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Keywords: Shipping emissions are expected to grow together with world trade. For this reason, the European
Greenhouse gas emissions Union is targeting shipping emissions both by penalizing the use of fossil fuels and by creating
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incentives for the shipping sector to increase the role of alternative fuels. This research presents
an estimate of when and with what assumptions low-carbon and carbon-neutral maritime fuels
will be competitive against fossil fuels, while also examining what will be the cost impact on an
individual vessel. The results show that the prices of low-carbon and carbon-neutral fuels are
likely to remain high compared with fossil fuels, here assuming the currently planned regulation.
The planned regulation, together with the estimated fuel price developments, will significantly
increase fuel costs. The cost-optimal fuel path complying with the planned regulation is from
fossil fuels via biofuels to electrofuels.

1. Introduction

The greenhouse gas (GHG) emissions from shipping are over 1,000 million tons and constitute 2.89 % of global anthropogenic
emissions (International Maritime Organization (IMO), 2021). Moreover, both the amount and their share of global emissions have
increased, making shipping one of the sectors unable to diminish its emissions. Furthermore, with the volume of international trade, of
which close to 80 % is seaborne (UNCTAD, 2021), expected to grow rapidly both in value and volume, the GHG emissions of shipping
are expected to substantially increase in the coming decades unless strong actions are not taken. Therefore, intergovernmental or-
ganizations such as the IMO have set ambitious goals to reduce GHG emissions of international shipping by at least half by 2050
compared to 2008 levels. To fulfill these goals, the IMO has, for example, made a decision on the compulsory energy efficiency
indices—Energy Efficiency Design Index (EEDI) and Energy Efficiency Existing Ship Index (EEXI)—to improve the energy efficiency of
current and future vessels. In addition to these, the IMO is currently discussing so-called market-based measures to reduce emissions in
the short and medium terms.

In addition to the global regulations agreed upon in the IMO, there are also regional plans to reduce the emissions from shipping. In
July 2021, the European Commission (EC) introduced its ‘Fit for 55’ legislative package, with an ambitious goal of reducing the GHG
emissions of the European Union (EU) by 55 % by 2030. Three proposals in the plan would directly affect shipping: 1) The EC proposes
that shipping should be included in the European emission trading system (EU ETS). More particularly, this would apply for all the
vessels exceeding 5000 gross tonnage (GT) and would cover 100 % of intra-European Economic Community (EEC) shipping emissions
and 50 % of extra-EEC emissions. 2) The so-called FuelEU Maritime Proposal would set a stepwise limit to reducing the carbon content
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of the maritime fuel, in practice making it compulsory for the shipping companies to gradually increase the share of low-carbon and
carbon-neutral fuels in their fuel mix. 3) The renewal of the European energy taxation directive (EU ETD) would also set a gradually
increasing minimum tax for maritime fuels (EC, 2021a, 2021b, 2021c).

These measures are expected to create incentives for the shipping companies in EU traffic to reduce their GHG emissions and
accelerate the market development of alternative maritime fuels.

However, shipping companies face the question of how to comply with tightening regulations. The price of carbon dioxide (CO3)
ton in the EU ETS has more than quadrupled in less than two years, making the use of conventional maritime fuels a significantly more
expensive alternative. However, many of the energy efficiency investments, especially for existing fleets, are still too expensive to be
viable (see, e.g., Balcombe et al., 2019; Bouman et al., 2017). Switching to alternative fuels is an even more uncertain option (Brynolf
et al., 2018; Deniz and Zincir, 2016) because many of the potential alternatives are still either technologically or commercially un-
finished. Therefore, at least in the short term, the only commercially and technologically viable alternative would seem to be biofuels.

For example, Ampah et al. (2021) pointed out that there is limited research on how policies and regulations affect the transition
toward alternative fuels; they also emphasize the absence of studies addressing the barriers to the adoption of alternative fuels from a
shipowner’s perspective. The purpose of the current research is to estimate the cost impact and long-term viability of low-carbon and
carbon-neutral fuels regarding the EU’s Fit for 55 proposal.

We aim to answer the following research questions: When and with what assumptions can we expect the low-carbon and car-
bon-neutral maritime fuels to be competitive when considering the planned regulation? What will be the cost impacts of EU regulation
on the level of an individual vessel?

To answer these questions, we estimate the future production cost of current maritime fuels and potential alternative fuels, such as
biofuels and electrofuels. For the future prices of fossil fuels, we rely on short- and long-term forecasts of the US Energy Information
Administration (EIA), here as supported by a regression analysis estimating the relationship between crude oil and marine diesel oil
(MDO), natural gas (NG), and liquefied natural gas (LNG). Biofuel estimates are based on the literature and feedstock price devel-
opment estimates and their share of total production cost, with missing years extrapolated. Finally, electrofuels are estimated
following Brynolf et al.’s (2018) previous example.

To concretize the cost impact into the individual vessel level, we approach the question by using a generic Roll-on/ Roll-off ship
(‘Ro-Ro’ ship; a ship designed for wheeled cargoes e.g., trucks) with a full rotation within the EEC as an example, which accounts for
100 % of the impact of the regulation. Ro-Ros usually operate on a tight schedule, even for the entirety of their economic life.
Therefore, they are most likely less capable of using other methods (such as slow steaming and other operational) to mitigate the
impacts of the regulation. Our paper is structured as follows: In chapter 2, we discuss the key characteristics of low-carbon and
carbon-neutral maritime fuels, as well as the role of fuel costs in shipping. Chapter 3 presents the methodology, whereas the results of
the analysis are introduced in chapter 4. The key findings are discussed in more detail in chapter 5, together with the conclusions.

2. Literature review
2.1. Alternative maritime fuels

The shipping industry has conventionally been powered by fossil-based residual fuels (~80 %) or distillates (~20 %). Currently, the

Table 1

Generic technical and safety properties and emissions performances of different current and alternative maritime fuels. Adapted from Xing et al.
(2021) and Ampah et al. (2021). Data: Gravimetric density (EC, 2021a); volumetric density (Engineering ToolBox, 2022); cetane number, auto-
ignition temperature, flammability limits, combustion in ICE (Xing et al., 2021, Table 1); toxicity (DNV GL, 2019); flashpoint (Nair, 2016; DNV GL,
2019).

Energy (LHV) & Technical Flammability & Toxicity Emission performance (ICE)
Fuel Gravimetric Volumetric Cetane Autoignition Flashpoint ~ Flammability =~ Toxicity = CO2 SOx NOx PM

density density number  temperature in limits in air

air

MJ/kg MJ/1 °C °C vol%
HFO 40.5 38 >20 230 >60 0.6-7.5 - High Med High Med
MGO 40.5 37 >35 210 >60 0.6-7.5 - High Low  High Low
LNG 49.1 21 130* 540 —188 5.0-15.0 NT Med Low Med Low
MeOH 20 15.8 <5 464 11-12 6.7-36.0 LAT Med Low  Med Low
FAME 37.2 33.2 45-55 261 >61 0.6-7.5 - High Low High Low
HVO 44 34.4 >70 204 > 61 0.6-7.5 - High Low  High Low
H, 120 8.5 >130* 585 N/A 4.0-75.0 NT Low Low High Low
NHj3 18.6 19 120* 651 132 15.0-28.0 HT Low Low High Low

* Octane number.

Fuels: HFO = Heavy fuel oil; MGO = Marine gas oil; LNG = Liquefied natural gas; MeOH = Methanol; FAME = Fatty acid methyl ester; HVO =
Hydrotreated vegetable oil; H, = Hydrogen; NH; = Ammonia.

Emissions: CO, = Carbon dioxide; SO, = Sulfur oxides; NOy = Nitrogen oxides; PM = Particulate matters.

Other terms: LHV = Lower heating value; ICE = Internal combustion engine; N/A = Not applicable; HT = Highly toxic; LAT = Low acute toxicity
(dangerous for humans); NT = Not toxic.
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most prominent alternative fuel is LNG, which makes up approximately 0.1 % of the fuel consumption globally. (IEA, 2021a; IMO,
2021). In addition to LNG, other alternative fuels exist in the market and present different characteristics, potential, and challenges. In
the current study, we divide alternative fuels into two broader categories: low-carbon and carbon-neutral fuels. The general properties
and emission performance of alternative maritime fuels are presented in Table 1.

2.1.1. Low-carbon fuels

Low-carbon fuels often refer to “cleaner” fossil-derived fuels, such as LNG, which have smaller carbon intensity compared with
conventional petroleum-based ship fuels. Within this category, LNG and fossil-based methanol (MeOH) show promise, at least in the
short term, when it comes to the decarbonization of shipping (Svanberg et al., 2018; Lam and Thepsithar, 2020).

Of these two, LNG is already in wider commercial use, and it has gained attention recently, especially because it passes the IMO
2020 sulfur content regulations that capped bunker fuel sulfur content at a maximum of 0.5 % globally or 0.1 % in emission control
areas (ECAs) (IMO, 2020). The global merchant fleet is still predominantly diesel based, although the number of LNG ships has
increased in the past years (in 2020, 0.2 % of total merchant fleet) (Statista, 2021; UNCTADStat, 2022).

