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[Tepuinmtikd AnOcTOGHLO

H mpocappoyn g Zopeoviag tov Ilapioiov to 2015 kot ot deGUELOEIS TOL
axolovOnoav Vv apykn Tpascn, ekepdlovy amdAvta TNV evaicincia g TayKOoHLG
KOWOTNTOG o€ BEUATA TTOL AUPOPOVV TIG OPAGELS Y10 TO KA KO TNV OVTIIHETMTIOT TOV
EMNTOGE®V NG LIEPBEPLOVONG ToL TAaviTn. H viomoinom tov 61dywv mov €0nKav
ané 1 ovuPaon-miaicio twv Hvopévov EBvav yio tig kApoatikéc petofoléc
(UNFCCC) omattel Tov eKTETOUEVO EMAVAGYEIIGUO TOV EVEPYELNKADY GUOTNUATOV,
NG VOTIALNG, TOV LETAPOPOV KAl TNG KOTAVIAMGNG EVEPYELAS, TO Omoia ENMNPEALoVV
TO UEYOAVTEPO HEPOG TNG avOpmdmvng dpaoTnpotnTag Kot petacynuotilouv
CUUTEPIPOPA TOV KATAVIADTMOV TAYKOGHIMG.

Ot moykoopieg cmpevtikég mpoondbeies edpaimwaoay T onuacia g otoyodétnong yu
undevikég avBpomoyeveic ekmounéc €mg to 2050. 1o mhaiclo avtd, o Jdebvig
pLOUGTIKOG Popéag TG vauTidiag IMO (Aebvig Navtihakog Opyaviopog) £xet Béaet
g 6100 TN Heimon ToV ekmoundv acpinv Tov Oeppoknmiont katd 50% g to 2050,
EMOLDKOVTOG TOPAAANAL LEIMGT TNE TUKVOTNTOC EKTOUTMV AvOpaka oV LETOPOPIKO
épyo xatd Tovidyotov 40% £mc to 2030, ctoxevovtag o peimon katd 70% éwg To
2050. T v enitevén avtdv TV o1o)0V, 0 IMO glonyaye po TeVIKY amaitnon -
tov Agiktn Evepyelaxng Amodoong Yeiotapevov [Thoiov (EEXI) - otov veiotdpevo
evepyd OTOAO Kol Lo avaAOYT| Omaitnon Kotd T (Aot GYESCHOD TOV VEOIUNTOV
mholov, tov Acgiktn Xyedwowouov Evepyelokng Amddoong (EEDI). H devtepn
VOUOOETIKN TPAEN EMKEVIPMOVETAL GTNV EMYEPNOIOKTY 0EI0TOINGT TOV TOYKOGUIOV
OTOMOVL EC® €VOG eMLTEVYDEVTOG ETNGIOV EMYEPNCLOKOD dgikTn Evtaong GvOpoka,
yvootov g Agiktn ‘Evtaong AvBpaka (CII). Topddiinia, 1 TpodToom Yo, ETEKTOOT
TOV eSOV EPAPLOYNS TOL GLOTHHATOG eumopiag ekmoun®dv G EE dote va kaAidmtet
T1G Boldooieg peTapopés, SoTLTMONKE Kol EMKVPMONKE 68 GHVOSO TNG OAOUEAELOG
tov Evponaikod Kowvofoviiov vopitepa avtd to kalokaipt.

H paydaio €£€MEN T@V pLOOCTIKOV GUVOHIAM®Y, HE GTOYO TNV EMTAYLVON NG
evepyelokng peTaPacng Tov KAGdov, dnuovpyel avEoavopevo evilopEpov Yo
povtehonoinorn kot oE0AGYNOoT EVOALOKTIKOV EVEPYEIOKMV 00DV GTI VOUTIAMA.
AxolovBdvtog avtn v Téom, TOAAA evolapepoOueva HEPN €xouv EEKIVIOEL TNV
oyediaon mhacsiov ko uebodoroyidv a&loAdynong tov kKikAov (oM TOV EKTOUTOV
TOV EVOAMOKTIKOV TNYOV KOoipov, kabdg mapdAinia €xovv €dpaidoel gvpeieg
OULVEPYOGIEG YIOL TN S1EPEVYNON KL TNV OVATTUEN VEDV 0AVGIOWMY EPOOLOGLOD Y10 TIG
EVOALOKTIKEG TNYEG EVEPYELNG. XTO TAIGIO OVTO, Ol EVOALAKTIKEG ADGELS KOVGIU®Y
alohoyovvior Pdost dwpopwv  Kputnpiov  Proodtrag oe  Ppayvrpdbecpo,
peconpdfeopo kot paxponpobecpo opilovra. [ v avTipHeT®TON 0VTOD TOL
TOALTOPAUETPIKOD TPOPANUATOG, EXEL EMAEYEL 1 YPTON TOAVKPLTNPLUK®OV PeBOd®V
vrootpiEng amopdoewv (MCDM) , wg évag amoteheopatikds Tpodmog KaBodynong
TOV VIELOHVOV Yo TN ANYT ATOPACE®V, TOPEYOVTAG TAPGAINAX Kot uio, eEEAyHév
dwadkacio emthoyng. A&lomolmvtag EAMTELG TANPOPOpPIEg OYETIKA UE T PapbTnTa TV
kpunpiov, eetdlovtal OlPOPETIKA GEVAPLD, GOUPMOVO, UE TNV  EKTETAUEVT
uebodoroyio VIKOR yia v a&toddynon g pesompdbeoung Kot pokpompdbeoung
BlocudTTog TOV EVOAAIKTIKOV KOUGipmv mAoiov. H pedétn emkevipmdveTal o€ Tpelg
KOpleg Katnyopieg kavoipwv. ITo cvykekpipéva, e€etdalovtar ol EVIALOKTIKEG AVGEL
KoVGipOV BloAoyikng Tpoéhevorg, Omws eivat to frovtilel, To vypomompévo Proaéplo
/ Bo-LNG o1 n BropeBavorn, ta cuvBetikd kavoiua pe faorn tov dvBpaka, 0nmg ival

! TInym: Adoption of the initial IMO strategy on reduction of GHG emissions from ships and existing
IMO activity related to reducing GHG emissions in the shipping sector, MEPC 72, 2018
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N NAextpovikn peBavoin kot to niextpoviko pedavio, pali pe Tig EVOALOKTIKEG ADCELG
mov dev Pacilovral otov dvBpaka, OTMG ival TO VYPOTOINUEVO TPAGVO VIPOYOVOL
Kot 1 ouvleTikr|  appmvio. Ta kprple KoAOTTOLV  €va €upd  QACUA,
GUUTEPIAAUPOVOLEVOV TMV OWKOVOULK®V, TEPPUALOVIIKOV £MOOGEDY, KAODS Kot
LETPIKOV 7OV oyeTilovIonl HE TNV OCEAAEN KOl TNV KOW®MVIKY OT0d0YN TOV
eEVOALOKTIKOV AVcewv. Bdoel tov mioiciov otdBuiong tov kpunpiov pe ypron
acfevav avicotnTeV, TPpokLITEL 1| sLUPPacTIK) AVon 1| T0 GUVOAO cLUPIPacTIKOY
AOoemy. Algpeuvmvtog OPOPETIKA oevapla otabong kpitnpiov, egetaletal 1
gupwotio TG EMA0YNG pall pe v mbovi cUYKAGT TOV GEVAPI®V Kot TNV evaicincia
NG 01001KacT0G ANYNG ATOPAGEDY T GLYKEKPIUEVT EQAPLOY.

Sustainability of alternative marine fuels:
Extended VIKOR method using incomplete criteria weights application



Abstract

The adaptation of the Paris Agreement in 2015 and the pledges following the initial
act, have captivated the appeal of global community to recognize the importance of
climate action and address the growing concern over the effects of global warming.
Actualizing the targets set by the United Nations Framework Convention on Climate
Change (UNFCCC), require vast redesigning of energy systems, shipping, transport,
and energy consumption affecting most of the human activity and transforming
consumers behaviour worldwide.

Global cumulative efforts solidified the importance of reaching net zero emissions by
2050. In this respect, the international regulatory body of shipping IMO (International
Maritime Organisation) has set the target' of cutting GHG emissions by 50%?2 by 2050
while pursuing a reduction on carbon intensity per transport work by at least 40% by
2030, targeting a 70% reduction by 2050. To achieve these targets, IMO introduced a
technical requirement, namely Energy Efficiency Existing Ship Index (EEXI), to the
existing active fleet and a similar requirement at the design phase of newly built vessels,
the Energy Efficiency Design Index (EEDI). The second legislative act focuses on
operational utilization of the global fleet through an attained annual operational carbon
intensity indicator, known as Carbon Intensity Index (CII). In parallel, the proposal to
extend the scope of the EU’s Emissions Trading System to cover maritime transport,
has been adopted at a plenary session of European parliament earlier this summer.

The rapid development on regulatory talks, targeting the acceleration of the sector’s
energy transition, creates a growing interest in modelling and evaluation of alternative
pathways in shipping. Going down that path, many stakeholders have initiated
evaluation frameworks, life cycle assessment methodologies and broad coalitions on
exploring and developing supply and value chains for alternative energy sources. In
this scope, fuel alternatives are evaluated under several sustainability criteria for their
short-, mid- and long-term potential. To address this multi-parametric problem, a multi-
criteria decision making (MCDM) framework has been selected, at this study, as an
effective way to navigate decision makers and provide a sophisticated selection
process. By utilizing incomplete information on criteria weights, different scenarios are
evaluated under the extended VIKOR methodology to assess the mid- and long-term
sustainability of marine alternative fuels. The study focuses on three main categories
of fuels. The bio-origin fuel alternatives, biodiesel, liquified biogas/ bio-LNG and bio
methanol; the synthetic carbon-based fuels, e-methanol, and e-methane, along with the
non-carbon-based alternatives of liquified green hydrogen and the synthetic ammonia.
The criteria cover a broad range of aspects, including economic, environmental, safety
and social performance of the alternatives, under the weak inequalities’ criteria weights
framework, to conclude to the compromise solution or set of solutions. Exploring
different criteria weighting scenarios, the robustness of selection is examined along
with the convergence potential and the sensitivity of the decision-making process at
this particular application.

2Source: Adoption of the initial IMO strategy on reduction of GHG emissions from ships and existing
IMO activity related to reducing GHG emissions in the shipping sector, MEPC 72, 2018
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Climate Actions: Global Warming Targets and Trajectories

International community has recognized the importance of climate action, as the effects
of global warming are now more evident. Within this scope, the United Nations
Framework Convention on Climate Change (UNFCCC) adopted the Paris Agreement
in 2015 (United Nations Climate Change, 2015), pledging to take on increasingly
ambitious targets aimed at stabilising and then sharply reducing Greenhouse Gas
(GHG) emissions. To stay in line with the Paris Climate Agreement Goals average
global temperature rise is to be limited to below 2° C, while the stretch target is to limit
the increase in average global temperatures to 1.5 °C, against the pre-industrial levels.
Fulfilling this target requires focusing all efforts towards reaching net zero emissions
by 2050 and necessitates a complete transformation of energy production, consumers
behaviour, shipping, transport, and energy consumption affecting the majority of
human activity worldwide.

During COP26 (United Nations Climate Action, 2021), concluded in November 2021,
where almost 200 countries were represented, an agreement has been achieved on the
roadmap of climate action and the global goals of accelerating action on climate this
decade, materialised by issuing the Glasgow Climate Pact. The agreement and the
pledges made, have the objective of limiting the rise in global temperature, creating the
framework required by the Paris Rulebook. The agreement is based on four main
pillars.

The Nationally Determined Contributions (NDCs) and the commitments made (United
Nations Climate Action, 2021) cover 90% of world GDP, with many countries putting
forward new emissions targets for 2030. To deliver on these stretching targets,
commitments from representatives were made to move away from coal power, the most
harmful energy source in terms of climate impact. To manage consumption of carbon
intensive energy sources, focus has been given in switching energy tense industries and
human activities to electrification and cleaner energy supply. The acceleration of the
uptake on electric vehicles was agreed, as transport is one of the sectors consuming
high percentage of total energy consumption as shown at Figure 1 and is heavily relying
of fossil fuels. Limiting deforestation and gradually reversing the trend was also agreed
in principle, while a new objective on reduction methane emissions was raised.

10
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SHARE OF TOTAL FINAL ENERGY CONSUMPTION
(TFC) BY SECTOR, WORLD 1990-2019
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Figure 1: Share of total final energy consumption (TFC) by sector

Source: IEA Energy and Carbon Tracker (2020)

Adaptation actions and increased preparedness against climate risks on global level
have been discussed, strengthening effort to deal with climate impacts, resulting in the
Adaptation Communications or National Adaptation Plans covering 80 countries from
which, 45 plans were submitted over the last year. Commitment to doubling adaptation
finance by 2025 compared to 2019 budget is considered a milestone as for the first
time, specific financing goal has been agreed globally. To narrow the financial gap,
access to finance and partnerships between countries is essential in global efforts to
mitigate the differences between developed and developing countries.

Financial transition is recognized as an essential target. Developed countries have made
progress towards a $100 billion climate finance goal which, according to the initial
planning, this target is to be reached by 2023. In respect to this, vital fund structures
have been developed, such as the Least Developed Countries Fund, to support the
transition in countries lacking the financial access. As the target is global, tackling
climate risks is only effective when all countries have the necessary tools available.
During the last COP meeting, 34 countries and five public finance institutions have
decided to limit international support for the unabated fossil fuel energy sector in the
years to come, which essentially is redirecting investment of the energy sector to
cleaner modes. In a similar scope, private financial institutions, central banks, and
individual investors, through Environmental Social and Governance (ESG) indexing,
are moving to realign funds at the range of trillions of dollars towards global net zero
emissions.

Collaborative work between governmental entities, public and private businesses and
society will help delivering on climate commitments and pledges. Critical for such
collaboration is the agreed framework. At COP26, in continuation to the Paris
Rulebook, a common reporting system of emissions has been agreed, providing a new

11
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mechanism for standardisation of international carbon markets assessing climate
impact and providing timeframes for emissions reductions targets.

Decarbonisation of the Shipping Sector

Global cumulative efforts solidified the importance of reaching net zero emissions by
2050. In this respect, the international regulatory body of international shipping IMO
(International Maritime Organisation) has set the target of cutting GHG emissions by
50% by 2050, while pursuing a reduction on carbon intensity per transport work by at
least 40% by 2030, targeting a 70% reduction by 2050. However, the targets set by
IMO fall short at the full decarbonisation of the sector by 2050. Thus, international
agencies (IEA, 2021) have issued reports highlighting the importance of additional
policies to reduce carbon intensity of shipping activities and further incentivise the
adoption of low- and zero-carbon fuels, while developing the technologies for
oceangoing vessels.

Identifying this regulatory gap, the international community, during COP26, urged
shipping community to accelerate efforts through the Declaration on Zero Emission
Shipping, which calls on the International Maritime Organisation to align its targets
with full decarbonisation by 2050.

The declaration, signed by 15 member states, requests IMO to regulate more strictly
greenhouse gas emissions and ensure that the regulatory framework facilitates
decarbonisation initiatives in the industry. The declaration highlights the importance of
broad international collaborations from all members of the value chain, both on a
governmental and private level, to develop new green technologies and to ensure that
a critical mass of zero-emission ships is on the water by 2030, placing shipping on the
required pathway to full decarbonization by 2050, while adopting the short, mid and
long term measures to help achieve this goal (COP26, 2021).

Regulations of the International Maritime Organisation

The current commitment of IMO addressing the climate change is illustrated by the
implementation of Sustainable Development Goals, while the initial IMO strategy on
reduction of greenhouse gas emissions was adopted in April 2018, providing the targets
mentioned on the reduction of carbon intensity per transport work and the total
greenhouse gas emissions by 2050.

Marine Environment Protection Committees (MEPC) is the broader legislative body of
IMO, which incorporated all emissions and climate related aspects of the regulations,
providing the guidelines to the global shipping community. The first mandatory
measure for climate mitigation was introduced ten years ago, and all the efforts have
been developed and adopted through the years, through this framework. In June 2021,
MEPC 76 adopted measures and provided short-term targets for the reduction of carbon
intensity. This was done through two different legislative acts.

Energy Efficiency Design Index (EEDI) and Energy Efficiency Existing
Ship Index (EEXI)

The first one focuses on the technical aspects of the active fleet and the vessels to be
built in the current decade. This measure introduces new requirements on the energy
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efficiency certificate of all vessels, through an index, the Energy Efficiency Design
Index (EEDI) or the Energy Efficiency Existing Ship Index for the currently active
vessels.

Starting for the vessels under construction and the future orders, an energy efficiency
improvement on the designed operational point is required. Essentially, the measure
focuses on the carbon emissions at the maximum summer load line per nautical mile,
thus the carbon emissions at the maximum design transport work. This regulation was
introduced in different phases, with gradually stricter requirements, per vessel type,
against a reference value per vessel segment provided by IMO (MEPC.328(76), 2021).
Table 1 provides the reduction factors for the EEDI against the reference for each phase
and the provided timeline.

