Mordic Roadmap

Future Fuels
for Shipping

~-

Nordic Roadmap Publication No. 1-A/1/2022

By: Maren Nygdrd Basso, Serli Abrahamoglu, Henrik Foseid, Piotr Spiewanowski, Even Winje and Erik Jakobsen




Foreword

DNV and partners Chalmers, IVL Swedish Environmental Research Institute, MAN Energy Solutions, Menon and
Litehauz have been tasked by the Norwegian Ministry of Climate and Environment on behalf of the Nordic Council
of Ministers to develop a Nordic Roadmap for the introduction of sustainable zero-carbon fuels in shipping. The
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To support this overall aim, Menon Economics is responsible for Task 1-A: Screening of sustainable zero-carbon
fuels and has prepared this report. Chalmers, IVL, MAN Energy Solutions, Litehauz and DNV have contributed

with valuable input.

5t of October 2022

Even Winje

Partner, Menon Economics

MENON ECONOMICS 1 | REPORT



A

MENON ECONOMICS

y

NORDIC ROADMAP FOR THE INTRODUCTION OF SUSTAINABLE ZERO-CARBON FUELS IN SHIPPING

TASK 1A — SCREENING OF SUSTAINABLE ZERO-
CARBON FUELS

The Norwegian Ministry of Climate and Environment on behalf of the Nordic Council of Ministers

) »
‘ ‘ -
rd

MENON-PUBLICATION NO. 116/2022

By: Maren Nygard Basso, Serli Abrahamoglu, Henrik Foseid, Piotr Spiewanowski, Even Winje and
Erik Jakobsen

MENON ECONOMICS 2 | REPORT



Content

FOREWORD 1
CONTENT 3
EXECUTIVE SUMMARY 5
Methodology — a three step approach 5
Main findings — hydrogen, ammonia and methanol stand out but still have barriers that need to be addressed 6
Final remarks — Investments and cooperation are vital for a Nordic maritime transition 8
FULL SUMMARY OF THE KPI ASSESSMENT AND FEASIBILITY SCREENING 9
Cross-fuel analysis: High energy density fuels are vital for a full-scale Nordic green transition, but hydrogen and battery-
electric propulsion are still in the mix 9
Environmental KPIs: Significant differences among the high energy density fuels, due to technological barriers, inherent
emissions, and shortage of sustainable energy sources 10
Onboard barriers: Variation in technical maturity, compatibility and costs could affect short term scaling and long-term
relative competitiveness 11
Onshore barriers: Significant differences between fuels, affecting their Nordic relevance 13
Maturity of maritime rules and regulations is an important short-term challenge for ammonia and hydrogen 15
1. INTRODUCTION AND METHODOLOGY 17
1.1 Operational framework 17
Step 1: Identification of relevant sustainable zero-carbon fuels 18
Step 2: Develop a set of key performance indicators (KPIs) 19
Step 3: Scoring — assessment of each sustainable zero-carbon fuel 20
1.2 Literature review and expert assessment 20
2. KEY PERFORMANCE INDICATORS AND SCORING METHODOLOGY 22
2.1 Onboard 22
2.2 Onshore 23
2.3 Environment 25
2.4 Maritime rules and regulations 27
2.5 Scoring methodology 27
2.5.1 Onboard KPIs 27
2.5.2 Onshore KPIs 28
2.5.3 Environmental KPIs 29
2.5.4 Rules and regulations 29
3. CROSS-FUEL ANALYSIS 31
3.1 Nordic feasibility 32
3.1.1 Battery electric propulsion most feasible for the passenger segment 32
3.1.2 Compressed hydrogen is feasible to cover several ship types 33
3.1.3 High density fuels essential for the Nordic green transition 34
3.2 Domestic relevance 35
4. FUEL-BY-FUEL ANALYSIS 37
4.1 Hydrogen 37
4.1.1 Onboard 38
4.1.2 Onshore 41
4.1.3 Environment 44
4.1.4 Maritime rules and regulations 46
4.2 Ammonia 47
4.2.1 Onboard 49
MENON ECONOMICS 3 | REPORT



4.2.2 Onshore

4.2.3 Environment

4.2.4 Maritime rules and regulations
4.3 Methane

4.3.1 Onboard

4.3.2 Onshore

4.3.3 Environment

4.3.4 Maritime rules and regulations
4.4 Methanol

4.4.1 Onboard

4.4.2 Onshore

4.4.3 Environment

4.4.4 Maritime rules and regulations
4.5 HVO

4.5.1 Onboard

4.5.2 Onshore

4.5.3 Environment

4.5.4 Maritime rules and regulations
4.6 Battery electric propulsion

4.6.1 Onboard

4.6.2 Onshore

4.6.3 Environment

4.6.4 Maritime rules and regulations

5. COMPARATIVE ANALYSIS — ASSESSMENT ON EACH KPI

5.1 Onboard barriers

5.2 Onshore

5.3 Environment

5.4 Maturity of rules and regulations

5.5 Concluding remarks — selection of fuels for further analysis

APPENDIX A: DESCRIPTION OF THE DIFFERENT FUELS
Hydrogen

Ammonia

Methane

Methanol

HvVO 101

Battery electric propulsion

APPENDIX B: METHOD FOR SCREENING THE FEASIBILITY OF ZERO-CARBON FUELS

REFERENCES

MENON ECONOMICS

4

51
54
56
56
58
60
64
66
67
69
71
74
76
76
77
78
81
82
83
84
85
87
88

90
90
92
95
97
98

99
99
99
100
100

101

103

104

REPORT



Executive summary

The Nordic Roadmap aims to accelerate the transition to zero-carbon fuels by reducing the key barriers to their
uptake. The term sustainable zero-carbon fuel is used to indicate fuels with potential zero climate impact
throughout their lifecycle. The main objective of this report, Task 1A, is to screen and provide a scorecard for the
most promising sustainable zero-carbon fuels in a Nordic perspective, including identifying barriers and
development needs. The task report can be used as a standalone knowledge base, but also serve as an initial
screening and for the in-depth analyses carried out in the project with regards to Life Cycle Assessments (LCA),

regulatory and safety challenges and infrastructure barriers.?

Methodology — a three step approach

In Task 1A we have conducted a systematic review of relevant sustainable zero-carbon fuels for maritime
transportation in the Nordics. The review is based on an assessment of a broad specter of key performance

indicators (KPIs) developed and analyzed through a three-step operational framework which is described below.

Step 1 - Identification of relevant sustainable zero-carbon fuels: Through an expert assessment by the members
of the consortium and an initial literature review we identified six sustainable zero-carbon fuels for the analysis:
battery-electric propulsion, hydrogen, ammonia, methane, methanol and hydrotreated vegetable oil (HVO). We
have also separated between the most relevant production paths for each fuel, e.g., green and blue hydrogen
and ammonia, and e- and bio-methane and methanol. For battery propulsion systems, only fully battery electric

systems are considered.

Step 2 - Develop a set of key performance indicators (KPIs): After the selection process we developed a broad
set of KPIs to facilitate a holistic review of the identified fuels in a Nordic perspective. 14 KPIs in all have been
developed through the project to allow for a more specific assessment of barriers facing the different fuels than

what is provided by the current literature. The 14 KPIs are divided into four main categories:

i Onboard barriers/challenges: This KPl-category focuses on barriers related to energy density, existing
ship compatibility, technical maturity as well as economic barriers such as capex and fuel cost.
ii. Onshore barriers/challenges: This KPI-category focuses on barriers related to infrastructure and fuel
production technology, fuel scalability, feedstock availability and interaction with other sectors.
iii. Environmental barriers/challenges: This KPl-category includes barriers related to greenhouse gas
emissions in a lifecycle perspective, local pollution and overall energy efficiency.
iv. Safety barriers/challenges: This assessment is related to the maturity of rules and regulations for the

different sustainable zero-carbon fuels.

In addition to this, a feasibility screening with regards to the fuels’ potential to cover the current Nordic voyages
was conducted. The review is based on DNV’s AlS-analysis in Task 2A, and serves both as a stand-alone screening
to identify the respective fuels relevance in a Nordic context and as a vital input to the assessment of market

barriers related to the energy density KPI.

1 The main objective of task 1A was to select which fuels to analyze in the life-cycle (task 1C), infrastructure (task 2B)
and safety analysis (task 2A). The selection did not intend to pick three “winners” but is based on the potential impact
on the Nordic ship traffic, potential zero-carbon value chain, task specific barriers and lack of knowledge about the task-
specific barriers at the current stage of the project.
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Step 3 - Scoring — assessment of each sustainable zero-carbon fuel: To assess the sustainable zero-carbon fuels
based on the described KPls, a scoring methodology was established. We have chosen, based on an internal
assessment with the consortium, to base the analysis on a score from 1 to 4. The focus has been on the barriers
and challenges. For life-cycle emissions, the potential improvements have also been considered. The analysis is
based on a score from 1 to 4, where 1 is the lowest and 4 is the highest. The scoring is formulated to align with

barriers/challenges assessed, distinguishing between technical, economic and environmental barriers.

Both the scoring and the KPl-identification are based on an extensive literature review. In all, 241 scientific
articles and industry reports were identified. Our assessment combines the findings from the most recognized
reports, but also supplements these with multiple original research papers not included in those studies.
Furthermore, we have organised 10 workshops with expert groups consisting of representatives of the project
consortium (DNV, Chalmers, IVL, Litehauz and MAN ES) to validate our assessment and account for conditions

specific to the Nordics.

Main findings — hydrogen, ammonia and methanol stand out but still have barriers that need
to be addressed

Our analysis shows that a broad range of fuels will be needed on the path to a fully decarbonized Nordic shipping
industry. However, three fuels stand out in this context. These are hydrogen, ammonia, and methanol. The table
below shows the results of our assessment based on the defined KPls, for their respective production pathways
(e.g., green, blue, bio and E-fuel). The barriers for each of these fuels are further described below. The next

chapter fully summarize the assessment of all fuels.

Hydrogen has the potential to become an important zero-carbon fuel for ships sailing shorter and regular
distances. Low energy density however limits its relevance for larger vessel. Short-term, green hydrogen offers
a highly scalable production technology which makes it possible to increase availability for the shipowners as the
demand side matures, even in smaller ports near the end-user. Onshore production technology is also relatively
mature, and fuel prices are expected to be favorable compared to other low carbon options. However, low
onboard maturity with regards to technical and safety aspects affects both risk assessments and capital costs for
shipowners and needs to be addressed. Blue hydrogen also scores lower than green hydrogen on the

environmental KPls due to emission-related barriers which need to be solved.

Ammonia has a higher volumetric energy density compared to hydrogen, meaning that it can cover a larger share
of the maritime fuel consumption in the Nordics. However, the main barrier related to ammonia is the low
technical maturity of converters, as there are no ammonia engines available today. In addition, compatibility of
new ammonia engines is with existing ships is seen to be low, which means that new ships need to be built and/or
that comprehensive rebuilds will be necessary. Combined with a low technological maturity onboard, this leads
to relatively high capex costs for the shipowners. Ammonia is also a highly flammable gas and has toxic properties
for both humans and aquatic life, and the rules and regulations connected to the usage of ammonia as a marine
fuel are immature and needs to be further developed. As ammonia is dependent on hydrogen supply, the scaling
of fuel production is more complicated than for green hydrogen (alone). Thus, coordination between the two

fuels is vital both in the short and the long term.

Methanol is already being used as a marine fuel. Still, most of the vessels that use methanol as fuel are methanol
tankers, and the demand for bunkering facilities is limited so far. Like ammonia, methanol can cover a relatively

large share of the fuel consumption for the current Nordic fleet traffic. Methanol however has the advantage of
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a relatively high compatibility with existing ships. The cost to build new and convert existing vessels to run on

methanol is therefore significantly lower than for “competing” sustainable zero-carbon fuels. The production

technology on the other hand is less mature, and not ready to be scaled on an industrial basis. Production of

green e-methanol is a complex process and requires renewable CO2 which can be sourced through direct air

capture or from biogenic sources (which are in limited supply and thus not analysed in detail in this report).

Further development and investments to commercially scale up the renewable CO: production technology are

needed. For bio-methanol, the emission intensity depends on the source of feedstock, which is limited. The latter

becomes a major barrier if demand increases, especially as sustainable bio-feedstock is in demand from several

sectors and thus a scarce resource.

