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Summary 
The European Union’s climate strategy aims to achieve climate neutrality by 2050 
and reduce greenhouse gas (GHG) emissions by at least 55 % by 2030 compared to 
1990 levels. Within this framework, the FuelEU Maritime Regulation introduces 
progressively stricter limits on the GHG intensity of energy used by ships, driving 
a transition toward renewable marine fuels. This place ports in a central role within 
the energy transition, as bunkering locations but also as nodes for fuel production, 
import, storage, and distribution. Hydrogen and hydrogen-based fuels such as e-
methanol and e-ammonia are emerging as key alternatives to conventional marine 
fuels, offering significant emission reduction potential. Given its scale, existing 
infrastructure, and industrial integration, the Port of Gothenburg is well positioned 
to become a hub for hydrogen-based and renewable marine fuels, particularly as a 
large share of Sweden’s marine fuel bunkering takes place in or around the port. 

This study, conducted within the H2AMN project, assesses the potential for the 
Port of Gothenburg to develop into a large-scale hub for renewable marine fuels 
toward 2030 and 2050. The analysis compares local production of hydrogen and e-
fuels with import-based supply pathways, considering production costs, transport 
logistics, infrastructure requirements, and future fuel demand scenarios. Different 
fuel mix pathways fulfilling the emission reduction requirements of the FuelEU 
Maritime Regulation are evaluated, with particular attention to implications for 
cost, supply potential, infrastructure development, and system flexibility. 

The assessment indicates that all modelled scenarios are technically and 
economically feasible by 2030, as no major shifts in fuel types or infrastructure are 
required in the near term and planned production of renewable fuels appears 
sufficient to meet expected demand. By 2050, however, the outlook becomes more 
uncertain as stricter FuelEU Maritime targets significantly increase renewable fuel 
demand. Under these conditions, a mixed fuel scenario, combining the use of 
biofuels, hydrogen-based fuels and natural gas, emerges as the most realistic 
pathway based on the evaluated assumptions from both a supply and 
infrastructure perspective, as single-fuel strategies are exposed to limitations in 
production capacity, infrastructure availability, and technology deployment. 

The analysis highlights that uncertainty in the realisation of planned fuel 
production constitutes a key risk. Even if all currently planned Swedish production 
of biomethanol, e-methanol, and e-ammonia is realised, it would be insufficient to 
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meet the estimated large-scale bunkering demand for these fuels in the Gothenburg 
area by 2050. A diversified fuel supply strategy therefore becomes essential, as 
maintaining flexibility across multiple fuel pathways reduces lock-ins and 
uncertainties related to technology development, policy evolution, fuel costs, and 
infrastructure investment. While a fuel mix scenario increases operational 
complexity through the need for multiple storage, handling, and safety systems, it 
offers greater robustness in achieving long-term GHG emission reduction goals. 

Among the alternative fuels assessed, e-methanol emerges as the most practical 
near-term option, supported by existing engine technologies, relative compatibility 
with current port infrastructure and high maturity. Its flexibility between fossil, 
biogenic, and renewable production pathways reduces supply risks and supports a 
gradual transition. Liquefied biomethane also shows strong potential due to its 
high energy density, potentially low emission factor and compatibility with 
existing LNG engines, although physical large-scale deployment is constrained by 
the need for dedicated infrastructure. This also applies mainly to liquefied e-
methane, which is not, however, explicitly analysed in this study.  

From a production perspective, local hydrogen production in Gothenburg is found 
to be more cost-efficient than sourcing from e.g., northern Sweden under current 
electricity price conditions, while procuring e-methanol and e-ammonia from 
northern Sweden or other regions with low electricity prices may be more 
economical than local production. Meeting potential future bunkering demand in 
2050, given continued large-scale bunkering in the area, with domestically 
produced fuels would require a significant increase in Swedish production of these 
renewable fuels, highlighting the opportunity for establishing new fuel production. 
Even with local production, the Port of Gothenburg is likely to become a net 
importer of fuels as e.g., e-methanol, biomethanol, and e-ammonia due to 
limitations in domestic production capacity.  

Beyond fuel supply, local e-fuel production can provide important system-level 
benefits, including the generation of co-products such as waste heat for district 
heating and oxygen for industrial use, as well as opportunities to support 
electricity grid balancing and overall energy system resilience.  

In summary, with a mixed fuel approach that combines local production with 
sourcing of renewable fuels from other regions, the Port of Gothenburg may 
potentially develop into a central hub for hydrogen-based and renewable marine 
fuels strengthening its role within the regional and international energy system. 
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1 Introduction 
The European Union’s climate strategy has set the goal of achieving climate 
neutrality by 2050, with an interim target of reducing greenhouse gas (GHG) 
emissions by at least 55 % by 2030 compared to 1990 levels (1). As part of this 
effort, the transport sector is expected to reduce its emissions by 90 % by 2050 (2). 

To support these ambitions, the European Commission has launched the Fit for 55 
package which is a comprehensive set of legislative measures designed to meet the 
2030 targets (3). Among these, the FuelEU Maritime Regulation addresses the 
maritime sector by introducing progressively stricter limits on the GHG intensity 
of energy used on board ships (2, 4). The regulation applies to vessels over 5 000 
gross tonnage and requires a gradual reduction in GHG intensity, from 2 % in 2025 
to 80 % by 2050, relative to 2020 baseline (5). It also provides incentives for the use 
of renewable fuels of non-biological origin (RFNBOs) which includes hydrogen 
and electro-fuels (e-fuels produced by combining electricity, hydrogen from water 
via electrolysis, and carbon or nitrogen). 

The increasing regulatory pressure highlights the need for new marine fuel 
pathways and infrastructure solutions to enable compliance. Hydrogen and 
hydrogen-based fuels, such as e-methanol and e-ammonia, are seen as promising 
options due to their potential to significantly reduce emissions across the maritime 
sector. Ports are expected to become key nodes in this transition, serving not only as 
centres for fuel handling and storage but also for local production and distribution. 

As the demand for alternative marine fuels grows, there is a need to assess how 
ports can adapt and expand their role within the evolving energy system. Strategic 
planning must consider production, transport, and storage of hydrogen-based 
fuels, as well as the integration with existing infrastructure and local energy 
systems. Understanding these dynamics is important for supporting the 
development of resilient, cost-effective, and sustainable maritime fuel hubs capable 
of meeting future climate targets.  

Port of Gothenburg and the cluster of companies around marine fuel handling in 
the area around the port represent one possible hub for hydrogen-based fuels in 
Sweden. It is estimated that about 80 percentage of all fuel volumes bunkered by 
ships delivered from Sweden is performed in the area in and around of 
Gothenburg (6). This also includes fuels supplied to ships that are just passing 
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through the area and anchoring around Gothenburg or near Skagen for bunkering. 
The substantial bunkering is due to the large fuel refineries near Gothenburg. 

With this background, the overall aim of this study is to evaluate the potential 
future role of Port of Gothenburg as a hub for hydrogen-based fuels in the 
transition of the shipping sector, considering that the sector must comply with the 
FuelEU Maritime emission reduction targets for 2030 and 2050.  

1.1 Objective and Scope 
This report is part of the Hydrogen, Ammonia and Methanol in hydrogen hubs in 
the Nordic region (H2AMN) project and work package 2: WP2 Port of Gothenburg as 
a hydrogen hub. The objective of the work package is to assess the prerequisites for 
the Port of Gothenburg to develop into a large-scale hub for hydrogen-based fuels. 
This report aims to contribute to this objective by: 

• Assessing the cost and benefits of local production of hydrogen and hydrogen-
based fuels compared to sourcing/importing them from other regions including 
transportation aspects 

• Mapping national production plans for selected e-fuels and biofuels 
• Developing and evaluating different alternative marine fuel scenarios for 

achieving the FuelEU Maritime emission reduction targets by 2030 and 2050 for 
maritime fuel demand relevant for the Port of Gothenburg.     

• Mapping existing port infrastructure that could be used for handling 
hydrogen-based fuels 

• Evaluating the needs and capabilities for using, adapting or expanding existing 
infrastructure and flows to support hydrogen-related activities 
 

The alternative marine fuel mix in each developed scenario is designed to meet the 
required emission reduction levels while reflecting different technological and 
market developments. The analysis focuses on ship fuel consumption and 
bunkering activities in and around the Port of Gothenburg. For each mix, the 
required fuel volumes, associated infrastructure needs, and overall fuel costs are 
assessed. The assessment is limited to the maritime sector; other potential users of 
e-fuels are not considered. To evaluate the feasibility of each pathway, the 
projected marine fuel demand is compared with the potential production capacity 
based on identified Swedish plans of e-fuel projects. The comparison provides 
insights into the balance between supply and demand and can be used to identify 
possible capacity gaps and highlight where additional production or 
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sourcing/imports could be necessary. In addition, the study includes an evaluation 
of production and transport costs for hydrogen-based fuels to determine the most 
cost-efficient supply options under different conditions such as varied fuel mix. 

The volumes of bunker fuels for ships departing the Port of Gothenburg could be 
affected by the transition towards new alternative fuels within the different 
scenarios assessed in this report. Different regional prerequisites for fuel 
production, transport cost and other factors might affect the development, existing 
infrastructure, the ecosystem of companies, competencies and their development. 
However, this report does not attempt to estimate the total volumes of fuels 
handled or used for ship bunkering within the Port of Gothenburg in the future. 
Instead, it assesses the specified scenarios for fuel volumes and analyse their 
potential effects on parameters such as costs. 
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2 Regulatory frameworks for 
maritime decarbonisation 

The following section presents regulatory frameworks from IMO and EU that sets out 
requirements and targets to facilitate the decarbonisation of the shipping industry. 

2.1 IMO 
The International Maritime Organization (IMO) aims to achieve net zero greenhouse 
gas (GHG) emissions from global shipping by or around 2050 (7). Associated 
indicative targets state that emissions should be reduced by at least 20 % by 2030 
and 70 % by 2040 compared to 2008, but with the aim of attaining 30 % and 80 % 
respectively in these years. Additionally, carbon intensity per transport work is to 
be reduced by 40 % by 2030 and 70 % by 2050. IMO outlines short-term (2018–
2023), medium-term (2023–2030), and long-term (post 2030) measures for achieving 
these targets. 

Short-term measures include the Energy Efficiency Design Index (EEDI) for new 
ships and the Ship Energy Efficiency Management Plan (SEEMP) for all ships over 400 
gross tonnage (GT) engaged in international trade (8). EEDI sets minimum energy 
efficiency requirements based on ship type and size and will become more 
stringent over time, while SEEMP is intended to improve the operational energy 
efficiency of existing ships. For the medium term, the Energy Efficiency Index for 
Existing Ships (EEXI) and Carbon Intensity Indicator (CII) were introduced in 2023 
(2, 8). EEXI applies to existing ships and sets one-time efficiency standards. CII, 
which measures emissions per transport work, requires annual ship ratings from A 
to E, with progressively stricter thresholds through 2030. Rating C and above is 
considered approved, while a ship with rating D or E during three consecutive 
years is required to procure a plan on how the requirements will be met in the 
following period.  

In October 2025 the IMO was supposed to possibly adopt or reject amendments to 
MARPOL Annex VI, including the IMO Net-Zero Framework. This includes key 
elements such as a global fuel standard for ships and a global GHG emission 
pricing mechanism. However, as no agreement could be reached at the IMO 
meeting the decision was to postpone the decision until next year.  
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2.2 FuelEU Maritime 
FuelEU Maritime aims to reduce the GHG intensity of energy used on board ships 
by setting progressively stricter requirements, applicable to vessels over 5 000 GT 
irrespective of the flag (2). The targets require a GHG intensity reduction of 2 % by 
2025, 6 % by 2030, 14.5 % by 2035, 31 % by 2040, 62 % by 2045, and 80 % by 2050 (5). 
The reduction target has a baseline of the average well-to-wake GHG intensity of 
the fleet in 2020 which is 91.16 gCO2e/MJ (9). An illustration of the emission 
reduction targets from 2025 to 2050 is presented in Figure 1. 

 

Figure 1. FuelEU Maritime reduction targets from 2020 to 2050. The baseline for the emission reduction is set to 
91.16 gCO2e/MJ the year 2020 (5). 

In addition, the regulation includes incentives to include renewable fuels of non-
biological origin (RFNBOs). Until 2033 every ton of GHG saving from the use of e-
fuels can be counted twice towards the intensity reduction target (5). 

2.3 EU ETS 
Since January 2024, EU ETS has been extended to cover CO2 emissions from ships 
that enters EU ports, with an exemption for smaller vessels under 5 000 GT (10). The 
system covers 50 % of emission from voyages starting or ending outside the EU, and 
100 % of emissions that occur between two EU ports and when ships are within EU 
ports. During 2025 and 2026, the shipping companies are required to surrender 
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allowances for 40 % and 70 % of their emissions reported in 2024 and 2025 
respectively. From 2027, allowances will be required for 100 % of reported emissions. 

As of October 2025, the EU ETS carbon permits trade is at about 78 EUR (11). The 
year began at around 72 EUR in January, rose to over 82 EUR in mid-February and 
then fell to 60 EUR in early April. For 2025, the average price is expected to be 
around 75 EUR (11,12). Looking ahead, BloombergNEF projects that the carbon 
price will reach 149 EUR by 2030 and could rise as high as 194 EUR by 2035 
(13, 14). The total amount of emission allowances has been reduced by 4 % per 
year. If this pace continues, the last allowances would be issued in 2039 (15). To 
capture the cost of emissions in 2050 for this study, the 2035 value is used in the 
2050 scenarios. 
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3 Alternative marine fuels 
This study considers both conventional and alternative marine fuels. Conventional 
options include heavy fuel oil (HFO), marine gas oil (MGO), diesel, gasoline, and 
liquefied natural gas (LNG). Alternative fuels examined include liquefied 
biomethane (LBM)1, fatty acid methyl esters (FAME), hydrotreated vegetable oil 
(HVO), electrolytic hydrogen, bio-methanol, e-methanol, e-ammonia, and battery-
electric propulsion. Hydrogen, e-methanol, e-ammonia, and bio-methanol is in focus. 

LNG and LBM are chemically identical, enabling them to share infrastructure and 
storage systems. While LNG is fossil derived, biomethane is biogenic and there is a 
potential to produce LBG in large quantities in Sweden (16). Furthermore, e-
methane can be produced by methanation of the CO2 at biogas plants in 
combination with hydrogen from electrolysis, which could further enhance the 
renewable methane output from a biogas plant (17). Ships designed for LNG can 
operate on liquefied renewable methane without modification. Currently, around 
6 % of the global fleet (by gross tonnage) can run on LNG/Liquefied renewable 
methane. Looking forward over 40 % of all new vessels in order are capable of 
using LNG/renewable methane (liquefied) as fuel (6). 

Biodiesels such as FAME and HVO are compatible with diesel engines (2, 6). 
However, supply limitations restrict widespread adoption without increased 
imports. HVO can be stored in existing diesel tanks and used in colder conditions 
(down to -32°C), while FAME is only suitable for temperatures down to -20°C and 
must be used within 6 months to ensure that it does not degrade (18, 19). 

Although only 0.05 % of the current shipping fleet uses methanol, 8 % of the 
vessels being ordered are methanol compatible. These ships typically use dual-fuel 
engines that can also run on MGO (6). There are plans for production of renewable 
methanol, in the form e-methanol in Sweden (2). Modified fossil fuel infrastructure 
can support methanol storage (6, 20). Compared to renewable methane, ammonia, 
and hydrogen, methanol is liquid under ambient conditions which makes it easier 
to transport, store, and bunker (20).  

 

1 This report has chosen to use the term liquefied biomethane (LBM) because the commonly used term 
liquefied biogas (LBG) does not properly include the methanation of syngas from gasification plants. 
Furthermore, LBG and LBM does not cover the important share of methane that is produced as an electrofuel 
based on carbon dioxide from the anaerobic digestion process. In this report the term liquefied renewable 
methane will be used for liquefied bio- and e-methane. 
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Ammonia is a carbon-free fuel that eliminates CO₂ emissions during combustion. 
However, it could produce nitrous oxide (N2O) which is 270 times more potent in 
terms of greenhouse effects than CO2 (20). In addition, its toxicity poses serious 
safety challenges, even with minor leaks (2, 6, 20). According to the American 
Bureau of Shipping, methanol is expected to reach broader adoption earlier than 
ammonia, with market shares projected at 8 % and 2 % respectively by 2030, and 
25 % and 15 % by 2040 (6). Ammonia can be stored either under high pressure 
(~10 bar) at ambient temperature or under cryogenic conditions, at -33°C and 
atmospheric pressure. It has similar physical properties as those of propane, which 
means it can be stored in simple pressure vessels and is usually stored and 
transported in LPG tankers (20). 