Ship Type Size "Phase "Phase "Phase 2" | "Phase 2" | "Phase 3”1 | "Phase 3"
0"1lJan | 1"1Jan | 1Jan 1Jan Apr 2022 1Jan
2013 -31 | 2015 - 2020-31 | 2020 -31 and 2025 and
Dec 31 Dec Mar 2022 | Dec 2024 | onwards onwards
2014 2019
Bulk carrier 20,000 DWT and 0 10 20 30
above
10,000 and above n/a 0-10 0-20 0-30
but less than
20,000 DWT
Gas Carrier 15,000 DWT and 0 10 20 30
above
10,000 and above 0 10 20 30
but less than
15,000 DWT
2,000 and above n/a 0-10 0-20 0-30
but less than
10,000 DWT
Tanker 20,000 DWT and 0 10 20 30
above
4,000 and above n/a 0-10 0-20 0-30
but less than
20,000 DWT
Containership | 200,000 DWT and | O 10 20 50
above
120,000 and above | O 10 20 45
but less than
200,000 DWT
80,000 and above 0 10 20 40
but less than
120,000 DWT
40,000 and above 0 10 20 35
but less than
80,000 DWT
15,000 and above 0 10 20 30
but less than
40,000 DWT
10,000 and above n/a 0-10 0-20 15-30
but less than
15,000 DWT
General cargo | 15,000 DWT and 0 10 15 30
ships above
3,000 and above n/a 0-10 0-15 0-30
but less than
15,000 DWT
Refrigerated 5,000 DWT and 0 10 15 30
cargo carrier | above
13
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3,000 and above n/a 0-10 0-15 0-30
but less than 5,000
DWT
Combination | 20,000 DWT and 0 10 20 30
carrier above
4,000 and above n/a 0-10 0-20 0-30
but less than
20,000 DWT
LNG carrier 10,000 DWT and n/a 10 20 30
above
Ro-Ro cargo | 10,000 DWT and n/a 5 15 30
ship (vehicle | above
carrier)
Ro-Ro cargo 2,000 DWT and n/a 5 20 30
ship above
1,000 and above n/a 0-5 0-20 0-30
but less than 2,000
DWT
Cruise 85,000 GT and n/a 5 20 30
passenger above
ship (having 25,000 and above n/a 0-5 0-20 0-30
non- but less than
conventional 85,000 GT
propulsion)

Table 1 : Reduction factors (in percentage) for the EEDI relative to the EEDI reference line
(MEPC.328(76), 2021)

The reference lines are provided in the same regulations. An exponential equation is
used for calculating the reference while the parameters of the equation depend on the
category and deadweight (DWT) of each ship.

Similarly, the Energy Efficiency Existing Ship Index for the currently active vessels
(EEXI), is a fixed reduction of carbon intensity per transport work for each vessel type
against the EEDI reference. This index is calculated in the same way as EEDI, but the
reduction factor is fixed and need to be implemented on all vessels requiring a
corrective action to technically limit carbon intensity at the design condition. The table
below provides the reduction factor against the EEDI reference for each ship type
(MEPC.328(76), 2021).

Sustainability of alternative marine fuels:
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Ship Type Size Reduction
factor

Bulk carrier 200,000 DWT and above 15

20,000 and above but less than 200,000 DWT 20

10,000 and above but less than 20,000 DWT 0-20
Gas Carrier 15,000 DWT and above 30

10,000 and above but less than 15,000 DWT 20

2,000 and above but less than 10,000 DWT 0-20
Tanker 200,000 DWT and above 15

20,000 and above but less than 200,000 DWT 20

4,000 and above but less than 20,000 DWT 0-20
Containership 200,000 DWT and above 50

120,000 and above but less than 200,000 DWT 45

80,000 and above but less than 120,000 DWT 35

40,000 and above but less than 80,000 DWT 30

15,000 and above but less than 40,000 DWT 20

10,000 and above but less than 15,000 DWT 0-20
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General cargo ships 15,000 DWT and above 30
3,000 and above but less than 15,000 DWT 0-30
Refrigerated cargo carrier 5,000 DWT and above 15
3,000 and above but less than 5,000 DWT 0-15
Combination carrier 20,000 DWT and above 20
4,000 and above but less than 20,000 DWT 0-20
LNG carrier 10,000 DWT and above 30
Ro-Ro cargo ship (vehicle carrier) 10,000 DWT and above 15
Ro-Ro cargo ship 2,000 DWT and above 5
1,000 and above but less than 2,000 DWT 0-5
Cruise passenger ship (having non- 85,000 GT and above 30
conventional propulsion) 25,000 and above but less than 85,000 GT 0-30

Table 2: Reduction factors (in percentage) for the EEXI relative to the EEDI reference line
(MEPC.328(76), 2021)

Vessels impacted by EEXI, meaning the vessels whose EEXI score do not meet the
expected reduction against the reference, must demonstrate compliance by their next
survey — annual, intermediate or renewal — for the International Air Pollution
Prevention Certificate (IAPPC), or the initial survey before the ship enters service for
the International Energy Efficiency Certificate (IEEC) to be issued, whichever is the
first on or after 1 January 2023.

Carbon Intensity Index (CII)

The second legislative act focuses on operational utilization of the global fleet through
an attained annual operational carbon intensity indicator, known as Carbon Intensity
Index (CII). Starting from 2023, after the end of each calendar year the annual
operational CIlI shall be calculated over a 12-month period from 1 January to 31
December for the preceding calendar year, using the data collected in accordance with
the framework provided under the regulation 27 of MARPOL Annex VI, on the
collection and reporting of ship fuel oil consumption data. Similarly with the technical
indexes, IMO developed the required annual operational carbon intensity indicator
references per vessel category. The rolling target, with stricter requirements against the
reference for each year to ensure continuous improvement, is now agreed to be 2%
improved per year till 2026. Within the current framework, each vessel is to be assigned
with an energy efficiency rating per year.

The attained annual operational ClI is to be documented after being verified against the
required annual operational CII target to determine an operational carbon intensity
rating A, B, C, D or E indicating a major superior, minor superior, moderate, minor
inferior, or inferior performance level, respectively.

Based on this rating, corrective actions are required for ships rated as D for three
consecutive years or rated as E, for one year. A plan for corrective actions to achieve
acceptable rating in the future is required and the Ship Energy Efficiency Management
Plan (SEEMP) shall be reviewed to reflect the plan of corrective actions.

IMO, as the global regulatory body in shipping, develops a binding framework that
applies to the world fleet and is enforced globally, providing equal terms without
distorting any specific trade flow, as it may happen through regional legislations. The
global framework provides assurance that carbon leakage is avoided and that the risk
of sub-optimal shipping in certain parts of the world is avoided. However, Member

15
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States are encouraged, within the IMO framework, to take action to develop and update
voluntary National Action Plans (NAP) with a view to contributing to reducing GHG
emissions from international shipping by supporting actions at national level.

European Union Regional Legislation in the Context of
“Fit for 55 — European Green Deal

The regional imbalance of the political act on climate, has resulted in the development
of regional regulation or preferably, initiated discussion on an accelerated action plan
compared to the IMO framework.

European Union has published its update to the green deal, known as “Fit for 55 in
reference to the 55% reduction in carbon emissions targeted for 2030. The proposals
are intended to enable the acceleration of greenhouse gas emission reductions in the
next decade, including shipping, with a combined set of measures (European
Commission, 2021).

Firstly, the inclusion of shipping at the existing EU Emissions Trading System (ETS)
was introduced, while in parallel, tightening of the existing EU Emissions Trading
System (ETS) for all sectors.

The second target of European Union, which is reflected in the legislative work done,
is to increase the use of renewable energy, enhance greater energy efficiency and
accelerate the uptake of low emission transport modes. In this scope, the EU fuel
Maritime Regulation was developed and introduced into the discussion.

To achieve those goals, dedicated EU funds and incentives have been developed to
create the infrastructure and fuels supply chain to support this accelerated transition,
supported by an alignment of taxation policies with the European Green Deal
objectives; measures to prevent carbon leakage; and tools to preserve and grow the
natural carbon sinks.

Emission Trading System (EU-ETS)

EU ETS is the largest emissions trading system across multiple countries and multiple
sectors, established by the European Union in 2005. It provides a regulated system of
trading emissions credits across organisations, with a maximum number of allowances
available for purchase, within the scheme’s limits. Free allowances are distributed to
sectors based on their maturity to support a realistic transition to low carbon economy.
Initial auctioning for all sectors is the primary market for obtaining carbon allowances,
however, allowances are available, subject to trade, on a secondary market. Thus, the
price of the carbon allowance is decided based on the supply and demand law of the
market.

The latest proposal, released on 14 July 2021, extends the scope of the EU’s Emissions
Trading System to cover maritime transport. As described in the proposal, EU ETS is
to be applicable for the emissions under voyages within European Union, including any
emissions occurring at berth in any port under the jurisdiction of EU and half of the
emissions of any voyage which includes an EU port, either as port of departure or port
of arrival. The obligation to surrender allowances in the maritime transport sector is
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gradually phased-in over the period 2023 to 2025, with shipping companies having to
surrender 100% of their verified emissions as of 2026 (European Commission, 2021).
The monitoring and reporting rules, as well as verification and accreditation rules laid
out shall be following the Regulation (EU) 2015/757, which is an older legislation on
the monitoring, reporting and verification of carbon dioxide emissions from maritime
transport, similar but not the same as IMO’s Data Collection System (regulation 27 of
MARPOL Annex VI).

The target of EU ETS is rolling, following a linear reduction factor of 4,2 % from the
year following the entry into force of this Directive amending the ETS Directive. The
increased linear reduction factor is combined with a one-off downward adjustment of
the cap so the new linear reduction factor has the same effect as if it would have applied
from 2021. This ensures that the overall quantity of allowances (‘cap’) will decline at
an increased annual pace resulting in an overall emission reduction of sectors under the
EU ETS of 61% by 2030 compared to 2005. In addition, from the year following entry
into force of this Directive, the cap is to be increased by the number of allowances
corresponding to the maritime transport emissions derived from data from the EU
Maritime transport Monitoring Reporting and Verification system for the years 2018
and 2019, adjusted, from year 2021, by the linear reduction factor.

The proposal suggests a phase-in plan for maritime transport, in which Shipping
companies (ongoing discussions to extend liability to commercial operator) shall be
liable to surrender allowances according to the following schedule®:

20% of verified emissions reported for 2023
45% of verified emissions reported for 2024
70% of verified emissions reported for 2025

100% of verified emissions reported for 2026 and each year thereafter.

Non-compliance with the EU ETS scheme shall have considerable implications on the
company’s assets and business operations. Shipping companies failing to surrender
allowances for two or more consecutive reporting periods, could face an expulsion
order against the ships under their management. This could lead in assets being
detained by the Member State the ship is flagged in (for the ships/assets flagged under
a Member State) or denied entry into a port under the jurisdiction of a Member State.

Similar schemes have been introduced in other regions, such as the United Kingdom,
having its own independent emissions trading system, known as UK ETS. Review of
the current proposal by the European Commission is to be considered in the case of
the adoption by the IMO of a similar market-based measure to reduce greenhouse gas
emissions from maritime transport, achieving the goals set by EU on the trajectory of
the accelerated emissions reduction and decarbonisation of the sector.

Fuel EU Maritime

Maritime transport is an essential component of European Union’s trade, responsible
for most of the EU’s external trade and contributing significantly to EU’s internal trade,
proving critical for the economic prosperity of the region. As maritime transport is an

3 (European Commission, 2021)
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international service network, not bound to EU shipowners and operators, a level
playing field is essential. This fact is recognised by the European regulators and is
reflected in all attempts to regulate the industry. The EU 2030 Climate Target regarding
shipping sector is founded in two basic components. Energy efficiency improvement,
which is mainly addressed under the macro perspective approach of EU-ETS, followed
by the uptake of cleaner types of fuels, which is addressed through the Fuel EU
Maritime proposal.

Currently, the maritime sector relies almost entirely on fossil fuels. Through the
Climate Target Plan (European Commission, 2021), the goal is to increase the
renewable share of fuels in the sector and to develop electrification facilities, providing
the option of supply of shore power. In parallel it encourages the uptake of advanced
biofuels and other renewable and low carbon fuels, focusing on a hydrogen based
synthetic fuel future market structure, which is evaluated as critical for the
decarbonisation of energy intensive, hard to abate sectors, such as shipping and
aviation.

The Fuel EU Maritime initiative (European Commission, 2021) proposes a common
EU regulatory framework to increase the share of renewable and low-carbon fuels in
the fuel mix, while trying to minimize the effect that such regulation could have at a
regional level avoiding the creation of barriers to the EU market. Distortion of the
global competitiveness between operators flagged in different countries, active on
different trading routes and diversion of trade routes are particularly relevant to fuel
requirements since fuel costs is a substantial share of ship operators’ costs. Indicatively,
dependent on the fuel prices and operating speeds fuel costs could make up to around
35% of the freight rate of a small, low speed vessels to around 55% for high-speed
trades (e.g. containerships). As a result, any regional variation in fuel prices could
significantly affect the profitability of operators, pushing them on other trade routes.

To effectively apply measures on all the activities of the maritime transport sector, the
target of the regulatory proposal in question, covers a share of the voyages between a
port under the jurisdiction of a Member State and port under the jurisdiction of a third
country, similarly with EU ETS. Namely, it applies to half of the energy used by a ship
performing voyages arriving at a port under the jurisdiction of a Member State from a
port outside the jurisdiction of a Member State and half of the of the energy used by a
ship performing voyages departing from a port under the jurisdiction of a Member State
and arriving at a port outside the jurisdiction of a Member State. The entirety of the
energy used by a ship performing voyages between ports under the jurisdiction of
Member States is being considered. Lastly, the energy used at berth in a port under the
jurisdiction of a Member State is fully considered as energy consumption under the
Fuel EU Maritime scheme. As such regulation is limited to specific trading routes and
creates concerns on regional level, Commission is to review this regulation in view of
aligning it to the international rules when consensus is reached in a global approach
regarding the matter.

Measuring environmental performance of various energy sources, potentially
applicable to shipping, the proposed policy framework, follows the “well-to-wake”
approach as it considers all emissions, including the combustion of fuel on board the
ship, the upstream emissions from production, transport, and distribution of fuels. The
target is to establish the methodology and the formula that should apply to calculate the
yearly average greenhouse gas intensity of the energy used on-board by a ship. In this
respect, a verification process and certification of alternative fuels and their
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environmental performance is being developed under the (Directive (EU) 2018/2001,
2018).

The greenhouse gas intensity of the energy used on-board by a ship is calculated in
terms of grams of carbon dioxide equivalent (other pollutants are also being
considered) per MJ of energy.

A reference is to be selected, based on the current greenhouse gas intensity of the
energy sources used onboard with the regulation providing concrete targets of gradual
reduction, per year according to the below percentages (European Commission, 2021):

-2% from 1 January 2025

-6% from 1 January 2030

-13% from 1 January 2035

-26% from 1 January 2040

-59% from 1 January 2045

-75% from 1 January 2050 onwards.

Managing compliance balanced has created a relatively complex framework. Any
compliance surplus for any reporting period exceeding the targets of the regulation,
could be used at the same ship’s compliance balance for the following reporting period.
Similarly, when a ship has a compliance deficit for any reporting period, the
responsible party has the option to borrow an advance compliance surplus of the
corresponding amount from the following reporting period. However, this is done with
a penalty as the deducted compliance balance required is multiplied by 1.1.
Requirements for the advance compliance surplus should not exceed 2% of the limit
and this procedure cannot be followed for two consecutive reporting periods.

Another option provided by the proposed regulation to achieve compliance is by
pooling fleets of two or more vessels verified by the same verifier. Company or
companies involved in the pool have the flexibility to decide how to allocate the total
compliance balance of the pool to each individual ship, provided that the total pool
compliance balance is respected. If the compliance balance is not met, a penalty is
issued. The detailed methodology of calculating greenhouse gas intensity balances and
the penalties arising from non-compliance are presented in detail at (European
Commission, 2021).

This mosaic of regulations and the various timeline of all legislative bodies have
created a complex environment for developing the strategy to commit and achieve the
short-term, mid-term, and long-term targets.

Recognizing the overall challenge, many organisations have developed an initial
pathway for the carbon reduction strategies, identifying gaps for meeting the mid-term
and long-term goals, and driving the change at the maritime sector as it enters the era
of energy transition and decarbonisation.

Several alternative or renewable fuels with lower carbon content than conventional
fuels are being considered for power generation and propulsion for the reduction of
GHG emissions.
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Uptake of those alternatives requires consideration regarding many aspects.
Technological complexity, application experience, available fuel options, current and
future regulatory requirements, and safety concerns are to be reviewed and developed
to create the sufficient environment for the gradual adoption of those fuels. The
evaluation of the GHG impact is a complicated issue. The requirements differ among
the proposed regulations and the legislations in place. Some encompass the total
emissions accounted from the “well-to-wake” lifecycle emissions, while others focus
on the impact of “tank-to-wake” that is directly linked to the vessels’ power generation
and propulsion. Increased interest has been shown lately for carbon capture technology
either as a supplemental solution or a mid-term solution for reducing a vessel’s overall
carbon footprint.

Literature Review

The modelling and evaluation of alternative pathways is an important task for the entire
energy sector, as the development of sustainable energy systems and the design of the
future energy mix have many underlining challenges. Energy security and affordability
of resources need to be ensured during the transition period to avoid risking economic
prosperity and growth of the world economy. (Elsevier Analytical Services, 2021)
displays the connections of the energy sector research field to many interdisciplinary
topic clusters and subfields, proving that the energy transition could not be solely
focused on the technical aspect. Consequently, the approach of many researchers’
factors in the implications of the transition at disciplines such as social, economic, or
environmental.

Energy Policy

Under the evolving regulatory, financial, and technological framework of energy
efficiency investments (EEI) and energy efficiency projects (EEP), significant upscale
is required to meet the decarbonisation trajectory. As the maturity of the financial
system regarding those type of investments and the maturity of the regulatory bodies
legislating the emerging landscape is still inadequate, several risks and uncertainties
accompany all energy related projects on different implementation phases. An attempt
to classify risks following a systematic literature review has been performed by
(Koutsandreas, et al., 2022). The risk category with the most references in literature is
assigned to the regulatory uncertainties, in which the weak or volatile legislation and
enforcement risk is dominant. The importance of comprehensive modelling of multiple
parameters related to energy and climate modelling, enhancing transparency and
accessibility of information on a structured and granular format is critical (Nikas, et al.,
2020). In this scope, an integrated assessment modelling framework is being proposed
to coordinate all efforts into one unified platform for energy and climate act modelling
incorporating several future scenarios.