Figure 1: Assessment of hydrogen, ammonia and methanol for all 14 KPIs

Cateqo KPI Green Blue Green Blue Bio- E-
gory hydrogen hydrogen ammonia ammonia methanol methanol
Technical maturity . .
Onboard Energy density
barriers /
challenges Existing ship . .
compatibility . .
Capex
Fuel cost
Infrastructure . .
Fuel production
Onshore technology
barriers /
challenges . »
Production scalability .
Feedstock availability . . . . . .
Interaction with other . . . . .
sectors
Greenhouse gas . .
emissions
Environmental
barriers / .
challenges Local pollution . .
Overall energy
efficiency
Rules and Maturity of rules and . .
regulations regulations
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It is important to notice that while the three fuels are assessed as the most promising in our assessment, both
Methane, HVO and battery-electric-propulsion systems are expected to play an important role in the maritime
transition in the Nordics. For certain ship segments, they could be vital, and they all serve as important transitory
fuels, already contributing to emission reduction by replacing traditional fossil fuels. This is further examined in

the full comparative summary below.

Final remarks — Investments and cooperation are vital for a Nordic maritime transition

Common for all the fuels assessed in this analysis is the expectation that technical and commercial maturity will
increase as more ships are developed and bunkering facilities are built, reducing cost and shipowners’ risk
assessment. Still, to make sustainable shipping competitive with conventional fuels, financial support for R&D
and pilots is needed, as well as economic incentives favouring low-emission technologies in the market. Onshore,
vast investments in infrastructure and bunkering facilities are necessary, especially for hydrogen, ammonia and
methanol. Furthermore, in infant market such as these, demand and supply are mutually dependable. It is vital
that actors in the different countries, both government, fuel suppliers, shipowners and other companies,
collectively address the key barriers identified in this assessment. To increase the knowledge base for the Nordic
roadmap, we recommend that ammonia, hydrogen and methanol are the focus points in the in-depth analysis

with regards to Life Cycle Assessments (LCA), regulatory and safety challenges and infrastructure barriers (2B).
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Full summary of the KPI assessment and feasibility screening

In this chapter we present a complete summary of our analysis in task 1A. The summary starts with the feasibility
screening with regards to the fuel’s potential to cover the current Nordic maritime fuel consumption, followed
by the KPI assessment, based on scoreboards for the four main categories focusing on Environmental, Onboard,

Onshore and safety barriers.

Cross-fuel analysis: High energy density fuels are vital for a full-scale Nordic green transition,
but hydrogen and battery-electric propulsion are still in the mix

The feasibility screening focuses on the respective fuels’ suitability with regards to covering the Nordic ship
traffic’s fuel consumption both domestically, between the Nordic countries, and for international voyages
connected to the Nordics. The aim is to identify the technical market potential for the different sustainable zero-
carbon fuels, given today's sailing pattern. The screening is based on DNV’s AlS-analysis in Task 2A and have two
focus areas: “Nordic feasibility” looks at the respective fuels’ possibility to cover the fuel consumption for the
Nordic ship traffic in total, but also the fuels’ feasibility for specific ship segments. “Domestic relevance” looks at
the fuels’ relevance in the specific Nordic countries, based on the most relevant vessel segments, to ensure that

the geographical variation is sufficiently covered by the respective fuels.

The feasibility screening shows that ammonia, methanol and methane could be able to cover between 80 and
90 percent of the Nordic ship traffic’s fuel consumption depending on the voyage category. This is shown in the
figure below. It is important to note that this screening is on a very general level and based on today’s sailing
patterns and ship sizes, and that the current traffic patterns might not be representative for sustainable zero-
carbon fuels in the future. As such, the residual could be covered by fuels with higher energy density such as
HVO but also through adjustments ship design and/or sailing patterns. A last option would be to forsake cargo

space, to increase fuel storage.

Figure 1: High energy density fuels will be vital for a zero-carbon pathway, but hydrogen’s potential is significant

94%
83% 82%
53%
47%
32%
0,
7% 3% 0%
[ —
Domestic Intra International

M Battery B Compressed hydrogen B Ammonia/methanol/methane

The figure highlights two key aspects with regards to the role of hydrogen in the future of Nordic shipping. The
market potential of hydrogen, both domestically, intra-Nordic and internationally, is limited by range. Still, the
AlS-analyses conducted by DNV show a far greater potential than previously assumed. For smaller ships with an

operating profile that allows for frequent refueling, limiting the amount of fuel that needs to be stored onboard,
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hydrogen could be vital. Compressed hydrogen can cover up to 50 percent of the internal fuel consumption of
intra-Nordic shipping?, with a relatively high share for important segments such as passenger ships, cruise ships
and ro-pax. Domestically hydrogen is most relevant for internal traffic in Sweden and Norway where it can cover
up to 62 and 50 percent respectively. In Iceland however, only 20 percent of the fuel consumption is identified
as feasible for hydrogen shipping. Battery-electric propulsion will also play its part, but its potential impact going
forward is more limited as a stand-alone zero-carbon energy carrier, with ferries that sail relatively short
distances on a regular basis being the most feasible option. Hybrid systems based on electricity, however, are

already important as a transitory option for larger vessels, but not a part of the scope of this project.

Environmental KPlIs: Significant differences among the high energy density fuels, due to
technological barriers, inherent emissions, and shortage of sustainable energy sources

Table 1: Comparative analysis of the environment KPIs for the different sustainable zero-carbon fuels*

Fuel Greenhouse gas Local pollution Overall energy
emissions efficiency

Green hydrogen . .
Blue hydrogen .

Green ammonia .

Blue ammonia

Biomethane
E-methane
Biomethanol
E-methanol

HVO

Battery electric propulsion . . .

* Scoring scale: Dark green: 4, light green: 3, orange: 2, red: 1

2 Liquified hydrogen has a higher energy density but based on expert assessments it is seen as less relevant due to
onboard/onshore barriers.
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The environmental assessment shows that most fuels perform well when focusing on the potential to become
zero-carbon in a life-cycle perspective, long-term. Still, there are differences with regards to barriers to scaling
the fuels from a sustainability perspective. To assess the fuels’ potential in an environmental perspective, we
have scored them on the following KPIs: greenhouse gas emissions, local pollution, and overall energy efficiency.
The scores are shown in the table above.

Battery-electric propulsion receives the highest score of all alternatives, especially in countries with low
emissions from electricity generation. It does however score the highest on overall energy efficiency. In regions
with close to zero-emission energy grids, battery-electric propulsion has the lowest emissions compared to the
other fuels. Green hydrogen and green ammonia are the best prospects for near zero-emission shipping for
longer sailing routes today with full scale pilots being developed as we speak. The former is produced using only
water and electricity while the latter combines green hydrogen with nitrogen from the air. Neither contains any
carbon atoms, and thus, neither emits any CO2. For ammonia however, emissions of other greenhouse gases that
occur in combustion (N20) need to be eliminated. Furthermore, upstream emissions in electricity generation and
fuel production need to be reduced to facilitate zero-emission shipping. In other words, there is a need to scale
up renewable production capacity. With a relatively low score on overall energy efficiency, full scale use of green
hydrogen and/or ammonia as a zero-emission maritime fuel would require significant investment in primary
energy supply such as offshore wind, solar power, and onshore wind. From a Nordic perspective one could argue
that the need for regional supply is lower for ammonia since it is easily transported, making import a viable

option. The scoring reflects the energy requirements regardless of geographical origin.

Production of green e-methanol is based on synthesis of green hydrogen and has the potential of becoming near
zero-emission in the future. However, the fuel has a complex production process which includes CO2 capture
either directly from air or from biogenic sources. A relatively lower score than ammonia and hydrogen reflect
that there still are major technical barriers that must be addressed to commercially scale up the technology.
Direct air capture also increases the energy intensity of the production process. As for ammonia, import could
be an option, if production of “green” fuels scales up in other regions. E-methane also receives a relatively low
score on greenhouse gas emissions due to fugitive leaks in methane transportation and methane slip onboard a
ship. Methane is a highly potent climate gas itself and the fugitive leaks are hard to eliminate. Even if advances
in technology make it possible to significantly reduce the emissions, complete elimination of these emission
sources is unlikely. As such, these fuels seem less suited from a climate perspective. Combustion of methanol,
methane and ammonia also causes some local pollution, albeit significantly lower than in the case of traditional

maritime fuels.

HVO scores lowest in our assessment, reflecting major barriers for zero-carbon shipping if we assume a
significant increase in demand. Emissions from biobased fuels will depend on the feedstock used in fuel
production. A limited sustainable feedstock availability makes it hard to scale up production without competing
for renewable energy sources with other sectors. The same factors affect bio-methanol and biomethane’s

potential to become zero-carbon options.

Onboard barriers: Variation in technical maturity, compatibility and costs could affect short

term scaling and long-term relative competitiveness

The onboard assessment shows that the fuels vary both with regard to technical maturity, existing ship

compatibility and costs. To assess the fuels’ potential in relation to the onboard barriers, we have scored them
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on the following KPls: technical maturity, energy density, existing ship compatibility, CAPEX and fuel cost. The
scores are shown in the table below.

The main barriers hydrogen faces within this KPI category are closely related to its technical maturity. A relatively
low technical maturity affects both the short-term scaling potential and the associated investment costs. As
shown above, a low energy density will also affect the potential market impact. Fuel prices, however, are
favorable compared to other fuels as hydrogen production requires less energy and less capital-intensive
infrastructure than other fuels in the assessment. Most of the challenges hydrogen is facing are also apparent
when assessing ammonia. The exception is the investment cost, which is expected to be lower and the fact that
ammonia can cover a much larger share of the Nordic fuel consumption due to higher energy density. Both fuels
have a low “existing ship compatibility” highlighting the need for installation of new engines and fuel storage
systems, as well as additional safety measures to tackle the risks related to these fuels. The latter is assessed
below.

Table 2: Comparative analysis of the onboard KPIs for the different sustainable zero-carbon fuels*

Fuel Technical Energy Existing ship CAPEX Fuel cost
maturity density compatibility

Hydrogen (Green and blue)

Ammonia (Green and blue)

Biomethane
E-methane
Biomethanol
E-methanol

HVO

The other sustainable zero-carbon fuels are assessed to have little to no technical barriers with regards to engine

Battery electric propulsion

* Scoring scale: Dark green: 4, light green: 3, orange: 2, red: 1

technology and have all been taken into use at full scale on merchant vessels. HVO is already used as a drop-in
fuel and is compatible with existing propulsion systems for diesel, indicating that it could be a vital transitory fuel
going forward. The volumetric energy density for all the sustainable zero-carbon fuels is lower than for
conventional fuels, highlighting a need for adjustments if shipowners want to attain the same amount of cargo
space and/or range as they currently have on fossil-based ships. The exception is HVO which has an energy

density closer to conventional diesel. HVO faces lower barriers when it comes to onboard KPIs. Methanol scores
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relatively high on the onboard barriers compared to the other fuels. Methanol is not fully compatible with
conventional engine technologies like HVO, but retrofitting is possible. “Furthermore, existing tanks can
potentially be retrofitted to store methanol onboard”. Methanol ships are also expected to be less expensive
than most of the other sustainable zero-carbon fuels. Methane’s main barrier compared to its high energy
density rivals lies in higher investment costs and that using methane onboard requires the installation of new
engines or modification of existing ones, in addition to installation of cryogenic fuel tanks for onboard storage.
However, the technology has been in use for decades and is technologically mature, and there are several vessels
already built, and some in the orderbooks that have LNG engines, which will be fully compatible with e-methane
or biomethane.

The main barriers for battery-electric propulsion systems are already reflected in the screening of the fuels’
feasibility to cover the fuel consumption of the Nordic ship traffic. A low volumetric energy density significantly
reduces the reach of such systems within Nordic shipping traffic. As stated above, hybrid solutions that combine
batteries with conventional fuel are often a preferred short-term option in the market today, even for large

vessels, but this is outside the scope of this project, since our focus is on (near) zero-carbon shipping.

