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PublishableExecutive Summary

The present report ithe Deliverable from task 2.2 of the ADMIRARdvanced Marketplace for Low
Emission and Enerdyansportationproject, funded by the European Union under the HORIZDSI
2022D6-02 with Grant Number 10110416BADMIRAlaimsto transform supply chaimanagement in
freight transportation by developing a cuttiregfige digitamarketplace for multimodaloigistics. It
seeks to shift the focus on indirect emissions, redoeerall emissions in logistics and transportation
and enhance transparengliroughout the supply chain.

ADMIRAIMWP2¢ Sustainable development of logistics & transpadtiresses key sumhability 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 pilotstie implemented in Finland, Lithuania, Portu§glain and
SloveniaCroatia.Task 2.2; Different transport modes and their sustainability now and in the fytisre
centred on thedentification ofthe main current transport modes, their sustainability ingpand what

are the new modes arising at the macro and micro kevel

To our knowledge this is the former research and innovation prajeat developed network-based
methods and Al tool&or analys$ng thetransport decarbonisatiolenergy efficiencyrelatedliterature.

Overall, he research methodologysedto developtask 2.2included the following

a)

b)

YYy24f SRASAGEOAOFDEWEGARBARI G YAYAy3 (RS OKRSNIjidSR
GKS YIAY (SOKyz2ft23ASa Sy iSONISRS ASrtLa IOVGSy - yIRy R Li
adzNIDSlRa IRE®ST 208 R/ aLIR2 NI GSOKy2f238 2JJirazya
SYraarzya |IyR Sy SNKdHSEBEA/M RSOD 2w &dedRia oYl O
¢tKS vw O2RSy3Z® @#iRRHYE& dNDSe ORSIySHINRR alv2 sUIEANT v
GKS ¢NIYYyaLRNI Lyy2gKERRMD2MIEYoESMNI ot nky dxAf YV AcC

]

{ SWA NHzO G dzNB R Ay (i S NI (Baagiss s DN 6 G Ny pREHD kid RHynR

Fi GKS YIAAONRS f BICPEXNBELINBaSy il 6ABS al YL S 2F O2Y
¢ Sy3dlaASYSyil 27FSyYKEESa aded | K21 REBAEA NI Yy SSIRAK
FYyR FOlA2ya d2eNSINAR SES ¥ B MhRINGRIKB t T (NI ya
|.

YR (SOKY22/tR FeA UnKS @K REMN2 IR/ TIIDNR NEDGSR adza Gl Ayl

Results are important to advancing analytical tools in research and innovation studiesesurseful
for policymakersandfoster the dialogue acroghe whole communityof stakeholderscross pilotgo
converge to sustainabldransition pathwayg towards Net Zero.

AN Co-funded by

the European Union 11
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1 Introduction

The present report ifferent transport modes and their sustainabilityis one resulof task 2.2-
Different transport modes and their sustainability now and in the futuvhich integrates ADMIRAL

WP?2 - Sustainable development of logistics & transpo@.2 f f 2 6 A y 3 prbjecaGamt [ Qa
Agreementl01104163the main goal ofask 2.2s:

to identify the main current transport modes, their sustainability impact and what are the new modes
arising at the macro and micro levels. LNIE&ional Laboratory for Civil EngineeringPM[Technical
University of Madrid]UL[University ofLjubljand and NORMNormalis Techfo develop this activity

a survey will be conducted with worldwide companies and data mining technigues will be used to
identify the main technologies under development and their expected impacts and their applications.

Considering that the ADMIRAL project is a research and innovation action we aimed to respond to the
challengeof the EC funding through the European Climate, Infrastructure€sandonmentExecutive
Agency (CINEAYherefore we moved beyond the traditbnal literaturereview approacho develop

an innovativeapproachthat mergedtransport engineeringAl toolsand networkscience methodslo
identify the new modes and, hence, thmain technologies aligned with low emissions and energy
transportation mods to greening freight transportwe developed networlbased methods and
network community detection algorithms to analyse the scientific literature on green logistics and
transport decarbonisation technologies comprising the following transport modes: raiydnaritime

and crossmodal. One of the novel features of the research pursued is that it addressatteady
identifiedgapin the literature regardinghe integration of bibliographic coupling and semantic analysis
into a single network graph to @&f 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 othefuated projects.

Considering the collaborative approach ADMIRAL sustainability transitions researcis also
consideedas a founding analytical framework to seturvey and the complementary sestructured
interviewswith stakeholders at the micro (Pilot) leveBustainability transitions represent major shifts
in established industries, soeiechnical industries, socitechnical systems, and societies towards
more sustainable modes of production and consumpt{@eels, 2018)Since transition processes
involve social and technical aspedtse aim is to explore the role of technology versus-echnology
factors now and in the future (2030).

The research metidology used in task 2émpriseghe following:

a) Yy2gft SRAIS 5Aa020SNER Ay &AO0ASYGAFTFAO RIGEFHOFA&ASE
GKS ¥YNAYyalLRZ NIBOXyRE2@AASAa dzy RSNJ RS@GSt 2LIvSy i |
I LILIX AOlF GA2yaod

b) ! adNBERE (RGBSt 21LISR 2y (NI yaALRNI GSOKy2f23e@
Syraaizya FyR SySNHe ST¥F )\O)\éyOe YSIHadaNBa GK
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¢tKS vw O2RS 2F (KA& ada2NBSe o6ySg (22t 2¥2N) Y20
npdmmaHSTFHRZONEE (G KS ¢NJI YyALRNI Lyy2@h (h2¢S e SNAYH A w
{ SWA NHzOG dZNBR Ay (i SNDA S &5 SDEK 6 GAY RO R YRS i S
F4d GKS YAowmafm&mMEa$mﬂ|@AQs & K $ LI SAG R D2 & LI y
¢KS Sy3L3aSYSyli 2¥FfAgBRES aII2 1ISKR2IRENEKSANI ySS|
NBIF OK bSi %»SNR o6ae@ySNHASE 2F 2tu YR 2tpouI ¥F:

L LA = .z

FE2y3 6AKSAKRBNZ FR YTl Ol 2NE 6 ¥V RA LB NOBWIOS RE @ dza

Considering the Deliverable 2.2 goals and research methodology (sections 1.1 and 1.2), the ADMIRAL
sustainability challengerelated to greening supply chair@ross transport modes are revisitéal

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 ndtasek methods

and commuiity detection algorithms for road, rail, maritime and cressdal. Section 4 presents the
findings from the survey and the sestructured interviewsconducted at the micro levelhe range

of technologies are comprehensively reviewed in sectiam&their potential impacts taeduceGHG
emissionsareidentified. Thisenableso developin section Gn integrated taxonom¥ 2 NJ ¢ f 26 S YA & 3
and low energy transportatigha roadmayof screened technologieend sustainability impacts cards.
Finally, sectiory concludesby summarizing the main contributions and findings for the sustainable
development of transport & logistics.

* oy %
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2 Greening freight transporticross modes

¢KS 9! Qa D NX 8nyisage$oltrénsfarm tha:Ell $1 the first climateeutral 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 saisiable 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, @lianmtation 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 tfe EU's strategy to realise the SDGs of tmitddl Nations2030
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 irfdusiey 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 foodystem; 7. Preserving and restoring ecosystems and
biodiversity; and 8. Adopt a zeqmllution ambition for an environment free of toxic substances.

Key Targets (by 2050):

T ' OKAS@S bSi %SNRB 3INBSyK2dzaS Il asSa SYA

QX
QX

A2yao
T prE: NBRAzOGAZ2Y Ay VANBBNIKYE diaNgl \HE 132 BIva & 4 A 2
T 902y2YAO INRBSGK Aad RSO2dzL SR FTNRBY NB&2dzNDS dz

The EU's commitment to climate neutrality through the EU Green Deal and théemmdgoal of
reducing net greenhouse gas emissions by at least 55% by 2030 (relative to 1990 levels),eare mad
legally binding by th&uropean Climate La@Regulation (EU) 2021/119)

The European Sustainable and Smart Mobility Strategy, presented by the European Commission in
December 2020, aims to transform the EU transjgexttor,and align it with the Europea@reen Deal.

The strategy sets ouhe ambitionfor a greendigital, and resilienttransport systemwith its GHG
emissiongeducedby 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 zegmission mobility while makiripe EU transport system

more efficient and resilient to future crises.

Key Targets (by 2030):
9 G tSlFah obwwAYAREAM 222 yOSKSANRE S&4 gAff 6S Ay 2LISNI
T mnn 9dNRBLISIYy OAGASE gAff 06S OfAYIGS ySdziNIt o
T I ABKISSR NI AR2 diONISKFA O gAf f
1 { OKSRdz SR 02t¢ SOGAGS (N} @St 2F dzyRSNI pnn Y 2
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Key targets (by 2050):
BSWHYAZAAZ2Y I NECG2 Y3 NKOBII A& BAKI YIENY S o
bSENXe& Ftft OFNBEZ O yilddzi ® daASEA OtaS® Sd Xt f a0 § SIS N

1
1
T wkAf FNBAIKG GNFYTFFAO oAff R2dzmf So
T | AMKISSR NI Af GNIYFFAO oAttt GNRLX So
1

¢ KS Ydzf GAWIRPRILISE NI VNI v & L2 @i dzb ISLISR NF 2 NI¢ & tza G | A
AYIFNI (NI yamRINBReORKYy EBOAKIAGe gAff 0SS 2LISNI
YySGig2N] &
Following the Communication from the Commisstoyf ¢ DNB Sy Ay 3 @nederited K duly ¢ NI y & L
2023, transport of freight accouts for over 30% of transport Gemissions and is an important source
of air pollutant emissiongsource: PRIMES model; EC, 20233q freight transport volumes are
projected to increase by around 25% by 2030, and 50% by 2060greening transpomtepresent a
keysustainabilitychallenge

9dzNRB LISQa CAG F2N) pp t I QTHEnissiolsiby deast B39NE 030t@ ¥ NB R
combat climate change and enable achieving carbon neutrality by. 206@mprisesactions aligned

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

terms of vehicle efficiency and ersiens, using sustainableels,and making available the recharging

and refuelling infrastructure needed to decarbonise transport across mobes.EU Fit for 58lso
encompassedegislation to enable a transition to renewable and foarbon fuels across odes,
includingmaritime transport.

The European Green Digital Coalition (EGDC)iisteive of companies, supported by the European
Commission and the European Parliament, that d@m&arness the enabling emissioaducing
potential of digital solutins.

l'SalLw! [ Qa (GeéedXOR2yua®Ao®m2Oz8 Aa 2y aft2g SYAaairzy
encompassing a crossodal/multimodal perspective and CO2 emissions (scope 1,2 and 3) along the
entire logisticssupply chains.

Freight transportation is considered one of the most difficult economic activities to decarbonize as
fossil fuels arestill the main energy source for most transportation modes (Meyer, 2020).

Around 52.0% of freightonne-km) was transported by ra@hin 2019 while in 2000 it was 48.7% (EEA,

2022). The volume of freight (tondam) 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 (tonnekm)which accounted for 28.9% in 201&8Iso, he volume transported by sea increased

08 Hcdw: 0SG6SSY wnnn FYR HAaMp® / 2YyaARSNAYy3 (KS
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2023) greenhouse gas emissions have risen 20% over the last decade in thegsinigpstry due to
the operation of an ageing fleet that runs almost exclusively on fossil fuels.

Following theEuropean Environmental Agency (EEA, 20R8mber States foresee a continued

increase in transport GHG emissions in the coming y&aad trarsport representsthe highest

proportion of overall transportemissionRS YA G G Ay 3 12 2F £t 9! Qa (NIyal
domestic transport and international bunker2021 daty. However this share idikelyto decrease as

road transportin expected todecarbonise faster than other transport mod@sigure 1) One main

reason is thamostexisting and plannetheasures in the Member States focus on road $pent.

