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LƳǇŀŎǘ /ŀǊŘǎ ................................................................................................................. млп 
сΦмΦп 5ƛŀƎǊŀƳ ŦƻǊ 9ƴŜǊƎȅ 9ŦŦƛŎƛŜƴŎȅΣ tƻǘŜƴǘƛŀƭ LƳǇŀŎǘǎ ŀƴŘ {ǳǎǘŀƛƴŀōƛƭƛǘȅ LƳǇŀŎǘ /ŀǊŘǎ
 млс 
сΦмΦр 5ƛŀƎǊŀƳ ŦƻǊ 5ƛƎƛǘŀƭƛȊŀǘƛƻƴ ŀƴŘ aƻƴƛǘƻǊƛƴƎΣ tƻǘŜƴǘƛŀƭ LƳǇŀŎǘǎ ŀƴŘ {ǳǎǘŀƛƴŀōƛƭƛǘȅ 
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Publishable Executive Summary 

The present report is the Deliverable from task 2.2 of the ADMIRAL ς Advanced Marketplace for Low 

Emission and Energy Transportation project, funded by the European Union under the HORIZON-CL5-

2022-D6-02 with Grant Number 101104163. ADMIRAL aims to transform supply chain management in 

freight transportation by developing a cutting-edge digital marketplace for multimodal logistics. It 

seeks to shift the focus on indirect emissions, reduce overall emissions in logistics and transportation 

and enhance transparency throughout the supply chain.  

ADMIRAL WP2 ς Sustainable development of logistics & transport addresses key sustainability issues 

in the transport and logistics sector such as zero (low) emissions logistics, reduction of energy 

consumption from fossil fuels in transport and enhancement of collaborative logistics to reach 

common sustainability goals in the pilots to be implemented in Finland, Lithuania, Portugal-Spain and 

Slovenia-Croatia. Task 2.2 ς Different transport modes and their sustainability now and in the future, is 

centred on the identification of the main current transport modes, their sustainability impact and what 

are the new modes arising at the macro and micro levels. 

To our knowledge this is the former research and innovation project that developed network-based 

methods and AI tools for analysing the transport decarbonisation/energy efficiency related literature. 

Overall, the research methodology used to develop task 2.2 included the following: 

a) YƴƻǿƭŜŘƎŜ 5ƛǎŎƻǾŜǊȅ ƛƴ ǎŎƛŜƴǘƛŦƛŎ ŘŀǘŀōŀǎŜǎ ŀƴŘ Řŀǘŀ ƳƛƴƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ŀǊŜ ǳǎŜŘ ǘƻ ƛŘŜƴǘƛŦȅ 
ǘƘŜ Ƴŀƛƴ ǘŜŎƘƴƻƭƻƎƛŜǎ ǳƴŘŜǊ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ǘƘŜƛǊ ŜȄǇŜŎǘŜŘ ƛƳǇŀŎǘǎ ŀƴŘ ŀǇǇƭƛŎŀǘƛƻƴǎΦ 

b) ! ǎǳǊǾŜȅ ǘƻƻƭ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ƻƴ ǘǊŀƴǎǇƻǊǘ ǘŜŎƘƴƻƭƻƎȅ ƻǇǘƛƻƴǎ ŀŘŘǊŜǎǎƛƴƎ ǊŜŘǳŎǘƛƻƴ ƻŦ /hн 
ŜƳƛǎǎƛƻƴǎ ŀƴŘ ŜƴŜǊƎȅ ŜŦŦƛŎƛŜƴŎȅ ƳŜŀǎǳǊŜǎ ǘƘŀǘ ǘŀǊƎŜǘŜŘ ǿƻǊƭŘǿƛŘŜ ŎƻƳǇŀƴƛŜǎ όƳŀŎǊƻ ƭŜǾŜƭύΦ 
¢ƘŜ vw ŎƻŘŜ ƻŦ ǘƘƛǎ ǎǳǊǾŜȅ όƴŜǿ ǘƻƻƭ ŦƻǊ ƳƻōƛƭŜ ŎƻƴƴŜŎǘƛƻƴǎύ ǿŀǎ ŘŜƭƛǾŜǊŜŘ ǘƻ ǇŀǊǘƴŜǊǎ ōŜŦƻǊŜ 
ǘƘŜ ¢ǊŀƴǎǇƻǊǘ LƴƴƻǾŀǘƛƻƴ CƻǊǳƳ нлно ƛƴ ±ƛƭƴƛǳǎ ƘŜƭŘ ƻƴ ноπнп bƻǾŜƳōŜǊ нлноΦ 

c) {ŜƳƛπǎǘǊǳŎǘǳǊŜŘ ƛƴǘŜǊǾƛŜǿǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ōŜǘǿŜŜƴ мнǘƘ 5ŜŎŜƳōŜǊ нлно ŀƴŘ рǘƘ aŀǊŎƘ нлнп 
ŀǘ ǘƘŜ ƳƛŎǊƻ ƭŜǾŜƭΣ ŀƛƳƛƴƎ ǘƻ ŜƴƎŀƎŜ ŀ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ǎŀƳǇƭŜ ƻŦ ŎƻƳǇŀƴƛŜǎ ŀǘ ŜŀŎƘ tƛƭƻǘ ƭŜǾŜƭΦ 
¢ƘŜ ŜƴƎŀƎŜƳŜƴǘ ƻŦ ǘƘŜǎŜ ǎǘŀƪŜƘƻƭŘŜǊǎ ŜƴŀōƭŜǎ ǳǎ ǘƻ ŀǎǎŜǎǎ ƛƴ ŜŀŎƘ ǎǇŜŎƛŦƛŎ ŎƻƴǘŜȄǘ ǘƘŜƛǊ ƴŜŜŘǎ 
ŀƴŘ ŀŎǘƛƻƴǎ ǘƻ ǊŜŀŎƘ bŜǘ ½ŜǊƻ όǎȅƴŜǊƎƛŜǎ ƻŦ ²tн ŀƴŘ ²tрύΣ ŦƻŎǳǎƛƴƎ ƻƴ ǘƘŜ ǊƻƭŜ ƻŦ ǘǊŀƴǎǇƻǊǘ 
ŀƴŘ ǘŜŎƘƴƻƭƻƎȅ ŀƭƻƴƎ ǿƛǘƘ ƻǘƘŜǊ ƴƻƴπǘŜŎƘƴƻƭƻƎȅ ŦŀŎǘƻǊǎ ŀƴŘ ǇŜǊŎŜƛǾŜŘ ǎǳǎǘŀƛƴŀōƛƭƛǘȅ ƛƳǇŀŎǘǎΦ 

Results are important to advancing analytical tools in research and innovation studies and are useful 

for policy makers and foster the dialogue across the whole community of stakeholders across pilots to 

converge to sustainable transition pathways towards Net Zero. 

 

  



WP2 ς D2.2  
Different transport modes and their sustainability 

 

 
  12 

1 Introduction 

1.1 hōƧŜŎǘƛǾŜǎ 

The present report « Different transport modes and their sustainability » is one result of task 2.2 -

Different transport modes and their sustainability now and in the future, which integrates ADMIRAL 

WP2 - Sustainable development of logistics & transport. CƻƭƭƻǿƛƴƎ !5aLw![Ωǎ project Grant 

Agreement 101104163, the main goal of task 2.2 is: 

to identify the main current transport modes, their sustainability impact and what are the new modes 

arising at the macro and micro levels. LNEC [National Laboratory for Civil Engineering], UPM [Technical 

University of Madrid], UL [University of Ljubljana]  and NORM [Normalis Tech] to develop this activity 

a survey will be conducted with worldwide companies and data mining techniques will be used to 

identify the main technologies under development and their expected impacts and their applications. 

1.2 aŜǘƘƻŘƻƭƻƎȅ 

Considering that the ADMIRAL project is a research and innovation action we aimed to respond to the 

challenge of the EC funding through the European Climate, Infrastructures and Environment Executive 

Agency (CINEA). Therefore, we moved beyond the traditional literature review approach to develop 

an innovative approach that merged transport engineering, AI tools and network-science methods. To 

identify the new modes and, hence, the main technologies aligned with low emissions and energy 

transportation modes to greening freight transport we developed network-based methods and 

network community detection algorithms to analyse the scientific literature on green logistics and 

transport decarbonisation technologies comprising the following transport modes: road, rail, maritime 

and cross-modal. One of the novel features of the research pursued is that it addressed an already 

identified gap in the literature regarding the integration of bibliographic coupling and semantic analysis 

into a single network graph to offer a novel perspective in network science and document analysis. 

This represents a step further in the analysis of big sets of documentation with varied scientific 

contributions to the research goals, and potentially replicable by other EU-funded projects. 

Considering the collaborative approach in ADMIRAL, sustainability transitions research is also 

considered as a founding analytical framework to set a survey and the complementary semi-structured 

interviews with stakeholders at the micro (Pilot) levels. Sustainability transitions represent major shifts 

in established industries, socio-technical industries, socio-technical systems, and societies towards 

more sustainable modes of production and consumption (Geels, 2018). Since transition processes 

involve social and technical aspects, the aim is to explore the role of technology versus non-technology 

factors now and in the future (2030).  

The research methodology used in task 2.2 comprises the following: 

a) YƴƻǿƭŜŘƎŜ 5ƛǎŎƻǾŜǊȅ ƛƴ ǎŎƛŜƴǘƛŦƛŎ ŘŀǘŀōŀǎŜǎ ŀƴŘ Řŀǘŀ ƳƛƴƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ŀǊŜ ǳǎŜŘ ǘƻ ƛŘŜƴǘƛŦȅ 
ǘƘŜ Ƴŀƛƴ ǘǊŀƴǎǇƻǊǘ ƳƻŘŜǎκǘŜŎƘƴƻƭƻƎƛŜǎ ǳƴŘŜǊ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ǘƘŜƛǊ ŜȄǇŜŎǘŜŘ ƛƳǇŀŎǘǎ ŀƴŘ 
ŀǇǇƭƛŎŀǘƛƻƴǎΦ 

b) ! ǎǳǊǾŜȅ ǘƻƻƭ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ƻƴ ǘǊŀƴǎǇƻǊǘ ǘŜŎƘƴƻƭƻƎȅ ƻǇǘƛƻƴǎ ŀŘŘǊŜǎǎƛƴƎ ǊŜŘǳŎǘƛƻƴ ƻŦ /hн 
ŜƳƛǎǎƛƻƴǎ ŀƴŘ ŜƴŜǊƎȅ ŜŦŦƛŎƛŜƴŎȅ ƳŜŀǎǳǊŜǎ ǘƘŀǘ ǘŀǊƎŜǘŜŘ ǿƻǊƭŘǿƛŘŜ ŎƻƳǇŀƴƛŜǎ όƳŀŎǊƻ ƭŜǾŜƭύΦ 
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¢ƘŜ vw ŎƻŘŜ ƻŦ ǘƘƛǎ ǎǳǊǾŜȅ όƴŜǿ ǘƻƻƭ ŦƻǊ ƳƻōƛƭŜ ŎƻƴƴŜŎǘƛƻƴǎύ ǿŀǎ ŘŜƭƛǾŜǊŜŘ ǘƻ ǇŀǊǘƴŜǊǎ ƻƴ 
лфΦммΦнлноΣ ōŜŦƻǊŜ ǘƘŜ ¢ǊŀƴǎǇƻǊǘ LƴƴƻǾŀǘƛƻƴ CƻǊǳƳ нлно ƛƴ ±ƛƭƴƛǳǎ ƻƴ ноπнп bƻǾŜƳōŜǊ нлноΦ 

c) {ŜƳƛπǎǘǊǳŎǘǳǊŜŘ ƛƴǘŜǊǾƛŜǿǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ōŜǘǿŜŜƴ мнǘƘ 5ŜŎŜƳōŜǊ нлно ŀƴŘ рǘƘ aŀǊŎƘ нлнп 
ŀǘ ǘƘŜ ƳƛŎǊƻ ƭŜǾŜƭΣ ŜƴƎŀƎƛƴƎ ŀ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ǎŀƳǇƭŜ ƻŦ ŎƻƳǇŀƴƛŜǎ ŀǘ ǘƘŜ ƳƛŎǊƻ όtƛƭƻǘύ ƭŜǾŜƭΦ 
¢ƘŜ ŜƴƎŀƎŜƳŜƴǘ ƻŦ ǘƘŜǎŜ ǎǘŀƪŜƘƻƭŘŜǊǎ ŀƭǎƻ ŜƴŀōƭŜŘ ǳǎ ǘƻ ŀǎǎŜǎǎ ǘƘŜƛǊ ƴŜŜŘǎ ŀƴŘ ŀŎǘƛƻƴǎ ǘƻ 
ǊŜŀŎƘ bŜǘ ½ŜǊƻ όǎȅƴŜǊƎƛŜǎ ƻŦ ²tн ŀƴŘ ²tрύΣ ŦƻŎǳǎƛƴƎ ƻƴ ǘƘŜ ǊƻƭŜ ƻŦ ǘǊŀƴǎǇƻǊǘ ŀƴŘ ǘŜŎƘƴƻƭƻƎȅ 
ŀƭƻƴƎ ǿƛǘƘ ƻǘƘŜǊ ƴƻƴπǘŜŎƘƴƻƭƻƎȅ ŦŀŎǘƻǊǎ ŀƴŘ ǇŜǊŎŜƛǾŜŘ ǎǳǎǘŀƛƴŀōƛƭƛǘȅ ƛƳǇŀŎǘǎΦ 

1.3 wŜǇƻǊǘ {ǘǊǳŎǘǳǊŜ 

Considering the Deliverable 2.2 goals and research methodology (sections 1.1 and 1.2), the ADMIRAL 

sustainability challenges related to greening supply chains across transport modes are revisited in 

section 2. Section 3 presents the analysis of the scientific literature on transport technologies to reduce 

carbon related emissions and improve energy efficiency using the developed network-based methods 

and community detection algorithms for road, rail, maritime and cross-modal. Section 4 presents the 

findings from the survey and the semi-structured interviews conducted at the micro level. The range 

of technologies are comprehensively reviewed in section 5 and their potential impacts to reduce GHG 

emissions are identified. This enables to develop in section 6 an integrated taxonomy ŦƻǊ άƭƻǿ ŜƳƛǎǎƛƻƴ 

and low energy transportation,έ a roadmap of screened technologies and sustainability impacts cards. 

Finally, section 7 concludes by summarizing the main contributions and findings for the sustainable 

development of transport & logistics. 
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2 Greening freight transport across modes  

2.1 9ǳǊƻǇŜŀƴ {ǘǊŀǘŜƎƛŜǎ 

¢ƘŜ 9¦Ωǎ DǊŜŜƴ 5Ŝŀƭ ǎǘǊŀǘŜƎȅ envisages to transform the EU into the first climate-neutral economy by 

2050, and transport is one of the key sectors to be addressed.  

The European Green Deal, presented in December 2019, is a comprehensive and ambitious strategy 

to make the EU's economy more sustainable and resilient, while achieving the climate neutrality target 

by 2050. It covers all sectors and policies, including energy and transport, and sets out concrete actions 

and targets to reduce greenhouse gas emissions, enhance circular economy, promote innovation and 

green finance, and protect natural resources, with a view to a socially just transition to a clean and 

circular economy, contributing to the restoration of biodiversity and the reduction of pollution. The 

Green Deal is an integral part of the EU's strategy to realise the SDGs of the United Nations 2030 

Agenda. The European Green Deal identifies eight policy areas: 1. Raising the EU's climate ambition for 

2030 and 2050; 2. Providing clean, secure and affordable energy; 3. Mobilising industry for the clean 

and circular economy; 4. Building and renovating in an energy and resource efficient way; 5. 

Accelerating the transition to sustainable and smart mobility; 6. "From farm to fork": designing a fair, 

healthy and environmentally friendly food system; 7. Preserving and restoring ecosystems and 

biodiversity; and 8. Adopt a zero-pollution ambition for an environment free of toxic substances. 

Key Targets (by 2050):  

¶ !ŎƘƛŜǾŜ bŜǘ ½ŜǊƻ ƎǊŜŜƴƘƻǳǎŜ ƎŀǎŜǎ ŜƳƛǎǎƛƻƴǎΦ 

¶ фл҈ ǊŜŘǳŎǘƛƻƴ ƛƴ ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ ŜƳƛǎǎƛƻƴǎ ŦǊƻƳ ǘǊŀƴǎǇƻǊǘΦ 

¶ 9ŎƻƴƻƳƛŎ ƎǊƻǿǘƘ ƛǎ ŘŜŎƻǳǇƭŜŘ ŦǊƻƳ ǊŜǎƻǳǊŎŜ ǳǎŜΦ 

The EU's commitment to climate neutrality through the EU Green Deal and the mid-term goal of 

reducing net greenhouse gas emissions by at least 55% by 2030 (relative to 1990 levels), are made 

legally binding by the European Climate Law (Regulation (EU) 2021/119). 

The European Sustainable and Smart Mobility Strategy, presented by the European Commission in 

December 2020, aims to transform the EU transport sector, and align it with the European Green Deal. 

The strategy sets out the ambition for a green, digital, and resilient transport system, with its GHG 

emissions reduced by 90% until 2050. To achieve this vision, the strategy identifies 10 key areas for 

action and 82 initiatives that will guide the Commission's work for the next four years. The strategy is 

expected to create an irreversible shift to zero-emission mobility while making the EU transport system 

more efficient and resilient to future crises.  