Onshore barriers: Significant differences between fuels, affecting their Nordic relevance

Table 3: Comparative analysis of the onshore KPIs for the different sustainable zero-carbon fuels*

Fuel Infrastructure Fuel Production Feedstock Interaction
(Storage, production scalability availability with other
bunkering & technology sectors
transportation)
e o0
Blue hydrogen

Green ammonia

Blue ammonia

Biomethane

E-methane

Biomethanol

E-methanol

HVO
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Battery electric propulsion

The onshore assessment shows that the barriers vary significantly between fuels and KPIs. The largest spread is

* Scoring scale: Dark green: 4, light green: 3, orange: 2, red: 1

identified within infrastructure, fuel production technology and production scalability. To assess the fuels’
potential in relation to the onboard barriers, we have scored them on the following KPIs: Infrastructure, maturity
of fuel production technology, production scalability, feedstock availability and interaction with other sectors.

The scores are shown in the table below?.

Hydrogens main barriers in related to the onshore KPIs are the current infrastructure and challenges with regards
to transportation. A low score does not mean that these barriers will limit the fuels’ potential, but rather that
further investment and/or technical progress are needed. Short-term, green hydrogen offers a highly scalable
production technology which makes it possible to increase availability for the shipowners as the demand side
matures, even in smaller ports near the end-user. Local production also compensates for some of the issues
related to for example transportation. However, facilities for bunkering must also be addressed to fit the
properties of hydrogen, as the risk of leaks is high, implying a need for specially made bunkering facilities.
Hydrogen’s onshore barriers are also expected to be eased by increased usage in the industrial sector. The same
goes for other hydrogen-based fuels such as green ammonia and e-methanol and e-methane. The renewable

electricity potential is vast in the Nordics, implying little to no restrictions on feedstock availability.

Ammonia has been produced and stored as a liquid for many years and can be considered to have reached high
maturity. However, ammonia is not capable of utilizing existing infrastructure for storage onshore, which implies
that large investments will be needed to facilitate an increased uptake in the maritime sector. As with hydrogen,
facilities for bunkering must also be addressed to fit the properties of ammonia, as the risk of leaks is high,

implying a need for specially made bunkering facilities.

Methanol is already available at several ports, but bunkering options are not sufficient for scaling Nordic zero-
carbon shipping. However, expanding the storage capacity for methanol features many of the same
characteristics of regular fossil-based fuels, and the infrastructure barriers are more economic than technical.
For e-methanol, the main barriers lie in the technical and commercial readiness of the fuel production
technology, which relies on renewable CO: extracted through direct air capture or from biogenic sources. This
technology is far from ready to be scaled up both technically and commercially. Hence there is a need for
increased investments in both infrastructure, bunkering and the development of the production technology
itself. The main challenge of bio-methanol production is the reliance on specific organic matter feedstocks due
to gasifiers not being able to cope with a wide variety of feedstocks. The latter are also a barrier for biomethane

production.

One of the main advantages of methane is that it can use existing LNG-infrastructure for bunkering. Liquified
natural gas (LNG) has a well-established fuel supply and logistics for both storage and bunkering. On the
production side, the barriers are like those for e-methanol. The size of e-methane plants is currently restricted

by the technologies used to capture CO2, diminishing economies of scale and increasing costs.

3 This is an initial screening. Task 2B performs a more detailed assessment of the onshore barriers.
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For bio, rich sources of woody biomass in countries like Finland, Sweden and Norway raise the potential for
substantial scaling of regional production. The challenge for biobased fuels such as HVO, bio-methanol and
biomethane is highlighted when we assume increasing demand, both within shipping and other sectors.
Producing fuels from bio-based feedstock has the potential to cause food shortages in some areas, and supply
challenges in other sectors reliant on waste-based feedstock. Sustainable feedstock is scarce and this significantly
reduces these fuels’ market potential. For HVO, the positives lie in the fact that transportation and bunkering
can be done using existing onshore infrastructure, which is deemed very mature both commercially and
technically. Low barriers with regards to production, transportation, bunkering and onboard challenges are
reflected in the fact that HVO already plays a significant role as a transitory low-carbon fuel. However, long-term
major barriers exist with regards to environmental or onshore barriers. Finally, infrastructure for battery-electric
propulsion requires case-by-case analysis of the local electric grid, which is beyond the scope of this analysis.
Even though there exists infrastructure in some ports, the infrastructure is not established in a Nordic
perspective. The main barrier for expanding the bunkering possibilities is sufficient investment in the electricity
grid.

Maturity of maritime rules and regulations is an important short-term challenge for
ammonia and hydrogen

The assessment shows that the maturity of maritime rules and regulations differs for the individual fuel types.
Some of the sustainable zero-carbon fuels assessed in this report have come a long way in terms of maturity of
rules and regulations, as they have already been taken into use or there is accumulated experience in terms of
transportation of the fuel. To assess the potential with regards to maturity of rules and regulations, we have
looked at the sustainable zero-carbon fuels’ attached safety risks, such as toxicity and flammability, as well as
the rules and regulations that handle these aspects. There needs to be enough testing and experience with
transportation, bunkering and onboard usage of these fuels so that all safety risks are understood in order to

prepare rules and regulations. The relevant scores are shown in the table below.

Table 4 Comparative analysis of the rules and regulations KPIs for the different sustainable zero-carbon fuels*

Fuel Maturity of maritime rules and regulations

Hydrogen (green and blue)

Ammonia (green and blue)

Methane (biomethane and e-methane)

Methanol (biomethanol and e-methanol)

HVO

Battery electric propulsion

* Scoring scale: Dark green: 4, light green: 3, orange: 2, red: 1
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Hydrogen is the fuel scoring the lowest among sustainable zero-carbon fuels in the safety screening. Hydrogen
is explosive and highly flammable, which requires safety precautions both onboard and onshore. Use of hydrogen
is regulated mainly by IGF code. However, IGF code does not include specific design requirements for hydrogen
as fuel. In addition, there are class rules that govern the use of fuel cells on board, which is the main choice of
converters for hydrogen, although these do not cover storage and distribution of hydrogen as fuel. There is a
need to build more experience with bunkering and onboard usage to prepare specific rules and regulations.
Therefore, the rules and regulations for this fuel are assessed to be the least mature.

Hydrogen is followed by ammonia. There is extensive experience and knowledge accumulated over the years as
ammonia is a commodity shipped around the world. As ammonia is a flammable gas and has toxic properties for
both humans and aquatic life, measures to mitigate the risk associated with handling and storage and
implementing effective safety measures is highly important. Although the regulatory framework for carrying
ammonia as commodity is quite mature, the framework for using ammonia as fuel is mainly governed by IGF
framework that is applicable to all low flashpoint fuels. However, the code does not include specific design

requirements for ammonia. However, similar to hydrogen, there are class rules developed for ammonia.

Methanol has been newly adopted as a marine fuel. The main rules and regulations that govern the use of
methanol as marine fuel are adopted by IMO’s “Interim guidelines for the safety of ships using methyl/ethyl
alcohol as fuel”. In addition, class societies have adopted class rules related to methanol used as a marine fuel.
However, experience with using methanol as marine fuel is limited, which is also reflected in the maturity of

maritime rules and regulations.

Methane has been used as marine fuel since the early 2000s, and the rules and regulations regarding storage
and bunkering/handling of methane are assessed to be mature. These are governed by IGF code. In addition,
there are class rules existing that govern onboard use of methane. Similarly, HVO and battery electric propulsion

systems are already used today, and the rules and regulations are well documented in the literature.
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1. Introduction and methodology

The shipping sector is responsible for 2.8 percent of the annual global emissions. Decarbonization of the shipping
sector is inevitable and can be made by transitioning into low- or zero-carbon marine fuels. As of today, around
95 percent of the bunker fuels used to power ships are made of marine diesel oil (MDO), heavy fuel oil (HFO) or
marine oil gas (MGO). Thus, nearly the entire world fleet needs to be decarbonized within the next 28 years
(Menon Economics, 2022).

In 2018, IMO announced a long-term goal to reduce GHG emissions from the shipping industry by 50 percent by
2050 compared to emissions in 2008.% To reach the IMO’s 2050-target, sustainable zero-carbon fuels are being
discussed, such as hydrogen, ammonia, methanol and methane, as well as battery electric propulsion. However,
there is a dilemma. Investments made today are for the long term, as vessels and infrastructure are built with
long lifespans. In addition, there is a lack of infrastructure needed to support the bunkering of sustainable zero-
carbon fuels. This infrastructure will however not be profitable unless the market and demand for the different
fuels are more mature. Further on, it is not clear from either a demand perspective or a supply perspective which
fuels dominate in this process. There is therefore a need to investigate the strengths and weaknesses of each of
the sustainable zero-carbon fuel options to prepare shipowners, stakeholders, and policy makers for the ongoing

and upcoming fuel transition.

The focus of the project is on “sustainable zero-carbon fuels” from a Well-to-Wake perspective in the Nordic
countries. The term sustainable zero-carbon fuels is used to indicate fuels with potential zero climate impact
throughout their lifecycle. The objective of this report, Task 1A, is to screen and provide a scorecard for the most
promising potential sustainable zero-carbon fuels in a Nordic perspective, including identifying barriers and
development needs. The delivery is a screening and a scorecard, identifying barriers and development needs for
relevant potential zero-carbon fuels. The task report can be used as a stand-alone knowledge base for zero-
carbon fuels in the Nordics, but also serve as an initial screening for the more in-depth analyses carried out in
the project with regards to Life Cycle Assessments (LCA), regulatory and safety challenges and infrastructure
barriers.

1.1 Operational framework

In this task we have conducted a systematic review of relevant sustainable zero-carbon fuels for maritime
transportation in the Nordics. The review will be based on a broad specter of KPls and serve as an initial screening
for the project. The screening process will be carried out for each identified alternative (e.g., hydrogen, ammonia,

biofuels and others). The operational framework is a three-step approach, as illustrated in the figure below.

Figure 2 Operational framework — method for scoring of sustainable zero-carbon fuel

Step 1: Step 2: Step 3:
Identify relevant fuels Develop KPIs Evaluate KPIs for each fuel

4 In addition, from January 2020, the Sulphur content of marine fuels was limited to 0.5 percent or 0.1 percent in IMO-
enforced Emissions Control Areas (ECAs). Most ships use very low-Sulphur fuel oil (VLSFO) to comply with the new limit.
LNG and biofuels are also being used as low- or zero-Sulphur fuels.
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Step 1: Identification of relevant sustainable zero-carbon fuels

The aim of the first step was to identify the most relevant sustainable zero-carbon fuels for maritime
transportation in the Nordics for further assessment. This selection is based on a joint assessment in our Nordic
collaboration group at start-up, with DNV’s work on zero-carbon fuels as a basis for the assessment, e.g., the
Maritime Energy Transition Outlook (DNV, 2020b). An important aspect in this selection is to include a sufficiently
broad specter of alternatives to capture regional and fleet specific barriers and potentials. We have only looked
at fuels that have the potential to become (fully) zero-carbon alternatives for the maritime industry. This means

that e.g. LNG is excluded from the analysis.

Fuels

A range of sustainable zero-carbon fuels and technologies are available for ships to reduce emissions. The
emission reduction potentials for these fuels vary significantly, depending on the primary energy source, the fuel
processing, the engine type/converter, and the supply chain. The various sustainable zero-carbon fuels and their
diverse characteristics make it difficult to find the optimal and most cost-efficient zero-carbon fuels for the
various ship types and operation patterns. In this task, we are assessing different fuels that are considered in
previous research to have a potential to become zero-carbon fuels. The fuels included in the analysis are shown
in the list below. The list does not include conventional maritime fuels, LNG or LPG, since they do not have the
potential to become zero-carbon fuels. The term zero-carbon fuel is used to indicate fuels with potential zero

climate impact throughout their lifecycle.

- Hydrogen (green and blue)

- Ammonia (green and blue)

- Methanol (bio- and e-methanol)
- Methane (bio- and e-methane)
- Biofuel (HVO)

- Battery electric propulsion

When assessing the sustainable zero-carbon fuels, we have included both the well-to-tank perspective and the
tank-to-wake perspective. The well-to-tank perspective includes production, processing, and delivery of a fuel,
while the tank-to-wake perspective focuses on issues related to fuel use onboard of a ship. This means that the

scope of the assessment is quite comprehensive.

