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A B S T R A C T

In order to ensure the Carbon Intensity Indicator (CII) compliance by High-Speed-Crafts (HSCs), this paper
provides a quantitative analysis of the techno-economic feasibility of a combined solution with slow steaming
and vessels’ retrofitting with emerging technologies for their electricity supply. Given the varying introductory
dates for the EU Market Based Measures (EU-MBM) application for the outermost regions and remaining zones,
both scenarios are analyzed through an application case for inter-island 10,000 GT HSCs in the Canarian Ar-
chipelago. The results reveal that the most sustainable solution is the green H2 Fuel-Cells use in HSCs’ electricity
generation, along with 25.3% speed reduction by maintaining their daily calls. However, this solution is less
attractive for shipowners due to its Internal Rate of Return and Marginal Abatement Costs. Additionally, EU-
MBM shows a deficient convergence with HSC’s pollutant impact when renewable energies and alternative
fuels are involved in retrofitting, by evidencing significant over grants, especially for on-shore power supply.
Fuel-EU fines prove to be the most influent variable on Net Present Value for HSC retrofitting projects, however
the current Fuel-EU architecture motives permanent EU-MBM’s divergences among EU regions by prejudicing
HSC retrofitting with emerging technologies in the outermost regions.

1. Introduction

Fast Ro-Pax vessels frequently are habitual to cover inter-insular
shipping and Short Sea Shipping (SSS) routes in the European Union
(EU). These vessels are classified as High Speed Crafts (HSC), according
to article 10 of SOLAS (The International Convention for the Safety of
Life at Sea, 1974), when they are able to reach speeds of over 3.7.∇0.1667

(m/s).1 Aside from their high speed, these vessels are characterized by a
small-medium size (5000–10,000 GTs) and their lightness; they often
are aluminum catamarans or trimarans. Their advantages are undoubled
by allowing to meet two highly demanding requirements of connectiv-
ity: high frequency in calls and short sailing times; therefore, enabling a
reduced number of vessels in operation. This operating pattern is espe-
cially appreciated not only by the hinterland’s residents but also by the
institutions, who present this transport service as an efficient way to
meet public service obligations by preserving accessibility to remote

locations. In such a way, high-speed shipping has been institutionally
introduced as the suitable seaborne stretch in intermodal transport and
even promoted as a desirable alternative to the airplane for passengers’
transport.

However, THETIS-MRV2 reports (Regulation (EU) 2015/757) have
evidenced a well-known reality: CO2 emissions dramatically arise with
the marine propulsion power and the latter does with the required
speed. Therefore, high speeds in SSS can only be an acceptable solution
under the European Green Deal framework when a speed reduction
forces to compensate longer sailing times by including more vessels on
the route to enable schedules to be met, making slow steaming collec-
tively non-cost effective (Psaraftis et al., 2009; Zis & Psaraftis, 2021).
Despite the collective accomplishment’s approach (fleet-level compli-
ance) to decarbonization trough Goal Based Measures (GBM), having
been previously suggested as a possible bridge-solution (Faber et al.,
2021), the truth is that the current form of these measures uniquely
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1 ∇ = volume of vessel displacement at the design draught.
2 https://mrv.emsa.europa.eu/#public/emission-report.
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evaluates each vessel, resulting in HSCs to be very impaired.
The International Maritime Organization’s (IMO’s) Marine Envi-

ronment Protection Committee (MEPC 76) approved a relevant GBM in
June 2021: the Annual Operational Carbon Intensity Indicator -CII-
(MEPC.352(78)) that is applicable from January 1, 2023, to vessels with
over 5000 Gross Tonnage (GT). Beyond establishing yearly limitations
for CO2 emissions over time (in a progressive reduction schedule), this
GBM classifies the vessels from A to E according to their yearly
accomplishment level (MEPC337(76), MEPC338(76) and MEPC339
(76)). Thus, C score is required when the vessel is classified as D (during
three consecutive years), or an E (in one year), by being obligated to
make corrective actions to achieve C score (Ship Energy Management
Plan -SEEMP- (MEPC.339(76)).

In a first approach, over 40% of the EU Ro-Pax fleet, regardless of
speed and age, achieved a D or E score in 2019 (Nelissen et al., 2023).
Further research showed that the HSCs, by sailing in
ultra-short-shipping in 2023, frequently reached E rates
(Martínez-López et al., 2023) therefore, corrective actions are deman-
ded, not only for the HSC fleet, but also for numerous EU Ro-Pax vessels.
The EU’s introduction of Market Based Measures (MBM), to boost the
Polluter Pays Principle -PPP- through the internalization of the polluting
costs, favors the adoption of alternative technological solutions that
would not be otherwise economically viable (Psaraftis et al., 2021).
Likewise, one of these measures, the Fuel-EU normative (Regulation
(EU) 2023/1805), also collects the compulsory use of On Shore Power
Supply (OPS) or equivalent zero-emissions technology for electricity
supply at berthing from 2030.

Therefore, emission payments through MBM, along with their
accompanying requirements, emerge as an important incentive to adopt
ambitious solutions to meet the CII normative (Nelissen et al., 2023).
However, the situation is different in the outermost regions: despite the
fact that SSS is especially intensive in these regions and the CII regula-
tion enforcement (IMO scope) affects them, the main EU-MBM were
temporary postposed, thus depriving the outermost fleet of this
inducement for its possible retrofitting.

Given this context, this paper focused on providing a quantitative
analysis about the feasibility of HSCs’ retrofitting with emerging tech-
nologies for its electricity supply to reach CII compliance under the EU
framework by operating in a SSS regime. To broaden this paper’s scope,
the selected application case analyzes the performance of HSCs oper-
ating in an EU outermost region. Thus, this study attempts to respond to
the following research questions.

• Are EU-MBMs able to reflect HSCs’ actual Pollutant Impact when
decarbonization technology is used for its electricity production?

• How does decarbonization technology for HSC electricity production
impact on required speeds to meet the CII regulation, and therefore
on SSS’s schedule accomplishment?

• Would additional subsidies be necessary to promote HSCs’ retrofit-
ting with the most sustainable technologies on the basis of their
environmental advantages?

• Are EU policies suitable to boost HSCs’ decarbonization in the
outermost regions?

In this manner, this paper contributes not only to support the ship
owners’ decision-making for CII compliance, but also to broad existing
knowledge about EU-MBM performance when emerging technologies
are involved in HSCs’ retrofitting, by addressing existing gaps about the
joint impact of the IMO and EU decarbonization policies on HSCs
operating in several EU regions.

The rest of the paper is organized as follows. Section 2 briefly reviews
the main contributions from previous research. Next, the paper in-
troduces a mathematical model (Section 3) that quantifies, on the one
hand, the costs of EU decarbonization normative compliance (MBM) for
HSCs when retrofitted with different alternative technologies for elec-
tricity generation. On the other hand, the model reflects the actual

pollutant impact of these options to meet the CII regulation. This
model’s application to HSCs operating in inter-insular shipping in the
Canarian Archipelago (in an EU outermost region) is shown in Section 4
by enabling a quantitative analysis of the results in Section 5. Finally,
whereas Section 6 identifies the main findings with application to
broader contexts, Section 7 compiles learning lessons for stakeholders,
suggestions for policy makers, and pending research lines, on the basis of
both the insights and shortcomings of this research.

2. Literature review

2.1. Decarbonization regulations in EU shipping, and shortcomings

MEPC 72 approved in 2018 the ‘Initial IMO Strategy on Reduction of
Greenhouse Gas (GHG) emissions from Ships’ (updated in 2023 in MEPC
80) which collected, among other goals, a minimum GHG emission
reduction target of 50% by 2050 (in relation to 2008) for shipping.
Several measures were defined to meet this objective, among them CII
(GBM), that is based on the base of Tank to Wake (TtW) emissions
perhaps considered to be the most promising. In 2021 Fit for 55 package
was adopted by the European Commission (EC) as a set of policy mea-
sures to meet the objective of reducing to 55% by 2030 (from the 1999
base) of total EU GHG emissions. As part of this strategy, shipping is
included in the EU-Emission Trading System (EU-ETS) from 2024
(Directive 2023/959) by initiating, in this manner, the widely discussed
MBM for the shipping (Psaraftis et al., 2021). Likewise, the Fuel-EU
Maritime initiative (Regulation (EU) 2023/1805) is also due to be
enforced in 2025. This measure offers a double dimension: on the one
hand, it is a stricter GBM than CII since it attempts to include
Well-to-Wake emissions (WtW) and, on the other, it is an MBM, because
it collects a non-compliance penalization. Finally, the proposal to
restructure the Energy Taxation Directive (ETD) by integrating the
taxation of energy products and electricity from intra-EU shipping
(COM/2021/563) becomes an additional MBM.

From the academic perspective, several studies have addressed these
measures’ effectiveness, however studies assessing EU-MBM perfor-
mance on HSCs have not been found. Nelissen et al. (Nelissen et al.,
2023) and Braidotti et al. (Braidotti et al., 2023) have focused on CII’s
role and its suitability. The former considered EU-MBM and GBM in-
terdependencies on the CII label for EU-vessels and concluded that
Fuel-EU could have a significant impact on CII label ships if biofuels
were considered as zero-emission fuels by the CII normative. Additional
improvements for CII were suggested: a differentiation between
renewable fuels, fossil fuels and hydrogen through the WtW approach
instead of the current consideration of TtW emissions. Braidotti et al.
(Braidotti et al., 2023) analyzed the deficiencies of the CII application to
passenger vessels, mainly due to their high-demand energy re-
quirements during berthing and hoteling, since no cargo is transported
during these stages. This is aggravated where the time invested in port in
relation to the whole navigation period is elevated (20–69%), so the
authors propose CII corrections for this traffic segment. From the MBM
standpoint, whereas Psaraftis et al. (Psaraftis et al., 2021) analyzed the
strongest and weakest points of several MBMs, Marrero and Martí-
nez-López (Marrero & Martínez-López, 2023) concluded a good fitness
level of EU-MBM with the actual pollutant impact of the EU-SSS traffic
by operating with conventional mitigation technologies to meet ECA
(Emission Control Area) requirements.

2.2. High speed crafts and pollution

Nelissen et al. (Nelissen et al., 2023) found that more than 40% of
Ro-Pax vessels and over 35% of passenger vessels of the EU-Monitoring,
Reporting, and Verification (EU-MRV) fleet were unable to achieve C
score from CII in 2019, regardless of their HSC classification, and the
situation was worse in 2020 for passenger vessels by achieving a
non-compliance share of 65% (due to COVID year). The same report
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provided a significant insight: E score was achieved by the Ro-Pax ves-
sels with the lowest average age. This can be explained from the infor-
mation published by EMSA (European Maritime Safety Agency), which
warned about HSCs’ increase to 19.65% of passenger vessels under the
EU-MS flag in 2020, in relation to 2016 (18.7%).

Despite this situation, very few studies have analyzed the environ-
mental impact of medium-sized HSCs and possible solutions. In this
regard, Seddiek, I.S. et al. (Seddiek et al., 2013) delighted OPS as an
attractive option to reduce effectively atmospheric emissions from HSCs
vessels. Psaraftis et al. (Psaraftis et al., 2009) advanced the slow
steaming as a feasible solution for fast ferries when the idle time could be
reduced in port to mitigate the consequent extra-time during free sail-
ing. The authors highlighted an additional advantage of this solution for
EU-SSS: the reduction of the elevated low-sulphur fuel costs (0.1%S,
Directive 2005/33/EC). Zincir (Zincir, 2023) concluded the same posi-
tive impact from slow steaming on the SSS voyage expenses when this
option was chosen to meet CII. However, Raza et al. (Raza et al., 2019)
found that expenditure on these costly fuels in the North and Baltic Seas
were being transposed to the freights via the Bunker Adjustment Factor
(BAF) and this revealed Ro-Pax companies’ low willingness to adopt
slow steaming as a mitigation option, mainly due to extremely high
competition among companies, based on two key factors valued by
transport customers: reliability and precision.

Conscious of this reality, Norway stated in 2020 that new ferries and
fast ferries should be low or zero emissions for 2023 and 2025, respec-
tively (Norway’s Climate Action Plan for 2021–2030 — Meld. St. 13
(2020–2021)). Under this framework, the GKP7H2-MoZEES program
(since 2019) and the Horizon 2020 TrAM project (2018–2023) were
developed. Both tackled the decarbonization of small high speed pas-
senger vessels. Whereas the former designs hydrogen-driven high speed
passenger ferries (1200 kW LT-PEMFC), the latter aimed to develop
zero-emission fast going passenger vessels, through advanced modular
production, to minimize engineering and production costs. As a result of
the TrAM project, the electricity battery-driven fast catamaran (“Med-
straum”) is currently operating with success in Norway. Despite the
relevance of this projects’ success, it is necessary to consider target
vessels’ features: small-size vessels without rolled cargo: 150 passenger
vessels, 30m length overall, 1524 kWh capacity batteries for TrAM
project (Boulougouris et al., 2021) and 100 passenger vessels, 30m
length overall, 2 × 600 kW of propulsion engines for the
GKP7H2-MoZEES program. These features are in fact representative of
HSC requirements in Norway (Ianssen et al., 2017), however, they seem
to be far from the predominant fleet’s characteristics of Fast Ro-Pax
vessels (bigger vessels with rolled cargo and average capacity 1000 Pax).