As a fuel source, LNG is NG liquefied by cooling it down to —162 °C for easier storage and use. LNG-powered ships use their own
engine architecture and cannot be blended with conventional marine diesels, requiring specialized fuel storage systems that include,
for example, double-walled fuel tanks and pipes (Wang and Notteboom, 2014). As is the case with all alternative fuels, LNG has lower
volumetric energy density compared with conventional maritime diesels (Table 1), requiring approximately twice as much tank space,
hence leading to some payload losses. Currently, most LNG is fossil based (Balcombe et al., 2021).

Based on the carbon content per unit of energy, fossil LNG has a potential of around 20-30 % of CO5 emission reduction compared
with conventional marine diesels. However, with current technologies, methane leaks during production and transport reduce its real
potential to around 15 % (Balcombe et al., 2019, 2021). LNG produces a low amount of other GHG emissions. Despite its current
popularity, fossil LNG should be considered a transitional fuel (Lindstad et al., 2021) because, without further improvements (e.g.,
upstream emission reduction, lower carbon variants, and increased engine efficiency for leaner combustion), LNG cannot meet the
IMO’s long-term target of 50 % GHG reduction (Balcombe et al., 2021).

Methanol, another popular low-carbon fuel, is an alcohol-based fuel that can be used by itself or blended (up to a certain limit, 20
%) with conventional fuels without significant technical modifications (retrofit) to the engine; it can also be used as a drop-in fuel
(Balcombe et al., 2019; Verhelst et al., 2019). It is liquid at standard pressure, making it easy to store and transport, but much like LNG,
it has low volumetric energy density compared with, for example, HFO, requiring much more storage space on board (Vedachalam
et al., 2022). This storage need could be partially accommodated by retrofitting the double hulls of existing ships (Verhelst et al.,
2019). Additionally, because methanol is traded for industrial purposes, some handling of infrastructure and a fairly large production
capacity exist (Balcombe et al., 2021). However, sustainable production still requires further improvement because current production
is largely NG and coal based (Balcombe et al., 2021; Verhelst et al., 2019). The production flexibility of methanol can make the
transition toward cleaner production easier (Balcombe et al., 2021).

Safety-wise methanol has a low flashpoint (easy to ignite), but it also has a low heat release rate (produces a cooler flame), making
it easier to contain than, for instance, a gas fire. It is also extinguishable by water. Another benefit is that methanol is water miscible
(fast dilution prevents a lethal concentration for aquatic life) and biodegradable, making it a safer option in case of a fuel spills
(Verhelst et al., 2019). Methanol, however, is toxic to humans (especially if ingested), thus requiring additional health-related con-
siderations on board (Vedachalam et al., 2022). Emission-wise fossil methanol reduces CO, emissions by approximately 25 % when
compared with conventional fuels (Balcombe et al., 2019) and is sulfur free (Xing et al., 2021).

Various studies find methanol (nonfossil variants) to be a strong medium- to long-term candidate for decarbonization of maritime
shipping (see, e.g., Xing et al., 2021; Panoutsou et al., 2021).

2.1.2. Carbon-neutral fuels

Carbon-neutral (also zero-carbon) fuels are alternative fuels that either have net-zero GHG emissions (GHG emissions are
neutralized along the value chain) or have no carbon footprint overall. This category typically consists of two fuel types: biofuels and
synthetic fuels (Ridjan et al., 2016).

2.1.3. Biofuels

Biofuels include gaseous and liquid fuels that can be produced from various feedstocks and production pathways (usability and
quality varies). They are the most readily available nonfossil alternative fuel and can play an important role in the decarbonization of
maritime transport (Tan et al., 2022). Commonly discussed biofuels in the maritime context include biodiesels (fatty acid methyl
esters, FAME; hydrotreated vegetable oil, HVO), biomethane or biogas, biomethanol, and bio-DME (dimethyl ether).

As a maritime fuel, diesel-like biofuels (e.g., HVO, FAME, bio-oil) are currently the closest direct replacement for conventional fuels
and can be used as drop-in fuel with little to no modification of current propulsion systems and engines (Balcombe et al., 2019).
However, some biodiesels need to be blended to function properly (e.g., FAME), whereas some can be used neatly (e.g., HVO). (Kass
et al., 2020). For alcohol-based (e.g., biomethanol) or gaseous (e.g., bio-LNG) biofuels, modifications to engines and fuel supply
infrastructure are required (Balcombe et al., 2019; IEA, 2020a). Compared with conventional maritime diesels, biodiesels generally
have lower energy content and higher viscosity (possibility to block fuel injectors and worse cold flow properties), density, and cetane
number (within similar ignition performance) (Estevez et al., 2022; Zheng et al., 2022).

Thus far, both the price and technical limitations have limited the use of biofuels (Panoutsou et al., 2021; Xing et al., 2021). In
particular, advanced, more sustainable biofuels are still developing and costly (Tan et al., 2022; Estevez et al., 2022). The availability
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of biofuels and competition (demand) from other transport modes is also prevalent (Yuanrong et al., 2020). For example, the Inter-
national Energy Agency (IEA, (2020a) has estimated that aviation would need 220 million tons of oil equivalents (mtoe) of biofuels
annually to decarbonize. For comparison, the current consumption of maritime fuels is approximately 240 mtoe (IEA, 2020a).

From a GHG emissions perspective, biofuels typically produce low amounts of sulfur and provide 60-100 % CO, reduction
compared with HFO (Bouman et al., 2017). However, some concerns need to be addressed for them to be considered truly carbon
neutral. First, biofuels are often considered carbon neutral because the feedstock absorbs CO; from the atmosphere during its growth
period. Biofuels, however, do contain carbon like conventional fuels (Hanaki and Portugal-Pereira, 2018). Although most of the
emissions from shipping are from combustion (Lindstad et al., 2020) to assess the overall GHG impact of a fuel, its entire life cycle
should be addressed, for example, by performing a life cycle analysis (LCA) or similar methodology instead of just combustion
emissions. Research has identified the need for more comprehensive studies, but it has now been noted by regulatory bodies as well.
For example, in its FuelEU proposal, the EU has employed a “well-to-wake” (WtW) methodology that splits the life cycle of a fuel source
into extraction of raw materials to a production part “well-to-tank™ (WtT) and end-use part, that is, combustion on vessel to provide
propulsion, “tank-to-wake” (TtW). Similarly, in aviation, the International Civil Aviation Organization (ICAO) has adopted the use of
LCA in their guidelines.

Additionally, research on the sustainability of feedstocks has also been active, and some feedstocks have been identified as being
riskier than others regarding decarbonization efforts, namely food and feed crops (e.g., maize, sugar cane, palm oil, soybean), which
are also referred to as first-generation biofuels (see, e.g., Sandesh and Ujwal, 2021; Panoutsou et al., 2021). Preference for fuel pro-
duction over food production is an issue on itself, but expansion to lands with high-carbon stocks, for example, peatlands and wetlands
or primary forest, can cause additional carbon emissions as well (Renewable Energy Directive II, ‘RED II°, 2018). To promote the use of
sustainable feedstocks, governmental bodies have implemented sustainability criteria and guidelines. These include, among others,
RED II and Delegated Act 2019/2055 (EU), Sustainable Aviation Fuel guidelines (ICAO, 2017) and Low-Carbon Fuel Standard (Cal-
ifornia in the US). Research toward more sustainable fuel “generations” (e.g., energy crop based or algae based) is ongoing (Sandesh
and Ujwal, 2021).

Assessing the entirety of the fuel’s life cycle is especially important for biofuels because they can be produced from a myriad of
feedstocks with various production pathways, thus having different GHG impact results. Further, fuels under same label, that is,
biodiesel, might have varied GHG emission results, here depending on feedstock and production method used. Bilgili (2021), for
instance, in their LCA had chosen three biodiesels (among other fuels), and the biodiesels all resulted in different CO, emissions at 1.5,
1.6, and 1.8 tons. From a compliance standpoint, varying GHG emissions values will likely require diligence from shipowners and
operators when deciding their future fuels.

2.1.4. Synthetic fuels and electrofuels

Synthetic fuels include fuel products made typically via gasification of biogenic or fossil feedstock, forming a synthesis gas (usually
a mixture of carbon monoxide and hydrogen (Hy) but can also include COy), that is then refined with various processes (e.g.,
Fischer-Tropsch or steam methane reform), depending on the desired end-product. Synthetic fuels are an imitation of their fossil
counterparts and, thus, can be used as direct drop-ins (Lindstad et al., 2021). Electrofuels (e-fuels) are also synthetically produced;
however, they are made with hydrogen from the electrolysis of water and a source of CO (Ridjan et al., 2016). Commonly discussed e-
fuels include hydrogen and ammonia (NH3), and fuels typically labeled with an e-prefix, for example, e-LNG.

The carbon neutrality of synthetic fuels and e-fuels depends primarily on the carbon (feedstock) and energy source used in its
production. For instance, Zincir (2022) calculated that NG-based ammonia has a similar environmental effect to MDO when WtT
emissions are included. On the other hand, ammonia produced from renewable energy and nitrogen captured from the atmosphere
could be considered carbon neutral. A common way to improve the carbon neutrality degree of a fuel is to couple the production
process with carbon-capturing technologies and sequestration of the process-induced CO, emissions. Currently, more advanced
carbon-capturing technologies (e.g., direct air capture, DAC) are still maturing and are yet to be commercially viable. DAC has
especially garnered interest arising from its potential to provide a carbon negative fuel (Sherwin, 2021) as it reduces the amount CO5
from the atmosphere. Additionally, the origin of electricity must be considered. To produce carbon-neutral synthetic and e-fuels,
renewable electricity is required. Thus, the development of e-fuels also overlaps with developments in the energy industry.

