown in Figure 6-4. This simulation was 

conducted based on 100 hours and shows the clear different amounts of 

energy produced by solar panels by irradiance (W/m2) and temperature (ɒ). 
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Figure 6-3. Graphs monthly irradiance and temperature for the 29 countries 

 

 

Figure 6-4. Different electric production levels of kW and kWh from installed solar panels 

across environmental factors, (a) in the US in May, (b) in the US in December 

 

6.2.3. Step 3: Data generation 

As the key feature of the Live-Life Cycle Assessment, this Step 3 was 

designed to produce relevant data, such as electric energy produced by solar 

panels and storing/discharging it to/from the battery which has not yet been 

obtained in the actual industrial field nor stored in the LCA database. This 

data generation process will enable us to be free from the inherent issues of 

data availability/reliability; conventional LCA overly rely on the existing 

data from previous studies in many cases, LCA researchers are struggling 

with the lack/irrelevance of data. On the other hand, through numerous 

iterations of the Data generation process, LLCA can enhance the analysis to 
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more intuitively and quantitatively present various LCA results, providing 

correct guidelines for policy, industry, and the public. These results will 

ultimately improve the overall quality of the LCA research, providing better 

environmental understanding and parametric sensitivities on the ship 

performance of ships. 

 

(a)  Electricity distribution system 

As considered in section 3.2.1, reflecting several benefits and current 

industry trends, the case ship was modelled on the basis of a DC system. 

 

(b)  Propulsion system 

The predominantly used propulsion system is a mechanical type that uses 

fuel oil directly into the main diesel engine to obtain propulsion power 

through rotation of the internal combustion engine. The electric propulsion 

system, on the other hand, is a system in which electric energy is obtained 

by operating generator engines, batteries or other energy sources to run the 

propulsion motor. Of the two types, the electric propulsion system is known 

to prevail over the mechanical propulsion system both economically and 

environmentally especially for short-route ships (Wen et al., 2016, Geertsma 

et al., 2017a). Figure 6-5 briefly shows the difference in system 

configuration as well as lifecycle energy supply stages between the two 

systems. 
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Figure 6-5. Propulsion systems 

 

 

(c)  Modelling 

Based on the concept of electric propulsion ship as shown in Figure 6-6, the 

modelling is completed by using MATLAB /Simulink by comprehensively 

considering the following parts of Table 6-2. 
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Figure 6-6. Conceptual design of the case ship 

 

Table 6-2. Specification of applied Propulsion motor, Diesel generator, Battery, and Solar 

panel 

Specification of Propulsion motor 

Rated Power 375 kW 

Speed 600 RPM 

Weight 2210 kg 

Efficiency 97 % 

Power Factor 0.96 

Cooling system Water-cooled 

Specification of Diesel generator 

Engine maker Volvo Penta 

Engine designation D13-MG 

Engine type 4-stroke, direct-injected 

Bore/stroke 131 mm 

Compression ratio 18.5 : 1 

Engine speed 1800 rpm 

kWm 400 

kWe 380 

kVA 475 

SFOC at 50 load 212 g/kWh 

SFOC at 75 load 212 g/kWh 

SFOC at 100 load 209 g/kWh 
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Specification of Battery 

Energy 8.8 kWh 

Nominal Voltage 88 VDC 

Capacity 100 Ah 

Dimensions L 580 mm, H 380 mm, W 320 mm 

Weight 90 kg 

Efficiency > 98 % 

Solar panel specification 

Maker Sunpower 

Model SPR-X21-345 

Maximum Power 345 W 

Open circuit Voltage (VOC) 68.2 V 

Short circuit current (ISC) 6.39 A 

Maximum Power Point (MPP) Voltage (VMPP) 57.3 V 

Maximum Power Point current (IMPP) 6.02 A 

Module Efficiency 21.5 % 

Total installation of Solar PV system 

Total number of units 245 

Array 5 series × 49 parallel 

Voltage at MPP 286.5 V 

Power capacity 84.525 kW 

 

1) Case 1: Diesel-electric mode 

This system uses diesel generators to produce electricity to propel by 

supplying that to the propulsion motor. The same propulsion motor is used 

in all cases covered in this case study, and the same specifications as the 

original motor mounted onboard are applied to modelling. 

A 400 kW diesel generator made by Volvo Penta was modelled and the 

specific fuel oil consumption (SFOC) of the generator over various loads 

were used to calculate fuel consumption under the identical operation as the 

original operational profile. 

 

2) Case 2: Full battery mode 
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In this mode, the electricity is supplied from onshore alternative marine 

power (AMP) rather than using onboard generators, and it is used to charge 

the onboard batteries to power the propulsion motors. 

The efficient and safe operation should be secured by selecting the most 

suitable energy storage devices for the ship propulsion purpose among the 

various types shown in Figure 6-7 which clearly indicates that batteries are 

an excellent energy storage type when considering both power density and 

energy density (Zhou et al., 2010), so it is largely used in a wide variety of 

industries including marine vessels (Ovrum and Bergh, 2015, Wen et al., 

2016). In particular, Li-ion batteries are found excellent in power density  

(Kularatna, 2014, Song et al., 2019, Maheshwari et al., 2020). As a result, 

the case ship was modelled with Li-ion batteries for the onboard power 

system. 