Following the uptake of new energy technologies, the increase of renewable energy
investment and projects enhancing production, transportation, and end-use energy
efficiency, underlines the need for developing the supportive mechanisms for
monitoring and validation. Broad collaboration of the stakeholders involved in the
energy sector is essential to materialise the energy transition effectively and
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transparently. Fulfilling the above market requirement, a study by (Flamos, et al., 2009)
proposed a web-based scoring module, using Scientific Reference System (SRS). The
parameters selected for the scoring algorithm fall into several main categories. The
actual production performance and the installed capacity of the on-grid and off-grid
facilities, the potential of each implementation based on the utilization status and the
specific areas of improvement of each technology. Additionally, the socio-economic
impact is assessed while the expenditures assigned to each technology for the research
& technological development, implementation and operating costs are evaluated in
comparison to the investment’s lifetime, size, and energy efficiency. The methodology
was applied in technologies, for which IEA has published reports such as biofuels
production, power generation from biomass, nuclear power, hydrogen powered plants,
fuel cells technology and carbon capture facilities providing a proof of concept for
broader similar implementations.

Renewable Energy Production and Storage

Effective energy planning and sustainable energy production is a research field that
attracts a lot of attention. At the broader sustainability scope, the selection of the energy
mix affects many aspects of human activity. Consequently, assessment methodologies
used in literature are related to the life cycle assessment of energy production and the
impact of the alternative pathways to economic, social, and environmental activity.
Several multi-criteria decision analyses (MCDA) methods and different weighting
techniques have been evaluated by (Sahabuddin & Khan, 2021) to assess the
sustainability of the energy production. The criteria selected cover three main pillars:
the economic, social, and environmental aspects. The assessment was performed with
seven different MCDA methods frequently used in the energy sector. The methods
considered are Weighted Sum Method (WSM), Weighted Product Method (WPM),
VIKOR, Technique for Order Preference by Similarity to Ideal Solutions (TOPSIS),
Performance Ranking Organization Method for Enrichment of Evaluations
(PROMETHEE), Analytical Hierarchy Process (AHP), and Complex Proportional
Assessment (COPRAS). The energy generation technologies selected for the scope of
the subject study are a mix of fossil based and renewable alternatives. The fossil-based
solutions selected were the broadly used coal, oil and gas fired plants along with nuclear
energy production. For the renewable alternatives, hydro, solar, wind and biomass were
assessed. For the weight assignment, experts’ opinion was requested and considered.
As the assessment methodologies differ, the ranking derived had significant variation,
making the selection more complex. Additionally, a robustness analysis followed, to
investigate the effect of weight variation on the concluding result of each method. Solar
technology has been ranked the best under the Weighted Sum Method (WSM),
Weighted Product Method (WPM) and Analytical Hierarchy Process (AHP). Nuclear
energy production was the best under the TOPSIS and PROMETHEE framework,
while biomass and wind were ranked first using VIKOR and COPRAS methods,
respectively.

Similar evaluation of energy alternatives was performed by (Saraswat & Digalwar,
2021) for the case of India’s energy sector, which was at the time of the study heavily
dependent on the fossil fuels for energy production. Conventional and renewable
energy sources for sustainable development have been evaluated based on an enriched
criteria set consisting of economic, technical, social, environmental, political, and
production flexibility aspects of the fuel technologies in question. The method selected
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is the integrated Shannon’s entropy multi-criteria decision making, which uses
Shannon’s entropy method for applying weights and deploys fuzzy analytical hierarchy
process (AHP) method for ranking. The energy production alternatives evaluated
include thermal, gas, nuclear, solar, wind, biomass, and hydro energy options. The
conclusion derived from the fuzzy AHP approach ranked solar as the best alternative.
Further validation was performed by deploying different MCDM techniques without
significantly changing the top rank solutions (ranking performed using PROMETHEE-
I, fuzzy WSM, fuzzy WPM, and fuzzy WASPAS approach). According to the authors,
current pledges of the government of India require considerable uptake and growth of
renewable sources to be fulfilled. To achieve the targets set, obstacles need to be
overcome as the natural fluctuation of the energy production from renewables create
challenges in the instantaneous balancing between supply and demand, considering the
difficulties in short term and long-term energy storage produced in renewable means.
Therefore, to address these issues, energy mix scenarios have been developed and
further evaluated. TOPSIS method has been used to rank the different energy scenarios
concluding to an optimal energy mix scenario consisting of coal (49%), gas (4%),
hydro (9%), small hydro (2%), nuclear (4%), solar (14%), wind (13%), biomass (2%),
and imports (2%).

Following the pathway of renewable energy, raises an important issue for the design of
energy storage systems. Balezentis et al (2021) deployed a multiple criteria technique
to assess technological, economic, environmental, and social aspects of the most
popular energy storage alternatives. The technologies evaluated are categorized into
five groups: chemical storage, by synthesis of fuels using renewable electricity sources,
electrical storage by supercapacitors and superconducting magnetic energy storage,
electrochemical, such as batteries, electrochemical recuperators, mechanical storage
using compressed air or liquid air form and thermal storage (The European Association
for Storage of Energy, 2022). The interval coordinated TOPSIS method was used to
incorporate the uncertainty factor of the interval domain of the criteria. The results of
the analysis ranked hydro pumped storage (HPS) as the top technology. The second-
best energy storage option depends on the methodology followed, The molten salt
storage is ranked second under the distance measure, while according to the degree of
coordination Compressed Air Energy Storage (CAES) is ranked at the second place.

Hydrogen Production Pathways

Hydrogen has been extensively discussed as a low environmental impact fuel with a
great plus of the high energy density in terms of mass, however, requiring increased
storage volumes due to its low density. At the study conducted by (Ruojue, et al., 2021)
the cheaper but more carbon intensive production pathways of steam methane
reforming and coal gasification have been evaluated along with the biomass
gasification, dark fermentation, and electrolysis production pathways. Noting that the
production process could significantly impact the environmental performance in terms
of lifecycle emissions, the criteria selected cover environmental, economic, and social
aspects of the technologies evaluated. The method used, was ELECTRE, to prioritize
the alternatives under the context of hybrid information. The results were sensitive to
the weights of criteria. However, the biomass gasification production process is
evaluated as the best option by the authors. Hydrogen production is of significant
importance as it is considered as the basic feedstock for a number of alternative future
fuels, either carbon based synthetic hydrocarbons or enriched with nitrogen, resulting
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in ammonia, which are all considered as alternatives for hard to abate sectors, like
maritime transportation. Those fuels could provide an alternative choice to the fuels
produced from bioprocesses, which are under debate for their actual environmental
performance and the questions arising from scaling up their production.

Alternative Marine Fuels

Within the scope of global energy transition, the maritime transportation sector has
increased its focus on emission reduction technologies and efforts have been directed
to the evaluation of fuel alternatives for the short-, mid- and long-term future. Providing
a sustainable alternative solution though, requires sufficient advancement in several
aspects, potentially competing, within the scope of the ESG principals. Balancing
social and governance issues with the environmental performance and the economic
sustainability of any application is a challenging task, which may depend considerably
on the industry and specific details of the project at hand, along with the involved
stakeholders’ objectives and the country and legal framework applied (Psaraftis, 2019).

Research has been directed to the full life cycle of air emissions assessment. Under
such framework the alternative pathways are being evaluated for their sustainable mid-
and long-term efficacy (Gilbert, et al., 2018). The emission categories relevant to the
use of marine fuels can be grouped into local pollutants, consisting of emissions with
short lifespan in atmosphere, such as particulate matters, sulphur, and nitrogen oxides
and greenhouse gas emissions such as carbon dioxide, methane, and nitrous oxides. For
the purpose of the cited study, fuels that comply with the existing regulations for
sulphur oxides emissions and alternatives that could potentially lead the sector’s
decarbonisation transition have been considered. The fuels selected are the
conventional marine diesel oil and marine heavy fuel oil, along with liquified natural
gas (LNG), hydrogen, methanol and bio-based diesel and LNG. Focus has been given
to the process used for producing the alternative fuels, the region they have been
produced, to assess the impact of transportation and feedstock properties, such as
electricity and technology maturity and the unit used onboard for energy generation.
The first two, correspond to the emissions before delivering the fuel onboard, while the
engine type and combustion efficiency, affect the emissions at the stage of energy
production onboard. The engines deployed in oceangoing vessels are mainly internal
combustion units, either operating in Otto or Diesel thermal cycles. The conclusion of
the research was that no existing alternative has the potential to drastically reduce the
emissions, and the option of hydrogen can be a solution, considering the lifecycle CO2
emissions, only in the case of decarbonising the production process. This can be
achieved either by applying carbon capture at the production facility if produced by
fossil fuels or by using electrolysis for its generation. In parallel, the electricity used
for both alternative production processes are required to be renewable, or similar, in
terms of environmental footprint. The same applies for any synthetic fuel derived from
hydrogen. For the bio-based fuels, considerable emissions reduction can be achieved,
if the feedstock is capturing atmospheric CO2, that otherwise will not be captured.
Biomass feedstock availability is an issue in scaling production. For the case of bio-
LNG, which has considerable potential as a future fuel, an additional challenge is
managing and eliminating upstream and operational methane emissions.

A broad analysis of the same scope, focusing mainly on future alternative marine fuels
was performed by (Bilgili, 2021), assessing biogas, dimethyl ether, ethanol, liquefied
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natural gas, liquefied petroleum gas, methanol, ammonia, and biodiesel in the basis of
the technical feasibility and operability, their environmental performance, the
economic sustainability of the alternatives and other criteria and constrains considering
the logistics and supply chain infrastructure, supply security, safety in operation, public
opinion and ethics, political and strategical aspects. The conclusion remarks present
biogas as the most environmentally friendly alternative. However, the analysis
highlights that the production of biogas is mainly located in waste disposal facilities,
detached from marine fuel supply chain, raising a challenge for the supply of biogas.
Supply of biogas is additionally challenged by the difficulties and risks attributed to
the storage and transportation of the fuel concluding that considerable developments
are necessary before considering biogas as a feasible alternative for large scale
deployment.

Similar research has been performed for a short sea application by (Spoof-Tuomi &
Niemi, 2020) for a case where a vessel is engaged in specific trading route between
Sweden and Finland. The subject vessel is equipped with a dual fuel, high rotating
speed Otto cycle engine, capable of running on liquefied natural gas, liquified biogas
and conventional marine diesel oil. The methodology used for the life cycle assessment
of the alternatives was based on a 100-years global warming potential. The results
showed that while liquified biogas has the higher well to tank CO. equivalent
emissions, the total lifecycle emissions are considerably lower, less than half, from the
second-best fossil-based alternative. Addressing the economic aspect of the
alternatives, the authors concluded that while the transition is only possible by utilizing
low-carbon and zero-carbon fuels, without carbon taxation or subsidies, the low carbon
alternative of liquified biogas cannot compete sufficiently with the prices of fossil
fuels. A study examining specifically the use of ammonia through computational fluid
dynamics modelling (CFD) in compression ignition engines in marine application has
been performed by (Rodriguez, et al., 2022). During the subject work different
proportion of ammonia is injected through air intake, modelled through CFD.
Thermodynamic efficiency, CO,, CO, nitrogen oxides and hydrocarbon emissions were
examined in the scope of the efficacy of ammonia solution for energy generation in
onboard marine vessels.

Focusing on the gradual transition towards biofuels, (Bengtsson, et al., 2012) examined
two pathways for the shipping industry, in a case study for a ro-pax ferry service.
Lifecycle assessment (LCA) is used to evaluate the environmental performance of the
diesel route, which describes the gradual swift from heavy fuel oil to marine gas oil as
a temporary state and eventually to biodiesel. The second pathway assessed with the
same framework is the gas route, which comprises of the shift from liquefied natural
gas to liquified biogas. Blending biodiesel and biogas into MGO or HFO and LNG
respectively is technically achievable and could contribute to gradually lowering life
cycle carbon dioxide emissions and global warming potential. Comparing the two
pathways, the authors concluded that gas route is environmentally preferable as the
analysis shows a lower environmental impact for all categories and transition phases,
except the initial primary energy use in 2020 and the global warming potential in 2025.
A significant remark made is that during the gas pathway, focus should be given to
methane leakages in the supply chain, as methane has higher global warming potential
than carbon dioxide and could therefore have a large effect.

Understanding the need to reduce the greenhouse gas emissions, (Korberg, et al., 2021)
have performed a detailed technoeconomic assessment of alternative marine fuels
combining the fuel selection with propulsion technologies to be deployed in four use
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case scenarios of one large ferry, one general cargo vessel, one containership and one
bulk carrier. The cost of the propulsion unit, the onboard fuel storage requirement,
which is correlated with the vessel’s autonomy and the reduction of cargo space due to
the cumulative effect of all aspects applying, vary significant for each implementation,
providing a multiparametric environment for the technoeconomic assessment and
resulting combinational selection of alternative fuel and propulsion unit to be deployed
in each case.

The alternative fuels and the production processes for each alternative have been
effectively demonstrated as presented in Figure 2.
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Figure 2. Overview of the fuel production pathways (Korberg, et al., 2021)

The methodology followed for the analysis provided has three main components.
Firstly, the cost-based price of fuels to be delivered onboard, following different
production pathways, including fuel handling, storage, transportation, and bunkering
costs. The second component is related to the capital expenditure of the propulsion unit,
including an approximation of the operating expenses and maintenance cost. Lastly,
the third component, is the vessel related energy demand based on expected operational
profile and required autonomy combined with the preceded fuel analysis to derive the
Total Cost of Ownership (TCO) of each alternative. Uncertainties in fuel production
costs and potential deviation from the base scenario have been explored through
sensitivity analysis, as the cost may depend on external parameters, such as electricity
of biomass feedstock price, production plant cost of investment, market balance etc.
Similarly, the efficiency and capital expenditure of the propulsion unit is of high
importance, thus it was also explored through a sensitivity analysis.

The results derived in the subject study, indicate that for vessels engaged in short
standard route voyages, such as ferries, the battery electric solution is the alternative of
choice. For the other three ship categories, methanol is the alternative that results in the
lowest Total Cost of Ownership. Although, an explicit remark has been made, that the
utilization rate and the production cost of fuel have a dominant role in the selection and
variation of those parameters could significantly affect the conclusionary choice. An
interesting observation in the study conducted is that with an improvement in efficiency
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of fuels cells in the range of 15-20% (Korberg, et al., 2021), they can provide a
competitive alternative to the four stroke marine engines, while both propulsion unit
technologies remain inferior choices to the two stroke marine engines utilized for the
case of ocean-going vessels’ application.

Emissions regulation has been rapidly developing the past years, both in global,
regional, or local level. Along with the regulatory development, interest of the public
and collaborators has been shifted to how companies are managing the transition,
monitored through their sustainability reporting and corporate social responsibility
initiatives. As several competing objectives, such as technical aspects, environmental
performance, economical sustainability, social impact and scaling up potentials of each
alternative need to be addressed and balanced in the most effective manner, an
approach to assess multicriteria optimisation is being frequently selected.

To incorporate a selection of the above-mentioned parameters in the decision-making
process (Deniz & Zincir, 2015) have performed a comparison of alternative fuels based
on a broad criteria range. The study is examining the use of liquid fuels, as alternative
to the currently used diesel and heavy fuel oil distillates. The alternatives assessed are
methanol and ethanol, as one category, liquified natural gas and hydrogen. Methanol
and ethanol are fuels that originate from fossil fuels; however, both are light alcohols
that could potentially be produced from renewable sources either through a bioprocess
using woody biomass, waste, or agriculture by-products or by synthesis of electro fuels.
Liquified natural gas is selected in several marine applications, especially at the fast-
growing segment of LNG carriers, with considerable reduction in the greenhouse gas
emissions density, especially at 2-stroke engines for which the methane slip is limited.
Methane, principal component of LNG, is a harmful greenhouse gas, with a global
warming potential 28 times worse than carbon dioxide (GWP 100). Thus, limiting
methane slip is of major importance in improving environmental performance of such
applications. Lastly, hydrogen is a fuel with no big scale application, but very attractive
and often found in literature due to the clean exhaust gases. Fuel storage stability,
density and very high self-ignition temperature are some of the main disadvantages.

The comparison is done by assessing several criteria. Safety is of great importance in
marine applications as the remote environment do not easily allow external assistance
in case of emergency. Fuel characteristics imply risks to safety. Auto-ignition
temperature, flammability limits and flame properties (e.g., hydrogen oxidises
invisibly, no visible flame), are some of fuel properties relevant for the safety
evaluation of alternatives. Global availability is of great importance for scaling the
application to a significant number of marine vessels, with bunker capacity and energy
density both in terms of weight and volume being critical to many ship segments. Other
criteria assessed in the subject study, are the adaptability and the efficacy of a potential
modification both on the existing global fleet and the vessels to be built. In all cases a
detailed study is necessary, modifying the design and repurposing a lot of areas of the
vessel leading to potential implications. Engine performance, efficiency of combustion,
engine ware and maintenance costs along with the emissions of pollutants and
compliance with the regulations are also included as criteria. In addition, selection of
fuel is affecting the market placement as greener and more environmentally friendly
solution are more compelling to major charterers and clients, but in contrary may also
affect the cargo space and make the vessel unfit for specific trades. This, along with
the capital expenditure and operating costs are important concerns that affect
considerably the commercial aspect of any asset. For the ranking of the criteria, a
survey has been performed (Deniz & Zincir, 2015), addressed to industry experts,
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resulting in safety being the criteria with the highest weight, following the Analytic
Hierarchy Process (AHP) for calculating the weight of each criterion. Assessment of
alternative fuels is done based on the comparison of the score on each criterion,
weighted at their relative importance, however, no concrete conclusion has been
achieved, with hydrogen being the most commercially effective alternative fuel
according to this study.