The fuels included in the list above can be produced through various methods, using electrolysis of water (green,
and e-), steam reforming of natural gas with carbon capture and storage (blue) or processing of organic matter
(bio) to produce the required feedstock. Thus, for each fuel the entire fuel family needs to be assessed in a well-
to-tank analysis. This part is to some degree overlapping with the LCA-analysis, and we have therefore not
included too many details on the production method. When assessing the tank-to-wake perspective, properties
of the fuel are to a large degree independent of how it is produced. However, for each fuel there are several

different propulsion systems that affect its competitiveness and emission intensity.

Propulsion systems

Fuels analysed in the task can be used in either internal combustion engines (ICE) or in fuel cells (FC). The two
propulsion systems differ in technological maturity, efficiency, environmental impact and costs; thus, the choice
of propulsion technology affects nearly all dimensions of the analysis.
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In assessing various aspects of fuels, we attempt to separately discuss the two technologies; however, such a
distinction is not always possible within the scope of this task. Fuel cells are still under development and there is
lack of sufficient evidence that would allow for comprehensive analysis across all dimensions. Thus, to limit the
complexity of the task, we assign only a single score regardless of the technology used. This was decided
together with the consortium.

FCs are more efficient than ICEs. Fuel cells convert the chemical energy of a fuel and oxygen directly into
electricity which is converted to mechanical energy at little energy loss. Combustion engines must first convert
their fuel into heat, then into mechanical energy at a relatively high energy loss. The efficiency of gas-fuelled
internal combustion engines is around 42-45 percent for small units and up to 48-50 percent for large engines.
Efficiency is a couple of percentage points lower when fuelled with liquid fuel oils. In comparison, the efficiency
of fuel cells is in the 50-60 percent range (Pawelec, 2020), depending on the technology used. FC is still an
emerging technology, thus some further increase in energy efficiency can be expected in the future.
Furthermore, FC in contrast to ICE is an emission-free technology.

There exist multiple fuel cell technologies differing with regard to the electro-chemical reactions that take place
in the cell and the kind of catalysts required. Most fuel cells are powered by hydrogen, which can be fed to the
fuel cell system directly or can be generated within the fuel cell system by reforming hydrogen-rich fuels such as
ammonia, methanol, ethanol, and hydrocarbon fuels. Direct methanol or ammonia fuel cells are also under
development; however, the technology is not yet ready for commercialisation in the maritime setting (Jeehr,
Zhang, & Tao, 2021).

Step 2: Develop a set of key performance indicators (KPls)

The aim of the second step was to develop a broad set of key performance indicators covering the most relevant
aspects of technical and economic barriers for assessing the potential of zero-carbon fuels for marine use in the
Nordics. The KPIs are developed in cooperation with the consortium, where we have had several discussions on
which KPls to include. Since this is a comparative analysis, only KPIs that differentiate between the fuels are

included in the assessment.
The selection of the KPIs is based on the following®:

1. Relevance: The indicator needs to mirror one or more dimensions with regards to quality or efficiency
in association with the specific goal set out in the project. In this case, facilitating a transition to zero
carbon fuels in maritime transportation in the Nordics.

2. Measurable: The indicator needs to be measurable or at least be assessable with available statistics and
data.

3. Consistent: The indicator needs to be consistent, e.g., it is vital that it measures the same aspects across
all alternatives and that data can be collected in the same manner and quality over time.

4. Impressionable: The indicator needs to have sufficient “resolution”, so that it can be influenced over
time by targeted actions from stakeholders and the industry.

5. Accepted: The indicator needs to build on established knowledge with a broad consensus among
technical and economics professionals. E.g., it should be based on current guidelines/regulations,
documented experience, official statistics, and transparent data/knowledge. This is to ensure that the

indicator is verifiable.

> https://www.socialstyrelsen.se/globalassets/sharepoint-dokument/artikelkatalog/ovrigt/2020-8-6877.pdf
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The chosen KPIs will be the indicators that fulfill the criteria explained above in the best and most comprehensive
way for each category. DNV has already established a broad specter of KPIs for their assessment of emerging
fuels in the Maritime Energy Transition Outlook (DNV, 2019c; DNV, 2020b). A majority of these are also part of
this task as well.

The transition to zero-carbon fuels faces barriers and challenges on multiple fronts, from fuel production to ship
design to economic performance. To allow more systematic and easier comparison between the fuels we have

split indicators into the following four categories:®:

1. Onboard barriers/challenges: This is characterized by capital-intensive installations, with different
grades of technical maturity that increase the investment and performance risk.

2. Onshore barriers/challenges: This is made up of lack of production capacity and infrastructure for zero-
carbon fuels, and it is also linked to the availability of the feedstock and the overall energy market locally
or regionally.

3. Environmental barriers/challenges: Related to greenhouse emissions and other forms of pollution
associated with fuel production and fuel use (a well-to-wake perspective) and the possibility to eliminate
those emissions in the future. Those challenges also address the overall resource use determined by the
overall energy efficiency of fuel production and fuel use.

4. Maritime rules and regulations: The maturity of maritime rules and regulations to mitigate the risks
associated with handling of fuels in transportation, bunkering and on board and ensuring safety for crew

and operations.

Step 3: Scoring — assessment of each sustainable zero-carbon fuel

Once the KPIs were established, the next step was to assess them for each fuel identified in step 1. The KPIs are
assessed based on their current “score” and expected improvement, given the current trends and developments.
For some categories, such as emissions, the potential improvements have also been considered. The timeframe
is important as a long-term Nordic transition could be best facilitated by fuels that are less mature today, but

with barriers that are easily to overcome.

The results in this task, Task 1A, are based on an extensive literature review, expert opinion, input from the
partners in the consortium and DNV’s AlS-analysis from Task 2A.

We have identified 241 scientific articles and industry reports throughout the project period. This is on average
15 articles per KPI. Furthermore, we have organised around a dozen workshops with expert groups consisting of

representatives of the project consortium (DNV, Chalmers, IVL, Litehauz and MAN ES) to validate our assessment.

This is not the first assessment of the barriers faced by the near zero emission maritime fuels. The challenges
faced by the industry and the knowledge gap that needs to be bridged have made this a prolific research topic.
Similar assessments of maritime fuels have been performed earlier, with DNV (2019b) and Maersk McKinney
Mgller Center for Zero Carbon Shipping (2021) being notable examples. Those reports are natural reference

points for our analysis. However, we have also identified multiple original research papers not included in those

6 More information about these can be found in the chapter about the KPIs.
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studies and performed independent analysis of maritime traffic data to identify key barriers to the uptake of zero

emission fuels in the Nordics.

The analysis performed in this task goes beyond what can be found in the literature. First, we have focused on
the Nordic market, while the other studies take the global perspective. We thus emphasize the suitability of near
zero-emission fuels for use in the Nordics, as well as make a preliminary assessment of the compatibility with
existing infrastructure and natural resources in the region. Those aspects will also be analysed in more detail in
the subsequent parts of the project. Secondly, we have included only the potentially zero emission fuels in the
analysis. Not including the traditional fuels as an alternative allows for a more nuanced comparative analysis of
the feasible zero-emission options. Finally, we present a more granulated list of KPIs that allows for a more

specific assessment of barriers facing the individual fuels.
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2. Key Performance Indicators and scoring methodology

This chapter provides a description of the different key performance indicators that are used to assess the
onboard and onshore challenges and the environmental and safety barriers related to the different fuels. In
addition, it gives a description of the scoring methodology used in the analysis.

2.1 Onboard

The onboard challenges include technical and economic barriers related to the adaptation of sustainable zero-
carbon fuels onboard the ship, and they will have a direct impact on the shipowner’s investment decision. Energy
density is an important barrier that will have implications for vessel types and sailing patterns that sustainable
zero-carbon fuels are compatible with. Similarly, existing ship compatibility will be a factor considered by
shipowners while making investment decisions for sustainable zero-carbon fuels. The economic aspects and
availability of the fuels will also be important for shipowners when rebuilding or building new ships. Economic
aspects include both the capital costs of propulsion systems suitable for those fuels as well as fuel prices. As of
2022, zero-emission fuels are significantly more expensive than traditional maritime fuels. This gap is likely to
close once technology becomes more mature and fuel production scales up. The pace of the development in fuel
cost reduction remains however highly uncertain. Fuel prices can also vary locally between ports, depending on

the availability of transportation and bunkering infrastructure.

Pilot projects, technology qualifications, joint industry projects and collaboration with relevant approval bodies

and authorities are some of the steps needed to overcome these barriers.

Table 5 Definition of the KPIs related to onboard barriers

CATEGORY KPI DESCRIPTION
Technical maturity Maturity level of technology
E densi Volumetric energy density and how much space different fuels
Technical nergy density need for storage on board

Existing ship compatibility How compatible is today’s engine technology with sustainable
zero-carbon fuels

CAPEX Cost of converter and fuel storage tanks

Economical Assessment of fuel costs as of now and the predicted price

Fuel cost path in the future determined by technology and resource

availability

Technical maturity:

This KPI assesses the technical maturity of the technology energy carriers. While some sustainable zero-carbon
energy carriers can use existing propulsion systems and storage onboard, most of them require installation of
technologies such as new engines or fuel storage systems. Some of these technologies are fully mature and some
are in different phases of development. The investment into and adoption of sustainable zero-carbon fuels will

depend on the maturity of the technologies.
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Energy density:

Energy density of marine fuels is a decisive factor when assessing the applicability of sustainable zero-carbon
fuels. This KPI assesses how each sustainable zero-carbon fuel performs in terms of volumetric energy density.
Fuels with lower volumetric energy density will require more space for the same amount of propulsion compared
to higher density fuels. This comes with extra costs, such as liquification or compression of fuels that are in gas
state and storage costs related to these, as well as increased space dedicated to onboard fuel storage.
Gravimetric energy density is less relevant in most cases, since the space required becomes a restricting factor

before the weight does.

Existing ship compatibility:

This KPI assesses to what degree the sustainable zero-carbon fuel can be used in existing engine and storage
systems. Some sustainable zero-carbon fuels will be compatible with the existing fleet’s engine and storage
systems, some will require adjustments and some installation of completely new systems. Compatibility between
existing fleet and sustainable zero-carbon fuels will be an important factor for shipowners, as it will have a

significant impact on investments into new technology and retrofitting.

CAPEX:

CAPEX constitutes around 50 percent of the lifetime ownership cost of a vessel, although a significant part of
that cost is not fuel-specific. This KPI is based on the installation of new engines and propulsion systems where
needed, and costs related to handling and storage of the fuel onboard. Ship designs for sustainable zero-carbon
fuel are still in the research and development phase, thus the estimates are subject to a significant degree of
uncertainty. This KPI does not differentiate between different production methods of fuels, as this will not have

any impact on CAPEX related to the vessel.

Fuel price/cost:

Fuel cost is another large part of lifetime ownership cost of a vessel. Fuel cost is closely related to the feedstock
cost, process complexity and maturity of fuel production. In other words, there are some overlaps with the
onshore barriers. If sustainable zero-carbon fuel can be produced with more mature technology and at lower
prices, fuel transition would appear to be more economic.” Fuel price in 2030 is very uncertain yet heavily
influences the results. The uncertainty, however, affects both the sustainable zero-carbon fuel as well as the
traditional fuels for which the total cost is also affected by climate policies.® The evaluation criteria for this KPI
are scarcity of key inputs, demand from other sectors, potential for increase in energy efficiency and current

prices.

The onshore barriers include both technical barriers and barriers related to fuel scalability and interaction with
other sectors. Developing the necessary infrastructure and production capacity will take time, be costly, and

involve many stakeholders in the supply chain. Co-operation with major energy and fuel providers will be

7 A Comparison of Sustainable zero-carbon fuel for Shipping in Terms of Lifecycle Energy and Cost.

8 The fuel price of fossil fuels can be increased by a carbon tax, and shipping stakeholders have indicated a willingness
to pay 50 S/t of CO, emissions in a survey by Lloyds Register. However, a significant change in the fuel ranking in this
study requires a carbon tax above 300 S/t of CO,-equiv. (Hansson et al., 2019).
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important to provide supply of zero-carbon fuels. Joint investments in infrastructure might also alleviate some
of the availability concerns in the short term. The work on developing alternative fuel infrastructure also involves

establishing harbors as energy hubs and harmonization with the EU alternative fuel strategies.

Table 6: Definition of the KPIs related to onshore barriers

CATEGORY KPI DESCRIPTION
Infrastructure (Storage, bunkering & Availability of infrastructure, replacement of current
transportation) infrastructure
Technical
Fuel production technology Technology readiness for fuel production

Ease of production scaling / distributed small scale

Production scalabilit -
¥ production close to end user.