Key Targets (by 2030):  

¶ !ǘ ƭŜŀǎǘ ол Ƴƛƭƭƛƻƴ ȊŜǊƻπŜƳƛǎǎƛƻƴ ǾŜƘƛŎƭŜǎ ǿƛƭƭ ōŜ ƛƴ ƻǇŜǊŀǘƛƻƴ ƻƴ 9ǳǊƻǇŜŀƴ ǊƻŀŘǎΦ  

¶ млл 9ǳǊƻǇŜŀƴ ŎƛǘƛŜǎ ǿƛƭƭ ōŜ ŎƭƛƳŀǘŜ ƴŜǳǘǊŀƭΦ  

¶ IƛƎƘπǎǇŜŜŘ Ǌŀƛƭ ǘǊŀŦŦƛŎ ǿƛƭƭ ŘƻǳōƭŜΦ  

¶ {ŎƘŜŘǳƭŜŘ ŎƻƭƭŜŎǘƛǾŜ ǘǊŀǾŜƭ ƻŦ ǳƴŘŜǊ рлл ƪƳ ǎƘƻǳƭŘ ōŜ ŎŀǊōƻƴ ƴŜǳǘǊŀƭ ǿƛǘƘƛƴ ǘƘŜ 9¦Φ  
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¶ !ǳǘƻƳŀǘŜŘ Ƴƻōƛƭƛǘȅ ǿƛƭƭ ōŜ ŘŜǇƭƻȅŜŘ ŀǘ ƭŀǊƎŜ ǎŎŀƭŜΦ  

¶ ½ŜǊƻπŜƳƛǎǎƛƻƴ ǾŜǎǎŜƭǎ ǿƛƭƭ ōŜŎƻƳŜ ǊŜŀŘȅ ŦƻǊ ƳŀǊƪŜǘΦ 

Key targets (by 2050): 

¶ ½ŜǊƻπŜƳƛǎǎƛƻƴ ƭŀǊƎŜ ŀƛǊŎǊŀŦǘ ǿƛƭƭ ōŜŎƻƳŜ ǊŜŀŘȅ ŦƻǊ ƳŀǊƪŜǘΦ 

¶ bŜŀǊƭȅ ŀƭƭ ŎŀǊǎΣ ǾŀƴǎΣ ōǳǎŜǎ ŀǎ ǿŜƭƭ ŀǎ ƴŜǿ ƘŜŀǾȅπŘǳǘȅ ǾŜƘƛŎƭŜǎ ǿƛƭƭ ōŜ ȊŜǊƻ ŜƳƛǎǎƛƻƴΦ  

¶ wŀƛƭ ŦǊŜƛƎƘǘ ǘǊŀŦŦƛŎ ǿƛƭƭ ŘƻǳōƭŜΦ  

¶ IƛƎƘπǎǇŜŜŘ Ǌŀƛƭ ǘǊŀŦŦƛŎ ǿƛƭƭ ǘǊƛǇƭŜΦ  

¶ ¢ƘŜ ƳǳƭǘƛƳƻŘŀƭ ¢Ǌŀƴǎπ9ǳǊƻǇŜŀƴ ¢ǊŀƴǎǇƻǊǘ bŜǘǿƻǊƪ ό¢9bπ¢ύ ŜǉǳƛǇǇŜŘ ŦƻǊ ǎǳǎǘŀƛƴŀōƭŜ ŀƴŘ 

ǎƳŀǊǘ ǘǊŀƴǎǇƻǊǘ ǿƛǘƘ ƘƛƎƘπǎǇŜŜŘ ŎƻƴƴŜŎǘƛǾƛǘȅ ǿƛƭƭ ōŜ ƻǇŜǊŀǘƛƻƴŀƭ ŦƻǊ ǘƘŜ ŎƻƳǇǊŜƘŜƴǎƛǾŜ 

ƴŜǘǿƻǊƪΦ 

Following the Communication from the Commission ƻƴ άDǊŜŜƴƛƴƎ CǊŜƛƎƘǘ ¢ǊŀƴǎǇƻǊǘέ presented in July 

2023, transport of freight accounts for over 30% of transport CO2 emissions and is an important source 

of air pollutant emissions (source: PRIMES model; EC, 2023). Also, freight transport volumes are 

projected to increase by around 25% by 2030, and 50% by 2050, and greening transport represent a 

key sustainability challenge.  

9ǳǊƻǇŜΩǎ Cƛǘ ŦƻǊ рр tŀŎƪŀƎŜ ǎŜǘ ŀ ǘŀǊƎŜǘ ƻŦ ǊŜŘǳŎƛƴƎ ƴŜt GHG emissions by at least 55% by 2030 to 

combat climate change and enable achieving carbon neutrality by 2050. It comprises actions aligned 

with greening of freight transport, with a focus on making each transport mode more sustainable in 

terms of vehicle efficiency and emissions, using sustainable fuels, and making available the recharging 

and refuelling infrastructure needed to decarbonise transport across modes. The EU Fit for 55 also 

encompasses legislation to enable a transition to renewable and low-carbon fuels across modes, 

including maritime transport. 

The European Green Digital Coalition (EGDC) is an initiative of companies, supported by the European 

Commission and the European Parliament, that aims to harness the enabling emission-reducing 

potential of digital solutions. 

!5aLw![Ωǎ ǘŀǎƪ нΦн ŦƻŎǳǎed ŎƻƴǘǊƛōǳǘƛƻƴ ƛǎ ƻƴ άƭƻǿ ŜƳƛǎǎƛƻƴ ŀƴŘ ƭƻǿ ŜƴŜǊƎȅ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴέ 

encompassing a cross-modal/multimodal perspective and CO2 emissions (scope 1,2 and 3) along the 

entire logistics supply chains. 

2.2 CǊŜƛƎƘǘ ¢ǊŀƴǎǇƻǊǘ 5ŜŎŀǊōƻƴƛǎŀǘƛƻƴ 

Freight transportation is considered one of the most difficult economic activities to decarbonize as 

fossil fuels are still the main energy source for most transportation modes (Meyer, 2020).  

Around 52.0% of freight (tonne-km) was transported by road in 2019 while in 2000 it was 48.7% (EEA, 

2022). The volume of freight (tonne-km) transported by road increased at approximately the same rate 

as the economy. Sea transport was the second most important freight transport mode in terms of 

volume (tonne-km) which accounted for 28.9% in 2019. Also, the volume transported by sea increased 

ōȅ нсΦн҈ ōŜǘǿŜŜƴ нллл ŀƴŘ нлмфΦ /ƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ¦b/¢!5Ωǎ wŜǾƛŜǿ ƻŦ aŀǊƛǘƛƳŜ ¢ǊŀƴǎǇƻǊǘ ό¦b/¢!5Σ 
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2023) greenhouse gas emissions have risen 20% over the last decade in the shipping industry due to 

the operation of an ageing fleet that runs almost exclusively on fossil fuels. 

Following the European Environmental Agency (EEA, 2023), Member States foresee a continued 

increase in transport GHG emissions in the coming years. Road transport represents the highest 

proportion of overall transport emissions - ŜƳƛǘǘƛƴƎ тс҈ ƻŦ ŀƭƭ 9¦Ωǎ ǘǊŀƴǎǇƻǊǘ DID ŜƳƛǎǎƛƻƴǎ όƛƴŎƭǳŘƛƴƎ 

domestic transport and international bunkers, 2021 data). However, this share is likely to decrease as 

road transport in expected to decarbonise faster than other transport modes (Figure 1). One main 

reason is that most existing and planned measures in the Member States focus on road transport.  

 

Figure 1: Projections of GHG emissions from transport modes in Europe (source: EEA, 2023) 

Considering the EC DG MOVE (2023), all the scenarios that limit warming to below + 1.5 °C or below + 

2 °C, as set in the Paris Agreement, rely heavily on research and technology progress and its uptake. 

The European Technology Platform Alliance for Logistics Innovation through Collaboration in Europe 

(ALICE) roadmap towards zero emission logistics 2050 (ALICE-ETP, 2019), also noted that the total 

emissions from freight need to be almost fully decarbonised by 2050 compared to the 2015 levels if 

we are to meet the climate ambitions set out in the Paris Agreement, which came into force in 2016.  

Considering the International Energy Agency (IEA, 2021), 50% of the global reductions in CO2 emissions 

by 2050 will have to come from technologies that are currently in the demonstration or prototype 

phase. Following the Net Zero Emissions (NZE) scenario developed by the International Energy Agency, 

decarbonisation also relies on policies to promote modal shifts and more efficient operations, along 

with improvements in energy efficiency. Efficient operations include, for example, seamless 

integration of various modes (intermodal transport) and slow steaming in shipping. Transport modes 

will not decarbonise at the same rate as technology maturity varies markedly between them (Figure 

2). Two major technology transitions are expected to happen first: 

¶ Shifts to electric mobility and fuel cell electric vehicles. 

¶ Shifts towards higher fuel blending ratios & direct use of low-carbon fuels (biofuels and 
ƘȅŘǊƻƎŜƴπōŀǎŜŘ fuels).  
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Figure 2: CO2 emissions and technology maturity by mode (source: IEA, 2021) 

Innovation is key to developing new clean energy technologies and advancing existing ones (IEA, 2021). 

To this end, there are several ongoing EU-funded projects related to clean energy innovation 

addressing waterborne and other transport modes, that are being implemented as part of co-

programmed Partnerships for Zero Emissions. The άRETROFIT55 ς Retrofit solutions to achieve 55% 

GHG reduction by 2030έ project aims to develop decarbonisation solutions and green technologies 

that can be implemented in existing ships to reduce fuel consumption and GHG emissions including 

e.g., weather routing strategies based on AI and the electrification of power plants using renewable 

energy sources. It envisages TRL 7 (system prototype demonstration in operational environment) and 

plans to reach TRL 8 (system complete and qualified) until 2030. The AMMONIA 2-4 project addressing 

deep sea shipping aims to demonstrate at full scale two types of dual fuel marine engines running on 

ammonia as main fuel: a) a two-stroke (2-stroke) medium-pressure ammonia fuel injection platform, 

for retrofitting on existing 2-stroke marine engines, and b) a four-stroke engine, demonstrated in lab 

conditions closely mimicking real-life operations in ambient conditions. It expects a reduction of more 

than 80% GHG emissions (including nitrous oxide emissions) and achieve NOx emissions below IMO 

Tier III regulations and a negligible ammonia slip below 10ppm (Euro 6 compliant). On the other hand, 

the FLEXSHIP project explores the potential of incorporating batteries in the waterborne fleet and aims 

to develop and validate safe, reliable, flexible, modular and scalable solutions for electrification of the 

waterborne sector. It includes a) two vessel demonstrations to validate the concept at full scale, b) 

real-life proof of fully electric operation on short routes, and c) virtual demonstration of operation on 

long routes, expecting to achieve TRL 7. 
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3 Identification of Freight Transport Technologies across 

Modes and Impacts 

3.1 .ŀŎƪƎǊƻǳƴŘ 

Several researchers have studied sustainable transport from various perspectives using the 

bibliometric analysis method (Bao et al, 2023). However, the number of studies using data-driven 

review approaches is limited. Meyer (2020) used bibliometric and network analysis to examine road 

freight decarbonisation. 

The methodology delineated in this section derives its foundation from the study submitted by LNEC 

authors on 26.04.2024 to an Elsevier Journal. The work submitted, in turn, draws methodological 

inspiration from a previously paper of the authors published in the Knowledge Based Systems journal, 

"Using Dynamic Knowledge Graphs to Detect Emerging Communities of Knowledge". Central to the 

methodologies of both studies is the employment of Bidirectional Encoder Representations from 

Transformers (BERT) for tasks related to semantic similarity and annotation, showcasing a cohesive 

application of advanced natural language processing techniques to elucidate patterns and 

relationships within complex data sets. 

The exploration of key technologies within multimodal transport (Road, Rail, Maritime, and 

Crossmodal) and their research communities is undertaken through an analysis of paper networks. 

This research delves into community identification and analysis, drawing on foundational work by 

Börner et al. (2004) and extending it into the previous works on the road transport mode by Meyer 

(2020). Our study advances the field by incorporating semantic theme identification, evaluating 

cutting-edge algorithms for community detection, while addressing and emphasizing the multimodal 

aspect of transportation research. 

3.2 .ƛōƭƛƻƎǊŀǇƘƛŎ DǊŀǇƘ /ƻƴǎǘǊǳŎǘƛƻƴ 

Papers are mapped as nodes within a graph, with edges representing shared references and semantic 

links. The edge weight between two papers, i and j, is determined by the quantity of references they 

share, reflecting the depth of their bibliographic connection. 

3.2.1 9ƴƘŀƴŎƛƴƎ {ŜƳŀƴǘƛŎ /ƻƴƴŜŎǘƛǾƛǘȅ 

We utilize the BERT-based SentenceTransformer model to transform abstracts into high-dimensional 

vectors, capturing a broad spectrum of datasets. These vectors facilitate the computation of pairwise 

cosine similarities, creating a secondary graph (Gabstract) where edges signify semantic connections, 

focusing on vector orientation to encapsulate semantic nuances. 

3.2.2 ¦ƴƛŦƛŜŘ DǊŀǇƘ aƻŘŜƭ ŀƴŘ {ǘŀƴŘŀǊŘƛȊŀǘƛƻƴ 

The bibliographic and semantic graphs are merged, with edge weights integrated and normalized 

based on both bibliographic co-occurrence and semantic parallels. Insignificant connections are 

pruned based on a predefined threshold, streamlining the graph to emphasize substantial links. 
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3.3 5ƛǎǎŜŎǘƛƴƎ /ƻƳƳǳƴƛǘƛŜǎ ŀƴŘ 9Ǿŀƭǳŀǘƛƻƴ ¢ŜŎƘƴƛǉǳŜǎ 

A suite of algorithms is employed to delineate distinct community structures within the graph, guided 

by a comprehensive set of metrics tailored to evaluate the algorithms' efficacy. These metrics 

interrogate the graph's structural intricacies, ensuring a thorough and multifaceted analysis. 

Modularity metrics, each offering unique insights into community density and separation, are pivotal 

ƛƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΦ ¢ƘŜȅ ǊŀƴƎŜ ŦǊƻƳ 9ǊŘǃǎ-Rényi and Newman-Girvan modularity to Modularity Density 

and Z-Modularity, facilitating a broad understanding of community coherence and comparative 

network structure. The Silhouette Score is adapted to graph data, evaluating node placement within 

communities by calculating intra- and inter-community distances, offering a nuanced perspective on 

community fit and separation. Normalized Cut and the Normalized F1 score further dissect the 

community landscape, focusing on boundary clarity and the precision of community detection, 

respectively. These metrics underscore the algorithms' ability to accurately reflect the network's 

intricate community structures. Internal Density and other such metrics shine a light on the intricacy 

of community interrelations, highlighting the cohesiveness within and the permeability between 

different research clusters. 

This methodological approach not only updates the scope and timespan of the analysis but also 

deepens our understanding of community dynamics within multimodal transportation research, 

setting the stage for future advancements in the field. Using the corpus from green logistics for 

different types of transport modes we instantiate the methodological section. To extract the scientific 

documentation, we used the SCOPUS database and research ǉǳŜǊƛŜǎ ōŀǎŜŘ ƻƴ aŜȅŜǊΩǎ wƻŀŘ CǊŜƛƎƘǘ 

Decarbonisation Technology related research query (Mayer, 2020), however focused now the 

directions to several transport modes and in a different time interval, between 2020 and 2024.  

The queries chosen for each one of the modes were: 

ω Road: 349 papers: (road AND freight AND transport* OR road AND goods AND transport* OR road 

AND logistics OR last AND mile AND logistics OR last AND mile AND deliver* OR urban AND freight AND 

transport* OR city AND logistics OR urban AND logistics OR ( ( truck* OR heavy AND goods AND vehicle 

OR heavy AND dutyvehicle OR large AND goods AND vehicle OR medium AND goods AND vehicle OR 

medium AND duty AND vehicle ) AND ( logistics OR transport* OR deliver* OR ship* ) ) AND green OR 

decarboni* OR environmental AND sustainab* OR ( ( fuel OR carbon AND emissionor AND carbon AND 

dioxide AND emission OR CO2 AND emission OR greenhouse AND gas OR ghg ) AND ( reduc* OR 

improve* OR efficiency ) ) AND Technology 

ω RailΥ нтп ǇŀǇŜǊǎΥ όέwŀƛƭϝ ŦǊŜƛƎƘǘ ǘǊŀƴǎǇƻǊǘϝέ !b5 ƎǊŜŜƴ hw ŘŜŎŀǊōƻƴƛϝ hw ŜƴǾƛǊƻƴƳŜƴǘŀƭ !b5 

sustainab* OR ( ( fuel OR carbon AND emissionor AND carbon AND dioxide AND emission OR co2 AND 

emission OR greenhouse AND gas OR ghg ) AND ( reduc* OR improve* OR efficiency ) ) AND 

έ¢ŜŎƘƴƻƭƻƎȅέ ύ 

ω Maritime: 111 papers: ( ό έaŀǊƛǘƛƳŜ ŦǊŜƛƎƘǘέ hw έ{Ŝŀ ŦǊŜƛƎƘǘέ ύ !b5 ƎǊŜŜƴ hw ŘŜŎŀǊōƻƴƛϝ hw 

environmental AND sustainab* OR ( ( fuel OR carbon AND emissionor AND carbon AND dioxide AND 

emission OR CO2 AND emission OR greenhouse AND gas OR ghg ) AND ( reduc* OR improve* OR 

ŜŦŦƛŎƛŜƴŎȅ ύ ύ !b5 έ¢ŜŎƘƴƻƭƻƎȅέ ύ  
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ω CrossmodalΥ нос tŀǇŜǊǎΥ όέtƻǊǘ ƘƛƴǘŜǊƭŀƴŘέ ύ !b5 ό ƭƻƎƛǎǘƛŎǎ hw ǘǊŀƴǎǇƻǊǘϝ hw ŘŜƭƛǾŜǊϝ hw ǎƘƛǇϝ ύ 

AND green OR decarboni* OR environmental AND sustainab* OR ( ( fuel OR carbon AND emission OR 

AND carbon AND dioxide AND emission OR co2 AND emission OR greenhouse AND gas OR ghg ) AND ( 

reduc* OR improve* OR efficiency ) ) AND technology 

3.4 !ǇǇƭƛŎŀǘƛƻƴ ƻŦ 5ƛŦŦŜǊŜƴǘ /ƻƳƳǳƴƛǘȅ CƛƴŘƛƴƎ !ƭƎƻǊƛǘƘƳǎ 

Based on the review of the algorithms for community finding Table 1), we applied this methodology 

for a modelling the network of scientific papers and used the following algorithms of community 

finding.  