., = International aviation
~ —+ EU-27 projections WEM International aviation
-— EU-27 projections WAM International aviation
. = Intemational maritime transport
—— EU-27 projections WEM International maritime transport

100)

-— EU-27 projections WAM International maritime transport
Domestic Aviation
EU-27 projections WEM Domes tic Aviation
EU-27 projections WAM Domestic Aviation
=== Road transport
+— EU-1¥ projections WEM Road Transportation
EU-27 projections WAM Road Transportation
= Domestic navigation
—— EU-27 projections WEM Domestic Navigation
EU-27 projections WAM Domestic Navigation
Railways
EU-27 projections WEM Railways
EU-27 projections WAM Railways

50

Change in emission levefs from 1990 (index 1990

0
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Gonsidering the EC DG MOVE (2028)thee scenarios that limit warming to below + 1.5 °C or below +

2 °C as set in the Paris Agreemerg)y heavily on research and technology progress and its uptake.
The European Technology Platform Alliance for Logistics Innovation through Collaboration in Europe
(ALICEJoadmap towards zero emission logistics 2050 (AHUE, 2019)also noted thatthe total
emissions from freight need to be almost fully decarbonibgd050 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 (IEA1)280% of the global reductions in 68missions

by 2050 willhave to come from technologies that are currently in the demonstration or prototype
phase Following the Net Zero Emissions (NZE) scenario developed bydhsational Energy Agengy
decarbonisation also relies orolicies to promote modal shifts and m@efficient operations, along
with improvements inenergy efficiency.Efficient operations include, for example, seamless
integration of various modes (intermodal transpoatd slow steaming in shippingransport modes
will not decarbonise at the samate as technology maturity varies markedly between them (Figure
2). Two major technology transitions are expected to happen first:

9 Shifts to electric mobility and fuel cell electric vehicles

91 Shiftstowardshigherfuel blending ratiosk directuseof low-carbon fuels (biofuels and
K& RNE 3 Siyiefsp | & SR
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CO. emissions by mode Technology maturity by mode
4 100%
o)
o
& 3 75% I l
2 50% .
e \ 25%
——\\ —
2010 2020 2030 2040 2050 Heavy Shipping Aviation
trucks
== Light-duty vehicles Heavy trucks
Other foad Shipping B Mature Market uptake
Aviation e Ra | Demonstration M Prototype

Innovation is keyd developing new clean energy technologies and advancing existing ones (IEA, 2021).
To this end, there are severaingoing EUfunded projects related to clean energy innovation
addressingwaterborne and other transport modesthat are beingimplemented aspart of co
programmed Partnerships for Zero Emissiolee (RETROFITE5Retrofit solutions to achieve 55%
GHG reduction by 203Qroject aims todevelop decarbonisation solutions and green technologies
that can be implemented in existing ships to reduce fuel consumption and GHG emissladgg
e.g.,weather routing strategies based on #id the electrification of power plants using renewable
energy sourcedt envisages TRL 7 (system prototype demonstration in operational environment) and
plans to reach TRL 8 (system complete and qualified) until ZB@OAMMONIA-2 projectaddressing

deep sea shipping aims demonstrate at full scalewvo types of dual fuel marine engines running on
ammonia as main fueh) atwo-stroke (2stroke) mediumpressure ammonia fuel injection platform,

for retrofitting on existing Zstrokemarine engines, and b) a fostroke engine, demonstrated in lab
conditionsclosely mimicking redife operations in ambient conditionft. expectsa reduction of more

than 80% GHG emissions (including nitrous oxide emigsantachieve NOx emissions below IMO
Tier lll regulations and a negligible ammonia slip below 10ppno @&aompliant)On the other hand,

the FLEXSHIP project explores the potential of incorporating batteries in the wateflemtendaims

to develop and validate safe, reliable, flexible, modular and scalable solutions for electrification of the
waterborre sector It includes a) two vessel demonstrations to validate the concept at full dople
reaHife proof of fully electric operation on short routes, and c) virtual demonstration of operation on
long routes expecting to achieve TRL 7.

AN Co-funded by
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3 Identification of Freight Transport Technologiesacross
Modesand Impacts

Several researchers have studied sustainable transport from various perspectives using the
bibliometric analysis method (Bao et al, 2023). However, the number of studies usingroaia
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 subrbijtéNEC
authorson 26.04.2024 taan Elsevier Journallhe work submitted in turn, draws methodological
inspiration from a previously paper of the authgnsblishedin the Knowledge Based Systems journal,
"Using Dynamic Knowledge Graphs to Detect Emerging Communitigsoofledge.’ 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 lamgge 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 agsaalf paper networks.

This research delves into community identification and analysis, drawing on foundational work by
Borner et al. (2004) and extending it into thesviousworks on theroad transportmode by Meyer
(2020). Our study advances the fidhy incorporating semantic theme identification, evaluating
cutting-edge algorithms for community detectiowhile addressing andmphasizing the multimodal
aspect of transportation research.

Papers are mapped as nodes witlai 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.

321 9y KIFYyOAYy3a {SKpPpyuao /2yySoOi

We utilize the BERBased SentenceTransformer model to transform abstracts into-tligiensional
vectors, capturing a broad spectrum of datasets. These vectors facilitate the computation of pairwise
cosine similarities, creating a secondary graphbg®act) where edges signify semantic connections,
focusing on vector orientation to encapsulate semantic nuances.

322 ' YAFASR DN} LK a2z2RSt FyR {lGFyRIFENRATFGAZY
The bibliographic and semantic graphs are merged, with edge weights integrated and normalized
based @ both bibliographic caccurrence and semantic parallels. Insignificant connections are
pruned based on a predefined threshold, streamlining the graph to emphasize substantial links.
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A suite of algorithmssiemployed 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 multéaceinalysis.
Modularity metrics, each offering unique insights into community density and separation, are pivotal
Ay GKA& |yl feaAia®ény &8 NewNasifvarSmoduldyYo ModliRrityaDensity
and ZModularity, facilitating a broad unde@nding of community coherence and comparative
network structure. The Silhouette Score is adapted to graph data, evaluating node placement within
communities by calculating intrand intercommunity distances, offering a nuanced perspective on
community ft 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 accuratelyctréfie 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 mé¢hodological 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 fieldsing the corpus frongreen logistics for

different types of transport modes we instantiate the methodological section. To extrascibatific
documentation,we usedthe SCOPUS databaaed researchj dzZSNA Sa o6l &SR 2y aSeé SN
Decarbonisation Technologselated researchquery (Mayer, 2020) however focusednow the

directions toseveraltransportmodes and in a different time interval, between 2020 and 2024.

The gueries chosen for each oofthe modes were:

wRoad 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 urb&DAogistics 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
decarbont OR environmental AND sustainab* OR ( ( fuel OR carbon AND emissionor AND carbon AND
dioxide AND emission OR2 AND emission OR greenhouse AND gas OR ghg ) AND ( reduc* OR
improve* OR efficiency ) ) AND Technology

wRalY HTn LI LISNEY ad@2WIAfér ! oNeB ATENEIS yii Ndw RS OF ND 2 YA F
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
ECSOKy2f238¢ 0

wMaritime: 111 papers: 6 €éal NAGAYS FTNBAIKGE hw €{SI FNBAIKI
environmental AND sustainab* OR ( ( fuel OR carbon AND emissionor AND carbon AND dioxide AND
emission ORCO2AND emission OR greenhouse AND gas OR ghg ) AND ( redumeprorR* OR
STFAOASYyO&d 0 0 ! b5 £¢SOKy2f238é 0
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wCrossmoda&¥f Hoc tFLISNRY 0t 2Nl KAYGSNIFYyRE O !'b5 0
AND green OR decarboni* OR environmental AND sustainab* OR ( ( fuel OR carbon AND@Riission
AND carbon ANDioxide AND emission OR co2 AND emission OR greenhouse AND gas OR ghg ) AND (
reduc* OR improve* OR efficiency ) ) AND technology

Based on the review of the algorithms for community findirable 1) we applied this methodology

for a modelling the network o$cientific papersand used the following algorithmsf community

finding.
Variant . . Applicability and Resultin
. Algorithm Key Process Detall PP y g
Implementation Community Structure
Markov Utilizes Markov chain Effective in identifying commupltles
Dongen 2000 . Random walks | . . . | throughrandom walk patterns in
Clustering simulations for flow analysis
networks
. - Ideal for expansive networks, albei
. . Edge Identifies communities by d.ea .0 expans e. etworks, albe
Girvan and Girvan ) . - with high computational demands.
betweenness | removing highcentrality . .
Newman 2002 | Newman . Finds communitiesonnected
centrality edges .
through weaker links
Aaron 2004 Greedy Fast modularity) Employs a greedy approach| Fits largescale networks seeking
Modularity | optimization to enhance modularity quick modularity improvements
Measures node proximity | Best for detecting tighthknit
Pons and I e
Walktrap Random walks | through the length of communities within networks
Latapy 2005 . . L
random walks having distinct community divisions
Eigenvector Relies on the leading Suitable for networks where nodes
Newman 2006 | Eigenvector ce% tralit eigenvector of thenetwork's | centrality indicates their community
y adjacency matrix affiliation
. Fits networks where spectral
. Spectral Spectral graph | Leverages the Laplacian . . .
Ulrike, 2007 P . P grap . ,g . P attributes hintat community
Clustering theory matrix's eigenvalues
presence
Rosvall and Information - . Excels in delineating communities i
Optimizes partitioning by ) . i
Bergstrom Infomap flow and minimizing the map equatior networks defined by information
2008 random walks 9 peq flow dynamics
. . Iterative modularit Optimized for uncovering densel
Blondel et al. Louvain Modularity o y . P g . y
o optimization across the interconnected communities in vas
2008 Method optimization
network networks
Reichardt et aJ. RB Potts Potts model Adaptsd G I G A & i A Ol Suitable for complex networks
2006 simulation spin model exhibiting overlapping communities
- Local Efficient in rapidly pinpointin
Nandini et al. Label . Operates through the . p. _yp P 9
2007 Probagation community dvnamics of label spreadin communitieswithin large, locally
pag formation y P 9! structured networks
. . . . Ideal for revealing unanticipated
Aldecoa and Surprise Surprise Seeks to maximize surprise . 9 . _p
. . L . community structures within
Martin, 2011 Communities| maximization across all partitions
networks
S - . Effective for n rks with
Lancichinetti et | Significance | Statistical Utilizes null model e.ctl.ve or networks wit .
. S . statistically notable community
al, 2011 Communities| significance comparisons traits
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Coscia et al. Demon Egoenetwork Focuses on overlapping ega Perfect for networks with fluid,
2012 analysis networks overlapping community constructs
Coscia et al. Angel Densitybased | Takes a locdirst approach | Useful in large networks with
2014 9 clustering to identifying density communities of varying sizes
. . . Enhances the Louvain Adept at precise communit
Traag et al. Leiden Highresolution . . P . p . y
. ) method with an additional | detection in networks with clear
2019 Algorithm modularity i . .
refinement step community outlines
Chen et al. Paris Hierarchical Agglomeratedbased on Suitable for hierarchical networks
2023 agglomeration | similarity metrics 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 wasitaén
with the proposed semantic similarity.

Fgure 3 represnts the mean scores of the community detection algorithms, providing a catipar
view of their performance. The scores highlight the effectiveness of each algorithm in grouping
semantically and bibliographically related documents, with higher scoreigatimy a stronger

alignment with the underlying community structure.

Markov clustering

Angel

Angel no weights

Demon no weights

Paris no weights

Paris

Demon

Spectral no weights

Label propagation

Label propagation no weights
Markov clustering no weights
Spectral

Surprise communities
Surprise com. no weights
Greedy modularity no weights
Greedy modularity

Walktrap no weights
Walktrap

Significance communities
Significance com. no weights
Eigenvector no weights
Eigenvector

RB pots no weights

RB pots

Louvain no weights

Louvain

|||:=;

3
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o
o
N

0.4
Mean Score

0.6
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This sectionshowsthe results obtained with theleveloped approactior community finding within
the transport modes of green logisticRach community (cluster) i@nalysedbasedon its key
technologies and approaches, its specific contributionsetiuce C@emissions anéchieve carbon
neutralityandmainsKPlusedfor impact assessmerfinput to task 6.1)The review of scientific papers
isdiscussedn more detail irchapter5.
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Thissection delves into theesultingcommunities in road transporthat focus on urban delivery,
green transportation methods, and the integration of smart technologies for sustainable logistics.
Fgure 4 shows the network representation of the communities of papers and how they intefaet.
larger communitys2 Y a{ dzaGF Ayl o6t S dzNB Iy RSwhichseed tokeffelt | dzi 2 y
the importance of efficiency and sustainability related criteria in urban avéasre most of the
population is concentrated distinct large communitiound relates td'Sustainable Logistics in Rural
and LongDistance Transportvhich seems t@oint out the existence oé differentiated approacior
addressingogisticsdecarbonizatiorchallengest the urban and interurban (lordistance) scaleS'he
smaller community, "Urban Freight Planning anegdinmerce Impact,” with 8 nodes, might be
indicative of an emerging research area or a response to a recent &gttlieimpact of ecommerce

on urban freight planning is becoming increasingtportant. As ths field grows, it might become
more integrated with larger communities focused on faste distribution and systematic urban
planning, reflecting the evolving nature of consumer haltiie emergence of new modes for cargo
and the direct effect on urban transport infrastructures.

BR® 5 . road - Community Visualization
Communities:
ainable Urban Delivery and Autonomous Logistics : 7
Sustainable Logistics in Rural and Long-Distance Transport : 58
Innovation in Last-Mile Urban Distribution : 69

mmuni . _ .
CoNamue Ity Key Technologies Contribution to Carbon Neutrality KPI Themes
s inabl | hicl GHG emissions (kg CO2e),
ustainable Autonom iver i -Al . L -
. utonomous delivery vehicles, Al o ion of emissions through | Energy consumption (kWh),
Urban Delivery | driven route optimization, Electrig o . . . .
. . . optimized delivery routes and Increase in vehicle telematics
and Autonomous, and hybrid deliveryehicles, and - - .
o . . efficient urban logistics utilization
Logistics robotic delivery systems )
0
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Green Roa‘?' Advanced bikesharing systems, ) ) ) )
Transportation . . Reducing reliance on fossil fuels | Energy consumption (kwWh),
Electric cargo bikes, Infrastructur _ L
and . . and promoting lowemission road | Renewable energy usage (%
. for bike lanes and charging
Cargo Bike ) transport Fuelrenewable sources
Usage stations
Systematic . . .
Big dat Iytics | f . -
Urban '9 .a a ana){ 1S aTewce; or - - Supply chain efficiency (%),
. reaktime tracking, Smart city Enhanced logistics efficiency and o
Freight and . . R ; . Urban transport emissions
e integration for goods distribution,| reduced traffic congestion
Logistics . . (MtCO2e)
- Digital communities
Planning
Sustainable Electric longhaul trucks, ) L . Adoption of renewable energy
‘g Advanced fleet management Reducing emissions in long .
Logistics . sources, Energy usage (Liters
. systems, Renewable energy distance roadransport and
in Rural and Loy o L . . . of fuel or kWh), Renewable
Di integration in logistics hubs with | enhancing supply chain enerav sources adoption
Tlstancet Biofuels and Electric vehicles, sustainability (%) ay P
ranspor Longdistance route optimization 0
Urban Al and machine learning for
Freigh i - . issi i
relg .t demandfo.recastlng, Urban Optimizing delivery networks and Emissions pgr dellvery.
Planning warehousing solutions,-E . . (MtCO2e), Time spent in
. L reducing the carbon footprint of ) i
and commerce logistics optimization, e-commerce logistics traffic (hours), Ontime
E-commerce Urban freight planning g delivery rate (%)
Impact technologies
Innovationin Smar.t Material Hahdllng Usmg advanced Igglstlcal Delivery time (minutes), First
. Solutions, Homeefill delivery solutions and environmentally . .
LastMile . . . time delivery success rate (%
services, Smart technology for conscious delivery methods to L
Urban . . . N CO2 emissions per
P tracking and tracingontainers, reduce carbon footprint in urban .
Distribution . . L delivery (kg CO2e)
Electric vehicle for urban logistics areas
352 wlk Af GNJ yaLR2 NI

This section presents the resulting communities in rail transport, whitipteasies the key roleof
multimodal freight transportationoptimization andenvironmental impactf freight corridorsin

supply chains.