Fuel
. . Access to the feedstock needed to produce the fuel, such
scalability & Feedstock availability . . -
R . as biomaterials, electricity, natural gas etc.
interaction

Demand from other sectors that contribute to

Interaction with other sectors . L .
competition and technological innovation

Infrastructure (storage and bunkering):

The variation in chemical characteristics of different fuels yields both challenges and opportunities when
considering necessary storage, bunkering and transportation infrastructure. While some sustainable zero-carbon
fuels can exploit existing infrastructure, others might need improved or new infrastructure to be a viable solution.
Our assessment includes the fuels’ substitutability with current storage and bunkering infrastructure, key
challenges when building new infrastructure, and lastly, whether storage and bunkering infrastructure can be
built in small or large ports, or both. Additionally, the KPI assesses the main transportation infrastructure needed
for each fuel, where factors such as distance from production facilities and transportation methods, e.g., trucks,

trains, ship etc., are included and evaluated.

Fuel production technology:

This KPI assesses the production technologies used to produce different sustainable zero-carbon fuels and the
potential these technologies carry for future expansion. We assess the maturity level of the currently most used
production techniques. Some fuels utilize several production technologies for different parts of production, in
which each part will be evaluated. In cases where production is restricted by challenges related to specific parts
of production, the overall scoring will be based on the implications this has for the total production output. For
the cases where the production technology (or parts of the production technologies) has only reached a low level
of maturity, we will assess whether these are expected to become mature in the foreseeable future and what

must be accomplished to enable production.

Production scalability:

This KPI assesses the ability to scale fuel production and whether there are implications with scaling of different
technologies. Increasing production is important to meet increasing market demand. However, factors such as
the above-mentioned technological maturity and characteristics of each production technology/technique
increase the risk of investing in large scale production facilities. Incremental production capacity expansions/

investments are thus positive for risk management as the markets mature. Furthermore, small scale production
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could be vital for fuels that are “harder” to transport. This KPI focuses on whether the fuels can facilitate such

incremental increases in production, or heavily rely on large-scale production facilities.

Feedstock availability:

This KPI assesses the current and future availability of resources used in production of different fuels. The
potential resources analyzed include both feedstock such as natural gas for blue hydrogen production and
biomass for biofuels, but also other potentially scarce resources such as geological potential for carbon storage.
Fuels with lower energy density can put pressure on volume of feedstock needed in production and call for larger

investments.

Interaction with other sectors:

This KPI assesses demand for fuel from other industries and its potential impact on fuel availability and prices in
the future. How demand from other sectors affects prices depends on the technology maturity and scarcity of
resources. New technologies typically have significant scope for an increase in efficiency and a decrease in
production costs. Experiences from other industries, such as for example solar panels, show that learning by
doing is the main driver of cost reduction and it is best approximated by cumulative production. Such a decrease
in production costs is not expected for mature technologies. At the same time, demand from other sectors may
drive prices up when resources are scarce. The size of this demand from other sectors will depend on the size of

those sectors and alternative sources of energy (or feedstock) available to them.

Environmental challenges are related to greenhouse gas emissions when using various fuels, as well as local
pollution, such as air pollution, noise or impact on marine habitat related to fuel use. In the analysis, we also take
the energy systems perspective and assess the overall energy efficiency of various fuels and applicable propulsion
systems. Overall energy efficiency determines the total primary energy use and thus the stress of the fuel choice
on the available energy resources. Those resources at least in the transition phase to a net zero economy are
limited. A brief description of those KPIs is presented in Table 7.

The assessment is based predominantly on a literature review. However, the studies reviewed for this analysis
use a variety of assumptions and system boundaries, which restricts the comparability of the results between
sources (Grahn, et al., 2022). Therefore, the score combines quantitative data from the reviewed articles with

expert opinions from the consortium.

Table 7: Definition of the KPIs related to environmental barriers

CATEGORY KPI DESCRIPTION
Greenhouse gas emissions Greenhouse gas emissions well-to-tank and tank-to-wake
Environment | Local pollution NOx emissions, noise pollution, marine pollution
Overall energy efficiency Total primary energy required per unit of propulsion
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Greenhouse gas emissions:

Greenhouse gas emissions are analyzed in two stages: a well-to-tank analysis (fuel production and
transportation) and a tank-to-wake analysis (fuel use). However, in the scorecard, only one integrated score is
given. This is important given that some fuels (such as biofuels, e-methanol, and e-methane) inherently generate
GHG emissions in the tank-to-wake stage due to carbon content of the chemical compounds. However, those
fuels can still be zero-emission if carbon used in fuel production comes from sustainable sources, such as direct

air capture, or biomass.

The well-to-tank analysis focuses on the upstream emissions related mainly to fuel production and

transportation. Our analysis includes the following:

e Emissions related to development of production infrastructure, including upstream infrastructure (such
as electricity production or natural gas production infrastructure).

e Process emissions, such as emissions related to electrolysis of water or steam reforming of natural gas
required to produce hydrogen. Our assessment also includes upstream process emissions, such as
fugitive leaks associated with natural gas extraction.

e Emissions related to transportation of fuels from their production site to bunkering facilities and further

on board of the ship.

The tank-to-wake analysis assesses downstream emissions, meaning the use of the fuel that is already in the
tank. In this stage, emissions depend on the fuel type (e.g., hydrogen or ammonia) but not on the fuel source
(green, i.e., from water electrolysis or blue, i.e., from fossil fuels with carbon capture and sequestration). For
each of the fuels, emissions vary depending on the engine technology (e.g., internal combustion engine or a fuel
cell). When multiple technologies exist, we assign score to the best alternative but discuss the differences in

emission levels between the technologies.

The analysis is based on literature review only. For selected fuels the scope of the analysis will be extended in a

comprehensive life cycle assessment in the subsequent stages of the project.

Local pollution:
When assessing local pollution, we analyze the levels of Sulphur dioxide (S0O2), nitrogen dioxide (NOx), particulate
matter (PM 2.5) and Black Carbon pollution associated with fuel use. We also consider the impact on

maritime/marine life through noise and water pollution.

Overall energy efficiency:

The overall energy efficiency is assessed by looking at the total primary energy required to provide one unit of
propulsion. The analysis includes the energy required in the fuel production and distribution phase (well-to-tank)
as well as use of fuel on board (tank-to-wake). This KPI determines the total energy requirements for the
maritime sector. This in turn translates to requirements for land and other scarce resources used in renewable
energy production. The more energy that is required per unit of propulsion, the harder it is to scale the

technology.
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2.4 Maritime rules and regulations

Maturity of rules and regulations related to sustainable zero-carbon fuels will play an important role in the
adoption of these as well as safety of crew and environment. The onboard technologies for zero-carbon fuels are
novel to the maritime industry and are not covered by prescriptive rules, creating a comprehensive and
expensive design and approval process with a high degree of uncertainty for each unique installation.

Table 8: Definition of the KPIs related to rules and regulations

CATEGORY H KPI DESCRIPTION
Rules and Maturity of maritime rules and How mature rules and regulations are to handle the risks
regulations regulations related to fuels

Maturity of maritime rules and regulations:

Like conventional marine fuels, sustainable zero-carbon fuels come with safety risks attached, such as toxicity
and flammability. There needs to be enough testing and experience with onboard usage and bunkering of these
fuels so that all safety risks are understood to prepare rules and regulations. Some of the sustainable zero-carbon
fuels in this report have come a long way in terms of maturity of rules and regulations, since they have already
been taken into use or there is accumulated experience in terms of transportation of the fuel. However, some
sustainable zero-carbon fuels are completely new to shipping and extensive testing and learning are required to
take these into use safely. This KPI evaluates the maturity of maritime rules and regulations regarding each

alternative fuel.

2.5 Scoring methodology

To assess the sustainable zero-carbon fuels based on the described KPls, a scoring methodology was established.
In previous papers, this has varied from a score from 1-3 to a score all the way up to 10. We have chosen, based
on an internal assessment with the consortium, to base the analysis on a score from 1 to 4. The five areas
mentioned in step 2° constitute different challenges. The scoring is therefore formulated to align with the
barriers/challenges that are assessed, as described in the following, ordered by each main KPI category. To

illustrate the scoring, we have made tables with color codes. Red=1, orange=2, light green=3 and dark green=4.

2.5.1 Onboard KPIs
Scoring for the following Onboard KPIs: (X) Technical Maturity, (Y) Existing ship compatibility

Score Description

Severe technical and/or economic barriers. Onboard fuel technology only tested at an
experimental stage / No compatibility with existing propulsion

Major technical and/or economic barriers. Pilots identified, but technology not demonstrated
at a large scale / Compatible with certain fuel systems, but lacking commercial maturity

1

9 Market driven challenges, onboard challenges, onshore challenges, environmental challenges and rules and
regulations
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Moderate technical and/or economic barriers. Onboard fuel technology demonstrated, but still
3 not fully mature / Compatible with a wide range of fuel systems, but still lacking commercial
maturity
Little to no technical and/or economic barriers. On board technological maturity not a barrier
for commercial usage / Already compatible with most fuel systems

Scoring for the following Onboard KPIs: (X) CAPEX, (Y) Fuel Cost

Score Description

Severe economic barriers. Cost levels much higher than competing technologies. Low commercial

1 .
potential.

) Major economic barriers. Cost levels higher than competing technologies. Limited commercial
potential without significant relative reductions

3 Moderate economic barriers. Cost levels competitive with most zero-carbon fuels, but still far off
traditional options.

4 Little to no economic barriers. Cost levels competitive with most fuel options.

Scoring for the following onboard KPIs: (X) Energy density

Score Description

Severe technical and/or economic barriers. Energy density significantly limits the fuel’s possible impact

! in a Nordic shipping context.

) Major technical and/or economic barriers. Energy density limits the fuel’s possible impact in a Nordic
shipping context, but still a viable option for several ship segments.

3 Moderate technical and/or economic barriers. Energy density is not limiting the fuel’s technical
potential, but still affecting cargo space negatively compared to existing fuels.

4 Little to no economic barriers. Energy density is not limiting the fuel’s technical or economical potential

with regards to sailing patterns and cargo space.

2.5.2 Onshore KPIs

Scoring for the following Onboard KPIs: (X) Production technology, (Y) Infrastructure

Score Description
Severe technical and/or economic barriers. Little to no availability/experience and severe

! technological barriers to scale.

5 Major technical and/or economic barriers. Limited availability/experience and still major
technological barriers that need to be solved.

3 Moderate technical and/or economic barriers. Moderate availability/experience. Still some barriers

that need to be addressed
Little to no economic barriers. High degree of availability/experience. Investments might be needed,
but no vital technical barriers to scaling.

Scoring for the following Onboard KPIs: (X) Production scalability

Score Description

1 Severe technical and/or economic barriers. Little to no possibility of small-scale production
Major technical and/or economic barriers. Small-scale production possibility very limited by
technical aspects as well as economic ones
Moderate technical and/or economic barriers. Small-scale production technically viable, but
economic barriers limit the commercial application.

2
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Little to no economic barriers. Small-scale production is both technically and economically viable
as markets mature and/or if transportation is difficult/costly

Scoring for the following Onboard KPIs: (X) Feedstock availability, (Y) interaction with other sectors

Score Description
Severe economic barriers. Little to no availability / large degree of competition for feedstock from

! other sectors and/or limited technological spillover effects.
Major economic barriers. Limited availability / some competition for feedstock from other sectors
2 and/or some technological spillover effects.
3 Moderate economic barriers. Feedstock not a major barrier/ limited competition and/or positive
technological spillover effects from other sectors
4 Little to no economic barriers. Feedstock availability not affecting zero-carbon potential / large

technological spillover effects from other sectors.

2.5.3 Environmental KPlIs

Scoring for the following KPIs: (X) Greenhouse gas emissions; (X) local pollution

Score Description

1 Severe technical and/or economic barriers. Low potential to become zero emission in the
Nordics.

2 Major tech technical and/or economic or economic nical barriers. Breakthrough innovation
required to reach (near) zero-emission in Nordic shipping.

3 Moderate technical and/or economic barriers. High potential to become (near) zero

emission in Nordic shipping, but several barriers must be addressed to commercially scale
up technology.