Table 1: Community finding algorithms tested for modelling the network of scientific papers. 

Variant 

Implementation 
Algorithm Key Process Detail 

Applicability and Resulting 

Community Structure 

Dongen, 2000 
Markov 

Clustering 
Random walks 

Utilizes Markov chain 

simulations for flow analysis 

Effective in identifying communities 

through random walk patterns in 

networks 

Girvan and 

Newman, 2002 

Girvan-

Newman 

Edge 

betweenness 

centrality 

Identifies communities by 

removing high-centrality 

edges 

Ideal for expansive networks, albeit 

with high computational demands. 

Finds communities connected 

through weaker links 

Aaron, 2004 
Greedy 

Modularity 

Fast modularity 

optimization 

Employs a greedy approach 

to enhance modularity 

Fits large-scale networks seeking 

quick modularity improvements 

Pons and 

Latapy, 2005 
Walktrap Random walks 

Measures node proximity 

through the length of 

random walks 

Best for detecting tightly-knit 

communities within networks 

having distinct community divisions 

Newman, 2006 Eigenvector 
Eigenvector 

centrality 

Relies on the leading 

eigenvector of the network's 

adjacency matrix 

Suitable for networks where nodes' 

centrality indicates their community 

affiliation 

Ulrike, 2007 
Spectral 

Clustering 

Spectral graph 

theory 

Leverages the Laplacian 

matrix's eigenvalues 

Fits networks where spectral 

attributes hint at community 

presence 

Rosvall and 

Bergstrom, 

2008 

Infomap 

Information 

flow and 

random walks 

Optimizes partitioning by 

minimizing the map equation 

Excels in delineating communities in 

networks defined by information 

flow dynamics 

Blondel et al., 

2008 

Louvain 

Method 

Modularity 

optimization 

Iterative modularity 

optimization across the 

network 

Optimized for uncovering densely 

interconnected communities in vast 

networks 

Reichardt et al., 

2006 
RB Potts 

Potts model 

simulation 

Adapts ǎǘŀǘƛǎǘƛŎŀƭ ǇƘȅǎƛŎǎΩ 

spin model 

Suitable for complex networks 

exhibiting overlapping communities 

Nandini et al., 

2007 

Label 

Propagation 

Local 

community 

formation 

Operates through the 

dynamics of label spreading 

Efficient in rapidly pinpointing 

communities within large, locally-

structured networks 

Aldecoa and 

Martin, 2011 

Surprise 

Communities 

Surprise 

maximization 

Seeks to maximize surprise 

across all partitions 

Ideal for revealing unanticipated 

community structures within 

networks 

Lancichinetti et 

al., 2011 

Significance 

Communities 

Statistical 

significance 

Utilizes null model 

comparisons 

Effective for networks with 

statistically notable community 

traits 
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Coscia et al., 

2012 
Demon 

Ego-network 

analysis 

Focuses on overlapping ego 

networks 

Perfect for networks with fluid, 

overlapping community constructs 

Coscia et al., 

2014 
Angel 

Density-based 

clustering 

Takes a local-first approach 

to identifying density 

Useful in large networks with 

communities of varying sizes 

Traag et al., 

2019 

Leiden 

Algorithm 

High-resolution 

modularity 

Enhances the Louvain 

method with an additional 

refinement step 

Adept at precise community 

detection in networks with clear 

community outlines 

Chen et al., 

2023 
Paris 

Hierarchical 

agglomeration 

Agglomerates based on 

similarity metrics 

Suitable for hierarchical networks 

with communities at multiple scales 

 

We tested 13 state of the art community finding algorithms with and without the proposed semantic 

weighting, in total 26 variants. The best preforming one across the sum of the metrics was the Louvain 

with the proposed semantic similarity.  

Figure 3 represents the mean scores of the community detection algorithms, providing a comparative 

view of their performance. The scores highlight the effectiveness of each algorithm in grouping 

semantically and bibliographically related documents, with higher scores indicating a stronger 

alignment with the underlying community structure. 

 

Figure 3: Mean scores obtained for the tested algorithms across the network of scientific papers. 

3.5 wŜǎǳƭǘǎ 

This section shows the results obtained with the developed approach for community finding within 

the transport modes of green logistics. Each community (cluster) is analysed based on its key 

technologies and approaches, its specific contributions to reduce CO2 emissions and achieve carbon 

neutrality and mains KPI used for impact assessment (input to task 6.1). The review of scientific papers 

is discussed in more detail in chapter 5.  
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3.5.1 wƻŀŘ ¢ǊŀƴǎǇƻǊǘ 

This section delves into the resulting communities in road transport, that focus on urban delivery, 

green transportation methods, and the integration of smart technologies for sustainable logistics. 

Figure 4 shows the network representation of the communities of papers and how they interact. The 

larger community is ƻƴ ά{ǳǎǘŀƛƴŀōƭŜ ǳǊōŀƴ ŘŜƭƛǾŜǊȅ ŀƴŘ ŀǳǘƻƴƻƳƻǳǎ ƭƻƎƛǎǘƛŎǎέ, which seems to reflect 

the importance of efficiency and sustainability related criteria in urban areas where most of the 

population is concentrated. A distinct large community found relates to "Sustainable Logistics in Rural 

and Long-Distance Transport" which seems to point out the existence of a differentiated approach for 

addressing logistics decarbonization challenges at the urban and interurban (long-distance) scales. The 

smaller community, "Urban Freight Planning and E-commerce Impact," with 8 nodes, might be 

indicative of an emerging research area or a response to a recent trend as the impact of e-commerce 

on urban freight planning is becoming increasingly important. As this field grows, it might become 

more integrated with larger communities focused on last-mile distribution and systematic urban 

planning, reflecting the evolving nature of consumer habits, the emergence of new modes for cargo 

and the direct effect on urban transport infrastructures. 

 

  
Figure 4: Road Transport Communities Graph Output. 

 
Table 2: Road transport communities (clusters), key technologies, contribution to carbon neutrality and KPI themes 

Community 

Name 
Key Technologies Contribution to Carbon Neutrality KPI Themes 

Sustainable 

Urban Delivery 

and Autonomous 

Logistics 

Autonomous delivery vehicles, AI-

driven route optimization, Electric 

and hybrid delivery vehicles, and 

robotic delivery systems 

Reduction of emissions through 

optimized delivery routes and 

efficient urban logistics 

GHG emissions (kg CO2e), 

Energy consumption (kWh), 

Increase in vehicle telematics 

utilization 

(%) 
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Green Road 

Transportation 

and 

Cargo Bike 

Usage 

Advanced bike-sharing systems, 

Electric cargo bikes, Infrastructure 

for bike lanes and charging 

stations 

Reducing reliance on fossil fuels 

and promoting low emission road 

transport 

Energy consumption (kWh), 

Renewable energy usage (%), 

Fuel renewable sources 

Systematic 

Urban 

Freight and 

Logistics 

Planning 

Big data analytics IoT devices for 

real-time tracking, Smart city 

integration for goods distribution, 

Digital communities 

Enhanced logistics efficiency and 

reduced traffic congestion 

Supply chain efficiency (%), 

Urban transport emissions 

(MtCO2e) 

Sustainable 

Logistics 

in Rural and Long- 

Distance 

Transport 

Electric long-haul trucks, 

Advanced fleet management 

systems, Renewable energy 

integration in logistics hubs with 

Biofuels and Electric vehicles, 

Long-distance route optimization 

Reducing emissions in long-

distance road transport and 

enhancing supply chain 

sustainability 

Adoption of renewable energy 

sources, Energy usage (Liters 

of fuel or kWh), Renewable 

energy sources adoption 

(%) 

Urban 

Freight 

Planning 

and 

E-commerce 

Impact 

AI and machine learning for 

demand forecasting, Urban 

warehousing solutions, E-

commerce logistics optimization, 

Urban freight planning 

technologies 

Optimizing delivery networks and 

reducing the carbon footprint of 

e-commerce logistics 

Emissions per delivery 

(MtCO2e), Time spent in 

traffic (hours), Ontime 

delivery rate (%) 

Innovation in 

Last-Mile 

Urban 

Distribution 

Smart Material Handling 

Solutions, Home-refill delivery 

services, Smart technology for 

tracking and tracing containers, 

Electric vehicle for urban logistics 

Using advanced logistical 

solutions and environmentally 

conscious delivery methods to 

reduce carbon footprint in urban 

areas 

Delivery time (minutes), First-

time delivery success rate (%), 

CO2 emissions per 

delivery (kg CO2e) 

3.5.2 wŀƛƭ ǘǊŀƴǎǇƻǊǘ 

This section presents the resulting communities in rail transport, which emphasizes the key role of 

multimodal freight transportation optimization and environmental impacts of freight corridors in 

supply chains.  

Figure 5 shows the network representation of the communities of papers and how they interact. The 

cluster "Multimodal Freight Transportation Optimization" is a highly central and interconnected 

community suggesting a major hub of innovation and focus within the rail mode. The topology shows 

that larger communities are interconnected, suggesting that disciplines such as "Environmental 

Impacts of Freight Corridors" and "Emission Analysis in Transportation Modes" are not operating in 

silos but rather are sharing knowledge and possibly influencing each other. 
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Figure 5: Rail Transport Communities Graph Output 

 

Table 3: Rail transport communities (clusters), key technologies, contribution to carbon neutrality and KPI themes 

Community 

Name 
Key Technologies Contribution to Carbon Neutrality KPI Themes 

Multimodal 

Rail Freight 

Optimization 

Route optimization, Optimization 

of Cargo Load, Supply chain 

management 

Advances in route optimization 

lead to fewer empty runs and 

decreased fuel usage. Enhanced 

cargo load efficiency reduces the 

number of trips and related 

emissions. 

Energy efficiency 

improvement (%), GHG 

emissions reduction (kg CO2e 

per tonne-km), 

Modal shift (%) 

Environment 

Impacts of 

Freight Corridors 

Air Pollutants monitoring, 

Emission analysis tools, 

Sustainable freight models, 

Environmental impact assessment 

Monitoring of air pollutants 

informs strategies to reduce 

emissions in freight operations. 

Implementation of freight models 

that lowers carbon footprint 

Particulate matter reduction 

(PM10, PM2.5, µg/m³), Noise 

level (dB) 

Emission 

Analysis in 

Rail 

ASIF method, accounting methods, 

Alternative fuels 

Promoting cleaner fuels, Accurate 

environmental 

assessments 

VOC emissions reduction (kg 

per mile), Biofuel utilization 

rate increase (%) 
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Efficiency 

Analysis in Rail 

Systems 

Belief rule-based systems, Braking 

technology, Cross efficiency 

evaluation, Autonomous driving, 

Centralized data envelopment 

analysis for efficiency, Real-time 

fleet management software 

Adoption of energy efficient 

driving technologies minimizes 

power consumption. Datacentric 

approaches to fleet management 

optimize operational efficiency, 

curtailing emissions. 

Efficiency gain in transport 

systems (%) 

Freight 

Transport 

Modal 

Shift and 

Synchromodality 

Synchromodality with Integrated 

transport platforms, Intermodal 

transport scheduling systems, 

Blockchain-based systems, 

Dual sourcing 

Promoting efficient transport 

modes, Reducing emissions 

through Modal shift strategies, 

Improved transparency 

Efficiency in modal shift (% 

improvement), Supply chain 

optimization level (%) 

Supply 

Chains for 

Alternative fuels 

Biofuel production techniques, 

Biomass energy systems, 

Conversion technologies 

Reducing fossil fuel dependency 

promoting renewable energy, 

Higher efficiency in conversion 

Water Usage Efficiency in 

Biofuel Production (L/GJ), 

Energy Yield per Hectare for 

Biofuel Crops (GJ/ha), 

Reduction in Metric Tons of 

CO2 Equivalent Reduced 

(MtCO2e), Biofuel Production 

Efficiency (L/ton) 

 

3.5.3 aŀǊƛǘƛƳŜ ǘǊŀƴǎǇƻǊǘ 

This section discusses the generated communities in maritime transport. These point out emerging 

advancements in maritime logistics innovation and on sustainability and safety in harsh environments, 

and the role of technology in reducing environmental impacts.  

Figure 6 shows the maritime graph representation of the communities of papers and how they interact. 

The "Maritime Logistics Innovation" community has higher spread due to more semantic 

heterogeneity, meaning less cohesion which may indicate a starting stage of new research directions. 

The "Arctic Shipping Routes" and "Arctic Maritime Safety and Sustainability" communities, while 

distinct, both have a significant number of nodes, and their proximity in the network suggests that they 

are likely interrelated fields with co-evolution.  
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Figure 6: Maritime Transport Communities Graph Output 

 

 
Table 4: Maritime transport communities (clusters), key technologies, contribution to carbon neutrality and KPI themes 

Community 

Name 

Key Technologies Contribution to Carbon Neutrality KPI Themes 

Maritime 

Logistics 

Innovation 

Blockchain, IoT services, Digital 

platforms, Smart technology for 

tracking and tracing containers 

Streamlining maritime logistics 

through digitalization leading to 

reduced fuel consumption and 

operational efficiencies. 

GHG emissions reduction 

(Metric Tons COx, NOx and 

SOx), Energy consumption 

reduction (GJ), Increase in 

document digitalization rate 

(%) 

Arctic 

Maritime 

Safety and  

Sustainability 

Autonomous ships, Ice prediction 

technologies, Advanced 

navigation systems, Ice-resistant 

hull designs, SOx Scrubbing 

Systems, Selective Catalytic 

Converters, Cold ironing in 

shipping, Route optimization, Slow 

steaming, Wind Power for energy 

production 

Enhancing navigational safety and 

reducing the need for heavy fuel 

use in Arctic conditions. Reducing 

the distance and time of voyages, 

hence lowering fuel use and 

emissions. 

SO2 emissions reduction (kg 

per nautical mile), CO2 

emissions reduction through 

EEDI (%), Ice prediction 

accuracy improvement (%), 

Emissions reduction (GHG, 

NOx, SO2, CO2) per ton-mile 

(kg CO2e), Voyage time 

reduction (hours) 

Green 

Maritime 

Supply Chain 

LNG, Biofuels, Electricity (from 

renewable sources) and e-fuels, 

Environmental management 

systems 

Implementing eco-friendly 

practices in maritime supply 

chains, thereby reducing 

emissions and promoting 

sustainability. 

Particulate matter reduction 

(PM10 & PM2.5 and µg/m³), 

Improvement in energy 

efficiency ratio (%) 
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Maritime 

Transportation 

and 

Environmental 

Impact 

Energy efficiency technologies like 

hull designs and air lubrication, 

Hydrogen, Solar Power, Wind 

Power for energy production 

Focusing on reducing the carbon 

footprint of various fuel and 

design types including the 

adoption of cleaner fuels. 

CO2 emissions reduction per 

EEOI 

(gCO2/tonne-km), 

Biofuels utilization rate 

(%) 

Resilience in 

Maritime 

Transport 

AI-driven simulation models, Crisis 

management protocols, Real-time 

monitoring of shipping, 

Fleet/emissions monitoring along 

the supply chain 

AI models and real-time 

monitoring boost shipping 

efficiency, cutting down on idle 

time and fuel use. Crisis protocols 

and emissions oversight aid in 

maintaining low-carbon 

operations for fleets. 

Operational carbon intensity 

reduction (CII) annually (% of 

gCO2/tonne-km), Energy 

consumption reduction (TJ) 

Technological 

Efficiency 

In  

Maritime 

Transport 

l   High-performance materials, 

Energy-efficient manufacturing 

processes, Waste Heat recovery 

systems, Coating to reduce 

drag 

Advancing the efficiency of 

maritime transport, leading to 

lower energy usage and reduced 

emissions in the maritime sector. 

Improvement in energy 

efficiency (%), GHG emissions 

reduction per tonne-km (kg 

CO2e) 

 

3.5.4 /ǊƻǎǎπƳƻŘŀƭ ǘǊŀƴǎǇƻǊǘ 

This section details the generated communities within cross-modal transport. These focusing on the 

central role of innovative logistics and transportation optimization, port operations, and the role of 

technology in enhancing efficiency and sustainability. Figure 7 shows the network representation of 

the communities of papers and how they interact. "Advanced Logistics and Transportation 

Optimization" cluster indicates not just a large community, but one with potentially high levels of 

interaction among its members suggesting a dynamic and active field where research, policies, or 

technologies are rapidly evolving and where collaboration is frequent. The cluster "Environmental 

Impact of Urban-Port Interfaces" is less connected to other communities, it might operate within a 

more specialized or regulatory framework. Conversely, "Blockchain and Sustainability in Shipping," 

interconnectedness suggests a synergy between different areas of practice, where developments in 

one area could have cascading effects on others. 