Hydrogen has also been introduced for marine use, so far in a small number of 
vessels, though its low volumetric energy density results in the requirement of 
large storage volumes. It is highly flammable and requires careful handling. Due to 
its physical properties’ hydrogen is challenging to handle. The low volumetric 
energy density results in requirements of high-pressure storage or storage as 
liquid, while the small size of the hydrogen molecule requires special materials to 
avoid e.g., hydrogen embrittlement (20). Storage options include high-pressure 
vessels, pipelines, or liquefied hydrogen (21). While liquefaction improves energy 
density, it demands significant energy input and specialised tanks. Moreover, long-
term storage can lead to evaporation losses. A comparison of fuel volumes is 
presented in Figure 2. 
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Figure 2. Volume required per fuel for the same amount of energy, in comparison with MGO. Based on data 
presented in Appendix A.  

The comparison illustrates how much fuel is needed to produce the same energy 
output as one unit of MGO. Because hydrogen has a low volumetric energy 
density, it requires over seven times the space when compressed and more than 
four times when liquefied. Among the alternative fuels, biodiesels and renewable 
methane (liquefied) take up the least space per unit of energy, while methanol and 
ammonia require about 2.3 and 2.8 times more space than MGO, respectively. 

3.1 Storage and transport of e-fuels 
The following section handles the storage and transport of hydrogen, e-methanol, 
and e-ammonia. 

3.1.1 Hydrogen storage and transport 
Hydrogen is in gas form at standard pressure (1 atm) and standard temperature 
(0°C). Its density is very low, meaning its mass occupies a large volume. There are 
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physical storage, adsorption-based storage, and chemical storage of hydrogen (22), 
all aiming to increase hydrogen density so more hydrogen molecules can be stored 
in less volume, to reduce storage costs. 

Physical storage of hydrogen can be done by applying high pressure (compressed 
hydrogen) or lowering the temperature below hydrogen’s boiling point (liquid 
hydrogen). Adsorption-based storage uses porous materials, such as activated 
carbon and metal-organic frameworks, to physically bind hydrogen to their 
surfaces. This option stores hydrogen at a higher volumetric density than 
compressed hydrogen (23). In chemical storage, hydrogen is bound to metals or 
chemicals via a chemical bond, forming metal hydrides or chemical hydrides 
respectively (24). 

Compressed hydrogen is an established storage method. The technology is simple 
but energy-intensive because compressors must reach high pressures (25). 
Compressed hydrogen can be stored in cylinders, tanks, and large underground 
facilities such as rock caverns. 

3.1.1.1 Above-ground Hydrogen Storage 
Hydrogen can be stored at high pressure in cylinders or tanks made of metal or 
composite materials (26). The main issue with storing hydrogen in metal tanks is 
the diffusion of hydrogen atoms into the tank’s microstructure, which weakens the 
mechanical properties and leads to cracking. This phenomenon is known as 
hydrogen embrittlement. Advances in materials science have made it possible to 
improve the properties of metals used in such tanks (26). Depending on the type of 
material used, pressure tanks are divided into four types (I, II, III, and IV). 

Type I and II are the cheapest and constructed with thick, seamless walls made of 
steel or aluminium (27). Type I allows a maximum pressure of 250 bar, while Type 
II allows a higher pressure between 450–800 bar as it is partially wrapped with 
composite materials (glass or carbon fibre) (28). This composite wrapping makes 
Type II tanks more expensive (28). Due to their high weight, these types are mainly 
used for stationary applications such as hydrogen refuelling stations (HRS) (29), 
backup power (30), and small industrial applications. 

Type III and IV tanks are fully wrapped in a fibre-resin composite, which allows 
for a thin liner instead of thick metal walls, making them significantly lighter. The 
liner (metal in Type III, polymer in Type IV) acts as a hydrogen barrier, while the 
composite wrap bears nearly all the pressure (31). Type III is typically limited to a 
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maximum working pressure of 300–700 bar (32). When the tank undergoes 
continuous cyclic loading and unloading, the maximum working pressure is 
reduced to 450 bar due to fatigue cracking in the metal liner (33). Type IV tanks 
allow for higher pressures up to 1,000 bar. These two tank types are suitable for 
mobile applications where both space and weight are limiting factors for an on-
board fuel storage system (31). Type III tanks can be used in buses, trucks, or even 
trains, where the tank can be mounted on the roof, allowing for more space. On the 
other hand, lightweight passenger vehicles will use Type IV due to limited space 
and the need to carry enough fuel (33). As a reference, the amount of hydrogen that 
can be stored in different tanks for various applications may look like this (34, 35): 

• Hydrogen storage onboard vehicles: 5–10 kg at 350–700 bar with Type III or 
IV tanks. 

• Buffer storage of hydrogen at refuelling stations: 100 kg with Type II or 
IV tanks. 

• Tube trailers for hydrogen delivery to stations: 250 kg at 200 bar with Type 
I tanks or 1,000 kg at 540 bar with Type IV tanks. 

3.1.1.2 Underground Hydrogen Storage 
There are several options for underground storage of hydrogen. Some examples 
are rock caverns, salt deposits, salt domes, and depleted gas and oil fields. In 
Sweden, the lined rock cavern (LRC) technology has been used for about 20 years 
to store natural gas. It involves creating a sealed rock cavern below ground (36). 
The cavern is constructed by excavating geological rock formation and lining the 
cavity with hydrogen-compatible materials to ensure gas tightness (37). Large 
amounts of hydrogen can be stored in these underground caverns (>100 tons). 
Typically, a single cavern can store up to 750 tons of hydrogen, but multiple 
caverns can be built to achieve greater capacity (37). When storing 3,000 tons of 
hydrogen, capital costs can be significantly reduced (37). Hydrogen can be stored 
in these caverns at pressures up to 250 bar (38). The HYBRIT project, which aims to 
produce and store hydrogen for the steel industry in northern Sweden, has built a 
100 m³ LRC in Svartöberget (Luleå), with the goal of constructing a larger one 
between 100,000 and 120,000 m³. 

3.1.1.3 Hydrogen transport 
Hydrogen transport could be divided into two stages: transmission and 
distribution. The first includes delivery from production plants to large, centralised 
facilities, while distribution refers to local delivery from centralised facilities to end 
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users (39). Hydrogen can be transported in the same forms it is stored—
compressed gas, liquid, or chemically bound in a carrier such as methanol, 
ammonia, methane, or liquid organic hydrogen carriers (LOHC) (40). When in 
gaseous form, hydrogen can be transported via pipelines or in tank trucks on 
roads. In liquid form, it can be transported by road, rail, or ship (41). The choice of 
transport method depends on factors such as transport distance, hydrogen volume, 
and end-use. 

For hydrogen distribution, compressed hydrogen is typically recommended for short 
distances, liquid hydrogen in tank trucks for distances between 300 and 400 km (41), 
and for even longer distances but less than 1 500 km (42), pipelines are the most cost-
effective option. New pipelines for hydrogen transport require major investment but 
may be worthwhile for transporting large volumes of hydrogen (41). Hydrogen can 
also be blended in small amounts into existing natural gas pipelines, or the existing 
pipelines can be converted to transport pure hydrogen (43). 

For distances longer than 3,000 km, ships are recommended for transporting 
hydrogen in gaseous or liquid form, or as a chemically stored carrier (40). When 
the transported volume is large, i.e., 100 to 2,000 kt/year, pipelines can be cost-
effective over distances up to 2,000–2,500 km (44). 

3.1.2 Methanol storage and transport 
Methanol is both highly flammable and toxic, requiring careful handling. It should 
be stored in clean containers made of mild steel, stainless steel, high-density 
polyethylene, or vulcanised natural rubber (6, 20). To minimise vapor emissions, 
storage tanks should be equipped with an internal floating roof and an inert gas 
blanket. Additionally, methanol should be kept in well-ventilated areas, away from 
direct sunlight and moisture. 

Given its flammability, storage tanks must be enclosed within a containment dike 
and protected by a foam-type fire suppression system. Methanol can be stored 
either underground or aboveground (20). Underground storage offers the 
advantage of maximising available surface space. These tanks typically range in 
capacity from 500 to 50,000 gallons (approximately 2 – 190 m3), while aboveground 
tanks are available in sizes from 250 to 12,000 gallons (approximately 1 – 45 m3). 
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For transportation, clean and dry carbon steel shipping containers are used for 
methanol (20). Air pressure should not be used for loading or unloading; instead, 
pumping or pressure transfer using inert gas is recommended. 

Compared to hydrogen, methanol is significantly easier to store. Since it is already 
in a liquid state under ambient conditions, existing infrastructure for liquid storage 
can be utilised with minor modifications (6). The same advantage applies to 
transportation, as current systems designed for liquid hydrocarbons are generally 
compatible with methanol. 

3.1.3 Ammonia storage and transport 
Ammonia can be liquefied under relatively mild conditions (the vapor pressure at 
ambient temperature being 9.2 bar). Its physical properties are comparable to those 
of propane, allowing it to be stored in standard pressurised vessels (20). To ensure 
safety, ammonia should be stored in a cool, dry, and well-ventilated environment, 
protected from direct sunlight, heat sources, ignition points, and flammable 
materials. In large-scale storage facilities, the installation of a leak detection system 
with an alarm is required. It is also important to note that ammonia has a limited 
storage life and should not be stored for more than 6 months.  

Transportation of ammonia is well known to the shipping industry since it has 
been extensively used in the process industry for many years and has for long been 
transported in liquefied petroleum gas (LPG) tankers (20). Ammonia is highly toxic 
and safety procedures are required for safe handling and transportation (6). Some 
energy losses and related costs exists due to ammonia liquefaction, although the 
extent is much less than for hydrogen (45). The use of ammonia as a shipping fuel 
is, however, an unmature technology and requires the development of additional 
safety measures (45). Although some ports and shipping companies could start 
using ammonia within the coming years, a widespread use for ammonia as a 
bunker fuel in Swedish ports is not as likely in a short-term perspective. 

For the adoption of ammonia as a marine fuel the technological development of 
ammonia-fuelled engines is important (45). Leading marine engine manufacturers 
such as Everllence (former MAN Energy Solutions) and Wärtsilä has developed 
and are introducing ammonia marine engines on the market, however still on a 
limited pilot scale together with selected customers (46, 47). Ammonia's highly 
toxic nature, combined with its gaseous state under ambient conditions, poses 
serious safety risks. These risks, along with the fact that ammonia engine systems 
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are still under development and under limited market introduction so far, 
represent the primary challenges to its widespread use in shipping. The key 
advantage is that the infrastructure for storage and transportation is already well 
developed, and existing systems designed for liquefied petroleum gas (LPG) can be 
adapted for ammonia use. Main challenge, due to its toxicity, is to handle ammonia 
at sites such as regular ports and terminals, which in most cases are not developed 
for ammonia handling. 

3.2 Potential e-fuel production in Sweden 
The e-fuels investigated in this work have several potential applications beyond 
their use as fuels. Today, hydrogen is primarily used in the refining industry and 
for ammonia production, while ammonia is mainly used in fertilizers, and 
methanol serves as a base chemical in the chemical industry. This means that the 
studied production of hydrogen, e-methanol, and e-ammonia may target end-users 
outside the maritime sector. Consequently, the mapping in this report focuses on 
identifying the potential supply of hydrogen and hydrogen-based fuels that could 
be made available to the maritime sector. It is important to note the mapping 
presents the current known plans as of November 2025. It does not make any 
assumption about how many of these plans that are going to be realised. A 
summary of the planned production up to 2030 is presented in Figure 3. 
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Figure 3. Planned e-fuel production on mass basis (left axis) in Sweden until 2030 that could be available for use 
as marine fuel. The marker indicates the planned e-fuel production on energy basis (right axis). For e-ammonia, 
the marker indicates the total planned production, equivalent to 548 kt/yr 

A large share of the planned hydrogen production in Sweden already has 
identified end-users, such as green steel, fertilizer, and fuel production. However, 
there are also plans to produce hydrogen in connection with offshore wind power, 
both in northern Sweden (Aurum wind park in Västerbotten) and western Sweden 
(Vidar wind park in Västra Götaland) (48, 49). 

In Sweden, most of the planned e-methanol production is intended for use in the 
transport sector, mainly as maritime fuel, with a total planned capacity of about 610 
thousand tonnes annually (50). The planned e-methanol production is mainly 
located on the Swedish east coast from Söderhamn, Gävleborg to Luleå, Norrbotten. 

The only planned e-ammonia production in Sweden was the Power2Earth project 
in northern Sweden (Luleå, Norrbotten) by Fertiberia and Lantmännen, aiming to 
produce around 550 thousand tonnes of e-ammonia per year (51)2. About 400 
thousand tonnes per year were intended for fertilizer production and 150 thousand 

 

2 On November 5th 2025 it was announced that the Power2Earth project has been cancelled after Svenska 
Kraftnät denied the required power allocation due to limited grid capacity in northern Sweden (101).  
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tonnes for fuel use. The e-ammonia process is designed to be flexible and can 
adjust production based on market prices. For this reason, the full plant capacity 
was included in this mapping. 

In summary, among the three evaluated fuels, hydrogen is expected to be the most 
readily available to the Port of Gothenburg. At present, there is no local production 
of e-methanol or e-ammonia. However, the planned e-methanol production is 
targeted at the shipping sector which makes it possible to source e-methanol from 
northern Sweden to Gothenburg. Regarding e-ammonia, although its primary 
intended application is for fertiliser production, Fertiberia has indicated that the 
produced ammonia also could be utilised within the shipping sector (52). A list of 
the considered e-fuel plans is presented in Appendix B. 

3.2.1 Potential biomethanol production in Sweden 
In addition to the mapping of e-fuels, a brief overview of the current and potential 
biomethanol production in Sweden until 2030 was done. The planned biomethanol 
production until 2030 is presented in Figure 4. 

 

Figure 4. Current and planned biomethanol capacity (on mass basis) in Sweden until 2030. The marker indicates 
the production capacity on energy basis. 

The only current biomethanol production in Sweden is Södra’s production in 
Mönsterås where raw methanol from the pulp mills black liquor is refined to 
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biomethanol (50). The production capacity is about 5,300 tonne biomethanol annually. 
There are three additional planned projects in Sweden for production of biomethanol:  

• Perstorp’s Project Air with a planned annual capacity of 200,000 tonne 
biomethanol. Planned start-up 2026.   

• Värmlands Methanol with an annual capacity of 100,000 tonne 
biomethanol. Planned start-up 2030. 

• Boson Energy together with Wallhamn AB and the municipality of Tjörn 
with an annual capacity of 15,000 tonne biomethanol. Planned start-up 2027. 

This would result in a total biomethanol production of 320,000 tonnes annually by 
2030 (50).  

3.2.2 Potential liquefied renewable methane 
production in Sweden 

The current LBG production (2024) in Sweden is reported to be about 250 GWh, or 
18,000 tonne per year3. The Swedish LBG demand is about 54 kt annually, 
requiring a net import of around 36 kt per year, see Figure 5 (53).  

 

3 The current production is of liquefied biogas (LBG). Liquefied renewable methane, whether it is from biogas 
or methanation, have the same properties as LNG and could therefore substitute LNG in the future. 
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Figure 5. Production capacity, net import and Swedish demand of LBG the year 2024. 

According to a study done by Jivén et al. (54), the liquefied renewable methane 
production potential 2030 could reach up to 3.9 TWh (or 281 kt/yr). In the same 
study, it is estimated that the renewable methane (liquefied) demand will be split 
between road transport, shipping and industry. The industry and road transport 
segments are estimated to require up to 1.9 TWh (137 kt/yr) in total, leaving about 2 
TWh (144 kt/yr) for the shipping sector (see Figure 6). 

 

Figure 6. Estimated liquefied renewable methane production potential and demand for industry and road transport 
in Sweden 2030. The remaining part is assumed to be available for the shipping sector. 
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The liquefied renewable methane production potential 2050 could reach up to 18 
TWh (1,296 kt/yr) while the demand from the road transport and industry sectors 
are estimated to reach up to 7 TWh (504 kt/yr). This leaves about 11 TWh (792 
kt/yr) for the shipping sector. (see Figure 7). 

 

Figure 7. Estimated liquefied renewable methane production potential and demand for industry and road transport 
in Sweden 2030. The remaining part is assumed to be available for the shipping sector. 

The estimated increase in liquefied renewable methane production by 2030 and 
2050 is assumed to be driven by both higher renewable methane production and a 
greater share of this methane being liquefied. Biogas production is assumed to 
increase based on available feedstock4, alongside expanded methanation of CO₂ 
from biogas plants and syngas from gasification to produce additional renewable 
methane5. This growth is combined with the establishment of new liquefaction 
plants as well as the integration of liquefaction at existing biogas facilities.  

 

4 Only substrates originating from manure, organic residues, straw and biomass from ecological focus areas 
and fallow land are included (54). 
5 Only syngas from gasification from residues of lignocellulosic material (e.g., demolitions and package 
material including pallets) is included (54). 
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4 Methodology 
In the following section the methods and assumptions for technoeconomic 
assessment and scenario development are described. 

4.1 Technoeconomic assessment 
In this work, a technoeconomic assessment is carried out to evaluate the cost of 
producing hydrogen (compressed and liquefied), e-methanol, and e-ammonia. The 
assessment is conducted for two cases: production in the Port of Gothenburg and 
production in northern Sweden with subsequent ship transport to the Port of 
Gothenburg. The cost of producing e-fuels is therefore evaluated using electricity prices 
representative of southern Sweden (from SE3 and SE4 price regions) and northern 
Sweden (from SE1 and SE2 price regions). In addition to the production costs, the 
transport costs are estimated based on literature data.  