FHgure 5 shows the network representation of the communities of papers and how they intefaet.
cluster "Multimodal Freight Transportation Optimization$ a highly central and interconnected
community suggesting a major hub of inntiea and focus within the railnode. 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

silosbut rather are sharing knowledge and possibly influencing each other.
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rail - Community Visualization

Communities:

Freight Transport Modal Shift and Synchromodality
Multimodal Freight Transportation Optimization : 8

:35

Emission Analysis in Transportation Modes : 46

Community

Name Key Technologies Contribution to Carbon Neutrality KPI Themes

;Ad\éatncfes in routetptimizatioz Energy efficiency

Multimodal Route optimization, Optimization ead fo fewer emply runs an improvement (%), GHG

. . . decreased fuel usage. Enhanced L .
Rail Freight of Cargo Load, Supply chain o emissions reduction (kg CO2¢
N cargo load efficiency reduces the

Optimization management : per tonnekm),
number of trips and related I
emissions. Modal shift (%)

. - Monitori f air poll
. Air Pollutants monitoring, . onitoring o a!r pollutants . .
Environmen Emission analvsis tools informs strategies to reduce Particulate matter reduction
Impacts of 4 ' emissions in freight operations. (PM10, PM2.5,1g/m3), Noise

Freight Corridors

Sustainable freight models,
Environmental impact assessmen

Implementation of freight models
that lowers carbon footprint

level(dB)

Emission
Analysisn
Rail

ASIF methodaccountingmethods,
Alternative fuels

Promoting cleaner fuels, Accurate
environmental
assessments

VOC emissions reduction (kg
per mile), Biofuel utilization
rate increase (%)
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Belief rulebased systems, Braking
technology, Crossfficiency

Adoption of energyefficient
driving technologies minimizes

Synchromodality

Dual sourcing

Improved transparency

Efficienc
Analysis)i/n Rall evaluation, Autonomous driving, | power consumption. Datacentric | Efficiency gain in transport
Centralized data envelopment approaches to fleet management| systems (%)
Systems . . . L . -
analysis for efficiency, Retiine optimize operational efficiency,
fleet management software curtailingemissions.
Freight Synchromodalityvith Integrated P i fficient & .
Transport transport platforms, Intermodal romoting & |9|en ra_lns_por Efficiency in modashift (%
. modes, Reducing emissions . .
Modal transport scheduling systems, throuah Modal shift strategies improvement), Supply chain
Shiftand Blockchairbased systems, d gies, optimization level (%)

Supply
Chains for
Alternative fuels

Biofuel production techniques,
Biomass energy systems,
Conversion technologies

Reducing fossil fuel dependency
promoting renewable energy,
Higherefficiency 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)
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This ®ction discusseshe generatedcommunities in maritime transportThesepoint out emerging
advancements imaritime logistics innovatiomndon sustainabilityand safetyin harsh environments,
and the role of technology in reducing environmental impacts.

FHgure6 shows themaritime graphrepresentation of the communities of papers and how they interact.
The "Maritime Logistics Innovation" community has higher spread thuemore 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 numbefrrmodes, and theiproximityin the network suggests that they
are likely interrelated fields with eevolution.
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Communities:

Transportation Modes and Environmental Impact : 8

Green Maritime Supply Chain : 15
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Community Key Technologies Contribution to Carbon Neutrality KPI Themes
Name
GHG emissions reduction
- . . . Streamlining maritime logistics i
Maritime Blockchain, loEervices, Digital . g L g_ (Metric Tons COx, NOX_ and
- through digitalization leading to | SC), Energy consumption
Logistics platforms, Smart technology for . . .
. . . ; reduced fuel consumption and reduction (GJ), Increase in
Innovation tracking and tracing containers . L e
operational efficiencies. document digitalization rate
(%)
Autonomous ships, Ice prediction SO2 emissions reduction (kg
technologies, Advanced . L per nautical mile), CO2
o . Enkancing navigational safety anc . :
. navigation systems, leesistant . emissions reductiothrough
Arctic . . reducing the need for heavy fuel -
- hull designs, SOx Scrubbing . . - .| EEDI (%), Ice prediction
Maritime . . use in Arctic conditions. Reducing .
Systems, Selective Catalytic ) . 3 accuracy improvement (%),
Safety and the distance and time of voyages

Sustainability

Converters, Cold ironing in
shipping, Route optimization, Slov
steaming, Wind Power for energy
production

hence lowering fuel use and
emissions.

Emissions reduction (GHG,
NOx, SO2, CO2) per tarile
(kg CO2e), Voyage time
reduction (hours)

Green
Maritime
Supply Chain

LNG, Biofuels, Electricity (from
renewable sources) andfeels,
Environmental management
systems

Implementing ecdriendly
practices in maritime supply
chains, thereby reducing
emissions and promoting
sustainability.

Particulate matter reduction
(PM10 & PM2.5 angg/m3),

Improvement in energy
efficiency ratio (%)
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Maritime
Transportation
and
Environmental
Impact

Energy efficiency technologies lik
hull designs and air lubrication,
Hydrogen, Solar Power, Wind
Power for energy production

Focusing on reducing the carbon
footprint of various fuel and
design typesncluding the
adoption of cleaner fuels.

CO2 emissions reduction per
EEOI

(gCO2/tonnekm),

Biofuels utilization rate

(%)

Resilience in
Maritime
Transport

Aldriven simulation models, Crisi
management protocols, Retime
monitoring of shipping,
Fleet/emissions monitoring along
the supply chain

Al models and redime

monitoring boost shipping
efficiency, cutting down on idle
time and fuel use. Crisis protocols
and emissions oversight aid in
maintaining lowcarbon
operations for fleets.

Operationa carbon intensity
reduction (CII) annually (% of
gCO2/tonnekm), Energy
consumption reduction (TJ)

Technologich
Efficiency

In

Maritime
Transport

Highperformance materials,
Energyefficient manufacturing
processes, Waste Heat recovery
systems, Coating to reduce

drag

Advancing the efficiency o
maritime transport, leading to
lower energy usage and reduce
emissions in the maritime sector.

Improvemen  in  energy
efficiency (%), GHG emissio
reduction per tonnekm (kg
CO2e)

3.5.4 /| NBYA2aR | €
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This section details thgeneratedcommunities within crosesodal transport Thesegfocusing orthe
central role ofinnovative logistics and transportation optimization, port operations, and the role of
technology in enhancing efficiency and sustainabiftgure 7 shows the network representation of
the communities of papers and how they interact. "Advanced Logisiitd 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 anchere collaboration is frequenfThe cluster'Environmental
Impact of UrbarPort 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 Brt 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 Btugent and research as their relevance
grows in response.

AN Co-funded by
LN the European Union

27



DMIRAg

WP2¢ D2.2

Different transport modes and their sustainability

crossmodal - Community Visualization

Communities:

Advanced jistics and Transpc

tation Optimization

Inland Port Development and Hinterland Connections : 44

Blockchain and Sustainability in Shipping : 24

Co'ilnar:lnuenlty Key Technologies Contribution to Carbon Neutrality KPI Themes
Advanced Optimizing routing and scheduling
Logistics Advancedptimization to reduce fuel consumption and | Supply chain efficiency (%),
and Trans algorithms, Predictive analytics, | minimize logistics operations Energy consumptioGJ),
portation Al-driven logistics planning leading to carbon emissions Carbon emissions (Mt CO2e)
Optimization reduction
0T sensors and smart grid
Smartand systems, Blockchain, Smart Facilitating efficiensupply chain | GHG emissions (Mt CO2e),
Sustainable Po contracts, Digital ledger management, Reducing redundar Energy efficiency (%),
Operations technology, Renewable energy | operations and emissions in Document digitalization rate
P integration, Energy Storage shipping (%)
SystemgESS)
Inland Port Streamlining cargo transfemnd

Development
andHinterland
Connections

Intermodal transport systems,
Efficient cargo handling, Logistics
management software

improvingconnectivity
decreasing transpo#telated
emissions

Modal shift (%), Intermodal
connectivity efficiency (%)
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E:;lllence Sustainability Reporting Ensuring sustglrable port A ai i ,
Standards, Risk Management opgrapons an qngerm carbon imate Po |cyntegrat|on,

Government emissions reduction through Technology Readiness Level

. Software, L -
Rolein Port ) government policies and resilienc| (TRL)
Systems Stakeholdercollaboration platform planning
Seaport . .

. N Reducing fuel use and operationg

Container Layout optimization software, o . . .

. . . inefficiencies in container Unit cost of delivery,
Terminal Automated container handling . .

terminals, cutting down carbon Load factor (%)
Layout and systems L
. emissions
Efficiency
Environment Integrated Data Management Enhapced knowl.edge a.nd strateg GHG emissions, Efficiency in
. .| planning,Strategic location .
Impactof Systems, Geographic Information . Cargo handling and transfer,
. selection of dry ports, Assessmen .

UrbanPort Systems (GIS), Environmental . - Energy Consumption
. and improvement of ecological
interfaces Management Systems impacts (kWh/ton)
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4 Survey andSemiSructured Interviews with Worldwide
CompaniesacrossCountry Filots

A survey tool was developetly LNEGoveringthe wide range oftransport technology options
identified in the literature reviewThe aim is tdurther investigatethe role of technology versus nen
technology related factors irsustainabilitytransitions for the Net Zeroacross modestargeting
worldwide companies and stakeholders related to the ADMIRAL pilots

The final version of the online survey (and its QReg@dhs delivered to partners by 09.11.2023, before
the Transport Innovation Forum 2023 in Vilnhedd on 2324 November 2023, to be included in the
dissemination package to worldwide companies present in the evéigure 8&hows the initiasurvey
screa, the QR code for mobile phones and the introductory pHine survey model was developed in
google formsand it can be easily accessédips://forms.office.com/e/ri5SBXaghyY

The survey model was transformed into an alternative sstmictured interview (Annex)to be
implemented at the micrdevel (Pilot level) Semistructured interviews are a qualitative research
method that allows to explore théopic addressed in the survey in depth with the interviewee
company, while following a flexible and adaptable guide of epeded questions that relate to the
research As such, other follovup questions can be posed to each company to link with their
seqential outcomes and order of questions can be slightly adapted in each part (Transitioning from
Gy2g¢é G2 GKS aFdzidzaNBe O @

The following methodology was agreed with all Pilot Leadarsl partners inthe NovemberWwp2
Working Meeting of 9.11.2023 and 30.11.2BZach Pilotleader(APS, PS, STEVECO,Wa8)asked

to select6 stakeholdergminimum of 3stakeholderécompanies with transport operations across
supply chainsandto be interviewed (list of stakeholders identified in task 2.1) and promote the first
contact with each of them, themmake a copy of the email to the WP2 Leaddor LNEC to proceed
with the follow~up schedulingf the interviewwith the indicated perso(s). The interview via Teams
with each companyasconducted bythe LNEGVPL supported by two team membefhis procedure
could befollowed in Lithuania, Portug&@pain.and SlovenigCroatia

The semsstructured interviews applied at the micievel for the case of the Pilot Portug@pain also
explored other issues relate@ texpectations and needs of the stakeholders on the corridor Sines to
Madrid, to explore synergies between WP2 and WP5.

At the beginning of each sersiructured interview online, LNEC asked if written notes could be taken
All interviewed companies agreedo and that the names(of companies)can be mentioned, and
acknowledgnents includedin the Deliverable It was agreed that NEGwill report only aggregate
findings (common to more than one compangnd not individual quotes that contain sensitive
information.
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“ADMIRAE

Survey T2.2 Form

ADMIRAL is an EU-funded project aiming to transform supply chain management in freight transportation by
developing a cutting-edge digital marketplace for multimodal logistics. This solution will allow companies to
manage the entire supply chain, including related emissions. More information: https.//www.admiral-project.eu/

This survey focus on transport technology solutions implemented and/or envisaged for future as @ means to attain
sustainability goals/targets and make progress towards Low/Zero-emissions and energy transport and logistic
supply chains.

It may take approximately between 7 to 10 minutes to answer.

Your time and cooperation will be acknowledged in the ADMIRAL project Deliverable 2.2 to the European Commission if
you wish so.