Due to the technological maturity of emerging solutions, special
attention was paid to the application of fuel cells and photovoltaic
systems (PV systems) for small vessels’ decarbonization operating under
SSS requirements but miss attending again, medium-size HSCs. Thus,
whereas fuel cells are mostly analyzed as a propulsion alternative for
these small vessels, solar panels are usually evaluated as an alternative
to supply on-board electricity rather than as a propulsion solution.
Klebanoff et al. (Klebanoff et al., 2017) found 75.8% savings in GHG
emissions against Marine Gasoil (MGO) when green H2 was used in a
Proton-Exchange Membrane (PEM) fuel cell for a high-speed catamaran
(150 passengers). Likewise, Dall’Armi et al. (Dall’Armi et al., 2021) not
only obtained zero-local emissions through a hybrid Low Temperature
Proton-Exchange Membrane Fuel Cell (LT-PEMFC)/lithium-ion battery
power plant but also achieved an efficiency improvement of over 10% in
relation to the MGO for small-size Ro-Pax ferry propulsion (42m length
overall and 2x200 kw propulsion engines). Regarding solar energy
research, the good performance of PV systems has been highlighted by
Atkinson (Atkinson, 2016) in a medium-size high speed Ro-Pax vessel
(2400 passengers and 430 vehicle cargo capacity) operating in the
Aegean Sea. Quantitative approaches are in line with these results;
whereas Martínez-López et al. (Martínez-López et al., 2023) identified
savings of 15.5% on fuel for a medium-sized car-carrier (2057 car cargo

capacity) between the Canary Islands and Iberian Peninsula, Karatuğ
and Durmuşoğlu (Karatuğ & Durmuşoğlu, 2020) achieved 7.38% fuel
reduction for a Ro-Ro vessel (283 trailers cargo capacity) between
Turkey and Italy.

2.3. Mitigation options for the decarbonization normative compliance

From the standpoint of comprehensive solutions, we can highlight
the MAC (Marginal Abatement Cost) studies, which tackle mitigation
technologies’ cost-effectiveness, and global fleet studies. The latter
analyze fleet segments’ environmental situation by suggesting
improvement solutions in coherence with the regulatory framework.
Regarding the first group, studies on the basis of the expert-based MAC
approach are especially notable, since they enable not only inclusion of
the environmental policies’ interdependences in the calculation but also
ranking of the mitigation options by addressing shortcomings from the
MAC model-based approach (Faber et al., 2021; IMO, 2020). Thus,
Lagouvardou et al. (Lagouvardou et al., 2023) analyzed the alternative
fuels’ MAC by including MBM impact to determine the carbon price
threshold to make them feasible (versus conventional fuels). Likewise,
Psaraftis et al. (Psaraftis et al., 2021) used theMAC as a base tool to show
the advantages of the bunker levy (versus other MBMs) in boosting the
adoption of emerging technologies with initial positive MAC.

In the second group, Faber et al. (Faber et al., 2021) proposed
fleet-level compliance with CII instead of individual assessments to
improve the uptake of zero-emissions fuels by shipping companies. They
argued that the retrofitting of just one vessel might mitigate the disad-
vantages associated to these low cost-effective fuels by allowing collec-
tive emissions were equivalent to the C ship label achieved individually.
Later, Faber et al. (Faber et al., 2023) concluded that, a maximum
abatement potential (24–47% emissions from 2008 to 2030) for the
2018–2030 fleet could be achieved through a 20–30% speed reduction
(wind-assisted propulsion and the use of zero carbon emissions’ fuels for
generating energy (5–10%)). Likewise, Nelissen et al. (Nelissen et al.,
2023) also noted that by considering the Fuel-EU impact, a 22% average
speed reduction from D to E label vessels (2019 EU MRV fleet) would
allow fulfilment of the CII requirements by 2030. Focusing on the SSS
fleet, no studies were found that offered solutions for HSC compliance
with the decarbonization normative. However, Nielsen et al. (Nelissen
et al., 2023)warned, in line with Raza et al.’s (Raza et al., 2019) findings,
about the possible loss of competitiveness of SSS vessels in relation to
others when they employed slow steaming. Marrero andMartínez-López
(Marrero & Martínez-López, 2023) found that Liquefied Natural Gas
(LNG) propelled vessels was the best mature mitigation option for the
GBM and MBM accomplishment (until 2031) for SSS feeder vessels. The
authors also identified theOPS as a significant compliance-toolwithin the
EU decarbonization normative. Finally, Martínez-López et al.
(Martínez-López et al., 2023) evidenced that, even though theMAC forPV
systems significantly improves due to the EU-MBM effect, this solution
applied to the electricity supply of SSS car-carriers was insufficient on its
own to ensure CII accomplishment in the medium term.

3. The method

In the light of conclusions obtained by previous research (see section
2), this paper assumes as effective solution to return HSC to CII
compliance by reducing vessels’ service speed along with the replace-
ment of their on-board generating sets bymore sustainable technologies.
Since the electricity supply’s power is moderated in relation to a vessel’s
propulsion power, emerging technologies in commercial state can
currently be installed in the vessels with good environmental perfor-
mances. The available technologies’ selection determines the required
reduction for the service speed (slow steaming) and therefore, this af-
fects not only the vessel’s technical feasibility but also their operative
feasibility (schedule accomplishment). Once the feasibility of the tech-
nological alternative is confirmed, investment in the vessel’s retrofitting
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is evaluated by taking not only the differential Internal Rate of the Re-
turn (IRR) but also the differential Net Present Value (NPV) into account
to analyze all alternatives from the shipowner’s standpoint.

Next, this section introduces the decision-making method about
alternative technologies to the generating sets, based on two steps.

• Step1: Each alternative’s feasibility is analyzed by considering its
technical consequences in terms of propulsion power requirements
(modifications of vessel’s lightweight), stability’s penalty (de-
viations from the initial centre of gravity) and available space in a
machine room to arrange the new systems. When the technical
feasibility is verified, environmental performance must be estimated
through the real Pollutant Impact (PI). Additionally, CII compliance
is tested in the assessed time range along with the suitability of the
new speed patterns to meet the required scheduling of the routes.

• Step2: The investment analysis for the vessel’s retrofitting involves
evaluation of their Capital Expenditure (CAPEX) and Operating
Expense (OPEX) with the intention of assessing the IRR and NPV
linked to the alternative technologies. The EU context is taken as an
assumption in this research, consequently, EU-GBM and EU-MBM
belonging to the EU decarbonization of shipping are calculated as
essential items of the OPEX estimation. This latter approach permits
also evaluating the measures’ proportionally regarding the real PI of
the emerging technologies and their capacity to boost their choice on
HSC.

3.1. Step1: technical and operative feasibility of the decarbonization
options

3.1.1. The Carbon Intensity Indicator (CII) and required speed (slow
steaming)

The CII has been in force since January 2023. This GBM (IMO)
compels annual evaluation of vessels over 5000 GT by considering their
CO2 grams emitted (reported under IMO DCS3 conditions) per nautical
mile (D) and transported cargo (C); this involves calculation of the
yearly attained CII (CII_Ay, ∀y ∈ Y; see equation (1)) versus the required
CII (CII_Ry, ∀y ∈ Y; see equations (2) and (3)) for every kind of vessel (a
and c are dependent on the vessel type, see Annex). CII_Ay (CII Guide-
lines, G1; resolution MEPC.352 (78)) is calculated by estimating CO2
emissions according to IMO DCS through specific fuel consumption
(SFOCjls; ∀j ∈ J∧∀l ∈ L ∧∀s ∈ SS; in gr/KWh) for the fuels (J= {1, …,j}) of
the engines (L = {1, …,l}, see Annex), their required powers (PBlsy; ∀l ∈
L∧ s ∈ SS∧ y ∈ Y; in kW), the conversion factors (CFFjl4; ∀j ∈ J∧∀l ∈ L in t
CO2/t fuel) and the times (TVBsy; ∀s ∈ SS∧∀y ∈ Y; in hours) invested in
every navigation stage (SS= {1, …,s}; free sailing (s= 1); manouvring (s
= 2); berthing/unberthing(s = 3); hoteling time (s = 4), see Annex as
well) for every year Y = {1, …,y}.

CII Ay =
∑s

s=1

(

TVBsy

(
∑l

l=1

(
SFCOjls × PBlsy × CFFjl

)
)/

(C× D);

∀j ∈ J ∧ ∀l ∈ L ∧ ∀s ∈ SS ∧ y ∈ Y
(1)

CII Ry =

(

1 −
Zy

100

)

× a× C− c; ∀y ∈ Y (2)

CII_Ay = CII_Ry; ∀y ∈ Y : (3)

The CII_Ay (CII Guidelines, G1; resolution MEPC.352 (78)) must be
compared with CII_Ry (CII Reference line guidelines, G2; MEPC337(76))
to determine the accomplishment level; in such a way that the vessel
achieves score from A to E (CII Rating Guidelines, G4; MEPC.339(76)).

This classification is annual as, on the one hand, CII_Ry (∀y ∈ Y) value is
affected by a progressive reduction factor (Zy; ∀y ∈ Y) over 2019 emis-
sions (CII Reduction factor guidelines, G3; Resolution MEPC.338(76))
that is applicable every year, according to a schedule. On the other hand,
the powers developed at every navigation stage can change yearly
(PBlsy; ∀l ∈ L∧ s ∈ SS∧ y ∈ Y) and consequently their times (TVBsy; ∀s ∈
SS∧∀y) by modifying the CII_Ay value (see equation (1)). So, E score for
one year, or three consecutive D scores force action to be taken to return
the vessel to C score via a Ship Energy Management Plan -SEEMP-
(MEPC.339(76)).

Slow steaming is understood to be an operative solution to reach C
score in an HSC vessel, insofar as the vessel can meet the route’s
schedule; this is, the required number of daily calls to maintain current
connectivity among the involved ports. To jointly meet these aims, the
speed reduction during free sailing (s = 1) should be as little as possible.
In other words, the service speed should be able to demand the necessary
propulsion power (PB1,1, see equation (1)) to make the attained CII is the
yearly equivalent to the required CII (see equation (3)).

Indeed, when the generating sets’ activity for the electricity supply of
the vessel is replaced by a more sustainable technology, the necessary
speed to achieve C score through slow steaming (equation (3)) will be
higher, by facilitating the operative feasibility of this solution.

3.1.2. Alternative technologies’ design, arrangement, and consequences
As was forementioned, this research assumes as the most reliable

solution to meet CII by HSCs, a combination of slow steaming with an
emerging technology (renewable energy, alternative fuels and mitiga-
tion devices (IMO, 2020)) to replace the generating sets for the elec-
tricity supply (Nelissen et al., 2023). For this replacement, three
possibilities are parsed due to previous research findings, technological
maturity and installation feasibility in HSCs: photovoltaic systems
(Martínez-López et al., 2023); green hydrogen-based fuel cells (which
are preferred in this case over ammonia, due to storage advantages (Kim
et al., 2023)); and OPS (Marrero & Martínez-López, 2023).

Slow steaming: as noted, this operational measure is widely recom-
mended when it is compatible with the operating schedule because it
leads to lower fuel consumption [1; 10] and therefore lower emissions
(Farkas et al., 2023; Hua et al., 2024). Therefore, slow steaming is
assumed as a highly effective short-term measure insofar as the number
of vessels in the route can be kept (Gospić et al., 2022). However, the
recommended speed reductions of 20–30% (Faber et al., 2023; Nelissen
et al., 2023) involves moving away from design points for the operation
of engines, shaft lines and propellers, resulting in significant in-
efficiencies for the whole propulsion system. Therefore, to implement
this measure, a new vessel’s resistance analysis must be undertaken by
assessing possible HSC retrofitting to remove main engines or adjust the
current ones. The former action offers an additional advantage since it
also reduces the HSC’s lightweight and this is per se an abatement
measure (IMO, 2020).

PV system: the photovoltaic system is based on the solar energy
captured ’s use through solar panels which are designed for maritime
environments by being integrated with the ship’s diesel generators.
Obviously, the first requirement to maintain system feasibility is the
geographical localization of the expected routes, because the availability
of the solar resource strongly determines system performance
(Martínez-López et al., 2023). Likewise, the upper deck must be open
enough to place the panels with the following requirements: they should
be installed at an angle of 5–10◦ from the horizontal and are limited to
10 per string to avoid exceeding a height of 3 m. A clearance of 0.8 m
between rows is also required to allow crew passage for maintenance.
The panels are connected to the ship’s electrical system via inverters,
which are sized on the basis of the maximum number of panels and the
peak power they can generate. Additionally, a battery storage system
can be implemented to store excess energy, providing power during port
stays. Both batteries and inverters can be installed below the main deck,
potentially in the auxiliary machinery space, if room allows. Thus, aside

3 Data Collection System (MEPC. 278(70)).
4 Resolution MEPC.308(73) and Commission Regulation (EU) No 601/2012.
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from the available space for the arrangement, the PV system involves a
challenge in terms of extra-weight and stability penalization (elevation
of the panel arrangement’s centre of gravity on the upper deck).
Therefore, careful evaluation of this trade-off is required to ensure the
PV system’s feasibility.

Green H2 Fuel Cell: This solution includes a diesel engine paired with
a proton exchange membrane fuel cell -PEMFC-. This low temperature
Fuel Cell is selected due its high-power density (Wang et al., 2022) that
demands less installation space (Fu et al., 2023) by maintaining high
electrical efficiency, especially for short routes’ requirements (Van Biert
et al., 2016). The fuel cell is supplied by hydrogen stored in independent
type-C tanks ,5 with a capacity calculated according to the consumption
ship’s requirements. Interim Guidelines for the Safety of Ships Using
Fuel Cell Power Installations (MSC.1/Circular.1647, June 15, 2022),
along with The International Code of Safety for Ships using Gases or
other Low flashpoint Fuels (IGF Code, 2017) are required to design
green H2 fuel cell installation. In September 2024, the latter will result in
an IMO guideline being implemented for Hydrogen fuelled vessels
(expectantly approved in MSC 109). Additionally, the application of
specific criteria from Classification Societies are also desirable (Fuel cell
installations -Pt.6 Ch.2 Sec.3, DNV-RU-SHIP, 2021-; Requirements for
fuel cell power systems for marine and off-shore applications ABS, 2023-
1-1-4/1.5 of the ABS Rules for Conditions of Classification (Part 1)-;
etc.). The fuel cells will be connected to the ship’s electrical system via
inverters and a battery storage system to store unused energy. These
components should be sized according to the ship’s load curves and
power needs; likewise, they should be located below the main deck if
space allows, preferably in rooms adjacent to the engine room, but never
inside it. If permitted by the underdeck space, this would prevent
reduction of the main cargo area; alternatively, these systems can also be
installed on cargo decks if necessary.