Attempts to assess a broader range of alternative marine fuels, through a multi-criteria
perspective, was carried out by (Hansson, et al., 2019) and (Xing, et al., 2021). Initially,
focusing on the work done by (Hansson, et al., 2019), the seven alternative marine fuels
assessed are fossil originated LNG, Liquified biogas (LBG) produced through
anaerobic digestion and liquification process of organic waste (biomass), fossil
methanol, produced through gas reforming of natural gas, renewable bio-methanol,
originated from gasification of biomass into synthesis gas, fossil H2, produced through
gas reforming, mainly methane reforming following desulfurization, H2 produced by
electrolysis using renewable electrical energy from wind or solar power plants, and
hydrogenated vegetable oil (HVO) originated for processed tall oil. Economic,
technical, environmental, and social aspects are the main criteria in the assessment,
which are further analysed in subcategories. Weighting of criteria and sub-criteria have
been examined based on the combined preference of a group of shipping-related
stakeholders, including governmental authorities, ship-owners’ representatives, fuel
producers and engine manufacturers. To test the robustness and evaluate uncertainties
of the ranking, the authors performed a sensitivity analysis. The method applied for the
evaluation of the alternative fuels is the pairwise comparison matrices approach, while
the weights of each sub-criteria are defined through the analytic hierarchy process. The
conclusion of this study shows that none of the selected marine fuel option is clearly
superior against the others, as the priority of each stakeholder influence the result. Price
driven views, of ship-owners, fuel producers and engine manufacturers align to the
most cost-effective options, of fossil origin energy sources, while in contradiction
governmental authorities, valuing most the environmental effect and greenhouse gas
emissions derive to rank as preferred choice the renewable alternatives, such as
renewable hydrogen, renewable methanol, and biofuels. Aligning the governmental
objectives with the market to support the penetration of renewable energy sources in
maritime transport requires policy initiatives related to environmental performance and
subsidies for renewable alternatives. At the study performed by (Xing, et al., 2021), the
ranking is conducted based on qualitative criteria for a broad assessment of 11
alternative pairs of fuels and energy production units (examining Internal Combustion
Engines and Fuel Cells technology). Renewable methanol is the energy source with the
highest ranking for global applications, while the internal combustion engine is the
preferred energy production unit of choice. A comprehensive graph created by the
authors of the subject study, providing the ranking and the applicability of the
alternatives is shown below.
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Figure 3: Priority levels and potential applications of different marine fuels (Xing, et al., 2021)

Focusing on multi-criteria decision-making methods, under uncertainty and incomplete
information, (Ren & Lutzen, 2017) have examined the alternative energy pathways to
mitigate the energy transition and the environmental performance of the maritime
industry. The criteria to assess sustainability are classified in four main categories,
namely, the technological, the environmental, the economic and the social-political
attributes. Under the category of technological attribute, the volume of applications and
experience in handling each energy source is defined as the subcategory of
technological maturity, the robustness and dependence on externalities is reviewed
under the reliability aspect, while the energy storage efficiency subcategory is defined
as the fuel power density and the required refuelling frequency. On the economic
aspect, the availability, or the need for further development of supporting infrastructure
is assessed, along with the capital expenditure required for shifting to the alternative
technology and the operating expenses, including bunker prices, expected repair and
maintenance costs, and collateral training and crew wages costs. On the environmental
criteria, greenhouse gas emissions, namely, carbon dioxide, methane, nitrous oxide,
hydrofluorocarbons and perfluoro octane sulphonate are assessed on their global
warming potential, while local pollutants, such as sulphur oxides, nitrogen oxides and
particulate matters are also considered for their local environmental effect. Lastly, the
social-political aspect consists of three sub criteria, the social acceptance, thus the view
of the public regarding the alternative energy source, the governmental support, which
is the group of measures and regulations affecting the competitiveness of each
alternative and the safety of ship operation under the new conditions derived from the
selected energy source. For addressing non scalar inputs, linguistic terms, incomplete
information, and uncertainty in the parameters reviewed, the Dempster-Shafer
technique has been used to support the use of Analytic Hierarchy Process for
determining criteria weights. A variation of AHP was employed in the subject study in
a fuzzy logic approach that fits better with the characteristics of the dataset provided.
The case study was focused on three alternative energy sources. The first alternative is
liquefied natural gas (LNG) burned in dual fuel engine delivering ship’s propulsion
power. Secondly, nuclear power generation through controlled chain reactions in
addition to a coolant for transforming heat into useable power has been assessed. Lastly
an alternative depending on renewable wind, utilizing flettner rotors, kites, spinnakers,
sails, or wind turbines is normally used as a supplementary power generation and could
provide future energy source. Initially, the weighting process, both for the conventional
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AHP and fuzzy approach, showed that the aspect of the highest importance in the
technological criteria, with technological maturity being the predominant
consideration. It is useful to note that differences regarding the weights derived from
analytic hierarchy process and trapezoidal fuzzy analytic hierarchy process are limited.
The sequential ranking reveals relative superiority of the nuclear alternative against the
other two options. A similar approach has been followed by the authors (Ren & Lutzen,
2015) on their published study on multicriteria decision making method for evaluating
the sustainability assessment of alternative marine fuels for sulphur oxides reduction
from shipping, combining Fuzzy Analytic Hierarchy Process (FAHP) and VIKOR.
Fuzzy AHP was used to determine the weights and the relative ranking of alternatives
on the criteria set, and VIKOR was used to provide the priority ranking of alternative
energy sources. Transitioning away from HFO has been a research item explored by
(Ren & Liang, 2017) through a holistic sustainability perspective. A multicriteria
decision making approach was followed, using fuzzy logarithmic least square method
for establishing weights of the sustainability criteria, while a fuzzy TOPSIS has been
employed for ranking the alternatives based on the criteria set selected. The alternatives
explored are transitional future marine fuels, including methanol, LNG and hydrogen.
All of them providing better environmental performance on tank to wake basis
compared to the common and widespread solution of HFO. The criteria selected are
arranged in four sustainability criteria categories, namely, the environmental, the
economic, the technological, and the social aspects. The environmental criteria
category consists of four indicators, including the effect on CO2 emission reduction,
effect on NOx emission reduction, effect on SOx emission reduction, and effect on PM
emission reduction. The economic aspect incorporates two criteria, namely, the capital
expenditure and operational cost. The three criteria composing the technological
dimension are the maturity, the reliability, and the capacity of each alternative. Lastly,
social dimension includes two criteria, which are the compliance status with emission
regulations and social acceptance. Fuzzy theory allows the use of linguistic variables
in the criteria set transforming them into fuzzy numbers which are compatible with
comparison matrices. According to the framework followed, hydrogen is ranked as the
best alternative, providing the best environmental performance, high renewability
potential, if produced through electrolysis utilizing renewable electricity or other low
carbon power sources, compliance with the emission regulatory requirements and high
social acceptance score. However, it is useful to note that while the tank to wake
environmental performance of hydrogen fuels is superior to other alternatives, well to
wake emissions depend heavily on the production process. Currently the majority is
produced through processing of fossil fuel and grid electricity resulting in significantly
worse lifecycle environmental score.

Alternative Fuel Pathways

As maritime industry explores its future alternative energy sources, many options have
been proposed matching different trading requirements and diversifying the shipping
primary energy source landscape (Maritime Knowledge Centre, 2020), demonstrating
a possible shift towards a multifuel future.

For the current study, multiple low carbon alternatives have been identified and
assessed, focusing on long term options for dense energy consumers (ocean going
vessels). The fuels selected are biodiesel, bio-methane (LBG) and bio-methanol, e-
hydrogen, e-ammonia e-methane and e-methanol. The feasibility assessment of the
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selected alternatives is being evaluated under the framework of marine applications.
The mosaic of life cycle assessment methodologies and standards used in literature,
among which are the GREET model, RED Il (employed at FuelEU Maritime
Regulation proposal), U.K. DEFRA and others; create a difficult to navigate
ecosystem. For the same fuel and production pathway, these models can produce
different assessments, varying significantly on life-cycle emissions. The reasons for
this are known and include different assumptions in the models, different boundaries
for life-cycle analysis, attributional versus consequential life-cycle analysis, etc. In that
sense, the industry would benefit from the creation of a commonly accepted
international standard. Currently, the IMO is looking at introducing a global framework
on life cycle GHG and carbon intensity guidelines for marine fuels, which could impact
other IMO regulations and regulatory development on regional level, e.g., European
Union.

Bioethanol and biodiesel are commercially produced globally, though they have almost
exclusively been utilized by the road transportation sector. The established shipping
operational procedures make customizing marine engines to run on new compatible
fuels a costly process. Thus, it is practical to take advantage of the existing
infrastructure (marine engines, fuel transport pipelines, bunkering) and produce a fuel
compatible with what is already in place. Such drop-in fuels fit existing infrastructure
and do not require a high investment in ship engine or infrastructure changes. The
advantage of producing a marine fuel is that the fuel can be of a lower quality, has
higher viscosity, and is less refined than fuels used for aviation or road transport. Thus,
marine biofuels may be produced with lower processing costs, eliminating the need for
secondary refining.

Biofuels Pathway

The combined effects of decreasing availability of light crude oil, stricter financing on
conventional oil & gas investments, the volatility on prices and concerns regarding
energy security followed by the projected increase of demand for global merchant
shipping, and stricter marine fuel regulations have caused a search for competitive
alternative marine fuels. Alternative fossil-based fuels such as LNG and LPG have low
sulphur and nitrogen oxide emissions but have a limited contribution to reducing
greenhouse gas emissions, while falling in the fossil-origin fuel category. Biofuels,
however, have a much larger potential to combat climate change and reduce emissions
over their full life cycle. Even though biofuels are not yet widely used in the maritime
sector, it is possible that based on existing biofuel technologies, marine biofuels can be
designed and produced to be technically compatible with marine engines. The fuel
flexibility and the wide range of fuel attributes marine diesel engines could operate on,
creates the context and the conditions for the development of new biofuel processes
combining different grades and types of biofuels. As biomass is a renewable resource
and contains very little or no sulphur, biofuels have the potential to become an
important part of the fuel mix in the shipping sector, either as drop-in or alternative
energy source, thereby limiting the dependence on fossil fuels while providing a
reduction on the GHG emissions of the sector.

Biodiesel Pathway

Biodiesel can be produced from various biomass feedstocks. Selection of feedstock has
significant consequences since it is the element that affects the total cost of biodiesel,
the most, and mandates the lifecycle greenhouse gas emissions (van der Maas, 2020).
First-generation edible oils such as soybean, rapeseed, and palm oil could be the
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primary energy source for biodiesel but are avoided in a lifecycle perspective, due to
their competition with the food industry resulting in occasion to higher lifecycle
emissions than conventional fossil fuels. Therefore, second-generation non-edible
vegetable oils, waste oil and animal fats are more suitable as the primary energy source
to produce biodiesel. Second-generation feedstocks mitigate land-use change issues
and offer lower lifecycle GHG emissions than first-generation feedstocks. Currently,
hydrotreated vegetable oil (HVO), Soybean Methyl Ester (SME) and fatty acid methyl
ester (FAME) diesel are the most promising alternatives, making their debut on biofuel
trials, entering progressively the shipping fuel markets.

Bio LNG, Bio-Methane (LBG) Pathway

The main component of liquefied natural gas (LNG) is methane (CH4), the
hydrocarbon fuel with the lowest carbon content and therefore with the highest
potential to reduce CO2 emissions, resulting in the rapid uptake of LNG as a marine
fuel to align with the short-term targets. The supply chain of LNG, bunkering facilities,
and engines capable of running on LNG have been developed and market scalability
has been carefully assessed. This provided an advantage to bio-LNG alternative, as the
same infrastructure can be used and the potential gradual blending with conventional
LNG at different ratios can provide a cost-effective way to progressively migrate into
high bio blends when prices start to converge. Primary energy sources for bio-LNG
could be agricultural and municipal waste streams and second-generation
lignocelluloses biomass. Manure from livestock is an agricultural waste stream that
could be exploited for the production of bio-LNG, as a burden to meat and poultry
industry affecting significantly the sector’s emissions. Alternatively, agricultural waste
streams that can be utilized comprise of crop residues from the harvest or harvested
crops that are grown for purposes of avoidance of erosion or preservation of fertility of
the soil. Organic fractions of municipal waste or wastewater sludge could also be a
potential feedstock source. The above-mentioned waste streams do not affect the food
supply; thus, they have great long-term potential. The conversion from feedstock to
bio-LNG involves anaerobic digestion or gasification. The agricultural and municipal
waste streams are put into anaerobic digesters, where microorganisms break down the
organic matter in the absence of oxygen forming a mixture consisting of pure methane,
carbon dioxide and other gases. Methane is isolated and separated through water
scrubbing and membrane separation, followed by a liquefaction process.
Lignocelluloses or woody biomass is marketed as another feedstock option for bio-
LNG requiring a different conversion route consisting of gasification of lignocelluloses
to produce bio-LNG. Woody biomass is broken down in a high-temperature reactor
under high pressure. Syngas is formed, mainly consisting of hydrogen and carbon
monoxide, which is then cleaned from contaminations and forwarded into a
methanation process to form methane. The resulting methane is also liquefied to obtain
bio-LNG.

Bio-Methanol Pathway

Methanol is the simplest alcohol with the lowest carbon content and highest hydrogen
content of any liquid fuel that can be stored in liquid form at ambient temperature at
atmospheric pressure, making storage less expensive compared to LNG and hydrogen.
The low average energy density and heating value of 19.5 MJ/kg, (American Bureau
of Shipping, 2022) increase the required tank volume to approximately 2.5 the size of
the tanks of conventional heavy fuel oil widely used today. Bunkering facilities and
supply are in place at a limited scale, providing a tested path for further deployment.
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Guidelines for bunkering are available and standards and safety concerns on operation
do not represent a major challenge. Bio methanol can be produced from several
different feedstock resources, including black liquor from pulp and paper mills and
sustainable lignocellulosic biomass feedstocks. Alternative lignocellulosic biomass
sources can be a mix of wood, willow or forest residues, forest thinning or agricultural
waste, which are second-generation feedstocks. Production process of bio methanol is
based on syngas formation produced in through gasification of biomass. Syngas is then
pressurised into a reactor through insertion of a catalyst to form methanol. Methanol is
liquid at ambient temperature and pressure, making it a favourable marine fuel in terms
of storage and handling, while conventional diesel engines require minimal
adjustments to be compatible with methanol as primary energy source.

e-Hydrogen and Electro Fuels Pathway

e- Hydrogen is produced using electricity as the primary energy source. Under the
regulatory frameworks propounded, which are considering the lifecycle assessment of
marine fuels, the futureproof option is to produce hydrogen based on renewable energy
or “GHG/ carbon free” grid power under the process of electrolysis. Electrolysis can
be conducted at plants of three alternative electrolysers technology, with different
maturity each. Alkaline water electrolysis is the technology broadly used today, while
solid oxide electrolysers have demonstrated improvement in the production efficiency
and currently are considered on new plant development, while still the capital
expenditure per installed capacity is higher than alkaline plants. Polymer electrolyte
membrane (PEM) electrolysis is an alternative that has a market share, mainly due to
older installation, as the efficiency of the system is low, and the capital required is high
compared to the other options. Developments related to hydrogen's transportation,
production, safety, standards, and regulation are being assessed thoroughly before
incorporating hydrogen into shipping fuel supply chain (American Bureau of Shipping,
2022). The role of hydrogen on the emerging energy transition at hard to abate sectors,
such as ocean-going maritime transport, is expected to be of significant effect. Finding
volume-efficient ways to store hydrogen is a challenge. Commonly, it is stored either
as compressed gaseous hydrogen (CGH) or cryogenic liquid hydrogen (LH2).
Liquefaction through compression requires considerable amount of energy,
significantly reducing the total energy efficiency of the process and increasing the cost
of liquid hydrogen considerably. Additional concern is that hydrogen molecules are
small and can diffuse through many materials including metals. This is mainly an issue
for compressed hydrogen (typically stored at 250-700 bar) where the molecules are
penetrating storage material (DNV GL , 2019). Thus, there are two main safety
concerns with hydrogen related to storage; metal embrittlement (and eventually
fracture) and gas leakage. In summary, the use of hydrogen as a marine fuel introduces
some concerns regarding its future use, mainly due to high production, storage,
transportation costs and safety issues that are difficult to be overcome in the remote
environment of an offshore vessel, creating doubts regarding the widespread
exploitation of this alternative.