As a maritime fuel, one of the largest challenges to overcome for synthetic and e-fuels is the production cost, which is significantly
higher compared with conventional fuels. In particular, e-fuels are not yet commercially viable (Ince et al., 2021). The key challenges
for electrofuels are techno-economic (e.g., electrolyzer technology, cost of CO, capture and price of renewable electricity) and the
precedents to sustainable and economic production of hydrogen in the production chain (see, e.g., Ince et al., 2021; Lindstad et al.,
2021). Currently, both hydrogen and ammonia are being produced ‘at scale’ for industrial purposes. Production, however, is mainly
fossil based (Al-Aboosi et al., 2021), and a need to shift toward “greener” production is required for further decarbonization, in
addition to overcoming the previously mentioned techno-economic challenges (Capurso et al., 2022; Dieterich et al., 2020). Therefore,
e-fuels are currently seen as a long-term prospect, with hydrogen-based (e.g., liquid or fuel cell-based Hy and NHj3) fuels as the key
solution because of their zero-carbon nature (Zincir, 2022). It is important to note that hydrogen-based fuels are not drop-in
compatible with current ships (Panoutsou et al., 2021).

2.1.5. Hydrogen and ammonia as fuels

Fuel hydrogen has the highest energy-to-weight ratio of all alternative fuels, and it produces no CO,, particulate matter (PM), or
sulfur oxide (SOyx) emissions during combustion (Ampah et al., 2021), making it a prospective candidate for decarbonization.
Hydrogen is available in abundance; however, it is typically found in a compound form e.g., in water or other hydrocarbons. Thus,
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some of the potential energy of hydrogen is lost when it is refined to be used as a fuel (Xing et al., 2021). At room temperature,
hydrogen is a gas with extremely low volumetric energy requiring it to either be compressed (at 300 bar and 25 °C) or cooled down to
—253 °C and stored as cryogenic liquid (Zincir, 2022). For use on vessels, specialized storage facilities are required, increasing both
capital expenditures and operational costs. Additionally, because of its low volumetric energy, much more tank space is required. For
an equivalent range of diesel (in volume), approximately-four to eight times the space for hydrogen is required (Gray et al., 2021).
Because of energy-related issues, hydrogen seems to work only on short distances (especially with internal combustion engines, ICE),
though use in fuel cells shows some promise for longer distances (McKinlay et al., 2021). From a safety perspective, hydrogen poses an
explosion risk and is hard to extinguish in the case of fire because of its low minimum ignition energy, wide flammability rate, and high
flame speed, though the autoignition of hydrogen on board is difficult. It is also nontoxic, though leaks can be hazardous. (Capurso
et al., 2022; Inal et al., 2022).

Similar to hydrogen ammonia is a simple compound consisting of three hydrogen and one nitrogen, making it an excellent
hydrogen carrier (Mallouppas and Yfantis, 2021). Ammonia is carbonless in structure and produces no CO5 and SOy emissions during
combustion (Zincir et al., 2022). It can produce high nitrogen oxide (NOx) emissions, though these can be negated to an extent using
catalytic converters (Ampah et al., 2021). Additionally, because of ammonia’s high-octane rating, ammonia can be used with small
retrofits in ICE and fuel cells. For use in ICE, the assistance of ignition fuel is typically required (McKinlay et al., 2021).

Compared with hydrogen, ammonia is easier to store on board (Al-Aboosi et al., 2021). Storage requires insulated tanks, but the
storage temperature is significantly higher at -33 °C at an ambient pressure (Xing et al., 2021). However, ammonia also faces chal-
lenges related to payload reduction because of its lower volumetric density when compared with conventional diesel. Ammonia re-
quires approximately-five times more volume (Gray et al., 2021). Another challenge ammonia faces is that the existing bunkering and
fuel infrastructure is not sufficient for maritime fuel use and requires further development (Hansson et al., 2020). However, because of
high industrial use, some shipping and onboard storage practices are in place, making the transition to wider fuel use easier (Al-Aboosi
et al., 2021).

From a safety perspective, ammonia poses a low fire risk because of its high autoignition point, narrow flammability range, and
slow flame speed (Inal et al., 2022; ABS, 2020). Ammonia is also explosion safe, though as it can react with oxidizers and halogen, and
interhalogen storage conditions need to be considered (ABS, 2020). Additionally, ammonia is toxic (both humans and aquatic life) and
corrosive, which places requirements for material compatibility on storage systems (McKinlay et al., 2021).

2.2. Costs of shipping

The costs of shipping can be divided in different ways, but regardless of the division, the main idea remains the same. Stopford
(2009) discussed the costs to include capital, or depreciation costs and voyage costs, whereas, for example, Chang, and Wang (2014)
made a distinction between the voyage costs (including main and auxiliary engine fuel costs) and operating costs that include items
such as crew wage costs, storage, repair, and maintenance, insurance, and so forth. Another joint nominator of these is the relative role
of different cost categories. Regardless of the division or vessel type, the largest individual cost component in shipping is the fuel cost,
which can be over 50 % of the daily costs (see, e.g., Furuichi and Otsuka, 2015) with fast container and Ro-Ro vessels. Capital costs
tend to be around 10-25 % of daily costs and are mostly decided by the vessel type (see Hiibner, 2016). Because the vessel types and
their cost structures are different, so are their exposure to the effects of environmental regulation. One of the most discussed methods to
mitigate the impact of higher fuel prices (and, therefore, also the impact of environmental regulation) is different operational solu-
tions, such as slow steaming (Jia et al., 2022). The rationale behind slow steaming is the so-called “cube rule” (Yin et al., 2014), which
basically means that the fuel consumption of a vessel declines in a cubic relationship with the speed of the vessel, therefore having a
strong impact on the fuel efficiency per ton-mile. Slow steaming is, however, more applicable for some vessel types, such as bulk
vessels and container vessels, than, for example, Ro-Ro and ropax-vessels, because the latter usually follow a tight rotation with limited
room for adjustment (Jia et al., 2022). On the technological side, the means of mitigating the cost effects of environmental regulation
include installing energy-efficient technologies (Balcombe et al., 2019; Bouman et al., 2017) or the use of alternative, low-carbon or
carbon-neutral fuels (Deniz and Zincir, 2016; Lindstad et al. 2021). These, however, are once again a cost issue. For existing vessels,
numerous technologies such as bulbous bows, variable pitch propellors, and so forth can be installed (Nelson et al., 2013), and the
engines can be retrofitted to run with alternative fuels (Prussi et al., 2021). So far, the number of retrofits has been marginal and
publicly available details scarce, so it is difficult to create a complementary view of the cost of retrofits. However, there are some
examples to give a perspective. A couple of years ago, Stena retrofitted the ropax-vessel Stena Germanica. According to Bourbolis et al.
(2021), the budget for the retrofit was USD 11 million, whereas retrofitting a large container vessel could cost as much as 30 million.
The simpler and cheaper the vessel, the higher the relative cost. At the same time, as environmental requirements tighten, the value of
older, technically obsolete vessels will decline, raising the cost of replenishment (Schwartz et al., 2020).

3. Methodology

The cost impact of the upcoming Fit for 55 measures on the shipping industry is evaluated by first forming an estimate of the fuel
production costs and their development for 2020-2050. Then, we apply the proposed regulatory measures on the cost structure.
Finally, we evaluate the impact of regulation and usability of the chosen alternative fuels using a case ship (a Ro-Ro vessel) operating
permanently within the EEC with alternative fuel pathways. The chosen fuels in the study are shown in Table 2.

To form the cost projection for the studied time horizon (2020-2050), a mixed approach of combining different price statistics,
methods, and research was chosen because coherent future cost estimates were scarce (Table 3).
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3.1. Case vessel and fuel forecast calculations and assumptions

3.1.1. A generic Ro-Ro ship as a case vessel

The impact of fuel alternatives was analyzed using a case vessel. Ro-Ro vessels typically operate on a tight schedule on a specific
route, often for their entire life cycle. Therefore, their technical characteristics, such as capacity, design speed, and so forth, are usually
designed for that respective route. Unlike other vessel types that are more likely to employ operative measures to comply with reg-
ulations, Ro-Ro vessels are expected to be exposed to the developments in fuel prices more than any other vessel type. To create a case
vessel (an average Ro-Ro vessel), technical data of all the Ro-Ro vessels currently in operation were obtained from Clarkson’s World
Fleet Register (2022). Altogether, data were available for 635 individual vessels. An average Ro-Ro vessel is 135 m long (std. 50.56),
and has 10,090 kW of engine power (std. 9008), with a specific fuel oil (SFOC) consumption of 179 g/kWh.