OPS: This solution requires an energy distribution system, control
panel, frequency converter, and cable reels.

Finally, to test the technical feasibility of the proposed solutions for
HSCs, a vessel’s retrofitting alternatives must comply with the criteria
collected in the International Code of Safety for High-Speed Craft (HSC
2000 code; MSC.97(73)). The code mandates stability verifications
whether there is a deviation from the initial vessel’s lightweight over 2%or
a modification of the longitudinal center of gravity exceeding 1% of the
ship’s length. These situations are habitual in the retrofitting of these ves-
sels because many of them are made of aluminium and therefore are ultra-
lighted.

3.1.3. Pollutant impact (PI)
Tooffer a broader perspective about the environmental performance of

the considered technological alternatives, beyond CII compliance (see
section 3.1.1), their PI inmonetary terms (€/trip) should be quantified. To
this aim, the PI model published byMartínez-López et al. (Martínez-López
et al., 2022)will be taken as a base-reference but adapted to this research’s
aim. Thus, the initial assessment model (Martínez-López et al., 2022) was
broadened by including the hoteling stage (s= 4, see Annex) and on-shore
emissions from electricity supply by OPS (Well-to-Tank emissions emitted
by the land network) to offer a comprehensive evaluation of the techno-
logical alternatives. Additionally, the ecotoxicity of the marine environ-
ment and marine eutrophication impact (exhaust gas cleaning systems’
impact) will not be taken into account by focusing the assessment on the
annual pollutant impact due to air quality per navigation stages (PIsy; ∀s ∈
SS^∀y ∈ Y; in €/trip; see equation (4)).

PIy =
∑4

s=1
PIsy; ∀s ∈ SS ∧ ∀y ∈ Y (4)

Consequently, the introduced PI only quantifies in monetary terms the
air pollutants (U = {1, …u}, see Annex): acidifying substances (SOX),
ozone precursors (NOx), particulate mass (PM2.5 and PM10), greenhouse
gases (CO2, CH4) and ammonia slip (NH3). To this aim, the ship emission
factors Tank-to-Wake (EGsuly; ∀u∈U∧∀l∈ L∧∀y∈Y in kg/h), unitary costs
(CFsukvy;∀s ∈ SS*∧∀u ∈ U∧∀k ∈ K∧∀v ∈ V∧∀y ∈ Y; CF1uky; ∀u ∈ U∧∀k ∈

K*∧∀y ∈ Y; in €/kg pollutant) and times invested in the navigation stages
(TVBsy; ∀s ∈ S∧∀y ∈ Y) must be also deemed (see equations (5) and (7)).

PI1y =
∑l

l=1

∑7

u=1

(
EG1uly × CF1uky × TVB1y

)
;

∀k ∈ K* ∧ ∀l ∈ L ∧ ∀y ∈ Y
(5)

PIsy =
1
2
×
∑2

k=1
CEMsky; ∀k ∈ K ∧ ∀s ∈ SS* ∧ ∀y ∈ Y (6)

• On-board electricity supply:

PIsky =
∑l

l=1

∑7

u=1

(
EGsuly × CFsukvy × TVBsy

)
;

∀k ∈ K ∧ ∀v ∈ V ∧ ∀s ∈ SS* ∧ ∀l ∈ L ∧ ∀y ∈ Y
(7)

• Vessel is plugged into the on-shore electricity grid (OPS)

PIsky =
∑7

u=1

(
EFGuky × PB2sy × CFsukvy ×

(
TVBsy + CTsk

) )
;

∀k ∈ K ∧ ∀v ∈ V ∧ ∀s ∈ SS** ∧ ∀y ∈ Y
(8)

Whereas the emissions cost for the free sailing stage (s = 1) is
uniquely dependent on the ocean type (CF1uky; ∀u ∈ U∧∀k ∈ K*∧∀y ∈ Y;
see equation (5)), for the remaining navigation stage s (∀s∈ SS*; SS*=
{2,3,4}) this value (CFsukvy;∀s ∈ SS*∧∀u ∈ U∧∀k ∈ K∧∀v ∈ V∧∀y ∈ Y is
highly conditioned by the geographical localization of the ports
(∀k∈ K) and their polpulation density (∀v∈ V see Annex), as can be
seen in equations (6)–(8). This dependence is even more notable when
the OPS is used (Martínez-López et al., 2021), since the port localization
and its features not only influence the emission factors in berthing and
hoteling stage s (∀s∈ SS**; SS** = {3,4}) by the share of Renewable
Energy Sources (RES) in the on-shore grids (EFGuky;∀u ∈ U∧∀k ∈ K∧∀y ∈
Y in kg/KWh), but also, connection/disconnection lag times (CTsk ; ∀s ∈
SS**∧∀k ∈ K, see Annex) for OPS use (see equation (8)).

3.2. Step2: feasibility analysis for the retrofitting investments

3.2.1. OPEX related to environmental performance for decarbonization
options

This section collects the GBM and MBM for shipping, imposed by EU
regulations (European Green Deal framework- COM (2019) 640 final-),
to meet the decarbonization targets. Obviously, MBM respond to the
Polluter Pays Principle (PPP) and therefore, attempt to be an environ-
mental charge for the vessels by being these ones also proportional to
their pollutant impact. Consequently, the application of these measures
will increase vessels’ operative costs (OPEX) and, therefore, these must
be considered in the feasibility analysis of the investments for vessels’
retrofitting.

3.2.1.1. MBM: EU-emission trading system (EU-ETS). Shipping was
firstly included in the EU-ETS in 2021 (COM2021 (551) final) with the
liability of surrendering allowances from 2023 CO2 emissions (reported
through the EU-MRV system, Regulation (EU) 2015/757) according to a
progressive schedule of inclusion. However, finally the Directive 2023/
959 postponed the inclusion of shipping in the EU-ETS to 2024 by
extending the delay to December 2030 for shipping in the EU’s outer-
most regions (article 349 of the Treaty on the Functioning of the EU), or
between these regions and the continental EU.

5 ABS Guidance notes on strength assessment of independent type C tanks,
2022.
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ETSy = N × ETSUy; ∀y ∈ Y (9)

ETSUy = CP× αi × βy ×
∑s

S=1

(

TVBsy
∑l

l=1

(
SFOCjls × PBlsy × CFFjl

)
)

;

∀i ∈ I ∧ ∀j ∈ J ∧ ∀l ∈ L ∧ ∀s ∈ SS ∧ ∀yY;
(10)

Equations (9) and (10) show respectively the annual cost (ETSy; ∀y ∈
Y; €/year) and the cost per trip (ETSUy; ∀y ∈ Y; €/trip) due to the sur-
rendered allowances. To this aim, aside from considering the EU carbon
price (CP in €/CO2 ton), equation (10) estimates total CO2 emissions by
following the process collected for the MRV system (Commission
Regulation (EU) No 601/2012; Regulation (EU) 2015/757) and that was
previously introduced for the calculation of the attained CII (see equa-
tion (1)). The CO2 emissions amount affected by surrendered allowances
(EU-ETS) is corrected (αi; ∀i ∈ I) by the localization of the ports involved
in the shipping (inside/outside EU region I = {1, …,i}) and by the year
analyzed (βy; ∀y ∈ Y), according to the schedule of progressive inclusion
over time (Directive 2023/959, see Annex).

3.2.1.2. MBM: Energy Taxation Directive (ETD). This measure is based
on the proposal collected in the COM/2021/563 (final) for restructuring
the EU framework for the taxation of energy products and electricity
(Awaiting committee decision, to date). According to this communica-
tion, on-board electricity generation as well as OPS electricity are
exempted from taxation.

ETDy=N × ETUy; ∀y ∈ Y (11)

ETUy =
∑s

s=1

(
TLj × CVj × SFOCjls × PBlsy × TVBsy

)
;

∀j ∈ J ∧ ∀l ∈ L ∧ ∀s ∈ SS ∧ ∀y ∈ Y;
(12)

Considering that N collects the number of trips per year, equations

(11) and (12) show the annual energy taxation (ETDy; ∀y ∈ Y in €/year)
and the energy taxation per trip (ETUy; ∀y ∈ Y in €/trip) respectively (N
involves annual trips, see Annex A). The taxation level (TLj; ∀j ∈ J in
€/GJ) for every type of fuel (J = {1, …,j}) must be applied to the energy
developed by the vessel in Gigajoules. The latter is estimated through
the fuel consumed by the vessel (see equation (12)), and that fuel’s net
calorific value (CVj; ∀j ∈ J in GJ/g fuel). The taxation level is updated by
increasing its minimum level, one tenth annually from 2023.

3.2.1.3. GBM: Fuel-EU maritime initiative. Fuel-EU maritime initiative is
an additional GBM to CII (MEPC.352 (78)), but whereas CII limits CO2
emissions, the former limits the GHG intensity of energy used on board
(gr CO2eq/MJ). This measure was collected for the first time in the COM
(2021) 562 final, where the required reductions started in 2025 ac-
cording to a progressive schedule, taking as a reference value the 2020
GHG intensity estimated from the EU-MRV report (Regulation (EU)
2015/757). However, the final requirements for this measure were
published in Regulation (EU) 2023/1805 with some modifications,
among them: the progressive reductions schedule (μy; ∀y ∈ Y) was
modified and applied on a fixed reference-value 91.16gr/CO2eq to define
the GHG intensity target (GHGIEtarget)y; ∀y ∈ Y, see equation (14)).
Additionally, although the COM (2021) 562 (final) also collected a non-
compliance penalty (to be MBM as well), this has been tightened by
increasing its value (Fuel_EUy; ∀y ∈ Y) with the recidivism (n: number of
consecutive non-compliance periods, see equation (13)). Finally, Regu-
lation (EU) 2023/1805 has included a singular consideration to shipping
in the outermost regions: only one half of the energy used on the voyages
should be considered (γi; ∀i ∈ I; see Annex) for calculations and a delay in
the enforcement of this measure until December 2029 is included.

(GHGIEtarget)y = 91.16 × μy; ∀y ∈ Y (14)

GHGIEactual = fwind × (WtTy + TtWy); ∀y ∈ Y (15)

FuelEUy =
2.4
41

× γi ×

⎛

⎝
∑s

s=1

(

TVBsy

(
∑l

l=1

(
SFOCjls × PBlsy × CVj

)
)

+
∑c

c=1
Ec

)

×

⎛

⎝
(GHGIEtarget)y − GHGIEactual

)

GHGIEactual

⎞

⎠×

(

1+
n − 1
10

)

; ∀i ∈ I ∧ l ∈ L ∧ ∀c

∈ CC ∧ ∀s ∈ SS ∧ ∀y ∈ Y

(13)

WtTy =

(
1

(
Vesselenergy

)

y

)

×
∑s

s=1

[

TVBsy

(
∑l

l=1

(
SFOCjls×PBlsy×CVj

)
)

×CO2eqWtT,j

]

;

∀j∈ J∧∀l∈ L∧∀s∈ SS∧∀y∈Y
(16)

TtWy=

(
1

(
Vesselenergy

)

y

)

×
∑s

s=1

∑l

l=1

[
(
TVBsy×

(
SFOCjls×PBlsy×CVj

))
×

(

CO2eqTtW,j,l×

(

1 −
1
100

×Cengineslip,1

)

+CO2eqTtWslippage,j,l ×
1
100

×Cengineslip,1

)]

;

∀j∈J∧∀l∈L∧∀s∈SS∧∀y∈Y;

(17)

(
Vessel energy

)

y =

(
∑s

s=1

(

TVBsy

(
∑l

l=1

(
SFCOjls × PBlsy × CVj × RWDjl

)
)

+
∑c

c=1
Ec

)

;

∀j ∈ J ∧ ∀l ∈ L ∧ ∀c ∈ CC ∧ ∀y ∈ Y ∧ ∀s ∈ SS;
(18)

CO2 eq TtW,j,l = CFFjl × GWPCO2+CFMjl × GWPCH4+CFNjl × GWPN2O; ∀j ∈ J∧∀l ∈ L (19)
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Since, non-compliance involves a fine (€/year; see equation (13)),
Fuel-EU is also an MBMwhere the charge value is mainly conditioned by
the non-compliance difference between the actual GHG intensity of the
energy used (GHGIEactual; in g CO2 eq/MJ, see equation (15)) and the
target value. The former is estimated by considering GHG emission
factors (CO2eq WtT,j; ∀j ∈ J; see equation (16)) and also CO2equivalent
emissions of combusted fuel (CO2 eq TtW,j; ∀j ∈ J, see equations (17) and
(19)). Moreover, the Fuel-EU initiative also takes into account sustain-
able sources of energy: OPS (Ec; ∀c ∈ CC, in MJ, see equations (13) and
(18)) and Reward factors for wind assisted propulsion (fwind, see equa-
tion (15)) and for non-biological fuels use (RWDjl; ∀j ∈ J ∧∀l ∈ L; see
equation (18)).

Finally, the obligation of using OPS or zero-emission technologies at
berth for container and passenger vessels from January 2030 (from 2035
for comprehensive ports; these are not covered by article 9 of Regulation
(EU) 2023/1804) was kept in the current regulation from the initial
Communication.

3.2.2. Internal Rate of return and Net Present Value
Evaluation of the possible alternatives to generating sets necessary

involves assessment of retrofitting investments’ feasibility. To this end,
IRR (see equation (20)) and the NPV (see equation (22)) are used as
evaluating tools for the alternatives (Q = {1,..,q}) by considering a life
span (Y = {1,..,y}).

CAPEXq =
∑y

y=1

(
Δ
(
NCFq

)

y
(
1+ IRRq

)y

)

; ∀q ∈ Q∀ ∧ y ∈ Y (20)

Aside from the capital cost linked to every alternative (CAPEXq; ∀q ∈

Q), equations (20) and (22) consider the differential Cash Flow
(Δ(NCFq)y; ∀y ∈ Y∧∀q ∈Q; see equation (21)) between retrofitting vessel
and the reference case; that is, uniquely applying slow steaming to meet
the CII requirements (no retrofitting). Differential cash flow is conse-
quently assumed as the difference between two discrete cash flow
values; thus, this can achieve a positive or negative value for every
particular year. Additionally, NPV is strongly conditioned by the dis-
counting rate (R), this is, the return rate able to ensure project feasibility
from the shipowner’s standpoint.