Technoeconomic evaluation is a method used to estimate the technical and economic 
performance of industrial processes. The analysis is based on the material and energy 
balance of the plant and its various process steps. From the material and energy balance, 
the size of the process equipment, as well as the energy and raw material requirements, 
can be estimated. These material and energy flows, together with the equipment sizing, 
then form the basis for the economic evaluation. 

The economic evaluation is based on the assessed system’s costs (CAPEX and OPEX) 
and revenues. There are several economic indicators that can be used to evaluate a 
plant. In this work, the production cost on an energy basis is chosen, i.e. levelized cost of 
energy (LCOE). The LCOE represents the average cost over the plant’s lifetime to 
produce one MWh of product (i.e., energy) and is calculated according to Equation (1). 

 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  
∑ 𝐼𝐼𝑡𝑡 +𝑊𝑊𝑊𝑊𝑡𝑡 + 𝑂𝑂&𝑀𝑀𝑡𝑡 +𝑀𝑀&𝐸𝐸𝑡𝑡 + 𝑅𝑅𝑡𝑡 − 𝐶𝐶𝐶𝐶𝑡𝑡

(1 + 𝑟𝑟)𝑡𝑡
𝑛𝑛
𝑡𝑡=1

∑ 𝑃𝑃𝑡𝑡
(1 + 𝑟𝑟)𝑡𝑡

𝑛𝑛
𝑡𝑡=1

 (1) 

The parameters of the formula are described below.: 

• It Investment at year t 

• WCt Working capital at year t 

• O&Mt Cost for operation and maintenance at year t (fixed operating costs) 
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• M&Et Costs for material and energy at year t (variable operating costs) 

• Rt Cost of refurbishment of plant at year t 

• CPt Revenue from co-product at year t 

• Pt Produced amount of fuel (in MWh) at year t 

• r Discount rate (set to 8 %) 

• n Plant lifetime (assumed to be 20 years) 

 
Working capital (WC) refers to the capital available to a company for daily operations, 
such as paying suppliers and managing inventory, and is assumed to be 15 % of the 
investment cost (55). The working capital is spent at the start of operation (year 2) and is 
returned at the end of the plant’s life. 

Based on the work of Sadhukhan et al. (56), it is assumed that 30 % of the investment is 
made in year 1, and the remaining 70 % in year 2, which is also the year the plant begins 
its operation. In year 2, the new plant is assumed to operate at 75 % capacity, incurring 
75 % of the variable operating costs and 100 % of the fixed operating costs. In year 3, the 
plant is assumed to run at full (100 %) capacity. Data used for the technoeconomic 
assessment is presented in Appendix C, together with some technoeconomic 
specifications for evaluated plant sizes. 

4.1.1 Estimation of total plant cost 
To estimate the investment cost of a plant, Lang factors are used. These are general 
factors based on historical data that relate the equipment cost to the total 
investment cost of the plant (55). The factors are multiplied by the equipment cost 
to obtain the total investment cost of the entire plant. The formula is shown in 
Equation (2). 

 𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐹𝐹 × �𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸   (2) 

Here IProject represents the total investment cost of the project, F is the combined 
Lang factor, and IEquipment is the equipment cost. The costs included through these 
Lang factors cover installation of equipment, piping, electrical systems, 
instrumentation and control systems, civil works, as well as design and 
engineering. In addition, a contingency of 10 % of the investment has been added 
to account for unforeseen events. 
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4.1.2 Estimation of equipment cost 
The total plant cost is, as explained earlier based on the cost of the equipment in the 
plant. The equipment cost is estimated based on the reference costs for the specific 
technologies scaled to the selected size, according to Equation (3). 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × �
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

�
𝑛𝑛

  (3) 

Here, n is the scale factor whose value varies depending on the technology (55). 
This method is used to capture the effect of economies of scale, which in general 
results in that larger plants can produce one unit of product for less cost than 
smaller plants. If the reference costs have a cost base of an earlier year, it can be 
converted to costs reflecting the price of current year (2024) using the Chemical 
Engineering Plant Cost Index, CEPCI. The current cost is estimated according to 
Equation (4), where the average CEPCI value in the year 2024 was 799.1 (57,58). 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 2024 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 ×
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 2024

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
  (4) 

4.1.3 Estimation of transport cost via ship 
The costs for transporting the e-fuels from northern Sweden is estimated based on 
literature data. The transport costs for compressed hydrogen (750 bar), liquefied 
hydrogen, and ammonia are based on the costs reported in the study by Amjath et 
al. (59). While the cost of transporting methanol is estimated to have the same cost 
per volume as MGO (60). The distance used for the transport cost estimation is the 
distance between the Port of Umeå and the Port of Gothenburg, which is 
approximately 813 nautical miles (~1,500 km) (61). The corresponding costs for 
transporting the evaluated e-fuels are presented in Table 1 together with the 
related carrier capacity. 
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Table 1. Transport costs used in the technoeconomic assessment. The transport costs assumed transport via ship 
from the Port of Umeå to the Port of Gothenburg, a distance of approximately 813 nautical miles, or 1 500 km. 

Fuel Volume 

(EUR/m3) 

Mass 

(EUR/t) 

Energy 

(EUR/MWh) 

Capacity of 

carrier (m3) 

Capacity of 

carrier (t) 

Compressed 

hydrogen (750 bar) 
33 850 26 120,000 2,040 

Liquefied hydrogen  15 210 6.4 280,000 19,880 

Methanol 15 19 3.4 15,000 11,865 

Ammonia 14 21 3.4 40,000 27,320 

 
In addition to ship transport, the possibility of transporting hydrogen via pipeline is 
also evaluated. The pipeline transport cost used is 0.35 EUR/tH2-km and is based on 
a survey by the European Hydrogen Backbone (EHB) initiative where several gas 
TSOs contributed with preliminary R&D data regarding hydrogen infrastructure 
(62,63). This specific value is based on a 36 inch pipeline (approximately 914 mm) 
and is selected since it represents the planned Nordic Hydrogen Routes 
specifications of 600 – 1,000 mm hydrogen pipeline relatively well. 

4.1.4 Limitations of technoeconomic method 
The presented method for technoeconomic assessment is best suited for cost 
estimations in the early stages and for comparing different technologies. Since the 
total project cost and fixed operating costs are based on the investment cost of the 
equipment, the reliability of the results largely depends on the accuracy of the 
equipment cost data. Therefore, to capture part of the uncertainty in the method, a 
sensitivity analysis is performed in which the total equipment cost is varied 
between 70 % and 150 % of the chosen value. 

To estimate the total investment cost, Lang factors were used. These factors 
account for additional costs such as civil works, piping, instrumentation, 
installation, etc., in cases where such costs are not included in the reference price. 
The costs covered by the Lang factors do not include expenses for insurance, land 
acquisition, water treatment, or waste management. 

The method used considers investment and operating costs as if the technology is 
fully commercialised (TRL 9). A contingency of 10 % of CAPEX is added for 
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unforeseen costs, but apart from that, the model does not account for any 
additional expenses that may arise due to the technology being new or unproven. 

4.2 Scenario development 
Scenarios depict potential futures based on different assumptions, serving as 
analytical tools rather than forecasts. Hence, the scenarios developed in this report 
should be regarded as illustrative examples of potential future marine fuel demand 
in the Port of Gothenburg and the surrounding area. The scenarios are used to be 
able to discuss the prerequisites for the Port of Gothenburg to become a large-scale 
hub for hydrogen-based fuels and discuss the potential costs and infrastructure 
needs. The current estimates of bunker fuels handled, in and around the Port of 
Gothenburg is the basis for the scenarios presented within this report. This applied to 
both to the total volumes handled and to the volumes estimated to be consumed by 
ships calling at the Port of Gothenburg. About ten times more bunker fuel is shipped 
out of the Port of Gothenburg as fuel for ships calling at and passing through the 
area than is estimated to be consumed by ships calling at the Port of Gothenburg. 

The scenario analysis is carried out to explore different possible fuel mixes that 
could help attain the FuelEU maritime emission reduction targets. For this 
purpose, a range of scenarios is developed. These scenarios should not be seen as 
forecasts, but rather as explorative pathways meant to assess the infrastructural 
and economic impact of different routes with the same goal, i.e., to attain the 
emission reduction. Four fuel mix scenarios are developed with the base assumption 
that all scenarios should meet the reduction targets of 2030 and 2050. 

In addition to fuel mix, the amount of fuel handled in the port is also a parameter 
in the scenario development. Two cases are selected: the estimated consumption of 
ship fuels linked to ships entering and leaving the port, and the bunkering volumes 
in the Gothenburg area (6). For each of the two scenarios a low and a high growth 
rate is used for the estimation of fuel consumption for 2030 and 2050, resulting in 
four different fuel demand scenarios.  

The combination of fuel mix scenarios and fuel demand scenarios results in a total 
of 16 scenarios and are presented in Table 2. 
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Table 2. Illustration of the 16 scenarios investigated in this work for 2030 and 2050, with the base year 2025. 

 Ship fuel consumption in the 

Port of Gothenburg 

Bunkering volumes in 

Gothenburg area 

 Low growth High growth Low growth High growth 

Biobased Scenario 1 Scenario 2 Scenario 3 Scenario 4 

RFNBO Scenario 5 Scenario 6 Scenario 7 Scenario 8 

Gas Scenario 9 Scenario 10 Scenario 11 Scenario 12 

Mixed Scenario 13 Scenario 14 Scenario 15 Scenario 16 

4.2.1 Fuel mix scenarios 
The four fuel mix scenarios are developed by using the work by Lloyd’s Register as a 
base (64). The report mapped and analysed 23 fuel mix scenarios made by 8 
different organisations6 and categorised the scenarios into two distinct groups: 
biobased, and hydrogen-based scenarios, depending on whether the fuel mix 
contained a larger share of biofuels or hydrogen-based fuels. The analysis is done 
for both 2030 and 2050. Based on the analysis of Lloyd’s Register, the biobased and 
the RFNBO-scenario are developed for this report. The biobased scenario contains 
more biofuels such as LBM, biodiesel and biomethanol, while the RFNBO-scenario 
has a larger share of fuels such as hydrogen, e-methanol and e-ammonia. Both 
scenarios assume a certain amount electrification for 2030 and 2050 respectively 
and is based on the work by IVL (2).  

In addition to the biobased and the RFNBO-scenarios, an exploratory scenario, 
where only biomethane and natural gas are used is developed and named the gas 
scenario. In this scenario, the major share of the fuel mix consists of LNG and LBM. 
Finally, a mixed scenario is developed, as a mix of the biobased and the RFNBO-
scenario. This scenario contains both LBM, biodiesel, e- and biomethanol, as well as 
hydrogen and e-ammonia. 

One of the aims of the scenario analysis of this work is to explore pathways that 
attain the FuelEU maritime emission reduction targets. To be able to do this, it is 
necessary to develop fuel mixes for the renewable and fossil portions of the total 
fuel mix separately. A calculation-model is developed for this purpose. It uses an 
iterative procedure to adjust the share of renewable fuels to fossil fuel mix until the 

 

6 DNV, UMAS & E4tech, Clarksons Research, Ricardo Energy & Environment, ABS, Maersk Mc-Kinney Moller 
Center for Zero Emission Shipping, IRENA, and IEA. 
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total fuel mix (including both the fossil and renewable portion) has attained the 
required reduction for 2030 and 2050.  

4.2.2 Fuel demand scenarios 
The fuel demand in the four fuel demand scenarios is estimated by applying yearly 
growth rates (low and high) to the ship fuel consumption in the Port of Gothenburg 
in the year 2024 and to the bunkering volumes in the Gothenburg area in the same 
year. In this way, the ship fuel consumption in the port, as well as the bunkering 
volumes in the Gothenburg area could be estimated for the years, 2030 and 2050.  

The difference in fuel demand between the scenarios is primarily explained by 
assumptions regarding energy efficiency improvements over time (Section 2.1), in 
combination with developments in shipping activity. In the low growth scenario, 
efficiency gains reduce the energy required per unit of transport, leading to lower total 
fuel demand towards 2050. In the high-growth scenario, increased transport demand 
outweighs these efficiency improvements, resulting in higher overall fuel demand. The 
scenarios therefore illustrate how total energy demand in shipping can evolve 
depending on the balance between efficiency improvements and trade development. 

The ship fuel consumption in the Port of Gothenburg is calculated based on 
estimations of the total of CO2 emissions, both in port and at sea, for different ship 
types, as presented in the work by Styhre et al. (6). Based on the total CO2 
emissions, the amount of MGO equivalents is estimated. The resulting ship fuel 
consumption and CO2 emissions in the base year is estimated to 2,000 GWh and 
650 ktCO2e respectively. To estimate the bunkering volumes in the Gothenburg 
area, it is assumed that 80 % of the Swedish bunkering occurs in the Gothenburg 
area. A total fuel consumption of about 25,000 GWh in the Swedish shipping sector 
(national and international) in 2024, corresponds to around 20,000 GWh in the 
Gothenburg area (54). Assuming the same fuel mix in both cases, the emissions in 
the Gothenburg area is estimated to 6.5 ktCO2e. 

The fuel demand growth rates are based on DNV’s (Det Norska Veritas) trajectories 
of how the transport work of different ship types will change between 2023 and 2050. 
The resulting four fuel demand scenarios of this work are presented in Table 3. 
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Table 3. Ship fuel consumption in the Port of Gothenburg and bunkering volumes in the Gothenburg area for the 
low and high growth scenario the years 2025, 2030 and 2050, values are reported in GWh. 

Year Ship fuel consumption in the 

Port of Gothenburg 

Bunkering volumes in the 

Gothenburg area 

 Low growth High growth Low growth High growth 

2025 2,010 20,000 

2030 1,900 2,000 19,500 20,100 

2050 1,600 2,600 16,200 25,400 

The emission target for the scenarios is presented in Table 4. 

Table 4. Emission targets based on FuelEU Maritime for the two scenarios for 2030 and 2050, reported as ktCO2e. 

Year Ship fuel consumption in 

the Port of Gothenburg 

Bunkering volumes in the 

Gothenburg area 

2025 650 6,500 

2030 610 6,100 

2050 130 1,300 
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5 Technoeconomic assessment  
The technoeconomic assessment is carried out to evaluate the production and 
transport cost of hydrogen, and the hydrogen-derived fuels e-methanol and e-
ammonia, and to assess the options of local production in the Port of Gothenburg 
or sourcing/import from northern Sweden. The analysis also explores how 
electricity price and transport distance impact the economic viability of e-fuel 
production and transport. The estimated costs are subsequently used in the 
scenario analysis presented in Section 6.  

5.1 Definition of evaluated cases 
When evaluating the production cost, the scale of the production plant can have a 
significant impact on the production price. It is therefore important to choose 
appropriate plant scale for the evaluation. The selected plant sizes are based on near-
future plans in Sweden. For the e-methanol case, Liquid Wind’s planned facilities 
producing 100,000 tonnes of e-methanol annually are selected as the reference size 
(65). The plant selected as reference for the e-ammonia case is the Fertiberia 
Power2Earth fertiliser plant with an annual production capacity of 547,500 tonne e-
ammonia (66). The hydrogen case is based on the amount of hydrogen required for 
the 100,000-tonne e-methanol production, which is about 18,910 tonne per year. The 
hydrogen case is further divided into production and transport as compressed gas at 
750 bar, and production and transport of liquefied hydrogen. The technoeconomic 
specifications of the evaluated cases are presented in Table 5. 

Table 5. Technoeconomic specifications of the evaluated e-fuel plants, showing capacity, generated co-products, 
electricity demand, electrolyser size as well as the total investment cost and operational costs. 

 
Compressed 

hydrogen 
(750 bar) 

Liquefied 
hydrogen 

e-
Methanol e-Ammonia 

Fuel production (t/yr) 19,000 19,000 100,000 547,500 

Generated district heating (MWh) 370,000 340,000 340,000 520,000 

Produced oxygen (tO2/yr) 150,000 150,000 150,000 780,000 

Electricity demand (MWh) 1,100,000 1,400,000 1,100,000 5,300,000 

CO2-demand (tCO2/yr) N/A N/A 140,000 N/A 

Electrolyser size (MW) 120 120 120 640 

CAPEX (MEUR) 2,100 4,500 2,600 21,000 

OPEX (MEUR/yr) 630 920 760 3,700 
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The four cases are evaluated using electricity prices corresponding to the average 
electricity price in the four Swedish bidding zones (SE1 to SE4) in the year 2024. 
The electricity prices are presented in Table 6. 

Table 6. Average electricity price in the four Swedish bidding zones in 2024 (67). 