Daily fuel oil consumption was estimated following Cullinane and Khanna (1999) with the following equation:

24

FO = Inxtallede*SFOC*Engineload(80%)*m (D)

where installed kW refers to the power of the main engine. Cullinane and Khanna (1999) used an engine load of 80 %. For this research,
we analyzed 50 Ro-Ro lines in the Baltic Sea to obtain a more detailed view of their engine loads. Acknowledging the limitation that a
Ro-Ro vessel can sail with varying speeds during a journey, we estimated the average speed of the individual vessels on those routes,
comparing this to their design speeds. Following cube law, we could calculate that, on average, the engine load of the respective vessels
was 57 %. With these details, the daily fuel consumption of our generic Ro-Ro vessel was 24.7 tons per day. Based on the timetables of
the same Ro-Ro lines, an average Ro-Ro vessel will be at sea 66 % of the time, or 240 days per year. This means an average annual fuel
oil consumption of 5,930 tons.

3.1.2. Fuel price forecast 2020-2050

To forecast the future prices of the conventional fuels, historical price data of IFO 380, LSMGO, and LNG from Ship and Bunker
(2022), together with crude oil prices for the corresponding period from the Federal Reserve Bank of St. Louis (Federal Reserve, 2022),
were used together with long-term price projections of crude oil and NG from the EIA (2022a).

The following relationships between the LSMGO, IFO380, and crude oil were identified with a regression analysis:

Price of LSMGO (USD/ton) = 150.218 + 8.06 (Price of Brent), R2:0.914,
Price of IFO380 (USD/ton) = 40.218 + 5.566 (Price of Brent), R% 0.961.

These relationships were used together with oil price (Brent) projections of the US EIA to forecast the future prices of IFO380 and
LSMGO. The current volatile situation in the energy market was taken into account by adjusting the long-term projections with EIA’s
April short term, 2020-2023, energy outlook (EIA, 2022b). The long-term price forecast of the LNG was based on the long- and short-
term forecasts of the EIA (2022a, 2022b), which was supplemented by assuming a constant USD 3.31 per MMBtu (Steuer, 2019) cost
for liquefaction.

For biodiesels, biomethanol, and fossil methanol, future prices were estimated based on feedstock price development and feed-
stock’s share of the total production cost:

Table 2
Fuels in the study.
Fuel Source Notes
Intermediate Fuel Oil (IFO) Fossil A type of commonly used blended fuel oil. It is also known as marine diesel oil. 380 refers to the viscosity.
380 derived
Low-Sulfur Marine Gas Oil Fossil A type of commonly used distillate. Low-sulfur variant viable to use in sulfur and nitrogen emission control areas,
(LSMGO) derived SECA/NECA.
LNG Fossil Most common alternative fuel in use (fossil variant). Considered a transitional fuel.
derived
Bioderived
e-fuel
Methanol Fossil Large availability in ports, emission regulation compliance, and liquid form in standard temperature and
derived pressure. Seen as a highly prospective alternative fuel in the medium to long term.
Bioderived
e-fuel
Biodiesels Bioderived Advanced variant made by “advanced” production pathways (e.g., Biomass-to-liquid conversion) and typically
(FAME, HVO, lignocellulosic biomass as feedstock. Short- to medium-term fuel prospects.
Advanced)
Liquefied hydrogen, LH, e-fuel Potential alternative fuel in the long term. Refers to hydrogen produced with renewable energy sources that have
been liquefied to increase its energy density-to-volume ratio.
Ammonia, NH3 e-fuel Potential alternative fuel in the long term. Refers to ammonia produced with renewable energy sources.
FT diesel (e-FTD) e-fuel Synthetic diesel-like drop in fuel.

Produced with renewable energy sources.
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Table 3
Projection estimation methods.
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Fuel

Method

Main references

IFO, LSMGO, LNG

MeOH

Biodiesels (FAME, HVO,
Advanced ‘ADV’) and
biomethanol

Bio-LNG

e-LH2, -LNG, -methanol, -FTD

e-NH3

Linear regression of historical crude prices projected with
EIA’s long-term and short-term forecasts

Base price from literature projected with feedstock price
development (results of the linear regression for NG) and
share of total cost

Base price from the literature projected with feedstock price
development and share of total cost

Averaged literature estimates with an extrapolation of
missing years (2030 — 2040)

Total cost (TC) model following example of Brynolf et al.
(2018)

Literature estimates coupled with TC model’s estimated

EIA, 2022a; 2022b; Federal Reserve, 2022; Ship and Bunker,
2022

Collodi et al. 2017; Brown et al., 2020; IRENA and Methanol
Institute, 2021; Methanex, 2021

Xu et al., 2018; Brown et al., 2020; DNV GL, 2020; IRENA and
Methanol Institute, 2021

Brown et al., 2020; DNV GL, 2020; Nelissen et al., 2020

Brynolf et al., 2018; Christensen, 2020; Dieterich et al., 2020;
Nelissen et al., 2020; IEA, 2021b; Korberg et al., 2021;
Lindstad et al., 2021

Korberg et al., 2021; Lindstad et al., 2021; Inal et al., 2022

hydrogen costs

p+ (pfplef — 1)), @
where p is the base price in 2020, fp is the feedstock’s portion, and cf is the feedstock’s cost factor multiplier.

A feedstock-based approach was adopted because it was identified to be a central cost component, especially for biodiesels (Tan
et al., 2022), but also because of the generally limited availability (depends on the region and time of year) and supply (abundancy) of
suitable and sustainable biomass (Beuchelt and Nassl, 2019). The consensus appears to be that the current biomass supply could be
doubled to approximately 2,400 mtoe. However, if the share of fuel production is assumed to be 10 % (most biomass is used for other
purposes, e.g., food and heating), this would mean a supply of 240 mtoe of biofuels in 2050, which corresponds to the current energy
use of maritime transport (IEA, 2020a).

For both methanol variants and biodiesels, base prices were taken from the literature (Brown et al., 2020; Brynolf et al., 2018;
IRENA & Methanol Institute, 2021; Methanex, 2021). Biodiesel feedstock cost factor multipliers were taken from DNV GL (2020), and
for MeOH, they were calculated from the earlier NG prices (EIA, 2022a, 2022b). NG was chosen as the methanol feedstock (Svanberg
et al., 2018). Biodiesels’ and biomethanol’s feedstock’s share of production cost (25-90 %) was calculated from Brown et al. (2020)
and Xu et al. (2018) and, for methanol (65 %) from Collodi et al. (2017). Here, with more advanced fuels, the share of feedstock costs
decreases as investment in more sophisticated systems is required, thus increasing the share of plant-related capital expenditure. For
instance, Svanberg et al. (2018) estimated that capital expenditure and feedstock consist of 75-90 % of the production cost for bio-
methanol. In cost projections, the technological development was taken into account by applying a general cost reduction on the
production cost of advanced fuels. FAME was deemed nonadvanced. Brown et al. (2020) estimated 5-27 % production cost reduction
for advanced fuels through process improvements in the medium term and that an additional 5-16 % could be achieved with favorable
financing conditions. In their long-term forecast for advanced biodiesels, Xu et al. (2018) estimated a cost reduction of 10 %. We have
assumed a reserved reduction of —10 %, —15 %, and —20 % in 2030, 2040, and 2050, respectively.

Bio-LNG price estimates were collected mainly from the literature (Brown et al., 2020; DNV GL, 2020; IRENA and Methanol
Institute, 2021; Nelissen et al., 2020). Missing years were extrapolated with the same advanced fuel cost reduction from earlier. Bio-
LNG was assumed to use the same liquefaction cost as before (Steuer, 2019). Estimated fuel projection was referenced against the
literature and deemed to be in line with what was found in the literature. Finally, literature estimates often did not provide a central
value but only a range for low-high costs. In our estimation, central values have been taken as the median value of different references.
If the reference used multiple production pathways, an average of these was taken for the wider estimation.

Electrofuel estimations were based on a TC model (Brynolf et al., 2018):

3

The model includes the annualized direct investment cost of the fuel synthesis plant (Ifyeisynthesis) and the electrolyzer (Iejectrolyzer)-
The operation and maintenance costs of the electrolyzer (O&Melectrolyzer) and fuel synthesis (O&Mtuelsynthesis) Were included as a share
of the related investment costs. Cgack is the annualized cost of stack replacements. The amount and cost of stack replacements have
been determined by the operating hours (per year) and lifespans of the stack and the electrolyzer system. The annualized cost of capital
for the electrolyzer system and plant were calculated by multiplying the TC of the desired item using the capital recovery factor.

Celectricitys Cwater, and Ccozcapture are the required electricity, water, and CO- costs in fuel production, respectively. Ppear and Poxygen
are the profits from selling the by-product heat and oxygen, respectively. The input and output amounts of Cejectricity> Cwaters Cco2captures
Pheat, and Poxygen have been based on reference values for one fuel output per MWh from Brynolf et al.’s (2018) supplementary material
section B. The indirect cost (Ipjand) including engineering, construction, and so forth for the whole plant has been expressed as a factor
(1-3) of Tejectrolyzer and Ifuelsynthesis- When applicable, low, central, and high bounds are applied to the parameters. The liquefaction cost
of hydrogen was averaged to be constant at 7.9 EUR/MMBtu (Korberg et al., 2021; Nelissen et al., 2020). E-NH3 estimates were
coupled with the calculated hydrogen values from equation (3). As derived from results of Inal et al. (2022), Korberg et al. (2021) and
Lindstad et al. (2021), e-NH3 was conservatively estimated to be —15 % cheaper than LH; in 2020-2030, —5% cheaper in 2040, and of

TotalCost = Ieleczmlyzer + O&Mg]eclmlyzer + Csmck + Celeflr[fily + Cwazer + I[uelx}'nxltesi.s + O&Mfuelsymhesis + CCOZmpture - Pheat - Poxygen + Iplum
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same cost as hydrogen in 2050. The chosen parameters are provided in Table 4.