4 High potential/relevance Existing best available techniques for low emission shipping in
Nordic. Innovation still needed to reach (near) zero carbon in a life-cycle perspective.

Scoring for the following KPI: (X) Overall energy efficiency

Score Description

1 Severe environmental and/or economic barriers. Low potential to become zero emission due
to vast primary energy required.

5 Major environmental and/or economic barriers. Zero-carbon fuel production will require major
increase in the supply of primary energy.
Moderate environmental and/or economic barriers. Zero-carbon fuel production will require a

3 large investment in primary energy supply, but to a lesser extent than the less energy efficient
fuel options

4 High potential/relevance. The most energy efficient zero-carbon fuels with regards to primary

energy requirements.

2.5.4 Rules and regulations

Scoring for the following KPI: (X) Maturity of maritime rules and regulations
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Score Description

1 Severe barriers for commercial usage. Research and development phase

Major barriers for commercial usage. Prescriptive requirements under development

Moderate barriers for commercial usage. Prescriptive requirements available

Little to no barriers for commercial usage. Uniformly accepted prescriptive requirements available.

WS
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3. Cross-fuel analysis

Shipowners have conventionally gravitated towards solutions that are cheaper, more reliable, more efficient and
demand less space onboard. This will not change going forward. The challenge is however that the solutions to
reduce global maritime GHG emissions are typically more expensive, less mature, less efficient and require more
space onboard. These barriers are assessed in the fuel-by-fuel analysis. This chapter gives a brief description of
the sustainable zero-carbon fuels’ feasibility in covering the Nordic ship traffic’s fuel consumption. The feasibility
screening focuses on the respective fuels’ suitability with regards to covering the Nordic ship traffic’s fuel
consumption both domestically, between the Nordic countries, and for international voyages connected to the
Nordics. The aim is to identify the technical market potential for the different sustainable zero-carbon fuels, given
today's sailing pattern. The screening is based on DNV’s AlS-analysis in Task 2A. The aim of the feasibility analysis
is to assess the feasibility of battery electric propulsion systems, hydrogen, and ammonia/methanol/methane.
Except for battery electric, all these fuels have hydrogen as a basis and most of the energy required in the
production of these fuels is spent on producing hydrogen (Hoecke et al.,, 2021). They do however vary
significantly in energy density, which affects their possibility to cover the current voyages taking place in Nordic

waters. The analysis is divided into two focus areas which are described below:

- Nordic feasibility: The assessment of the Nordic feasibility looks at the respective fuels’ possibility to
cover the fuel consumption of the Nordic ship traffic in total, but also the fuels’ feasibility for specific
ship segments. The broader the scope of each fuel, the lesser the technological risk of the portfolio will
be. Thus, a high cross-type-feasibility is positive going forward. However, the fuels’ ability to cover the
consumption of the most important ship types must also be reviewed. This latter aspect is important if
fuels that have less cross-type-feasibility could potentially be more commercially viable for “main-types-
segments” in a Nordic perspective.

- Domestic relevance: Some fuels could be valuable due to their ability to facilitate a transition to zero-
carbon fuels for specific Nordic countries and/or less important if they are not. It is therefore important
to check the domestic relevance in each Nordic country, based on the most relevant vessel segments,

to ensure that the geographical variation is sufficiently covered by the respective fuels.

It is important to notice that the feasibility task is done on a high level. DNV’s analysis is based on energy needed
per voyage for each ship, to determine if the different fuel options are feasible for this ship.® The energy
consumption of each voyage will, amongst other internal and external factors, mainly depend on the ship’s
operational profile, weather conditions, given by sailing distance, engine power curve and sailing speed.!! The
analysis does not take into account safety aspects, availability of the fuel, costs, onboard design, fuel costs etc.
As such, even though a fuel may be assessed as feasible for a ship type, it does not mean that the shipowner
would actually prefer this fuel when faced with an investment decision. This chapter is therefore a preliminary
chapter to the fuel-by-fuel analysis, where the demand side and supply side of the market are analyzed in more
detail on the different KPIs. It is also worth noticing that adjustments in ship design, sailing patterns and/or

shipowners’ valuation of cargo space could affect the respective fuels’ feasibility going forward.

10 By this ship, we mean a ship with the same characteristics in terms of type, size and sailing pattern as the existing
ship identified through the MASTER and GSCM model. It is not necessarily feasible to retrofit all existing ships to new
technologies and fuels.

1 For more information about the methodology, see Appendix C.
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3.1 Nordic feasibility

The assessed sustainable zero-carbon fuels, battery electrification, compressed hydrogen and ammonia,
methanol and methane!? represent three feasibility “levels”, ordered by increasing energy density. Higher energy
density leads to a higher feasibility with regards to covering the maritime fuel consumption in the Nordics. HVO
is not included in the feasibility analysis due to its similarities with conventional diesel fuel, e.g., energy density,
engine compatibility, as well as storage and bunkering. Given the sailing pattern and ship size, HVO can cover the
fuel consumption of the Nordic traffic in line with conventional fuel. However, the main challenge with HVO as a
fuel is related to production scalability and feedstock availability. This is something we analyze further in the fuel-

by-fuel analysis.

The figure below shows the high-level results from DNV’s feasibility screening. As seen in the figure, battery
electric propulsion has the lowest feasibility to cover the Nordic ship traffic’s fuel consumption, followed by
compressed hydrogen. Battery-electric ships are already commercialized and there exist several ships, especially
within the ferry segment, which are already sailing on battery-electric propulsion. Hydrogen is assessed to be
feasible to cover up to 30 percent of the Nordic ship traffic, while the high energy density fuels can cover between
80 and 90 percent. The residual needs to be covered by fuels with even higher energy density such as HVO or
through adjustments in sailing pattern, ship size or ship design. A last option is to forsake some cargo space, to

increase fuel storage.

Figure 3: Feasibility screening: Share of total fuel consumption for the Nordic ship traffic that can be covered by battery-
electric propulsion, compressed hydrogen and ammonia/methanol/methane. Source: DNV
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3.1.1 Battery electric propulsion most feasible for the passenger segment

Although battery technology is under constant development, the technology is currently suitable only for a
narrow sample of vessel types. These are usually vessels that sail relatively short distances on a regular basis,

due to low volumetric density compared to many other energy carriers. Even though battery electric technology

2 In Task 2A, DNV has divided between battery electrification, compressed hydrogen and methanol. Due to the fact
that ammonia, methanol and methane have relatively equal energy density, ammonia and methane are included in our
analysis in this task.
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can only cover a small share of the Nordic ship traffic’s total fuel consumption, it can potentially cover a higher

share of the fuel consumption within the passenger vessel segment. This is shown in the table below.

Figure 4: Battery-electric propulsion feasibility, percentage of energy consumption. Source: DNV

Domestic Nordic Intra Nordic Nordic International
Cargo 0% 0% 0%
Cruise ship 0% 0% 0%
Fishing 0% 0% 0%
Passenger 24 % 8 % 1%
Wet and dry bulk 0% 0% 0%
Work/service 1% 1% 1%

The relevance of battery electric propulsion systems for passenger ships is already visible in Norway, where a
large part of the ferry segment has been electrified already. In addition, it is also to some degree feasible for
intra-Nordic passenger routes. The feasibility within other ship categories is very limited. It should be noted that
this refers to fully battery electric propulsion, not hybrid solutions. The latter are feasible and relevant as a short-

term emission reduction measure for most ship types and could be vital as a transitory solution.

3.1.2 Compressed hydrogen is feasible to cover several ship types

Compressed hydrogen has a higher feasibility in covering the Nordic ship traffic’s fuel consumption compared to
battery electrification. It is especially relevant for smaller ships with an operating profile that allows for frequent
refueling, limiting the required amount of fuel that needs to be stored onboard. It can also be relevant for larger
ships, but only the ones which can more easily accommodate the extra volume of fuel needed. This can for
example be inland passenger ships, which normally are smaller ships navigating on fixed routes with the
possibility of relying on fixed bunkering points along their routes (Pawelec, 2020). The table below shows

hydrogen’s feasibility across ship types.

Figure 5: Compressed hydrogen’s feasibility, percentage of energy consumption. Source: DNV

Domestic Nordic Intra Nordic Nordic International
Cargo 46 % 25% 34 %
Cruise ship 53 % 61 % 50 %
Fishing 9% 3% 3%
Passenger 85 % 98 % 99 %
Wet and dry bulk 19 % 12 % 7%
Work/service 42 % 30 % 19 %

The feasibility of compressed hydrogen is quite substantial for several ship categories, in particular passenger
vessels and cruise ships. Feasibility is the least limited for wet and dry bulk and fishing. Although the energy

density of hydrogen is low compared to ammonia and methanol, there is potential also for using compressed
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hydrogen for short sea routes to Northern Europe and intra Nordic routes. An example of an ongoing project is

the world’s first hydrogen-powered cargo ship operated by Heidelberg Cement and Felleskjgpet.*?

The table above shows the potential for compressed hydrogen, but liquified hydrogen is also an option. One
example is MF Hydra, the world’s first vessel to be powered by liquid hydrogen'4. Hydrogen also has the potential

to cover the fuel consumption within the cargo segment, especially for the domestic fleet.

3.1.3 High density fuels essential for the Nordic green transition

Ammonia, methanol and methane can cover between 80 and 90 percent of the Nordic fleet’s fuel consumption.
This is also reflected in the table below, showing a high cross-type relevance. The limitation of feasibility is for
fishing vessels sailing on international routes. These are typically smaller ships, with limited carrying capacity and
long sailing distances. In this segment, there are few vessels with alternative fuel technology. A few LNG trawlers
have been built, and the storage space problem has been solved by building the ships larger than if they were

conventional, due to the fuel’s lower energy density.

Figure 6: High energy density fuels’ feasibility, percentage of energy consumption. Source: DNV

Domestic Nordic Intra Nordic Nordic International
Cargo 94 % 94 % 83 %
Cruise ship 90 % 96 % 97 %
Fishing 65 % 54 % 36 %
Passenger 99 % 100 % 100 %
Wet and dry bulk 95 % 97 % 79 %
Work/service 70 % 73 % 52 %

There already exist around 200 gas tankers that can take ammonia as cargo tankers and around 40 of them are
deployed with ammonia cargo at any point of time. These ships will be ideal first users of ammonia as a marine
fuel as they already have the fuel as cargo and crews with experience in handling ammonia.'> DNV expects the
first ammonia-fueled vessel to sail in the second half of this decade. A large-scale uptake of the technology is not
expected until the early 2030s. While the supply of ammonia will take time, the development of engine

technology is progressing fast.

The use of methanol has been around for some time, but its application to shipping started in 2015 with the
conversion of the Stena Germanica RoPax Ferry to test the viability of using methanol as a marine fuel.® Since
then, methanol as a marine fuel has attracted interest within the shipping community from several shipowners,
shipyards and fuel suppliers.’” Maersk announced in June 2021 the world’s first methanol-powered shipping

vessel. This is a steppingstone towards the industry’s goals to reduce environmental impact and the company

13 https.//www.statkraft.com/newsroom/news-and-stories/archive/2021/hydrogen-deliveries/, retrieved 17.08.2022
14 https.//fuelcellsworks.com/news/worlds-first-liquid-hydrogen-powered-vessel-wins-ship-of-the-year-award/,
retrieved 17.08.2022

15 https.//www.dnv.com/expert-story/maritime-impact/Harnessing-ammonia-as-ship-fuel.html

16 https.//www.ship-technology.com/projects/stena-germanica-ropax-ferry/, retrieved 23.08.2022

17 https.//www.dnv.com/maritime/advisory/afi-update/Methanol-as-a-potential-alternative-fuel-for-shipping-A-
brief-talk-with-Chris-Chatterton.html, retrieved 23.08.2022
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believes that green methanol is the fuel for the future.'® Since methanol is either available at or within easy
proximity of many ports, it will become more attractive for shipowners due to the fact that they know that the
supply and availability of methanol is present. However, to be able to supply large fleets, there is a need to scale
production. This is not necessarily a problem, since it has never been an issue historically for the sector to meet
demand requirements, but the increase in capacity would require significant capital expenditure, and zero-

carbon shipping would require access to green alternatives.®

Like ammonia, vessels carrying methane (today LNG) are the ones that have started using methane as fuel
(Clarksons Research, 2022). Even though methane tankers had an advantage in fuel uptake, LNG is being adopted
by many vessel types and as fuel availability around the world increases, it will be relevant for all types of vessels.