Δ(NCFq)y = Δ (MCq)y+Δ (RCq)y +Δ (BCq)y+Δ (BACq)y +Δ (MBMq)y; ∀q
∈ Q ∧∀y ∈ Y (21)

Annual cash flow estimations consider several operative costs
(OPEX): replacement costs6 for every technological alternative versus
the generating sets (RCq; ∀q ∈ Q), maintenance costs7 (MCq; ∀q ∈ Q),
bunker costs related to propulsion power (BCq; ∀q ∈ Q) and also bunker
costs for electricity generation (BACq; ∀q ∈ Q). Finally, the operative
costs related to the vessels’ environmental impact of the vessels under
the EU normative (MBMq,; ∀q ∈ Q) are also considered, as explained in
section 3.2.1, through the emission trading system costs (ETSq; ∀q ∈ Q,
see equation (9)), the European Taxation Directive costs (ETDq; ∀q ∈ Q,
see equation (11)) and Fuel-EU penalties (Fuel_EUq; ∀q ∈Q, see equation
(13)).

NPVq = − CAPEXq +
∑y

y=1

(
Δ
(
NCFq

)

y
(
1+ Rq

)y

)

; ∀q ∈ Q∀ ∧ y ∈ Y (22)

It is worth bearing in mind that the maintenance and replacement
costs are dependent on accumulated working hours (∀y ∈ Y). In fact, the
Cash Flow difference will be positive when the retrofitting cases (q =

2,3,4) provide savings in relation to slow steaming (q= 1). Since, all Net
Cash Flow items are costs (see equation (21)), a positive difference be-
tween retrofitting alternative and slow steaming involves an economic
advantage towards the former (i.e., savings in terms of costs).

4. Application case

A Ro-Pax catamaran (see Table 1, and general arrangement8,9 (Royal
Institution of Naval Architects, 2011)), operating under high speed
conditions between two islands of the Canarian Archipelago (Gran
Canaria and Fuerteventura), was selected as an application case for the
following reasons: extra high speed (38kn), very-short-distance (D = 55
n.m; Las Palmas-Morrojable), high frequency in calls (4 trips/day, two
calls in each direction, evident oversizing of the electricity generating
plant regarding its current needs (see Table 2) and a large upper deck
that enables PV system installation. The latter is particularly interesting
in the Canarian Archipelago where solar Global Horizontal Irradiance
(GHI) was found to be 6.98 kWh/m2/day (NASA Resources from Homer
software).

The data shown in Table 2 collect the vessel’s current operating re-
quirements (on-board measurements for electricity supply). Maxsurf
Resistance10 tool was applied to the vessel’s model (Maxsurf modeling)

Table 1
Technical features for HSC.9

Lo (m) 112.6
Lpp (m) 101.3
B(m) 26.2
Dmain_deck (m) 8.5
Dupper_deck (m) 15
Tmax (m) 4.85
T(m) 3.8
Service speed (kn) 38
Main engine (BHP kW)a 36,000 (4 × 9MW)
Cars/Pax 357/1400
Auxiliary engines (kWe)b 4X393
GT 10,369
Daedweight Max(t) 10,000
Bow thruster (kW) 2x300
Waterjets 4x125KaMeWaSIINP

a MAN 20V28/33D STC Marine Engine.
b VOLVO PENTA MARINE GENSET D16-MG.

Table 2
Current operative features for an HSC vessel.

Navigation
stage

Speeds
(kn)
VBs

%BHP
main
engines
(kW)

Required
electrical
power (kW)

Capacity
planninga

Times
(h/trip)
TVBs

Free
Sailing

38 93.73%
(33.757
kw)

400 2xMMAA
51%

1.6

Maneuvring 4 0.12%
(43.2 kW)

450 2xMMAA
57%

0.5

Berthing 0 0.00% 400 2xMMAA
51%

1

Hoteling 0 0.00% 250 1xMMAA
64%

11.6b

a MMAA = Auxiliary engines (generating sets).
b Aggregated hoteling time per day (idle times for scheduling adjustments

between trips and daily sleeping time).

6 Replacement includes all costs involved in replacing a system when its
lifespan is over.
7 Maintenance costs involve labor costs and part replacement costs to

maintain electricity generation systems.

8 https://www.austal.com/sites/default/files/data-sheet/H24620Leonora
20Christina20low20res.pdf.
9 IMO 9557848 was used as an application vessel (https://www.vesselfinder.

com/es/vessels/details/9557848).
10 Wyman method for resistance prediction applied from Resistance Module of
Maxsurf software.
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to estimate the Effective Horse Power (EHP) in a first approach. These
results along with the technical and operative features of the vessel were
used as inputs for estimating necessary Brake Horse Power -BHP of the
engine and the annual CO2 emissions through Ship Design Programs for
Emission Calculations- SHIP-DESMO-Ro-Ro Passenger (developed by
the Danish RoRoSECA project,1112 (Kristensen & Psaraftis, 2016a;
Kristensen & Psaraftis, 2016b)). The effectiveness of these estimations
was tested by comparing the results achieved with those reported to
THETIS-MRV13 in 2022 (37,746.90 tCO2/year versus 38,587.27tCO2/-
year); the found deviation is − 2.2%. Once the operative information is
confirmed and the estimation method for CO2 emissions is tested, future
estimations can be undertaken by predicting CII class evolution over
time and assessing the performance of alternative solutions to achieve
CII compliance.

Thus, the CII class for 2023 is estimated as E score (CII_A =

63.007gCO2/t. n.m and CII_R = 31.467 gCO2/t. n.m). This classifica-
tion, according to the regulation (MEPC.339(76)), compels to propose
corrective action to achieve C score. The obligation to use zero-emission
technologies at berth from 2030 (Regulation (EU) 2023/1805) along
with recommendations from previous research to include OPS as soon as
possible in SSS vessels (Marrero & Martínez-López, 2023), leave to
assess as first option a vessel’s retrofitting focused on the electricity
plant’s renewable. However, due to the low contribution of electricity
generation to the whole CO2 emissions in the HSC (a 3.53% contribution
to whole CO2 emissions; see propulsion and electrical powers in
Table 2), the replacement of the generating sets on its own is insufficient
to meet C score. This involves considering actions over propulsion
power; slow steaming (operative measure) emerges as an interesting
solution insofar as it is feasible in terms of schedule accomplishment: 4
trips/day, two calls in each direction and 8.5 h as a minimum sleeping
time (inactive vessel from 22.00 h to 6.30 h).

4.1. Step1: technical and operative feasibility of the decarbonization
options for the application case

Fig. 1 shows that HSCs’ current speed (38kn) should be reduced to
speeds ranging from 28.4kn to 25.24kn (from 2023 to 2033 respec-
tively) to ensure C score until 2033 through slow steaming. These results
involve reductions between 25.3% and 33.5% of the initial speed and
are in line with previous research (Faber et al., 2023; Nelissen et al.,
2023). These target speeds have been obtained by considering the in-
fluence on final CO2 emissions of expected increasing shipping times:
from 28 min to 41.87 min per trip (2023–2033, see Table A1 from
Supplementary Material_A). Thus, in 2033 the shipping time would
reach a maximum in 2.05 h (initial shipping time 1.6 h; see Table A1
from Supplementary Material_A) by reducing the aggregated hoteling
time to 8.80 h/day (initial 11.6 h, see Table 2). In such a way, at the cost
of reducing the port idle times between trips (buffers for scheduling
compliance), the current 8.5 h for sleeping time for the vessel (from
22.00 h to 6.30 h) along with the required two daily calls/direction
could be kept. Neither the maximum expected increase in time per trip
(41.87 min, see Fig. 1) seems to be a significant obstacle to maintaining
current traffic (passengers with cars and inter-insular loads), even in the
transport of perishable goods. Consequently, slow steaming can be
assumed to be a feasible option in operative terms to reach C score until
2033.

It is interesting to bear in mind two consequences of this option; on
the one hand the required propulsion power goes down to 14,483 kW14

in the most demanding scenario (2023), therefore, two main engines
(see Table 1) would be sufficient to provide the required propulsion
power. This vessel’s retrofitting would reduce the vessel’s lightweight
(see Tables A2–A5 from Supplementary Material_A) with further de-
creases on the bunkering needs. On the other hand, the pollutant im-
pact’s contribution from the electricity supply to the whole vessel’s
emissions is increasing in relative terms over the time with the pro-
gressive reduction of the speed, in such a way, the electrical generation
sustainability becomes more relevant on the vessel.

For this reason, four possible technological alternatives to meet CII
requirements are analyzed in this application case.

• Slow steaming: no vessel retrofitting(q = 1).
• PV system: the photovoltaic system together with slow steaming (q
= 2).

• Fuel Cell: green H2 fuel cell system along with slow steaming (q= 3).
• OPS: On shore power supply system together with slow steaming (q
= 4).

The vessel’s retrofitting involves, in all options (q = 2,3,4), the two
main engines’ extraction along with the alternative system’s installation
for the electricity supply. This includes modification of the engine room
arrangement to set up the systems’ components (see Tables A3–A5 from
Supplementary Material_A) in according to the required normative (see
section 3.1.2).

• PV system’s panels are installed on the bridge deck and at the bow of
the upper deck. Batteries and converters are located on the deck just
below the main deck, in the workshop room, forward of the auxiliary
engine rooms on both sides of the ship.

• Fuel Cells are installed on the deck just below the main deck, in the
auxiliary engine room, while battery storage system and converters
are placed in the room at the stern of the auxiliary engine room. The
H2 tank is installed at the stern of the bridge deck.

• OPS involves the energy distribution system, control panel, and
frequency converter are located on the auxiliary engine room (star-
board skid) while the cable reel is placed at aft of the upper deck
(starboard side).

Considering the modifications on the initial center of the gravity and
lightweight by vessel retrofitting (a deviation from the initial vessel’s
lightweight over 2% exists in all cases, see Table 3), a stability assess-
ment (calculated through Maxsurf Stability) is required for every alter-
native technology to meet the 2000 HSC CODE (MSC.97(73)). Despite
the rising of the vertical center of gravity (kG, see Table 3), mainly due to
remove the main engines located on bottom deck, every alternative
widely passes all stability criteria.

Likewise, removing two main engines (106.4 t, see Table A2 from
Supplementary Material_A) is the main cause of the significant light-
weight reduction in all retrofitting alternatives regarding the slow
steaming without retrofitting (see Table 3). This fact explains the
necessary BHP (calculated in kW from EHP- Maxsurf Resistance13− by
SHIP-DESMO-Ro-Ro Passenger tool(Kristensen & Psaraftis, 2016b))
required for the main engines to meet 28.4 kn at service speed with
every alternative under the same load condition (T = 3.8m).New pro-
pulsion power requirements, along with the new environment perfor-
mance of the electricity plant, define new CO2 emissions
(SHIP-DESMO-Ro-Ro Passenger (Kristensen & Psaraftis, 2016a);). The
vessel’s new pollutant impact requires new sailing speed reduction
patterns to meet CII compliance. Fig. 2 shows that, whereas for slow
steaming speed reduction must be progressive over time to achieve C
score by reaching 25.24 kn in 2033, when this operative solution is
combined with alternative technology, the minimum required speed is
27.28 kn. Additionally, the initial 28.4 kn can be maintained until 2028
when the vessel is retrofitted. Likewise, Fig. 2 indicates the most sus-
tainable options based on the required year to reduce the speed: Fuel cell

11 https://gitlab.gbar.dtu.dk/oceanwave3d/Ship-Desmo/-/find_file/master.
12 https://danishshipping.dk/en/policy/climate/ship-design-calculation-t
ool/.
13 https://mrv.emsa.europa.eu/#public/emission-report.
14 Wyman method for resistance prediction applied from Resistance Module of
Maxsurf software.
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shows the latest reduction year (2032), whereas the opposite occurs for
the PV system option; the latter also involves the earliest year for speed
reduction (2029).

4.1.1. Pollutant impact for the application case
This analysis has assumed LSMGO for main and auxiliary engines by

default to avoid fuel shift in such a short distance (55 nm) bymeeting the
maximum 0.1%S content fuel demanded in EU-ports (Directive 2005/
33/EC). Moreover, when Fuel Cells and OPS alternatives are evaluated,
the analysis assumes the existence of sufficient green H2 supply and
suitable facilities in the ports involved. Likewise, this analysis has
assumed average 4219 h/year of solar time and 5.40 kWh/m2/day of
GHI with 6.98 kWh/m2/day as a maximum value for the application
case (28◦ 8.3′N, 15◦ 24.8′W, NASA Resources from Homer software),
which consequently involves PV system operation during 48.16% of the
daily time (24h). Finally, all retrofitting alternatives are sized to be able
to ensure zero-emissions during the berthing and hoteling stage to
compliance with Fuel-EU normative (Regulation (EU) 2023/1805).
Thus, the most demanding electricity supply scenario was considered to

sizing fuel cell system (2033, see Fig. 2 and Table 2) and H2 tanks ca-
pacity by demanding a range enough to operate when the sleeping port
has not H2 facilities. Likewise, the battery storage sizing in PV system
must cope with the electricity needs during the longest periods in port
(at 28.4kn see Fig. 2 and Table A1 from Supplementary material A)
without solar resource or auxiliary engines’ supply.

PI calculation (see section 3.1.3) has considered for every year CO2,
SOx, NOx, PM2.5, as well as PM10 emissions, obtained through SHIP-
DESMO-Ro-Ro passengers for every possible retrofitted vessel (see
Table 3 and Fig. 2). Moreover, CH4 emissions for engines (5.527.10–3
gCH4/kWh) were also estimated by considering the factors for Tank to
Wake emissions provided by Pavlenko et al. (Pavlenko et al., 2019).
These factors are dependent on the engines’ technology (7.5.10-4g
CH4/MJ for medium speed-four stroke, see Table 1), the kind of fuel
(LSMGO), and the vessel’s specific fuel consumption (7.37 MJ/kWh).