It is noteworthy to mention that the current global energy market (2022) is in unprecedented turmoil and the cost of electricity has
increased tremendously, making the economical production of e-fuels increasingly challenging. Prior long-term estimates (e.g., [EA,
2020a or Lloyd’s Register and UMAS, 2020) have predicted that prices would fall to 15-20 EUR/MWh on a general level (best case). To
increase market penetration and investment in new capacity, studies have estimated the competitive cost range for electricity to be at
the 35-65 EUR/MWh range (e.g., de Fournas and Wei 2022; Korberg et al. 2021; Lindstad et al. 2021). These cost levels for renewable
electricity are technically possible to reach in optimal locations but will naturally vary depending on weather conditions. For example,
wind energy harnessed onshore in Norway (130 MW) can achieve a levelized cost of electricity (LCOE) of 25 EUR/MWh, whereas in a
slightly smaller onshore wind generator (100 MW) in the USA, LCOE was estimated at 76 EUR/MWh at one location but only 32 EUR/
MWh at another (IEA, 2020c). In 2021 (IRENA, 2022), the average globally weighted LCOE for new installations was estimated to be
between USD 7.5/MWh (offshore wind) and USD 48/MWh (utility scale solar). However, the installation costs for newbuilds are likely
to increase in 2022 because of increased material costs (IRENA, 2022), which might slow down future investments. Against this
background, we estimated the starting electricity price to be 80 EUR/MWh in 2020 (e.g., Percic et al., 2022; Zhang et al. 2020) and

Table 4
Parameters for electrofuel production costs in EURg20.
TOTAL COSTS TC = Telectrolyzer + O&Melectrolyzer + Cstack + Celectricity + Cwater + Ifuelsynthesis + O&Miuelsynthesis + Ccozcapture - Pheat -
Poxygen + Iplant
Year 2020 2030 2040 2050 Notes Reference
Electrolyzer investment (Leectrolyzer)
Electrolyzer type Alkaline Commercially mature
Electrolyzer size (MW) 5 MW Brynolf et al., 2018, Table 3
Electrolyzer capacity factor 80 % Optimistic Following example of Brynolf et al. (2018).
(%)
O&M (%) 2-5% Scenario dependent Brynolf et al., 2018, Table 3
Electrolyzer lifetime (year) 25 30 30 30 Brynolf et al., 2018, Table 3
Investment Cost LOW 640 410 330 250 Estimation based on literature. Estimation based on IRENA, 2019; Christensen, 2020;
(EUR/kKW) CENT 1000 575 430 410 If applicable, long term assumed ~ Dieterich et al., 2020; Grigoriev et al., 2020; IEA, 2021b

HIGH 1300 715 535 460 to be 2050.
For IEA (2021), general
investment cost; type not

defined

Stack related costs (Cseack)

Stack lifetime (system) 25 30 30 30 See electrolyzer lifetime

Stack lifespan (1000 h) 75 90 110 125 Christensen, 2020, p. 19

Stack capacity factor (%) 80 % Chosen input (following Brynolf
et al. 2018)

Stack replacement cost (%) 50 % of Ielectrolyzer Brynolf et al., 2018, Table 3

Stack price (EUR/kWh) Separate calculation Calculation based on electrolyzer investment cost

Electricity cost (EUR/MWh) 80 60 40 30 Estimation based on comparison IEA, 2020c (Wind and Solar); Lloyd’s Register and UMAS,
to literature. 2020; DNV GL, 2020; Christensen, 2020; NREL ATB, data

2022

Water Cost (EUR/mt) 1.5 Brynolf et al., 2018, Table 7

Fuel Synthesis (Iuelsynthesis)

Plant scale Small

Plant size 5 MW Brynolf et al., 2018, Table 5

Plant lifetime 25 30 30 30 Typical plant lifetime Brynolf et al., 2018; Zhang et al. 2020; de Fournas & Wei,

2022
Plant capacity Methane 77 % Brynolf et al., 2018
factor Methanol 79 %
FT-liquid 73 %
O&M (%) 4% Korberg et al. (2021)
CO,, Capture LOW 35 25 25 20 Estimation. Brynolf et al., 2018, Table 4; Dieterich et al., 2020,
(EUR/mt) CENT 50 35 35 30 Averages of different COy Table 3; Roussanaly et al., 2021, Appendix A
HIGH 70 55 55 40 feedstock sources

Plant investment cost, Ifuelsynthesis (EUR/KW)

Methane 640 (110-960) Central (low-high) Brynolf et al., 2018, Table 5

Methanol 1 070 (750-1,280)

FT-liquids 1 390 (850-2,240)

Heat sell price (EUR/MWh) 35 EUR/MWh Constant parameter Brynolf et al., 2018

Oxygen sell price (EUR/mt) 55 EUR/mt Constant parameter Brynolf et al., 2018; Hank et al., 2018

Indirect OPEX 100 % Chosen value, typical range 100-300 %.

Capital cost (Iejectrolyzer aNd Ifyclsynthesis)

Interest rate 4% NREL ATB, data 2022

Depreciation rate Same as the lifetime of Chosen input

electrolyzer or the plant
Additional notes *) EUR = EUR2020
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conservatively decreased this to 30 EUR/MWh in 2050, staying higher than the best-case future price scenarios.

All fuels in the forecast have been converted into euros per ton of oil equivalent (EUR/toe) with a key currency conversion of 1 USD
=0.82EUR <> 1 EUR = 1.22 USD corresponding to a 10-year average 2010-2020 (Macrotrends, 2021) and for unit conversions 1 toe
=11.63 MWh or 41.868 GJ, or 39.7 MMBtu. The results do not take future inflation into account and are presented in 2020 euros in
real terms. The results of the base forecast are presented in Table 5, with the central value in bold and low-high estimates in brackets.

3.2. Implementation of the proposed Fit for 55 regulations in the analysis

Within the Fit for 55 proposal, three distinct EU maritime shipping regulations are introduced: FuelEU Maritime and revisions to
the EU ETS and the EU ETD.

3.2.1. FuelEU maritime

The FuelEU Maritime proposal mandates that ships improve their GHG intensity (§CO2equivalent/MJ) of the energy used on board by
setting tightening targets over time compared with the base year of 2020. This applies to commercial vessels above 5,000 GT,
regardless of their flag. GHG intensity reduction is evaluated in five-year increments from —2% in 2025 and —6%, —13 %, —26 %, —59
%, and —75 %, respectively, until 2050. The target value for GHG intensity limit is calculated by reducing threshold levels from the
reference value corresponding to fleet average GHG intensity of energy used on board in 2020 derived from the reported data to the EU
Monitoring, Reporting, and Verification (MRV) database.

Emissions included in the proposal are carbon dioxide (CO;), methane (CHy4), and nitrous oxide (N30), as measured in CO,
equivalents, and they are calculated on a port-to-port basis (including berth layover). Voyages within EU member states’ jurisdiction
are accounted for fully (100 %) and by half (50 %) if the start or the end of voyage is outside of the member states’ jurisdiction (EC,
2021a, 2021b). Shipping companies are responsible for compliance. They are mandated to report specified voyage information and
their WtW emissions (WtT + TtW + fugitive emissions), covering all the relevant GHGs on an annual basis, and to submit them to
official verifiers. Ship-related information is then recorded and kept in a compliance database. Companies are given some flexibility in
their reporting, and they can, for example, bank or borrow compliance surplus or pool a group of ship’s compliances together to meet
the targets. However, if compliance deficits occur during the verifying process, shipping companies are required to pay penalties based
on the methodology specified in Annex V of the FuelEU proposal.

For the calculations, because the official reference value is calculated later in the legislative procedure, we average a baseline
estimation of 90.9 gCOxequivalent/MJ by combining the literature (Nelissen et al., 2021; T&E,2022) and our own estimate. Our estimate
is based on the results from equations 4 and 5, here using an indicative fuel split of 97 % (IFO380) and 3 % (LNG) for the EU fleet (EC,
2020).