SE1 SE2 SE3 SE4 

29 öre/kWh 28 öre/kWh 41 öre/kWh 57 öre/kWh 

26 EUR/MWh 25 EUR/MWh 37 EUR/MWh 52 EUR/MWh 

In addition to the production cost of each fuel, the transport cost via ship from 
Umeå to the Port of Gothenburg is evaluated and added to the production cost. 
The assumptions and data used for the technoeconomic assessment, as well as 
more detailed specifications of each case are presented in Appendix C. 
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5.2 Levelized cost of energy 
Based on the defined cases, the levelized cost of energy for the different fuels are 
evaluated. The results are presented per bidding zone in Figure 8. 

 

Figure 8. Levelized cost of energy for hydrogen, e-methanol, and e-ammonia for all four Swedish bidding zones, 
including transport costs for shipping the fuels from northern Sweden (Umeå) to the Port of Gothenburg. 

The lower electricity price of northern Sweden makes the sourcing/import of e-
methanol and e-ammonia the more economically advantageous option compared to 
local production in Gothenburg. The same applies for liquefied hydrogen. The 
exception is compressed hydrogen. Here, local production in SE3 seems the more 
economically viable option. This is expected and is a result of the low volumetric 
energy density and the special storage material requirements for storage and 
transportation of high-pressure hydrogen. It is worth noting that the results also 
indicate that the high electricity price in southern Sweden (SE4) makes it less costly 
to source/import hydrogen from northern Sweden than to produce it locally. 
Sensitivity analysis of plant scale and electricity price for each scenario can be found 
in Appendix D. 
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5.3 Electricity price difference threshold 
The technoeconomic assessment indicates that it is more economically 
advantageous to source liquefied hydrogen, e-methanol, and e-ammonia from 
northern Sweden, under current conditions. However, should the price difference 
between the north and south of Sweden decrease, the result would change. For 
example, Svenska Kraftnät’s long-term market analysis indicates that northern 
Sweden might have electricity prices similar to southern Sweden in the future, 
because of the ongoing electrification and industrialisation in northern Sweden 
(68). The allowable electricity price difference between the north and south of 
Sweden is evaluated and the threshold price difference at which the import/local 
production becomes the most viable option is identified. The result is presented in 
Figure 9 

 

Figure 9. Threshold electricity price difference between SE1 and SE3 for when sourcing/import from northern 
Sweden to the Port of Gothenburg is the more economic option for each evaluated fuel. If the actual price difference 
(red marker) is higher than the threshold (green bar) it is more economically advantageous to source the fuel from 
northern Sweden than to produce it locally. 

As mentioned earlier, the result indicates that compressed hydrogen is more 
economically feasible to produce locally under current conditions. Should the price 
difference change so that northern Sweden has a 2.8 EUR/MWh higher electricity 
price than SE3, producing liquefied hydrogen locally would be the more economical 
option. The thresholds for e-methanol and e-ammonia are 1.8 and 2.1 EUR/MWh 
respectively. The current difference is 11 EUR/MWh (average value in 2024). 
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5.4 Hydrogen transport 
There are several options for hydrogen transport and apart from ship transport of 
compressed or liquefied hydrogen, transport via pipeline is also an option. For 
example, Nordion Energy, together with Gasgrid Finland, is planning to build a 
1,400 km hydrogen pipeline around the Bothnia Bay region called the Nordic 
Hydrogen Route (NHR) (69). With this background, it is of interest to compare the 
cost of pipeline transport to that of ship transport between northern Sweden and 
the Port of Gothenburg. The comparison is shown in Figure 10. 

 

Figure 10. Comparison of different modes of transport of hydrogen from northern Sweden to Port of Gothenburg. 

The results indicate that pipeline transport, using a 36 inch pipeline (~914 mm), 
stretching from Umeå to the Port of Gothenburg (approximately 1 000 km) could 
potentially result in lower cost than local production of hydrogen in the port. To 
further evaluate the different transport modes of hydrogen, a sensitivity analysis of 
the different transport options is carried out based on transport distance. The 
sensitivity analysis is presented in Figure 11. 
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Figure 11. Sensitivity analysis of the effect of transport distance on the levelized cost of hydrogen. 

Transport of compressed hydrogen via ship shows to be the least favourable option 
across all investigated distances (1,000 – 15,000 km). Pipeline transport, under 
evaluated conditions, seem to be the most economic option for distances between 
1,000 – 10,000 km, while ship transport of liquefied hydrogen has an advantage for 
distances beyond 11,000 km. It is important to note that the analysis of the effect of 
transport distance on cost is based on several assumptions. It is only evaluated for 
one size of pipeline, and one type of ship sizes, as presented in Section 4.1.3. 
However, the results can still give an indication of which mode of transport is 
suitable for different transport distances. 
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6 Scenario analysis 
The following section investigates the 16 defined scenarios: 4 fuel mix scenarios 
with low and high growth rate, for two different scopes. The first scope is the ship 
fuel consumption in the Port of Gothenburg, and the second scope is the bunkering 
volumes in the Gothenburg area. The scenarios are evaluated by analysing the fuel 
demand, and the contribution of the different fuels to the overall consumption. In 
addition to the fuel consumption, the infrastructure demand resulting from 
changes in fuel types and fuel volumes is investigated. A cost estimation of the 
overall fuel consumption is made for each scenario, and finally, the fuel demand of 
each scenario is compared to mapped plans of fuel production in Sweden.  

6.1 Ship fuel consumption in the Port of 
Gothenburg 

The total ship fuel consumption in the Port of Gothenburg for each scenario is 
presented in Figure 12. 

 

Figure 12. Ship fuel consumption in the Port of Gothenburg for each scenario, presented for a high and low fuel 
demand growth rate the year 2030 and 2050. The black dashed line indicates the assumed current (2025) 
consumption. 
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There is no significant difference between the scenarios in 2030, except for the gas 
scenario. The reduction target by this time is only 6 % and change in fuel demand 
between 2025 and 2030 remains relatively low for both the high and low growth 
cases. These modest changes and the small reduction target mean that the 
differences between scenarios are minimal. Total annual fuel consumption in 2030 
ranges from 150,000 to 160,000 tonnes in the low-growth case and from 150,000 to 
170,000 tonnes in the high-growth case. 

By 2050, the reduction target increases to 80 %, and the change in fuel consumption 
from 2030 becomes more pronounced. This results in a greater impact on overall 
fuel demand and a wider variation between scenarios. The total annual fuel 
consumption in 2050 ranges from 110,000 to 210,000 tonnes in the low growth case 
and from 170,000 to 340,000 tonnes in the high-growth case. The breakdown 
presented on energy basis for all investigated scenarios is presented in Appendix E. 

A more detailed breakdown (on mass basis) of the fuel demand for the low growth 
scenario is presented in Figure 13. 

 

Figure 13. Ship fuel consumption (on mass basis) for each fuel mix scenario and low growth rate. The values are 
reported for the reference year 2025 as well as for 2030 and 2050.  
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The 6 % reduction target by 2030 means that only a small share of total fuel 
demand needs to be met with renewable fuels. Alternatively, a greater share of 
LNG could be used to attain the target. By 2050, however, a much larger shift to 
renewable fuels is required to achieve the 80 % reduction target. The results show 
that using e-fuels leads to higher overall fuel demand than using biofuels. This is 
mainly because LBM, with its higher energy density compared to ammonia, 
hydrogen, and methanol, results in lower fuel consumption. Consequently, the gas 
scenario requires the least amount of fuel (by weight) to meet the target and even 
shows a decrease in consumption compared to 2030. In contrast, the RFNBO 
scenario results in the highest fuel consumption, primarily due to the use of e-
methanol and e-ammonia. Similar results are presented in the high fuel demand 
growth case, see Figure 14. 

 

Figure 14. Ship fuel consumption (on mass basis) for each fuel mix scenario and high growth rate. The values are 
reported for the reference year 2025, as well as 2030 and 2050. 

The main difference compared to the low-growth scenario is the higher fuel 
consumption driven by the greater growth rate. Notably, the gas scenario shows 
only a very small increase in fuel consumption, from 170,000 tonnes in 2030 to 
175,000 tonnes in 2050, despite the overall rise in energy demand. This is due to 
LBM’s higher energy density compared to conventional fuels such as MGO and 
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HFO. In addition to total fuel demand, the change in fuel volumes that must be 
handled also needs to be considered. The overall fuel volumes for each scenario are 
presented in Figure 15. 

 

 

Figure 15. Ship fuel consumption in the Port of Gothenburg (volume basis) for each scenario, presented for a high 
and low fuel demand growth rate for the years 2030 and 2050. The black dashed line indicates the assumed current 
(2025) consumption. 

For 2030, the results are reversed when viewed on a volumetric basis compared to 
mass. The increased LNG consumption in the gas scenario means larger fuel 
volumes must be handled, around 260,000 cubic meters, compared to roughly 
210,000 cubic meters in the other scenarios. This is due to LNG’s lower volumetric 
energy density compared to MGO and HFO. 

By 2050, similar trends to those observed on a mass basis can be seen, though the 
differences between the gas scenario and the others are somewhat smaller. Among 
the explored scenarios, the gas scenario results in lowest fuel volumes. This is 
because the fossil mix has been largely replaced by a renewable fuel mix by 2050. 
Since LBM/LNG have higher volumetric energy density than methanol, ammonia, 
and hydrogen, the total volume for the gas scenario is lowest. The total fuel volumes 
to be handled by 2050 range from 250,000 to 330,000 cubic meters in the low-growth 
scenario and from 380,000 to 550,000 cubic meters in the high growth scenario. 
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6.1.1 Storage and infrastructure 
The transition to renewable fuels to meet the reduction target will require changes 
to fuel infrastructure. This is due to both the lower volumetric energy density of 
renewable fuels compared to conventional ones and to the differing physical and 
chemical properties of the new fuels. Methanol can, with minor modifications, 
utilise existing hydrocarbon infrastructure. Ammonia can be stored in pressure 
vessels similar to what is used to store LPG.  LNG and LBM are chemically 
identical, meaning existing LNG storage can also be used for LBM. However, they 
cannot use existing liquid hydrocarbon systems and instead require dedicated 
cryogenic storage and handling facilities. Neither ammonia, nor hydrogen can 
utilise existing infrastructure for liquid hydrocarbons, and hydrogen requires 
storage capable of withstanding high pressures and resistant to hydrogen 
embrittlement. Overall, depending on the scenario, some fuels can make use of 
existing infrastructure, while others will require entirely new systems. With this 
background, the change in fuel handling and storage capacity is evaluated for the 
explored scenarios. Changes in fuel handling and storage capacity for low growth 
rate is presented in Figure 16. 

 

Figure 16. Changes in fuel handling and required storage capacity compared to current volumes (2025) for ship 
fuel consumption in the Port of Gothenburg. The results are presented for 2030 and 2050 (low growth rate) for 
each scenario. 

The changed fuel mix will partly replace liquid hydrocarbon fuels with options like 
hydrogen, ammonia, and LBM. These are fuels that cannot use the current 
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infrastructure. In the RFNBO scenario, new infrastructure capable of handling 69 % 
more volume than today would be needed, while 27 % of existing infrastructure 
would no longer be usable. Storage infrastructure requirement is calculated based 
on volume changes. In practice, however, other factors will influence the actual 
need for increased storage, but this comparison gives an overview on potential 
changes in storage needs. The results show that the biobased scenario causes the 
least change to infrastructure, followed by the mixed scenario. In contrast, the 
RFNBO scenario requires the largest addition to the infrastructure, while the gas 
scenario renders over 90 % of current infrastructure unusable.  

 

Figure 17. Changes in fuel handling and required storage capacity compared to current volumes (2025) for ship 
fuel consumption in the Port of Gothenburg. The results are presented for 2030 and 2050 (high growth rate) for 
each scenario. 

Figure 17 illustrates the changes in fuel handling under a high fuel demand growth 
rate. The RFNBO scenario again shows the largest increase, at 193 %, followed by 
the biobased and mixed scenarios, both at around +150 %. The gas scenario shows 
a 95 % increase but also makes 91 % of the existing infrastructure unusable.  

6.1.2 Fuel cost 
The total fuel cost of each scenario is estimated based on the price data presented in 
Appendix F. The result for the low growth rate is presented in Figure 18. 
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Figure 18. Fuel cost of the ship fuel consumption in Port of Gothenburg for each fuel mix scenario and low growth 
rate. The values are reported for the reference year 2025, as well as 2030 and 2050. 

The result shows that the projected increase in the EU ETS price discussed in 
Section 2.3 could lead to that the cost of EU ETS will constitute approximately half 
of the fuel cost by 2030. The results also show that the RFNBO scenario has the 
highest fuel costs, mainly due to the use of e-methanol and e-ammonia. The gas 
scenario has the lowest costs, followed by the biobased scenario. All scenarios 
except RFNBO show lower total costs in 2050 compared to 2030; 10 % reduction in 
the gas scenario, 2 % reduction in both the mixed and biobased scenarios, and 2 % 
increase in RFNBO. This is largely because biomethanol and LBM are expected to 
be cheaper than e-methanol and hydrogen. The results for the high growth rate are 
presented in Figure 19. 



 

49(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

 

Figure 19. Fuel cost of the ship fuel consumption in Port of Gothenburg for each fuel mix scenario and high 
growth rate. The values are reported for the reference year 2025, as well as 2030 and 2050. 

The results follow the same trend as in the low growth rate case, with the gas 
scenario having the lowest cost and the RFNBO scenario the highest. Under the 
higher growth rate, total costs rise by 37 % in the gas scenario, by 50 % in the mixed 
and biobased scenarios, and by 56 % in the RFNBO scenario. 

Note that additional costs related to safe and secure handling of the fuels has not 
been taken into consideration, these could for example affect the ammonia fuel costs. 
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6.1.3 Fuel supply and demand 
To further evaluate the four scenarios, the fuel demand in each scenario is 
compared to the planned fuel production in Sweden. The exception is LBM which 
is compared to the estimated LBM that could be available for the shipping sector 
by 2030 and 2050. The production plans are presented in Section 3.2. As an initial 
step of comparing the fuel demand of each scenario to the fuel supply in Sweden, 
the demand is divided by the total planned production to evaluate the share of the 
planned production needed to cover the demand. Table 7 shows the fuel demand 
for each scenario as a percentage of the total planned fuel production in Sweden 
that is mapped in this project.  

Table 7. Ship fuel demand for the Port of Gothenburg for each scenario, presented as a percentage of the total 
planned renewable fuel production in Sweden and the estimated potentially available LBM for the shipping sector 
2030 and 2050. The range indicates the result from the low and high growth rates. 

Scenario LBM Biomethanol Hydrogen e-Methanol e-
Ammonia 

2030 
RFNBO 0.9 % - 1.8 % N/A 0.005 % - 0.01 % 0.2 % - 0.4 % N/A 

Biobased  0.9 % - 1.8 % 0.4 % - 0.8 % N/A N/A N/A 

Mixed  1.0 % - 2.0 % 0.2 % - 0.4 % N/A 0.1 % - 0.2 % N/A 

Gas  0.4 % - 2.0 % N/A N/A N/A N/A 

2050 

RFNBO  0.6 % - 1.1 % N/A 0.5 % - 0.9 % 13 % - 23 % 15 % - 27 % 

Biobased  5.0 % - 9.0 % 32 % - 56 % N/A N/A N/A 

Mixed  3.0 % - 5.0 % 11 % - 19 % 0.2 % - 0.4 % 6.0 % - 10 % 11 % - 20 % 

Gas  11 % - 20 % N/A N/A N/A N/A 

 

By 2030, ship fuel consumption in the port for various renewable fuels will 
represent only a small share of total planned production. The LBM demand in all 
scenarios can be met by the planned biomethane liquefaction plant at the Port of 
Gothenburg, which will have an initial capacity of 250 GWh (around 18 kt per 
year). The biomethanol demand in the biobased or mixed scenarios could be 
covered by a small share of Perstorp’s Project Air production, which has a capacity 
of 200 kt per year (less than 1 % of this would be enough). The e-methanol demand 
in the RFNBO or mixed scenarios could be supplied through sourcing from the 
planned production facilities along Sweden’s northern coast. Any hydrogen 
required could be produced locally with a small on-site electrolyser of about 100–
200 kW. By 2030, it is difficult to determine which scenario would be the most 
feasible, partly because the scenarios are similar at this point. 
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Fuel demand increases significantly until 2050. The technoeconomic assessment 
indicates that local hydrogen production is more cost-effective than import or 
sourcing from other regions. Therefore, hydrogen for use as a fuel or as a precursor 
for e-fuels should be produced on-site. In the RFNBO scenario, this would require 
an electrolyser of 11-20 MW, while the mixed scenario would need 5-8 MW. 
Another option is to meet part, or all of the port’s hydrogen demand, with 
production from the planned Vidar wind park. In contrast, under current 
conditions, sourcing e-methanol and e-ammonia from northern Sweden is more 
economically viable than local production. By 2050, the gas scenario would require 
11–20 % of the LBM production potential that is not used by road transport and 
industry, while the biobased scenario would need about 5–9 %. The RFNBO and 
mixed scenarios would require 0.6–1.1 % and 3–5 %, respectively.  