Addition to vessel’s emissions (EGsuly; ∀u ∈ U∧∀l ∈ L∧∀y ∈ Y in kg/
h), on-shore emissions factors (EFGuky;∀u ∈ U∧∀k ∈ K ∧∀y ∈ Y in kg/
KWh, see equation (8)) were also estimated to evaluate the OPS option
in every port (see Table 4). The factors value is highly conditioned by the

Fig. 1. Required Values to reach C score by slow steaming.

Table 3
HSC retrofitting impact on stability and propulsion power.

Lightweight (t) xG kG yG BHP (kW)a

Slow steaming (no retrofitting) 1217.39 36.05 7.88 0 14,433.83
PV system retrofitting 1152.4 38.01 8.313 0.009 13,094.00
Fuel Cell retrofitting 1,114,74 36.89 8.27 0.059 12,471.93
OPS retrofitting 1114.19 37.05 8.25 0.059 12,471.93

a Required speed for 2023 CII compliance without retrofitting; 28.4 kn and T = 3.8m.

Fig. 2. Speed patterns to reach C score when several technical alternatives are implemented.
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share of renewable sources on the on-shore generation electricity plants
(Martínez-López et al., 2021). This influence is indeed significant on the
emission factors between continental Spain and the Islands (see Tables 4
and 5).

To meet this aim, Gross Electricity Generation per type of generation
((Government of the Canary Islands, 2021) ,15 (European Commission,
2023), 16; see Table 5) together with the pollutant emissions of the
electric power generating plants (Thermal power stations and other
combustion installations) must be considered. The latter was obtained
from European Pollutant Release and Transfer Register -E-PRTR-
(Regulation (EC) No 166/2006) published by the Spanish Ministry for
Ecological Transition and Demographic Challenge (PRTR).17 However,
since the PRTR does not collect the particulate matters PM2.5, this
pollutant was estimated on basis of its relationship with the PM10
(European Environment Agency, 2009, p. 96; Martínez-López et al.,
2021)

Nevertheless, the emission factors linked to OPS (see Table 4) are not
static, since the Canary Islands are following a decarbonization policy
focused on reaching 62% of renewable energy penetration by 2030 and
a full decarbonized energy system by 2040. Consequently, a 100% of
renewable energising the grid is expected by 2040. For that reason, the
emission factors have been annually adapted to the period 2023–2033
(see Supplementary Material_B) by projecting their evolution from the
information reported by the PRTR (2017-2019-pre-COVID evolution)
and the Sustainable Energy Strategy in the Canary Islands (Government
of the Canary Islands, 2022).

Regarding the unitary cost for the pollutants (CFsukvy;∀s ∈ SS*∧∀u ∈

U∧∀f ∈ F∧∀v ∈ V∧∀y ∈ Y; CF1uky; u ∈ U∧∀k ∈ K*∧∀y ∈ Y; in €/kg
pollutant), the data related to Spain published by the European Com-
mission in the last Handbook on the External Costs of Transport (HECT
(Van Essen et al., 2019);) were considered. However, these costs are
related to 2016, therefore an update to 2023 was undertaken by
considering the aggregated Consumer Price Index -CPI- (19.4%, Na-
tional Statistics Institute of Spain). For the subsequent updates of the
costs (for 2023–2033), a constant CPI = 2% was assumed. This value,
beyond PI calculation, was used for all necessary cost updates (OPEX
and CAPEX) as an inflation rate in this research. CO2 unitary cost
(CF1uky; u ∈ U∧∀k ∈ K*∧∀y ∈ Y; CFsukvy; ∀s ∈ SS*∧∀u ∈ U∧∀f ∈ F∧∀v ∈

V∧∀y ∈ Y) deserves special mention, since 119.2€/t was taken for PI
calculation by updating to 2023 the central value provided by the HECT
(Van Essen et al., 2019) as the climate change avoidance cost. However,
the fact that the same publication (Van Essen et al., 2019) also offers
71.64€/t (2023) as the low value for CO2 emissions and, the Carbon
Allowance Costs for EU-ETS calculation arises to CP = 82.87€/t18
(December 2023) has motived a further pollutant impact analysis (PI2),
where this CP value is taken as CO2 unitary cost (harmful effect of this
pollutant in monetary terms) to offer a realistic comparison between
MBM and the real HSC pollutant impact by operating with different
technological alternatives (Marrero & Martínez-López, 2023).

4.2. Step 2: feasibility analysis for retrofitting investments in the
application case

The IRR and NPV analysis (see equation (20)) takes 2023 as the in-
vestment year whereas the evaluation time spreads over 2024 to 2033.
In parallel, the differential value of the Cash Flow (Δ(NCFq)y; ∀y ∈ Y∧∀q
∈ Q; see equation (21)) requires the estimation of CAPEX and OPEX
values for every retrofitting alternative versus the base case (see
Tables A.6-A.7 in Supplementary Material_A).

The calculation of bunker and EU-MBM items of OPEX (see equation
(21)) considers, aside from the technical characteristics of the initial
engines (see Table 1) and the alternative systems for the HSC’s elec-
tricity generation (see Table A.3-A.6 from Supplementary Material_A),
the operative patterns to meet C score under the CII regulation (see
Fig. 2); this necessarily involves adjusting the navigation times in free
sailing and hoteling stages for every alternative. Beyond the differential
costs by electricity supply (Δ(BACq)y; ∀q ∈ Q∧∀y ∈ Y), these operation
patterns mainly influence the differential bunker cost for the HSC pro-
pulsion (Δ(BCq)y; ∀q ∈ Q∧∀y ∈ Y).

The European Normative (see section 3.3.1) was applied to EU-MBM
calculation, but from two standpoints: by considering the application
route as a regular region and as an outermost region. The latter involves,
on the one hand, delaying the Fuel-EU application until December 2029
and the EU-ETS to 2031, and on the other, considering only one half of
the energy used on-board for estimating the non-compliance Fuel-EU
fines (Regulation (EU) 2023/1805). This decision has been made with
the intention to widen the scope of this research by analyzing the con-
sequences of these temporary derogations and exceptions collected in
the EU decarbonization normative for shipping in the outermost regions.

Table 4
OPS emission factors in Continental Spain, Gran Canaria and Fuerteventura (2021).

NOx (g/kWh) SO2 (g/kWh) PM2,5 (g/kWh) PM10 (g/kWh) CO2 (g/kWh) CH4 (g/kWh) NH3 (g/kWh)

Continental Spain 0.254 0.042 0.005 0.004 106.195 0.021 0.002
Gran Canaria 1.307 0.281 0.037 0.019 527.164 0.026 0.272
Fuerteventura 11.097 1.594 0.288 0.144 567.742 0.026 0.002

(Data Source: (European Commission, 2023; European Environment Agency, 2009, p. 96; Government of the Canary Islands, 2021; Ministry for Ecological Transition
and the Demographic Challenge, 2024))

Table 5
Gross Electricity Generation, by fuel in 2021 (%).

Hard
coal

Brown
coal

Oil and petroleum
products

Natural gas and
manufactured gas

Solid biofuels and
renewable wastes

Renewable Nuclear Main Activity Electricity
Only Plants [TWh]

SPAIN (continental) 1.77% 0.00% 3.67% 26.51% 2.17% 45.23% 20.64% 236.48
GRAN CANARIA
ISLAND

0.00% 0.00% 79.44% 0.00% 0.00% 20.56% 0.00% 3.35

FUERTEVENTURA
ISLAND

0.00% 0.00% 81.77% 0.00% 0.00% 18.23% 0.00% 0.62

(Data Source: (European Commission, 2023; Government of the Canary Islands, 2021))

15 https://www3.gobiernodecanarias.org/ceic/energia/oecan/files/AnuarioE
nergeticoCanarias_2021_v2.pdf.
16 https://energy.ec.europa.eu/data-and-analysis/eu-energy-statistical-poc
ketbook-and-country-datasheets_en.
17 https://en.prtr-es.es/Informes/InventarioInstalacionesIPPC.aspx. 18 https://tradingeconomics.com/commodity/carbon.
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CO2 emissions were estimated for every technological alternative
through SHIP-DESMO-Ro-Ro passengers (Kristensen & Psaraftis, 2016a)
by considering the required electricity supply (see Table 2) and the
linked operative pattern (see Fig. 2). Additionally, as said, a 2% constant
inflation rate is applied for subsequent updates on 2023 values: CP =

82.87€/t18 (2023) for the EU-ETS calculation.
Default emission factors collected in the Annex II of the Regulation

(EU) 2023/1805 were taken to calculate the Fuel-EU compliance bal-
ance and their penalties (see equation (13)). Special mention deserves
CO2eqWtT,j (∀j ∈ J (see equation (16)); and the rewards factor RWDjl (∀j ∈
J∧ ∀l ∈ L, (see equation (18)). Thus, for the former, 3.6 g CO2eq/MJ
(COM/2021/562 final) has been assumed for green H2 whereas this
value is zero for OPS use (Annex I of the Regulation (EU) 2023/1805).
Parallelly, RWD = 2 is taken for the fuel cells and RWD = 1 in other
cases. Moreover, in coherence with the Fuel-EU initiative’s aim (GHG
intensity of the whole energy used on board by a ship), the energy
developed by PV system (MJ) was also integrated in the denominator
(Vessel_Energyy; ∧∀y ∈ Y; see equation (18)) for the GHG intensity
calculation (GHGIEactual; see equation (15)) even though this is not
specifically collected in the Regulation (EU) 2023/1805 (equation (1) of
Annex I).

Finally, to offer more realistic IRR and NPV results, on the one hand,
the loan’s financial costs are included in the Cash Flow (see equation
(21)). Thus, a loan by 70% retrofitting CAPEX is assumed for IRR
calculation with a repayment period of 5 years at a 6% interest rate. On
the other hand, the high dependence of the CAPEX on shipyards and
systems’ manufacturers factories along with the high volatility of key
variables - like the bunker and the carbon allowance prices (daily
values) - force to test the robustness of the results achieved through a
probabilistic analysis of sensitivity over the base scenario (MonteCarlo
simulations).

5. Results

5.1. Step1: environmental and operative performance

The relative weight of the propulsion versus on-board electricity
generation on the HSC pollutant impact not only offers information
about improvement capacity provided by technological alternatives, but
also about the performance, in terms of representativeness, of those
environmental measures mainly focused on a unique polluting source:
propulsion power (ETD, for example). Fig. 3 shows that, whereas the
slow steaming progressively broadens the influence of electricity gen-
eration on the HSC total pollutant impact, from 9.5% in 2023 to 11.58%
in 2033; this being directly proportional to the speed reduction (see
Fig. 2). The influence of the electricity generation on the total pollutant
impact of the retrofitted HSC with fuel cells is overridden (the broken
line is coincident with the continuous line; see Fig. 3).

Intermediate situations are provided by OPS19 and PV system op-
tions. Even though both show similar environmental performance (see
continuous lines in Fig. 3), the contribution of the electricity generation
to PI is higher in OPS (from 9.37% to 6.5%) than PV system (from 4.97%
to 5.38%)mainly due to the different propulsion power requirements for
retrofitted vessels, since OPS leads to a lighter vessel than PV system
(1114.74t versus 1152.4t, see Table 3). Likewise, the OPS alternative
presents a decreasing tendency in this regard, as far as the progressive
inclusion of the on-shore decarbonization policy in the Canary Islands20

is implemented. Moreover, from an operative standpoint, OPS demands
a speed decrease from 2030, one year later than PV system alternative
(2029, see Fig. 2). This is so, not only by the different HSC’s lightweight,

but also due to the fact that the CII calculation does not consider on-
shore emissions (see equation (1)) by involving a competitive advan-
tage for OPS. Thus, in absolute terms, the fuel cell offers the best envi-
ronmental performance (PI = [3107.98€/trip-3692.75€/trip]) during
the whole-time range (2023–2033) followed by PV system (PI =

[3426.52€/trip-3853.39€/trip]) and OPS (PI = [3429.49€/trip-
3851.15€/trip]), and in final position, slow steaming (PI = [3946.69€/
trip-3926.45€/trip]).

In light of the above, the fuel cell arises as the most sustainable
alternative (minimum PI) not only because of the zero emissions pro-
vided from the electricity supply, but also by the low weight of this
system (see Table 3). This allows to maintain 28.4 kn as a service speed
by meeting CII normative up to 2032 and, in the years thereafter, the
speed reduction would be slower than the remaining options (see Fig. 2).

Fig. 4 shows the MBM evolution (continuous blue line) under the
schedule implementation published by the EU to date (see section
3.3.1). The increasing tendency until 2026 is due to the progressive
integration of CO2 emissions for EU-ETS calculation (βy; ∀y ∈ Y; see
equation (10)), which achieves 100% of reported CO2 emissions in 2026.
Thereafter, the line shape in steps is mainly determined by the Fuel-EU
scheme; that is, step reductions on 91.16 grCO2eq/MJ (2025–2029; uy =
98%; 2030–2034; uy = 94%; see equation (14)) for calculating the GHG
intensity target ((GHGIEtarget)y; ∀y ∈ Y, see equation (14)) which defines
the non-compliance fines (Fuel_EUy; ∀y ∈ Y; see equation (13)).