3.2 Domestic relevance

This chapter gives a description of the sustainable zero-carbon fuels’ potential to cover the consumption in each
Nordic country. Some fuels could be valuable due to their ability to facilitate a transition to zero-carbon fuels for
specific Nordic countries and others less relevant if the sailing patterns do not “fit” with the attributes of the
respective fuel. The latter is especially important when assessing the domestic relevance of fuels with limited
energy density. The figure below shows the main findings of the country-specific feasibility analysis.

Figure 7: Share of total fuel consumption, Nordic domestic, that can be covered by high energy density fuels, hydrogen and
battery-electric in the Nordic countries. Source: DNV/Menon Economics
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The Nordic countries’ fleets differ in terms of type of ships, both in terms of operation (fishing vessels, offshore
supply and passenger vessels) and in terms of size (short-sea and deepsea). This means that the sustainable zero-
carbon fuels’ potential to cover the fuel consumption of the domestic ship traffic in the Nordic countries also

differs. In addition, although smaller ships typically travel shorter distances than large ones, there is considerable

18 https.//www.ship-technology.com/analysis/is-methanol-the-best-fuel-to-meet-shippings-qreen-qgoals-icct-qa/,
retrieved 23.08.2022

9 https.//www.dnv.com/maritime/advisory/afi-update/Methanol-as-a-potential-alternative-fuel-for-shipping-A-
brief-talk-with-Chris-Chatterton.html, retrieved 23.08.2022
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variation in the fleet and relatively small vessels can also sail long distances, especially for ship types such as

offshore and fishing.

As seen in the figure above, battery-electric propulsion has the lowest potential in covering the fuel consumption
of the ship traffic in all the Nordic countries. Even though the market for batteries is quite mature, the technology
is still under development, and it is believed that batteries suitable for larger vessels/longer voyages will be
developed going forward. Battery-electric propulsion is most relevant in Norway, mainly due to the large fleet of
ferries and passenger vessels with shorter voyages and more frequent bunkering opportunities. Compressed
hydrogen can cover a larger share of the fuel consumption, but this differs significantly between countries.
Hydrogen is most relevant in Sweden, followed by Norway and Finland. In Iceland however, hydrogen has a
significantly lower feasibility. This is mainly because a large share of the fleet in Iceland consists of fishing vessels,
and this could affect the profitability of infrastructure investments and bunkering services. The high energy
density fuels can in theory cover between 70 and 90 percent of the fuel consumption in the Nordic countries,
but there is a need for modifications with regard to ship size, design, sailing patterns and/or shipowners’

valuation of cargo space in order for the sustainable zero-carbon fuels to cover the whole Nordic ship traffic.
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4. Fuel-by-fuel analysis

In this chapter, we conduct a fuel-by-fuel analysis based on the included KPIs. KPIs are split into onboard,

onshore, environmental, and implementation of rules and regulatory frameworks KPls for each fuel.

Hydrogen can play an important role in the Nordic shipping industry’s journey towards decarbonization. The
feasibility analysis conducted in task 2A shows that hydrogen could potentially cover up to 50 percent of the
intra Nordic fuel consumption. Green hydrogen has a potential to become a zero emissions fuel. This requires
efforts to reduce upstream emissions (scale up renewable production capacity), especially related to renewable
electricity generation. Blue hydrogen, however, scores lower than green on the environmental KPIs due to
emission-related barriers in a life-cycle perspective that need to be resolved. Hydrogen has an advantage of
high production scalability. This means that hydrogen can facilitate bunkering in smaller ports near the end-
user, increasing the short-term availability for shipowners as the market matures. Even though several actors
in the industry recognize hydrogen’s potential, there are still important barriers that need to be addressed to
make hydrogen shipping a commercially mature alternative. A low compatibility with existing ship types
means that new ships need to be built and/or that comprehensive rebuilds will be necessary. Currently, a
relatively low onboard maturity with regards to technical and safety aspects affects both risk assessments and
capital costs for shipowners. Fuel costs are expected to be favorable, but bunkering hubs need to be developed
to ensure sufficient availability. The main barriers identified signal a need for significant investments both
onshore and onboard with regards to R&D and infrastructure development. Furthermore, coordination
between shipowners, fuel suppliers, bunkering service and authorities will be vital to ensure that hydrogen

reaches its commercial potential as a zero-carbon fuel in the Nordics.
Figure 8: Scoring of onboard, onshore, environmental and safety-related KPIs for both green and blue hydrogen. Source:
Menon Economics
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In this report our focus will be solely on green and blue hydrogen. Hydrogen that is produced via natural gas

reforming or of other fossil fuels without CCS is outside the scope of this report, since the production process will

cause greenhouse gas emissions and hydrogen produced in this way cannot be considered a zero carbon fuel.
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The figure below illustrates two potentially emission-free ways of hydrogen production. The first path is through
electrolysis of water which consists of hydrogen and oxygen. If the electricity powering the electrolysis process
is generated through renewable sources such as wind power, solar power etc., the hydrogen produced is referred
to as green hydrogen. Another path is through addition of CCS to the existing production technology based on
reforming of fossil fuels. Hydrogen produced this way will be referred to as blue hydrogen.

Figure 9: lllustration of green and blue hydrogen production
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In this chapter, we assess hydrogen’s potential to become a near zero-carbon fuel in the maritime sector. It gives
a description of the KPIs related to the barriers and challenges of using hydrogen as a marine fuel, from a market

perspective, and an onboard, onshore, environmental and safety perspective.

4.1.1 Onboard

This section provides a description of the onboard KPIs for hydrogen. We do not differentiate between blue and
green hydrogen for technical KPIs, since this does not make a difference, but we do differentiate between
compressed and liquified hydrogen where we see necessary. Economic KPIs differentiate between blue and
green hydrogen where it is necessary. The table below shows the score for each onboard-KPI for the use of

hydrogen as a marine fuel.

Table 9: Onboard KPIs for blue and green hydrogen

CATEGORY KPI GREEN HYDROGEN BLUE HYDROGEN

Technical maturity

Technical Energy density
Existing ship compatibility . .
CAPEX

Economical
Fuel cost

* Scoring scale: Dark green: 4, light green: 3, orange: 2, red: 1
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Technical maturity: Hydrogen as a marine fuel can be used both in internal combustion engines and fuel cells.

In the internal combustion engine, hydrogen is used as the combustor and mechanical energy is generated

through burning hydrogen. Internal combustion technology has been widely used with a variety of fuel types;
therefore, the technology is known to producers and users in principle. On the other hand, using internal
combustion engines with hydrogen requires certain modifications to the engines and extensive testing. The
technology is currently under development; however, it is not ready to be taken into use yet.?°

Fuel cells generate electricity without combustion. There are hydrogen fuel cells available on the market today,
even though there needs to be innovation in technology to make these suitable for marine use (Frelle-Petersen,
Howard, Poulsen, & Hansen, 2021). There have been pilot projects and demonstrations of this technology on
small boats?. Fuel cell technology at a bigger scale is expected to be taken into use in the MF Hydra ferry in
Norway?? in addition to Penguin Tenacity in Singapore?. However, there are no commercial vessels that operate

on hydrogen currently.

In addition to engine systems, hydrogen faces challenges with onboard storage technology. Due to the physical
properties of hydrogen, onboard storage systems should be suitable for storing liquified hydrogen under

cryogenic conditions. This requires installation of cryogenic tanks on board.

Even though there are pilot projects and demonstrations, both fuel cell and internal combustion technologies
have low technical maturity and are therefore scored as one of the lowest among all the sustainable zero-carbon

fuels.

Energy Density: Hydrogen is the lightest atom and has a very low volumetric density in its gas state. Thus, from
a commercial perspective, only compressed and liquified hydrogen are considered viable for the shipping sector.
Volumetric density of hydrogen is between 5-10 MJ/I depending on whether it is compressed or liquified (DNV,
2019a). A very low volumetric density leads to challenges in terms of onboard storage, in that it will have a higher
opportunity cost since there will be limited capacity to carry cargo. In addition, limited onboard fuel storage
capacity will affect the range a vessel can operate in, so that ships using hydrogen will need to bunker more often
than those using fuels with higher volumetric energy density. This is a serious barrier in terms of using hydrogen
as a marine fuel and limits the types of vessels hydrogen can be used for. Onboard storage of liquified hydrogen
requires installation of cryogenic tanks, or vacuum insulated tanks to limit boil-off?* (Rivard, Trudeau, & Zaghib,
2019). The technology is known, and it is mature, but has some price implications, as discussed under economical
KPls. Compressed hydrogen on the other hand can be stored in high pressure hydrogen tanks at 350 bar or 700
bar, which is a less energy intensive way of storing hydrogen. However, as compressed hydrogen has a lower

energy density, the loss of cargo space will be bigger.

Although hydrogen has the lowest volumetric energy density across the fuels that are discussed in this report, it
has the potential to cover a big share of Nordic ship traffic. Still, lower energy density creates a major barrier for

adoption of hydrogen, which leads to a score of 2.

20 https://www.man-es.com/discover/designing-the-engines-of-the-future, retrieved 17.08.2022

21 https://www.reuters.com/article/uk-dutch-fuelcell-idINLNE69E05220101015, retrieved 17.08.2022

22 https://www.tu.no/artikler/mf-hydra-fyller-hydrogen-pa-tanken/521174 ?key=W9e0WdyR, retrieved 17.08.2022
23 https://maritime-executive.com/article/shell-sembmarine-penguin-plan-hydrogen-fuel-cell-test-in-sngapore,
retrieved 17.08.2022

24 Boil off: Boiling of a small share of cryogenic fluid due to ambient temperature outside the tank.
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Existing ship compatibility: None of the internal combustion engines that are in use today can be used with
hydrogen without extensive modifications (Foretich, Zaimes, Hawkins, & Newes, 2021). However, hydrogen is
compatible with diesel electric and battery electric propulsion systems, although it requires major modifications
onboard. When it comes to fuel storage tanks onboard there is a need for modification to tolerate cryogenic
temperatures in case of liquified hydrogen, or high-pressure tanks in case of compressed hydrogen, and fuel

storage capacity will need to be increased to compensate for lower volumetric energy density of hydrogen.

For this reason, hydrogen performs lower among sustainable zero-carbon fuels in terms of existing ship
compatibility as it faces major technical barriers, and is hence scored 2.

CAPEX: Hydrogen is ranked low in several studies due to its expected high investment costs (Hansson, Mansson,
Brynolf, & Grahn, 2019). Hydrogen scores relatively low due to its low compatibility with existing engines®. In
addition, when assessing converter costs, it is evident that fuel cells are currently many times more expensive
than internal combustion engines. Moreover, the big spread in cost estimates for fuels cells indicates a large
degree of uncertainty. Fuel cells also have a significantly shorter life expectancy than internal combustion
engines, and fuel cell stack replacement is expected several times during a vessel’s lifetime, leading to additional
capital costs. For hydrogen, DNV has found tanks for liquefied hydrogen to be significantly more expensive due
to lower storage temperatures, higher insulation quality and fewer maritime applications (DNV, 2019b).
Compressed hydrogen comes with similar costs as liquified hydrogen with regard to the installation of
appropriate propulsion systems on board, but storage related to this will be cheaper as high pressure tanks are

less complex than cryogenic tanks.

CAPEX scoring is the same for both blue and green hydrogen, as there is no difference between different
production methods in terms of CAPEX. Due to the expected high investment and converter costs, hydrogen gets

a score of 2, among the lowest scores for the sustainable zero-carbon fuels.

Fuel cost: Green and blue hydrogen are in several studies ranked low compared to other zero-carbon fuels due
to the expected high fuel cost (Hansson, Mansson, Brynolf, & Grahn, 2019). Furthermore, due to high
transportation costs the hydrogen price will be to a certain degree affected by distance to production facilities
and local production costs, as mentioned in the onshore chapter where the transportation to harbor KPI is
described. However, since returns to scale are relatively low in green hydrogen production, high transportation

costs could be avoided with local small-scale production.