Part | - Information about the “Stakeholder”

1. Name of Company/Organization/Government *

Introduza a sua resposta

2. Did you previously joined the ADMIRAL “Stakeholder Forum” by filling the Form? *

O Yes
O No

3. Please select your Role in the Company *
@ Decision-Maker (Governance, Environment, Social issues of the company)
O Management role that is likely to influence Institutional decision-making

O Technical/Analyst role that is likely to influence Institutional decision-making

() Outro

4. Does your company publish annual sustainability reports? *

O Yes
O No

() 1 don't know

5. Are you aware of the European Corporate Sustainability Reporting Directive (CSRD) that
entered into force on 5 January 20237 *

O Yes
O No

Figure8: Survey introduction(left) and the respectiveQR coddright).
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Part Il of the survey focused on the technology solutions implemented to address sustainability goals
at presenton specific categories: Alternative Fu@igure 9) Selective Emissions Reductors (Figure
10), Energy Efficiency (Figure 11), Digitalization and Real Time Monitoring (Figure @@haeadtivity
solutions and automated driving Systems (Figure 13)

Part Il - Technology Solutions implemented to address sustainability goals

6. Has your company implemented or has under implementation any technology solution/measures
to reduce carbon related emissions and/or improve energy efficiency? *

O Yes
O No

7. Please select all the measures implemented (or under implementation) for Alternative fuels *

|:| Liquefied natural gas (LNG)

[ | Biofuels

[ | Synthetic fuels
|:| Hydrogen
|:| Ammonia

D Electricity (production of energy from renewable sources) or e-fuels

D | have not implemented any measure of this category

D Outro
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8. Please select all the measures implemented (or under implementation) for Selective Emissions
Reductors *

l:‘ SOx Scrubbing System

l:‘ Selective Catalytic Converter

l:‘ Carbon capture, utilization and storage
l:‘ Cold ironing in shipping

l:‘ | have not implemented any measure of this category

D Outro

FigurelQ: Survey Part I Selective Emissions Reductors

9. Please select all the measures implemented (or under implementation) for Energy Efficiency *
D Eco-driving

De-speeding trucks

D Route optimization

I:‘ Reverse logistics

D Mode choice optimization

I:‘ Cargo sharing for last-mile logistics
D Optimization of Cargo Load

I:‘ Slow steaming

D Wind Power for energy production

D Solar Power for energy production

l:‘ Waste Heat recovery systems
D Coating to reduce drag

l:‘ Platooning

l:‘ Supply chain management

l:‘ | have not implemented any measure of this category

D Outro

Figurell: Survey Part I Energy Efficieng measures
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10. Please select all the measures implemented (or under implementation) for Digitalization and
Real-time monitoring *

D Single logistic window (management of all kinds of data, from vessel data such as contracts and reservations

to human resources management, and operations)

D Smart technology for tracking and tracing containers

D Cargo planning

D Carbon emissions calculator tool

D On-line customer service

D Digital community for collaboration of various stakeholders
D Real-time monitoring of shipping

[

Real-time monitoring of road cargo

D Fleet/emissions monitoring along the supply chain

D | have not implemented any measure of this category

D Outro

11. Please select all the measures implemented (or under implementation) for Connectivity
solutions and automated driving systems *

E‘ = Truck Platooning
D - Autonomous road trucks

E‘ » Autonomous rail services

D | have not implemented any measure of this category

D Outro

Part Ill of the survey focused on future solutions to addsesgtainability goals (Figure 140cluding
any type of measure ranging from social, enmim@ntal to governance issueSther questions aimed
to gather information onthe most importantmeasures that are perceived by companies to be

AN Co-funded by
LN the European Union 34



WP2¢ D2.2
D M R A&/ Different transport modes and their sustainability

associatedo higher eductions on carbon emissioifsapplied until 203QFigure 5), and measures
that are likely to be associated to highenprovements in energy efficiency (Figuré).1Cther
guestionsrelated to the ADMIRALmMain themesthat companiesconsiderthat more information or
trainingwill beuseful orneeded

Part Il - Future Solutions to address sustainability goals

13. Which solutions would you like to implement until 2030 to attain sustainability goals? You
can include any type of measure ranging from social, environment to governance issues

(max 200 words)

Introduza a sua resposta

14. If some measures of the list below are implemented in your company until 2030, which cnes do
you consider that will generate a higher reduction on carbon related emissions in transport
and supply chains? *

D Alternative fuels in shipping

|| Electrification of the road fleet

|| Intermodal transport

D Truck platooning

D Automated cargo rail services

D Automated road fleets

D Alternative fuels in the production of energy for all transport surface modes
D Selective Emission Reductors (e.g. Sox in shipping)

D Digitalisation and real-time monitoring of operations

D Connectivity solutions and automated driving systems

European Directive /Corporate Sustainability Reporting Directive — account for direct and indirect CO2 emis-

sions along the whole supply chains

D Digital platform for collaboration of various stakeholders

D Shift of cargo from road to rail transport

D Policy incentives to greener supply chains

D Internalisation of external costs of transport through environmental charges

D I do not have information on the impacts of measures

D Outro
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16. If some measures of the list below are implemented in your company until 2030, which ones do
you consider that will generate a higher improvement on energy efficiency in transport and
supply chains? *

D Electrification of the road fleet

D Fuel Cell Electric Vehicles

D Alternative fuels in shipping

D Intermodal transport

D Truck platooning

D Autonomous cargo rail services

D Autonomous road fleets

D Alternative fuels in the production of energy for all transport surface modes

D Digitalisation and real-time monitoring of operations

D Connectivity solutions and automated driving systems

D Digital platform for collaboration of various stakeholders

D Outro

421 {FYLX S 2F NBaLRYyRSyGa
Table 6 presents the sample cbmpanies/stakeholderthat participated inthe survey and the semi
structuredinterviews.The duration okachsemistructured interviews waaround60 minutes.

The sampléTable 6has a total of 2participants fromFinland (10%), Lithuania (29%), Portugglain
(38%), Sloveni€roatia (24%)As agreed by thmterviewedcompaniesfindings fromthe set of semi
structured interviews (12)ill be shownasaggregatedcommon answers/views of companies)
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Semistructured
interview date

Company/stakeholder

Pilot Country ‘ Survey

Steveco Oy Finland X -
TIA Lithuania X -
Posta Slovenije Slovenia X -
UAB Orion Globapet Lithuania X -
RetalBaltic Films UAB Lithuania X -
REAU Production LT UAB Lithuania X -
Espersen Lietuva Lithuania X -
UPM Logistics Finland X -
Fontana d.0.0 Croatia X -
TML Global TEUS PortugalSpain - 12.12.2023
LogiFrio PortugalSpain - 19.12.2023
Medway PortugalSpain - 20.12.2023
Tranfesa Logistics PortugalSpain - 18.01.2024
RENFE Mercancias PortugatSpain - 22.01.2024
COSCO shipping PortugalSpain - 23.01.2024
PSABDP international PortugatSpain - 20.02.2024
MSC Mediterranearshipping [elgblerziS ekl - 27.02.2024
IKI logistics Lithuania - 19.01.2024
University of Maribor expert ESJOEIIE - 10.01.2024
VITAPUR Slovenia - 05.03.2024
Tehit d.o.o. Croatia - 05.03.2024

422 al ANy RAY 33
The findings are analysed for each case iraggregated way,ansidering the agreements with the
companies/stakeholders thatrovidedanswesto the surveyand thesemistructured interview,

Figure 17provides an overview of the referencetate of companiegbaseling regarding the
implementation of measures for reducing £%missions and to improve energy efficienopting that
there are8 valid answers to the survepvering inland and sea transpodlated companies25% of
the companies mentioned that they are natvare of the European Corporate Sustainability Reporting
Directive (CSRD) that entered into force dhJanuary 2023and50% of these companiesentioned
that they alreadypublish annual sustainability reportdevertheless, athe companies mentionetb
have implemented measures to redu€@Q emissions and/or to improvenergy efficiencyln sea
transport, alternative fuelg¢e.g.,ammonig LNG along with digitalization and redime monitoring
measures(e.g., cargo planning and rei@ine monitoring of shipsand SOx Scrubbing Systeare
dominant In the case ofnland transportmodesenergy efficiency measures agominant (e.g.,
optimization of cargo load, route optimization, edaving suppy chainmanagement Overall, the
reference stateseems taeflectthe highimportance ofdigitalsoft toolsacross thevhole supply chain
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Measures implemented (or under implementation)

(=]

1 2 3

=

5

(=)}
~J
[s.e]

Liquefied natural gas (LNG)
Biofuels

Synthetic fuels

Hydrogen

Ammonia

Electricity (production of energy from renewable...

Alternative fuels

On shore power supply from renewable energy

I have not implemented any measure of this category
SOx Scrubhing System

Selective Catalytic Converter

Carbon capture, utilization and storage

Reductors

Cold ironing in shipping

Selective Emissions

I have not implemented any measure of this category
Eco-driving

De-speeding trucks

Route optimization

Reverse logistics

Mode choice optimization

Cargo sharing for last-mile logistics

Optimization of Cargo Load

Slow steaming

Wind Power for energy production

Energy Efficiency

Solar Power for energy production

Waste Heat recovery systems

Coating to reduce drag

Platooning

Supply chain management

I have not implemented any measure of this category
Single logistic window (management of all kinds of...
and reservations to human resources management, ...

Smart technology for tracking and tracing containers

Cargo planning

Carbon emissions calculator tool

On-line customer service
Digital community for collaboration of various...

Real-time monitoring of shipping

Real-time monitoring of road cargo

Fleet/emissions monitoring along the supply chain

Digitalization and Real-time monitoring

I have not implemented any measure of this category
Truck Platooning
Autonomous road trucks

Autonomous rail services

Connectivity
solutions and
automated
driving systems

I have not implemented any measure of this category

Figurel?: Reference state; Measures implemented (or under implementation) to reduce Céaissions and improve
energy efficiency
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Figure B shows the future stat€2030)- the measures that areonsidered by the sampled companies
to be associated with higher reductisim CO2 emission® transport and supply chainhe most
important set to be implemented comprisaiternative fuels in shippingligitalization,and realtime
monitoring of operationselectrificationof the road fleet, digital platform for collaboration of various
stakeholders and intermodal transport.

If some measures of the list below are implemented in your
company until 2030, which ones do you consider that will
generate a higher reduction on carbon related emissions in
transport and supply chains?

0 1 2 3 4 5 6 7

Alternative fuels in shipping I
Electrification of the road fleet GGG
Intermodal transport NG
Truck platooning
Automated cargo rail services
Automated road fleets
Alternative fuels in the production of energy for all...
Selective Emission Reductors (e.g. Sox in shipping)
Digitalisation and real-time monitoring of operations I
Connectivity solutions and automated driving systems
European Directive /Corporate Sustainability...
indirect CO2 emissions along the whole supply chains
Digital platform for collaboration of various... I
Shift of cargo from road to rail transport
Policy incentives to greener supply chains
Internalisation of external costs of transport through...

| do not have information on the impacts of measures

Figurel8: Future state (2030, Measures with higher impact on reduction of CO2 emissions across modes

Figure 19 shows the future state (203@)e measures that are considered by tsempled companies
to be associated with higher improvements in energy efficidndyansport and supply chairaross

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

alternative fuels in shippingntermodal transport anddigitalization and reafime monitoring of

operations
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If some measures of the list below are implemented in your
company until 2030, which ones do you consider that will
generate a higher improvement on energy efficiency in
transport and supply chains?

0 1 2 3 4 5 6 7
Electrification of the road fleet |GGG

Fuel Cell Electric Vehicles

Alternative fuels in shipping | INEGEGNINGTGTNG

Intermodal transport NG
Truck platooning
Autonomous cargo rail services
Autonomous road fleets

Alternative fuels in the production of energy for all...
Digitalisation and real-time monitoring of operations | I

Connectivity solutions and automated driving systems

Digital platform for collaboration of various...

Considering the 12 serstructured interviews conducte(Table 6)the main aggregatéfindings can
be summarised as follows:

T

1

azail O02YLI yAaASa &l AR iz2F yIRROBEHBA RIINIGA K102 IR If WA (i
SYrAaarzyao {2YS $2NI RHARS O2YLI yASa AYydSNIIAS,
SYAyz8ADA DI K 902 ¢NF yaL ¢ rORLY{LE A nyriy oO I I yORIZE D [(GR/2 y U d
I 2YY2Yy LINRofSya (G2 Yz2ald O2YL)I VikKSAYLINBERJE&ED2E
KIENAY3I 6AYEFYR GN}YEALRNIFGAZY 6AGK &KALLA YA

wS 3 NIRKASY NP KSy 2018 N dafi S YRW2 £ 2 IAWIKIS THINO YAMNAI A 2y a4
%BSMBENI R6ARS AKALLAIYAK QIBXKIKYK &G L2¢>X of 201 OKI
G22t&8 adzOK & 2LIAYATIFGAZ2Y (22tad | (FANSBA FKANI C
G0N yald2 NISNERO

hLIGAYAT FGA2Y G22f & | IONR a &Y [JF KR knEESRY LILINES S S YR 2
y2i @S0 AyOf dzRS SyZANRPYHWBNGASY ONAGSNA DS ARS fiKE
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One interesting finding is that worldwide shipping companiesns 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 steamin@nd, possibly, to alternative fuele.g.,e-Methanol, biofuels) as these are
engaged in some running demonstration projects. Despite the importance sustainabdiby theeir
vision andoractice, all companies confirmed the actual priority given to effiyyaelated criteria (time

and cost related KPIs) in current optimisation tools.
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5 List ofEmergingLow Emission and.ow EnergyTransport
Technologiesand Methods impact indicatorsto draw
future scenarios

This chapter presents the detailed review of tlugestific literature addressing low emission and low
energy transportechnologiexoveringthe following modes: road, rail, maritime and creasdal. The

list of technologies and methods are grouped into main categpregompassing #otal of 52
solutiongmeasuresdistributed as follows 1) Alternative fuels 9 solutions;2) Selective Emission
Reductors 7 solutions 3) Energy Efficiency13 energy efficient solutions & sustainability through
collaborationrelatedmeasures4) Digitalization and Monitoring9 solutionsand 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.