The evaluation of storage, infrastructure, and cost indicates that the RFNBO 
scenario would be the most expensive in terms of fuel cost and result in the largest 
volumes of handled fuel, while the gas scenario would require the greatest amount 
of new infrastructure. The gas scenario would need entirely new infrastructure, as 
major parts of existing systems cannot not be converted to handle liquid methane. 
The mixed scenario provides a balanced alternative, with lower costs and less 
infrastructure change than the RFNBO and gas scenarios, while still being 
supported by available supply.  

Overall, the analysis shows that all scenarios appear feasible by 2030. This follows 
from that the no major change in fuel types are required until 2030. Towards 2050 
the FuelEU maritime targets results in the need for a major share of renewable 
fuels, which in turn gives a more pronounced difference between the different 
scenarios. The mixed scenario seems to be the most realistic approach as it does not 
depend on the development of one single fuel-type and combines local production 
of hydrogen with import/regional sourcing of both bio- and e-fuels. This makes the 
scenario flexible, and easier to implement in increments in order to follow the 
development in ship fuel demand. Furthermore, it utilises large parts (or all) of the 
existing infrastructure and avoids the high prices of only using e-fuels (RFNBO).  
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6.2 Bunkering volumes in the Gothenburg 
area 

The bunkering volumes in the Gothenburg area for each scenario is presented in 
Figure 20. 

 

Figure 20. Bunkering volumes in the Gothenburg area for each scenario, presented for a high and low fuel demand 
growth rate the year 2030 and 2050. The black dashed line indicates the assumed current (2025) consumption. 

The results of the bunkering volumes in the Gothenburg area follows the same 
trend as in the case of the ship fuel consumption in the port of Gothenburg. By 
2030 the annual bunkering volumes range from 1.5 Mt – 1.7 Mt for the low growth 
rate case, and 1.5 Mt – 1.7 Mt for the high growth case. The low growth case results 
in annual bunkering volumes of between 1.2 Mt – 2.4 Mt by 2050, and 1.9 Mt – 3.9 
Mt for the high growth rate. The breakdown presented on energy basis for all 
investigated scenarios is presented in Appendix E. 

A more detailed breakdown (on mass basis) of the bunkering volumes for the low 
growth scenario is presented in Figure 21 
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Figure 21. Bunkering volumes (on mass basis) for each fuel mix scenario and low growth rate. The values are 
reported for the reference year 2025, as well as 2030 and 2050. 

As for the ship fuel consumption in the port, the share of LBM in the mix has a 
significant impact on the total consumption. A higher share of LBM results in an 
overall lower amount of fuel because of LBMs comparatively high energy density. 
In contrast, the inclusion of ammonia and methanol results in larger amount of fuel 
to cover the same energy demand. The high growth case for the bunkering 
volumes in the Gothenburg area is presented in Figure 22. 
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Figure 22. Bunkering volumes (on mass basis) for each fuel mix scenario and high growth rate. The values are 
reported for the reference year 2025, as well as 2030 and 2050. 

Here as well the trends are similar to those presented in the earlier sections. The 
fuel bunkering in the Gothenburg area on volume basis is presented in Figure 23. 
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Figure 23. Bunkering volumes in the Gothenburg area (volume basis) for each scenario, presented for a high and 
low fuel demand growth rate the years 2030 and 2050. The black dashed line indicates the assumed current (2025) 
consumption. 

The increased LNG consumption in the gas scenario in 2030 means that larger fuel 
volumes must be handled compared to the other scenarios. This is due to LNG’s 
lower volumetric energy density compared to MGO and HFO. However, in 2050, 
the gas scenario result in the lowest fuel volumes. This is because LBM/LNG have a 
higher volumetric energy density than methanol, ammonia, and hydrogen, which 
makes up a major part of the fuel mix in the other scenarios by 2050. 

The low growth case results in volumes between 2.1 – 3.1 million cubic meters by 
2030, and 2.7 – 3.7 million cubic metres by 2050. The high growth rate case results 
in volumes ranging from 2.2 – 3.2 million cubic meters by 2030, and 4.2 – 6.2 
million cubic meters by 2050. 
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6.2.1 Storage and infrastructure 
The additional infrastructure required to handle the new fuels and changed fuel 
volumes in the low growth scenario is presented in Figure 24. 

 

Figure 24. Changes in fuel handling and required storage capacity compared to current volumes (2025) for 
bunkering in the Gothenburg area. The results are presented for 2030 and 2050 (low growth rate) for each 
scenario. 

By 2030, the gas scenario results in the highest increase in demand, at 31 %, but by 
2050, the RFNBO fuel mix results in the highest increase, at about 90 %. In the gas 
scenario, nearly all existing infrastructure must be replaced, while in the other 
scenarios, about 11 % of the current infrastructure would be unused by 2030 and 14-
17 % by 2050. The biobased scenario is the exception, as it can fully utilise the 
existing infrastructure. The result for the high growth case is presented in Figure 25. 
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Figure 25. Changes in fuel handling and required storage capacity compared to current volumes (2025) for 
bunkering in the Gothenburg area. The results are presented for 2030 and 2050 (high growth rate) for each 
scenario. 

The results follow similar trend in the low growth case, with the exception that 
because of the increased energy demand, the existing infrastructure will be used in 
all scenarios and additional infrastructure for liquid hydrocarbons will be required. 
The exception is the gas scenario which similar to the low growth rate case is the 
need for entirely new infrastructure. 
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6.2.2 Fuel cost 
The total fuel cost of the bunkering in the Gothenburg area for the low and high 
growth rate case is presented in Figure 26 and 27. 

 

Figure 26. Fuel cost of the bunkering volumes in the Gothenburg area for each fuel mix scenario and low growth 
rate. The values are reported for the reference year 2025, as well as 2030 and 2050. 

As previously mentioned in Section 6.1.2 the projected EU ETS costs could result in 
that half of the fuel cost by 2030 is the cost of the emission permit. Furthermore, the 
results show that the RFNBO scenario leads to the highest fuel costs, mainly due to 
the use of e-methanol and e-ammonia. The gas scenario has the lowest costs, 
followed by the biobased scenario. Total annual fuel costs range from 1,600 – 1,700 
MEUR in 2030 and 1,500 – 1,800 MEUR in 2050. 
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Figure 27. Fuel cost of the bunkering volumes in the Gothenburg area for each fuel mix scenario and high growth 
rate. The values are reported for the reference year 2025, as well as 2030 and 2050. 

The results follow the same pattern as in the low growth rate case, with the gas 
scenario showing the lowest costs and the RFNBO scenario the highest. Under the 
higher growth rate, total costs in the gas scenario rise by 42 %, from 1,700 MEUR in 
2030 to 2,400 MEUR in 2050. In the RFNBO scenario, costs increase by 64 %, from 
1,700 MEUR in 2030 to 2,900 MEUR in 2050. 
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6.2.3 Fuel supply and demand 
The fuel demand to cover the bunkering volumes of the Gothenburg area is 
evaluated against the planned/potential Swedish production in the same way as 
the ship fuel consumption is evaluated in Section 6.1. Table 8 shows the fuel 
demand for each scenario as a percentage of the total planned fuel production in 
Sweden that is mapped in this project. 

Table 8. Bunkering volumes in the Gothenburg area for each scenario, presented as a percentage of the total 
planned renewable fuel production in Sweden and the estimated potentially available LBM for the shipping sector 
2030 and 2050. The range indicates the result from the low and high growth rates. 

Scenario LBM Biomethanol Hydrogen e-Methanol e-Ammonia 

2030 

RFNBO 9 - 18 % N/A 0.06 - 0.11% 7 - 13 % N/A 

Biobased  9 - 18 % 13 - 25 % N/A N/A N/A 

Mixed  10 - 20 % 7 - 14 % N/A 4 - 7 % N/A 

Gas  7 - 38 % N/A N/A N/A N/A 

2050 

RFNBO  6 - 10 % N/A 5 - 9 % 153 - 269 % 179 - 315 % 
Biobased  49 - 86 % 404 - 713 % N/A N/A N/A 

Mixed  28 - 50 % 154 - 272 % 2 - 4 % 81 - 142 % 111 - 195 % 

Gas  127 - 224 % N/A N/A N/A N/A 

 
The results indicate that 10-40 % of the 2030 LBM potential in Sweden would need 
to be realised if the bunkering volumes in the Gothenburg area should be covered 
by Swedish production. By 2050 the scenarios differ more than by 2030, with at 
least 6 % of the 2050 LBM potential needs to be realised (corresponding to about 
660 GWh) and up to well above 100 % of the potential (which is 11,000 GWh).  

The relatively few plans to produce biomethanol results in that all planned 
biomethanol production would not be enough to cover the demand in the biobased 
and the mixed scenarios. This indicates an opportunity for more establishment of 
biomethanol production both in Sweden and in Europe. The same applies, 
although to a slightly lesser extent, for e-methanol production and e-ammonia 
production. In both the RFNBO and the mixed scenario it is likely that the current 
planned production in Sweden would not be enough to cover the demand.  

There is only a minor hydrogen demand present in the RNFBO 2030 scenario. To 
meet this demand an electrolyser of up to 2.5 MW would be required. By 2050 the 
RFNBO scenario would require a 115 – 205 MW electrolyser plant for local 
production, and a 50 – 85 MW electrolyser plant for the mixed scenario. 
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As discuss in Section 6.1.3 the mixed scenario seems more realistic in terms of both 
cost, infrastructure, flexibility and to avoid lock-ins. The result from the evaluation 
of the bunkering demand in the Gothenburg area reveals that up to 50 % of the 
LBM production potential available for shipping would need to be realised if the 
bunkering demand should be covered by Swedish production. In addition, it 
shows that one on-site electrolyser plant of could meet the hydrogen demand, 
while not even if all bio- and e-methanol as well as e-ammonia plans are realised, 
will there be enough to cover the potential bunkering demand in the Gothenburg 
area. This indicates a possibility for establishing new fuel production (see Table 9). 

Table 9. Number of additional plants required to meet the 2050 fuel demand of e- and biomethanol as well as e-
ammonia based on reference plant capacities (planned plants). 

          Number of additional plants Reference 
plant 

capacity 
(t/yr) 

Reference 
plant 

Source 

 Mixed RFNBO/ 
Biobased 

e-Methanol up to 3 4-11 100,000 Liquid Wind  (70) 

Biomethanol 2-7 10-20 100,000 Värmlands 
Methanol  

(50) 

e-Ammonia 1-2 2-3 550,000 Power2Earth  (66) 
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7 Discussion 
As demand for alternative marine fuels continues to grow, ports will play a central 
role in enabling the transition toward a more sustainable maritime sector. Their 
ability to adapt, expand, and integrate new energy carriers will be key in 
supporting the broader transformation of the energy system. Rather than 
committing to a single fuel pathway, ports are likely to benefit from maintaining 
flexibility by accommodating multiple fuel options.  

7.1 Uncertainty in future fuel supply  
A key uncertainty identified in this study concerns the future supply of renewable 
marine fuels. Even if all currently planned Swedish production of biomethanol, e-
methanol, and e-ammonia are implemented, supply would still be insufficient to 
meet the estimated large-scale potential bunkering demand in the Gothenburg area 
by 2050. Further projects need to be added.  

7.2 Cost drivers and policy impacts 
The cost analysis indicates that EU ETS costs constitute a significant share of total 
fuel costs by 2030. This increases the competitiveness of low- and zero-carbon fuels, 
even when their production costs remain high. At the same time, RFNBOs are still 
highly dependent on electricity price and investment costs. The technoeconomic 
assessment shows that sourcing e-methanol and e-ammonia from northern Sweden 
is currently more cost-effective than producing them locally in Gothenburg due to 
the lower electricity prices in northern Sweden. In contrast, local hydrogen 
production appears economically favourable, provided sufficient electricity is 
available. This is because the handling and transport of hydrogen is costly, 
meaning local production is a more viable option. In addition to sourcing from 
northern Sweden, import from other countries could also be an alternative. 
However, this was not investigated in any detail in this work. 

7.3 Mixed scenario appears most realistic 
Based on the scenario analysis, the mixed scenario seems to be one of the more 
realistic pathways when considering both technoeconomic aspects, as well as 
flexibility and availability of fuels. By combining local hydrogen production with 
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regional sourcing/imports of both biofuels and e-fuels, the mixed scenario avoids 
dependence on a single fuel pathway and allows for incremental implementation 
as demand evolves. This flexibility reduces exposure to uncertainty in realisation of 
production plans, fuel costs, and infrastructure development, while also limiting 
reliance on high-cost RFNBOs. By utilising existing infrastructure where possible 
and maintaining multiple fuel options, the mixed scenario balances cost, scalability, 
and flexibility, making it a robust long-term strategy. 

7.4 Port of Gothenburg as an importer of 
alternative fuels 

Based on the scenario analysis and the mapping of planned fuel production in 
Sweden, it is indicated that the potential Swedish production of e-ammonia, e-
methanol, and biomethanol would not be enough to cover the estimated large-scale 
bunker demand by 2050, if assumed to continue. Furthermore, in a mixed fuel 
scenario about 28 – 50 % of the Swedish liquefied renewable methane potential 
would need to be realised. This indicates a potential to establish new fuel 
production both locally and in entire Sweden.  

The results suggest that, apart from the planned production, to provide for the 
mixed scenario in 2050, up to 3 additional e-methanol plants with a capacity of 
100,000 tonne methanol annually would be required (in addition to the 6 planned 
plants in the mapping), and 2-7 biomethanol plants with the same capacity (besides 
the 3 in the mapping). For e-ammonia 1-2 additional plants would be needed with 
a capacity of 550,000 tonne ammonia annually (except for the one planned). Taken 
together, the results suggest that the Port of Gothenburg is likely to become an 
importer of e-ammonia, e-methanol, and biomethanol (or sourcing from other parts 
of Sweden if the domestic production increases substantially). This remains the 
case even if local production is established in or around the port. 
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7.5 Conditions for different e-fuels 
Among the assessed e-fuels (hydrogen, e-methanol and ammonia), e-methanol has 
made the most progress as a marine fuel. Although methanol currently represents 
a minor share of the global fleet, approximately 8 % of vessels on order are 
methanol compatible or methanol ready. Methanol offers several practical 
advantages compared to ammonia, including lower toxicity, storage at atmospheric 
conditions, and the ability to utilise much of the existing fuel infrastructure with 
only minor modifications. An important advantage of methanol is its chemical 
equivalence across production pathways. E-methanol and biomethanol are 
interchangeable, allowing users to switch between fuels without technical 
complications. This flexibility reduces supply risks and strengthens methanol’s role 
in a diversified future fuel mix. In contrast, widespread use of ammonia as a 
bunker fuel in the short term appears less likely due to safety concerns, 
infrastructure requirements, and limited vessel readiness. 

7.5.1 Liquefied bio- and e-methane 
The result of the study indicates that liquefied biomethane is one of the more 
promising alternatives, at least in the short-to-mid-term due to its high energy 
density, relatively low potential emission factor in the short/mid-term, and 
compatibility with existing LNG engines. Although not investigated in this study, 
liquefied e-methane represents a technically identical fuel that could substitute 
fossil LNG and liquefied biomethane. E-methane is indicated to be significantly 
more expensive than both fossil LNG and liquefied e-methane (there are cost 
estimates of approximately 25 EUR/kg, corresponding to around 156 EUR/MWh, 
uncertain though like for all e-fuels). The production cost is, however, comparable 
to other RFNBOs, and also e-methane could serve to meet the FuelEU Maritime 
RFNBO targets and, in short- to mid-term, benefit from the RFNBO multiplier. A 
limitation of using liquefied renewable methane (bio- and e-methane) is 
infrastructure availability. Unlike methanol, liquefied methane cannot use existing 
liquid fuel infrastructure at the Port of Gothenburg, meaning that new investments 
would be required unless such volumes will be handled solely as ship-to-ship 
bunkering.   
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8 Conclusion 
This study assesses the potential for the Port of Gothenburg to develop into a large-
scale hub for renewable marine fuels. This is done by evaluating different renewable 
marine fuel scenarios toward 2030 and 2050 with particular attention to implications 
for cost, supply potential, infrastructure development, and system flexibility. It 
includes techno-economic assessments of fuels that e.g., compare costs for local 
production of hydrogen and e-fuels with import-based supply pathways, mapping 
of national fuel production plans and fuel infrastructure requirements. The following 
conclusions summarise the key findings and their implications for fuel strategies, 
production, and port development.  

Fuel demand by 2030 and 2050 
• By 2030, all modelled scenarios appear technically and economically 

feasible in meeting expected renewable fuel demand, as no major shifts in 
fuel types or infrastructure are required in the short term. 

• By 2050, the mixed scenario emerges as the most realistic pathway from a 
supply and infrastructure perspective, as stricter FuelEU Maritime targets 
significantly increase renewable fuel demand and expose limitations in 
single-fuel strategies. 

Advantages with the mixed fuel scenario 
• The future supply of renewable marine fuels including the realisation of 

planned fuel production is an uncertainty, as even full implementation of 
currently planned Swedish production of biomethanol, e-methanol, and e-
ammonia would be insufficient to meet estimated future large-scale 
bunkering demand in the Gothenburg area by 2050 in all scenarios. 
Considerable shares of Sweden’s liquefied renewable methane potential 
would also need to be realised by 2050. This indicates both the scale of the 
challenge and the opportunity for new fuel production investments. 