 

 

Figure 6-7. Power density and Energy density of energy storages (Kularatna, 2014) 
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Figure 6-8 (Buchmann, 2017) compares the capacity retention of batteries 

over the number of operation cycles. It reveals that batteries can be used for 

a longer period if kept between 25 and 75% of the battery state of charge 

(SOC). Considering battery lifetime and cost, installation space and weight, 

etc., charging at 25% and discharging at 75% can be the best battery 

management decision. 

 

Figure 6-8. Actual capacity loss of battery by charging and discharging and expectation 

of battery life by extrapolation 

 

For full battery mode, to ensure sufficient energy storage on batteries, 

onboard power consumption analysis was conducted using the operation 

data of the case ship. In response, daily energy consumption was estimated 

at 2,603 kWh. As the battery is used between 25% and 75% SOC, only 50% 

of the total battery capacity is in service. Since the battery was not planned 

to be charged during service, therefore, a total of 5,206 kWh was estimated 

to be fitted onboard for full battery mode. Energy 88 produced by PBES, a 

type of lithium battery, was selected for modelling. 

It has 8.8 kWh per battery and 296 batteries are fitted to a single pack, 

resulting in 2,604.8 kWh per pack. For safe and reliable battery operation, 

two packs of batteries were adopted for the case ship. Considering the power 
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transmission line and space of battery storage, the battery arrangement for 

the pack is four series and 74 parallel, so that one battery pack has 352 Volt, 

7400 Ah, 2604.8 kWh, and L 2.32 × W 2.56 × H 3.8 meters. 

 

3) Case 3: Full battery with Solar PV mode 

The operation method is the same as that of the full battery system, but in 

the process of supplying electricity, the main source is to be the solar PV 

system and supplemented by AMP. 

Considering the space available for the case ship, a total of 245 PV panels 

can be installed with the optimal production of 84.525 kW at 1000 W/m2 

and 25 . The amount of energy that can be generated by installed solar 

panels and varies with irradiance and temperature is shown in Figure 6-9. 

 

Figure 6-9. Maximum Current and Power graphs according to the voltage produced by 

installed solar panels; (A) Graphs according to irradiance at 25 , (B) Graphs according 

to the temperature at 1000 W/m2 irradiance 

 

The critical drawback of the solar PV system is that the amount of energy 

produced varies significantly depending on whether conditions (Li et al., 

2020, Wen et al., 2016). Therefore, to improve power quality and reliability, 

the electric power produced by the solar PV systems was proposed to be 

stored in the onboard battery, and the constant power from the battery would 

be supplied to the propulsion motors. Since it has two battery packs, it is 
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designed so that when one battery pack is charged from the PV systems, the 

other one is discharged to the propulsion motors. 

Considering all parts explained above, modelling was completed by using 

MATLAB /Simulink as shown in Figure 6-10. 

 

Figure 6-10. Modelling by using MATLAB /Simulink 

 

(d)  Simulation for each case 

Each case discussed in the previous section can be presented in the 

simulation model as shown in Figure 6-6. The simulation was conducted 

based on 100 minutes of processing time, and various results of the entire 

operational process of the case ship were calculated based on the 

consistency of the simulation results. 

In Case 1, marine gas oil (MGO), containing less than 0.1% sulphur, was 

selected for diesel engine fuels in consideration of maritime emission 

regulations. Since emissions from the production and the supply of MGO 

vary from country to country, the final emissions are calculated taking into 

account data from eight countries to fuel refinement, provided by Hwang et 
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al. (2019). Results of Case 1 were used as baselines to quantify the 

environmental benefits/harms of Cases 2 and 3. 

Simulations were carried out and one example is shown in Figure 6-11 that 

the case ship operates on the coast of the US in December. Then based on 

the results of it and the data of diesel generators, fuel consumption was 

calculated. 

 

Figure 6-11. Simulation results from example of Case 1: (a) Power consumed by propulsion 

motor (kW), (b) Power generated by diesel generator (kW) 

 

In Case 2, the ship runs on the electric energy stored in the onboard batteries 

and the daily power consumption was estimated, so was the amount of 

power supplied from AMP. Environmental impact assessment is based on 

the fact that different countries generate different emission levels for the 

same amount of electricity supplied to the case ship due to the differences 

in the ways electrical energy is produced. 

One of the simulation results is shown in Figure 6-12 that the case ship 

operates on the coast of the US in December. The simulation proceeds 

assuming that both No. 1 & 2 battery packs are charged at 75% SOC through 

AMP. Currently, power is supplied to the propulsion motor from the No. 1 

battery and the No. 2 battery is in charging mode as a standby without 

charging/discharging. When the No.1 battery SOC reaches 25%, the mode 

is changed and the power supply starts from the No.2 battery. 








































































































































































































































































