Alternative fuels(AFs)are often designated as clean fuels or nononventional fuelsand offer the
potential to reduce GHG emissions through the replacement of conventional fossilGaelsidering

the European Alternative Fuels Observat§BAFQ)that started in 2015AFs 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 sectofhe mentioned definition of AFs is included in
article 2(1) of the European Directive 2014/94/EU on the deployment of alternatieds fu
infrastructure.
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LiquefiedNaturalGas (LNGs 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, andpbut 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 inves#aelitionally,
LNG has the potential to reduce greenhouse gas (GHG) emissionsnaritimme sector. It can reduce
CO2 emissions by ZD% and has similar effects on other emissions such as SOx (Livaniou et al., 2021).

Howeverconsidering Adamopoulos (2020 aersk openly stated that LNG did not have a role to play
and questioned why thshipping industry would invest so much on expensive-fid{&d vessels and

new logistics infrastructure only to secure marginal lifecycle emission gains and risk methane slip form
burning LNG.
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Biofuels have the capabilitp reduceGHGemissions, 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 savingst most78.4% compared to diesel and petrgBalasubramaian 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 bjapts during growthBiofuels, including biodiesel and
renewable diesel, are prominent in decarbonizing maritime and road transpevim & Zincif2022)
advocate for biodiesel and renewable diesel as drofuels compatible with existing infrastructure,
signifcantly reducing carbon emissions in maritime transportatiogblanc et al(2022)emphasize
bioenergy's potential to reduce GHG emissions in transport, especially wb@g #iomass energy

with carbon capture and storag&chnology is not feasibleThe life cycle assessment (LCA) of biofuel
production is a comprehensive process that addresses key issues from environmental compatibility to
policy implications. Ashownin Figure 20this 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 seleicti@mtory

analysis where greenhouse gases (GHGSs) like CO2, CH4, and N20 are evaluated, and energy indicators
like nonrenewable primary energy consumption are considered. Each stage of the LCA is critical in
ensuring that the biofuels produced are trubeneficial for the environment and can contribute
effectively to the decarbonization of sectors such as maritime and road transport.

Interpretatnon

Evaluation da
I (Sensitivity and Uncertainty Scenarios_ eccomendations
| ﬂiln nt luuu analysis, Consstency check) | comparision | 10 Policy-makers

Figure20: Key issues in each step of the LCA of biofuel (source: Hanaki et al., 2018)
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Synthetic fuels, also known asfaels, are produced using carbaeutral processes. They are praised
for their potential to decarbonize sectors where direct electrification is challenging. Prusgi2&24)
highlight efuels' greenhouse gas savings when produced with-davibonintensity electricity.
However, the production of synthetic fuels is eneigiensive and currently lacks scalability at a
commerciadlevel.

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, aproduced through carbomeutral 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 characteristitised).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 aspe¢tsable 7)
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Fuel specifications (ASTM test #) ASTM D975 specification EPA #2 diesel (#2D) Greyrock diesel (GD) 20% GD/80% #2D blend
Cetane index (D 976) =40 40 70 53
Fuel energy content (M]/L) NA 35.87 3442 35.56
Density (g/mL @ 20°C) NA 0.84 0.76 0.82
Lubricity (pm @ 50 <C) (D 6079) <520 520 371 404
Viscosity (mm?/s @ 40°C) (D 445) 1.9-4.1 26 2.0 24
Oxidative stability (mg per 100 mL) (D 2274) NA 1.5 0.1 1.2
Sulfur (ppmw) <15 15 <0.1 12
Aromatics (%) <35 20 <0.3 16
Benzene (%) NA <0.1 <0.1 <0.1
Olefins (%) NA 13 6 12
Oxygen content (%) NA ND 0.21 ND
Residue (%) NA 1.00 0.50 1.00
Results in bold font denote key synthetic diesel parameters that are better than EPA #2 diesel fuel (NA: not available; ND: not determined).

For example, the cetane index of Greyraghkthetic 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 odtimaNJ y3Saz G oTwm

mm2/s respectively, which can enhance the engine's performance and longevity. Significantly, the
sulphurcontent of Greyrock diesel is less than 0.1 parts per million by weight (ppmw), a considerable
reduction from the 15 ppmw szified 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 ad reduc
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 margins
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&t&bhydrocarbons, and 10% for nitrogen
oxides.

In the broader context of synthetic fuels' impact on emissions, Gdssling et al. (2021) suggest that the
production of synthetic fuels, if powered by-P@ EJ of photovoltaic energy, could eliminate theahee

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 changke figures presented in Table especially those in

bold, denote the areas where synthetic diesel outperforms traditional EPA #2 diesel, underscoring its
potential as a cleaner alternative fuel.
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Hydrogen, when produced through sustainable methpi$ 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 stoms, predominantly by reducing CO2
emissions from combustion (Neacsa et al., 2022).

Figure 2illustrates various green pathways for hydrogen production. These include the conversion of
diverse feedstocks like natural gas, coal, biomass, and waterydioten. Techniques such as natural
gas reforming, coal gasification, biomass gasification, and various-gitting methods including
electrolysis, photolysis, and biological processes, are outlined. An intermediate product in many of
these processes isynthesis gas (syngas), which can subsequently be transformed into hydrogen, an
energy carrier with wideanging applications.

Intermediate ~ Energy

Feedstock Conversion :
product carrier

Natural gas
reforming

Coal Coal gasification > Hydrogen

Biomass } Bl.OlTlaS.S
gasification

Natural gas —

Biomass-derived
liquid reforming

Thermochemical
cycles

Water Electrolysis

Photolysis

Biological
Processes

The environmental beefits of hydrogen as a fuel are furthemphasizedy research indicating that

GHG emissions could be reduced by 61 to 68% when hydrogeedign certain scenarios, leading to
considerable enhancements in urban air quality (Stepkeomero 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 andeet 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 futre (Carlisle et al., 2023yigure 21from 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 angsedappropriately, holds a keto unlocking a lovcarbon economy.
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Green ammonia emerges as a noteworthy alternative fuel, especially for the shipping industry, which
is actively seeking carbdree options. Produced using renewable energy, green ammonia promises
to significanly reduce the carbon footprint of maritime transportation. Lindstad (2@@phasizs 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 AAlboosi 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 welhull global GHG emissisfrom 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.
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Hectric vehiclespowered by renewable energy, offer significant potential to reduce GHG emissions,
especially in urban distribution and shdraul transport.

Sathreet al. (2023) find that electric trucks with bioelectricity have lower climate impacts and primary
energy use compared to diesel and DiHSed pathways. However, the availability of charging
infrastructure and the lifecycle environmental impact of batésrare pertinent concerns.
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Hectrofuels, or efuels, 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
reducirg carbon emissions within the shipping industry, which is responsible for approximately 3% of
globalGHGemissions (Brynolf et al., 2018). The production fieds involves converting renewable
electricity into chemical energy, which can thenused as tiel for various modes of transportation.

Shipping

Road
(cars, busses,
distribution trucks)

Fossil
(oil, natural
gas, coal)

Biomass
Nuclear

ICE, HE
(Internal combustion
7l engine vehicle and

/ hybrids)

Liquid fuels
(fuel oil, diesel, methanol,
biodiesel etc)

FC
(fuel cell vehicles)

Carbon-based gases
(methane, DME, LNG etc),

Different refining and
processing steps
Electrofuel ’
CO,
production
Electricity
generation

BE, PHE
(battery electric vehicle)

Electrolysis Hydrogen

Renewable
power (solar,
wind etc.)

(long distance
trucks)

Inductive or conductive
electric

Rail (train, trams)

FROPULSION TRANSPORT MODES

ENERGY SOURCES ENERGY CONVERSION ENERGY CARRIERS TECHNOLOGIES

Figure22 provides a simplified schematic of energy sources, energy conversion technplaigits
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 thesed to power various propulsion technologies across different
transportation modes including aviation, shipping, and ground transportation.

While efuels offer promise in the shift towards a levarbon economy, their production and use are
not without envionmental implications. The process of generatinfuels is energyntensive and
could demand significant land use, potentially leading to competition with food production. Moreover,
there are uncertainties regarding the full lifecycle emissions-fafeds, which include considerations
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from production to enduse. Consequently, the deployment ofweels should be approached as a part

of a broader set of decarbonization strategies. This suite of strategies may encompass improvements
in energy efficiency, thelectrification 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 glcbahte targets.

Figure 3, 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
electricityt preferably from renewable sourcegpowering 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 (C2H50H]t is interesting to note thaHgure 23 emphasizes the potential of integrating
electrofuel production with biofuel processes, indicatiagcomplementary relationship where €0

from biofuel combustion can feed into the production of additional electrofuels, creating a more
sustainable and circular energy system.

Oxygen (0,) IOther H, sources

CO, from air and seawater
H, storage
H

Water (H,0)

Electrolysis

Hydrogen (H,)
Heat t
I Synthesis reactor ) ' Biofuel production |<:

Cco, Biomass
Electrofuels { ! Biofuels (e.g. CgH1905)

Methane (CH,) DME (CH;0CH5) Methanol (CH;0H)

CO, from combustion
2

Higher hydrocarbons, e.g. gasoline (CgH4g)
Higher alcohols, e.g. ethanol (C,H;OH)

Ueckerdt et al. (2021) offer a comprehensive view of the economic and environmental aspeets of e
fuels. Fgure 24 provides a detailed breakdown of the levelized costs -aiethane and egasoline,
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 trenmwards cost competitiveness over time.

AN Co-funded by
LN the European Union 47



WP2¢ D2.2
D M R A\J/ Different transport modes and their sustainability

e-methane ek
DAC, imported
( 2 0'20_";5 ) (DAC, imported)
2020-25
250 - 250
3 & 3
B H
g 2 total
§ 200 8 g 200
53 ~2030 2 9
Q
i 150 ° 3 150 i T
8 S o 8 S
3 § 3
51 ]
2 |t 200 ]
3 100 v = 3100 +
A1 Q =
X K] e \} ~2050
+ 267 -
n 2010-20 ] -
— —Iié 0 -
0 0
c / d
. 3 12001 e-methane (DAC, imported)
3 7%
i % e-gasoline (DAC, imported)
£ 150 S hydrogen (imported) replacing natural gas
= / (3] __hydrogen (imported) replacing gasoline
@ . § (without end-use costs e.g. for fuel cells)
4 /
2 4 2 o 8004
8 ; L
$100] ¥ - 8
s vl g
> /
2 ; ]
% + ’,/ gases liquids 8
g # 2 400
o r =
2 501 » =
8 / H
° & s
: =
s ¥ \
3 0
0
0 @ 200 @D @5D 500 (@1D 2020 2030 2040 2050

CO, price (EUR/t CO,)

Figure 25illustrates the lifecycle greenhouse gas (GHG) emissions of different fuels acrosssvariou
transport applications. It emphasizes the crucial role of the carbon intensity of electricity used in the
production of efuels and for battery charging. The data demonstrates how renewable energy's share
in electricity generation significantly impactdhet emissions of -uels, suggesting that the
environmental benefits of €uels are maximized when coupled with la&rbon electricity sources.
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¢ KSNB T 2Znpitant of dofdiiuing to improve the efficiency and caffectiveness of duel
production technologies while also decarbonizing the electricity grid to ensure the full climate benefits
of these synthetic fuels are realized. Nevertheless, the energy efficifnaytypical Euel is not as

high as direct electrificatigras it can be shown in Figure f26m Ueckerdt et al. (2021).
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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
lubricatingoil can shorten the ignitiowelay 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 de¢ratetthat 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 lulrating 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 studiectively suggest that
optimized lubricant infusion in fuels could be a viable path to achieving more efficient and cleaner
combustion in engines.
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The transition to alternative fuels like Compressed Natural Gas (CNG) foredgd transportation is

a critical step towards sustainability. DOrr Heinz et al. (2@h@)hasizehe 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 Figurg7 from Gialo®t al.(2022), the switch from single fuel (diesel) to dbl (CNG
¢ 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 welwheel (WTW) GHG emissions for the sameadist. 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 globabrming.

I Fue! Cost: Single Fuel (Diesel) I W GHG Emissions: Single Fuel (Diesel)
| [ Fue! Cost: Dual-Fuel (CNG - Diesel) [ /W GHG Emissions: Dual-Fuel (CNG - Diesel)
a0 m Comparison with respective Single Fuel m Comparison with respective Single Fuel

Fuel Cost [€ / 100 Km]

WTW GHG Emission [Kg CO,./ 100 Km]

Single Fuel Dual-Fuel Single Fuel Dual-Fuel

(@) (b)
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The maritime industry is adtely 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 foizexet emisions 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 oll
(VLSFO/MGO) and heavy fuel oil tmare diverse array of energy sources. By 2050, the expectation
is to see significant shifts towardsfeels like emethanol and eammonia, alongside a substantial
increase in the use of bibNG as shown in Table 8
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% of Energy 2030 2040 2050
VLSFO/MGO 46% 12% 1%
LNG 25% 48% 19%
Heavy fuel oil 17% 10% 0%
e-MGO 10% 10% 23%
e-LNG 2% 3% 3%
e-ammonia 0% 10% 40%
bio-LNG 0% 5% 11%
e-methanol 0% 2% 3%

The describedcchanges are influenced by a variety of factess illustrated in Table,9ncluding
economic performance, energy density, compatibility with existing marine engines, airdremental
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 indystowards a more sustainable future.