Cost of green hydrogen: green hydrogen is not yet produced at a large scale. The development of electrolyzers

for green hydrogen production is moving fast, and the electrolyzer CAPEX is expected to decrease rapidly while
electrolyzer efficiency is set to increase in the coming years. Both wind and solar energy technology is increasing
its efficiency, thus the costs are expected to fall. According to Wood Mackenzie, the levelized cost of hydrogen
is expected to go below $2 per kilogram ($14/GJ) in many countries by 2030, and in some countries, it could even
fall to under $1 per kilogram ($7/GJ).2® In order to achieve that cost level, the cost of the clean electricity would
need to be under $10/MWh and electrolyzers would have to have a capacity factor of 50 percent (van Dorsten
& Sultonn, 2021).

25 According to an article in E24, 02.08.2022, a diesel ship that costs NOK 100 million to build today would have a price
of NOK 170 million if it were to sail on hydrogen. (https.//e24.no/det-groenne-skiftet/i/34rrzX/det-groenne-skiftet-
gaar-i-sakte-fart-paa-sjoeen-vi-er-paa-etterskudd, retrieved 23.08.2022)

26 This price level on per unit of energy basis corresponds to price of crude oil slightly under 50S per barrel.
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Cost of blue hydrogen: The production cost of blue hydrogen is closely connected to the price of natural gas,

which has recently increased significantly. Under extraordinary high natural gas prices in 2022, the costs of blue

|Il

hydrogen were higher than for green hydrogen in some locations. But even under “normal”, i.e., pre-war natural
gas prices, green hydrogen was expected to reach lower production cost in some regions by 2030 (van Dorsten
& Sultonn, 2021). Another factor is the cost of carbon capture and storage. Based on European gas price forecasts
from October 2021, blue hydrogen production cost was expected to be around $2.50-2.70/kg ($17-$19/GlJ). The
carbon capture technology has for years been optimized to minimize the CO production costs rather than
maximizing the carbon capture rate required to produce near zero-emission fuels. Thus, some cost reduction in

the technology can be expected in the future.

Both hydrogen types receive a score of 3, which is higher than in the case of carbon-based e-fuels and at the same
level as biofuels. Even though currently costs of green hydrogen are significantly higher than that of biofuels, price

projections suggest that hydrogen will be the cheaper fuel in the future.

4.1.2 Onshore

In this part we look at the onshore KPIs. This includes the production path, and we therefore distinguish between
green and blue hydrogen where relevant, in addition to the difference between compressed and liquified

hydrogen.

Table 10: Onshore KPIs for green and blue hydrogen

CATEGORY KPI GREEN HYDROGEN BLUE HYDROGEN

Infrastructure (Storage, bunkering &
transportation)

Technical Fuel production technology

Production scalability

Feedstock availability
Fuel scalability
& interaction
Interaction with other sectors

* Scoring scale: Dark green: 4, light green: 3, orange: 2, red: 1 .

Infrastructure (storage, bunkering & transport): Compressed hydrogen will require high-pressure tanks which
can withstand pressures between 350 and 700 bars. Liquification of hydrogen reduces the volumetric space
needed for storage and is therefore the most effective way of storing large amounts of hydrogen. However,
liquification of hydrogen is an energy intensive process and it must be stored at a constant temperature, as
mentioned above. Additionally, there are currently few storage facilities in the Nordic countries. However, SSAB,
LKAB and Vattenfall are inaugurating HYBRIT’s (initiative aiming to create fossil-free value chain from mine to

finished steel) pilot facility for fossil-free hydrogen storage at Svartoberget in Luled, Sweden. The pilot will have

a life span of two years, ending in 2024 (Smart Energy International, 2022).

The technology used for storing hydrogen in cryogenic containers dates back to the Second World War. During

this time, stainless steel materials were primarily used for storage. While storage systems for hydrogen, both in
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pressurized and liquid state, can be considered to have reached high maturity since this time, the methods suffer
from far higher complexity when compared to traditional fossil fuels. Additionally, as few ports support hydrogen

storage and bunkering today, large infrastructural investments must be made.

There are currently four main ways of transporting hydrogen: (i) through pipelines, (ii) by ship, (iii) by truck or
(iv) by train. Existing natural gas pipelines can potentially be used to transport hydrogen, but only once they
cease to be used for their original purpose. Hydrogen can be transported by ship in liquid state, as ammonia or
as liquid organic hydrogen carrier. Currently, transportation by ships is technically possible only for larger
distances where pipelines are not an option?’. Due to the challenges associated with liquid transportation,
hydrogen is mostly transported in smaller volumes. In this case, hydrogen transportation is viable via trucks or

trains.

Transportation of hydrogen is dependent on whether blue or green hydrogen is produced, because there are
challenges related to maintaining hydrogen purity, and minimizing the leakage.?® Since green hydrogen can be
produced in closer proximity to the harbors and minimizing hydrogen losses in transportation, the related
transportation challenges can be avoided by producing hydrogen locally (DNV, 2022). This will be further

investigated under the scalability of hydrogen production.

Due to hydrogen’s low density at atmospheric pressure, the most viable alternative for large scale transportation
is in liquid state in cryogenic tanks. The cooling of hydrogen to a liquid at ambient pressure implies large and
expensive tanks that can withstand the extreme temperatures. Liquid hydrogen transportation by vessels must

be established and scaled significantly to meet bunkering demand.?*

The storage and bunkering of both liquified and compressed hydrogen imposes significant infrastructural
challenges on the maritime industry. However, the technologies and systems needed to execute such
infrastructural change is in existence. While ammonia also needs specialized tanks during liquid state
transportation, the challenges associated with liquid hydrogen transportation are considerably more extensive,

hence the infrastructure KPI of hydrogen is scored to 2.

Fuel production technology: Hydrogen is most often produced by steam reforming of natural gas, partial
oxidation of heavier hydrocarbons, and coal gasification. Blue hydrogen uses natural gas or coal as feedstock and
the production technology exploits methane reforming with CCS or gasification with CCS. Current CCS
technologies have proven challenging for large scale production, with uncertainties both regarding performance
and operation. Additionally, the current market situation for CCS is not at a competitive level, implying low

knowledge sharing effects.

There are several electrolysis techniques for producing green hydrogen, with Alkaline currently the most
developed. While electrolyzer technologies date to the late 18th century, it is only in the last 10 years that there
has been a significant global interest for water electrolysis, with several climate programs to ensure close to net-
zero by 2050 (Smolinka, Bergmann, Garche, & Kusnezoff, 2022). However, today’s electrolyzers consume large

amounts of electricity, making them ineffective (Tao, Azzolini, Stechel, Ayers, & Valdez, 2022). For electrolyzer

27 https://www.rechargenews.com/enerqy-transition/special-report-why-shipping-pure-hydrogen-around-the-world-
might-already-be-dead-in-the-water/2-1-1155434, retrieved 17.08.2022

28 https://www.enerqgy.qov/eere/fuelcells/hydrogen-delivery, retrieved 17.08.2022

29 https://www.rechargenews.com/enerqy-transition/special-report-why-shipping-pure-hydrogen-around-the-world-
might-already-be-dead-in-the-water/2-1-1155434, retrieved 17.08.2022
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technology to be viable, challenges regarding increasing the power density of stacks, enlarging the partial load
range and reducing both the size of the system and its complexity must be addressed (Mergel & Stolten, 2012)
for large-scale production to be viable (DNV, 2022).

Since the fuel production technology for both blue and green hydrogen exists and is quite mature, they both get
a score of 3. There is however a need for further development in both the CCS and the electrolysis technology for
reduced cost and increased commercial application, and we only consider the production technology of batteries

to be more mature.

Production scalability: Blue hydrogen can be produced with several techniques — predominantly steam
reforming of natural gas, although gasification of coal is also a possibility, while green hydrogen is produced
through electrolysis of water.

Green hydrogen is not yet produced at scale. However, scaling of green hydrogen production is possible in small
increments. Scaling of green hydrogen requires increased grid capacity. Additionally, an increase in the
production of electrolyzers is necessary (Mergel & Stolten, 2012). Although there may appear to be competition
between green and blue hydrogen production, the opportunities in practice are conditioned by geographical and
resource-related constraints, enabling green hydrogen production in more remote areas (Bedani & Mortimer,
u.d.). As such, the ability to produce green hydrogen closer to the end users, in smaller incremental steps, to

some extent makes up for the low transportation score.

We consider the scalability of green hydrogen to be high, and only matched by that of batteries in this assessment,
hence we score green hydrogen to 4. While there are significant opportunities to incrementally scale green

hydrogen, blue hydrogen is more reliant on larger facilities. This implies scoring blue hydrogen to 2.

Feedstock availability: The feedstock used in green hydrogen consists of only renewable electricity and water,

while blue hydrogen is dependent on natural gas or coal as its feedstock, with carbon capture and storage.

The supply of green hydrogen hinges on whether current power generation systems can support hydrogen
production from renewables. Renewable energy resources (wind, solar etc.) are currently available at a large
scale in the Nordics. As such, the feedstock availability is not considered a barrier for green hydrogen. It is
however important to note that large investments in renewable electricity production will be vital. Green
hydrogen production will be conditioned on each nation’s strategic path towards the transition of utilizing

renewable energy.

Although the technology for capturing and storing carbon dioxide is immature, and the efficiency of current
electrolyzers used in green hydrogen production is at a low level, we consider the feedstock availability of both
green and blue hydrogen to be high and expect it to remain high in years to come. The energy potential and

technology for storage exists, there is however a need to increase investments in production facilities.

The feedstocks needed for both green and blue hydrogen production are found in abundant amounts, and we
only consider the feedstock availability of batteries to be on the same level. The feedstock availability of both

green and blue hydrogen is scored to 4 in our assessment.

Interaction with other sectors: The supply of hydrogen to industrial users is a major business around the world.
Demand for hydrogen has grown more than threefold since 1975. The demand for hydrogen is relatively high
within the oil refining industry, ammonia production, methanol production and steel production. Over half of all

hydrogen produced is used to produce ammonia, whereof most is used to produce fertilizer. About 10 percent
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of all hydrogen is used in methanol production. Hydrogen can also be used as a reduction agent in steel
production via DRI -process (direct reduced iron). Other applications include production of synthetic resin, metal

alloys, glass, and electronics, to name a few (DNV, 2019e).

While there are a wide variety of hydrogen applications today, the value chains related to today’s use of hydrogen
as input in industrial processes are closely related with the value chains of petroleum. The situation will change
in the transition to a low emission society with production from renewable energy sources, putting hydrogen in
high demand in other energy intensive sectors. This can contribute to technological development and to building
the required infrastructure. There may be some competition in the demand and use of hydrogen, but the scaling

potential of hydrogen will ease this.

Hydrogen is one of the fuels included in this assessment which do not entail a shortage of feedstock and other

disadvantages for other sectors, hence, scoring 4.

4.1.3 Environment

In this part we look at the KPIs related to the environmental challenges. This includes greenhouse gas emissions,
both from a well-to-tank and tank-to-wake perspective, local pollution and overall energy efficiency. Since we
are assessing the well-to-wake path, we distinguish between green and blue hydrogen within the different KPIs.

The results are presented in Table 11.

Table 11: Environmental KPIs for green and blue hydrogen

CATEGORY KPI GREEN HYDROGEN BLUE HYDROGEN

Greenhouse gas emissions

Environment Local pollution . .

Overall energy efficiency

* Scoring scale: Dark green: 4, light green: 3, orange: 2, red: 1

Greenhouse gas emissions: The two paths for hydrogen production differ significantly in production processes
and the associated emissions. Emissions are also affected by the engine technology used — fuel cell or internal

combustion engine.°

Well-to-tank: Well-to-tank emissions related to the production of green hydrogen are driven by the emissions
intensity of the electricity used in the electrolysis process as well as life-cycle emissions of renewable energy
infrastructure, electrolysis plants, transportation to harbors and on-board infrastructure. Existing life cycle
estimates suggest emissions below 1 kg CO2e/kg H23L. Further decrease is possible. This would, however, require

reduced emissions in the production of steel, cement and other material used in development of infrastructure.

30 For more information on how green and blue hydrogen is produced, see annex A.
31 According to the Hydrogen Council (2021), “solar power achieves 1.0 kg COeq/kg H, and wind 0.5 kg COeq/kg H; in
2030, the difference resulting from the higher embedded capex emissions for solar panels (due to global grid mix
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Well-to-tank emissions related to blue hydr