Communities that are positioned on the periphery of the network, such as "Resilience and Government 

Role in Port Systems," often represent emerging or specialized disciplines that may not yet be fully 

integrated into the main thematic areas. Their position in the network might also reflect a nascent 

stage of development, indicating potential areas for future investment and research as their relevance 

grows in response. 
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Figure 7: Cross-modal Transport Communities Graph Output 

 

Table 5: Cross-modal transport communities (clusters), key technologies, contribution to carbon neutrality and KPI themes 

Community 

Name 
Key Technologies Contribution to Carbon Neutrality KPI Themes 

Advanced 

Logistics 

and Trans- 

portation 

Optimization 

Advanced optimization 

algorithms, Predictive analytics, 

AI-driven logistics planning 

Optimizing routing and scheduling 

to reduce fuel consumption and 

minimize logistics operations 

leading to carbon emissions 

reduction 

Supply chain efficiency (%), 

Energy consumption (GJ), 

Carbon emissions (Mt CO2e) 

Smart and 

Sustainable Port 

Operations 

IoT sensors and smart grid 

systems, Blockchain, Smart 

contracts, Digital ledger 

technology, Renewable energy 

integration, Energy Storage 

Systems (ESS) 

Facilitating efficient supply chain 

management, Reducing redundant 

operations and emissions in 

shipping 

GHG emissions (Mt CO2e), 

Energy efficiency (%), 

Document digitalization rate 

(%) 

Inland Port 

Development 

and Hinterland 

Connections 

Intermodal transport systems, 

Efficient cargo handling, Logistics 

management software 

Streamlining cargo transfer and

 improving connectivity 

decreasing transport-related 

emissions 

Modal shift (%), Intermodal 

connectivity efficiency (%) 
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Resilience 

And 

Government 

Role in Port 

Systems 

Sustainability Reporting 

Standards, Risk Management 

Software, 

Stakeholder collaboration platforms 

Ensuring sustainable port 

operations and long-term carbon 

emissions reduction through 

government policies and resilience 

planning 

Climate Policy Integration, 

Technology Readiness Level 

(TRL) 

Seaport 

Container 

Terminal 

Layout and 

Efficiency 

Layout optimization software, 

Automated container handling 

systems 

Reducing fuel use and operational 

inefficiencies in container 

terminals, cutting down carbon 

emissions 

Unit cost of delivery, 

Load factor (%) 

Environment 

Impact of 

Urban-Port 

interfaces 

Integrated Data Management 

Systems, Geographic Information 

Systems (GIS), Environmental 

Management Systems 

Enhanced knowledge and strategic 

planning, Strategic location 

selection of dry ports, Assessment 

and improvement of ecological 

impacts 

GHG emissions, Efficiency in 

Cargo handling and transfer, 

Energy Consumption 

(kWh/ton) 
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4 Survey and Semi-Structured Interviews with Worldwide 

Companies across Country Pilots 

4.1 ¢ƘŜ {ǳǊǾŜȅ ŀƴŘ {ŜƳƛπ{ǘǊǳŎǘǳǊŜŘ LƴǘŜǊǾƛŜǿ 5ŜǾŜƭƻǇƳŜƴǘ  

A survey tool was developed by LNEC covering the wide range of transport technology options 

identified in the literature review. The aim is to further investigate the role of technology versus non-

technology related factors in sustainability transitions for the Net Zero across modes, targeting 

worldwide companies and stakeholders related to the ADMIRAL pilots.  

The final version of the online survey (and its QR code) was delivered to partners by 09.11.2023, before 

the Transport Innovation Forum 2023 in Vilnius held on 23-24 November 2023, to be included in the 

dissemination package to worldwide companies present in the event.  Figure 8 shows the initial survey 

screen, the QR code for mobile phones and the introductory part. The survey model was developed in 

google forms and it can be easily accessed: https://forms.office.com/e/ri5SBXa9hY. 

The survey model was transformed into an alternative semi-structured interview (Annex) to be 

implemented at the micro-level (Pilot level). Semi-structured interviews are a qualitative research 

method that allows to explore the topic addressed in the survey in depth with the interviewee 

company, while following a flexible and adaptable guide of open-ended questions that relate to the 

research. As such, other follow-up questions can be posed to each company to link with their 

sequential outcomes and order of questions can be slightly adapted in each part (Transitioning from 

άƴƻǿέ ǘƻ ǘƘŜ άŦǳǘǳǊŜέύΦ 

The following methodology was agreed with all Pilot Leaders and partners in the November WP2 

Working Meetings of 9.11.2023 and 30.11.2023: each Pilot leader (APS, PS, STEVECO, TIA) was asked 

to select 6 stakeholders (minimum of 3 stakeholders/companies with transport operations across 

supply chains) and to be interviewed (list of stakeholders identified in task 2.1) and promote the first 

contact with each of them, then make a copy of the e-mail to the WP2 Leader for LNEC to proceed 

with the follow-up scheduling of the interview with the indicated person(s). The interview via Teams 

with each company was conducted by the LNEC WPL supported by two team members. This procedure 

could be followed in Lithuania, Portugal-Spain, and Slovenia-Croatia. 

The semi-structured interviews applied at the micro-level for the case of the Pilot Portugal-Spain also 

explored other issues related to expectations and needs of the stakeholders on the corridor Sines to 

Madrid, to explore synergies between WP2 and WP5.  

At the beginning of each semi-structured interview online, LNEC asked if written notes could be taken. 

All interviewed companies agreed so and that the names (of companies) can be mentioned, and 

acknowledgments included in the Deliverable. It was agreed that LNEC will report only aggregate 

findings (common to more than one company) and not individual quotes that contain sensitive 

information.  

https://forms.office.com/e/ri5SBXa9hY
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Figure 8: Survey introduction (left) and the respective QR code (right). 
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Part II of the survey focused on the technology solutions implemented to address sustainability goals 

at present on specific categories: Alternative Fuels (Figure 9), Selective Emissions Reductors (Figure 

10), Energy Efficiency (Figure 11), Digitalization and Real Time Monitoring (Figure 12) and Connectivity 

solutions and automated driving Systems (Figure 13). 

 

 

Figure 9: Survey Part II ς Alternative Fuels 
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Figure 10: Survey Part II ς Selective Emissions Reductors 

 

Figure 11: Survey Part II ς Energy Efficiency measures 
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Figure 12: Survey Part II ς Digitalization and Real-time monitoring 

 

Figure 13: Survey Part II ς Connectivity solutions and automated driving systems 

Part III of the survey focused on future solutions to address sustainability goals (Figure 14), including 

any type of measure ranging from social, environmental to governance issues. Other questions aimed 

to gather information on the most important measures that are perceived by companies to be 
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associated to higher reductions on carbon emissions if applied until 2030 (Figure 15), and measures 

that are likely to be associated to higher improvements in energy efficiency (Figure 16). Other 

questions related to the ADMIRAL main themes that companies consider that more information or 

training will be useful or needed. 

 

Figure 14: Survey Part III ς Future solutions to address sustainability goals 

 

Figure 15: Survey Part III ς Measures to conduct to a higher impact on emissions reduction 
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Figure 16: Survey Part III ς Measures to conduct to a higher improvement in energy efficiency 

 

4.2 aŀƛƴ CƛƴŘƛƴƎǎ ŦǊƻƳ ǘƘŜ {ǳǊǾŜȅ ŀƴŘ {ŜƳƛπ{ǘǊǳŎǘǳǊŜŘ LƴǘŜǊǾƛŜǿǎ 

4.2.1 {ŀƳǇƭŜ ƻŦ ǊŜǎǇƻƴŘŜƴǘǎ 

Table 6 presents the sample of companies/stakeholders that participated in the survey and the semi-

structured interviews. The duration of each semi-structured interviews was around 60 minutes.  

The sample (Table 6) has a total of 21 participants from Finland (10%), Lithuania (29%), Portugal-Spain 

(38%), Slovenia-Croatia (24%). As agreed by the interviewed companies, findings from the set of semi-

structured interviews (12) will be shown as aggregated (common answers/views of companies). 
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Table 6: Sample of respondents 

Company/stakeholder Pilot Country Survey Semi-structured 
interview date 

Steveco Oy Finland X - 

TIA Lithuania X - 

Posta Slovenije Slovenia X - 

UAB Orion Global pet Lithuania X - 

Retal Baltic Films UAB Lithuania X - 

REAU Production LT UAB Lithuania X - 

Espersen Lietuva Lithuania X - 

UPM Logistics Finland X - 

Fontana d.o.o Croatia X - 

TML Global TEUS Portugal-Spain - 12.12.2023 

LogiFrio  Portugal-Spain - 19.12.2023 

Medway Portugal-Spain - 20.12.2023 

Tranfesa Logistics Portugal-Spain - 18.01.2024 

RENFE Mercancias Portugal-Spain - 22.01.2024 

COSCO shipping Portugal-Spain - 23.01.2024 

PSA-BDP international Portugal-Spain - 20.02.2024 

MSC Mediterranean Shipping Portugal-Spain - 27.02.2024 

IKI logistics Lithuania - 19.01.2024 

University of Maribor expert Slovenia - 10.01.2024 

VITAPUR Slovenia - 05.03.2024 

Tehit d.o.o. Croatia - 05.03.2024 

 

4.2.2 aŀƛƴ ŦƛƴŘƛƴƎǎ 

The findings are analysed for each case in an aggregated way, considering the agreements with the 

companies/stakeholders that provided answers to the survey and the semi-structured interview, 

Figure 17 provides an overview of the reference state of companies (baseline) regarding the 

implementation of measures for reducing CO2 emissions and to improve energy efficiency, noting that 

there are 8 valid answers to the survey covering inland and sea transport related companies. 25% of 

the companies mentioned that they are not aware of the European Corporate Sustainability Reporting 

Directive (CSRD) that entered into force on 5th January 2023, and 50% of these companies mentioned 

that they already publish annual sustainability reports. Nevertheless, all the companies mentioned to 

have implemented measures to reduce CO2 emissions and/or to improve energy efficiency. In sea 

transport, alternative fuels (e.g., ammonia, LNG) along with digitalization and real-time monitoring 

measures (e.g., cargo planning and real-time monitoring of ships) and SOx Scrubbing Systems are 

dominant. In the case of inland transport modes energy efficiency measures are dominant (e.g., 

optimization of cargo load, route optimization, eco-driving, supply chain management). Overall, the 

reference state seems to reflect the high importance of digital/soft tools across the whole supply chain.  
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Figure 17: Reference state ς Measures implemented (or under implementation) to reduce CO2 emissions and improve 
energy efficiency 
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Figure 18 shows the future state (2030) - the measures that are considered by the sampled companies 

to be associated with higher reductions in CO2 emissions in transport and supply chains. The most 

important set to be implemented comprise alternative fuels in shipping, digitalization, and real-time 

monitoring of operations, electrification of the road fleet, digital platform for collaboration of various 

stakeholders and intermodal transport. 

 

Figure 18: Future state (2030) ς Measures with higher impact on reduction of CO2 emissions across modes 

Figure 19 shows the future state (2030) - the measures that are considered by the sampled companies 

to be associated with higher improvements in energy efficiency in transport and supply chains across 

modes. The most important set to be implemented comprise the electrification of the road fleet, 

alternative fuels in shipping, intermodal transport and digitalization and real-time monitoring of 

operations. 
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Figure 19: Future state (2030) ς Measures with higher impact on improving energy efficiency 

Considering the 12 semi-structured interviews conducted (Table 6), the main aggregated findings can 

be summarised as follows: 

¶ aƻǎǘ ŎƻƳǇŀƴƛŜǎ ǎŀƛŘ ǘƻ ŀŘŘǊŜǎǎ ǎǳǎǘŀƛƴŀōƛƭƛǘȅ ƛǎǎǳŜǎ ŀƴŘ ŎƻƴǎƛŘŜǊ ƛƳǇƻǊǘŀƴǘ ǘƻ ǊŜŘǳŎŜ DID 

ŜƳƛǎǎƛƻƴǎΦ {ƻƳŜ ǿƻǊƭŘǿƛŘŜ ŎƻƳǇŀƴƛŜǎ ƛƴǘŜǊǾƛŜǿŜŘ ŀƭǊŜŀŘȅ ŜǎǘƛƳŀǘŜ ŘƛǊŜŎǘ ŀƴŘ ƛƴŘƛǊŜŎǘ /hн 

ŜƳƛǎǎƛƻƴǎΣ ŜΦƎΦΣ ǿƛǘƘ 9Ŏƻ¢ǊŀƴǎL¢ όL{h мплуо ŀƴŘ D[9/πŎƻƳǇƭƛŀƴǘ ŎŀƭŎǳƭŀǘƛƻƴύΦ 

¶ /ƻƳƳƻƴ ǇǊƻōƭŜƳǎ ǘƻ Ƴƻǎǘ ŎƻƳǇŀƴƛŜǎ ŀǊŜ ƻƴ ǎŎƻǇŜ о ŜƳƛǎǎƛƻƴǎ όŘǳŜ ǘƻ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅύΣ Řŀǘŀ 

ǎƘŀǊƛƴƎ όƛƴƭŀƴŘ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ǿƛǘƘ ǎƘƛǇǇƛƴƎύ ŀƴŘ ƭŀŎƪ ƻŦ ǇǊƛƳŀǊȅ ŘŀǘŀΦ  

¶ wŜƎŀǊŘƛƴƎ ǘƘŜ ǊƻƭŜ ƻŦ ǘŜŎƘƴƻƭƻƎȅ ǾŜǊǎǳǎ ƴƻƴπǘŜŎƘƴƻƭƻƎƛŎŀƭ ŦŀŎǘƻǊǎ ƻƴ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴǎ ǘƻ bŜǘ 

½ŜǊƻΣ ǿƻǊƭŘǿƛŘŜ ǎƘƛǇǇƛƴƎ ŎƻƳǇŀƴƛŜǎ ŀǘǘŀŎƘ ŀ ƘƛƎƘŜǊ ǿŜƛƎƘǘ ǘƻ Lƻ¢Σ ōƭƻŎƪŎƘŀƛƴ ŀƴŘ ǳǎŜ ƻŦ ǎƻŦǘ 

ǘƻƻƭǎ ǎǳŎƘ ŀǎ ƻǇǘƛƳƛȊŀǘƛƻƴ ǘƻƻƭǎΦ !ƭǎƻΣ ŦƻǊ ŎƻƭƭŀōƻǊŀǘƛǾŜ ƭƻƎƛǎǘƛŎǎ όŜΦƎΦΣ ǎƘƛǇǇƛƴƎ ƭƛƴŜǎ ǿƛǘƘ ŦǊŜƛƎƘǘ 

ǘǊŀƴǎǇƻǊǘŜǊǎύΦ  

¶ hǇǘƛƳƛȊŀǘƛƻƴ ǘƻƻƭǎ ŀǊŜ ƛƳǇƻǊǘŀƴǘ ŀǘ ǇǊŜǎŜƴǘ ŀŎǊƻǎǎ ŀƭƭ ƳƻŘŜǎΤ ƘƻǿŜǾŜǊΣ Ƴƻǎǘ ŎƻƳǇŀƴƛŜǎ Řƻ 

ƴƻǘ ȅŜǘ ƛƴŎƭǳŘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎǊƛǘŜǊƛŀ ƛƴ ǘƘŜƛǊ ǇǊƛƻǊƛǘȅΦ 9ŦŦƛŎƛŜƴŎȅ όŜΦƎΦΣ ŘŜƭƛǾŜǊȅ ǘƛƳŜ ŀƴŘ Ŏƻǎǘύ 

ƛǎ ǘƘŜ ŘƻƳƛƴŀƴǘ ŎǊƛǘŜǊƛŀ ŀǘ ǇǊŜǎŜƴǘΦ ¢ƘŜǊŜ ƛǎ ŀ ƴŜŜŘ ŦƻǊ ǘǊŀƴǎǇŀǊŜƴǘ ŀƴŘ ƘŀǊƳƻƴƛȊŜŘ ǘƻƻƭ ǘƻ 

ŎŀƭŎǳƭŀǘŜ /hн ŜƳƛǎǎƛƻƴǎ όǎŎƻǇŜ мΣнΣоύΦ 

¶ hǇǘƛƳƛȊŀǘƛƻƴ ǘƻ ǊŜŘǳŎŜ άŜƳǇǘȅ ƳƛƭŜǎέ ǿƛƭƭ ōŜ ŘŜǘŜǊƳƛƴŀƴǘ ŦƻǊ ōǳǎƛƴŜǎǎ ŘŜǾŜƭƻǇƳŜƴǘ ŦƻǊ ǊƻŀŘ 

ŀƴŘ Ǌŀƛƭ ƳƻŘŜǎΦ 

¶ 5ƛƎƛǘŀƭ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ ǇƭŀǘŦƻǊƳǎ όŀƴŘ ƛƳǇǊƻǾƛƴƎ ŜȄƛǎǘƛƴƎ ƻƴŜǎύ Ŏŀƴ Ǉƭŀȅ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ 

ŦŀŎƛƭƛǘŀǘƛƴƎ ǎŜǊǾƛŎŜǎ ŀƴŘ ƛǘǎ ǇǊƻŘǳŎǘƛǾƛǘȅΦ 

¶ {ƻƳŜ ŎƻƳǇŀƴƛŜǎ ŀǊŜ ǳƴǎǳǊŜ ŀōƻǳǘ ǘƘŜ ŦǳǘǳǊŜ ǊƻƭŜ ƻŦ ŀƭǘŜǊƴŀǘƛǾŜ ŦǳŜƭǎ ǎǳŎƘ ŀǎ ƘȅŘǊƻƎŜƴ ŀƴŘ 
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ōƛƻŦǳŜƭǎΣ ƛŘŜƴǘƛŦȅƛƴƎ ǘƘŜ ƴŜŜŘ ǘƻ ƘŀǾŜ ƎƻǾŜǊƴƳŜƴǘŀƭ ƛƴŎŜƴǘƛǾŜǎΣ ŀŘŜǉǳŀǘŜ ǊŜƎǳƭŀǘƛƻƴΣ ŀƴŘ 

ǎǘŀƴŘŀǊŘǎΦ 

¶ hǘƘŜǊ ŎƻƳǇŀƴƛŜǎ ŀǊŜ ƛƴǘŜǊŜǎǘŜŘ ƛƴ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ όŀƭǘŜǊƴŀǘƛǾŜ ŦǳŜƭǎ ŦƻŎǳǎύ ŀƴŘ 