Petroleum-based fuels with carbon capture and sequestration
systems; LNG; LPG; Methanol; Ethanol; Biofuel

Bio-MGO; e-MGO; Bio-LNG; e-LNG; Synthetic fuels by
Carbon-neutral fuels hydrogenating carbon dioxide; Biofuels through photosynthesis;
Renewable natural gas; Renewable diesel fuel

Low-carbon fuels

Hydrogen; e-ammonia; Bio-methanol; e-methanol; Fuels
Zero-carbon fuels produced from renewable electricity, biomass and natural gas
with CCS

Economic performance: Commercial interest of stakeholders;
Future price of energy sources (renewable electricity, natural gas
and biomass); Future fuel prices; Energy density;

Compatibility with conventional marine engines

Environmental considerations: CO; emission; other emissions
(SOx/NOXx, particulate matters); life cycle emission

Regulations and policies: International, regional, national and
even port-based emission regulations and policies; Safety
regulations; Market-based measures; Entering into force over
short and medium term;

Technology considerations: Technology readiness level; Safety
and security; Ship design technology; Technology for generating
power; Engine technologies;

Operational measures: Ship types and sizes; Trade routes;
Digitalization to reduce GHG; Transport modal shift; Ability to
comply with regulations;

Logistics considerations: Fuel supply infrastructure; Fuel
availability; Fuel storage and transport; Ship re-fuelling

Fuel choice determinants

Figure 28delves into the environmental implications and decisioaking criteria for choadsg
alternative marine fuels. The GWP data suggest a move away from traditionaGWghfuels like
heavy fuel oil towards loweGWP alternatives such as biofuels and hydrogen could significantly reduce
maritime emissions.
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Table 10 and Table 11 outline a structured approach to evaluate alternative fuels, considering their
entire life-cycle from welto-tank, tankto-wake, encompassing technical, emvimental, 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.

Sources DNV GL (2019) Hansson et al. (2019) Ren and Liang (2017) Deniz and Zincir (2016)
Criteria Applicability: Technical: Technological: « ship safety

« energy density « available o maturity « global availability

« technological maturity « infrastructure « reliability « bunker capability

« flammability and toxicity « reliable supply of fuel = capacity « durability

« regulations and guidelines Economic: Economic: » adaptability

Economics: « investment cost for propulsion « capital cost « compliance with regulations

« energy costs « operational cost « operational cost « engine performance

« capital costs « fuel price Environmental: « engine emissions

Environment: Environmental: « CO, emissions « engine components

« climate change « acidification « NO, emissions « commercial issues

« air pollution « health impact « 50, emissions * Costs

Scalability: « climate change « PM emissions

« main current usages Social: Social:

« availability

« global production capacity and locations « safety « compliance with regulations

« upcoming legislation « social acceptance
Criteria Well-to-tank Tank-to-wake
Feedstock Transportation Production Distribution, storage and bunkering On board storage End use
ICE FC

Technical availability v v v v v v v
Safety v v v v v ' v
Available infrastructure - ' ' v - - -
Reliable supply of fuel v - - - - - —
Investment cost for infrastructure 4 ' ' v - - -
Investment cost for plants - - - - v v v
Operational cost v v v v v v v
Climate change v v s v - v v
Air pollution * - - - - - v v

Notes: y/ applicable; - not applicable; * well-to-tank air pollution is neglected supposing effective land-based abatement measures available; ** environmental impact has
been covered in end uses.

Table 12from 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 fueldgpsuch 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. Folinstance, 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 producti@hsdorage 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 fueth wilower carbon footprint, such as LNG and
advanced biofuels, and an eventual transition to zeaobon fuels like hydrogen and ammonia.
However, each alternative fuel presents its own set of challenges, such as economic cost, technological
readiness, ad infrastructure requirements. The maritime industry must navigate these factors to meet
IMO's emission reduction goals, suggesting a gradualnsinddmethod approach to adopting new

fuel technologies

Tablel12: Readiness level of $pping fuels(source:IRENA et a).2021)

+4 Readiness level of shipping fuels (» High - = Medium -  Low)

Renewable
Gaseous
Fuels
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R the European Union

I

* %

-
<
=
<3
=]
-
=]
z
T
U
w
=
-
w
2
'

@
@
w
=
a
<
w
[

=
<
2
]
(=]
=
=]
z
F
]
E
w
=
]
z
w

@
i
=
2
&

o
2
w
=
=
o
>
|~
=
@
<
3
<
v
w

-
w
4
0©
<
x

GHG REDUCTION

ENGINE TECHNOLOGY

ADVANTAGES

Already used globally, has high

HFO has high carbon emissions

ICE efficiency and is low cost in and particulate emissions from
comparison to alternative fuels. production and use in vessels.
|1 i
L GRS T . LNG has fewer emissions compared
infrastructure, high energy density ; .
7 . with HFO but still significantly
and is currently used in vessels L
ICE more emissions than low-carbon

ICE

ICE

ICE

ICE
FCs

ICE
FCs

globally.

Has a lower sulphur content than
HFO.

Biofuels have an established
infrastructure due to use in multiple
sectors.

Easy integration into current
engines.

Can be used as a drop-in fuel.

Bunkering in ports can use

LNG infrastructure, making
implementation cheaper.

Ships that use LNG can switch to
liquefied biogas (LBG) as a drop-in
fuel.

Employing green H, would lead to
nearly zero carbon emissions.

A main option as an energy carrier
in FCs.

Multiple applications across sectors,
which can increase the rate of
research.

Ammonia has existing production
and transport infrastructure due to
the agricultural industry.

Green ammonia is carbon neutral
and has one of the highest
efficiencies when compared to
alternative fuels.

Currently used in a multitude of
sectors and can be implemented
within the shipping sector with
relative ease.

Using e-methanol and bio-methanol
is 100% renewable.

alternative fuels.

Uses non-renewable resources.

Growth of feedstock used in biofuel
production may affect land use,
which could impact global food
security.

High demand from multiple sectors
makes scaling difficult.

Limitations with storage capacity
required for LBG.

Can only be considered for short-
distance vessels. Long-distance
vessels would require large storage
capacity.

H, production and storage is costly,
requiring cryogenic storage.

Still an immature technology in

the shipping sector but has high
potential as an alternative fuel.

Global demand for ammonia across
multiple sectors can cause scalability
issues.

Ammonia has a high production cost
and is highly toxic, requiring special
storage and safety measures,

Difficulties in acquiring sustainable
and cost-effective carbon sources.

Green methanol has high production
costs.
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Issa et al. (2022)so contributes to the weighting of Advantages and Disadvantages alltém@ative

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 offersemission potential

but is limited by high costs and storage challenges. Ammonia'’s toxicity and biofuels' price and volume
constraints are mentioned, alongside the effindg of electricity but with caveats on energy density
and capital expenditure.

Alternative

Fuels Advantages Disadvantages

e  Insulated tanks are necessary

. Prices are competitive for storage

LNG e Infrastructure technology that e  Unable to meet the 50% CO
are available - 2
reduction target
e  Enable the zero-emission option e  Fuel prices are extremely high
Hyvdrogen with fuel-cell e  There is not a piston engine or
yarog o Can be made from electrolysis infrastructure available
near ports e  Very low storage temperature

Toxicity and environmental impact

¢  Canbe employed for engines and when leaked

fuel cells.

Ammonia . Can be stored at a high temperature When ut}hzed in internal
combustion engines, hydrogen must
and low pressure.
be added.
Biofuel . It is possible to be carbon-free . Price
1oTuels . Compatibility with existing engine . Narrow product volume

e  Small energy density of mass and
volumetric density
e  Prohibitive CapEx

Electricity stored Efficiency
in batteries . Enable zero-emission

Ankathi et al. (2022) provide a complementary detailed comparison of tdaad welito-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 thaiofuels, hydrogen from renewable power, and green ammonia offer
significantly lower welto-tank GHG emissions compared to conventional fueleséllata are
essential for maritime stakeholders aiming to reduce their carbon footprint and for informatigyp

and investment decisions in line with environmental targets.

Additionally, we may also take into consideration specific information regarding Flammability, auto
ignition and combustion emissions tradéfs. Table 15 from Xing et al. (2021) showsttha
conventional fuels like HFO (Heavy Fuel Oil) and MDO (Marine Diesel Qil) typically have higher levels
of emissions, including CO2, SOx, NOx, and PM. Thedfbdéh these fuels is that they are often
cheaper and more readily available with estab&d 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 parftular, 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 cong&ildat NOx emissions when
combusted in ICE without adequate afteeatment 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 biofusmhd the engine technology used.
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Marine fuel Production pathway Direct GHG EF WTH GHG EF Ref.
HFO Crude oil/processing/HFO (0.5% S) 81.74 95.40 b
Methanol Natural gas/methanol synthesis/methanol 69.49 92.02 b
MDO Crude oil/processing/MDO (0.5%) 78.63 91.87 b
MGO Crude oil/processing/MDO (0.5%) 74.08 91.67 b
LNG NG/liquefaction/LNG 75.18 87.96 b
LPG NG/liquefaction/LPG 64.40 73.00 c
LBG? Biogas/liquefaction/LBG 54.53 20.00 (5
Biodiesel (Soy oil) Soybean oil/transesterification/biodiesel 76.88 31.36 b
RD(YG) Yellow grease/hydro processing/RD 73.68 14.26 d
SVO(HP) Bio-oil/hydro processing/SVO 77.94 13.96 b
Biooil (Pyrolysis) Biomass/pyrolysis/bio-oil 101.67 10.79 b
Diesel (Biomass) Biomass/FT synthesis/FT-diesel 73.38 6.08 d
Bio methanol Biomass/methanol synthesis/bio methanol 69.49 5.74 d
H; (SMR) SMR W/O carbon capture and storage 0 91.58 d
H, (SMR with CCS) SMR W carbon capture and storage 0 23.66 d
H, Renewable power Electrolysis from 100% renewable power 0 0.71 d
H, SD Electricity mix Electrolysis from US grid mix of SD scenario 0 23.00 d
Conventional ammonia Electric-based Haber-Bosch process 0 137.10 e
Low carbon grey ammonia N, from cryogenic distillation and H, from 0 97.85 e
low-temperature electrolysis using
renewable electricity
Green ammonia Steam cracker for H, and PSA for N, 0 11.82 e

Fuels Chemical Density at 15 °C,  Cetane Boiling point, Auto-ignition temperature in Flammability limits in air, Combustion emissions in ICE
3 o ir o

formula kg/m number C air, °C vol¥% 0, 50, NO, ™
LSHFO Cy—Cys 975-1010 >20 >180 230 0.6-7.5 high medium high medium
MDO Cio—Cis 796-841 >35 >180 210 0.6-7.5 high low high low
NG CH4 0.78 130 * ~162 540 5.0-15.0 medium low medium low
PG C3Hg&C4Hyp 190 04-112+ ~42 450 2.1-95 medium low medium low
Methanol CH30H 792 <5 65 464 6.7-36.0 medium low medium low
Ethanol C;HsOH 789 5-15 78 365 3.3-19.0 medium low medium low
DME CH30CH; 665 55-65 =25 350 3.4-27.0 medium low medium low
Hydrogen Hy 0.09 >130 * ~253 585 4.0-75.0 low low high low
Ammonia NH; 0.73 120 * 33 651 15.0-28.0 low low high low
svVo Cia—Caz 900-960 30-45 >180 424 0.6-7.5 high low high low
FAME Cis—Cig 860-900 45-55 >180 261 0.6-7.5 high low high low
HVO Cis—Cig 770-790 >70 >180 204 0.6-7.5 high low high low
F-T diesel Cy5—Cyg 774-782 74-80 >180 204 0.6-7.5 high low high low

Note: *-octane number, PG-Petroleum gas.

Based orsuch information, Xing et al. (2021) show priority levels for different marine fuels across
various types of marine operations (inland/dostie, 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) developedyaalitative 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 | (best) to IV (worst). Additiotiahg 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.

- Gas turbines
Internal
Priority levels with descending order: 4 (] |} Conventional combustion engines |
Renewable Me!han(‘)l - ./ / J PSSP L Ffl,e"fpn,sp,ming,, ‘ Steam turbines
Ammonia with boilers
Compressed Hy |« /
Liquefied H, i ; 3 Fuel cells
Biodiesel
. B.'_Oema"("l Prime \ Radioactive Nuclear-powered
Compressed RNG : S —
Liquefied RNG movers Fuel-consulnlng syslems
BioDME
CNG { Photovoltaic systems
LNG f = Z
LPG --Illlll“"" ““llllllln- L No | Wind-assisted
MDO ] fuel-consuming systems
LSHFO e L1 ]| ] lll g
Inland Coastal Shun sea Deep sea Battery-electric
(domestic) | (domestic) | (international) | (international) 753'5“3215

Figure 29 and Table 16 show thahewable methanol and ammonia, especially when used in fuel cells
(FC)have ahighrank, 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 highdgtied their potential as zeroarbon

fuels. However, their practical use will depend on the development of suitable infrastructure and
technologies for safe handling and storage. Traditional fuels such asSulpmurHeavy Fuel Oil
(LSHFPand Marine Disel 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 environmentzct 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.