Nevertheless, the importance of green hydrogen for the decarbonisation and the energy
transition of the maritime industry is not devalued. Green hydrogen is the primary
building block for all synthetic fuels, that are projected to increase their uptake as the
industry progresses at its decarbonisation journey. Electro fuels, either carbon based or
nitrogen-based (ammonia) provide a solution to the above-mentioned issues of
hydrogen, delivering a more stable, operational and easier alternative. Understanding
that each of the synthetic fuel options have its own implications, exploration of the
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constrains of each selection need to be carefully evaluated. Carbon-based electro fuels
can be produced from non-biogenic CO2 and in combination with biogenic CO2
sources to co-produce bio-electro fuels, by increasing the yield of biofuel production.
Purely synthetic hydrocarbons can also be explored. Carbon dioxide can be obtained
from different sources. It can be captured through a capture and utilisation (CCU)
system from fossil -fired plants and industrial sources (point-source capture), such as
coal-fired power plants or steel manufacturers. This carbon source can provide the
required volume of CO; at a competitive price range, creating opportunities on the short
term, but it does not provide a sustainable long-term solution, as it still emits CO2 from
fossil fuels. Another option would be CO2 capture from biomass combustion or
processing, as the carbon is originated from plant base carbon initially pulled out from
the atmosphere. A third option is capturing the carbon dioxide directly from the air
(direct air capture), which is expensive and is projected to remain on high price range
as the system capital cost is significant and the efficiency of the system is low, as the
carbon density of the air is thin.

e-Methane Pathway

Similarly with the LNG and LBG, use of e-methane can be boosted by the maturity of
LNG supply chain, bunkering facilities, and engines advancements allowing the use of
such fuels in a great range of applications. The main feedstocks for producing e-
methane are low emission electricity which is utilised to produce hydrogen, water, and
a carbon source carrier to synthesise the carbon-based alternative fuel. For the
electricity required mature technologies like solar, wind and hydro exist, but not at the
scale required. Significant investment is directed to renewable energy production,
however the capacity of the energy produced to be assigned in hydrogen production,
either on a business model of dedicated facilities and renewable farms/plants or based
on storage of reserve electricity production business model is yet to be seen. Key
challenges in the production of e-methane therefore remain availability of power-to-X
(P2X) technology and scaling of low emission electricity, availability and
competitiveness of electrolysers and production of e-Hydrogen (Maersk Mc-Kinney
Moller Center for zero carbon shipping, 2021). An additional concern is identifying the
sustainable source of CO2 which will be essential for the potential upscaling of e-
methane production. The size of e-methane plants is likely to be limited by the scale of
CO2 source supply, thereby the effect of economies of scale may diminish, keeping the
cost of e-methane high, thus limiting the expansion potential of such alternative.

e-Methanol Pathways

Many processes for production of e-methanol are similar to the production of e-
methane. Methanol can be formed out of CO; and hydrogen in a hydrogenation reaction
which is catalysed by copper- or lead-based compounds. An alternative pathway for
production of e-methanol can be through syngas; carbon dioxide is transformed into
carbon monoxide and mixed with hydrogen to form syngas, then methanol is
synthesised in a reactor where the syngas is pressurised and catalysed. Availability of
renewable energy sources for electricity and hydrogen production is a key parameter,
while as in the case of all carbon-based power-to-X (P2X) technology, availability of
renewable and sustainable CO; source is expected to be a constraint. As explained in
detail, methanol is a fuel with minimal complications in safety and operations, but the
low energy density, increase significant the volume of tanks required to meet the
expectations of the sailing range autonomy. Engines are commercially available, and
operational experience has been obtained in the past decade for onboard different ship
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types. Onboard NOy emission reduction is required for regulatory compliance, which
can be achieved by using known technologies. Methanol combustion does release CO>
tank-to-wake, as it is a carbon-based fuel, however, for e-methanol produced with
carbon sourced from a biogenic source, close to net zero emission can be obtained
well-to—wake, hence it is considered a viable low emission marine solution.

Ammonia Pathway

Ammonia synthesis using natural gas as feedstock is a mature technology but cannot
lead in the decarbonizing shipping as it emits more greenhouse gas pollutants when
considering the total lifecycle emissions, on a well-to-wake basis. The use of renewable
electricity as feedstock for producing the needed hydrogen drives the cost, as the
commercially mature electrolysers are currently too expensive and inefficient to make
e-ammonia a competitor to other alternative fuels and fossil fuels. Global electrolyser
production capacity is not ready for massive power-to-X roll-out in large scale. With
an energy transition to renewables, ammonia will have the potential to become a carbon
free energy carrier with higher volumetric density than hydrogen, solving a
fundamental problem of carrying hydrogen. However, the current maturity is low and
green ammonia is expensive, bunkering infrastructure is non-existing and not
compatible with existing systems, limiting the feasibility for use as an alternative fuel.
Considering the toxicity of ammonia, the potential risk of exposure of crew from
leakages is a major concern, while on the technical aspects the development of tank
storage solutions and expected strict standards for bunkering and safe operation for
larger ammonia volumes may present a challenge. On the regulatory domain, some
classification societies have released early guidelines for ammonia-fuelled vessels,
which present inconsistencies as the approach is unified. Fuel cell technologies and
dual or triple-fuel engines capable of burning ammonia with the use of diesel as pilot
burner, are being designed and soon will follow pilot testing phase. Possible after
treatment of exhaust requirements are currently unknown but are expected to be
addressed through currently available technologies. Combustion of ammonia does not
produce CO,emissions as no carbon is contained in the fuel — except from the quantity
of needed pilot fuel if it is carbon-based. Solid Oxide Fuel Cells (SOFC) may run on
ammonia directly, but SOFCs are significantly less mature and cannot be considered
an option at the moment.

Review of the Selected Criteria

Alternative marine fuels differ in many aspects regarding their technical,
environmental, economic, and social attributes (Marsk Mc-Kinney Moller Center for
Zero Carbon Shipping, 2022). Technical characteristics, such as energy density,
technological maturity, environmental performance, cost aspects, feedstock security,
scalability and availability of feedstock, transportation, storage, and infrastructure
requirements vary for different fuels, which means that several elements of value and
supply chain of each alternative fuels would influence their potential feasibility and
scalability for maritime applications. Considering the barriers of application
environment and the uncertainties induced by the premature stage of development,
flexibility on pivoting to similar solution pathways is an advantage while assessing the
feasibility of an alternative. Safety of operation has always been a major concern and
could eliminate or limit considerably alternatives that are difficult to handle, that for
example may have low flash point increasing the flammability and explosion risk or
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expose seafarer to environments of high toxicity, either as fuel or by its exhaust. Thus,
a structured representation of the criteria categories and the areas of concern is to
follow. The criteria following a linguistic/qualitative scale are evaluated under the
following scale:

Linguistic term | Scale
Negligible 0
Low 1
Medium 2
High 3
Perfect 4

Table 3: Linguistic/qualitative scale

Technical Aspects

For the technical aspect, the criteria selected consider four inputs. The first two are
related to a constrain resulted from the limited space available onboard. The energy
density of the fuel is of high importance. The volumetric density is being considered,
as the space required to store bunkers is negatively correlated with the availability of
cargo space. This may be partly countered by the utilization of deck space on the
vessels’ segments that this solution can be explored and at the cases where safety of
the crew is not jeopardised. Energy density per mass is also important as the total
weight that can be carried safely is predefined for each vessel design according to
international rules, thus increase in the energy density per mass is negatively affecting
the maximum loading capacity. Some fuels are well matched with existing power
generation systems, while other alternatives do not fit well into the existing propulsion
technologies choice palette. Yet there is no obvious choice of power generation system
that could dominate in the future, as new developments on the marine propulsion
energy plant are already announced by the major suppliers/ manufacturers of marine
engines and equipment. The feasibility of the power generation system and fuel option
combination are discussed thoroughly in the industry and could provide a market
enabler for the solutions firstly available.

Technical Bio Bio Bio e-Hydrogen | e- e-methane/ | NH3
Criteria Diesel | LNG/ | methanol | (lg) -ICE methanol | e-LNG
LBG
Energy density | Volumetric | 34 224 | 15.9 8.5 15.8 22.4 12.7
4 (MJ/m3)
Energy density | Per mass 44 50 20.1 120 19.9 50 18.6
5 (MJ/kg)
Technological® | Maturity 3 3 2 1 2 3 1
(Propulsion)
Technological” | Energy 24% | 22% | 24% 31% 25% 22% 23%
Efficiency

Table 4: Consequences of technical criteria

4 (Hsieh & Felby, 2017), (Directive (EU) 2018/2001, 2018)
> (MEPC.308(73), 2018), (Hsieh & Felby, 2017), (Directive (EU) 2018/2001, 2018), (van der Maas,

2020)

6 (van der Maas, 2020), (MAN Energy Solutions, 2021) (MAN Energy Solutions, 2020)
" (Korberg, et al., 2021), (van der Maas, 2020)
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Environmental Aspects

Environmental performance is the key driver of the energy transition currently
underway in shipping. As a result, low climate impact, meaning low greenhouse gas
emissions, usually measured on grams of carbon dioxide equivalent is the decisive
factor. The most important feature of the developing regulations is the underlining
framework, which is expected to be the lifecycle emissions of each alternative.
Compliance with the existing and future regulations is the key incentive for shipowners
and shareholders. The well-to-wake (LCA) GHG emissions includes emissions from
production, transport, and storage of each fuel, as well as conversion to mechanical
energy in the form of torque on the shaft and eventually propulsion power of the vessel.
The resulting comparative measure of well-to-wake emissions is the mass of CO2
equivalent emissions per unit of output energy. This implies that the well-to-wake
emissions within each of the 7 energy carriers/ alternatives and converter pathways in
this study will vary, depending on how and where the fuels are produced, mode of
transport and storage, and onboard system efficiency. Another environmental aspect,
which has already been regulated is the local emissions, consisting of sulphur oxides,
nitrous oxides emissions and particulate matters. Local emissions depend on the fuel
used and the engine or converter selected. NOx emissions contribute to the formation
of ground-level ozone, which has harmful effect on human health, while also form of
acid rain and therefore cause damages on city structures and reduce the quality and
fertility of soil. Similarly, SO is known to cause acid rain and affect human health as
well. SO, lifespan is short and as an endothermic reaction has cooling effect, while
when drain it increases soil acidification resulting in lower productivity and fertility.
Particulate matters at high concentration are known to be correlated with many
diseases, including higher chance of cancer.

The scores of local pollutants are linearly converted to scale to be aggregated. The
formula expressing the standardised score is given below:

Score (x;;) — Lowest score(x;
(Score (xy) G L oon

Standardised i) =
andardised score(x;;) (Highest score(x;,,) — Lowest score (x;,))

Equation 1

A combined standardised score for local pollution is obtained by weighting the
different local pollutants according to the WHO Guidelines for Air Quality (Gurjar, et
al., 2007); as following:

Other local pollutants

2 1
=3 * Standardized score (SOx ) + = * Standardized score (NOx )

4
+ 7 Standardized score (PM)

Equation 2
Environmental Bio Bio LNG/ | Bio e-Hydrogen | E- e-methane | NH3
criteria Diesel | LBG methanol | (lg) -ICE methanol | /e-LNG
GHG WtW CO2e 50.08 | 16.2 15.06 3.6 33.3 28.5 4.54
Emissions® (grC0O2e/KWh)

8 (Directive (EU) 2018/2001, 2018), (MEPC.308(73), 2018) (European Commission, 2021), (Marsk
Mc-Kinney Mgller Center for Zero Carbon Shipping, 2022)
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Other local
pollutants®

1.00

0.22

0.08

0.08

0.22

Sox (gSOX/KWh)

0.4

0.18

0.02

0

0.02

0.18

Nox (gNOx/kwh) 12

2

3

0

PM (gPM/kWh)

0.44 | 0.05 0.02 0 0.02 0.05

Table 5: Consequences of environmental criteria

Economical Aspects

Marine fuels that use the current infrastructure are preferred, as they avoid costs related
to the disruption of current infrastructure and significant investments for new
infrastructure. A fuel infrastructure includes fuel transportation systems, storage tanks,
and bunker facilities, both in the port and supplier side as well as on board. Marine
fuels that have comparable characteristics with the widely used HFO and MGO are
desired, even similar properties as LNG and methanol are preferred, as the technical
expertise and project feasibility are available at some scale. The capital expenditures
of the propulsion system on board of a vessel are essential to shipping companies. High
capital expenditures are barriers to entry for the adoption of new technologies, even if
the pay-back period is acceptable. The propulsion system cost is estimated and
measured in US dollar per installed capacity (kW). These prices are indicative,
approximated by the most recent published studies, however, as the development of
such technologies is on an early stage with an accelerated pace and optimization of the
production is evolving, prices could differ in the future, making such alternatives more
competitive. Additionally, scaling applications which now is phasing technical
obstacles will provide lower capital requirements than the linear model used at this
study. Capital expenditure include cost components such as the cost of the engine, or
convert, fuel system, storage tanks, additional insulation or safety mitigation retrofits
required. Another cost aspect very sensitive for shipping operators, is the cost estimate
of fuel per energy potential content. As the value chain is not mature for the considered
alternatives, fuel cost estimates, while essential, they are projected based on
approximated production cost and potential supply and demand balance, which is
extremely volatile and could be even affected by future regulation or subsidisation
policies, let alone variables such as the cost of materials, feedstock prices and corporate
environment.

Economic
criteria

e-methane
le-LNG

Bio
methanol

Bio
LNG/
LBG

Bio Diesel e-Hydrogen | E-

(Ig) -ICE methanol

NH3

Capital per
installed
leO

CAPEX 617 870

($/KW)

600 870 617 1810

920

Fuel Cost!!

Fuel cost | 26.4 253 |19.2 42.5 33.1 31.9

($/GJ)

33.3

Table 6: Consequences of economic criteria

° (Directive (EU) 2018/2001, 2018), (Bengtsson, et al., 2012), (Gurjar, et al., 2007), (Bengtsson, et al.,
2012), (Gilbert, et al., 2018), (Mersk Mc-Kinney Mgller Center for Zero Carbon Shipping, 2022)

10 (van der Maas, 2020), (Maersk Mc-Kinney Moller Center for zero carbon shipping, 2021), (Gilbert,
etal., 2018),

11 (van der Maas, 2020), (Maersk Mc-Kinney Moller Center for zero carbon shipping, 2021), (Korberg,
etal., 2021)
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Scalability Aspects

Different alternative fuels/pathways have different potentials for maturing and scaling-
up, depending on factors such as technical restriction on the output capacity, cost and
availability of materials and feedstock, which may drive prices into uncompetitive
ranges, environmental performance, and applicability. Additional parameters affecting
the potential adaption is the current usage of similar technologies, cross-sectoral
demand driving innovation and investment, global availability, projected and actual
future investment on the technology, global production potential; are all important for
scalability, closely linked to supply chain development and infrastructure. Criteria have
been adjusted into a scalar range of 0-4 based on the qualitative assessment described
in Table 3.

Scalability Bio Diesel | Bio Bio e- E- e-methane | NH3
criteria LNG | methanol | Hydrogen(lq) | methanol | /e-LNG
-ICE
Scalability'? | Qualitative | 4 4 3 2 3 4 2
scale

Table 7: Consequences of scalability criteria

Safety of Operation Aspects

There are many aspects relating to the safe implementation of alternative fuels projects
onboard ships. Attention is to be paid to fuel characteristics of applications powered by
unconventional fuel sources such as low-flashpoint fuels. The flash point of a chemical
substance is the lowest temperature at which a liquid can form an ignitable mixture in
air near the surface of the liquid. The flash point is an indication of how easy a chemical
may burn. Materials with higher flash points are less flammable or hazardous than
chemicals with lower flash points. A lower flash point is an indication of fuel that can
be ignited at lower temperatures, and in the absence of additional safety measures, this
indicates higher risk on operation. Major safety issues are associated with fire,
explosion, and toxic hazards due to the nature of the low-flashpoint fuels. Crew
onboard ships are required to be trained on the awareness of the hazard, appropriate
handling of such fuel, as well as mitigation and safety measures to be taken and
qualified in accordance with recognized standard. The design and installation of
systems and applications powered by alternative fuel are to follow an applicable
statutory and class requirements framework which is being developed by industry’s
regulatory bodies. The associated levels of risk define the safety considerations related
to the transportation and bunkering of the marine fuel followed by the onboard handling
of the fuel by the vessel. The higher the safety risks, the higher the required safety
measures creating a challenge in mitigation, resulting in reducing the competitiveness
of actual applications. The criteria have been adjusted to a scalar range for the purpose
of simplification of comparison.

12 (Korberg, et al., 2021), (DNV GL , 2019), (Maersk Mc-Kinney Moller Center for zero carbon
shipping, 2021), (van der Maas, 2020)
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Multiple criteria decision making (MCDM) methods provide an effective way to
navigate decision makers to evaluate and select the best alternative given multiple
parameters and criteria categories. The VIKOR method is balancing the trade-off
between the maximum group utility of the majority (aggregation of all criteria) and the
minimum individual regret of the opponent (each of criteria).