Table 5
Base production cost forecast 2020-2050 (EUR2020/to€).
Fossil derived 2020 2030 2040 2050
IFO380 225 321 351 373
(217-225) (180-611) (194-667) (231-686)
LSMGO 321 451 493 523
(311-321) (260-847) (279-923) (303-948)
LNG 215 197 212 217
(215-215) (208-191) (210-207) (216-215)
Methanol 401 378 388 383
(192-611) (181-575) (186-589) (183-582)
Biomass derived
Biodiesel (HVO) 826 1,029 1,090 1,282
(593-1,058) (613-1,444) (616-1,563) (724-1,839)
Biodiesel (FAME) 942 1,356 1,539 1,539
(797-1,087) (940-1,772) (1,012-2,066) (1012-2,066)
Biodiesel (Adv.) 1,274 1,358 1,369 1,289
(872-1,675) (840-1,875) (819-1,919) (771-1,806)
Biomethanol 1,112 1,152 1,143 1,107
(731-1,493) (720-1,583) (695-1,591) (663-1,551)
Bio-LNG 1,141 1,231 1,046 914
(913-1,369) (791-1,670) (672-1,419) (677-1,150)
Electrofuels
e-LH, 2,617 2,117 1,116 756
(2,093-3,617) (1,733-2,605) (919-1,454) (675-1,070)
e-NH3 2,224 1,799 1,060 756
(1,779-3,074) (1,473-2,214) (873-1,381) (675-1,070)
e-LNG 3,256 2,175 1,407 977
(2,291-4,547) (1,442-2,908) (861-1,989) (547-1,512)
e-Methanol 3,501 2,303 1,628 1,233
(2,605-4,745) (1,617-2,989) (1,128-2,163) (861-1,710)
e-FT-liquids 3,884 2,663 1,872 1,419
(2,873-5,617) (1,896-3,768) (1,279-2,826) (954-2,326)
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The GHG intensity of different fuels is then calculated using the equation in Annex I of the FuelEU Maritime proposal. The main
equation is split into two parts: a WtT portion and TtW portion. See Table 6 for a full explanation of individual terms as provided in the
proposal.

WtT (4):

S M X COregamers XLCVir S B x COueatriig

l E;Ml ><LCVg+ZZEk

TEW (5) . Z?fudz;nmgmeMi.j X [(1 - ﬁcengineslipj) X (Coth.TlW\f) + (ﬁc(‘ngineslipj X COZr)q.TIW,slippagc\/)]
' SUM; X LCV; + S LE,

+.

where CO; equivalent emission factor, CO2eq,tw,j, iS.

COseqriwj = (Cfcon X GWPco, + Crcn, j X GWPcp, + Cpyyo; X GWPNZU) (6)

It should be pointed out that the FuelEU proposal (Annex I) uses global warming values over 100 years (GWP100), which is the
commonly used metric in GHG emission studies (see, e.g., Percic¢ et al., 2022) and the one recommended by the Paris Agreement
(Forster et al., 2021). The assumptions in Table 7 were made to calculate the WtT portion of the GHG intensity equation.

The assumptions in Table 8were made to calculate the TtW portion and CO2 equivalent emission factor of the GHG intensity
equation.

i

3.2.2. EU ETS

In the revision of EU ETS, maritime shipping CO5 emissions have been included in the scheme and occurred CO, emissions were
calculated in the same way as with FuelEU, where Intra-EU voyages were accounted for fully (100 %) and by half (50 %) if either end of
voyage is extra EU. For the phase-in period (2023-2026), the emissions have been included partially: 20 % in 2023, 45 % in 2024, 70 %
in 2025 and 100 % in 2026 and thereafter of verified emissions (EC, 2021b).

The amount due is based on the emission factor of the fuel and amount of fuel consumed. For ETS emission factors, default TtW
values from Annex II of FuelEU proposal (EC, 2021a) have been used. Emission factors for biofuels and bioliquids that fulfill sus-
tainability criteria were assumed to be zero in the calculations (RED II, 2018) to promote the uptake of renewable fuels. All examined
biofuels were assumed to pass the criteria in our ETS calculation. Practices regarding renewable fuels of nonbiological origin (RFNBO),
for example, e-fuels, are currently in progress. We assumed that they will be treated similarly to sustainable biofuels and assumed their
emission factor will be zero in our ETS calculations.

For carbon prices, we assumed a reserved linear annual increase of 2 EUR/ton of CO starting from 80 EUR/ton of CO3 in the 2020 s
until 2050 (EMBER, 2022). The results have been converted to EUR/toe.

Table 6
The terms equations (4)-(6) as presented in European Commission (2021a), Annex I.
Term Explanation
i Index corresponding to the fuels delivered to the ship in the reference period
j Index corresponding to the fuel combustion units on board the ship. For the purpose of this regulation, the units considered are the main engine

(s), auxiliary engine(s), and fired oil boilers
Index corresponding to the connection points (c) where electricity is supplied per connection point

c Index corresponding to the number of electrical charging points
m Index corresponding to the number of energy consumers
M; Mass of the specific fuel i oxidized in consumer j [gFuel]
Ex Electricity delivered to the ship per connection point k if more than one [MJ]
COseqweri WtT GHG emission factor of fuel i [§CO2q/MJ]
COseqelectricity k WtT GHG emission factor associated with the electricity delivered to the ship at berth per connection point k [gCO2eq/MJ]
LCV; Lower calorific value of fuel i [MJ/gFuel]
Cenginestipj Engine fuel slippage (noncombusted fuel) coefficient as a percentage of the mass of the fuel i used by combustion unit j [%]
Crcozj, TtW GHG emission factors by combusted fuel in comvzbustion unit j [gGHG/gFuel]

Cichaj,

Civzo
CO2¢q.1ewj TtW CO, equivalent emissions of combusted fuel i in combustion unit j [§CO2cq/gFuel]

CO2eq1iwj = (Cefcozj X GWPcoz + Cefcriaj X GWPcra + Cenzoj X GWPN2o);

Csfcozj, TtW GHG emissions factors by slipped fuel toward combustion unit j [gGHG/gFuel]

Csferaj,

Csz0,

CO2e¢q Tewslippagej ~ TtW CO3 equivalent emissions of slipped fuel i toward combustion unit j [gCO2eq/gFuel]
CO2eq,rewslippagej = (Csfco2; X GWPco2 + Cygcraj X GWPcra + Cypvzoj X GWPN3, ),
GWPco2, CO,, CHy, N»O global warming potential over 100 years
GWPcoa,
GWPpoo

10
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Well-to-tank assumptions.

Well-to-Tank (4)
ErlfuelMi

i
CO2¢qwiri

LCV;
> kEx X CO¢ectricity k
Ex

Assumption

Estimated annual fuel consumption of the case vessel (5,930 toe).

Fossil fuel FuelEU proposal Annex II default values.

Biofuel CO2,wir = Y _Fossil comparator x (1-GHG saving%) x weight for each feedstock, where

— Fossil comparator = 94 gCOxzequivatent/MJ.

— GHG saving values = RED II (2018) Annex V. Parts A and B; Annex VI. Part A.

For reference value calculations, a generic biofuel CO, eqv. value for each fuel assessed was formed using RED II (2018)
feedstock WtT values with the following weights:

Biofuel Feedstock®  Weight  Source for weight factor
FAME Rapeseed 8.9 % T&E (2021, Fig. 2)
Palm oil 45.8 %
Soybean 45.3 %
HVO uco 78 % T&E (2021, Fig. 3)
FOG 22 %
ADV wWw 50 % Own estimation based on
MeOH FW 43 % WBA (2021) andCamia et al. (2021, Figure 8)
BL 7 %
Bio- Crop 44 % IEA (2020b)
methane  Waste 22 %
Manure 33%

Electrofuel ~ Annex II default value for Hy-NHj3 is assumed to have a similar value. Otherwise, Prussi et al. (2020).
Default values per fuel, Annex II of FuelEU proposal.

Assumed to be 0 as per the FuelEU proposal.

15 GWh/year ~ 54 million MJ/year (Smits, 2008).

* UCO = Used cooking oil, FOG = Fats, oils, and grease, WW = Waste wood, FW = Farmed wood, BL = black liquor.

Table 8

Tank-to-wake and CO, equivalent emission factor assumptions.

Tank-to-Wake (5)

Assumption

Z;lfuel er_nengine Mi,j

Cengineslipj

CO2¢q,1ewj

COZeq, TtW slippage.j

Fuel mass per engine. Assumed 100 % for the main engine.

Mass of fuel lost because of engine slip. LNG and its variants assumed all to have a slip of 3.1 % (simulating a dual fuel medium speed LNG Otto
engine). Possible default range 0.2-3.1 %. Otherwise, there is no slippage. (Annex II of FuelEU proposal).

Emission factor of combusted fuel.

Calculated using equation (6) with the following assumptions:

CfCO,, for renewable fuels = 0 (Nelissen et al., 2021)

Bio-LNG carbon factor (Cf) adjusted to be the same as LNG.

_ CfCH4 = 0; CfN,O = 0.00011

MeOH Cf subfactors assumed to be for e-MeOH.
GWP100 (AR6, Forster et al., 2021) values were used with conversion of:

- CO5 1:1

— CHy4 1:29.8 (fossil) / 27.2 (nonfossil)
- N0 1:273

Emission factor of slipped uncombusted fuel:

— CfCO, and N,O assumed to be 0
— CfCH4 = 29.8 gCO4/gFuel slipped (fossil) or 27.2 gCO,/gFuel slipped (nonfossil). Direct GWP100 conversion value

LCV; Default values per fuel, Annex II of FuelEU proposal.
Ex 15 GWh/year ~ 54 million MJ/year (Smits, 2008).
3.2.3. EU ETD

Third, the preferred option of the EU ETD revision proposes a minimum tax rate based on energy content (EUR/GJ) on various
fuels, here with a higher tax imposed on more polluting fuels. Maritime fuels can be split into the following four categories: 1) con-
ventional fossil fuels and nonsustainable biofuels, 2) LNG, LPG, nonrenewable hydrogen, 3) sustainable but not advanced biofuels, and
4) electricity, advanced biofuels, e-fuels, and renewable hydrogen. In this context, sustainable biofuels are bio-based fuels used in
transport that pass the sustainability and GHG emission criteria set by RED II (2018). Sustainability criteria state that the feedstock for
biofuels cannot be taken, for instance, from highly biodiverse grasslands, primary forests, lands with high-carbon stocks (i.e., peat-
lands, wetlands, or nature protection areas), whereas GHG criteria demand incrementally tightening GHG emissions savings from the
used biofuels when compared with a fossil comparator. The savings requirement is currently at the strictest level of 65 % for transport
fuels (RED II, 2018).
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EU ETD also proposes that, because of their special nature, freight transport should be applicable to lower taxation levels, thus
enjoying the same taxation rate as the energy sector (Annex I of the EU ETD proposal, Table B) instead of ones for general motor fuel
use (Annex I, Table A). Additionally, to incentivize the use of sustainable alternative fuels, including sustainable biofuels and biogas,
low-carbon fuels (e.g., gray hydrogen), advanced sustainable biofuels and biogas, RFNBO (e.g., e-fuels) and electricity, would have a
minimum tax rate of zero for 10 years. ETD tax values in the calculations have been taken from the recasted proposal (EC, 2021c). In
the original proposal, the tax rate for fossil fuels was suggested to be 10.7 EUR/GJ after a 10-year transition period, whereas in the
recasted proposal, the tax remains at 0.9 EUR/GJ. For calculations, EUR/GJ values have been converted into EUR/toe.