It is found that, whereas non-compliance is constant for slow
steaming from Fuel-EU enforcement in 2025, compliance exists until
2030 (no fines) for PV system and OPS alternatives, which motives a
significant step for them in 2030 (see Fig. 4). This line shape is not
shared by the fuel cell alternative due to its Fuel-EU compliance during
the whole-time range (2023–2033); in other words, Fuel-EU normative
has no impact in monetary terms on the green H2 fuel cells (Fuel_EUy =

0; ∀y ∈ Y). Finally, the brown line shows the evolution of MBMwhen the
outermost regions’ exemptions are applied: December 2029 and
December 2030 as starting dates for Fuel-EU and EU-ETS enforcement,
respectively. This MBM delay involves not only a convergence gap be-
tween peripherical and non-peripherical regions during the exemption
years (2024–2031), but also a permanent divergence after 2031 due to
Fuel-EU application: only one half of the total on-board energy must be
assessed (γi; ∀i ∈ I; see Annex). Moreover, as the recurrent non-
compliance (n; see equation (13) and Annex) is specifically penalized
through a surcharge, this delay indeed reduces the non-accomplish-
ment’s recurrence for the same year by increasing MBM’s divergence
between EU territories.

Therefore, MBM divergence among EU regions is directly propor-
tional to the relative weight of the Fuel-EU on the total MBM (see Fig. 5).
Thus, whereas a total convergence of MBM (blue and brown lines) is met
for fuel cell alternative as soon as EU-ETS is implemented in the outer-
most regions (2030), the slow steaming solution, with the highest rela-
tive weight of Fuel-EU on MBM (41.18%, see Fig. 5), reaches a 15.15%
deviation in 2033.

Focusing on the proportionality of MBM (continuous blue lines, see
Fig. 4) to the actual pollutant impact (interrupted lines, PI and PI2),
progressive alignment among them is found for all cases. However, only
MBM obtained from slow steaming results to be a reliable PPP tool in
2033, since 93.76% of pollutant impact would be covered by MBM by
assuming the same price for carbon allowance and CO2 unitary cost
(PI2). On the opposite side, the MBM from the fuel cells alternative only
would cover 58.39% of the PI2 in monetary terms; intermediate effec-
tiveness would be reached by MBM when these are calculated for OPS
(77.09% PI2 in 2033) and PV system (76.62% PI2 in 2033).

The good adjustment of MBM from fossil fuel vessels in SSS to the
actual harmful environmental impact had been tested in previous
research (Marrero & Martínez-López, 2023). However, the results ob-
tained in the actual research go beyond the previous findings, by
revealing a deficient adjustment when no-fossil fuels are used for the
electricity supply. The reasons of this fitting lack are several. Firstly,

19 Propulsion contribution to PI for OPS (broken line), is coincident with the
total PI of the fuel cell option until 2030 (see Fig. 3).
20 Sustainable Energy Strategy in the Canary Islands (Government of the Ca-
nary Islands, 2022).
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MBM are mainly calculated on the basis of CO2 emissions, however, by
paying attention to the contribution of these to the total pollutant impact
(CO2 contribution line and PI2, see Fig. 4), they only involve between 49
and 53% of the harmful costs. Indeed, the CO2 costs are completely
covered by MBM in all cases when EU-ETS is fully integrated (2026, see
Fig. 4), however, the costs related to other pollutants, like particulate
matters (unitary cost in 2023 for PM2.5 = 405.52€/kg in Spanish
metropolitan areas versus 8.59€/kg in the Atlantic Ocean (Van Essen
et al., 2019),), achieve greater relevance in SSS due to the high relative
weight of port times in the whole navigation period; 73.5% daily time is
port time in the application case by considering hoteling stage (see
Table 2).

Likewise, in line with Marrero and Martínez-López’s (Marrero &
Martínez-López, 2023) results, Fuel-EU fines have been identified as
needed to achieve a good fit level between PI2 and MBM. Nevertheless,

the emerging technological alternatives fulfil Fuel-EU requirements at
least until 2030 (PV system and OPS, see Figs. 4 and 5) by avoiding
penalties in monetary terms and consequently, moving away from
convergence with the actual pollutant impact. In this regard, it is
necessary to note that the OPS gets preferential treatment in the Fuel-EU
normative; the normative (Annex I, Regulation (EU) 2023/1805) forces
to set to zero WtT emissions (see equation (16)) from the electricity
delivered to the ship (OPS). However, this delivered energy in port is in
fact considered as part of the whole energy consumed by the vessel (Ec;
∀c ∈ CC; see equation (18)). Equally, OPS emissions from on-shore
electricity generation are not considered either in the CII regulation
and EU-ETS normative by benefiting the OPS use in relation to the
remaining options.

Even though the remaining alternatives do not take advantage of
MBM application exemptions, like OPS, the truth is that an evident ‘over

Fig. 3. Contribution of propulsion to pollutant impact of HSC.

Fig. 4. MBM evolution versus Pollutant Impact.
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grant’ exists for all of them by taking into account MBM savings versus
the environmental advantage provided by them (see Table 6). This re-
ality had been also highlighted byMarrero andMartínez-López (Marrero
&Martínez-López, 2023) for OPS use; nevertheless, in this research, this
over fund results to be extensive to solar energy an d green H2 fuel cells
(see Table 6); with the latter being especially significant, according
Table 6: 41.93% of MBM savings versus 6.76% of pollutant reduction in
monetary terms-PI2- by assuming base scenario’s conditions (see
Table 7).

5.2. Analysis of the retrofitting investments. Identification of key variables

While the previous section evidenced an implicit grant through MBM
reductions for HSC retrofitting with emerging alternatives, this section
quantifies these incentives by evaluating if they are sufficient to boost
the most sustainable technologies in HSC (see Fig. 3).

As mentioned in section 3.4, the analysis is carried out in relative
terms; the advantage of every technological alternative (Q= {1,..,q}) for
HSC retrofitting versus slow steaming for a time range from 2023 to
2033 (Δ(CFq)y; ∀q ∈ Q ∧∀y ∈ Y) by taking as a constant inflation rate 2%
per year (see Table 7). Table 7 provides the assumed inputs to assess the
base scenario. All capital costs (CAPEXq; ∀q ∈ Q, see equation (20)) are
the result of adding the cost of removing two main engines (350.000€21)
to the cost of acquisition and installation of the technological alterna-
tives (unitary costs are collected in the Supplementary Material_A; see
Tables A.6 and A.7).

Replacement costs (RCq; ∀q ∈ Q), are closely linked to the system
lifespan (substitution year, see Table 7) and in turn, this time is
dependent on the working hours (lifetime for generating sets’ replace-
ment 75,500 h22). Likewise, working hours also determine the annual
maintenance costs, although these hours are taken as constant values for
every year. It is necessary to note that, despite the short life cycle for the
fuel cells (6 years), it is expected that their replacement costs will
decrease on the initial costs (75% of initial capital cost, during the first 6
years (Kim et al., 2023),) due to their quick technological development.
On the opposite side, assuming the electricity generating requirements
(see Table 2), PV system and OPS involve longer lifespans than the time
range of this project for all their components by making replacement
costs are therefore, negligible ((RCq)y = 0; ∀q ∈ Q∧∀y ∈ Y).

Fuel savings provided by the alternative systems versus the initial
generating sets show that an advantage (positive values in Table 7) was
obtained under several assumptions for the PV system: an annual

Fig. 5. MBM composition in 2033.

Table 6
Impact of vessel retrofitting in relation to slow steaming (% reduction) under base scenario’s conditions.

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

PV system MBM − 8.95 − 9.19 − 21.50 − 17.45 − 16.44 − 15.38 − 15.38 − 20.82 − 20.59 − 20.38 − 20.15
PI2 − 13.48 − 11.71 − 9.99 − 8.22 − 6.36 − 4.47 − 3.82 − 3.59 − 3.21 − 2.76 − 2.29

Fuel cells MBM − 13.05 − 15.42 − 27.12 − 23.48 − 22.54 − 21.57 − 20.54 − 41.31 − 41.08 − 41.28 − 41.93
PI2 − 21.83 − 20.23 − 18.68 − 17.07 − 15.40 − 13.69 − 11.94 − 10.13 − 8.24 − 7.10 − 6.76

OPS MBM − 13.05 − 12.89 − 24.66 − 20.75 − 19.78 − 18.77 − 17.70 − 21.08 − 20.61 − 20.13 − 19.80
PI2 − 13.24 − 11.78 − 10.39 − 8.97 − 7.48 − 5.99 − 4.45 − 2.85 − 2.59 − 2.53 − 2.45

Table 7
Inputs for the base scenario.

Slow
steaming

PV_System Fuel_Cells OPS

Capital cost (€)a ​ 1,323,255 1,323,632 691,762
Replacement_cost(€/year)b 167,827 ​ ​ ​
Replacement_cost(€/year)c ​ ​ 542,168 ​
Maintenance_cost(€/year)e d 214,936 71,277 25,437 180,334
Fuel_saving_generating_setsf

(%)d
​ 54.30% − 73.38% − 12.80%

LSMGO(€/t)d 766 766 ​ 766
Green H2-
electricity_generation
(€/MWh)d

​ ​ 224.67 ​

Port electricity supply
(€/kWh)g d

​ ​ ​ 0.13

Carbon Allowance Cost(€/t) 82.87 82.87 82.87 82.87

a 2023.
b 2033.
c 2030.
d 2024.
e On-board generating set costs are added to OPS technology costs (€).
f In monetary terms due to the systems performance.
g Connection/unconnection:8.45€ (Las Palmas Port, 2024).

21 Information supplied by Astican shipyards.
22 https://www.volvopenta.com/marine/all-marine-engines/d16-mg-rc/.
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average solar GHI = 5.40 kWh/m2/day (4219 h/year of solar time, over
59% of sunshine; NASA resources) and 5◦ for solar panels’ angle on
deck, with an assumed performance of 226.74 W/m2 (Solar Tiger Neo
JKM570N-72HL4-V). Likewise, a lower calorific value of CV = 0.12MJ/
gr (3.6MJ/kWh) was assumed for green H2 in fuel cells and a constant
requirement of 1292.46kWh/day (see Table 2) was taken for the OPS
supply.

Regarding variable costs (see Table 7), 2024 was taken as an initial
operational year by considering the required vessel speeds’ pattern for
the CII compliance (see Fig. 2) and a constant generating electricity plan
(see Table 2); thus LSMGO (766€/t; January 2024 Rotterdam port)23 is
the fuel considered for main engines working (BCq;∀q ∈ Q) and gener-
ating sets (BACq; ∀q ∈ Q), by operating in slow steaming mode,
PV_system (when no sunny hours exist) and OPS (when there are no
berthing stages). Additionally, green H2 price (224.67€/MWh24 January
2024, see Table 7) and port tariffs (8.45€ as a switch on/off tax along
with 0.13€/kWh25) are taken for electricity supply costs (BACq; ∀q ∈ Q)
of fuel cells and OPS at berthing, respectively.

Tables 8–10 show the feasibility analysis for the technological al-
ternatives. Besides the IRR, the NPV was also calculated by assuming a
10% discount rate to determine the value provided by the projects and
the investments’ recovery time when the projects are financed (see 4.2
section). Paying attention to the results, all retrofitting’ alternatives
show, versus slow steaming, IRR over 120% by reaching a maximum of
281% for the OPS option. This involves very short recovery times (one
year for OPS and PV system and two years for fuel cell system); conse-
quently, there is a low risk in the retrofitting investments versus the slow
steaming option.

It is worth highlighting that the good results obtained for OPS in
terms of IRR (see equation (20)) regarding the remaining options are
mainly due to its low capital cost (691,762€ for OPS versus 1,323,255€
and 1,323,632€ for PV system and fuel cell, respectively; see
Tables 8–10). This fact along with significant MBM savings (similar
MBM for OPS and PV systems; see Tables 8 and 10) balance its higher
cost by port electricity supply versus on-board electricity generation
(negative values for bunkering auxiliary engines, see Table 10). In this
regard, only PV system offers a clear advantage for the electricity supply;
this involves positive values for auxiliary engines bunkering (operative
solar panels during 48.16% of daily time) and significant savings in
maintenance costs (see Table 8). Both costs are practically self-
cancelling in the remaining options (see Tables 9 and 10).

The main engines’ bunkering shows annual savings for all alterna-
tives during the initial years due to reduction of the vessel’s lightweight
by the two removed engines (see Table 3) in the retrofitting. However,
this advantage lessens over time, insofar as the required speed patterns
for slow steaming and retrofitting alternatives are closing (see Fig. 2).
Considering the whole lifespan (aggregated results), an advantage exists
for bunker costs in the lightest alternatives: Fuel cells and OPS (see
Table 3).

The most sustainable option, the fuel cell alternative (see Figs. 3 and
4), actually offers relevant MBM savings regarding the other options,
however this does not result to be enough to compensate for the high
initial capital cost (1,323,632€) and its necessary replacement during
the project life (542,168€ in 2030), consequently, it provides the lowest
IRR (124%). Despite this, the fuel cell offers a higher total NPV (see
equation (22)) than that linked to OPS (4,144,255€ against 3,776,310€,
see Tables 9 and 10). This contradiction between IRR and NPV is due, on
the one hand, to high IRR sensitivity to CAPEX values and, on the other
hand, to the NPV’s dependence on the assumed discount rate to ensure
the project’s feasibility.

Thus, discount rates below 14.51% lead to unfavorable NPV for OPS
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25 https://www.palmasport.es/en/commercial-services/.
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regarding the remaining options; however, the opposite happens when
the discount rate surpasses 19.94% (see Fig. 6). Often, the discount rates
assumed for evaluating technologies based on GHG emissions (Marginal
Abatement Cost framework) are between 3 and 10% (IMO, 2020;
Lagouvardou et al., 2023; Martínez-López et al., 2023). Consequently, a
return baseline over 14.51% (see Fig. 6) is improbable for the HSC ret-
rofitting project, in such a way that the NPV estimations obtained in
Tables 8–10 can be accepted as realistic.

To meet the robustness of the results achieved from the base sce-
nario’s inputs (see Table 7) and identify the most influential variables on
the results, sensitivity analyses are undertaken by assuming probability
functions for the initial inputs of every alternative. Even though the
unitary price required for calculating Fuel-EU fines (2.4/41 = 0.0585
€/MJ, see equation (13)) is not expected to vary in the short-term
(Annex IV, Regulation (EU) 2023/1805), its influence on the MBM
through Fuel-EU will be quantified to broaden the results’ contextuali-
zation. For this purpose, this variable will be incorporated into the
analysis as an additional input to those collected in Table 7.