ŜƭŜŎǘǊƛŦƛŎŀǘƛƻƴΦ  

¶ 9ƭŜŎǘǊƛŦƛŎŀǘƛƻƴ ƻŦ ǊƻŀŘ ŦǊŜƛƎƘǘ ǘǊŀƴǎǇƻǊǘ όŜƭŜŎǘǊƛŎ ǘǊǳŎƪǎύ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ƘŀǇǇŜƴ ǳƴǘƛƭ нлол ōǳǘ 

Řƻ ǊŜǉǳƛǊŜ ƻǘƘŜǊ ƳŜŀǎǳǊŜǎ όƛƴŎƭǳŘƛƴƎ ƘƛƎƘŜǊ ŎƻǾŜǊŀƎŜ ƻŦ ŎƘŀǊƎƛƴƎ ǎǘŀǘƛƻƴǎ ŀƭƻƴƎ ŦǊŜƛƎƘǘ ǊƻǳǘŜǎύ 

ŀƴŘ ƛƴǘŜǊƳƻŘŀƭ ǘǊŀƴǎǇƻǊǘΦ 

¶ LƴƭŀƴŘ ¢ǊŀƴǎǇƻǊǘ /ƻƳǇŀƴƛŜǎ ŎƻƴǎƛŘŜǊ ǘƘŀǘ ǎƘƛŦǘƛƴƎ ŦǊŜƛƎƘǘ ŦǊƻƳ ǊƻŀŘ ǘƻ Ǌŀƛƭ ƛǎ ǘƘŜ ōŜǎǘ ƳŜŀǎǳǊŜ 

ǘƻ ǊŜŘǳŎŜ /hн ŜƳƛǎǎƛƻƴǎ ŀƭƻƴƎ ǿƛǘƘ ƛƴǘŜǊƳƻŘŀƭ ǘǊŀƴǎǇƻǊǘΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ǎƘƛŦǘ ƻŦ ƳƻŘŜ ƛǎ 

ŎƻƳǇƭŜȄ όǊƻŀŘ ƛǎ ŘƻƳƛƴŀƴǘύΦ  

¶ ²ƻǊƭŘǿƛŘŜ ǎƘƛǇǇƛƴƎ ŎƻƳǇŀƴƛŜǎ ŎƻƴǎƛŘŜǊ ǘƘŀǘ ǘƘŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ƳŜŀǎǳǊŜǎ ǊŜǉǳƛǊƛƴƎ ƘƛƎƘ 

ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ƛƴǾŜǎǘƳŜƴǘǎ ŀǊŜ ǳƴƭƛƪŜƭȅ ǘƻ ōŜ ƛƳǇƭŜƳŜƴǘŜŘ ǳƴǘƛƭ нлол ŀƴŘ ŎƻƴǎƛŘŜǊ ŘƛƎƛǘŀƭ ǘƻƻƭǎ 

ŀǎ ǘƘŜ Ƴƻǎǘ ǊŜƭŜǾŀƴǘΦ  {ƻƳŜ ƛƴƭŀƴŘ ǘǊŀƴǎǇƻǊǘ ŎƻƳǇŀƴƛŜǎ ƳŜƴǘƛƻƴŜŘ ǘƘŀǘ ōŜǘǘŜǊ ǳǎŜ ƻŦ ŜȄƛǎǘƛƴƎ 

ǊŜǎƻǳǊŎŜǎ όŜΦƎΦΣ ǾŜƘƛŎƭŜǎύ Ŏŀƴ ƭŜŀŘ ǘƻ ŜƳƛǎǎƛƻƴǎ ǊŜŘǳŎǘƛƻƴΦ 

¶ /ƻƳǇŀƴƛŜǎ ǎŜŜƳ ǘƻ ŀǘǘŀŎƘ ƘƛƎƘŜǊ ƛƳǇƻǊǘŀƴŎŜ ǘƻ ǘƘŜ ŜŎƻƴƻƳƛŎ ƛƳǇƭƛŎŀǘƛƻƴǎ ƻŦ ǘŜŎƘƴƻƭƻƎȅ 

ŀŎǊƻǎǎ ƳƻŘŜǎ ŀƴŘ tƻǊǘ ǘŀǊƛŦŦǎ ŀƴŘ ǊŜŦŜǊ ǘƘŜ ƴŜŜŘ ǘƻ ǊŜŘǳŎŜ ǳƴŎŜǊǘŀƛƴǘȅ ƻƴ ǘƘŜ Ŏƻǎǘǎ ŦƻǊ ŦǳǘǳǊŜ 

ŀŘƻǇǘƛƻƴΦ ¢Ƙƛǎ ǎŜŜƳǎ ǘƻ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ƳŜŀǎǳǊŜǎ ŀǊŜ ƴŜŜŘŜŘ ǘƻ ǇǊƻƳƻǘŜ ǘƘŜ 

ŘŜǎƛǊŜŘ ǎƘƛŦǘ ǘƻ bŜǘ ½ŜǊƻΦ 

 

One interesting finding is that worldwide shipping companies seem to attach a higher role for 

reduction carbon emissions and improving energy efficiency from current/future digitalization and 

monitoring technologies in shipping and inland transport (in comparison to all other technology 

categories), slow steaming and, possibly, to alternative fuels (e.g., e-Methanol, biofuels) as these are 

engaged in some running demonstration projects. Despite the importance sustainability has in their 

vision and practice, all companies confirmed the actual priority given to efficiency related criteria (time 

and cost related KPIs) in current optimisation tools. 
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5 List of Emerging Low Emission and Low Energy Transport 

Technologies and Methods: impact indicators to draw 

future scenarios 

This chapter presents the detailed review of the scientific literature addressing low emission and low 

energy transport technologies covering the following modes: road, rail, maritime and cross-modal. The 

list of technologies and methods are grouped into main categories, encompassing a total of 52 

solutions/measures distributed as follows: 1) Alternative fuels - 9 solutions; 2) Selective Emission 

Reductors - 7 solutions; 3) Energy Efficiency - 13 energy efficient solutions & 7 sustainability through 

collaboration related measures; 4) Digitalization and Monitoring - 9 solutions; and 5) Connectivity and 

Automated Systems - 7 solutions. The list of emerging technologies and their potential impacts are 

identified to support drawing future scenarios aligned with the Net Zero goal. 

5.1 !ƭǘŜǊƴŀǘƛǾŜ ŦǳŜƭǎ 

Alternative fuels (AFs) are often designated as clean fuels or non-conventional fuels and offer the 

potential to reduce GHG emissions through the replacement of conventional fossil fuels. Considering 

the European Alternative Fuels Observatory (EAFO), that started in 2015, AFs encompass fuels or 

power sources which serve, at least partly, as a substitute for fossil oil sources in the energy supply to 

transport and which have the potential to contribute to its decarbonisation and enhance the 

environmental performance of the transport sector. The mentioned definition of AFs is included in 

article 2(1) of the European Directive 2014/94/EU on the deployment of alternative fuels 

infrastructure. 

5.1.1 [ƛǉǳŜŦƛŜŘ bŀǘǳǊŀƭ Dŀǎ ό[bDύ 

Liquefied Natural Gas (LNG) is increasingly recognized as a transitional fuel in the maritime and haulage 

sectors due to its lower carbon footprint compared to conventional fuels. It significantly reduces 

emissions of nitrogen oxides, particulate matter, and sulphur oxides. However, concerns about 

methane leakage during the LNG lifecycle warrant attention due to methane's potent greenhouse 

effect (Gray et al., 2021).  

The infrastructure for LNG is also expanding, though it requires substantial investment. Additionally, 

LNG has the potential to reduce greenhouse gas (GHG) emissions in the maritime sector. It can reduce 

CO2 emissions by 20-30% and has similar effects on other emissions such as SOx (Livaniou et al., 2021). 

However, considering Adamopoulos (2021), Maersk openly stated that LNG did not have a role to play 

and questioned why the shipping industry would invest so much on expensive LNG-fueled vessels and 

new logistics infrastructure only to secure marginal lifecycle emission gains and risk methane slip form 

burning LNG. 

5.1.2 .ƛƻŦǳŜƭǎ ό.ƛƻŘƛŜǎŜƭΣ .ƛƻŜǘƘŀƴƻƭύ 

Biofuels have the capability to reduce GHG emissions, but the extent of the reduction varies depending 

on the type of biofuel and its production process. Several studies have shown that biofuels can result 

in emission savings (at most 78.4%) compared to diesel and petrol (Balasubramanian et al., 2023).  
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Alhanif (2023) states that biodiesel can reduce GHG emissions by as much as 86%. The carbon 

neutrality of biofuels is attributed to the fact that the carbon dioxide emitted during combustion is 

offset by the carbon dioxide absorbed by plants during growth. Biofuels, including biodiesel and 

renewable diesel, are prominent in decarbonizing maritime and road transport. Sevim & Zincir (2022) 

advocate for biodiesel and renewable diesel as drop-in fuels compatible with existing infrastructure, 

significantly reducing carbon emissions in maritime transportation. Leblanc et al. (2022) emphasize 

bioenergy's potential to reduce GHG emissions in transport, especially when BECCS (Biomass energy 

with carbon capture and storage) technology is not feasible.  The life cycle assessment (LCA) of biofuel 

production is a comprehensive process that addresses key issues from environmental compatibility to 

policy implications. As shown in Figure 20, this process begins with defining the goals and scope, 

focusing on the selection of environmentally compatible biomass resources such as energy crops and 

agricultural waste. It then moves through various stages including technology selection, inventory 

analysis where greenhouse gases (GHGs) like CO2, CH4, and N2O are evaluated, and energy indicators 

like non-renewable primary energy consumption are considered. Each stage of the LCA is critical in 

ensuring that the biofuels produced are truly beneficial for the environment and can contribute 

effectively to the decarbonization of sectors such as maritime and road transport. 

 

Figure 20: Key issues in each step of the LCA of biofuel (source: Hanaki et al., 2018) 

5.1.3 {ȅƴǘƘŜǘƛŎ CǳŜƭǎ 

Synthetic fuels, also known as e-fuels, are produced using carbon-neutral processes. They are praised 

for their potential to decarbonize sectors where direct electrification is challenging. Prussi et al. (2022) 

highlight e-fuels' greenhouse gas savings when produced with low-carbon-intensity electricity. 

However, the production of synthetic fuels is energy-intensive and currently lacks scalability at a 

commercial level.  

The integration of synthetic diesel into the fuel market brings forth a unique opportunity to address 

the pressing issue of emissions from diesel engines, which are difficult to decarbonize. Synthetic fuels, 

including synthetic diesel, are produced through carbon-neutral processes and have been identified as 

a potential solution for sectors where direct electrification poses challenges (Prussi et al., 2022).  

Wang et al. (2020) offers a detailed comparison of key characteristics of the U.S. EPA #2 diesel, 

Greyrock synthetic diesel (GD), and a 20% blend of GD with #2 diesel, showcasing the superior qualities 

of synthetic diesel in various aspects (Table 7). 
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Table 7: Comparison of key characteristics of US EPA #2D, Greyrock synthetic diesel (GD), and a 20% blend of GD with #2D 

 

For example, the cetane index of Greyrock synthetic diesel stands at 70, a marked improvement over 

the ASTM D975 specification of 40, indicating a better combustion quality. The energy content of 

Greyrock diesel at 34.42 MJ/L is slightly less than the 35.87 MJ/L of #2 diesel but still within a 

competitive range. When it comes to density, Greyrock diesel exhibits a lower value (0.76 g/mL) 

compared to the standard (0.84 g/mL), which could influence fuel efficiency positively. 

Moreover, the lubricity and viscosity of Greyrock diesel are within optimaƭ ǊŀƴƎŜǎΣ ŀǘ отм ˃Ƴ ŀƴŘ нΦм 

mm²/s respectively, which can enhance the engine's performance and longevity. Significantly, the 

sulphur content of Greyrock diesel is less than 0.1 parts per million by weight (ppmw), a considerable 

reduction from the 15 ppmw specified by ASTM. Aromatics are also drastically reduced in Greyrock 

diesel to less than 0.3%, with benzene at less than 0.1%, suggesting a potential for fewer harmful 

emissions. The 20% GD/#2D blend also demonstrates improved characteristics, such as reduced 

aromatics and residue, compared to standard diesel. 

The promise of synthetic diesel in reducing emissions is further supported by the findings of Wang et 

al. (2020), who reported that synthetic diesel blends can reduce emissions by significant marginsτ

24% for carbon monoxide, 30% for total hydrocarbons, 5.5% for nitrogen oxides, and 19% for PM2.5. 

Notably, a complete switch to 100% synthetic diesel could enhance these reductions even further, with 

decreases in emissions by 36% for carbon monoxide, 48% for total hydrocarbons, and 10% for nitrogen 

oxides. 

In the broader context of synthetic fuels' impact on emissions, Gössling et al. (2021) suggest that the 

production of synthetic fuels, if powered by 14-20 EJ of photovoltaic energy, could eliminate the need 

for fossil fuels and prevent up to 26.5 Gt of CO2 emissions from 2022 to 2050. This highlights the 

significant role that synthetic diesel, as a type of synthetic fuel, could play in the global effort to reduce 

carbon emissions and combat climate change. The figures presented in Table 7, especially those in 

bold, denote the areas where synthetic diesel outperforms traditional EPA #2 diesel, underscoring its 

potential as a cleaner alternative fuel. 

5.1.4 IȅŘǊƻƎŜƴ 

Hydrogen, when produced through sustainable methods, is recognized as an environmentally friendly 

fuel that boasts a high energy density and versatility across different transportation sectors. Despite 

its benefits, the adoption of hydrogen fuel faces hurdles such as storage and transport logistics, 

alongside the substantial initial investments required for fuel cell technologies (Carlisle et al., 2023). 

Yet, the potential environmental advantages are significant. For instance, blending hydrogen with 
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natural gas can considerably curtail greenhouse gas emissions, predominantly by reducing CO2 

emissions from combustion (Neacsa et al., 2022). 

Figure 21 illustrates various green pathways for hydrogen production. These include the conversion of 

diverse feedstocks like natural gas, coal, biomass, and water into hydrogen. Techniques such as natural 

gas reforming, coal gasification, biomass gasification, and various water-splitting methods including 

electrolysis, photolysis, and biological processes, are outlined. An intermediate product in many of 

these processes is synthesis gas (syngas), which can subsequently be transformed into hydrogen, an 

energy carrier with wide-ranging applications. 

 

Figure 21: Processes outline for hydrogen production (source: Xing et al, 2021)  

The environmental benefits of hydrogen as a fuel are further emphasized by research indicating that 

GHG emissions could be reduced by 61 to 68% when hydrogen is used in certain scenarios, leading to 

considerable enhancements in urban air quality (Stephens-Romero et al., 2009). This aligns with the 

objectives of nations such as Malaysia, which aims to reduce the GHG emission intensity of its GDP by 

45% by the year 2030. Adopting hydrogen fuel cell (HFC) technology is a strategic move for Malaysia 

to diversify its energy mix and meet its climate targets (Azni et al., 2021). 

In this context, the public's growing approval of hydrogen as an alternative fuel, particularly for 

shipping, plays a crucial role in mitigating global GHG emissions and fostering a more sustainable 

energy future (Carlisle et al., 2023). Figure 21 from Xing et al. (2021) provides a visual representation 

of the processes that can facilitate the green production of hydrogen, reinforcing the narrative that 

hydrogen, when produced and used appropriately, holds a key to unlocking a low-carbon economy. 

5.1.5 !ƳƳƻƴƛŀ 

Green ammonia emerges as a noteworthy alternative fuel, especially for the shipping industry, which 

is actively seeking carbon-free options. Produced using renewable energy, green ammonia promises 

to significantly reduce the carbon footprint of maritime transportation. Lindstad (2020) emphasizes its 
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potential, highlighting that, unlike conventional fuels, green ammonia does not emit CO2 during 

combustion, though it does produce nitrogen oxides.  

According to Al-Alboosi et al. (2021), renewable ammonia could slash greenhouse gas emissions by as 

much as 80% when compared to traditional maritime fuels. Ankathi et al. (2022) further the argument, 

suggesting that green ammonia could cut well-to-hull global GHG emissions from crude transportation 

by 50% relative to conventional ammonia. This showcases green ammonia's capacity to play role in the 

decarbonization efforts of the shipping industry. 

5.1.6 9ƭŜŎǘǊƛŎƛǘȅ όtǊƻŘǳŎǘƛƻƴ ƻŦ 9ƴŜǊƎȅ ŦǊƻƳ wŜƴŜǿŀōƭŜ {ƻǳǊŎŜǎύ  

Electric vehicles, powered by renewable energy, offer significant potential to reduce GHG emissions, 

especially in urban distribution and short-haul transport.  

Sathre et al. (2023) find that electric trucks with bioelectricity have lower climate impacts and primary 

energy use compared to diesel and DME-based pathways. However, the availability of charging 

infrastructure and the lifecycle environmental impact of batteries are pertinent concerns. 

5.1.7 9ƭŜŎǘǊƻŦǳŜƭǎ ƻǊ 9πŦǳŜƭǎ 

Electrofuels, or e-fuels, represent a class of synthetic fuels that can be generated from renewable 

energy sources, including wind and solar power. These fuels are considered a potential avenue for 

reducing carbon emissions within the shipping industry, which is responsible for approximately 3% of 

global GHG emissions (Brynolf et al., 2018). The production of e-fuels involves converting renewable 

electricity into chemical energy, which can then be used as fuel for various modes of transportation. 

 

Figure 22: Simplified schematic of primary energy sources, energy conversion technologies, and energy carriers for 
different transport modes (source: Brynolf et al., 2018)  

Figure 22 provides a simplified schematic of energy sources, energy conversion technologies, and 

energy carriers for different transport modes. It illustrates how primary energy sources such as fossil 

fuels, biomass, nuclear, and renewables are converted into energy carriers like liquid fuels, hydrogen, 

and electricity. These carriers are then used to power various propulsion technologies across different 

transportation modes including aviation, shipping, and ground transportation. 