3.3. Fuel pathways

To estimate the effects of the legislation on our case vessel, we simulated fuel pathways using the following process: First, we
determined how viable different fuel options are by calculating the GHG intensities of fuels using equations (4)-(6). GHG intensities
were then compared against the FuelEU Maritime reference values at different time points. Second, to assess economic feasibility, we
grouped fuels into blending groups and compared their costs (production cost + EU ETD + EU ETS all in EUR/toe) to a fossil
comparator in low, medium, and high price scenarios.

The first group, which consists of combinations blended with diesel, was compared against LSMGO. The second group, gas blends,
was compared against LNG, and the last group, “other,” was compared either against methanol (pure alcohol combinations) or LSMGO
(hydrogen and ammonia). Utilizing the resulting comparison charts and viability of individual fuels, we identified 8 + 3 general fuel
pathways to assess the cost impact of the proposed regulation. Of these pathways, six were for diesel, two were for gas, and “+3”
referred to 100 % options of a certain fuel type. Finally, we calculated the required (minimum) blending ratios to meet the GHG
intensity criteria set by the FuelEU Maritime using weighted averages: Fuel1% x GHG intensity + Fuel2% x GHG intensity (DNV GL,
2022). We began the calculations with 100 % of the initial fuel. Differing energy densities were taken into account by converting fuels
into toe, which was done in the previous steps. Additionally, the focus of the study was on alternative fuels on a general level; thus, the
presented ratios might not be applicable with current engine technologies or without retrofits. GHG intensities also have been pre-
sented with current values and might improve in the future; they also depend on the exact fuel used. Fuel blends and fuel pathway
combinations are presented in Table 9.

To estimate the optimal fuel paths to comply with the FuelEU Maritime, we used the following linear optimization model
(equations (7)-(10)):

min Z(pi,xi + tix; + EF,-)C,’(ETS,) ) (7)
i=1

Z Xi = FO (8)

i=1

n EF:x:

S < FuelEU, ©

=1 M

0 (10)

where n refers to different fuel types, x to the amount of fuel, p the price of the fuel, t the year in question, EF to the carbon emission
factor of the fuel, ETS to the forecasted price of carbon in the EU ETS, FO to the fuel consumption of the vessel in question, and FuelEU
to the upper limit of the carbon content of the fuel set in the FuelEU Maritime. In the optimization model of the liquid path, an

Table 9
Fuel blends used in the analysis.

Blended fuel/ % of blended fuel

PATH Initial fuel 2025 2030 2035 2040 2045 2050

Diesels

DFB1 LSMGO FAME/ 4 % FAME/ 14 % HVO/ 16 % HVO/32 % ADV/72 % ADV/ 92 %
DFB2 LSMGO HVO/ 2 % HVO/ 7 % ADV/ 15 % ADV/31 % ADV/72 % ADV/ 92 %
DFBE1 LSMGO HVO/ 2% HVO/ 7 % ADV/ 15 % ADV/31 % eFTD/60 % eFTD/ 77 %
DFBE2 LSMGO HVO/ 2 % HVO/ 7 % HVO/ 16 % EFTD/26 % eFTD/40x eFTD/ 77 %
DMBM LSMGO MeOH/ 22 % BMeOH/ 7 % BMeOH/ 15 % BMeOH/ 31 % BMeOH/ 71 % BMeOH/ 91 %
DMBMEM LSMGO MeOH/ 22 % BMeOH/ 7 % BMeOH/ 15 % eMeOH/ 27 % eMeOH/ 61 % eMeOH/ 77 %
GFBE1 LNG LNG LNG BLNG/ 10 % BLNG/ 37 % e-LNG/ 76 % e-LNG/ 100 %
GFE1 LNG LNG LNG e-LNG/ 7 % e-LNG/ 26 % e-LNG/ 76 % e-LNG/ 100 %
AFBE1 MeOH MeOH MeOH BMeOH/ 9 % BMeOH/ 26 % eMeOH/ 58 % eMeOH/ 100 %
H, H, H, H, H, Hy H, H,

NH3 NH3 NH3 NH3 NH3 NHj3 NH3 NH3

Initial D = Diesel blends, Initial G = Gas blends, AFBE1, H,, NH3 = Other blends.
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assumption was made that, at most, 20 % of methanol could be blended with diesel fuels (Jamrozik et al., 2019) without the need for
engine modifications.

4. Results

Fig. 1 illustrates the results of the fuel price forecasts in the medium scenario (“basic scenario”). The results of the two other
scenarios (low and high) are presented in Appendix A. The main result indicates that, even when considering the impacts of EU ETS and
ETD, conventional fuels such as IFO380 and LNG will remain competitive in the long run. The production cost of methanol per unit of
energy is almost on par with IFO380, but the challenges are related to the production capacity of sustainable methanol because the
majority of current methanol production is fossil based.

Of biofuels, biodiesels will remain more expensive than fossil diesel, and bio-LNG will remain more expensive than its fossil
equivalent. However, the planned regulation will have an impact on the relative competitiveness of the alternatives because emission
trading and fuel taxes are increasing the cost of fossil fuels. Therefore, the competitiveness of advanced (second and latter generation)
biofuels will increase, and they are estimated to be competitive against FAME biodiesel by 2030, whereas HVO will be cheaper to
produce almost until 2050. Bio-LNG will be cost competitive compared with LSMGO in 2044 and with IFO380 in 2048. The high fossil
fuel price scenario would bring these dates two years earlier, to 2042 and 2046.

According to the forecast, the production cost of hydrogen will reach the price of LSMGO in 2045 and IFO in 2048, whereas LNG
will likely retain its cost competitiveness beyond 2050. In the case of the high fuel price scenario, these dates would be 2042 and 2047,
respectively, whereas a low fuel price scenario would mean that hydrogen becomes cost competitive against LSMGO in 2047 and IFO
in 2049. E-fuels will remain more expensive to produce, whereas their relative competitiveness will naturally increase because their
production costs are expected to decrease and fossil fuels will become more costly to use.

Fig. 2 illustrates the estimated impact of the Fuel EU Maritime initiative for the current fleet of liquid fuels. The figure presents four
alternative paths. All the paths start with 100 % MGO and gradually increase the share of alternative fuels to maintain the carbon
intensity of the fuel mix below the set limit of the initiative. DFB1 and DFB2 make a gradual change from FAME to HVO and then
ultimately to advanced biofuels, DFBE1 from HVO to advanced biofuels and then ultimately to e-fuels, whereas DFBE2 proceeds
directly from HVO to e-fuels. Of the gas-based paths (Fig. 3), GFBE1 makes a gradual change from fossil LNG to bio-LNG and then
further to e-LNG, whereas GFE1 makes a direct transition from fossil LNG to e-LNG.

In the short term, energy prices are expected to remain high (EIA, 2022b), which is visible in fuel price forecasts. When compared
with the current situation, the fuel costs of an average Ro-Ro vessel currently running on MGO are around 4.1 million per year. Within
the next five years, even if EU ETS, EU ETD, and FuelEU Maritime were to be introduced, these costs would increase to around 5.3
million per year in 2026, after which the development of oil prices in the basic scenario would return the fuel costs back to below 5
million a year, even if the carbon intensity requirements of the FuelEU Maritime would require an increase of alternative fuels. The
cheapest path for liquid fuels until 2033 would seem to be the one that would blend the maximum of 20 % methanol with MGO until
2030, when HVO would start to gradually replace MGO. In 2050, the optimal (liquid) fuel path would still be a combination of 80 % of

4500
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Fig. 1. Medium (“basic”) scenario fuel price forecast (EUR/toe).
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Fig. 2. Cost projections (annual fuel costs of a generic Ro-Ro vessel) of the defined liquid paths and optimized path fulfilling the criteria of Fue-
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Fig. 3. Cost projections (Annual fuel costs of a generic Ro-Ro vessel) of defined LNG, MeOH, H,, and NHj paths, fulfilling the criteria of Fue-
1Eu Maritime.

advanced biofuels, blended with 9,5% of methanol and 11,5% of biomethanol.