Criteria LSHFO/ Hydrogen + Hydrogen + Ammonia + Ammonia + RNG + Renewable Renewable Bioethanol + BioDME + Biodiesel +
MDO + ICE ICE FC ICE FC ICE Methanol + ICE methanol + FC ICE ICE ICE
Technical v I 1| I I 1] 1 I 1 I 1
availability
Safety v | 1 | I I Il I 1 11 v
Available v 1 | 1] m il i 11| m Il 1
infrastructure
Reliable supply of IV v v v v 1] i 1] 1 Il |
fuel
Investment cost IV | | I I i} 1 Ll 1 I 1
for
infrastructure
Investment cost IV I 11 I | 1 1 I 1 I 1}
for propulsion
Operational cost IV 1] | 1] | i} 1 | 1 1 1
Climate change * | 1\ v 1 Ul 1| il I 1 1] 1
Air pollution | 1} v Il 1 I 1] v 1 11 1
X+ 5 33+£13 2112 23+ 14 24+09 21+12 27+0529+03 24+10 28+07 24+05 27x10

Notes: | to IV-ranking from the worst to the best; * supposing the world energy mix in 2050 is hybrid fossil energy and non-fossil energy; ** mean value and standard
deviation, supposing the scores 1—4 are assigned to the ranking levels I-IV and equal weightings are assigned to each criterion.

Co-funded by
the European Union 56

* %

* gy x



DMIRAg

51.11{ dzYYI NB S@I t dz GA2Y
The work of Haaset al. (2022) is relevant for understanding the evaluation necessary for the transition
to alternative fuels in road transportigure 30 and Table 17 illustrateframework for assessing
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vehicle production, economic viability, and environmental impact®ss different fuel types, offerg

a forecast into the future performance of these fuels. Vehicles powered by internal combustion
engines (ICEVs) running on fossil fuels are beireyatated infavour of battery electric vehicles
(BEVs) and fuel cell electric vehicles (FCEVs), which promise lower emissions and a smaller

R

environmental footprint. Tablel7 illustrates the move away from the traditional Otto engine and
gasoline tanks tonore sustainable sfems 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 smeatve fuel
vehicles like FCEVs showing lower costs in certain areas compared to ICEVSs.

Vehicle Production Fuel Vehicle
Suppl Use

Vehicle

type Vehicle body

ICEV

Glider
BEV

FCEV

Drivetrain

Otto engine

Electric motor

Fuel cell with
electric motor

Energy storage

Gasoline tank

Li-lon battery

H, tank, Li-lon

battery

Fuel production +

transport, service

stations/charging
stations

Gasoline
(low sulphur)

Synthetic biofuel -
straw
Electricity —
Mix DE

Electricity —
wind power

Ve 2
wind power

_Fuels, materials,
infrastructure, services

Fuel consumption

Tyre, road, break
wear

Roads

Maintenance

Vehicle production

Vehicle Type  Fuel type Car acquisition

Fuel supply

Vehicle use

Fuel production

Fuel transport/distri-

bution, margin, stor-  and repairs
age, service/charging

stations

Maintenance Insurance

ICEV Gasoline (fossil) 23.210€
Synthetic biofuel

BEV Electricity: wind power
Electricity: production mix DE

FCEV Hydrogen from wind power

96.3
(46.3)
120.2
(149.4)
4.7
(6.11)
10.2
4.91)
4.3
(7.4)

€cent/]
€cent/l
€cent/kWh
€cent/kWh

€l
kg

14.4

29.3%»
(36.6)*
29.3%4
(36.5)*
2.6
5.7

€cent/l 797 €

€cent/kWh 368 €

(484)
€cent/kWh
€/ 482 €
kg (787)

876 €

876 €
(785)

876 €
(1496)

Values in parentheses refer to the differing values for the base year 2020

**Thereof 10.8 €Cent/kWh for charging
*Thereof 16.8 €Cent/kWh for charging
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Table B 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.

Tablel18: Technical characterization of vehicles in 2050 (sourdaase et al.2022)

Vehicle Type Power Vehicle weight Fuel consumption Source Battery
without battery - -
Type Density Weight
kW kg Wh/kg kg
ICEV 100 1315 6 1/100 km ADAC (2021a) n.a n.a n.a
BEV 1376 16 kWh/100 km ADAC (2021b) LFP 180 199
(NCM) (150) (239)
FCEV 1582 0.58 kg H,/100 km Grube et al. (2021), LFP 180 8
(1823) (0.76) Robinius (2015) 52) (26)

Values in parentheses refer to the differing values for the base year 2020

NCM lithium nickel cobalt manganese oxide, LFP lithium iron phosphate, ICEV internal combustion engine vehicle, BEV battery electric vehi-
cle, FCEV fuel cell electric vehicle

Table 19 provides a pekilometer assessment of different vehicles' contributions to various
environmental issues. It gives a clear indication of which vehicle and fuettypkinations 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
energypowered electric veitles in achieving climate goals.

Tablel9: Indicator results per km driving distance, year 2050 (sourdaase et al.2022)

. . ICEV BEV FCEV ICEV BEV
Indicator Unit -straw  -Mix DE  -wind -fossil -wind
Electricity
Mix based
on Pregger
et al. 2020
Acid molc H' eq 5.63E-04 5.10E-04
CC kg COzeq IBSSE03) s.20£02  8.026-02
Ecotox-fw CTUe 4.54E+00 :
Eutr-fw kgPeq 32E-05 5.42E-05 5.69E-05
HT-c CTUh 1.41E-08 1.56E-08
HT-nc CTUh 9.20E-08 8.78E-08
IR-hh kBq U235 eq 6.57E-03 . 7.22€-03
Eutr-mar kg Neq 8.9 1.10E-04
OD kg CFC-11 eq 1.9; 3.22E-08
PM kg PM2.5 eq 9.96E-05 1.00E-04
POF kg NMVOC eq 3.90E-04
RD kg Sbeq 2.26E-05 2.22E-05
Eutr-ter molc N eq | 1.186-03  1.10€-03
Costs €cent 2.57E+01
Domestic
value- % 6.77E+01
added

Haaseet al. (2022) indicate that by the year 2050, |&E9w and BEWind might generate the highest
domestic valueadded. However, the costs are notably higher for KStEav. BEMvind shows the

lowest environmental impacts for climate change amongst thes®red alternatives and performs
best formostenvironmental indicators. Conversely, ICiESsil has the lowest impacts for freshwater
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eutrophication and human toxicity (both carcinogenic and 4sancinogenic). FCEMnd scores best
in freshwater ecotoxity and resource depletion, while ICEWaw leads in ozone depletion reduction.

De Angelis et al. (2021) ansdythe shift in electricity production sources mix and their potential to
reduce air pollutionFigure 31displays the percentage electricity mhaction 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 fesil 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.

100
[TNatural gas
BlCoal
[ ILiquid fossil fuels
ElBiomass
[Biogas
Il Biofuels
Bl Waste
1 [ IPhotovoltaic

Il Hydroelectric

90

80

70

60 -

50

40

30

Electricity production distribution

20

10+

Ok

scen 19 scen 20 scen 8

Table 20presents the air pollution precursors percentage emission reduction with respect to the base
case for the yeaR018 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 (PMILBMA.5), andulphurdioxide

(S02). 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.

AIR POLLUTION PRECURSORS PERCENTAGE EMISSION REDUCTION WITH
RESPECT TO THE BASE-CASE 2018 FOR THE SELECTED SCENARIOS

Scenario NOx vocC NH; PPM PPM, 5 SO,
scen 8 -46.8% -1.8% -0.5% -4.7% -5.8% -15.2%
scen 19 -53.4% -3.4% -0.6% -6.1% =1.3% -21.8%
scen 20 -55.0% -3.4% -0.6% -6.1% -1.4% -22.0%
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According to Liu et al. (2021), the adoption of fuel cell vehicles (FCVs) could significantly reduce
greenhouse gas (GHG) emissions fromhbavyduty 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 engigsion

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 heduyy trucks (HDTs) in 2030, 2040, and 2050 under
three scenarios: Aggressive (30%, 709024)) 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 transittathado 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 ecélldlydrogen

trucks present higher chances of reducingeagrieouse gas (GHG) emissions. Furthermore, the study
notes that trucks powered by fuekell 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
climae change mitigation and air quality improvement.

Selective Emissions Reductoesiewed in this sectioincludemaintechnological solutions to reduce
emissions fronharmful pollutantsthat put at risk sustainable developmemmcludingsulphur oxides,
nitrogen oxides, hydrocarbongarbon monoxideparticulate matter and the capture, utilize ad
storage ofcarbonemissions

521 { hE { ONXzo6Ay3a {eaisSy

Kim et al. (2019) describe SOx Scrubbing SystemsaBghaust Gas Cleaningt8ys (EGCSThese
arevital technologies for reducingulphuroxides(SOx)rom ship exhaust gases, which are significant
contributors to air pollution, particularly in coastal regions. These systemaither seawater or fresh
water combined with an alkaline substance to neutralize and extract SOx, aligning with the
International Maritime Organization's (IM@uIphuremission regulations. This contributes markedly

to mitigating acid rain and preventirrgspiratory 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 greenhoy&HGAas
emissions by 31.72% in opéop systems and by an impressive 51.17% in chkiseol systems. These
figures emphasizethe 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 &@8igh 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 studiesv thebenefits of adopting
exhaust gas cleaning systems almb ships, from meeting stringent international regulations to
significantly lowering the environmental impact of the shipping industry.
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Slective CatalyticConverter orReduction (SCR) technology plays a crucial role in atiitgy 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 sigmiflg enhancing air quality and
curtailing smog formation.

Athrashalil et al. (2014 mphasizehe effectiveness of SCR technology in vehicles, indicating that it
can achieve over 55% NOx conversion, a substantial reductiorethphasize its importancen
environmental protection efforts. Further emphasizing the versatility and efficiency of SCR technology,
Han et al. (2019) identify NFBCR as the leading method for curtailing NOx emissions not just in diesel
engines but also in codited industries, tghlighting 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. Barreaul.e2820) point out that while SCR is a
potent process for removing NOx from diesel exhaust, its activity diminishes in lower temperature
ranges, specifically achieving onlycb0% efficiency between 200°C and 300°C. This limitation
highlights an area fquotential improvement and further research to enhance the technology's overall
efficacy.
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Carbon Capture, Utilization, and Storage (CCUS) is an approach to managing carbon dioxide (CO2)
emissions, a significant caitiutor to global warmingFigure 32 shows th&@@CUS encompasses various
technologies and methods for capturing £f@m sources such as fossil fuel power generation, natural

CQ wells, and industrial processes. Once captured, the €@ be eitherused 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 contimed use while mitigating environmental impacts. Volkart et al. (2013) provide a
guantitative assessment of CCUS's benefits, indicating that the implementation of Carbon Capture and
Storage can lead to life cycle greenhouse gas (GHG) emission reduct@8i8286 for fossil power
generation and 398% for cement production. These numbemphasizethe significant role that
Carbon Capture and Stocan play in transitioning to more sustainable industrial processes.

Furthermore, He et al. (2021) examine thenkéts of CQuitilization, particularly through the reverse
water-gas shift reaction, which converts £i6to syngas. This syngas can then be used for producing
liquid fuel and power, achieving an energy savings of 18.19% anetgdieecarbon emission reduction

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

(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 ninddlipa et al(Figure 2),
provide a comprehensive strategy for addressing &@fissions. 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 fpaint of industrial activities and contribute to global
efforts to combat climate change.

Carbon Capture and Utilization (CCU)
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Carbon Capture and Storage (CCS)

The work of Bui et al. (2018) delivers a comprehensive understanding of the current landscape and
future needs of Carbon Captungiilization and Storage (CCUS) technologies. These \islialtsively
highlight the stages of technology readiness, global deployment of commeceil 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 mks provide a list a range of negative emissions
technologies:a) Direct Air Capture it provides a mechanical solution with chemical aid§Soil
Carbon Sequestratioq it leverages agricultural practices) ¢ Biochar- it uses waste biomas<)
Enhaned Weathering (EW) it manipulates natural mineral processel Ocean Fertilization (OF)t
enhances biological sequestration in oceans, @nddirect ocean captureit uses chemical processes

to increase the ocean's natural absorption capacitbyese methods are at various stages of research,
development, and deployment, and they present promising avenues for reducing glob&vers,
which is critical in the fight against climate change.

The technology readiness levels (TRL) depict&yure33illustratesthe progression of various CCUS
technologies from concept to commercial deployment. Technologies like-quosbustion ionic
liquids, membranes for power plants, and ecgmbustion gas turbine (water cycle) are in varying
stages of developmenwith some reaching pilot plant stages and others still requiring demonstration
and refinement. Notably, postombustion adsorption and preombustion integrated gasification
combined cycle (IGCC) + CCS have advanced further, moving closer to comeadityial
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Current development progress of carbon capture, storage and utilisation technologies in terms of technology readiness level (TRL). BECCS =
bioenergy with CCS, IGCC = integrated gasification combined cycle, EGR = enhanced gas recovery, EOR = enhanced oil recovery, NG = natural gas.
Note: CO; utilisation (non-EOR) reflects a wide range of technologies, most of which have been demonstrated conceptually at the lab scale. The list of
technologies is not intended to be exhaustive.