While e-fuels offer promise in the shift towards a low-carbon economy, their production and use are 

not without environmental implications. The process of generating e-fuels is energy-intensive and 

could demand significant land use, potentially leading to competition with food production. Moreover, 

there are uncertainties regarding the full lifecycle emissions of e-fuels, which include considerations 
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from production to end-use. Consequently, the deployment of e-fuels should be approached as a part 

of a broader set of decarbonization strategies. This suite of strategies may encompass improvements 

in energy efficiency, the electrification of transport systems, and the integration of biofuels into the 

energy mix. The integration of these strategies aims to create a more sustainable and comprehensive 

approach to reducing emissions from transportation, in alignment with global climate targets. 

Figure 23, as delineated by Brynolf et al. (2018), maps the production process of electrofuels, 

illustrating a flow from power generation to the final fuel product. The diagram begins with 

electricityτpreferably from renewable sourcesτpowering the electrolysis of water to yield hydrogen, 

a clean fuel. This hydrogen, along with CO2 sourced from the air, seawater, or combustion processes, 

enters a synthesis reactor. Here, it is transformed into various types of electrofuels, such as methane 

(CH4), dimethyl ether (DME, CH3OCH3), higher hydrocarbons like gasoline (C8H18), and alcohols like 

ethanol (C2H5OH). It is interesting to note that Figure 23 emphasizes the potential of integrating 

electrofuel production with biofuel processes, indicating a complementary relationship where CO2 

from biofuel combustion can feed into the production of additional electrofuels, creating a more 

sustainable and circular energy system. 

 

Figure 23: Process steps in the production of electrofuels (source: Brynolf et al., 2018)  

Ueckerdt et al. (2021) offer a comprehensive view of the economic and environmental aspects of e-

fuels. Figure 24 provides a detailed breakdown of the levelized costs of e-methane and e-gasoline, 

highlighting the potential future cost reductions in these fuels due to advancements in electrolysis and 

direct air capture (DAC) technologies. It also compares these costs with the prices of natural gas and 

gasoline, showing the trend towards cost competitiveness over time. 



WP2 ς D2.2  
Different transport modes and their sustainability 

 

 
  48 

 

Figure 24: Cost and fuel switching CO2 prices of e-fuels (source: Ueckerdt et al., 2021)  

Figure 25 illustrates the life-cycle greenhouse gas (GHG) emissions of different fuels across various 

transport applications. It emphasizes the crucial role of the carbon intensity of electricity used in the 

production of e-fuels and for battery charging. The data demonstrates how renewable energy's share 

in electricity generation significantly impacts the emissions of e-fuels, suggesting that the 

environmental benefits of e-fuels are maximized when coupled with low-carbon electricity sources. 

 

Figure 25: Life-cycle GHG emissions for different fuels and transport applications, as a function of the life-cycle carbon 
intensities of electricity used for battery charging, hydrogen and e-fuel productions (source: Ueckerdt et al., 2021)  

¢ƘŜǊŜŦƻǊŜΣ ƛǘΩǎ important of continuing to improve the efficiency and cost-effectiveness of e-fuel 

production technologies while also decarbonizing the electricity grid to ensure the full climate benefits 

of these synthetic fuels are realized. Nevertheless, the energy efficiency of a typical E-fuel is not as 

high as direct electrification, as it can be shown in Figure 26 from Ueckerdt et al. (2021). 
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Figure 26: Energy efficiencies for major conversion steps from electricity input to useful energy (source: Ueckerdt et al., 
2021)  

5.1.8 [ǳōǊƛŎŀƴǘ ƛƴŦǳǎŜŘ ŦǳŜƭ 

The integration of lubricating oil into fuel, known as lubricant infused fuel, represents an innovative 

approach to enhancing engine performance and reducing emissions. Wang et al. (2021) found that 

lubricating oil can shorten the ignition-delay phase during combustion, which not only improves fuel 

economy but also alters the chemical characteristics of particles, potentially leading to reduced engine 

emissions. Complementing this, Shao et al. (2022) have demonstrated that when formulated correctly, 

lubricant additives can positively affect particulate emissions without adversely affecting the 

performance of particulate filters. Moreover, Zare et al. (2020) provide evidence that adding as little 

as 5% waste lubricating oil to diesel fuel can diminish particulate matter emissions in both cold start 

and hot start engine operations. This not only suggests a reduction in environmental impact but also 

signifies an enhancement in overall engine performance. These studies collectively suggest that 

optimized lubricant infusion in fuels could be a viable path to achieving more efficient and cleaner 

combustion in engines. 

5.1.9 /ƻƳǇǊŜǎǎŜŘ bŀǘǳǊŀƭ Dŀǎ  

The transition to alternative fuels like Compressed Natural Gas (CNG) for road freight transportation is 

a critical step towards sustainability. Dörr Heinz et al. (2016) emphasize the importance of powertrain 

innovation for enhancing energy efficiency and minimizing CO2 equivalent emissions in freight 

transport. In line with this, recent studies reveal the tangible benefits of switching to CNG.  

As depicted in Figure 27 from Gialos et al. (2022), the switch from single fuel (diesel) to dual-fuel (CNG 

ς Diesel) systems offers significant advantages, including a 24.9% reduction in fuel costs per 100 km 
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and a notable 21.9% decrease in well-to-wheel (WTW) GHG emissions for the same distance. Gialos et 

al. (2022) further support this by quantifying the reduction in CO2e emissions and operational costs 

when CNG is adopted as an alternative fuel in road freight transport, indicating its potential for 

mitigating the sector's impact on global warming. 

 

Figure 27: (a) Comparison of fuel cost, single vs. dual fuel for 100 km (b) Comparison of WTW GHG emissions, single vs. 
dual fuel for 100 km (source: Gialos et al., 2022)  

 

5.1.10 {ǳƳƳŀǊȅ ŜǾŀƭǳŀǘƛƻƴ ŀƴŘ YtLΩǎ ŦƻǊ aŀǊƛƴŜ ŀƭǘŜǊƴŀǘƛǾŜ ŦǳŜƭ ŀŘƻǇǘƛƻƴΥ 

The maritime industry is actively exploring various pathways to achieve the International Maritime 

Organization's (IMO) goals for reducing emissions. Song (2021) identifies Maersk's proposition of 

biodiesel, methanol, ammonia, and lignin fuels as potential solutions for net-zero emissions in 

shipping.  

According to the data presented by Song (2021), the projected fuel mix for the industry by 2030, 2040, 

and 2050 includes a transition from predominantly using very low sulphur fuel oil/marine gas oil 

(VLSFO/MGO) and heavy fuel oil to a more diverse array of energy sources. By 2050, the expectation 

is to see significant shifts towards e-fuels like e-methanol and e-ammonia, alongside a substantial 

increase in the use of bio-LNG, as shown in Table 8. 
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Table 8: A pathway of maritime fuel mix towards IMO goals (source: Song, 2021) 

 

The described changes are influenced by a variety of factors as illustrated in Table 9, including 

economic performance, energy density, compatibility with existing marine engines, and environmental 

considerations such as life cycle CO2 emissions. The strategic fuel choice determinants for container 

ships will revolve around compliance with regulations, operational measures, and logistics 

considerations, all of which will guide the industry towards a more sustainable future. 

Table 9: Characteristics of fuel types and choice determinants for container ships (source: Song, 2021) 

 

Figure 28 delves into the environmental implications and decision-making criteria for choosing 

alternative marine fuels. The GWP data suggest a move away from traditional high-GWP fuels like 

heavy fuel oil towards lower-GWP alternatives such as biofuels and hydrogen could significantly reduce 

maritime emissions.  
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Figure 28: GWP for different marine options (source: Xing et al., 2021)  

Table 10 and Table 11 outline a structured approach to evaluate alternative fuels, considering their 

entire life-cycle from well-to-tank, tank-to-wake, encompassing technical, environmental, and social 

factors. These criteria are crucial for maritime stakeholders to meet regulatory demands, societal 

expectations for cleaner shipping, and industry goals for reducing greenhouse gas emissions in line 

with IMO targets. 

Table 10: Possible evaluation criteria for alternative marine fuel options (source: Xing et al., 2021) 

 

Table 11: Decision making framework for alternative marine fuel options on a life-cycle pathway (source: Xing et al., 
2021) 

 

Table 12 from IRENA et al. (2021) outlines the readiness level of various shipping fuels, examining their 

technological maturity, market readiness, GHG reduction potential, and associated engine technology. 

It offers a detailed comparison across different fuel types such as Fuel Oil, LNG, Advanced Liquid 

Biofuels, Renewable Gaseous Fuels, Hydrogen, Ammonia, and Methanol. For each fuel type, the table 
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lists advantages and challenges, providing insights into the practicality of their use in the shipping 

industry. For instance, while fuel oil is widely used with established infrastructure, it faces challenges 

like high carbon and particulate emissions. On the other hand, hydrogen offers nearly zero carbon 

emissions and is versatile but is hindered by high production and storage costs. This evaluation aids 

stakeholders in making informed decisions regarding fuel strategies for shipping, balancing efficiency, 

environmental impact, and readiness for implementation. 

The literature suggests a strategic shift towards fuels with a lower carbon footprint, such as LNG and 

advanced biofuels, and an eventual transition to zero-carbon fuels like hydrogen and ammonia. 

However, each alternative fuel presents its own set of challenges, such as economic cost, technological 

readiness, and infrastructure requirements. The maritime industry must navigate these factors to meet 

IMO's emission reduction goals, suggesting a gradual and mixed-method approach to adopting new 

fuel technologies. 

Table 12: Readiness level of shipping fuels (source: IRENA et al., 2021) 
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Issa et al. (2022) also contributes to the weighting of Advantages and Disadvantages of the alternative 

fuels (Table 13). For instance, it highlights that while LNG has competitive pricing and available 

infrastructure, it falls short of the 50% CO2 reduction target. Hydrogen offers zero-emission potential 

but is limited by high costs and storage challenges. Ammonia's toxicity and biofuels' price and volume 

constraints are mentioned, alongside the efficiency of electricity but with caveats on energy density 

and capital expenditure. 

Table 13: Benefits and drawbacks of shipping fuels (source: Issa et al., 2022) 

 

Ankathi et al. (2022) provide a complementary detailed comparison of direct and well-to-tank 

greenhouse gas (GHG) emissions factors for various marine fuels, spanning conventional fossil fuels to 

alternative and renewable options. It compares traditional heavy fuel oil (HFO) and newer options like 

green ammonia. It indicates that biofuels, hydrogen from renewable power, and green ammonia offer 

significantly lower well-to-tank GHG emissions compared to conventional fuels. These data are 

essential for maritime stakeholders aiming to reduce their carbon footprint and for informing policy 

and investment decisions in line with environmental targets. 

Additionally, we may also take into consideration specific information regarding Flammability, auto -

ignition and combustion emissions trade-offs. Table 15 from Xing et al. (2021) shows that     

conventional fuels like HFO (Heavy Fuel Oil) and MDO (Marine Diesel Oil) typically have higher levels 

of emissions, including CO2, SOx, NOx, and PM. The trade-off with these fuels is that they are often 

cheaper and more readily available with established supply chains. Alternative fuels such as LNG 

(Liquefied Natural Gas), DME (Dimethyl Ether), and biofuels like FAME (Fatty Acid Methyl Ester) 

generally result in lower SOx and PM emissions but may still contribute to CO2 and NOx emissions. 

LNG, in particular, is noted for significantly lower SOx emissions. Hydrogen and ammonia are often 

highlighted for their potential to significantly reduce or even eliminate CO2 emissions, especially when 

produced from renewable sources. However, hydrogen can contribute to NOx emissions when 

combusted in ICE without adequate after-treatment technologies. Biofuels can offer reduced CO2 

emissions, especially if they are produced sustainably. However, the NOx and PM emissions can vary 

based on the specific type of biofuel and the engine technology used. 
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Table 14: Direct and WTH GHG emissions for marine fuels, gCO2e/MJ (source: Ankathi et al., 2022) 

 

 

Table 15: Typical physicochemical properties and emissions performance of marine fuels (source: Xing et al., 2021) 

 

Based on such information, Xing et al. (2021) show priority levels for different marine fuels across 

various types of marine operations (inland/domestic, coastal/domestic, short sea/international, deep 

sea/international), suggests that renewable methanol, ammonia, hydrogen (both compressed and 

liquefied), and biofuels like biodiesel and bioethanol are given higher priority for adoption in maritime 

activities. These fuels are likely rated based on their environmental performance and potential to 

reduce greenhouse gas emissions, which are critical considerations for the maritime industry as it 

moves towards decarbonization. 

Xing et al. (2021) developed a qualitative evaluation approach with ranks various marine fuels based 

on multiple criteria such as technical availability, safety, availability of infrastructure, and so on (Figure 

29). The ranking seems to range from I (best) to IV (worst). Additionally, there is a numerical scoring 
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for climate change impact, suggesting an attempt to quantify the potential contribution of each fuel 

to global warming.  

 

Figure 29: Priority levels and potential applications of different marine fuels and Possible power sources for ship 
propulsion (source: Xing et al., 2021)  

Figure 29 and Table 16 show that renewable methanol and ammonia, especially when used in fuel cells 

(FC) have a high rank, suggesting that they are seen as promising alternatives for future marine fuel, 

likely because they can offer significant reductions in GHG emissions when produced from renewable 

sources. Compressed and liquefied hydrogen also score highly, reflecting their potential as zero-carbon 

fuels. However, their practical use will depend on the development of suitable infrastructure and 

technologies for safe handling and storage. Traditional fuels such as Low Sulphur Heavy Fuel Oil 

(LSHFO) and Marine Diesel Oil (MDO) rank lowest in priority, likely due to their higher GHG emission 

profiles and increasing regulatory pressure to reduce emissions from shipping operations. The best 

fuel types appear to be those that offer a balance between lower environmental impact and practical 

feasibility for use in the maritime sector. This includes not just the GHG emissions but also factors like 

technical availability, safety, and the cost of fuel and infrastructure. 

Table 16: Qualitative evaluation on different potential marine fuels based on selected decision-making framework 
(source: Xing et al., 2021) 
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5.1.11 {ǳƳƳŀǊȅ ŜǾŀƭǳŀǘƛƻƴ ŀƴŘ YtLΩǎ ŦƻǊ wƻŀŘ ŀƭǘŜǊƴŀǘƛǾŜ ŦǳŜƭ ŀŘƻǇǘƛƻƴ 

The work of Haase et al. (2022) is relevant for understanding the evaluation necessary for the transition 

to alternative fuels in road transport. Figure 30 and Table 17 illustrate a framework for assessing 

vehicle production, economic viability, and environmental impacts across different fuel types, offering 

a forecast into the future performance of these fuels. Vehicles powered by internal combustion 

engines (ICEVs) running on fossil fuels are being re-evaluated in favour of battery electric vehicles 

(BEVs) and fuel cell electric vehicles (FCEVs), which promise lower emissions and a smaller 

environmental footprint. Table 17 illustrates the move away from the traditional Otto engine and 

gasoline tanks to more sustainable systems like electric motors with batteries and fuel cells with 

hydrogen storage. This shift is not just about adopting new technologies but also aligning with broader 

sustainability goals and regulatory requirements. The cost implications vary, with some alternative fuel 

vehicles like FCEVs showing lower costs in certain areas compared to ICEVs. 

 

Figure 30: Characterisation of alternative fuels for road transport (source: Haase et al., 2022)  

 

Table 17: Input data for economic assessment, year 2050 (source: Haase et al., 2022) 
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Table 18 highlights the technical specifications of the vehicles, including power, weight, fuel 

consumption, and battery characteristics. This information is crucial for understanding the 

performance and efficiency of each vehicle type. 

Table 18: Technical characterization of vehicles in 2050 (source: Haase et al., 2022) 

 

Table 19 provides a per-kilometer assessment of different vehicles' contributions to various 

environmental issues. It gives a clear indication of which vehicle and fuel type combinations offer the 

most significant benefits in terms of reducing emissions and minimizing ecological footprints. BEV-

wind, for instance, stands out for its lower climate change impact, indicating the potential of renewable 

energy-powered electric vehicles in achieving climate goals. 

Table 19: Indicator results per km driving distance, year 2050 (source: Haase et al., 2022) 

 

Haase et al. (2022) indicate that by the year 2050, ICEV-straw and BEV-wind might generate the highest 

domestic value-added. However, the costs are notably higher for ICEV-straw. BEV-wind shows the 

lowest environmental impacts for climate change amongst the considered alternatives and performs 

best for most environmental indicators. Conversely, ICEV-fossil has the lowest impacts for freshwater 
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eutrophication and human toxicity (both carcinogenic and non-carcinogenic). FCEV-wind scores best 

in freshwater ecotoxicity and resource depletion, while ICEV-straw leads in ozone depletion reduction. 

De Angelis et al. (2021) analyse the shift in electricity production sources mix and their potential to 

reduce air pollution. Figure 31 displays the percentage electricity production distribution over the 

sources for selected scenarios. It shows a bar chart with three different scenarios (scen 19, scen 20, 

and scen 8) and the corresponding mix of electricity production sources. These sources include natural 

gas, coal, liquid fossil fuels, biomass, biogas, biofuels, waste, photovoltaic, and hydroelectric. The chart 

suggests that each scenario proposes a different energy mix, which likely reflects varying degrees of 

reliance on renewable sources versus fossil fuels. 

 

Figure 31: Percentage electricity production distribution over the sources for scenarios (source: De Angelis et al., 2021)  

Table 20 presents the air pollution precursors percentage emission reduction with respect to the base-

case for the year 2018 for the selected scenarios. It lists the scenarios (scen 8, scen 19, and scen 20) 

alongside the reduction percentages for various pollutants, including nitrogen oxides (NOx), volatile 

organic compounds (VOC), ammonia (NH3), particulate matter (PM10 and PM2.5), and sulphur dioxide 

(SO2). The reductions are given in percentage terms, suggesting improvements in air quality relative 

to a base year, presumably due to changes in the electricity production mix indicated in the scenarios 

above. 