With these production cost estimates and the interaction of regulation, it would seem that the optimal path for liquid marine fuels
would be for the requirements of the FuelEU Maritime regulation to be filled by stepwise increasing the share of HVO biofuel in the fuel
mix until 2040, after which advanced biofuels and biomethanol would become part of the solution. In 2050, e-methanol would also
gain competitiveness to replace fossil fuels. Other e-fuels, however, would still remain too expensive, assuming the current regulatory
framework.

The development of gas-based paths behaves similarly when compared with liquid fuel paths, but the cost levels are naturally
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different. With the estimated LNG and renewable LNG prices, the annual fuel costs of an LNG-driven Ro-Ro vessel would be around 2
million per year in 2022 (Note: with the current EU LNG price, the cost would be substantially higher). In the short term, the fuel cost is
expected to rise to around 3 million annually, along with the EU ETS and ETDs with the liquid fuels; the e-LNG path would seem to be
more costly than the bio-LNG path.

If only the fuel price were to be taken into account, the methanol path would be located between the MGO and LNG paths in
competitiveness. A similar observation can be made both concerning hydrogen and (synthetic) ammonia, which would both fulfill the
criteria of FuelEU Maritime and become competitive compared with other fuel options. Hydrogen and ammonia are estimated to be
competitive compared with the LNG paths in 2045.

5. Conclusions and discussion

Because shipping volumes are expected to increase significantly in the future (UNCTAD, 2021), so are the emissions from shipping
(IMO, 2021). For this reason, the IMO globally and the EU in the European context have been working to create regulation to alter this
undesired development. On different levels, the current fleet, as well as new ships, are required to become more energy efficient. At the
same time, the transition toward more sustainable, low-carbon and carbon-neutral fuels such as biofuels, hydrogen, and e-fuels is
supported. At the EU level, the Fit for 55 package and FuelEU Maritime initiative have attempted to address the challenge of increasing
emissions. As a part of these initiatives, the European Union has decided to include shipping in the EU ETS and to remove the tax
exception of maritime fuels and set a minimum tax on maritime fuels. The FuelEU Maritime initiative is setting stepwise tightening
limits on the carbon intensity of maritime fuels, practically forcing the industry to make a gradual transition from fossil fuels to low-
carbon and carbon-neutral fuels.

The current research has two purposes. First, to come up with long-term price forecasts for conventional fossil fuels, as well as their
alternative, to estimate how rapidly alternative fuels could become a cost-competitive alternative for conventional fuels in the pro-
posed regulatory framework. Second, to make a numerical estimate on the cost impact of the aforementioned regulation on a vessel
level. For this purpose, an average Ro-Ro vessel operating within the EU area was chosen because these vessels are the least possible to
evade any of the regulations because they are usually designed to operate on a single scheduled route during their operating life.

The results of the forecasts show that even when the EU ETS and ETD are considered, the prices of alternative fuels will remain
considerably higher than those of fossil fuels for a long time. In the basic scenario, the production cost of hydrogen per unit of energy is
not estimated to meet the cost of LSMGO until 2044, whereas the cost of IFO380 is expected to remain lower beyond 2050. This,
however, would be a challenging path for the shipping sector to follow because hydrogen is currently far from commercial maturity
both when it comes to engine technology (Inal et al., 2022) and fuel production capacity (IEA, 2021a), not to mention the challenges
related to its physical states. The alternative fuels for the current engine technologies are expected to take longer to become cost
competitive, as previously estimated by, for example, Lindstad et al. (2021). Biofuels are expected to remain more costly than fossil
fuels, but especially HVO and advanced biofuels are expected to gain relative competitiveness as the penalties for fossil fuels increase.
The cost competitiveness of e-fuels will wait beyond 2050. Of the gaseous fuels, bio-LNG is expected to remain more expensive than
fossil LNG. Therefore, if only the price of fuel is considered, the shipping industry is likely to rely on fossil fuels for a long time. Further,
it would seem that, regardless of the fuel of choice, the fuel costs of shipping will increase in the next decades. For these reasons, the
emission reductions and cost competitiveness of the shipping sector need to be addressed from other perspectives, including technical
energy efficiency solutions and operative efficiency (Schwartz et al., 2020).

The combined effect of the EU ETS, ETD, and FuelEU Maritime will further strengthen the cost increase for an average Ro-Ro vessel.
Currently, fuel prices are exceptionally high because of the turmoil in the energy market caused by geopolitical tensions, mainly the
war in Ukraine. According to the short-term forecasts, oil and gas prices are expected to remain high in the short term but will return
toward the (lower) levels of long-term forecasts. Based on the fuel price forecasts and requirements of the FuelEU Maritime, it was
possible to optimize the fuel mix in the different phases of the regulation. The optimal solution for a vessel with current engine
technology would seem to be that the requirements of the FuelEU Maritime would be filled by blending MGO first with HVO and then
transiting toward advanced biofuels, assuming they are available at a sufficient scale. With the current regulatory framework, how-
ever, e-fuels would have to wait beyond 2050 to become a cost-competitive alternative.

The main result of the current research is that, for a long time, emission reduction with fuels will not be cost effective. This result
emphasizes the role of energy efficiency, operative efficiency, and so forth in the quest for emission reduction from shipping. This also
means that shipping will most likely end up paying for the right to pollute in the short to medium term, rather than being able to reduce
emissions, especially when it comes to the existing fleet. At the same time, increasing fuel costs will make investments in energy-saving
technologies (Cariou et al., 2021) more desirable.

On the policy level, the present research has combined the effects of multiple policy initiatives with production cost forecasts to
create a long-term outlook on the competitiveness of maritime fuels. Especially considering the renewal of ETD, it would seem that the
tax levels of the recasted proposal are on a rather low level, therefore having limited regulatory impact. The results provide insights
into the effectiveness of the policy initiatives not only from an environmental perspective, but also from the perspective of transport
policy and competitiveness of transport modes.

As the costs of shipping will increase—and considering that shipping is the most energy-efficient mode of transport—this means
that policy should take it into account and prevent a harmful modal shift. Considering the EU-level transport policy, this means that
even though stricter regulation on road transport (see, e.g., Frondel and Schubert 2021; Hajek et al., 2021) is politically difficult, it
should be considered to level the playing field between transport modes.

The results also highlight the need for emphasis on technological development and sustainable energy production capacity.
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Hydrogen and e-fuels would be the future for shipping, but current engine technology and production capacity are not capable of
delivering. For shipping companies, the results provide clarity for decisions on what kind of technologies to invest in, whether it be the
retrofitting of existing vessels or choosing the right fuel solution for a newbuild, here considering, for example, the higher investment
costs of more advanced engines. The results could also assist energy producers in better understanding the future energy demand of the
shipping sector. For energy policymakers, the message is quite clear: there is an urgent need for sustainable electricity production
capacity because future carbon-neutral fuels will heavily depend on cheap electricity. At the same time, this is likely to bring addi-
tional requirements and investment needs for the electrical grid, to sustain increased volumes, as well as the volatility of sustainable
electricity production methods. This is emphasized by the fact that relying solely on biofuels as alternative fuels seems unsustainable in
the long run given the overall limited availability of sustainable feedstock combined with the uneven geographical spread of pro-
duction resources (soil, environment, land-use changes, etc.) and use of bioenergy in other applications (e.g., electricity generation,
heating, cooking), as well as high demand for biofuels from other transport modes (Xing et al., 2021). Therefore, diversifying the pool
of potential alternative fuels is crucial in pursuing the decarbonization of maritime transport.

Naturally, the interpretation of the results depends on the scenarios they are depicted against. If future oil and gas prices are lower
than expected, it will certainly move the competitiveness of alternative fuels further away because the demand is more limited and
incentives to upscale the production are smaller. However, the current geopolitical situation is more likely to put a greater emphasis on
replacing oil and gas, especially in Europe, which could hasten the development of alternative maritime fuels. The current crisis is
particularly affecting the gas market in Europe, so the price forecast of LNG is far from current price levels in Europe. However, in the
long term, the gas prices of the US and EU are expected to converge (see, e.g., the World Bank, 2021).

Similar limitations also apply to other assumptions. If the technological development would quicken or economies of scale would
be achieved more than anticipated, this would naturally have an impact on the relative competitiveness of alternative fuels. Naturally,
this would also work in the other direction. It is important to note that, as a limitation of the current study, we do not assess the
challenges of the operational usability or availability of alternative fuels. The price of retrofitting, available fuel infrastructure on
board and for bunkering, competition for alternative fuels between transport modes, volumetric energy density and reduction of
payload, among other factors, steer the optimal solution from one shipowner to another. The price of fuel, however, is seen as the most
important economic criterion for decision makers (Hansson et al., 2019). Finally, the cost impacts have been estimated entirely against
the fuel price on a vessel type that is the least likely to utilize other measures, such as operative efficiency. As Ro-Ro shipping represents
just around 11.3 % of the cargo handled by EU ports, this underlines the need to evaluate the impact on the other vessel types as well.
There are also different cost structures with lower absolute and relative importance of fuel cost and vessels with different traffic types
(short sea, deep sea, and domestic). These vessels would naturally have different impacts and different methods to adjust.
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Appendix A. Fuel cost estimates in the low and high scenarios
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