• A diversified fuel supply strategy is important for ports, as maintaining flexibility 
across multiple fuel pathways reduces exposure to uncertainties in technology 
development, policy evolution, fuel costs, and infrastructure deployment. 

• The mixed scenario, combining e-fuels (RFNBOs) and biofuels, increases 
operational complexity due to the need for multiple storage, handling, and 
safety systems. However, this approach also offers the greatest robustness 
and flexibility in achieving long-term fuel supply and GHG emission 
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reduction goals. The mixed scenario might also be the best way to use and 
re-use existing fuel infrastructure. 

Conditions for alternative marine fuels and fuel production 
• Out of the investigated e-fuels, e-methanol represents the most mature and 

practical near-term marine fuel, supported by existing engine technology 
and compatibility with current port infrastructure. Its interchangeability 
between biogenic and renewable production pathways provides flexibility 
and reduces supply risks. 

• Liquefied biomethane (LBM) is a promising marine fuel, due to its high 
energy density, potentially low emission factor in the short-to-mid-term, 
and compatibility with existing LNG engines. However, its large-scale 
deployment is constrained by the need for dedicated infrastructure. 
Liquefied e-methane, also represent a promising fuel that can replace LNG 
but is not quantitatively assessed in this study, as it is outside its scope. 

• Local hydrogen production for bunkering in Gothenburg is the most cost-
efficient option under current electricity price conditions, while sourcing e-
methanol and e-ammonia from northern Sweden (or areas with low electricity 
price) has the potential for lower costs compared to local production. 

Implications for the port 
• The Port of Gothenburg is likely to become an importer of e-methanol, 

biomethanol, and e-ammonia, even if local production is established in or 
around the port, due to limitations in expected domestic production 
capacity. However, regional sourcing might be possible to some extent.  

• Local production of e-fuels offers system-level benefits, including the 
generation of co-products such as waste heat for district heating and 
oxygen for industrial use, as well as the potential to support grid balancing 
and increase overall energy system resilience. 

One key finding is that a single fuel pathway is likely not sufficient to meet long-
term maritime decarbonisation targets. A diversified fuel mix combining local 
production and regional sourcing/imports is essential for ensuring both supply 
security and system flexibility. The importance of diversification, flexibility, and 
strategic planning in enabling the long-term transition to renewable marine fuels is 
highlighted. For the Port of Gothenburg, a mixed fuel approach combined with both 
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local production, and imports or regional sourcing appears essential to meet future 
demand while managing uncertainty and system complexity. 

8.1 Future work 
This assessment forms part of a broader effort to understand the future maritime 
fuel market and the implications for ports and fuel supply systems. While the 
analysis provides insights into these topics, there are important aspects that were 
not addressed in the report. A few ideas for future studies in the area include:  

• Assess where future fuel production could be located from a system 
perspective, including both domestic and international production. This 
includes which fuels will be produced in and outside Sweden (e.g. potential 
production in countries such as Iceland or China), the costs of production 
and transport to Sweden, and the roles different regions and countries may 
have in the future fuel supply chain. 

• Conduct a more detailed investigation of planned future fuel production in 
Sweden and the potential to establish new production in and around the 
Port of Gothenburg, including the role of Gothenburg Energy Port and the 
transition of existing refinery activities. Such an analysis could consider not 
only bunkering demand, which represents a limited share of total volumes, 
but also implications for broader energy flows and port revenues. 

• More detailed investigation of infrastructure requirements for the Port of 
Gothenburg, including storage, pipelines, and bunkering systems, as well as 
infrastructure needs related to energy terminals and fuel import/export activities. 

• Evaluate electricity availability and grid constraints for local hydrogen and 
e-fuel production, as well as the potential utilisation of co-products from e-
fuel production such as waste heat and oxygen. 

• Further investigate the role of e-methane in the future fuel mix and its 
interaction with other e-fuels. 

• Quantify cost reduction potentials for renewable fuels, including through 
industrial integration, improved process efficiency, and technological 
development, as well as assessing how these measures could enhance long-
term cost competitiveness.  



 

68(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

9 Reference list 
1. European Commission. The European Green Deal [Internet]. 2025 [cited 2025 Apr 

21]. Available from: https://commission.europa.eu/strategy-and-policy/priorities-

2019-2024/european-green-deal_en 

2. Fridell E, Hansson J, Jivén K, Styhre L, Romson Å, Parsmo R. Studie på 

sjöfartsområdet Styrmedel och scenarier för sjöfartens omställning På uppdrag av 

Energimyndigheten [Internet]. Available from: www.ivl.se 

3. Council of the EU and the European Council. Fit for 55 [Internet]. 2025 [cited 2025 

Apr 21]. Available from: https://www.consilium.europa.eu/en/policies/fit-for-

55/#:~:text=The%20Fit%20for%2055%20package%20is%20a%20set%20of%20laws,

achieve%20climate%20neutrality%20by%202050. 

4. European Commission. Fit for 55: Delivering on the proposals. 2025. 

5. Regulation 2023/1805. Regulation (EU) No 2023/1805 of the European Parliament 

and of the Council of 13 September 2023 on the use of renewable and low-carbon 

fuels in maritime transport, and amending Directive 2009/16/EC [Internet]. [cited 

2025 Apr 20]. Available from: https://eur-lex.europa.eu/legal-

content/EN/TXT/PDF/?uri=CELEX:32023R1805 

6. Styhre L, Jivén K, Grahn D, Hansson J, Hjort A, Malmgren E, et al. Role of Port 

Authorities in green energy supply for transport chains. 2024. 

7. International Maritime Organization (IMO). ADOPTION OF THE INITIAL IMO 

STRATEGY ON REDUCTION OF GHG EMISSIONS FROM SHIPS AND EXISTING IMO 

ACTIVITY RELATED TO REDUCING GHG EMISSIONS IN THE SHIPPING SECTOR. 2018. 

8. Transportstyrelsen. Regler om energieffektiv konstruktion och operation av fartyg 

[Internet]. 2021 [cited 2025 Apr 21]. Available from: 

https://www.transportstyrelsen.se/sv/sjofart/Miljo-och-halsa/Klimat-och-

energi/Regler-om-energieffektiv-konstruktion-och-drift-av-

fartyg/#:~:text=Designrelaterade%20krav%20kommer%20snart%20att 

9. DNV. FuelEU Maritime [Internet]. 2025 [cited 2025 Apr 21]. Available from: 

https://www.dnv.com/maritime/insights/topics/fueleu-

maritime/#:~:text=This%20will%20start%20at%20a,of%20the%20EU%20or%20EEA. 



 

69(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

10. European Commission. Reducing emissions from the shipping sector [Internet]. 

2025 [cited 2025 Apr 21]. Available from: https://climate.ec.europa.eu/eu-

action/transport/reducing-emissions-shipping-sector_en 

11. Trading economics. EU Carbon Permits [Internet]. 2025 [cited 2025 Oct 7]. 

Available from: https://tradingeconomics.com/commodity/carbon 

12. Homaio. European carbon market: Our Guide for 2025 [Internet]. 2024 [cited 2025 

Oct 7]. Available from: https://www.homaio.com/post/eu-ets-definitions-updated-

guide#:~:text=EUA%20Price%20Outlook%20for%202025,%2C%20up%2015%25%2

0from%202024. 

13. BloombergNEF. Europe’s New Emissions Trading System Expected to Have World’s 

Highest Carbon Price in 2030 at €149, BloombergNEF Forecast Reveals [Internet]. 

2025 [cited 2025 Oct 7]. Available from: 

https://about.bnef.com/insights/commodities/europes-new-emissions-trading-

system-expected-to-have-worlds-highest-carbon-price-in-2030-at-e149-

bloombergnef-forecast-reveals/ 

14. BloombergNEF. EU ETS Market Outlook 1H 2024: Prices Valley Before Rally 

[Internet]. 2024 [cited 2025 Oct 7]. Available from: 

https://about.bnef.com/insights/commodities/eu-ets-market-outlook-1h-2024-

prices-valley-before-rally/ 

15. Zetterberg L, Elkerbout M. What lies ahead for the EU ETS? [Internet]. 2025 [cited 

2025 Oct 7]. Available from: https://energiforsk.se/media/34065/what-lies-ahead-

for-the-eu-ets-2025_1.pdf 

16. Grahn D, Hjort A, Jivén K, Forsström E, Gehandler J, Dahlbom S. Förnybar flytande 

biogas (LBG) till sjöfart i praktiken [Internet]. 2023 [cited 2025 Apr 17]. Available 

from: 

https://lighthouse.nu/images/Rapporter/FS29_2023_Fo%CC%88rnybar_flytande_b

iogas_LBG_till_sjo%CC%88farten_i_praktiken.pdf 

17. Grahn D, Carranza Munoz A, Storm B, Persson E, Hedayati A. Enhanced Methane 

Production Through Carbon Dioxide Utilization at Biogas Plants. 2025. 

18. F3 Innovationskluster - Hpllbara biodrivmedel. FAME, Fatty acid methyl esters 

[Internet]. 2025 [cited 2025 Apr 21]. Available from: https://f3centre.se/en/fact-

sheets/fame-fatty-acid-methyl-esters/ 



 

70(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

19. Crown oil fuels and lubricants. An In-depth comparison between HVO Fuel and 

Biodiesel [Internet]. 2025 [cited 2025 Apr 21]. Available from: 

https://www.crownoil.co.uk/resources/hvo-vs-biodiesel-which-fuel-is-right-for-

your-

business/#:~:text=HVO%20is%20often%20confused%20with,feedstocks%20instea

d%20of%20crude%20oil. 

20. AFRY. Investigation of conditions for using Green Hydrogen based fuels in Umeå 

Hamn. 2023. 

21. Frost M, Blomhoff H, Grahn D, Storm B, Grönkvist S, Marnate K, et al. Hydrogen 

storage - Knowledge overview and technical analysis. 2025. 

22. Andersson J, Grönkvist S. Large-scale storage of hydrogen. Int J Hydrogen Energy. 

2019 May 3;44(23):11901–19. doi:10.1016/J.IJHYDENE.2019.03.063 

23. Chen Z, Kirlikovali KO, Idrees KB, Wasson MC, Farha OK. Porous materials for 

hydrogen storage. Chem. 2022 Mar 10;8(3):693–716. 

doi:10.1016/J.CHEMPR.2022.01.012 

24. Usman MR. Hydrogen storage methods: Review and current status. Renewable and 

Sustainable Energy Reviews. 2022 Oct 1;167:112743. 

doi:10.1016/J.RSER.2022.112743 

25. Muthukumar P, Kumar A, Afzal M, Bhogilla S, Sharma P, Parida A, et al. Review on 

large-scale hydrogen storage systems for better sustainability. Int J Hydrogen 

Energy. 2023 Oct 15;48(85):33223–59. doi:10.1016/j.ijhydene.2023.04.304 

26. Barthélémy H, Weber M, Barbier F, Furtado J, Fuster B, Bardoux O. HYDROGEN 

STORAGE: RECENT IMPROVEMENTS AND INDUSTRIAL PERSPECTIVES. 

27. Kumar N, Lee SY, Park SJ. Advancements in hydrogen storage technologies: A 

comprehensive review of materials, methods, and economic policy. Nano Today. 

2024 Jun 1;56:102302. doi:10.1016/J.NANTOD.2024.102302 

28. Li M, Bai Y, Zhang C, Song Y, Jiang S, Grouset D, et al. Review on the research of 

hydrogen storage system fast refueling in fuel cell vehicle. Int J Hydrogen Energy. 

2019 Apr 23;44(21):10677–93. doi:10.1016/J.IJHYDENE.2019.02.208 



 

71(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

29. Zheng J, Li L, Chen R, Xu P, Kai F. High pressure steel storage vessels used in 

hydrogen refueling station. Journal of Pressure Vessel Technology, Transactions of 

the ASME. 2008 Feb 1;130(1):0145031–3. doi:10.1115/1.2826453/475806 

30. Marocco P, Ferrero D, Lanzini A, Santarelli M. The role of hydrogen in the optimal 

design of off-grid hybrid renewable energy systems. J Energy Storage. 2022 Feb 

1;46:103893. doi:10.1016/J.EST.2021.103893 

31. Elberry AM, Thakur J, Santasalo-Aarnio A, Larmi M. Large-scale compressed 

hydrogen storage as part of renewable electricity storage systems. Int J Hydrogen 

Energy. 2021 Apr 26;46(29):15671–90. doi:10.1016/J.IJHYDENE.2021.02.080 

32. Energy storage. Technology descriptions and projections for long-term energy 

system planning. [Internet]. 2020 [cited 2025 Apr 10]. Available from: 

file:///C:/Users/maria4152/Downloads/Technology%20data%20catalogue%20for%

20Energy%20Storage.pdf 

33. Nachtane M, Tarfaoui M, Abichou M amine, Vetcher A, Rouway M, Aâmir A, et al. 

An Overview of the Recent Advances in Composite Materials and Artificial 

Intelligence for Hydrogen Storage Vessels Design. Journal of Composites Science. 

2023 Mar 1;7(3). doi:10.3390/JCS7030119 

34. Papadias DD, Ahluwalia RK. Bulk storage of hydrogen. Int J Hydrogen Energy. 2021 

Oct 11;46(70):34527–41. doi:10.1016/J.IJHYDENE.2021.08.028 

35. Reddi K, Elgowainy A, Rustagi N, Gupta E. Techno-economic analysis of 

conventional and advanced high-pressure tube trailer configurations for 

compressed hydrogen gas transportation and refueling. Int J Hydrogen Energy. 

2018 Mar 1;43(9):4428–38. doi:10.1016/J.IJHYDENE.2018.01.049 

36. Fagerström A, Särnbratt M, Hansson J, Hernández Leal M, Storm B, Olsson M, et al. 

THE POTENTIAL OF HYDROGEN IN A SWEDISH CONTEXT. In. 2024. Available from: 

www.energiforsk.se 

37. Marnate K, Grönkvist S. Looking beyond compressed hydrogen storage for 

Sweden: Opportunities and barriers for chemical hydrides. Int J Hydrogen Energy. 

2024 Aug 5;77:677–94. doi:10.1016/J.IJHYDENE.2024.06.106 



 

72(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

38. Johansson F, Spross J, Damasceno D, Johansson J, Stille H. Investigation of research 

needs regarding the storage of hydrogen gas in lined rock caverns Prestudy for 

Work Package 2.3 in HYBRIT Research Program 1. 

39. Alsaba W, Al-Sobhi SA, Qyyum MA. Recent advancements in the hydrogen value 

chain: Opportunities, challenges, and the way Forward–Middle East perspectives. 

Int J Hydrogen Energy. 2023 Aug 8;48(68):26408–35. 

doi:10.1016/J.IJHYDENE.2023.05.160 

40. Clean Hydrogen Partnership, PROGRAMME REVIEW REPORT 2024 [Internet]. 

doi:10.2843/701255 

41. Hosseini SE. Hydrogen, a green energy carrier. Fundamentals of Hydrogen 

Production and Utilization in Fuel Cell Systems. 2023 Jan 1;1–37. 

doi:10.1016/B978-0-323-88671-0.00004-8 

42. pidjoe. The Future of Hydrogen. 

43. Path to hydrogen competitiveness A cost perspective [Internet]. 2020 [cited 2025 

Apr 15]. Available from: www.hydrogencouncil.com. 

44. - International Energy Agency I. Global Hydrogen Review 2023 [Internet]. 2023 

[cited 2025 Apr 15]. Available from: www.iea.org 

45. European Maritime Safety Agency (EMSA). Potential of Ammonia as Fuel in 

Shipping [Internet]. 2023 [cited 2025 Apr 21]. Available from: 

https://www.emsa.europa.eu/newsroom/latest-news/item/4833-potential-of-

ammonia-as-fuel-in-shipping.html 

46. Wärtsilä. Wärtsilä 25 - the engine with true fuel flexibility [Internet]. 2025 [cited 

2025 Oct 22]. Available from: 

https://www.wartsila.com/marine/products/engines-and-generating-sets/dual-

fuel-engines/wartsila-25 

47. Everllence. A new chapter – ammonia two-stroke engines [Internet]. 2025 [cited 

2025 Oct 22]. Available from: https://www.everllence.com/marine/products/two-

stroke-engines/ammonia-engine 

48. Klimat- och näringslivsdepartementet. Regeringen ger nya beredningsuppdrag för 

två havsbaserade vindkraftsparker [Internet]. 2024 [cited 2025 Apr 27]. Available 



 

73(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

from: https://www.regeringen.se/pressmeddelanden/2024/12/regeringen-ger-

nya-beredningsuppdrag-for-tva-havsbaserade-

vindkraftparker/#:~:text=L%C3%A4nsstyrelsen%20i%20V%C3%A4stra%20G%C3%B

6talands%20l%C3%A4n%20ska%20bereda%20ans%C3%B6kan%20f%C3%B6r%20e

nergiparken,7%2C8%20TWh%20per%20%C3%A5r. 