The additional complexity of the implementation of a MCDM method on alternative
fuels for maritime sector is that according to literature the weights of the criteria differ
significantly. Depending on the scope of the research, the view of the interviewees and
the stakeholders involved in the study, the weighting of criteria is inconsistent. This
could be explained as the interests of the involved stakeholders focus on different
aspects of operation and on different parts of the value chain. (Deniz & Zincir, 2015)
focus on safety of operation and regulatory compliance. The regulatory aspect differs
slightly from the view of the current study, as at the time the subject work was
published the focus was concentrated on initiatives to achieve compliance for local
pollutants reduction, which was an important subject and regulatory development the
past years. The experts questioned for ranking of the criteria, have working experience
onboard ships as engineers. This provides a certain point of view as the safety of
operation is the first and most important aspect of work as crew. At the recent study of
(Xing, et al., 2021) the gap in convergence of driver incentive of all involved
stakeholders is raised. The authors split the interested parties into a governmental
authority leading group, focusing on social and environmental criteria and a market

13 (DNV GL , 2019)
4 (DNV GL , 2019)
15 (DNV GL , 2019), (Assefa & Frostell, 2006), (van der Maas, 2020)
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Safety Bio Bio | Bio e-Hydrogen(lg) | e- e-methane | NH3
criteria Diesel | LNG | methanol | - ICE methanol | /e-LNG
Flammability | Qualitative | O 0 2 4 2 0 1
risk® scale
Toxicity Qualitative | 0 0 2 0 2 0 4
scale
Table 8: Consequences of safety criteria
Social Acceptance Aspects
Social acceptance is the first social-political criterion that could summarize the
positive or negative public attitude towards technologies and fuel alternatives. The
social acceptability of energy technologies is based on the public knowledge,
community perception, and fear on potential implications (Assefa & Frostell, 2006).
This is of high relevance for the assessment of alternative energy sources, as the public
acceptability could drive or put back the development of alternative pathways, redirect
research and development funds on innovative propulsion systems and affect financing
opportunities. The criterium is measured on an ordinal scale which is presented below.
Social Bio Bio Bio e-Hydrogen(lg) - | e- e-methane | NH3
acceptance Diesel | LNG methanol | ICE methanol | /e-LNG
criteria
Social Qualitative | 2 2 2 1 3 3 0
acceptance®® | scale
Table 9: Consequences of social acceptance criteria
Methodology




driven group, consisting of operators, shipowners, management companies and
manufacturers weighting more the economic and technical feasibility. The ranking of
the criteria in descending priority are ranked in the order of environmental impact,
supply availability and reliability of feedstock source, technical viability, and lastly
economic factors. According to the work performed by (Hansson, et al., 2019),
Swedish stakeholders related to shipping, including representatives of ship-owners,
fuel producers, engine manufacturers, representatives of government authorities, and
researchers, have identified the most important criteria for decision making. The top
two most weighted criteria were those related to economic aspects, both fuel cost per
unit of energy and capital investment required for the adaptation of each fuel
technology, and the scalability and availability of infrastructure for all the available
pathways. Similarly, on the paper published by (Ren & Lutzen, 2015), which targeted
the emission reduction of shipping, the focus was on acidic emissions, mainly of
sulphur oxides. The focus was more environmentally driven, weighting more the
maturity of emission avoidance technology and the impact in emission reduction. The
weighting is based on pair comparison, using fuzzy Analytical Hierarchy Process
(AHP). (Ren & Liang, 2017) utilized the pair-wise comparison matrix by using
linguistic variables, through a focus group of experts. The results show relatively
increased importance in the economic criteria, primarily capital expenditure for
technology adaptation, followed by fuel cost and environmental performance. At the
work published by (Ren & Lutzen, 2017), a method assessing the alternatives under
incomplete information is proposed, employing trapezoidal fuzzy numbers, replacing
the commonly used, triangular fuzzy logic, claiming to be more accurate for expressing
the preferences of the decision-makers in the cases where judgement is usually vague,
subjective and ambiguous. Lastly, at the work presented by (van der Maas, 2020), using
pairwise comparison the ranking demonstrates the relative importance of safety and
fuel availability, while also focusing on scalability of production. The scope of the
study is shifted towards port facilities and the viewpoint differs slightly into services
and port infrastructure and potential benefit for the port activity and local communities.

As the variability in criteria ranking is evident through the literature review, in this
study, the selected method is an alternation of conventional VIKOR method that makes
use of incomplete criteria weights instead of AHP weighting methods, employed in
literature. In addition to weight ranking scenarios, based on literature an entropy
method for objective weights, is employed, for providing an additional ranking
mechanism. The proposed VIKOR method ranks alternatives using the aggregated
scores of alternatives computed by multiplying the extreme points of a set of criteria
weights by the precise or interval consequences of alternatives. The methodology is
demonstrated in the paper published by (Kim & Ahn, 2019). The incomplete criteria
weight information could be based on one of the following types: (a) lower bounds, (b)
weak inequalities, (c) ratio scale inequalities, (d) strict inequalities, and (e) weak
inequalities of differences. The VIKOR method introduced by (Opricovic, 1998) is a
method developed for multi-criteria optimization on complex systems. The VIKOR
method is frequently compared with the technique for order performance by similarity
to ideal solution, namely TOPSIS, introduced by (Hwang & Yoon, 1981), although
they use a different aggregation function and a different normalization method. VIKOR
focuses on selection ranking through a set of available alternatives in the presence of
conflicting criteria by proposing a compromise solution based on the attributes of each
alternative (Opricovic & Tzeng, 2004), providing a maximum function of utility based
on the majority of the alternatives, while exploring the minimum of an individual regret
compared to challengers (Opricovic & Tzeng, 2007). TOPSIS is sensitive to conflicting
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superiority, as it weighs equally the distance from the positive ideal solution and the
farthest distance from the negative ideal solution, shifting focus to risk avoidance.
Consequently, a cautious decision which selects to penalise relative risk would benefit
from the methodology of TOPSIS. In the case of VIKOR, the objective to maximize
profit is accompanied with a more flexible approach on individual regret, balancing the
trade-off between them.

The VIKOR method has been extended to deal with various forms of uncertain data
and incomplete information (Kim & Ahn, 2019). An extension of VIKOR method has
been introduced by (Sayadi, et al., 2009) to deal with criteria set at interval numbers as
input and that finally chooses the minimum of the aggregated intervals representing the
closest distance to ideal solution, providing an external factor for optimism level of the
decision maker. For the attributes of the problem studied at the current work, the
uncertainty is originated from the variable weighting ranking found in literature. Thus,
the alternative VIKOR method employed utilize the information provided by
incomplete criteria weights instead of more strict and inflexible methods of weighting
such as entropy for objective weights, AHP, or fuzzy formulation for subjective
weights found in literature. The proposed VIKOR method ranks alternatives using the
aggregated scores of alternatives computed by multiplying the extreme points of the
set of criteria weights by the precise or interval consequences of alternatives.

VIKOR Method

In multicriteria problems setting, the decision maker considers a finite and discrete set
of alternatives A = {Al , A2, ..., Am}, each of which is evaluated for its
performance in multiple criteria C= {C1,C2, ..., Cn}. The respective score of each
pair of criteria - alternative is denoted as f;;, for all i alternatives available and for all j
criteria. Score can be expressed as a value, as a linguistic term or value range depending
on the problem formulation. Different scoring format require some extensions of the
original method but could be handled efficiently.

Cl1 C2 .. Cn
Al fu fiz - fin
A2 fpr oo
Am  fo1 o o fom

Table 10: Payoff table format

After concluding to the set of criteria, a set of criteria weights is denoted for each
criterion. The weights are constrained as following:

n
W= ij = 1,whilew; > 0,V € (1,2, ..n}
1

Development of the VIKOR method initiated with the following form of L,, - metric:

1/p

o =
=2l

j=1
where 1 < p < oo.
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Within the VIKOR methodology context, L;; and L.; are used to formulate ranking
measures, where L,; denotes the maximum group utility, while the L,; expresses the
individual regret point of view.

VIKOR methodology can be briefly described by the procedure arranged into five
steps:

(a) Determine the best fj*and the worst fj‘ values of all criterion functions, j =
1,2,---,n. If the ith function represents a benefit, then:

fi = miaxfl-j and f;” = miinfij
While if it is a cost function:

fi = miinfl-j and f;” = miaxfij
() Compute S; (group utility) and R; (individual regret) for each alternative:

Si = Xj=1 wj(

f=filff = 1), Vie{12,..m}

R; = mjaij(|fj* — fii/f} —fj"D, Vie{l2..m}

where w; expresses the relative importance of each criterion by a quantified
weights set.

(c) Compute the values Q;, i = 1,2, ..., m for each alternative by the relation:
Q=v(5—5)/E =S+ A -v)(R;—R")/(R™—R")

where,

S* =minS§; and S~ = max §;
L l

R* = minR; and R~ = maxR;
l l
The constant v, taking values in the range of [0,1], is the weight introduced to

support the strategic preference between maximum group utility and individual
regret; usually, v = 0.5, for evenly preference.

(d) Rank the alternatives by sorting the scores of S;, R; , and Q; in descending
order. The three resulting ranking lists are used to propose and validate a
compromise solution (Opricovic & Tzeng, 2004).

ey Propose as compromise solution the alternative, supposedly named a’, which
is ranked the best by the measure Q (minimum), while satisfying the below two
conditions:

Condition 1 is the acceptable advantage, expressed as Q(a') — Q(a’) =
D@,

where a’’ is the second-best alternative according to the Q ranking and DQ is
calculated as DQ = 1/(m — 1); m is the number of alternatives assessed.

The 2" condition is regarding the “acceptable stability in decision making’.
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Alternative a’ shall also be best ranked by S or/and R. This compromise
solution is stable within a decision-making process, in one of the three
categories; ‘‘voting by majority rule’’ when v > 0.5 is needed, or ‘‘by
consensus’’ if v = 0.5, or ““with veto’’ in the case of v < 0.5.

If the conditions are not met, a set of compromise solutions is proposed, which
consists of:

e If condition 1 is not satisfied, alternatives a’,a’’,...,a® are all
considered superior selections and a™) is determined as Q(a™)) —
Q(a’) < DQ for maximum M. The alternatives are positioned “in
closeness” to the dominant selection.

e If condition 2 is not satisfied a’ and a'’are both qualified as the dominant
alternatives.

The best alternative(s), ranked by @, is the one with the minimum value. The main
ranking result is the compromise ranking list of alternatives, and the compromise
solution with the ‘‘advantage rate’’. Ranking by VIKOR can be performed with
different values of criteria weights, assessing the impact of criteria weights on the
proposed set of compromise solution(s).

Extension of the VIKOR Method with Incomplete Information Criteria
Weights

In the case of the present study, as the criteria weighting vary significantly, based on
the researchers’ perspective and the composition of the experts’ team utilised for
criteria weighting, the approach is extended to a variation of VIKOR assessing
alternatives under incomplete criteria weights, provided a relative importance ranking.

The criteria weights are a critical component of the analysis and determine the final
decision results. Different implementation of VIKOR methodology, reviewed in
literature, has adopted ranging weighting methods with the prevalent being from
precise or fuzzy; equal weighting (Chang, 2010), (Opricovic & Tzeng, 2004),
(Opricovic, 2011), direct weighting (Kaya & Kahraman, 2010), employing the
eigenvector method of the analytic hierarchy process (AHP) (Bazzazi, et al., 2011), or
by following the entropy method described at (Liu & Wu, 2012). The entropy method
(Xu, 2004), inspired from information theory, assigns a small weight to a criterion with
comparable consequences, and a larger one on the criterion with varying attributes, as
the latter assists more on differentiating alternatives to provide a solid ranking.
Assessment of methodologies under incomplete weights are considered at (Kim & Ahn,
2019). The weight information falls under one of the following categories, to be
contemplated under this framework.

e Lower bounds (LB): Wi ={ww, =2a >0,j=12..,n}
o Weak inequalities (WI): Wy = {wiwy 2wy 22w, = 0}
o Ratio scale inequalities (RI): Wgr = {Ww:w; = aqwy, oo, Wyq =

Ap_1Wp, Wy = 0, @; > 0,V)}

e Strict inequalities (SI): Wg; = {w:w; — wjyy =2 ¢ >0, j =1,2,..,n -1,
w, = g, > 0}

e Weak inequalities of differences (WID): Wyy1p = {wiw; — wy = 2>
Wp_1 — Wy, W, = 0}
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The weight information available for this study is formed under the weak inequalities
scheme. The weight distribution found in literature provide two basic scenarios, which
will be evaluated. Thirdly, a scenario based on the ranking resulting from entropy
methodology (Bazzazi, et al.,, 2011) will be used. The purpose is to explore
convergence of compromise solutions.

For this case, incomplete weights lead to a convex set from which we can identify
multiple extreme points. Rearranging extreme points of the weak inequality set as a
matrix E = (44, 4y, ..., 4;,), Where 4; is the i™ column vector for which the elements
are 1/i from the first to the i position, while the others are zeros. Presented as a matrix,
it is rewritten as:

1 1/2 .. 1/n
| 1{2 1{n
0 0 .. 1/n

Then the single level of utility S;, is reshaped into an interval with an upper and lower
limit S”, and SF, respectively. Similarly, the individual regret R;, is modified, based
on upper and lower level into RY, and RF, considering the multiple extreme points of

the incomplete weights set.
The set of equations can be expressed as:

SY = max{d;E}, S} = min{d;E},i =1,-,m
RL-U = mléix{mjax{dij/lkj}}, Rl-L = mkin {mjax{dijlkj}}, i=1,-,m

where the normalized vector of consequences of the i alternative is d; =
(ff—fn fi=Ffiz fa—fin

fi-ff' B-f" 7 - fe
d. = (fi1_f1* fia=f7 fin=fa

' fi=f"fa=f" 7 fa—fa
are the sets of indices associated with benefit and cost criteria respectively. As E, we
describe the matrix of extreme points of criteria weights, defined above and A,
represents the j™ element of the k™ extreme point. Following this methodology, we
derive into the intervals [SiL,SiU] for group utility and the corresponding regret set at
the interval [RF, RY]. The above lead to the computation of Q; in an interval form

[@f,@F], foreach i = 1,---,m, by modifying the metrics definitions to be:

) | j € 1 if associated with benefit criteria, while it is

) | j € ] if describing cost related criteria. [ and J

Qi =v(Sf—S/(5"=8)+ (1 -v)(Rf —R")/(R™—R")
Q) =v (S =S)/(5" =)+ -v)(RY —R)/(R”—R")
Entropy Weighting Method

Entropy weighting is a method used to determine the importance weights of decision
attributes by directly relating a criterion’s importance weighting to the information
transmitted by that criterion (Bazzazi, et al., 2011), (Liu & Wu, 2012), (Chen & Li, 2010).
Elaborating further, given a MCDM decision matrix with a column vector described as
fi = (fij, fajs - fmj ) expressing the consequences of all alternatives in respect to j*
attribute. According to the methodology, the attribute has little importance, and thus
corresponding weight, when all alternatives have similar outcomes for the same attribute.
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Evidently, in the extreme case where all alternatives have the same evaluation in relation
to a specific attribute, then that attribute shall be eliminated according to entropy
methodology as it transmits no information about decision makers preferences. In contrast,
the attribute that transmits the most information, providing the highest variability in the
selected attribute, shall have the greatest importance in weighting. Expressing in
mathematical terms, this translates into the projected outcomes of attribute j, P;;, defined

ijs
as:

p, = Ju
ij Ty
1 Jij

The entropy is calculated as E; on the set of projected outcomes of attribute j, following

the formula below:
m
1
Ej = — (W)Z Pij lnPl-j
=

where m is the number of alternatives and E; takes values within the interval [0,1]. The
degree of diversification d; of the consequences provided by outcomes of attribute j can be
defined as d; = 1 — Ej. Hence, the entropy weighting of any attribute is calculated as
follows:

d
wi =
7 XTd
In the cases where an a priori subjective weight is assigned to an attribute, namely 4;, a

computation of a compromise weighting, wjo, is provided to account both for the entropy

weighting and the decision maker’s/consortium of experts’ subjective preference. The
computation formula is expressed as:

Aw;
wO Wi

7o ET 4w,

This process combines the objective evaluation of weights, focusing on the attributes that
differentiate the scores of the alternatives, while parallelly assessing the preference and
subjective importance of criteria of the decision maker.
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Implementation of VIKOR methodology with

Weights

Incomplete

Following the methodology described at the preceding section, the assessment of
alternative marine fuels is performed. For the simplification of calculation, the below
abbreviation is selected for the criteria described.

Category Criteria subcategory Explanation Abbreviation Cost/ Benefit
criteria
Technical Energy density Volumetric (MJ/m?) Tl Benefit
Technical Energy density Per mass (MJ/kg) T2 Benefit
Technical Technological Maturity (Propulsion) T3 Benefit
Technical Technological Energy Efficiency T4 Benefit
Environmental GHG Emissions WtW CO2e (grCO2e/KWh) EN1 Cost
Environmental Other local pollutants Weighted Sox (gSOx/kWh), Nox EN2 Cost
(gNOx/kWh) and PM (gPM/kWh)
Economic Capital per installed KW | CAPEX ($/kW) EC1 Cost
Economic Fuel Cost Fuel cost ($/GJ) EC2 Cost
Scalability Scalability Qualitative scale SC1 Benefit
Safety Flammability risk Quialitative scale SAl Cost
Safety Toxicity Quialitative scale SA2 Cost
Social Social acceptance Quialitative scale So1 Benefit

Table 11: List of criteria and abbreviations

Similarly, the alternatives are assigned to an abbreviation as presented below:

Fuel alternative

Abbreviation

Bio Diesel Al
Bio LNG/ LBG A2
Bio methanol A3
e-Hydrogen (Ig) -ICE Ad
e-methanol A5
e-methane /e-LNG A6
NH3 A7

Table 12: List of alternatives and abbreviations

Given the literature review, following a weighting process of the available studies
(Hansson, et al., 2019), (Ren & Liang, 2017), (Ren & Lutzen, 2015), (Xing, et al., 2021),
(Deniz & Zincir, 2015), (van der Maas, 2020) two scenarios of criteria ranking will be

assessed under the incomplete weight set VIKOR methodology.
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For the first ranking, safety-related are the dominant criteria, as the consortium of experts
were mainly individuals with sea experience, which evaluate greatly safety, as it is a priority
set by operators and managers for personnel serving onboard. At an environment with
significant health and safety risks, adding potential risks through the fuel system and
propulsion unit is a proposal that shall be carefully considered and mitigated in case of
appliance.

Hence, the weight ranking firstly considered, from this point on referred as scenario 1 will
be the following:

SA1=SA2=2EN1>2EC2=2EC1=>25C1=2T1=2T2=2T4=T3 =EN2 =501

The second ranking which will be considered is driven by the business proposal, financial
aspects, and effectiveness of the potential alternative fuel path. Thus, focus is given on
economic and environmental criteria. The corresponding ranking is given below:

EC2>SC1Z=2EN1>2EC1>2SA1>2S842>2T1>2T3>=S01>T2>=T4=EN2

The third ranking is derived from the entropy methodology explained at the previous
section. For this case two solvers will be employed. First, the ranking will be used as input
to VIKOR extension with incomplete weights, while also the standard VIKOR
methodology will be followed for the weight set resulting the entropy methodology
calculation for criteria weights.