Figure33: Technology Readiness Levels of carbon captaterage,and utilization technologiegsource:Bui et al., 2013

Regardinghe CQ capture capacity of commerciatale CCS projects worldwide, with clearldwide
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 evgluaioh defining projects,
indicating a global recognition of the importance of CCS in mitigating climate c(iéiggee 34)
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Fig.2 The CO, capture capacity of commercial-scale CCS projects
worldwide. The number labelled on each proportion of capture capacity
corresponds to the number of projects. Data from the Global CCS
Institute.*

Figure34: CQ capture capacity of commerciadcale CCS projects worldwide® of projects(source:Buiet al., 2018 data
from the Global CCS Instituje
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Bui et al. (20183lso identified key R&D needs to ensure tBehnology's viability and sustainability.

It includes the need for sustainable biomass feedstocks, the development of technical innovations t
increase efficiency and reduce emissions, the assessment of less mature technologies, and the
consideration okeconomic and policy frameworks encouragets deployment. Public perception is

also noted as a key area, suggesting a need for increasedyemgat 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 regtye emissions technologies (NETS) in climate mitigation
strategies. According to ARG, 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 giga¢és (IPCC, 2021). This
requirementemphasize the significance of modelled pathways that aim to cap warming at 1.5°C
above preindustrial levels with minimal or no overshoot, which project median cumulative net
negative emissions of 220 gigatonnes bydtkatury'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 no®£ 02 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.dBygdso, 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-teng climate goals (IPCC, 2023).
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Onshore power supply (OPS), also known as cold ironing, is a transformative approach for reducing

emissions from ships while docked. It involves connecting ships ttotiaé 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 greenhase gas (GHG) electric power. Nonetheless, as Olaniyi et al. (2022) argue,

the effectiveness of OPS in cutting @nissions estimated at about 25% directly from the vessels

is heavily dependent on the use of green electricity. The current lack of greetniatyg 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 @herely shifting emissions from ships to power plants if the

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

contributes genuinely to ecological improvements.

Ballini et al. (2015) emphasize the importarof 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 (£3)%. These figuresmphasizethe

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 differenghip designs.
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Hectrostatic 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 @vices ardmportant in mitigating particulate emissions in various settings, including power
plants and diverse industrial and manufacturing processes. Their operation is not only crucial for air
guality control but also for enhancing the performance afiiciency 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 mgg&1) 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 rptlaworek et al. (2018) emphasize the capability ofttage
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 micsaggesting 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 therdn points

to an opportunity for technologicahdvancements. 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.
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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 NOfmh by optimizing the combustion
process to reduce the formation of these harmful gases.-N@x burners achieve this through precise
management of the combustion environment, whereas OFA systems enhance the efficiency of
combustion, contributing to fuher 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 ovetire air (SOFA) technology could cut NOx emissions by over 50% irfidedvn
boilers, indicating a significant leap in performance and environmental impact mitigation. Similarly,
Archan et al. (2021) explored the efficacy of novel sswdle multifuel biomassgrate furnace
technology, documenting a notable reduction in NOx emissid8% for wood chips, 40% for wood
pellets, and 45% for miscanthus briquettewhen compared to conventional smaltale furnaces.

Furthermore, Yan et al. (2021) demonstrated that thategic adoption of middle flue gas
recirculation combined with top supplementary burnout air in a Circulating Fluidized Bed (CFB)

RAAMN Co-funded by
LN the European Union 65



WP2¢ D2.2
D M R A\,f Different transport modes and their sustainability

combustor led to a NOx reduction rate of 46.15%. This innovative appeyaphasizs the potential

for significant enviromental benefits through the thoughtful integration of combustion technologies.
Zhu et al. (2021) highlighted another profound achievement, where the implementation of- close
coupled oveffire air and separated ovdire air systems resulted in a substantOx reduction of
70.2%, achieving emission levels as low as 217 mg/m3.
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Thermal oxidizers, also known as thermal incinerators, are critical systems designed to address
pollution by treating exhaust streams laden with volatile organic commgls (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 processinstrumental 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 @iminate up to 50% of nitrogen oxide, thereby contributing

to the reduction of greenhouse gas emissions in the atmosphere. This capahiliasize the
importance of thermal oxidizers in combating air pollution and climate changgarallel, Rogalest

al. (2021) introduce the Allam cycle as a novel approach to reducing CO2 emissions. This closed
thermodynamic cycleises oxyfuel combustion to achieve a remarkable net efficiency of 51.4%. The
integration of such cycles in industrial processes carifgigntly enhance the efficiency of emission
reduction efforts, markingn advancement in environmental technologyoreover, Suratwala et al.

(2022) propose improvements to aftdreatment systems to achieve even greater efficiencies,
suggesting that its possible to extract 90% or more efficiency from these systdrsir review
outlinesseveral pollutant reduction methods, including exhaust gas recirculation (EGR), lean NOx trap
(LNT), diesel oxidation catalyst (DOC), diesel particulate filter (DRIF3ekattive 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.

This section outline§ K A N&n&r&y¥fficéent solutioris(Subsection 5.3.1nd sevemther measures

RS & A Iy suStanabilitgli KWNE dz3 K O 2 écfoss or@adlIrail Aagdy raaritime transport
(Subsection 5.3.2}he latter requiring furthercooperaton of stakeholderstransport modes, sharing
of resources or use of common digital methods to achieve the common goal of energy efficiency

Brenna et al. (2020provides apreviousreview on energy efficiencin transportation covering
railways, road and méainme modes the latter focusing on thelectrification ofpropulsion systemand
electrically drivenequipment (e.g., pumps, cranes, etdJlore recently, Rigogianniset al. (2023)
presents a review of green technologies for GHG reduction that are applicable to road transportation.
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The emergence of Dynamic Wireless Power TransferRDVnd Inductive Charging Roads (ICR) stands
out as a beacon of innovative technology. These cuttidge solutions are not just theoretical
concepts but are relevant in the shift towards more sustainable and efficient transportation models.
By integratimp DWPT and ICR into our transportation infrastructure, we can significantly diminish CO
emissions while concurrently boosting the energy efficiency of vehicle operations.

Bi et al. (2019) emphasize the environmental and operational efficiencies affoyd#ghlamic 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) batyerapacity 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 emphasizinghe 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 impr&sgite Bhis
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.

Shimzu 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 C@emissions by up to 62% in comparison to traditibinternal combustion vehicles. This
reduction is a testament to the sustainability and consumer appeal of D&§Ripped passenger
vehicles, marking a significant step forward in the pursuit of a more sustainable future.
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The integration of energy harvesting technologies such as shock absorbers and thermoelectric
generators (TEGS) into modern systems presengsoandbreakingapproach to enhancing vehicle
efficiency and reducing environmentahpact. These innovations capitalize on otherwise wasted
energyt be it from vehicle vibrations or temperature differential$o generate electricity, offering a
sustainable solution to reliance on fossil fuels.

Thermoelectric generators have emerged as messtone 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)hhititdig
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 Smerk effect presents a clean, efficient method of electricity
generation that complements the global shift towards sustainability.
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Kinetic energyrecovery 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. (2620) the impact of kinetic energy

recovery braking systems on fully electric vehicles, emphasizing their potential to exteind) ranges

significantly. By recovering energy that would otherwise be lost during braking, these systems not only
reduce the med 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 odenm 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 produan 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 capiph 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 @®itssions 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.
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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, reducegreenhouse 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 achievstargbility in this critical
sector. By adopting energgfficient refrigeration systems, the transport industry can make substantial
strides in improving its sustainability profile. The focus on leveraging advanced insulation and
compressor technologiesohonly 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 whiléasienusly embracing

a more sustainable operational model.
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Eco-driving involves the adoption of efficient drivilighaviours such as smoother acceleration and
deceleration, which not only enhance vehicle efficiency but also diminish environmiempact
through optimized fuel use and minimized carbon emissions. Barth, M., & Boriboonsomsin, K. (2009)
delve into the concept of dynamic ecliving, which leverages retime traffic sensing and telematics.
Their research indicates that such an apmioaan result in approximately 0% fuel savings and
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lower CQ emissions, without a significant increase in travel time. This approach exemplifies how
technology can facilitate eedriving in reaworld conditions, adjusting driving patterns dynamicaily
response to traffic conditions to maximize fuel efficiency.

Massar et al. (2021) present a compelling case fordgtnong and platooning, which together can lead
to a reduction in greenhouse gas (GHG) emissions by up to 35%. This significant denpresazes
the effectiveness of combining drivingehaviourmodification with technological advancements in
vehicular coordination and traffic management.

Coloma et al. (2017) provide previous evidence of the benefits oflgeimg, noting Cesavings 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 wdhileilego

is beneficial for the environment, it may slightly impact treeficiency.
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The implementation of despeeding strategies for trucks is becoming increasingly recognized as an
effective measure to reduce fuel consumption and emissions, thereby contributing to environmental
sustainability and public dalth. Despeeding involves lowering the maximum allowed speeds for
heavyduty 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 mayhsvastially affect

the emissions of most classic pollutants, they have a consistent and positive effect on reduging CO
emissions and fuel consumption for trucks. This highlights the potential of regulatory speed limits as a
straightforward means of contruting to environmental goals.

Further emphasizing the impact of @peeding, 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
CQ emissions and an even nmisubstantial 43% decrease in NOx emissions. These reductions can
contribute to better air quality and lower the overall environmental impact of freight transport.

OsorioTejada et al. (2018) outline the quantitative details of howsgeeding can influemcenergy
consumption and emissions. They suggest thaspeeding 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 aneed relationship between dgpeeding and fuel
efficiency, which can vary with operational conditions. Pan et al. (2019) provide a broader perspective
on the benefits of despeeding, linking it to public health and economic advantages. According to their
research, despeeding 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 policidzerreira et al. (2020) quantifile environmental and resource
consumption impact of dspeeding, 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 hyp 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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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
Machi et al. (2017) describe a tool designed to optimizeasniable 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 onlybenefits 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 angdédiissions, they might lead

to increases in other pollutants such as carbon monoxide, nitrous oxides, and hydrocarbons by up to
150%. This highlights the complex traoiés that must be considered when optimizing routes for
speed and efficiencyschroder eal. (2019) examine the concept of efsiendly 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, suggestingothamie
factors must be balanced against environmental benefits in route optimizaftiorther emphasizing

the potential of intelligent systems, Nguyen et al. (2021) present a swarm intelligerssal traffic
optimization framework. Their findings indicatinat this framework can reduce average fuel
consumption and emissions by-19% and cut down average trip duration by2®8%, showcasing the
significant impact of advanced computational techniques in transportation. Macedo et al. (2020)
contribute to theresearch field by discussing a muhjective traffic assignment approach that yields
savings in distanceavelled (2.6%) and emissions (1.3% for.@@d 1.1% for NOx). However, they
note a tradeoff, as this approach penalizes travel time by 3%, requitinan average increase of 20
seconds per vehicle. This emphasizes the importance of balancing various objectives in route
optimization to achieve the best overall outcomesachieve sustainability
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The shipping industry has beeactively 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 contenicsigihjf
influence the emissions from ships. Emission factors for different engine types show that, for main
engines (ME), slowpeed diesel (SSD) emits 620 g/kWh of CO2, whiledpigld diesel (HSD) emits
686 g/kWh. Auxiliary engines (AE) and boilerskikhigher 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 thesulphurcontent further indicate that using fuels with lowsulphurcontent can
redue SO2 emissions. For instance, residual oil (RO) with 1sG¥ur content has a correction
factor for SO2 emissions of 0.56, while marine distillates (MD) with only Gsi@¥tur content can
reduce SO2 correction factors to as low as 0.04 (Weng et aD) 202

A promising approach to reduce emissions is slow steaming, a practice that involves operating vessels
at lower speeds. This technigue not only reduces fuel consumption but also diminishes emissions of
CQ, CH, NyO, and Black Carbon (BC), contributing to a better ship's Carbon Intensity Indicator (ClI)

rating. It shall be noted that the ClIl is a rating system for ships developed by the IMO. Through slow
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steaming, the shipping industry aims to achieve @@uctiontargets of 40% by 2030 and 50% by 2050
(Zincir, 2023).

Table 24 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 spkeodtsf 11
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 reducinggeme load and speed leads to longer voyage durations.
Figure 3 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 nhoticeable decrease
in emissions of GON:O, CH, and BC, aligning with the reduction in engine load and ship speed.

Scenario cases Main Ship Voyage
engine load [%]speed [knots] |duration [days]
S1 75% 11 65.3
S2 38% 8.3 84.9
S3 27% 7.3 98.8
S4 19% 6.3 114.5
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Furthermore, the cumulative percentage of ship emissions under different operating conditions and
engine emissions highlights the impact of operational strategies and engine selectiomecall
emissions. Berthing, anchoring, manoeuvring, séd@aming, and normal cruising contribute variably

to emissions of different pollutants like @O, HC, NOx, and.S8imilarly, the type of engine (ME,
AE, or Boiler) also determines the cumulatemissions profile (Weng et al., 2020), as illustrated in
Tables 2, 34 and Figure 36
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To complement oprational strategies like slow steaming, the industry also uses indices such as the
Energy Efficiency Design Index (EEDI) and the Energy Efficiency Operating Injenf€Badiders
Market-Based Measures (MBMs) like emissions trading schemes and ctb@roposals. These
measures are designed to promote greener shipping by incentivizing the design and operation of more
energyefficient vessels.

The interaction of various measures impacting shipping emissions has been conceptualized by Fan et
al. (202}, who provideda structural analysis (Figure )3@f 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 shipgimgssions and environmental quality.
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