Thus, Monte Carlo simulations26 take inputs from triangular func-
tions where their average values are those assumed for the base scenario
and a variation range of 20% is taken for the most and least likely values.
Table 11 shows the results of the probability distributions obtained for
NPV and IRR from the simulations (100,000 trials with 100% certainty
level with the highest fit to beta distributions). According to statistics,

the distributions are homogeneous (coefficient of variation below 13%
in all cases) and therefore, their means are sufficiently representative of
the expected feasibility for the investment projects.

Paying attention to the variables’ influence on the results, we can
highlight a preponderance of the MBM through Fuel-EU (unitary price
for the Fuel-EU penalty) on the NPV in all cases, and this is directly
proportional to the system’s sustainability (57.3% for OPS, 70.6% for PV
system and 77% for the fuel cell). This fact contrasts with the low
relevance of the carbon allowance cost’s variation on the expected re-
sults; this is due to the significance of the savings by Fuel-EU in mone-
tary terms versus EU-ETS (see Tables 8–10, in line with Nelissen et al.
(Nelissen et al., 2023)). Beyond the MBM impact, the contribution of the
systems’ performance to the value’s generation (NPV) through fuel
saving generating sets (see Table 11) is relevant. Indeed, this influence is
positive when fuel saving generating sets increases with the variable’s
value that defines the improvement capacity of the system (total effi-
ciency of the PV system and the assumed green H2 calorific value; 12.9%
and 14.7% contributions respectively, see Table 11) and this influence is
obviously negative when the performance system is measured through
reductions on an associated attribute (electricity requirements of
1292.46kWh/day for the OPS supply; − 34.8%, see Table 11).

In parallel, the capital cost stands out as the most influential variable
on the IRR value (over 84% in all cases, see Table 11), as expected, but
again, fuel saving generating sets and the unitary price for the Fuel-EU
penalty emerge as the following influent variables, although very far
from the capital cost.

In general terms, even though in all cases system investment

Fig. 6. NPV performance for the technological alternatives through several discount rates.

Table 11
Statistics and sensitivity chart for IRR and NPV obtained through MonteCarlo simulations.

Statistics PV system Fuel Cell OPS PV system Fuel
Cell

OPS

Base Case IRR (%) 144% 124% 281% NPV (€) 4,202,678 4,144,255 3,776,310
Mean 145% 125% 283% 4,197,419 4,140,656 3,525,224
Coeff. Variation 11.18% 12.16% 9.89% 9.40% 9.10% 13.01%

Variables Contribution to the variance (%) Contribution to the variance (%)

Capital cost − 86.7% − 84.2% − 91.3% − 6.9% − 7.6% − 1.5%
Unitary price for Fuel EU penalty (€/MJ) 1.7% 2.7% 0.7% 70.6% 77.0% 57.3%
Replacement cost – 0.0% – – − 0.5% –
Maintenance cost − 0.7% − 0.1% − 5.6% − 1.0% − 0.1% − 6.2%
Fuel_saving generating sets (%) 5.9% 9.5% − 0.2% 12.9% 14.7% − 34.8%
LSMGO 4.1% – 0.0% 7.5% – 0.0%
Carbon Allowance Cost (€/t) 0.8% 3.6% 2.1% − 1.1% 0.1% − 0.2%
H2-e_electricity generation (€/MWh) – 0.0% – – 0.0% –
Port electricity supply(€/kWh) – – 0.0% – – 0.0%

26 Crystal Ball software (Oracle).
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feasibility is strongly conditioned by its own characteristics (capital
costs and system performance) the Fuel-EU penalty has resulted to be a
key variable in generating value in the projects, as it is the main driver to
reach positive NPV. Likewise, PV system has proved to be the most
exposed alternative to external variables owing to its sensitivity to the
LSMGO price (4.10% on IRR and 7.5% on NPV, see Table 11).

6. Discussion

This application case studied a route that can be classified as ultra-
short (with 55 nm), in which, under a high-speed regime, 11.6 h/day
corresponds to the aggregated idle time: hoteling and port-times for
meeting the schedule (see Table 2). The analysis has proved that the
extra sailing time (up to 41.87 min per trip, see Fig. 1) derived from the
necessary speed reduction to reach C score by 2033 could be balanced by
shortening idle times without penalizing the vessel’s schedule and
loaders’willingness to use it. This fact along with the consequent savings
in bunker and MBM costs from slow steaming, seriously questions the
appropriateness of high speed for ultra-short sea shipping in the EU.

Corrective actions for EU-HSCs to reach the C level required by the
CII regulation must consider not only their effectiveness but also their
suitability within the EU decarbonization framework. The adequation of
a combined solution through slow steaming together with replacing the
conventional electricity generation plants has been evidenced. On the
one hand, this combined option meets Fuel-EU normative that compels
zero emissions to be attained at berthing from 2030. Additionally, it
mitigates the relative increase of vessel emissions from electricity gen-
eration when slow steaming is adopted (see Fig. 3) and finally, the so-
lution is in line with previous research findings: significant MBM savings
can be achieved through on-board electricity generations for SSS
(Marrero & Martínez-López, 2023). From the operative research, this
combined option favors its uptake from shipping companies and cus-
tomers since vessel retrofitting also undercuts the vessel’s lightweight
(see Table 3) by broadening the emissions reduction from the required
power propulsion. This offers the possibility of maintaining higher
speeds by accomplishing CII requirements during more years (see Fig. 2)
by shortening the extra sailing time.

The MBM analysis reveals that whereas high convergence exists
between MBM and actual HSC’s pollutant impact when the emissions
are provided by fossil fuels (see Fig. 6), a deficient adjustment is found
when alternative fuels and renewable energies are set up for the elec-
trical generation. The quantification of MBM bonus by using alternative
technologies versus environmental advantages provided by them shows
a significant over grant for these technologies in 2033 (see Table 6):
20.15% MBM versus 2.29%PI2 for PV system, 41.93% MBM versus
6.76%PI2 for green H2 fuel cells and 19.80% MBM versus 2.45%PI2 for
OPS, in terms of reductions. The main reasons for this divergence are:
the absence of fines by Fuel-EU non-compliance and a lower dependence
of the SSS pollutant impact on the GHG in relation to other pollutants
(relevant port times). These results suggest the need of a possible
adaptation of the current MBM architecture to ensure its utility as PPP-
tool for SSS by operating with alternative technologies.

Despite this distortion, the effects of this over grant on investment
projects for HSC’s retrofitting are concluded by paying attention to the
sensitivity analysis: between 57 and 77% of the added value by the in-
vestment projects (NPV, see Table 11) is due to the MBM savings,

specifically to the savings on Fuel-EU penalties. In fact, this variable
(along with the CAPEX) has resulted to be the most influential on the
expected investments’ feasibility in alternative technologies for HSC
electricity generation.

Despite the over grants and MBM savings’ relevance on the results,
these have not been sufficient to clearly boost the choice of slow
steaming with the most sustainable technology: the green H2 fuel cells
(see Table 12). This is so, mainly owing to the CAPEX, its short-lifespan
for replacement and the elevated price for green H2. This fact can be
quantified through MAC estimation (€/CO2 averted tonnes) for every
technology as an alternative to generating sets. Thus, the higher the
MAC value is, the less cost-efficient is deemed the technology, so
MAC<0 is an indicator of feasible alternatives from the ship owner’s
point of view (IMO, 2020; Psaraftis et al., 2021)

Aside from calculating this value for year 2033 (MAC*), Table 12
shows the MAC calculated through NPV, where this value for every
alternative (see Tables 8–10) is divided by the aggregate CO2 tonnes
averted by them for a time range (IMO, 2020; Lagouvardou et al., 2023).
Despite this, all retrofitting options are profitable from the ship owners’
standpoint by considering the whole project’s lifespan (NPV>0),
therefore MAC of NPV is less than zero (see Table 12). Thus, these values
give information about the profit obtained by the shipowner per everted
CO2 tonne when the technology is installed. OPS system emerges as the
most interesting option for shipowners in relative terms despite its low
mitigation capacity (− 759.72€/tCO2 versus 35.39% mitigation capac-
ity). PV system proves to be the next most cost-effective alternative by
itself (− 537.32€/CO2 tonne with 55.17%mitigation capacity) where the
MAC* value 773.41€/tonne CO2 has been reduced in relation to previ-
ous estimations (1186€/tCO2 in IMO (IMO, 2020) and 813.61€/t CO2 in
Martínez-López et al. (Martínez-López et al., 2023)), mainly due to a full
consideration of MBM effects. Table 12 also shows that fuel cell, despite
it provides the highest abatement potential (100%), is highlighted as the
least cost-effective (MAC* = 1105.09€/tonne CO2; MAC of NPV =

− 220.62€/tonne CO2). Even though the MAC analysis completes the
results previously obtained, it is necessary to bear in mind that they offer
unitary information about one polluter CO2, instead all polluters
involved in the PI (see Figs. 3 and 4).

Given the relevance of the CAPEX on the results (see Table 11), the
possibility of including additional funding focused on this variable to
reinforce the most sustainable solution’s selection (financial incentives
(Nelissen et al., 2023),), slow steaming with fuel cell (see Fig. 3), on the
basis of its environmental advantage regarding the remaining options
(bonus=(PI-PIfuel.cell)-(MBM-MBMfuel.cell)), is not plausible given the
results achieved (aggregate bonus 2023–2033): − 2,858,516 €, − 722,
681€ and − 264,902€ versus slow steaming, PV system and OPS,
respectively. In all cases except OPS, extra-bonuses for fuel cells
(negative values) surpasses investment differences between the options,
even by including the replacement costs: 1,865,800€, 542,545€, 1,174,
038€ for slow steaming, PV system and OPS, respectively.

Even though over grants have been evidenced for all alternative
technologies that were assessed in this research, the OPS currently
benefits from an additional exception for GBM and EU-MBM application
by significantly distorting its assessment in relation to other decarbon-
ization options.

The omission of onshore emissions (Well-to-Tank -WtT-emissions) in
OPS by Fuel-EU and the CII normative in its current format (Nelissen

Table 12
MAC values (€/tonne CO2) for alternative technologies and CO2 abatement potential (%) versus conventional generating sets.

PV_system (55.17%) Green H2 Fuel Cell (100%) OPS (48.70%) OPSb(35.39%)

MACa MAC of NPV MACa MAC of NPV MACa MAC of NPV MACa MAC of NPV

773.41 − 542.35 1105.09 − 295.08 309.96 − 552.16 525.23 − 759.72

a 2033.
b On-shore emissions are included.
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et al., 2023), involves that, in ultra-short sea shipping, practically half
the day (port times increase to 11.6 h/day, see Table 2) the HSC is
assumed to be a zero-emission source by underestimating, in the
application case, 3.22% of total CO2 emissions per trip (propulsion
power included) and 8.53% of the total pollutant impact of HSC in
monetary terms (PI).

Even though the CII currently does not collect WtT emissions (con-
version factors between fuels and CO2 emissions- CFFjl ∀j ∈ J∧∀l ∈ L see
equation (1); Resolution MEPC.308(73)), the IMO has implicitly
recognized the significance of this deficit by publishing, in July 2023,
the ‘Guidelines on life cycle GHG intensity of marine fuels’, where WtT
and finally WtW GHG emission factors are quantified on the basis of a
life cycle attributional methodology (MEPC.376(80)). Therefore, it is
expected that, in a near future, these procedural improvements are
incorporated into the CII calculation and extensively to EU-MBM
calculation.

6.1. Outermost regions

The previous findings are applicable to HSC by operating in EU-ultra-
short sea shipping. However, as mentioned, the shipping in outermost
regions (article 349 of Treaty on the Functioning of the EU), is excluded
from EU-ETS and Fuel-EU application until December 2030 and
December 2029 respectively and, even then, the Fuel-EU will only
consider half of the energy developed by vessels for the GHG intensity
calculation. The main reason provided by policy makers is preserving
the accessibility to these regions through efficient maritime transport
connectivity. However, given the insights drawn in this paper, these
exceptions/decisions do not result to be in line with the aforementioned
policy targets.

The CII regulation (IMO) does not provide derogations based on
geographical shipping localization. Therefore, E score vessel, such as an
HSCs in the EU outermost regions, must also fulfil the CII by providing
solutions to become C score vessels. However, until 2030 and 2031,
these shipping companies will be unable to take advantage of the main
EU incentives for vessel retrofitting with more sustainable technologies:
EU-MBM, especially from the Fuel-EU normative. This penalization
regarding shipping in the remaining EU regions is quantified in Table 13
through the IRR and NPV, which measure the possible interest of ship-
owners in assuming investment’s projects to instal more sustainable
technologies in HSCs.

In view of these results, the current derogations collected in the EU
normative make more difficult a sustainable transition of the HSC fleet
to meet the CII regulation in the outermost regions in comparison to the
remaining regions by creating additional barriers to preserve equal
rights on shipping decarbonization. Obviously, this is especially relevant
in these regions, where total dependence on maritime transport stresses
the need for environmental improvements.

The effectiveness of the EU’s transport policy in the outermost re-
gions is often in question given their particular characteristics and the
need to preserve connectivity in these remote areas by ensuring, at the
same time, citizen rights to sustainability standards through public
service obligations. Proof of this was the reaction to OPS facility
enforcement (Directive 2014/94/EU); this was strongly responded to by
arguing lack of adequation, not only in the outermost regional context

but also on other state-islands where on-shore electricity grids are
scarcely shared by renewable energy sources, unlike in the continental
case (Martínez-López et al., 2021; Winkel et al., 2016).

In this regard, the wide-ranging debate on the non-desirable effects
of public subsidies for transport in the outermost regions is notable:
undermining of the actual demand, loss of competitiveness, the reduc-
tion in free competition, among others (Calzada & Fageda, 2014; Rus &
Socorro, 2022). Even though the influence of these subsidies on slow
steaming’s uptake by shipping operators is beyond the scope of this
research, this should be assessed in a further step, since the positive
impact from the consequent bunker cost reduction (Psaraftis et al.,
2009) could be lightened by the subsidies, especially when these take
the form of an ad valorem (percentage of discount on the freight price
(Rus & Socorro, 2022);) by minimizing the effect of this incentive.