Based on the consequences per attribute, as repeated below, the sum of consequences per
criteria - column is computed.

T1 T2 T3 | T4 EN1 | EN2 | EC1 EC2 | SC1 | SO1 | SA1 | SA2

Al 34.0 44.0 3 1024 | 501 1 600 26.4 4 2 0 0

A2 22.4 50.0 3 1022 | 162 | 0.22 870 25.3 4 2 0 0

A3 15.9 20.1 2 | 024 151 | 0.08 617 19.2 3 2 2 2

A4 8.5 1200 | 1 | 0.31 3.6 0.01 | 1810 425 2 1 4 0

A5 15.8 19.9 2 | 025 33.3 | 0.08 617 33.1 3 3 2 2

A6 224 50.0 3 | 0.22 285 | 0.22 870 31.9 4 3 0 0

A7 12.7 18.6 1] 023 45 0.05 920 33.3 2 0 1 4

"'f 1317 | 3226 | 15 | 1.71 | 1513 | 1.66 | 6304 | 211.7 22 13 9 8
E”
1

Table 13: Alternatives consequences on the criteria selected

By normalising the terms to the projected outcome of each attribute, we derive the
following results:

T1 T2 T3 T4 EN1 | EN2 | EC1 | EC2 | SC1 | SO1 | SAl | SA

Al 0.26 0.14 | 0.18 | 0.14 033 | 060 |010 | 012 |0.17 | 0.15 | 0.06 | 0.07

A2 0.17 0.15 | 0.18 | 0.13 011 (013 | 014 | 012 |0.17 | 0.15 | 0.06 | 0.07

A3 0.12 006 | 014 |0.14 0.10 [ 0.05 | 010 |0.09 |014 | 015 |0.19 | 0.20

A4 0.06 0.37 | 0.09 | 0.8 002 (001 |029 |020 |0.10 |0.10 |0.31 |0.07
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AS 0.12 0.06 | 0.14 | 0.15 022 | 005 |010 (016 |0.14 |020 | 0.19 | 0.20
A6 0.17 0.15 | 0.18 | 0.13 019 | 013 | 014 | 015 |0.17 | 020 | 0.06 | 0.07
A7 0.10 0.06 | 0.09 |0.13 003 | 003 |015 (016 |0.10 | 005 |0.13 | 0.33

Table 14: Normalised decision matrix

The entropy E; is calculated on the set of projected outcomes of attribute j, according to

Equation 16. The first term, h = ﬁ = 0.514 , where m is the number of alternatives,

which is seven at this case. The term to be summarised P;; In P;; , per criterion, is given
at the Table 15, along with the sum result and entropy calculation. Then, the degree
of diversification is calculated. Finally, the weights are computed, according to

Equation 18.
TL |T2 |T3 |[T4 |[ENL |EN2 |ECL |EC2 |SCl |SOl |SAl |SA2
Al -0.35 | -0.27 | -0.31 | -0.28 | -0.37 | -0.31 | -0.22 | -0.26 | -0.30 | -0.28 | -0.17 | -0.18
A2 -0.30 | -0.29 | -0.31 | -0.26 | -0.24 | -0.27 | -0.27 | -0.25 | -0.30 | -0.28 | -0.17 | -0.18
A3 -0.26 | -0.17 | -0.27 | -0.28 | -0.23 | -0.15 | -0.23 | -0.22 | -0.27 | -0.28 | -0.31 | -0.32
Ad -0.18 | -0.37 | -0.22 | -0.31 | -0.09 | -0.03 | -0.36 | -0.32 | -0.23 | -0.23 | -0.36 | -0.18
AS -0.25 | -0.17 | -0.27 | -0.28 | -0.33 | -0.15 | -0.23 | -0.29 | -0.27 | -0.32 | -0.31 | -0.32
A6 -0.30 | -0.29 | -0.31 | -0.26 | -0.31 | -0.27 | -0.27 | -0.29 | -0.30 | -0.32 | -0.17 | -0.18
A7 -0.23 | -0.16 | -0.22 | -0.27 | -0.11 | -0.11 | -0.28 | -0.29 | -0.23 | -0.15 | -0.26 | -0.37
i s, -1.86 | -1.73 | -1.91 | -1.94 | -1.68 | -1.27 | -1.86 | -1.92 | -1.93 | -1.88 | -1.77 | -1.73
=
E; 096 [0.89 | 098 |1.00 {086 |0.65 [0.96 |099 |0.99 |[0.96 | 091 |0.89
d; 0.04 | 011 |002 [000 {014 |0.35 |[0.04 |001 |001 |[0.04 [009 |0.11
W 0.04 [ 012 | 002 [000 |014 |0.36 |[0.04 |001 |001 |[0.04 [009 |0.11
rank 6 3 9 12 2 1 7 10 11 8 5 4

Weighting Scenario 1

The weights ranking to be considered at first, is the following:

Table 15: Entropy method weighting matrix

SA1 > SA2=ZEN1>2EC2=2EC1=SC1=2T1>2T2=T4=>=T3 =EN2 =501

Scenario 1 ranking’s dominant criteria are related to safety of operation and secondly, the
environmental impact in terms of GHG emissions and the economic aspects of the
alternatives. Providing the initial decision table, the computation of f;" and f;~, is performed

according to (5) and (6).

T1 T2 T3 | T4 EN1 | EN2 | EC1 EC2 | SC1 | SO1 | SAl | SA2
Al 34.0 44.0 4 1024 50.1 1 600 26.4 4 2 0 0
A2 224 50.0 4 | 0.22 16.2 | 0.22 870 253 4 2 0 0

Sustainability of alternative marine fuels:
Extended VIKOR method using incomplete criteria weights application

48



A3 15.9 20.1 3 1024 | 151 | 0.08 617 19.2 3 2 2 2

A4 8.5 1200 | 2 | 031 3.6 0.01 | 1810 425 2 1 4 0

AS 15.8 19.9 3 1025 | 333 | 0.08 617 331 3 3 2 2

A6 22.4 50.0 4 1022 | 285 | 022 870 31.9 4 3 0 0

A7 12.7 18.6 2 | 023 4.5 0.05 920 333 2 0 2 4

fi* 34 120 4 | 031 3.6 0.01 600 19.2 4 3 0 0

fi© 8.5 18.6 2 | 022 50.1 1 1810 425 2 0 4 4

Table 16: Determination of best and worst consequences per criterion

Proceeding with normalising consequences, vectors d; and ranking according to the
incomplete weighting are provided

di SAl SA2 | EN1 | EC2 | EC1 | SC1 | T1 T2 T4 T3 EN2 | SO1
Al | 0.00 0.00 | 1.00 | 031 | 0.00 | 000 |0.00 |0.75 |0.79 |0.00 | 1.00 | 0.33
A2 | 0.00 0.00 | 027 | 026 | 022 | 0.00 | 045 | 0.69 | 1.00 | 0.00 | 0.21 | 0.33
A3 | 0.50 050 | 025 | 000 |0.01 |05 |071 |0.99 |079 |0.50 |0.07 |0.33
A4 | 1.00 0.00 | 0.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.00 | 0.00 | 1.00 | 0.00 | 0.67
A5 | 0.50 050 | 0.64 | 060 |0.01 |05 | 071 |0.99 | 068 |0.50 |0.07 |0.00
A6 | 0.00 0.00 | 054 | 055 | 022 | 000 | 045 |0.69 | 1.00 |0.00 |0.21 | 0.00
A7 | 025 1.00 | 0.02 | 061 | 026 | 1.00 | 0.84 | 1.00 | 0.94 | 1.00 | 0.04 | 1.00

Table 17: Normalised decision matrix sorted by criteria weights ranking

The matrix E = (44,45, ..., 4,), Where 4; is the i"™ column vector, is modified to be
the following, based on the 12 criteria employed.

1 1/2 1/3 .. 1/12

0 1/2 1/3 .. 1/12

E=|0 0 1/3 .. 1/12

0 0 0o - 1/12

Hence, the d - E vectors are exactly:
d; *E

Al | 0.00 0.00 [ 033 [033 [026 [022 [019 [026 [032 [028 [035 |035
A2 | 0.00 0.00 [ 0.09 | 013 [015 | 013 [ 017 | 024 [0.32 |[0.29 | 028 |029
A3 | 050 050 [ 042 | 031 [025 | 029 [035 | 043 | 047 | 047 | 044 |043
A4 | 1.00 050 [ 033 [ 050 [060 |067 [071 |0.63 |0.56 |0.60 | 055 |056
A5 | 050 050 | 055 | 056 |045 |046 | 049 | 056 | 057 | 056 | 052 | 048
A6 | 0.00 0.00 | 0.18 | 027 |026 |022 [025 [031 |[0.38 |[0.35 |[0.33 |031L
A7 | 025 0.63 | 042 | 047 |043 | 052 [ 057 |0.62 |[0.66 | 069 | 063 |0.66

Table 18: The value Si for precise consequences and incomplete weights
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while the max{dijlk]-} factor is visualised at the Table 19 given below:
j

m]ax{dij/lkj}
Al | 0.00 0.00 | 0.33 | 0.08 | 0.00 |0.00 |0.00 |0.09 |0.09 [000 |0.09 |0.03
A2 | 0.00 0.00 | 0.09 | 0.07 | 0.04 |0.00 |0.06 |0.09 |011 | 0.00 | 0.02 | 0.03
A3 | 0.50 0.25 | 0.08 | 0.00 | 0.00 |0.08 |010 |0.12 |0.09 | 0.05 | 0.01 | 0.03
A4 | 1.00 0.00 | 0.00 | 025 | 0.20 | 0.17 | 0.14 | 0.00 | 0.00 | 0.10 | 0.00 | 0.06
A5 | 0.50 0.25 (021 | 015 | 0.00 | 0.08 |0.10 |0.12 | 0.08 | 0.05 | 0.01 | 0.00
A6 | 0.00 0.00 | 0.18 | 0.14 | 0.04 | 0.00 | 0.06 | 0.09 | 0.11 | 0.00 | 0.02 | 0.00
A7 | 0.25 050 |0.01 | 015 | 0.05 | 0.17 |0.12 |0.13 | 0.10 | 0.10 | 0.00 | 0.08

Table 19: Regret matrix

and the corresponding S/ = max{d;E}, S¥ = min{d;E}, R} = max {max{di jlk]-}},
]

Rl = mkin {max{dij/lki}}, Vi = 1,---,m for each alternative are following:
j

Alternatives Al A2 A3 A4 A5 A6 A7
SiU 0.35 0.32 | 0.50 | 1.00 | 0.57 | 0.38 | 0.69
SiL 0.00 0.00 | 0.25 | 033 | 045 | 0.00 | 0.25
RiU 0.33 0.11 | 0.50 | 1.00 | 0.50 | 0.18 | 0.50
RiL 0 0 0 0 0 0 0.004

Table 20: Assessment of alternatives through Si and Qi

Based on the above, the boundaries are calculated as:

Computing intervals [QF,QF], fori =1,

S*=minSF=0and S~ = maxS/=1
l l

R*=mjnR} =0and R~
l

factor of v = 0.5 yields Table 21:

l

= maxR/=1

--+,7, using equal weighting-optimism

Alternatives Al A2 A3 A4 A5 A6 A7
QLU 0.34 0.22 0.50 1.00 | 0.53 0.28 0.60
QlL 0.00 0.00 | 0.13 | 0.17 | 0.22 0.00 0.13

Table 21: Q values

Visualising the rank based on [@Qf, @], the result is the following:
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Figure 4: Proposed compromise solution

Additionally plotting group utility, [Sf, S¥],

A7,0.25 A7,0.69
+ +
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o2 20
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Figure 5: Group utility
we conclude to the superiority of A2 alternative, bio-LNG/liquified biogas.
The ranking, based on the midpoint of interval [Qf, 7], is:
A2 > A1 > A6 > A3 > A7 > A5 > A4

With the selected criteria weights ranking, an assessment of sensitivity based on the
optimism factor is performed.
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At range of values of v € [0,1], the compromise solution is changing based on the optimism
factor. At the dominant R range, where regret is considered, v = 0, A3 alternative, bio
methanol is superior. For v € [0.1,1], compromise solution is stable and A2 is selected.

Weighting Scenario 2
The weight ranking to be considered in this case, is the following:
EC2>=SC1=EN1=EC1>SA1=>28SA2>2T1>T3=>2S01>T2=>T4=EN2

Scenario 2 ranking’s dominant criteria are related to economic criteria and scalability and
applicability of the solution proposed, followed by the environmental impact in terms of
GHG emissions. Proceeding with normalising consequences, vectors d; and ranking
according to the incomplete weighting are provided:

d; EC2 SC1 | EN1 | EC1 | SAl1 | SA2 | T1 T3 SO1 | T2 T4 EN2
Al | 031 0.00 | 1.00 | 0.00 | 0.00 | 0.00 | 0.00 |0.00 |0.33 |0.75 | 0.79 | 1.00
A2 | 0.26 0.00 | 027 | 0.22 | 0.00 | 0.00 | 0.45 | 0.00 | 0.33 [ 0.69 |1.00 | 0.21
A3 | 0.00 050 | 025 | 001 |050 050 |071 [050 |033 [099 |079 | 0.07
A4 | 1.00 1.00 | 0.00 | 1.00 | 1.00 | 0.00 | 1.00 | 1.00 | 0.67 | 0.00 | 0.00 | 0.00
A5 | 0.60 050 | 064 | 001 | 050 050 |071 |050 |0.00 099 |068 |0.07
A6 | 055 0.00 | 054 | 022 | 0.00 |0.00 | 045 |0.00 | 000 [069 |1.00 |O0.21
A7 | 0.61 1.00 | 0.02 | 026 | 0.25 | 1.00 | 0.84 | 1.00 | 1.00 | 1.00 | 0.94 | 0.04

Table 22: Normalised decision matrix ordered by criteria weights ranking

The matrix E = (44,45, ..., 4,), Where 4; is the i"™ column vector, is modified to be
the following, based on the 12 criteria employed.

1 1/2 1/3 .. 1/12
0 1/2 1/3 .. 1/12
E={0 0o 1/3 .. 1/12
0 0 0 - 1/12

Hence, d - E can be calculated as in Table 23:

d; *E
Al 031 015 [044 [033 [026 [022 [019 [ 016 [0.18 [0.24 [029 [ 035
A2 026 013 [ 018 [019 [015 [ 013 [017 [ 015 [ 017 [0.22 029 |0.29
A3 | 0.00 025 [ 025 [019 [025 [ 029 [035 [037 [037 |043 | 046 | 043
A4 | 1.00 100 [ 067 [ 075 [080 |067 [071 [ 075 [ 074 [ 067 | 061 | 0.56
A5 [ 060 055 | 0.58 | 044 | 045 [ 046 [ 049 [ 050 | 044 | 049 | 051 |0.48
A6 | 055 027 [036 [033 [026 [022 [025 [022 [020 025 031 |031
A7 | 061 080 | 054 [047 043 [052 [057 [ 062 [0.66 |0.70 |0.72 | 0.66

Table 23: The value Si for precise consequences and incomplete weights

while the m_ax{dij/lkj} factor is visualised at Table 24 given below:
J
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mjax{dijlk,-}
Al | 031 0.00 | 0.33 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.04 | 0.07 | 0.07 |0.08
A2 | 0.26 0.00 | 0.09 | 0.06 | 0.00 | 000 | 0.06 |0.00 |0.04 |0.07 |0.09 |0.02
A3 | 0.00 0.25 | 0.08 | 0.00 | 0.10 | 008 | 0.10 | 0.06 | 0.04 | 0.0 |0.07 |0.02
A4 | 1.00 0.50 [ 0.00 025 |0.20 |0.00 |0.14 | 0.13 | 0.07 | 0.00 | 0.00 | 0.00
A5 | 0.60 0.25 {021 | 000 |0.10 | 008 |0.10 |0.06 |0.00 | 010 |0.06 |0.02
A6 | 0.55 0.00 | 0.18 | 0.06 | 0.00 | 0.00 | 0.06 | 0.00 | 0.00 | 0.07 | 0.09 | 0.02
A7 | 0.61 0.50 | 0.01 (007 |005 |017 | 0.12 | 0.13 | 0.11 | 0.20 | 0.09 | 0.00

Table 24: Regret matrix

and the corresponding SV = max{d;E}, S} = min{d,E}, R} =
max {mjax{dij/lkj}}, Rl = mkin {mjax{dij/lkj}}, Vi=1,--,m, follow in Table 25:

Alternatives Al A2 A3 A4 A5 A6 A7
sy 044 | 029 | 0.46 | 1.00 | 0.60 | 0.55 | 0.80
st 015 | 0.13 | 0.00 | 056 | 0.44 | 0.20 | 0.43
RY 033 | 026 | 025 | 1.00 | 0.60 | 055 | 0.61
RE 0 0 0 0 0 0 |0.003

Table 25: Si and Qi interval values
Based on the above, the boundaries are calculated as:
S*=minSf=0and S~ = maxS/=1
l l

R*=minR} =0and R~ = maxR/=1
l l

Computation of [Qf, Q] intervals, for i = 1,---,7, using equal weighting-optimism
factor of v = 0.5, is presented in Table 26.

Alternatives Al A2 A3 A4 A5 A6 A7
QlU 0.38 0.28 | 0.36 1.00 | 0.60 | 0.55 0.71
QlL 0.08 0.06 | 0.00 | 0.28 | 0.22 0.10 0.22

Table 26: Q interval values

Visualising the rank based on [Qf, @], the result is the following:
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Figure 6: Proposed compromise solution

Additionally, the plot of group utility, [SiL,SiU] measure is presented in Figure 7.