Table 20: Indicator results per km driving distance, year 2050 (source: De Angelis et al., 2021) 
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According to Liu et al. (2021), the adoption of fuel cell vehicles (FCVs) could significantly reduce 

greenhouse gas (GHG) emissions from the heavy-duty truck fleet by 2050, with the Aggressive scenario 

aiming for a 63% reduction, the Moderate scenario a 30% reduction, and the Conservative scenario a 

12% reduction, assuming that a higher proportion of fuel cell HDTs results in lower GHG emissions due 

to the cleaner nature of hydrogen fuel. The stocks are categorized by fuel types: hydrogen, diesel, and 

natural gas, with sales projections for fuel cell heavy-duty trucks (HDTs) in 2030, 2040, and 2050 under 

three scenarios: Aggressive (30%, 70%, 100%), Moderate (12.5%, 30%, 50%), and Conservative (5%, 

12%, 20%). The Aggressive scenario predicts a full transition to hydrogen fuel cell trucks by 2050, while 

the Moderate and Conservative scenarios expect a partial transition. Machado et al. (2021) also 

highlight the potential for significant environmental benefits through the adoption of alternative fuel 

technologies in the transportation sector. Specifically, they point out that biogas or fuel-cell hydrogen 

trucks present higher chances of reducing greenhouse gas (GHG) emissions. Furthermore, the study 

notes that trucks powered by fuel-cell hydrogen or natural gas are capable of lowering emissions of 

particulate matter (PM2.5) and nitrogen oxides (NOx), indicating a dual advantage in terms of both 

climate change mitigation and air quality improvement. 

5.2 {ŜƭŜŎǘƛǾŜ 9Ƴƛǎǎƛƻƴǎ wŜŘǳŎǘƻǊǎ 

Selective Emissions Reductors reviewed in this section include main technological solutions to reduce 

emissions from harmful pollutants that put at risk sustainable development, including sulphur oxides, 

nitrogen oxides, hydrocarbons, carbon monoxide, particulate matter and the capture, utilize and 

storage of carbon emissions. 

5.2.1 {hȄ {ŎǊǳōōƛƴƎ {ȅǎǘŜƳ  

Kim et al. (2019) describe SOx Scrubbing Systems also as Exhaust Gas Cleaning Systems (EGCS). These 

are vital technologies for reducing sulphur oxides (SOx) from ship exhaust gases, which are significant 

contributors to air pollution, particularly in coastal regions. These systems use either seawater or fresh 

water combined with an alkaline substance to neutralize and extract SOx, aligning with the 

International Maritime Organization's (IMO) sulphur emission regulations. This contributes markedly 

to mitigating acid rain and preventing respiratory issues by ensuring compliance with environmental 

standards. 

Further expanding on the environmental benefits of these systems, Wilailak et al. (2021) provide a 

detailed analysis revealing that wet SOx scrubber systems can decrease greenhouse gas (GHG) 

emissions by 31.72% in open-loop systems and by an impressive 51.17% in closed-loop systems. These 

figures emphasize the potential of SOx scrubbing technology in significantly reducing the carbon 

footprint of maritime operations. 

Additionally, Tran (2017) and Ni et al. (2020) present findings on the efficacy of these scrubbing 

systems in curtailing emissions, demonstrating that SOx gas emission reductions can achieve up to 

95%, while the efficiency in reducing Particulate Matter (PM) can reach 60%. This high level of emission 

control further illustrates the critical role of SOx scrubbing systems in enhancing air quality and 

protecting environmental and human health. Together, these studies show the benefits of adopting 

exhaust gas cleaning systems aboard ships, from meeting stringent international regulations to 

significantly lowering the environmental impact of the shipping industry. 
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5.2.2 {ŜƭŜŎǘƛǾŜ /ŀǘŀƭȅǘƛŎ /ƻƴǾŜǊǘŜǊ 

Selective Catalytic Converter or Reduction (SCR) technology plays a crucial role in mitigating air 

pollution by effectively reducing harmful emissions from vehicles and industrial sources. This 

technology targets nitrogen oxides (NOx), hydrocarbons (HC), and carbon monoxide (CO), 

transforming them into less harmful substances, thereby significantly enhancing air quality and 

curtailing smog formation. 

Athrashalil et al. (2014) emphasize the effectiveness of SCR technology in vehicles, indicating that it 

can achieve over 55% NOx conversion, a substantial reduction that emphasizes its importance in 

environmental protection efforts. Further emphasizing the versatility and efficiency of SCR technology, 

Han et al. (2019) identify NH3-SCR as the leading method for curtailing NOx emissions not just in diesel 

engines but also in coal-fired industries, highlighting its broad applicability and potential impact on a 

wide range of emission sources. 

However, despite its effectiveness, SCR technology does face challenges, particularly in terms of its 

performance across different temperature ranges. Barreau et al. (2020) point out that while SCR is a 

potent process for removing NOx from diesel exhaust, its activity diminishes in lower temperature 

ranges, specifically achieving only 50ς60% efficiency between 200°C and 300°C. This limitation 

highlights an area for potential improvement and further research to enhance the technology's overall 

efficacy. 

5.2.3 /ŀǊōƻƴ /ŀǇǘǳǊŜΣ ¦ǘƛƭƛȊŀǘƛƻƴΣ ŀƴŘ {ǘƻǊŀƎŜ  

Carbon Capture, Utilization, and Storage (CCUS) is an approach to managing carbon dioxide (CO2) 

emissions, a significant contributor to global warming. Figure 32 shows that CCUS encompasses various 

technologies and methods for capturing CO2 from sources such as fossil fuel power generation, natural 

CO2 wells, and industrial processes. Once captured, the CO2 can be either used in applications like 

chemical synthesis and energy production or stored in geological formations to prevent its release into 

the atmosphere. 

The efficacy of CCUS is evident in its potential to reduce the carbon footprint of fossil fuels, thus 

enabling continued use while mitigating environmental impacts. Volkart et al. (2013) provide a 

quantitative assessment of CCUS's benefits, indicating that the implementation of Carbon Capture and 

Storage can lead to life cycle greenhouse gas (GHG) emission reductions of 68-92% for fossil power 

generation and 39-78% for cement production. These numbers emphasize the significant role that 

Carbon Capture and Store can play in transitioning to more sustainable industrial processes. 

Furthermore, He et al. (2021) examine the benefits of CO2 utilization, particularly through the reverse 

water-gas shift reaction, which converts CO2 into syngas. This syngas can then be used for producing 

liquid fuel and power, achieving an energy savings of 18.19% and a life-cycle carbon emission reduction 

rate of 46.87% when compared to conventional natural gas combined cycle (NGCC) and gas-to-liquids 

(GTL) standalone production systems. These statistics highlight the dual benefit of CCUS technologies 

in reducing emissions and enhancing energy efficiency. 

The integration of capture, utilization, and storage in the CCUS model by Taipa et al. (Figure 32), 

provide a comprehensive strategy for addressing CO2 emissions. By capturing emissions at their source, 
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employing them in beneficial applications, and securely storing any excess, CCUS technologies offer a 

pathway to significantly reduce the carbon footprint of industrial activities and contribute to global 

efforts to combat climate change. 

 

Figure 32: Carbon Capture, Utilization, and Storage (source: Taipa et al., 2018)  

The work of Bui et al. (2018) delivers a comprehensive understanding of the current landscape and 

future needs of Carbon Capture, Utilization and Storage (CCUS) technologies. These visuals collectively 

highlight the stages of technology readiness, global deployment of commercial-scale projects, and key 

research and development (R&D) needs in the short term for bioenergy with carbon capture and 

storage. Claiming not to be exhaustive, these works provide a list a range of negative emissions 

technologies: a) Direct Air Capture ς it provides a mechanical solution with chemical aids; b) Soil 

Carbon Sequestration ς it leverages agricultural practices; c) ς Biochar - it uses waste biomass; c) 

Enhanced Weathering (EW) ς it manipulates natural mineral processes; d) Ocean Fertilization (OF) - it 

enhances biological sequestration in oceans, and e) Indirect ocean capture - it uses chemical processes 

to increase the ocean's natural absorption capacity. These methods are at various stages of research, 

development, and deployment, and they present promising avenues for reducing global CO2 levels, 

which is critical in the fight against climate change. 

The technology readiness levels (TRL) depicted in Figure 33 illustrates the progression of various CCUS 

technologies from concept to commercial deployment. Technologies like post-combustion ionic 

liquids, membranes for power plants, and oxy-combustion gas turbine (water cycle) are in varying 

stages of development, with some reaching pilot plant stages and others still requiring demonstration 

and refinement. Notably, post-combustion adsorption and pre-combustion integrated gasification 

combined cycle (IGCC) + CCS have advanced further, moving closer to commercial reality. 
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Figure 33: Technology Readiness Levels of carbon capture, storage, and utilization technologies (source: Bui et al., 2018)  

Regarding the CO2 capture capacity of commercial-scale CCS projects worldwide, with clear worldwide 

leaders emerging. The United States stands out with a significant number of projects in operation, 

while regions like Australia, New Zealand, and Asia are actively evaluating and defining projects, 

indicating a global recognition of the importance of CCS in mitigating climate change (Figure 34). 

 

Figure 34: CO2 capture capacity of commercial-scale CCS projects worldwide, nº of projects (source: Bui et al., 2018; data 
from the Global CCS Institute)  
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Bui et al. (2018) also identified key R&D needs to ensure the technology's viability and sustainability. 

It includes the need for sustainable biomass feedstocks, the development of technical innovations to 

increase efficiency and reduce emissions, the assessment of less mature technologies, and the 

consideration of economic and policy frameworks to encourage its deployment. Public perception is 

also noted as a key area, suggesting a need for increased engagement and collaboration among 

stakeholders to foster broader acceptance and implementation of CCS technologies. 

The Sixth Assessment Report (AR6) by the Intergovernmental Panel on Climate Change (IPCC, 2023) 

provides critical insights into the role of negative emissions technologies (NETs) in climate mitigation 

strategies. According to AR6, the extent of the overshoot in global temperature levels directly 

correlates with the magnitude of net negative CO2 emissions required to revert to specific warming 

thresholds. Specifically, achieving a reduction in global temperature necessitates net negative 

emissions of approximately 220 gigatonnes (Gt) of CO2 for every 0.1°C decrease, based on a best 

estimate, with the potential range lying between 160 and 370 gigatonnes (IPCC, 2021). This 

requirement emphasizes the significance of modelled pathways that aim to cap warming at 1.5°C 

above pre-industrial levels with minimal or no overshoot, which project median cumulative net 

negative emissions of 220 gigatonnes by the century's end. Conversely, pathways that aim to return to 

the 1.5°C threshold following a significant overshoot are estimated to require median net negative 

emissions of around 360 Gt. Furthermore, the report emphasizes the importance of swift reductions 

in CO2 and non-CO2 emissions, particularly methane, to mitigate peak warming levels effectively. Such 

actions not only limit the extent of overshoot but also diminish the reliance on net negative emissions 

and carbon dioxide removal (CDR) technologies. By doing so, potential feasibility, sustainability issues, 

and social and environmental risks associated with extensive use of NETs and CDR can be significantly 

reduced, ensuring a more viable path towards achieving long-term climate goals (IPCC, 2023). 

5.2.4 /ƻƭŘ LǊƻƴƛƴƎ ƛƴ ǎƘƛǇǇƛƴƎ ƻǊ ƻƴǎƘƻǊŜ ǇƻǿŜǊ ǎǳǇǇƭȅ ŦǊƻƳ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ όǎƘƻǊŜπǘƻπ
ǎƘƛǇ ǇƻǿŜǊύ 

Onshore power supply (OPS), also known as cold ironing, is a transformative approach for reducing 

emissions from ships while docked. It involves connecting ships to the local electricity grid, allowing 

them to power down their engines, thereby significantly decreasing emissions at ports. Voldsund et al. 

(2023) have indicated that OPS can lead to emission reductions of over 95% when the ships are 

supplied with low greenhouse gas (GHG) electric power. Nonetheless, as Olaniyi et al. (2022) argue, 

the effectiveness of OPS in cutting CO2 emissionsτestimated at about 25% directly from the vesselsτ

is heavily dependent on the use of green electricity. The current lack of green electricity in all cruise 

ports worldwide limits the full environmental potential of OPS. In addition to environmental 

considerations, factors such as infrastructure costs and ship compatibility with OPS technology are 

critical. Moreover, there is the risk of merely shifting emissions from ships to power plants if the 

electricity used is not from low-carbon sources, a concern that must be addressed to ensure that OPS 

contributes genuinely to ecological improvements. 

Ballini et al. (2015) emphasize the importance of OPS in improving air quality and reducing health risks 

for residents in port cities by cutting emissions of NOx, SOx, CO, and particulate matter from ships. 

Furthermore, Lee et al. (2021) provide detailed metrics on the potential emission reductions 

achievable through the application of cold ironing in shipping, including decreases in CO2 by 30%, NOx 
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by 30%, SOx by 93%, particulate matter (PM10 and PM2.5) by 64%, volatile organic compounds (VOC) 

by 28%, ammonia (NH3) by 30%, and carbon monoxide (CO) by 30%. These figures emphasize the 

efficacy of OPS as a strategy for making maritime transportation more environmentally friendly, albeit 

with the caveat that its success hinges on the carbon intensity of the local electricity grid and the 

infrastructure's compatibility with different ship designs. 

5.2.5 9ƭŜŎǘǊƻǎǘŀǘƛŎ ǇǊŜŎƛǇƛǘŀǘƻǊǎ  

Electrostatic Precipitators (ESPs) are advanced filtration devices designed to capture fine particles, 

such as dust and smoke, from flowing gases by leveraging the power of an induced electrostatic charge. 

These devices are important in mitigating particulate emissions in various settings, including power 

plants and diverse industrial and manufacturing processes. Their operation is not only crucial for air 

quality control but also for enhancing the performance and efficiency of engines and other machinery 

within these environments. 

Samuel et al. (2019) highlight the significant impact of integrating an electrostatic precipitator with a 

diesel particulate filter, showcasing a remarkable reduction in particulate matter (PM) and lead 

emissions by 98%. This integration not only boosts the collection efficiency of particulate matter but 

also enhances engine efficiency, offering a dual benefit of environmental protection and improved 

machinery performance. On a related note, Jaworek et al. (2018) emphasize the capability of two-stage 

electrostatic precipitators to curtail PM2.5 particle emissions by up to 99%. However, they also note a 

limitation in their efficiency when dealing with ultrafine particles smaller than 1 micron, suggesting an 

area for potential improvement in ESP technology. While ESPs demonstrate high efficiency in filtering 

particulate emissions, the noted decrease in performance with particles smaller than 1 micron points 

to an opportunity for technological advancements. Enhancing the capability of ESPs to efficiently 

capture these ultrafine particles could further solidify their position as a cornerstone technology in 

pollution control and air purification efforts. 

5.2.6 [ƻǿπbhȄ ōǳǊƴŜǊǎ ŀƴŘ ƻǾŜǊŦƛǊŜ ŀƛǊ ǎȅǎǘŜƳǎ 

Low-NOx burners and Overfire Air (OFA) systems represent critical technologies aimed at minimizing 

nitrogen oxide (NOx) emissions from industrial boilers, furnaces, and other combustion units. These 

technologies address the environmental challenge of NOx pollution by optimizing the combustion 

process to reduce the formation of these harmful gases. Low-NOx burners achieve this through precise 

management of the combustion environment, whereas OFA systems enhance the efficiency of 

combustion, contributing to further reductions in NOx emissions. 

Recent advancements in this field have shown promising results in decreasing NOx emissions across 

various types of combustion systems. Ma et al. (2020) reported that a novel combustion system 

utilizing separated over-fire air (SOFA) technology could cut NOx emissions by over 50% in down-fired 

boilers, indicating a significant leap in performance and environmental impact mitigation. Similarly, 

Archan et al. (2021) explored the efficacy of novel small-scale multi-fuel biomass grate furnace 

technology, documenting a notable reduction in NOx emissionsτ39% for wood chips, 40% for wood 

pellets, and 45% for miscanthus briquettesτwhen compared to conventional small-scale furnaces. 

Furthermore, Yan et al. (2021) demonstrated that the strategic adoption of middle flue gas 

recirculation combined with top supplementary burnout air in a Circulating Fluidized Bed (CFB) 
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combustor led to a NOx reduction rate of 46.15%. This innovative approach emphasizes the potential 

for significant environmental benefits through the thoughtful integration of combustion technologies. 

Zhu et al. (2021) highlighted another profound achievement, where the implementation of close-

coupled over-fire air and separated over-fire air systems resulted in a substantial NOx reduction of 

70.2%, achieving emission levels as low as 217 mg/m³. 

5.2.7 ¢ƘŜǊƳŀƭ ƻȄƛŘƛȊŜǊǎ 

Thermal oxidizers, also known as thermal incinerators, are critical systems designed to address 

pollution by treating exhaust streams laden with volatile organic compounds (VOCs) and hazardous air 

pollutants (HAPs). These systems operate on the principle of heating pollutants to a high temperature, 

which facilitates the breakdown of toxic compounds into less harmful byproducts such as CO2 and 

water vapor. This process is instrumental in mitigating the environmental impact of industrial activities 

by ensuring cleaner air emissions. 

Sarjito et al. (2021) highlight the efficiency of thermal oxidizers in managing nitrogen oxide (NOx) 

emissions, noting that these systems can eliminate up to 50% of nitrogen oxide, thereby contributing 

to the reduction of greenhouse gas emissions in the atmosphere. This capability emphasizes the 

importance of thermal oxidizers in combating air pollution and climate change. In parallel, Rogalev et 

al. (2021) introduce the Allam cycle as a novel approach to reducing CO2 emissions. This closed 

thermodynamic cycle uses oxy-fuel combustion to achieve a remarkable net efficiency of 51.4%. The 

integration of such cycles in industrial processes can significantly enhance the efficiency of emission 

reduction efforts, marking an advancement in environmental technology. Moreover, Suratwala et al. 