7. Conclusions

This paper assesses the feasibility of possible technological alterna-
tives to address HSCs from E to C score according to CII normative in the
EU framework. Given the technological maturity of the commercial al-
ternatives, the paper assumes that this objective is reachable through
combining slow steaming with sustainable technology for the electricity
supply until 2033. The results achieved from an application case in the
Canary Islands (an outermost region in the EU) shows that slow
steaming is operatively feasible in ultra short sea shipping (55 nm), by
calling into question the need for high speed on these routes, even in
those protected as a public service obligation.

Likewise, the paper reviews the effectiveness of the EU-MBM in this
application’s context, HSC operating in SSS with alternative technolo-
gies, from two standpoints: firstly, the alignment between MBM and the
actual harmful impact of these vessels, since their acceptation as a PPP
tool mostly relies on it (payment willingness from shipping companies),
and secondly, their utility as an operative leverage to make sustainable
technologies economically viable regarding the conventional systems
based on burning fossil fuels.

The findings obtained not only enhance the significance of the Fuel-
EU normative to ensure the effectiveness of EU-MBM as a PPP tool in
SSS, which had been identified in previous research (Marrero & Martí-
nez-López, 2023) but also warn about the need to review the current
MBM architecture when ultra short sea shipping, alternative fuels and
renewable energies are evaluated since, under this context, significant
divergences were found betweenMBM and the HSC pollutant impact (up
to 42% for green H2 fuel cell alternative). Among the reasons, the
absence of WtT emissions in the MBM calculations is notable, especially
for OPS.

In fact, this deviation entails excessive ‘over grants’ for those HSCs
equipped with sustainable alternatives in relation to the environmental
advantage offered by them, but also a significant incentive to promote
HSC retrofitting with sustainable technologies: a contribution between
57 and 71% to the NPV variance was obtained. Given these results, the
decision to apply temporal derogations for MBM in the outermost re-
gions deprives these zones, which are especially dependent on maritime
transport, of one of the main economic incentives for HSC to return to C
score (CII regulation) through retrofitting with sustainable technologies,
by placing them in a disadvantageous situation in relation to the other
EU regions.

Further attention should be paid in a next step to the possible
negative influence of public subsidies on slow steaming implementation
for HSC in the outermost regions. In parallel, the main shortcomings of
this paper should be also addressed by further research: inclusion of lag
times in port by OPS connection and green H2 bunkering, the existence
of green H2 port facilities, the risk’s quantification of non-compliance
with the Sustainable Energy Strategy in the Canary Islands
(Government of the Canary Islands, 2022) and the analysis of mixed
solutions by combining alternative technologies.

Even though insights drawn from a particular case should not be

Table 13
IRR and NPV in the base scenario for the EU regions, according to the current
EU-MBM framework.

IRR(%) NPVa(€)

EU Outermost_regions EU Outermost_regions

PV_System 144% 88% 3.524.391 1.567.810
Fuel Cell 124% 23% 4.144.255 218.290
OPS 281% 186% 3.776.310 870.203

a 2023–2033.
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generalizable, the consistency of the results obtained in this paper along
with the frequencyof the inputs used to build the base scenario allowsus to
extrapolate the findings to similar frameworks in the EU:HSC operating in
ultra short sea shipping. Thus, aside from the Atlantic archipelagos
(Azores, Madeira, the Canary Islands, etc), numerous HSCs operate in
similar conditions in the continental seas: the Baltic Sea (Sjaellands Odde-
Aarhus-IMO: 9561356; Frederikshavn-Roenne-IMO: 9501590), English
Channel (Portsmouth- Cherbourg-IMO: 9551363) and the Mediterranean
Sea (Pozzallo-LaValeta IMO: 9559743; Pireus-Syros-IMO: 9135896;
Santorini-Mykonos IMO: 9151008), among other routes.
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Annex

Acronyms
BAF Bunker Adjustment Factor
BHP Brake Horse Power
CAPEX Capital Expenditure
CII Carbon Intensity Indicator
CPI Consumer Price Index
ECA Emission Control Area
EHP Effective Horse Power
ETS Emission Trading System
ETD Energy Taxation Directive
EC European Commission
EMSA European Maritime Safety Agency
EU European Union
GHI Global Horizontal Irradiance
GBM Goal Based Measures
GHG Greenhouse Gas
GT Gross Tonnage
HSC High-Speed-Craft
IRR Internal Rate of the Return
IMO International Maritime Organization
LNG Liquefied Natural Gas
LT-PEMFC Low Temperature Pro-ton-Exchange Membrane Fuel Cell
MAC Marginal Abatement Cost
MEPC Marine Environment Protection Committee
MBM Market Based Measures
MGO Marine Gasoil
MRV Monitoring, Reporting, and Verification
NPV Net Present Value
OPS On Shore Power Supply
OPEX Operating Expense
PV Photovoltaic
PI Pollutant Impact
PRTR Pollutant Release and Transfer Register
PPP Polluter Pays Principle
PEM Proton-Exchange Membrane
PEMFC Proton-Exchange Membrane Fuel Cell
RES Renewable Energy Source
SEEMP Ship Energy Management Plan
SSS Short Sea Shipping
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TtW Tank to Wake
WtW Well to Wake

Subscripts
CC = {1,.,c} Connection points for OPS
I = {1, …,i} Port localization: All ports are placed in an EU Member State; only one port belongs to an EU Member State; one port belongs to an EU

outermost region; no port belongs to the EU region
J = {1, …,j} Marine fuels. For the application case: 0.1%S MGO (LSMGO) and green H2
K = {1.., k} Country of port
K* = {1.., k} Kind of Sea/Ocean
L = {1, …,l} Main and auxiliary engines for the vessels; two and four stroke
Q = {1,..,q}) Alternatives to meet CII normative. For the application case: slow steaming, PV_system, _Fuel cells and OPS
SS= {1,..,s} Navigation stages: free sailing, manoeuvring, berthing (loading/unloading, bunkering and anchoring operations) and hoteling time (idle

time)
SS* = {2,..,s} Navigation stages: manoeuvring, berthing and hoteling time.
SS** = {3,..,s} Navigation stages:, berthing and hoteling time
U = {1,..,u} SOX (acidifying substances), NOx (ozone precursors), PM2.5, PM10 (particulate mass), CO2,CH4 (greenhouse gases) and NH3 (ammonia

slip)
V = {1,..,v} Population density in the hinterland. Rural, suburban and urban area (Van Essen et al., 2019)
Y = {1,..,y} Every assessment year. This research collects the time range from 2024 to 2033 by assuming a possible investment in 2023

Variables
αi Percentage of CO2 emissions to be considered in EU-ETS according to the localization of the port calls (%): Both ports belong to an EU

Member State (αi= α1 = 100%); only one port belongs to an EUMember State (αi= α2 = 50%); no port belongs to an EUMember State (αi=
α3 = 0%)

βy Percentage of CO2 emissions to be considered in EU-ETS according to the implementation year: 2024 (βy= β1= 40%); 2025 (βy= β2= 70%);
2026 and subsequent years (βy = β3 = 100%)

γi Percentage of energy to be considered in the Fuel-EU normative according to the nature of the ports (%): Both ports belong to an EUMember
State (γi= γ1= 100%); only one port belongs to an EUMember State or is located in an EU outermost region (γi= γ2= 50%); no port belongs
to an EU Member State (γi = γ3 = 0%)

μy Percentage of maximum target emissions to be considered for Fuel-EU according to the activity year-implementation schedule-: 2024 (uy =
u1 = 0%); 2025–2029 (uy = 98%); 2030–2034 (uy= 94%); 2035–2039 (uy= 85.5%); 2040–2044 (uy = 69%); 2045–2049 (uy= 38%); 2050-
thereafter (uy = 20%)

BACq Bunker cost for the electricity supply through several systems (€); ∀q ∈ Q
BCq Bunker cost for the propulsion power of vessel with several systems installed for electricity supply (€); ∀q ∈ Q
C ship’s capacity according to the ship type (CII Guidelines, G1; resolution MEPC.352 (78)). For Ro-Pax is measured in gross tonnage (GT)
Cengine_slip,l: Engine fuel slippage is the non-combusted fuel measured as a percentage of the mass of every kind of fuel (%); ∀l ∈ L.
CFsukvy: Unitary costs for air pollutants in port operations (€/kg pollutant) ∀s ∈ SS*∧∀u ∈ U∧∀k ∈ K∧∀v ∈ V∧∀y ∈ Y
CF1uky: Unitary costs for air pollutants in free sailing (€/kg pollutant); ∀u ∈ U∧∀k ∈ K*∧ ∀y ∈ Y
CFFjl Conversion factor collected in the resolution MEPC.308(73) and in the Commission Regulation (EU) No 601/2012 (tonne CO2/tonne fuel);

∀j ∈ J∧∀l ∈ L.
CFMjl Emission factor for CH4 (tonne CH4/tonne fuel); ∀j ∈ J∧∀l ∈ L
CFNjl Emission factor for N2O (tonne N2O/tonne fuel); ∀j ∈ J∧∀l ∈ L
CII_Ay Attained Carbon Intensity Indicator for every year (CO2 grams/nm and tonne); ∀y ∈ Y
CII_Ry Attained Carbon Intensity Indicator for every year (CO2 grams/nm and tonne); ∀y ∈ Y
CO2 eq TtW,j,l: CO2 equivalent emissions for every kind of combusted fuel. Default values are collected in Annex II of Regulation (EU) 2023/1805

(gCO2eq/gFuel); ∀j ∈ J∧∀l ∈ L.
CO2 eq TtW_slippage,j,l: CO2 equivalent emissions for every kind of slippage fuel (gCO2eq/gFuel); ∀j ∈ J∧∀l ∈ L.
CO2 eq WtT,j: GHG emission factor for every fuel. Default values are collected in Annex II of Regulation (EU) 2023/1805 (gCO2eq/MJ); ∀j ∈ J
CP EU Carbon Pricing (€/tonne CO2)
CTsk Connection/disconnection times for the OPS use (h). This operation is only undertaken during the berthing/unberthing operations (s = 3),

therefore, its value is assumed as null in the hoteling stage (CTk4 = 0); ∀s ∈ SS**∧∀k ∈ K
CVj Lower Calorific Value of the fuels (GJ/g fuel); ∀j ∈ J
D total distance travelled (in nautical miles) reported in IMO DCS
Ec Electricity delivered to the vessel at berth per connection point through OPS (MJ); ∀c ∈ CC
EGsuly: Emission factors per pollutant; for every navigation stage, type of engine and year (kg/h) ∀s ∈ S∧∀u ∈ U∧∀l ∈ L ∧∀y ∈ Y
EFGuky Emission factors per pollutant emitted by OPS; in every port and year (kg/kWh) ∀u ∈ U∧∀k ∈ K ∧∀y ∈ Y
ETDy Energy Taxation per year (€/year); ∀y ∈ Y
ETSy European Trading System’s cost per year (€/year); ∀y ∈ Y
ETSUy European Trading System’s cost per trip (€/trip); ∀y ∈ Y
ETUy Energy Taxation per trip (€); ∀y ∈ Y
fwind Reward factor for wind-assisted propulsion
FuelEUy Annual penalty for non-compliance with Fuel-EU (€/year); ∀y ∈ Y
GBM Goal Based Measures (€)
(GHGIEactual)y Greenhouse gas intensity of the energy used on-board for a year (g CO2 eq/MJ); ∀y ∈ Y
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(GHGIEtarget)y Maximum greenhouse gas intensity of the energy used on-board annually, limited by Regulation (EU) 2023/1805 (g CO2 eq/MJ); ∀y ∈
Y

GWP Global warming potential for CO2, CH4 and N2O
IRRq Internal Rate of Return for every alternative (%); ∀q ∈ Q
N Trips per year
n number of consecutive non-compliance periods under the Fuel-EU normative.
NCFqy Net Cash Flow for every alternative and year (€); ∀y ∈ Y∧∀q ∈ Q
NPVq Net Present Value for every alternative (€); ∀q ∈ Q
MBM Market Based Measures (€)
MCq Maintenance costs for the electricity supply systems (€); ∀q ∈ Q
PBlsy Power for the vessel’s engines for every navigation stage (kW); ∀l ∈ L∧ ∀s ∈ SS∧ ∀y ∈ Y
PIsy Pollutant impact in terms of air quality (€/trip) for every navigation stage and year; ∀s ∈ SS^∀y ∈ Y
PI2sy Pollutant impact in terms of air quality (€/trip) where EU Carbon Pricing is taken as CO2 unitary cost for every navigation stage and year; ∀s

∈ SS^∀y ∈ Y
R Discounting rate for the investment that is demanded by the shipowner (%)
RCq Replacement costs for the electricity supply systems ∀q ∈ Q)
RWDjl Reward factor for non-biological origin’s fuels with value of 2 from January 1, 2025 to December 31, 2033. Otherwise, value RWDjl = 1. ∀j

∈ J ∧∀l ∈ L.
SFOCjls Specific Fuel Consumption for engines in every navigation stage and fuel type (g fuel/kWh); ∀j ∈ J ∧ ∀l ∈ L∧ ∀s ∈ SS
TLj Taxation applicable to fuels (€/GJ); ∀j ∈ J
TVBsy Time invested in every navigation stage in a trip (h/trip) per year; ∀s ∈ SS∧ ∀y ∈ Y
Zy = Annual reduction factor from 2019 values applied over reference line for calculation of the required carbon intensity indicator; ∀y ∈ Y 2024 (Zk

= Z1 = 7%); 2025 (Zk = Z2 = 9%); 2026 (Zk = Z3 = 11%); 2027 (Zk = Z4 = 13%); and a 2% increase for each following year (Resolution
MEPC.338(76))
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