49. Eolus. Aurum vindkraftspark [Internet]. 2025 [cited 2025 Apr 27]. Available from: 

https://www.eolus.com/projekt/aurum-

vindkraftspark/#:~:text=Detta%20g%C3%A5r%20att%20j%C3%A4mf%C3%B6ra%20

med,gr%C3%B6na%20industriutvecklingen%20i%20norra%20Sverige. 

50. Methanol Institute and GENA Solutions. Renewable methanol [Internet]. 2025 

[cited 2025 May 5]. Available from: https://www.methanol.org/renewable/ 

51. Nordion Energi H2 AB och Fertiberia. Vätgasinfrastruktur NHR & Power2Earth 

[Internet]. 2024 [cited 2025 Sep 30]. Available from: 

https://www.svk.se/siteassets/om-oss/organisation/vara-

rad/planeringsradet/2024/bilaga-5-h2-och-p2e-20241204.pdf 

52. Fertiberia. Environmental projects: working to be carbon neutral by 2035 

[Internet]. 2025 [cited 2025 Apr 27]. Available from: 

https://www.fertiberia.com/en/esg/environment/projects/ 

53. Energigas Sverige. Produktion av biogas och rötrester och dess användning år 2024 

[Internet]. 2024 [cited 2025 Oct 15]. Available from: 

https://energigas.se/Media/mvwmqi3h/biogasstatistik-rapport_2024.pdf 

54. Jivén K, Hjort A, Malmgren E, Persson E, Brynolf S, Lönnqvist T, et al. Can LNG be 

replaced with liquid biomethane (LBM) in shipping? [Internet]. 2022 [cited 2025 

Oct 22]. Available from: https://f3centre.se/app/uploads/FDOS-28-

2022_P50435_SR-220224-1.pdf 

55. Towler GP, Sinnott RK. Chemical engineering design : principles, practice, and 

economics of plant and process design. Butterworth-Heinemann; 2013. 1303 p. 

56. Sadhukhan J, Seiw Ng K, Hernandez ME. Design, Integration and Sustainability 

Analysis Biorefineries and Chemical Processes. 2014. 



 

74(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

57. Chemical Engineering. 2024 CEPCI updates: June (prelim.) and May (final) 

[Internet]. 2024 [cited 2025 Jan 28]. Available from: 

https://www.chemengonline.com/2024-cepci-updates-june-prelim-and-may-final/ 

58. Maxwell C. Towering skills | Cost indices. 2020. 

59. Amjath M, Eljack F, Haouari M. Optimizing post-production alternate hydrogen 

supply chain pathways - An integrated TEA and LCA approach. Int J Hydrogen 

Energy. 2025. doi:https://doi.org/10.1016/j.ijhydene.2024.12.297 

60. Winnes H, Fridell E, Hansson J, Jivén K. Biofuels for low carbon shipping [Internet]. 

2019 [cited 2025 Oct 22]. Available from: 

https://triplef.lindholmen.se/sites/default/files/2023-

11/slutrapport_2018.1.4c_biofuels_for_low_carbon_shipping_bioship.pdf 

61. Sea-distance.org. Sea-distance.org [Internet]. 2025 [cited 2025 Oct 11]. Available 

from: https://sea-distances.org/ 

62. European hydrogen backbone. European Hydrogen Backbone - A european 

hydrogen infrastructure vision covering 28 countries [Internet]. 2022 Apr [cited 

2025 Oct 2]. Available from: https://ehb.eu/files/downloads/ehb-report-220428-

17h00-interactive-1.pdf 

63. Sagdur Y, Slowinski R, Rossum R, Kozub A, Kühnen L, Overgaag M, et al. European 

Hydrogen Backbone | Implementation roadmap - cross border project and costs 

update. 2023 Nov. 

64. Raucci C, McKinlay C, Karan A. The future of maritime fuels. What you need to 

know. Lloyd’s Register Maritime Decarbonisation Hub. 2023. 

65. Liquid Wind. Liquid Wind’s eFuel facility in Umeå granted environmental permit 

[Internet]. 2025 [cited 2025 Apr 10]. Available from: 

https://www.liquidwind.com/news/liquid-winds-efuel-facility-in-ume-granted-

environmental-permit 

66. Fertiberia. Power2Earth Project [Internet]. 2025 [cited 2025 Apr 27]. Available 

from: https://www.fertiberia.com/en/greenammonia/power2earth-project/ 

67. Elbruk. Elpriser 2024 [Internet]. 2025 [cited 2025 Apr 8]. Available from: 

https://www.elbruk.se/elpris-historik-2024 



 

75(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

68. Svenska Kraftnät. Långsiktig marknadsanalys - Scenarier för kraftsystemets 

utveckling fram till 2050 [Internet]. 2024. Available from: www.svk.se 

69. Gasgrid Finland and Nordion Energi. Nordic Hydrogen Route [Internet]. 2025 [cited 

2025 Apr 14]. Available from: https://nordichydrogenroute.com/sv/ 

70. Örnsköldsvik eFuel project — Liquid Wind [Internet]. [cited 2025 Apr 11]. Available 

from: https://www.liquidwind.com/ornskoldsvik 

71. Cozzolino R, Bella G. A review of electrolyzer-based systems providing grid ancillary 

services: current status, market, challenges and future directions. Front Energy 

Res. 2024 Feb 8;12:1358333. doi:10.3389/FENRG.2024.1358333/REFERENCE 

72. Becker H, Murawski J, Shinde D V., Stephens IEL, Hinds G, Smith G. Impact of 

impurities on water electrolysis: a review. Sustain Energy Fuels. 2023 Mar 

28;7(7):1565–603. doi:10.1039/D2SE01517J 

73. Water treatment for green hydrogen: what you need to know [Internet]. [cited 

2025 Apr 9]. Available from: https://hydrogentechworld.com/water-treatment-for-

green-hydrogen-what-you-need-to-know 

74. Keddar M, Zhang Z, Periasamy C, Doumbia ML. Power quality improvement for 20 

MW PEM water electrolysis system. Int J Hydrogen Energy. 2022 Dec 

8;47(95):40184–95. doi:10.1016/J.IJHYDENE.2022.08.073 

75. Sunfire-HyLink. Sunfire-HyLink SOEC [Internet]. [cited 2025 Apr 8]. Available from: 

https://sunfire.de/en/products/sunfire-hylink-soec/ 

76. Sunfire-HyLink. Sunfire-HyLink Alkaline [Internet]. [cited 2025 Apr 8]. Available 

from: https://backend.sunfire.de/wp-content/uploads/2024/10/Sunfire_Fact-

Sheet_AEL_EN-digital.pdf 

77. IRENA. GREEN HYDROGEN COST REDUCTION SCALING UP ELECTROLYSERS TO 

MEET THE 1.5°C CLIMATE GOAL H 2 O 2 [Internet]. 2020 [cited 2025 Apr 9]. 

Available from: www.irena.org/publications 

78. Deloitte. Fueling the future of mobility: hydrogen electrolyzers [Internet]. 2021 

[cited 2025 Apr 8]. Available from: 

https://www2.deloitte.com/content/dam/Deloitte/jp/Documents/global-business-

support/jp-gbs-fueling-the-future-of-mobility-hydrogen-electrolyzers.pdf 



 

76(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

79. Grahn D, Carranza Munoz A, Storm B, Persson E, Hedayati A. Enhanced Methane 

Production Through Carbon Dioxide Utilization at Biogas Plants. 2025. 

80. Jonsson F, Miljanovic A. Utilization of waste heat from hydrogen production - A 

case study on Botnia Link H2 Project in Luleå, Sweden. 2022. 

81. Air Liquide. Våra lösningar för massa- och pappersindustrin [Internet]. 2025 [cited 

2025 Apr 15]. Available from: https://se.airliquide.com/din-bransch/massa-och-

papperstillverkning 

82. Air Liquide. Oxyfuel-förbränning - Syreberikad förbränning [Internet]. 2025 [cited 

2025 Apr 15]. Available from: https://se.airliquide.com/gaslosningar-din-

bransch/oxyfuel-forbranning-syreberikad-

forbranning#:~:text=Oxyfuel%2Dtekniken%2C%20d%C3%A4r%20luft%20ers%C3%

A4tts,samtidigt%20genererar%20o%C3%B6nskade%20NOx%20gaser%20. 

83. Vätgas Sverige. Hur tillverkas vätgas? [Internet]. 2025 [cited 2025 Apr 15]. 

Available from: https://vatgas.se/fakta/hur-tillverkas-vatgas/ 

84. Liquid Wind. Projects Sweden. Umeå. eFuel as a step towards circularity [Internet]. 

2025 [cited 2025 Mar 28]. Available from: https://www.liquidwind.com/umea 

85. Power2Earth. Fossil-free Fertiliser and Ammonia Plant [Internet]. 2025 [cited 2025 

Apr 15]. Available from: https://www.power2earth.se/our-initiative#fertiliser-and-

ammonia-plant 

86. Wärtsilä. Ammonia as marine fuel? Benefits, challenges, and smart adoption 

[Internet]. 2025 [cited 2026 Feb 2]. Available from: 

https://www.wartsila.com/insights/article/ammonia-fuel-for-thought-in-our-deep-

dive 

87. BotnialänkenH2 | Uniper [Internet]. [cited 2025 Apr 24]. Available from: 

https://www.uniper.energy/sv/sverige/om-uniper-i-sverige/vatgas-i-

sverige/botnialankenh2 

88. European Hydrogen Observatory. Cost of hydrogen production [Internet]. 2023 

[cited 2025 Apr 10]. Available from: https://observatory.clean-

hydrogen.europa.eu/hydrogen-landscape/production-trade-and-cost/cost-

hydrogen-production 



 

77(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

89. Skatteverket. Skattebefriade användningsändamål - el [Internet]. 2024 [cited 2025 

Mar 11]. Available from: 

https://www4.skatteverket.se/rattsligvagledning/edition/2024.7/356486.html 

90. European energy. E-methanol: A game changer for decarbonising heavy transport 

and industry [Internet]. 2025 [cited 2025 Oct 12]. Available from: 

https://europeanenergy.com/wp-content/uploads/2025/02/e-methanol-a-game-

changer-for-decarbonising-heavy-transport-and-industry-2.pdf 

91. Sundsvall | eFuel facility — Liquid Wind [Internet]. [cited 2025 Apr 11]. Available 

from: https://www.liquidwind.com/sundsvall 

92. Energy institute. World’s largest green ammonia plant powered by off-grid 

renewables comes online in China. New energy world [Internet]. 2025 Jul 23 [cited 

2025 Oct 12]. Available from: https://knowledge.energyinst.org/new-energy-

world/article?id=139742 

93. Danish Energy Agency. Energistyrelsen | Analyses and statistics | Technology 

catalogues [Internet]. 2025 [cited 2025 Oct 12]. Available from: 

https://ens.dk/en/analyses-and-statistics 

94. Zauner A, Böhm H, Rosenfeld DC, Tichler R. Innovative large-scale energy storage 

technologies and Power-to-Gas concepts after optimization Analysis on future 

technology options and on techno-economic optimization. 2019. 

95. Zauner A, Böhm H, Rosenfeld DC, Tichler R. Innovative large-scale energy storage 

technologies and Power-to-Gas concepts after optimization Analysis on future 

technology options and on techno-economic optimization. 2019. 

96. Siemens Energy. Electrolysis efficiency [Internet]. 2025 [cited 2025 Oct 12]. 

Available from: https://p3.aprimocdn.net/siemensenergy/3690f053-5be1-4ecd-

83a2-b30800a2edc9/Electrolyzer_Technicalpaper_Efficiency-

pdf_Original%20file.pdf 

97. Siemens Energy. Hydrogen and Power-to-X solutions [Internet]. 2025 [cited 2025 

Oct 12]. Available from: https://p3.aprimocdn.net/siemensenergy/973beb1b-

97e0-4150-9c2e-b29800761a8c/Electrolyzer_Brochure_Hydrogen_PowertoX-

pdf_Original%20file.pdf 



 

78(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

98. Frost M, Blomhoff H, Grahn D, Storm B, Grönkvist S, Marnate K, et al. Hydrogen 

storage - Knowledge overview and technical analysis. 2025. 

99. Cui J, Aziz M. Techno-economic analysis of hydrogen transportation infrastructure 

using ammonia and methanol. Int J Hydrogen Energy. 2023. 

doi:https://doi.org/10.1016/j.ijhydene.2023.01.096 

100. DNV, Longva T, Mehammer Bachmann E, Wiger Austefjord J, Nakstad Strøm I, 

Helgesen H, et al. Comprehensive impact assessment of the basket of candidate 

mid-term GHG reduction measures - Task 2: Assessment of impact on the fleet. 

2024. 

101. Energinyheter.se. Elbrist stoppar miljardprojekt för fossilfri gödsel i Luleå 

[Internet]. 2025 [cited 2026 Feb 2]. Available from: 

https://www.energinyheter.se/20251105/33953/elbrist-stoppar-miljardprojekt-

fossilfri-godsel-i-lulea 

102. Jivén K, Hjort A, Andersson C, Styhre L. Introduktion av förnybara drivmedel i 

sjöfarten [Internet]. 2020 [cited 2026 Feb 2]. Available from: 

https://triplef.lindholmen.se/sites/default/files/2023-11/slutrapport-2020.3.2.4-

introduktion-av-fornybara-drivmedel-i-sjofarten.pdf 

  

 

 

 

  



 

79(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

Appendices 

9.1 Appendix A. Production of e-fuels, fuel 
emission factors, and energy density 

The production of hydrogen via electrolysis, e-methanol production, as well as e-
ammonia production are described in this section.  

Hydrogen production 
Electrolysis of water is an electrochemical process in which water (H₂O) is split into 
hydrogen gas (H₂) and oxygen gas (O₂), as shown in Equation (5). Hydrogen 
production through electrolysis takes place in an electrolyser, which consists of an 
anode, a cathode, and an electrolyte. Hydrogen is produced at the cathode and 
oxygen at the anode when an electric current passes through the water (71). The 
standard enthalpy for the reaction is +286 kJ/mol, meaning that producing 
hydrogen through electrolysis requires a significant energy input (36). 

 𝐻𝐻2𝑂𝑂(𝑙𝑙)
 
↔𝐻𝐻2 (𝑔𝑔) +

1
2
𝑂𝑂2 (𝑔𝑔) (5) 

An electrolyser consists of a stack (or multiple stacks), along with other 
components necessary to operate the system, such as equipment for water supply 
and recirculation, heat management, product separation and purification, and 
connection of the stack to the power source (72). These components are known as 
the balance of plant (BoP). Research and development are ongoing to increase the 
maximum stack size, but currently, the largest stacks are around 10 MW. If an 
electrolysis plant is to be built larger than the maximum stack size, multiple stacks 
are required. Consequently, electrolysis plants are typically modular, which means 
the stack itself only benefits from limited economies of scale. However, BoP is 
usually a single system and thus shows reduced cost per installed capacity due to 
economies of scale. 

There are three main electrolyser technologies: Alkaline electrolysers, Proton 
Exchange Membrane (PEM) electrolysers, and Solid Oxide Electrolysis Cells 
(SOEC). Each type has different advantages, disadvantages, and levels of 
technological readiness level (TRL). 
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• Alkaline electrolysers are the most mature technology and are mainly used 
in industry for large-scale hydrogen production (71). Their efficiency 
ranges from 50–78 %, with operating temperatures and pressures around 
70–90°C and under 30 bar. Alkaline electrolysers have high scalability, 
making them suitable for large applications. Their lifespan is around 75,000 
hours, and they produce hydrogen with high purity. 

• PEM electrolysers are commercially deployed but not as mature as alkaline 
electrolysers. They operate at temperatures and pressures between 50–80°C 
and up to 70 bar. The advantages of PEM technology include higher 
efficiency and a smaller footprint. They also have the fastest response time 
among electrolyser technologies and produce very pure hydrogen. PEM 
electrolysers are therefore suitable for flexible operation, where hydrogen 
storage is used to avoid high electricity prices. However, they have higher 
capital costs compared to alkaline electrolysers and a shorter lifespan. 
Additionally, their scalability is lower, making them more suitable for 
small to medium-scale applications (71). 

• SOEC electrolysers are a newer technology still under development. One of the 
differences between SOEC and the other two electrolyser technologies is that 
the SOEC uses water in the stat of steam. Their key features are high efficiency, 
the ability to co-produce syngas as well as the option to have them to operate 
in reverse mode – transforming hydrogen and oxygen back to electricity as a 
fuel cell (71). SOEC is a high-temperature technology with an operating 
temperature between 700–850°C and an operating pressure of 1 bar. The 
resulting high-temperature waste heat can be used for steam production, 
making the technology well-suited for integration into large-scale industrial 
applications. Compared to other technologies, SOEC has higher capital and 
operating costs, as well as a shorter lifespan (25,000 hours). 

The electrolyser technologies are summarised in Table A1. 
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Table A1. Characteristics of the three primary electrolyser technologies – Alkaline, PEM, and SOEC (71,73–78). 