(2022) propose improvements to after treatment systems to achieve even greater efficiencies, 

suggesting that it is possible to extract 90% or more efficiency from these systems. Their review 

outlines several pollutant reduction methods, including exhaust gas recirculation (EGR), lean NOx trap 

(LNT), diesel oxidation catalyst (DOC), diesel particulate filter (DPF), and selective catalytic reduction 

(SCR). Each of these methods plays a crucial role in minimizing emissions from industrial processes, 

offering a comprehensive suite of solutions for environmental pollution control. 

 

5.3 9ƴŜǊƎȅ 9ŦŦƛŎƛŜƴŎȅ 

This section outlines ǘƘƛǊǘŜŜƴ άenergy efficient solutionsέ (Subsection 5.3.1), and seven other measures 

ŘŜǎƛƎƴŀǘŜŘ ŀǎ άsustainability ǘƘǊƻǳƎƘ ŎƻƭƭŀōƻǊŀǘƛƻƴέ across road, rail and maritime transport 

(Subsection 5.3.2), the latter requiring further cooperation of stakeholders, transport modes, sharing 

of resources or use of common digital methods to achieve the common goal of energy efficiency.  

Brenna et al. (2020) provides a previous review on energy efficiency in transportation covering 

railways, road and maritime modes, the latter focusing on the electrification of propulsion systems and 

electrically driven equipment (e.g., pumps, cranes, etc.). More recently, Rigogiannis et al. (2023) 

presents a review of green technologies for GHG reduction that are applicable to road transportation.  
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5.3.1 9ƴŜǊƎȅ ŜŦŦƛŎƛŜƴǘ ǎƻƭǳǘƛƻƴǎ 

5ȅƴŀƳƛŎ ǿƛǊŜƭŜǎǎ ǇƻǿŜǊ ǘǊŀƴǎŦŜǊ ϧ ƛƴŘǳŎǘƛǾŜ ŎƘŀǊƎƛƴƎ ǊƻŀŘǎ 

The emergence of Dynamic Wireless Power Transfer (DWPT) and Inductive Charging Roads (ICR) stands 

out as a beacon of innovative technology. These cutting-edge solutions are not just theoretical 

concepts but are relevant in the shift towards more sustainable and efficient transportation models. 

By integrating DWPT and ICR into our transportation infrastructure, we can significantly diminish CO2 

emissions while concurrently boosting the energy efficiency of vehicle operations. 

Bi et al. (2019) emphasize the environmental and operational efficiencies afforded by dynamic wireless 

charging technology. Their research suggests that this technology can curtail greenhouse gas emissions 

and energy usage by as much as 9.0% and 6.8% respectively. Moreover, it presents an opportunity to 

reduce electric vehicle (EV) battery capacity requirements by up to 48%, which could lead to significant 

advancements in EV design and utility. This is a crucial development in the automotive industry, 

promising to make EVs more accessible and environmentally friendly. 

Further emphasizing the potential of renewable energy integration into this innovative charging 

infrastructure, Mou et al. (2019) demonstrate that an adaptive dynamic wireless charging system, 

when powered by renewable wind energy, can slash carbon emissions by an impressive 63.7%. This 

system not only facilitates a significant reduction in emissions but also maintains fast demand 

prediction and supply response, showcasing a symbiotic relationship between renewable energy 

sources and advanced vehicle charging technologies. 

Shimizu et al. (2020) add to the discourse by illustrating the substantial environmental benefits of 

DWPT systems in electric vehicles. According to their findings, these systems have the potential to 

reduce CO2 emissions by up to 62% in comparison to traditional internal combustion vehicles. This 

reduction is a testament to the sustainability and consumer appeal of DWPT-equipped passenger 

vehicles, marking a significant step forward in the pursuit of a more sustainable future. 

9ƴŜǊƎȅ ƘŀǊǾŜǎǘƛƴƎ ǎƘƻŎƪ ŀōǎƻǊōŜǊǎ ŀƴŘ ǘƘŜǊƳƻŜƭŜŎǘǊƛŎ ƎŜƴŜǊŀǘƻǊǎ 

The integration of energy harvesting technologies such as shock absorbers and thermoelectric 

generators (TEGs) into modern systems presents a ground-breaking approach to enhancing vehicle 

efficiency and reducing environmental impact. These innovations capitalize on otherwise wasted 

energyτbe it from vehicle vibrations or temperature differentialsτto generate electricity, offering a 

sustainable solution to reliance on fossil fuels. 

Thermoelectric generators have emerged as a cornerstone in the quest for green energy production. 

Zaferani et al. (2021) detail the capabilities of TEGs in capturing and recycling waste heat, which not 

only mitigates greenhouse gas emissions but also advances thermal management across various 

industries. The ability of TEGs to effectively recycle waste heat emphasizes the potential for significant 

environmental benefits and efficiency improvements in energy use. 

Building on the environmental and operational merits of TEGs, Jouhara et al. (2021) highlight the 

promising aspects of these devices as a green power production alternative. TEGs are lauded for their 

environmentally safe, quiet, and durable characteristics. Additionally, their ability to convert thermal 
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energy into electric power through the Seebeck effect presents a clean, efficient method of electricity 

generation that complements the global shift towards sustainability. 

YƛƴŜǘƛŎ ŜƴŜǊƎȅ ǊŜŎƻǾŜǊȅ ǎȅǎǘŜƳǎ όY9w{ύ ϧ ǊŜƎŜƴŜǊŀǘƛǾŜ ōǊŀƪƛƴƎ ǎȅǎǘŜƳǎ ƛƴ ǘǊŀƛƴǎ ŀƴŘ ŜƭŜŎǘǊƛŎ 
ǾŜƘƛŎƭŜǎ 

Kinetic energy recovery systems (KERS) are designed to capture and store kinetic energy during vehicle 

deceleration, offer a promising avenue for enhancing energy efficiency and reducing reliance on fossil 

fuels across various modes of transportation. Raju et al. (2020) show the impact of kinetic energy 

recovery braking systems on fully electric vehicles, emphasizing their potential to extend driving ranges 

significantly. By recovering energy that would otherwise be lost during braking, these systems not only 

reduce the need for frequent recharging but also contribute to a decrease in the overall dependence 

on fossil fuels. This innovation is important in the quest for more sustainable electric vehicle 

operations, showcasing the tangible benefits of integrating KERS into modern automotive designs. 

In the context of internal combustion engine vehicles, Pipitone et al. (2020) introduce an electric to 

20%, despite a marginal increase in vehicle weight (+2%). This system's readiness for implementation 

in current vehicle production emphasizes the feasibility of retrofitting existing vehicles with energy-

saving technologies, presenting a scalable solution for enhancing fuel efficiency and reducing 

emissions in the short term. Furthermore, Cutrignelli et al. (2023) extend the application of 

regenerative braking technology to the railway sector, demonstrating its effectiveness in diesel-

powered rail vehicles. Their findings reveal that regenerative braking can lead to a 20% reduction in 

fuel consumption and a significant 22.3 kg CO2 emissions reduction per vehicle compared to traditional 

diesel operations. This evidence highlights the versatility and environmental benefits of regenerative 

braking systems, proving their value across different transportation mediums. 

9ƴŜǊƎȅπŜŦŦƛŎƛŜƴǘ ǊŜŦǊƛƎŜǊŀǘƛƻƴ ŦƻǊ ǘǊŀƴǎǇƻǊǘ ŎƻƻƭƛƴƎ 

Maiorino et al. (2021) emphasize the potential benefits of optimizing refrigerated transport systems. 

Their research sheds light on how modern technologies and strategies can significantly lower energy 

consumption, reduce greenhouse gas emissions, and enhance overall system efficiency. The study 

presents a comprehensive overview of the current state of refrigerated transport, identifying technical 

issues, innovations, and challenges that lie in the path towards achieving sustainability in this critical 

sector. By adopting energy-efficient refrigeration systems, the transport industry can make substantial 

strides in improving its sustainability profile. The focus on leveraging advanced insulation and 

compressor technologies not only supports the reduction of energy usage but also contributes to the 

global efforts in combating climate change. Through such optimizations, the sector can ensure the 

continued, efficient delivery of perishable goods across vast distances while simultaneously embracing 

a more sustainable operational model. 

9ŎƻπŘǊƛǾƛƴƎ 

Eco-driving involves the adoption of efficient driving behaviours, such as smoother acceleration and 

deceleration, which not only enhance vehicle efficiency but also diminish environmental impact 

through optimized fuel use and minimized carbon emissions. Barth, M., & Boriboonsomsin, K. (2009) 

delve into the concept of dynamic eco-driving, which leverages real-time traffic sensing and telematics. 

Their research indicates that such an approach can result in approximately 10-20% fuel savings and 
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lower CO2 emissions, without a significant increase in travel time. This approach exemplifies how 

technology can facilitate eco-driving in real-world conditions, adjusting driving patterns dynamically in 

response to traffic conditions to maximize fuel efficiency. 

Massar et al. (2021) present a compelling case for eco-driving and platooning, which together can lead 

to a reduction in greenhouse gas (GHG) emissions by up to 35%. This significant decrease emphasizes 

the effectiveness of combining driving behaviour modification with technological advancements in 

vehicular coordination and traffic management. 

Coloma et al. (2017) provide previous evidence of the benefits of eco-driving, noting CO2 savings of 

17% for gasoline engines and an even greater reduction of 21% for diesel engines. They also 

acknowledge a modest increase in travel times by an average of 7.5%, suggesting that while eco-driving 

is beneficial for the environment, it may slightly impact travel efficiency. 

5ŜπǎǇŜŜŘƛƴƎ ǘǊǳŎƪǎ 

The implementation of de-speeding strategies for trucks is becoming increasingly recognized as an 

effective measure to reduce fuel consumption and emissions, thereby contributing to environmental 

sustainability and public health. De-speeding involves lowering the maximum allowed speeds for 

heavy-duty vehicles, and this practice yields multiple benefits across different spheres of impact. Panis 

et al. (2011) have noted that while speed management policies in Europe may not substantially affect 

the emissions of most classic pollutants, they have a consistent and positive effect on reducing CO2 

emissions and fuel consumption for trucks. This highlights the potential of regulatory speed limits as a 

straightforward means of contributing to environmental goals. 

Further emphasizing the impact of de-speeding, Wu et al. (2015) found that reducing the average 

speed of diesel buses and trucks from 30 km/h to 20 km/h can lead to a significant 26% reduction in 

CO2 emissions and an even more substantial 43% decrease in NOx emissions. These reductions can 

contribute to better air quality and lower the overall environmental impact of freight transport. 

Osorio-Tejada et al. (2018) outline the quantitative details of how de-speeding can influence energy 

consumption and emissions. They suggest that de-speeding trucks can reduce energy consumption 

and emissions by up to 145%, with the extent of these reductions depending on factors such as vehicle 

speed, load, and road gradient. This indicates a nuanced relationship between de-speeding and fuel 

efficiency, which can vary with operational conditions. Pan et al. (2019) provide a broader perspective 

on the benefits of de-speeding, linking it to public health and economic advantages. According to their 

research, de-speeding trucks can reduce PM2.5 emissions by 20%, which could prevent 3600 

premature deaths and yield $38 billion in economic benefits, showcasing the profound societal 

benefits of such environmental policies. Ferreira et al. (2020) quantify the environmental and resource 

consumption impact of de-speeding, reporting an average of 6.50% impact reduction for resource 

consumption, human health, and global warming potential. Furthermore, they note a substantial 

reduction in diesel consumption by up to 5000 liters per year for each truck, which translates into a 

significant decrease in the environmental footprint of freight transport. 
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wƻǳǘŜ ƻǇǘƛƳƛȊŀǘƛƻƴ 

Route optimization is a critical component in the push towards more sustainable transportation 

systems. By leveraging advanced algorithms and tools, transportation can be made more efficient, 

significantly reducing fuel consumption and the emissions associated with vehicular travel. Torres-

Machí et al. (2017) describe a tool designed to optimize sustainable maintenance programs. Their 

research shows that such a tool can increase the condition of the transportation network by up to 22% 

while concurrently reducing greenhouse gas (GHG) emissions by 12%. This demonstrates that route 

optimization not only benefits the environment but also improves the overall quality of transportation 

infrastructure. The study by Bandeira et al. (2013) brings a nuanced perspective to the discussion, 

pointing out that while faster intercity routes can reduce fuel use and CO2 emissions, they might lead 

to increases in other pollutants such as carbon monoxide, nitrous oxides, and hydrocarbons by up to 

150%. This highlights the complex trade-offs that must be considered when optimizing routes for 

speed and efficiency. Schröder et al. (2019) examine the concept of eco-friendly routes, noting that 

these can result in substantial fuel and emission savings of up to 20% in tested scenarios. However, 

they also acknowledge that such routes may incur increased expenses, suggesting that economic 

factors must be balanced against environmental benefits in route optimization. Further emphasizing 

the potential of intelligent systems, Nguyen et al. (2021) present a swarm intelligence-based traffic 

optimization framework. Their findings indicate that this framework can reduce average fuel 

consumption and emissions by 13-19% and cut down average trip duration by 19-28%, showcasing the 

significant impact of advanced computational techniques in transportation. Macedo et al. (2020) 

contribute to the research field by discussing a multi-objective traffic assignment approach that yields 

savings in distance travelled (2.6%) and emissions (1.3% for CO2 and 1.1% for NOx). However, they 

note a trade-off, as this approach penalizes travel time by 3%, resulting in an average increase of 20 

seconds per vehicle. This emphasizes the importance of balancing various objectives in route 

optimization to achieve the best overall outcomes to achieve sustainability. 

{ƭƻǿ ǎǘŜŀƳƛƴƎ 

The shipping industry has been actively seeking strategies to mitigate environmental impacts and 

adhere to international targets for reducing greenhouse gas emissions. Studies have shown that 

various factors including engine types, operational conditions, and fuel sulphur content significantly 

influence the emissions from ships. Emission factors for different engine types show that, for main 

engines (ME), slow-speed diesel (SSD) emits 620 g/kWh of CO2, while high-speed diesel (HSD) emits 

686 g/kWh. Auxiliary engines (AE) and boilers exhibit higher CO2 emissions, with AEs at 683 g/kWh 

and boilers at a considerable 970 g/kWh (Weng et al., 2020). The correction factors for different fuel 

types based on their sulphur content further indicate that using fuels with lower sulphur content can 

reduce SO2 emissions. For instance, residual oil (RO) with 1.50% sulphur content has a correction 

factor for SO2 emissions of 0.56, while marine distillates (MD) with only 0.10% sulphur content can 

reduce SO2 correction factors to as low as 0.04 (Weng et al., 2020). 

A promising approach to reduce emissions is slow steaming, a practice that involves operating vessels 

at lower speeds. This technique not only reduces fuel consumption but also diminishes emissions of 

CO2, CH4, N2O, and Black Carbon (BC), contributing to a better ship's Carbon Intensity Indicator (CII) 

rating. It shall be noted that the CII is a rating system for ships developed by the IMO. Through slow 
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steaming, the shipping industry aims to achieve CO2 reduction targets of 40% by 2030 and 50% by 2050 

(Zincir, 2023).  

Table 21 presents the four different scenario cases for the voyage data of a case ship in the study of 

Zincir (2023). The scenarios range from S1, with a main engine load of 75% and a ship speed of 11 knots 

resulting in a voyage duration of 65.3 days, to S4, where the main engine load is reduced to 19%, the 

ship speed is 6.3 knots, and the voyage lasts for 114.5 days. This table effectively demonstrates the 

principle of slow steaming, where reducing engine load and speed leads to longer voyage durations. 

Figure 35 from the same study shows the emissions and Global Warming Potential (GWP) comparison 

across the case study scenarios. As the scenarios progress from S1 to S4, there is a noticeable decrease 

in emissions of CO2, N2O, CH4, and BC, aligning with the reduction in engine load and ship speed. 

Table 21: Voyage data for shipping scenarios in the study of Zincir (2023) 

 

 

Figure 35: Emission and GWP comparison of the case study scenarios (source: Zincir, 2023)  

Furthermore, the cumulative percentage of ship emissions under different operating conditions and 

engine emissions highlights the impact of operational strategies and engine selection on overall 

emissions. Berthing, anchoring, manoeuvring, slow-steaming, and normal cruising contribute variably 

to emissions of different pollutants like CO2, CO, HC, NOx, and SO2. Similarly, the type of engine (ME, 

AE, or Boiler) also determines the cumulative emissions profile (Weng et al., 2020), as illustrated in 

Tables 22, 34 and Figure 36. 
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Table 22: Emissions factors for different engine types, g/KWh (source: Weng et al., 2020) 

 

Table 23: Correction factors for different fuel types (source: Weng et al., 2020) 

 

 

Figure 36: Cumulative percentage of ship emissions under each (a) different operating conditions and (b) different engine 
emissions (source: Weng et al., 2020)  

To complement operational strategies like slow steaming, the industry also uses indices such as the 

Energy Efficiency Design Index (EEDI) and the Energy Efficiency Operating Index (EEOI) and considers 

Market-Based Measures (MBMs) like emissions trading schemes and carbon tax proposals. These 

measures are designed to promote greener shipping by incentivizing the design and operation of more 

energy-efficient vessels. 

The interaction of various measures impacting shipping emissions has been conceptualized by Fan et 

al. (2021), who provided a structural analysis (Figure 37) of the connections between different 

variables in the maritime industry. Their study delineated how these measures interact and influence 

each other, as well as their collective impact on shipping emissions and environmental quality. 


























































































