A7,0.43 A7,0.80
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Figure 7: Group utility interval values

Again, similarly to Scenario 1, the result is that A2 alternative is superior, bio-
LNG/liquified biogas, thus presenting a rather robust behaviour in terms of weighting
preferences.

The ranking, based on the midpoints of intervals [QLL QlU] is exactly:

A2 > A3 > A1 > A6 > A5 > A7 > A4

54
Sustainability of alternative marine fuels:

Extended VIKOR method using incomplete criteria weights application



At range of values of v € [0,1], the compromise solution is changing based on the optimism
factor. At the dominant R range, where individual regret is considered, v € [0,0.2], A3
alternative, bio methanol is superior. For v € [0.2,1], compromise solution is stable and A2
is selected.

Entropy Weighting Method Results

As explained at the entropy weighting methodology section, the attribute that transmits the
most information, providing the highest variability in the selected attribute, is weighted
with the highest weight, thus having the highest importance. Implementing the

normalisation, by using the formula P;; = Z’I:‘l;]‘ results in Table 27:
1 9]

T1 T2 T3 T4 EN1 | EN2 | EC1 | EC2 | SC1 | SO1 | SAl1 | SA2

Al | 026 |014 | 018 |0.14 (033 | 060 |0.10 |012 |0.17 | 0.15 |0.06 | 0.07

A2 | 017 | 015 | 018 | 013 (011 |0.13 | 0.14 | 012 |0.17 | 0.15 |0.06 | 0.07

A3 (012 | 006 |014 |0.14 | 010 [0.05 | 010 [0.09 | 014 | 015 |0.19 | 0.20

A4 | 0.06 |037 |009 |018 |002 001 |029 [020 |0.10 |0.10 |0.31 | 0.07

A5 (012 | 006 |014 |015 | 022 [0.05 |0.10 {016 |0.14 | 020 |0.19 | 0.20

A6 | 017 | 015 | 018 | 013 | 019 |013 | 014 |(015 |0.17 | 020 | 0.06 | 0.07

A7 (010 | 006 |0.09 |013 |0.03 (003 |015 (016 |0.10 |0.05 |0.13 | 0.33

Table 27: Normalisation process

Then, the entropy is calculated as E; on the set of the projected outcomes of attribute j,
1

m) ?ilPijlnPij,
and E; takes values within the interval [0,1]. The degree of diversification d; of the

consequences is computed by the outcomes of attribute j, which is defined as d; = 1 — E;.

following the formula E; = — ( where m is the number of alternatives

Lastly, the entropy weighting of any attribute is calculated by w; = %. The calculations
17
are demonstrated, along with the ranking in Table 28:

P;jIn P T1 T2 T3 T4 EN1 | EN2 | EC1 | EC2 | SC1 | SO1 | SAl | SA2

Al -0.35 | -0.27 | -0.31 | -0.28 | -0.37 | -0.31 | -0.22 | -0.26 | -0.30 | -0.28 | -0.17 | -0.18
A2 -0.30 | -0.29 | -0.31 | -0.26 | -0.24 | -0.27 | -0.27 | -0.25 | -0.30 | -0.28 | -0.17 | -0.18
A3 -0.26 | -0.17 | -0.27 | -0.28 | -0.23 | -0.15 | -0.23 | -0.22 | -0.27 | -0.28 | -0.31 | -0.32
A4 -0.18 | -0.37 | -0.22 | -0.31 | -0.09 | -0.03 | -0.36 | -0.32 | -0.23 | -0.23 | -0.36 | -0.18
AS -0.25 | -0.17 | -0.27 | -0.28 | -0.33 | -0.15 | -0.23 | -0.29 | -0.27 | -0.32 | -0.31 | -0.32
A6 -0.30 | -0.29 | -0.31 | -0.26 | -0.31 | -0.27 | -0.27 | -0.29 | -0.30 | -0.32 | -0.17 | -0.18
A7 -0.23 | -0.16 | -0.22 | -0.27 | -0.11 | -0.11 | -0.28 | -0.29 | -0.23 | -0.15 | -0.26 | -0.37
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U -1.86 | -1.73 | -1.91 | -1.94 | -1.68 | -1.27 | -1.86 | -1.92 | -1.93 | -1.88 | -1.77 | -1.73
Z P;InP;
i=1
Ej 09 |08 |09 |100 (086 |065 |09 |099 |099 |09 |091 | 0.89
dj 0.04 | 011 | 002 |000 |014 |[035 |004 |001 |001 |0.04 |0.09 |O0.11
w; 0.04 | 012 | 002 |000 |014 |036 | 004 |001 |001 |0.04 |0.09 |O0.11
Rankjng 6 3 9 12 2 1 7 10 11 8 5 4

Table 28: Entropy weight calculation and criteria weight ranking
Weighting Scenario 3
The weight ranking provided by the entropy weighting procedure is the following:
EN2>EN1>2T2>=SA2>2SA1>2T1=EC1>=S01>T3=EC2=S5C1=>T4

The ranking categories are mixed, but the dominant criteria are related to the environmental
impact.

Proceeding with normalising consequences, vectors d; and ranking according to the
incomplete weighting are presented in Table 29:

di EN2 | EN1 | T2 SA2 | SA1 | T1 EC1 | SO1 | T3 EC2 | SCl1 | T4

Al | 100 |100 (075 |000 |000 |000 |O0.00 |033 |000 |031 |000 |O0.79

A2 | 021 (027 (069 |000 |000 |045 | 022 |033 |000 |026 |0.00 | 1.00

A3 | 007 025 (099 |050 |05 |071 |001 |033 |050 |0.00 |050 |O0.79

A4 | 000 (000 (000 |000 |100 |100 | 1.00 |O0.67 |1.00 |1.00 | 100 | 0.00

A5 | 007 (064 (099 |050 |05 |071 |0.01 |0.00 |050 |060 |050 |O0.68

A6 | 021 | 054 (069 |000 |000 |045 | 022 |0.00 |[0.00 |055 |0.00 |1.00

A7 | 004 |002 |[100 |100 |025 | 084 |0.26 |1.00 |1.00 |061 | 100 | 094

Table 29: Normalised decision matrix sorted by criteria weight ranking

As in the previous scenarios, the matrix E = (A4, 45, ..., A,,), where 2; is the i
column vector, is the same, and modified based on the 12 criteria employed.

1 1/2 1/3 .. 1/12
0 1/2 1/3 .. 1/12
E=l0 0 1/3 .. 1/12
0 0 0 - 1/12

Computation of d - E is presented in Table 30:

di*E

Al | 100 |1.00 |092 |069 |05 |046 (039 |039 |034 |034 [031 |0.35

A2 (021 |024 | 039 [029 | 023 |027 |026 |027 | 024 |024 |022 |0.29

A3 | 007 | 016 | 043 | 045 | 046 | 050 043 | 042 | 043 | 039 | 040 | 043
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A4 | 000 |000 |000 |0.00 |020 |033 |043 [046 | 052 | 057 | 061 | 0.56
A5 | 007 |035 |057 [055 [054 |057 [049 |043 | 044 | 045 | 046 | 048
A6 | 021 |037 |048 |036 |029 |032 |030 [026 |024 |027 | 024 | 031
A7 | 004 003 |035 |052 |046 | 052 | 049 |055 |060 |060 |0.64 | 0.66
Table 30: Normalized regret vector values on the extreme points
while the m]ax{dij/lki} factor is shown in Table 31:
m]ax{dij/lkj}
Al | 1.00 0.50 | 0.25 | 0.00 | 0.00 | 0.00 | 0.00 | 0.04 | 0.00 | 0.03 | 0.00 | 0.07
A2 | 021 0.14 | 0.23 | 0.00 | 0.00 | 0.08 | 0.03 |0.04 | 0.00 |0.03 | 0.00 | 0.08
A3 | 0.07 0.12 | 033 | 0.13 | 0.10 | 0.12 | 0.00 | 0.04 | 0.06 | 0.00 | 0.05 | 0.07
A4 | 0.00 0.00 | 0.00 | 0.00 | 0.20 | 0.17 | 0.14 | 0.08 | 0.11 | 0.10 | 0.09 | 0.00
A5 | 0.07 0.32 | 033 | 013 | 0.10 | 0.12 | 0.00 | 0.00 | 0.06 | 0.06 | 0.05 | 0.06
A6 | 0.21 0.27 | 0.23 | 0.00 | 0.00 | 0.08 |0.03 |0.00 |0.00 |0.05 | 0.00 | 0.08
A7 | 0.04 0.01 | 033 | 025 | 005 |014 |004 |013 | 011 | 0.06 | 0.09 | 0.08
Table 31: Maximum regret values
while, the corresponding Sy = max{d;E}, S} =min{d;E}, RY =

mlflx{max{dij/lki}}, RiL = mkin {max{dijlkj}}, vi=1,-
J j

Table 32:
Alternatives Al A2 A3 A4 A5 A6 A7
SiU 1.00 0.39 | 050 | 0.61 | 0.57 | 0.48 | 0.66
SiL 0.31 0.21 | 0.07 | 0.00 | 0.07 | 0.21 | 0.03
RiU 1.00 0.23 | 033 | 0.20 | 0.33 | 0.27 | 0.33
RiL 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01

Table 32: S and Q interval values

Based on the above, the boundaries are calculated as:

S*=minSF=0and S~ = maxS/=1
l l

R*=minRF =0and R~ = maxR/=1
l 4

-,m, are summarised in

Computation of [Qf, @] intervals, for i = 1,--,7, using equal weighting-optimism
factor of v = 0.5, is presented in Table 33.

Alternatives Al A2 A3 A4 A5 A6 A7
QlU 1.00 0.31 0.42 0.40 0.45 0.37 0.50
QlL 0.15 0.11 0.04 0.00 0.04 0.11 0.02
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Table 33: Q interval values

Visualising the rank, based on [Q}, @], result in Figure 8.

A7,0.02 A7,0.50
+ +
A6,0.11 A6, 0.37
A5, 0.04 A5, 0.45
A4, 0.00 A4, 0.40
A3,0.04 A3, 0.42
A2,0.11 A2,0.31
A1,0.15 A1, 1.00
< <
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Figure 8: Proposed compromise solution

Additionally, the plot of group utility measure [SL-L,SL-U] is presented in Figure 9.

A7,0.03 A7, 0.66
+ +
A6,0.21 A6, 0.48
A5, 0.07 AS, 0.57
A4, 0.00 A4, 0.61
A3, 0.07 A3,0.50
A2,0.21 A2,0.39
A1,0.31 Al,1.00
< O
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Figure 9: Group utility measure

The result reveals the superiority of A4 alternative (Hydrogen solution), followed by A2
(bio-LNG/liquified biogas solution). This result is strongly related to the increased
importance of environmental performance criteria, local pollutants and GHG emission, in
which hydrogen produced through renewable energy, and green processes is assigned with
the best scores.

The full ranking based on the midpoint of interval [Q/, @], is exactly:
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A4 > A2 > A3 > A6 > A5 > A7 > Al

With the selected criteria weighting, a sensitivity analysis regarding the optimism factor
shows a rather stable superiority of A4, on the range of values of v € [0,0.75]. At the
dominant S range, where group utility is considered, that is v € [0.75, 1], A3 alternative
(bio methanol solution) is preferred.

VIKOR Application In Conjunction With Entropy Method Based
Weighting

Following the weighting computed through the entropy method, at Table 28, the

conventional VIKOR is applied on the emerged weights.

Computation of the normalising consequences in terms of vectors d; are presented in
Table 34.

di T1 T2 T3 T4 EN1 | EN2 | EC1 | EC2 | SC1 | SO1 | SAl | SA2
Al | 0.00 0.75 | 0.00 | 079 | 1.00 | 1.00 | 0.00 | 0.31 | 0.00 | 0.33 | 0.00 | 0.00
A2 | 045 0.69 | 0.00 | 100 | 027 |021 |0.22 |0.26 |0.00 |0.33 | 0.00 |0.00
A3 | 071 099 | 050 |079 | 025 |007 | 001 |000 |050 |0.33 |050 |0.50
A4 | 1.00 0.00 | 1.00 | 0.00 | 0.00 | 0.00 | 1.00 | 1.00 | 1.00 | 0.67 | 1.00 | 0.00
A5 | 071 099 | 050 | 068 | 064 | 007 | 001 |0.60 | 050 |0.00 050 |0.50
A6 | 045 069 | 0.00 |1.00 | 054 | 021 |0.22 | 055 |0.00 |0.00 |0.00 |0.00
A7 | 0.84 1.00 | 1.00 | 094 | 002 | 0.04 |0.26 | 061 |1.00 |1.00 | 0.25 | 1.00

Table 34: Normalised decision table

Following, the calculation of group utility, individual regret, and their convex normalised
combination in terms of Q measure, result in the alternatives ranking as visualised in
Figures 10 to 12 for the three points of view.

Figure 10: Group utility ranking within the VIKOR framework
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Figure 12: Compromise solution ranking within the VIKOR framework

The result partly matches with the ranking of the Scenario 3, which is VIKOR with
incomplete weights, sorted under weak inequality by the entropy method. The result shows
the superiority of A2 alternative (bio-LNG/LBG solution), also agreeing with the two
scenarios assessed prior; followed by A4; which is Green Hydrogen solution, performing
best at the highly rated environmental criteria.

The full ranking, based on the Q; values, is now:
A2 > A4 > A6 > A3 > A5 > A7 > Al

With the selected criteria weights ranking, a sensitivity analysis based on the optimism
factor is performed. On the entire range of values of v € [0.1], A2 remains the superior
solution, thus presenting a rather robust behaviour against strategy coefficient selection

Lastly, we explore the closeness and stability conditions of the compromise solution A2,
which is ranked the best in terms of measure @ (minimum). Indeed, the stability condition is
satisfied, as alternative A2 is ranked first both at the individual regret and group utility lists.
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Investigating acceptable advantage condition, DQ = 1/(m — 1) has to first to be computed,
where m stands for the number of alternatives assessed. In our case, we have DQ = 1/6 =
0.167.

Calculating the closeness of A2 with the following best solution in terms of Q (A4), we obtain
Q(a") — Q(a') =Q(A4) — Q(A2) =0.009 < 0.167. Hence, the acceptance advantage
condition is not met. Thus, a compromise solution set should be proposed withing the VIKOR
framework approach. In particular, we should select the best M solutions in terms of Q values,
where M is is determined by the inequality Q(AM) — Q(A2) < DQ, for the maximum value
it holds. We have:

Q(A6) — Q(A2) = 0.082 < 0.167
Q(43) — Q(A2) = 0.264 > 0.167

This means that alternatives A2, A4 and A6 , namely bio-LNG, e-Hydrogen and e-LNG
solutions, are positioned “in closeness” and constitute the compromise solution set, as presented
in Figure 13.

8

Figure 13: The VIKOR compromise solution set.
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Conclusions, Discussion and Further Research Perspectives

Assessing alternative pathways to decarbonise shipping is a multiparametric problem,
which entails various forms of uncertainty in many aspects. The criteria selection is broad,
and the importance of each attribute differs, based on the consortium of experts and their
viewpoint. Providing a concrete framework to accommodate a sophisticated technigue,
such as a MCDM approach, is essential, while similar applications in maritime sector are
limited. At this study, seven long term fuel alternatives for shipping decarbonisation are
assessed under twelve criteria, covering many aspects of consideration. The criteria range
from numerical, quantitative measures to qualitative attributes. The VIKOR methodology
has been employed to evaluate the fuel alternatives. Based on the literature review, criteria
weights do not converge to a single viewpoint. Hence, the approach selected was to use
incomplete weights, by adopting weak inequality ranking. To cover a multiple perspective,
three weight scenario rankings were assessed. The first scenario is driven by the criteria
related to safety operation, followed by the climate impact and the economic aspect. At the
second scenario, the importance of economic aspects is dominant, followed by the climate
impact and the scalability of the solution proposed. Lastly, by using the entropy
methodology for computing criteria weights, the conventional VIKOR was employed to
provide the ranking of alternatives, while the weights were sorted and used under the
incomplete weight framework to provide the third weights ranking scenario. Both
Scenarios 1 and 2, as well as the conventional VIKOR implementation, conclude to the
alternative of bio-LNG, or liquid biogas as the superior alternative. As the safety of
operation is secured, similar systems powered by fossil LNG are operational at scale,
providing the required know-how, while achieving competitive economics and substantial
GHG emission reduction. This pathway is followed by many companies and operators,
especially, at the initial stage of the transition posing excessive demand for trained seafarers
(Martin, 2022). Atthe 3" scenario, bio-LNG is also evaluated as one of the top alternatives,
but as the weights of climate impact criteria are dominant, green hydrogen, produced by
processes powered by renewable electricity, is the superior choice. Bio-methanol is very
competitive in all scenarios, being preferred marginally only at extreme regret dominant
environments. Some majors shipping companies have committed to this path on the mid
long term, raising new buildings programs for vessels capable of using methanol (Ang,
2022), (A.P. Moller - Maersk, 2022). Considering the changing environment, the evolving
regulatory framework, and the sensitive ranges on energy prices, an evaluation under the
VIKOR framework, using incomplete weights and consequences in intervals shall provide
a representative perspective on the subject. Employing fuzzy logic approach through fuzzy
VIKOR or fuzzy TOPSIS methods in future studies could improve the management of
gualitative scale criteria, while a modification on the quantitative criteria shall be required.
An aspect of the shipping decarbonisation enigma which requires further modelling, is the
adjoining of alternative solutions. The flexibility and available options for future
retrofitting are a great incentive for the decisions made today. To gradually accommodate
different technologies, and more sustainable fuel alternatives in the energy mix with the
same, or similar equipment set, the decision made at this early stage is crucial. Researching
pathways and selecting alternatives should be assessed in the short, mid, and long term, as
the selection today unlocks the future potential on an asset with a lifespan of 20-30 years.
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