  Alkaline PEM SOEC 

Electrolyte Alkaline (KOH) Solid polymer 

 

Solid oxide 

Temperature, °C 70 – 90°C 50 – 80°C 700 – 850°C 

Pressure, bar <30 <70 1 

Electrical efficiency 

 

50 % – 78 % 50 % – 83 % 89 % 

Response time Seconds Milliseconds Seconds 

Max stack size 10 MW 5 MW 2.68 MW 

Lifetime, h 75,000 50,000 – 80,000 25,000 

Footprint, m2/kWe 0.095 0.048 n/a 

Application Large scale Small to medium Large scale 

Hydrogen purity 99.5 % – 99.9998% 99.9 % – 99.9999 % 99.9 % 

TRL Mature technology Commercialised R&D 

Co-products from hydrogen production 
When producing hydrogen via electrolysis, by-products such as heat, and oxygen 
(O₂) are also generated. The amount of oxygen produced during electrolysis is just 
over 7.9 kg of oxygen per kg of hydrogen produced. The residual heat generated 
corresponds to approximately 30–40 % of the energy consumption for hydrogen 
production, or 15–20 kWh per kg of hydrogen produced. 

Depending on the type of electrolysis technology used, different integration 
opportunities arise. High-temperature electrolysis (SOEC) results in higher-quality 
waste heat (higher temperature), which can be used in industrial processes, such as 
steam generation. The residual heat from alkaline and PEM electrolysers is around 
50–90°C and can, for example, be used together with a heat pump for integration 
into district heating networks or used for heating low-temperature processes such 
as biogas production through anaerobic digestion (79,80).  

Examples of oxygen use include pulp mills (delignification) (81), wastewater 
treatment plants (aeration stage) (79), or to increase the oxygen concentration 
during combustion, so-called oxy-fuel combustion (82), to reduce fuel requirements 
and facilitate an easier carbon capture process. Oxygen can also be used as a 
shielding gas in metal processing, to shorten fat chains in food products to improve 
shelf life, and in hospitals and health centres (83). 



 

82(101) 
REPORT C11263 

LOCAL VERSUS REGIONAL PRODUCTION OF HYDROGEN-BASED FUELS AND 

         Hydrogen, Ammonia and Methanol in hydrogen hubs in the Nordic region (H2AMN) 
  June 2026 

Methanol production 
Methanol (CH3OH) can be produced by allowing hydrogen to react with carbon 
dioxide (CO₂) over a catalyst in a reactor. To produce renewable e-methanol, 
hydrogen from water electrolysis and typically biogenic carbon dioxide are used 
(20). One example of this is the planned project in Umeå, where carbon dioxide will 
be captured from Umeå Energi's operations and then combined with electrolytic 
hydrogen to produce e-methanol (65,84). While hydrogen production via 
electrolysis is flexible process, methanol synthesis and purification are not. To 
enable flexible operation of an e-methanol plant based on electricity price 
variations, hydrogen storage would therefore be required, allowing the synthesis 
and purification sections to operate continuously when the electrolyser is ramped 
down during periods of high electricity prices. This approach would also require 
an oversized electrolyser to both supply the methanol process and replenish the 
hydrogen storage when electricity prices are favourable. 

Ammonia production 
Ammonia (NH₃) is produced through the Haber-Bosch process in which ammonia 
is synthesised directly from nitrogen gas (N₂) and hydrogen at high pressure and 
high temperature in the presence of a catalyst (20). To produce renewable/low-
carbon ammonia, the most proposed technology involves combining hydrogen 
from water electrolysis with nitrogen gas from the air, which is separated using an 
ASU (air separation unit) powered by renewable electricity. One example of a 
company planning to use this type of process is Power2Earth, an industrial 
partnership between Fertiberia, Lantmännen, and Nordion Energi, with the goal of 
producing fossil-free ammonia and fertilizer in Luleå (85). Similar to e-methanol 
production, e-ammonia production involves a synthesis step that is less flexible 
than hydrogen production via electrolysis; therefore, hydrogen storage is required 
to enable flexible operation of the electrolyser. 

It is expected that the ammonia will be cheaper to produce per unit of energy 
compared to, for example, e-methanol, since ammonia is a less complex molecule. 
However, a major disadvantage of ammonia as a fuel is its high toxicity, which 
means strict safety measures are required throughout the entire value chain, 
including port and on-board ships. 

One advantage of ammonia as a fuel is that it contains no carbon, meaning no carbon 
dioxide is formed during combustion (6). However, combustion also leads to 
emissions of NOx, ammonia, and N₂O (86). NOx emissions can be mitigated using 
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conventional selective catalytic reduction (SCR) systems with urea as the reagent. 
According to Wärtsilä, ammonia may be used as the primary reagent in future 
systems, with urea as a back-up. Handling ammonia slip may require a wet scrubber 
system. A key remaining challenge is the control of N₂O emissions, a potent 
greenhouse gas, for which suitable catalysts are currently under development. 
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Fuel emission factors, energy density, and density 
Table A2. Energy density, density, and emission factors 2024, as well as expected emission factors for 2030 and 2045 for the evaluated fuels (2). 

 Emissions factor 

(gCO2e/MJ fuel) 
Energy density 

(MJ/kg) 

Density  

(kg/m3) 

Fuels 2024 2030 2045 

LNG 84.5 84.5 84.5 50.0 450 

LBM 18.1 13.0 10.0 50.0 450 

HVO7 6.7 3.7 0.6 44.0 780 

MGO 90.1 90.1 90.1 42.6 840 

HFO 91.1 91.1 91.1 41.9 922 

Diesel (MK1) 89.3 89.3 86.5 43.3 815 

Gasoline 78.4 78.4 75.4 41.4 754 

Electricity (Swedish mix) 3.50 3.50 0.00 n/a n/a 

Hydrogen 19.7 5.30 0.00 120 39 

e-Methanol 23.3 19.3 0.00 19.7 792 

Biomethanol 16.1 7.9 6.50 19.7 792 

e-Ammonia 24.5 20.5 1.20 18.8 682 

 

7 HVO is shown to have one of the lowest emission factors of the evaluated fuels. However, although HVO can be produced from various sources, such as vegetable oils and animal 
fats, overall feedstock supply is limited, meaning it can only play a marginal role in replacing fossil fuels in shipping. In addition, biodiesel based on crop feedstocks may compete 
with food production (102). 
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9.2 Appendix B. Planned e-fuel production in Sweden 
Table B1. A non-exhaustive list of planned e-fuel production in Sweden. The listed plans are the e-fuel production plans that either has no intended end-user or has indicated that the 
maritime sector could be the end-user.  
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Project name 
Project 

owners/partners 
Fuel 

Production capacity 

(tonne/year) 
Location Status Source 

Flagship ONE 
Övik Energy and 

Liquid Wind 
e-Methanol 100,000 Örnsköldsvik 

Feasibility study, 

planned start-up 2029 
(50) 

Flagship TWO 
Sundsvall Energy 

and Liquid Wind 
e-Methanol 100,000 Sundsvall 

Engineering phase, 

planned start-up 2029 
(50) 

Flagship THREE 
Umeå Energy and 

Liquid Wind 
e-Methanol 100,000 Umeå 

Engineering phase, 

planned start-up 2028 
(50) 

Söderhamn PtX 
European Energy 

and Svea Vind 

 

e-Methanol 100,000 Söderhamn 
Feasibility study, 

planned start-up 2030 
(50) 

NorthStarH2 

 

Uniper, Jämtkraft 

and Liquid Wind 
e-Methanol 112,000 Östersund 

Feasibility study, 

planned start-up 2029 
(50) 

Bothnia LinkH2 
Port of Luleå, ABB 

and Uniper 

e-Methanol/ 

Hydrogen 
100,000a Luleå 

Feasibility study, 

planned start-up 2029 
(50,87) 

Aurum vindkraftspark Eolus Hydrogen 170,000a Robertsfors Planned commissioning 

 
(49) 

Energipark Vidar Vattenfall, Zephyr Hydrogen 205,000a Skagerrak Planned commissioning 

 

(48) 

Power2Earth 
Fertiberia, Nordion 

Energy, Lantmännen 
e-Ammonia 547,500a Luleå-Boden 

Closed. Production 

planned 2029 after delay 
(66)  

a) Specified capacity is the maximum possible capacity reported. 





 

9.3 Appendix C. Technoeconomic data 

Assumptions for technoeconomic assessment 
Table C1. Data used for technoeconomic assessment of hydrogen, e-methanol, and e-ammonia 
production with ship transport from northern Sweden (Luleå) to Port of Gothenburg. 

Technoeconomic data Value Comment Source 

Operating hours (h/yr) 7,884 90 % of the year Assumption 

Plant lifetime (yr) 20  Assumption 

Discount rate (%) 8 %  Assumption 

Electricity price SE1/SE3 (EUR/MWh) 26/37  (67) 

Grid tariff (EUR/MWh) 11  (88) 

Energy tax (EUR/MWh) 6  (89) 

District heating (EUR/MWh) 24 Personal communication Assumption 

Biomass (EUR/MWh) 30 For steam generation (68) 

Deionised water (EUR/kgH2) 0.07 For hydrogen production (17) 

Working capital (% of CAPEX) 15  (55) 

Contingency (% of CAPEX) 10  (55) 

Transport data Value Comment Source 

Transport distance (km) 1,500 Umeå to Gothenburg (61) 

Transport of methanol (EUR/m3) 14.9 Conventional MGO tanker (60) 

Transport of ammonia (EUR/m3) 14.4  (59) 

Transport of compressed hydrogen (EUR/m3) 33.2 Compressed to 750 bar (59) 

Transport of liquefied hydrogen (EUR/m3) 15.1  (59) 

Size for LCOE calculationa Value Comment Source 

PEM electrolyser size 2025/2030 (MW) 52/123 European Energy/Liquid wind (65,90) 

e-Methanol plant size 2025 (kt/yr) 42 European Energy (90) 

e-Methanol plant size 2030 (kt/yr) 100 Liquid Wind (65, 90, 91) 

e-Ammonia plant size 2025 (kt/yr) 320 Chinese plant (92) 

e-Ammonia plant size 2030 (kt/yr) 550 Power2Earth (66) 

a) For estimation of PEM-electrolyser CAPEX, a base cost (for a 5MWe electrolyser) of 970 EUR/kW for 2025, and 530 EUR/kW for 2030 was used and 
scaled to selected size. For other equipment, only plant size was used to determine the difference in LCOE of 2025/2030. 

 

  



 

Production of e-Methanol 
Table C2. Size and investment cost for each major equipment of an e-methanol synthesis plant with the capacity to 
produce 100,000 tonne methanol annually. The cost includes both the material cost of the equipment, as well as 
costs included by Lang factors such as installation, piping, instrumentation, groundwork. 

Process item Size Specific cost Source 

Steam generation 7.4 MWth 220 EUR/kWth (93) 

PEM-electrolyser 123 MW 681 EUR/kW (93,94) 

Heat pump 25 MWth 1,428 EUR/kWth (93) 

Compressor 5 MW 2,862 EUR/kW (55) 

Methanol synthesis 100,000 t/year 878 EUR/(tMeOH/yr) (93) 

Methanol tank (3 days) 1,039 m3 959 EUR/m3 (55) 

Grid connection 136 MW 107 EUR/kW (6) 

 
Table C3. Energy and material consumption as well as produced co-products for an e-methanol plant with the 
capacity of producing 100,000 tonne methanol annually. 

Energy demand and co-products (per tonne MeOH) Specific cost Source 

Energy and material demand   

Electricity consumption (MWh) 10.71 Calculated 

Steam (MWh) 0.58 Calculated 

Demineralised water (t) 1.69 Calculated 

Carbon dioxide (CO2) (t) 1.37 Calculated 

Co-products   

District heating (MWh) 4.80 Calculated 

Oxygen (t) 1.50 Calculated 

 
Table C4. Other data used in the technoeconomic assessment of e-methanol production. 

Other technoeconomic data Data Source 

Methanol production (t/yr) 100,000 Assumption 

Operation and maintenance (% of CAPEX) 5.5 % (55, 93, 95) 

PEM-electrolyser efficiency (%LHV) 65 % (96, 97) 

Degradation of stack (%/yr) 1.04 % (93) 

Stack lifetime (h) 65,500 (93) 

Stack refurbishment cost (% of electrolyser CAPEX) 13 % (93) 

 



 

Production of hydrogen via PEM-electrolysis 
Table C5. Size and investment cost for each major equipment of hydrogen production via PEM-electrolysis with 
the capacity to produce 18,910 tonne hydrogen annually (123 MW). The cost includes both the material cost of the 
equipment, as well as costs included by Lang factors such as installation, piping, instrumentation, groundwork. 

Process item Size Specific cost Source 

PEM-electrolyser 123 MW 680 EUR/kW (93, 95) 

Heat pump 43 MWth 1,421 EUR/kWth (93) 

Compressora 3.5 MW 3.194 EUR/kW (55) 

Liquefaction planta 18,910 t 12 EUR/(kg/yr) (59) 

Regasification planta 18,910 t 0.7 EUR/(kg/yr) (59) 

Hydrogen storage 350 bar (3 days) tank 155 t 125 EUR/kg (93, 98) 

Hydrogen storage liquefied (3 days) 155 t 41 EUR/kg (59) 

Grid connection (compressed) 138 MW 107 EUR/kW (6) 

Grid connection (liquefaction) 171 MW 107 EUR/kW (6) 

a) Compressor for compressed hydrogen, liquefaction and regasification for liquefied hydrogen. 

 
Table C6. Energy and material consumption as well as produced co-products for a PEM-electrolyser with the 
capacity of producing 18,910 tonne hydrogen annually. 

Energy demand and co-products 

(per tonne hydrogen) 

Specific cost 

(Compressed / Liquefied) 
Source 

Energy and material demand   

Electricity consumption (MWh) 57.6 / 72.4 Calculated 

Demineralised water (t) 8.94 Calculated 

Co-products   

District heating (MWh) 19.4 / 18.0 Calculated 

Oxygen (t) 7.94 Calculated 

 
Table C7. Other data used in the technoeconomic assessment of hydrogen production via PEM-electrolysis. 

Other technoeconomic data Data 

(Compress/Liquefied) 

Source 

Hydrogen production (t/yr) 18,910 Assumption 

Operation and maintenance (% of CAPEX) 1.5 % / 3.8 % (55, 93, 95) 

PEM-electrolyser efficiency (%LHV) 65 % (96, 97) 

Degradation of stack (%/yr) 1.04 % (93) 

Stack lifetime (h) 65,500 (93) 

Stack refurbishment cost (% of electrolyser CAPEX) 13 % (93) 



 

Production of e-Ammonia 
Table C8. Size and investment cost for each major equipment of ammonia production via PEM-electrolysis with 
the capacity to produce 547,500 tonne ammonia annually (1,500 TPD). The cost includes both the material cost of 
the equipment, as well as costs included by Lang factors such as installation, piping, instrumentation, 
groundwork. 

Process item Size Specific cost Source 

PEM-electrolyser 641 MW 504 EUR/kW (93, 95) 

Air separation unit (ASU) 459,900 tN2/yr 396 EUR/(tN2/yr) (99) 

Ammonia synthesis 547,500 tNH3/yr 2,358 EUR/(tNH3/yr) (93, 99) 

Ammonia storage (3 days) 4,500 tNH3 6 EUR/kgNH3 (99) 

Grid connection 669 MW 107 EUR/kW (6) 

 
Table C9. Energy and material consumption as well as produced co-products for an e-ammonia plant with the 
capacity of producing 547,500 tonne ammonia annually (1,500 TPD) 

Energy demand and co-products 

(per tonne ammonia) 
Specific cost Source 

Energy and material demand   

Electricity consumption (MWh) 9.64 Calculated 

Demineralised water (t) 1.61 Calculated 

Co-products   

District heating (MWh) 0.95 Calculated 

Oxygen (t) 1.43 Calculated 

 
Table C10. Other data used in the technoeconomic assessment of e-ammonia production. 

Other technoeconomic data Data Source 

Ammonia production (t/yr) 547,500 Assumption 

Operation and maintenance (% of CAPEX) 3.5 % (55, 93, 95) 

PEM-electrolyser efficiency (%LHV) 65 % (96, 97) 

Degradation of stack (%/yr) 1.04 % (93) 

Stack lifetime (h) 65,500 (93) 

Stack refurbishment cost (% of electrolyser CAPEX) 13 % (93) 

 

  



 

9.4 Appendix D. Fuel production sensitivity 
analysis 

Hydrogen production via PEM-electrolyser 

 

Figure D1. Sensitivity analysis on the effect of electricity price on the levelized cost of energy for production of 
compressed hydrogen with PEM electrolyser. 



 

 

Figure D2. Sensitivity analysis on the effect of scale on the levelized cost of energy for production of compressed 
hydrogen with PEM electrolyser. 

 

Figure D3. Sensitivity analysis on the effect of electricity price on the levelized cost of energy for production of 
liquefied hydrogen with PEM electrolyser. 



 

 

Figure D4. Sensitivity analysis on the effect of scale on the levelized cost of energy for production of compressed 
hydrogen with PEM electrolyser. 

e-Methanol production 

 

Figure D5. Sensitivity analysis on the effect of electricity price on the levelized cost of energy for production of e-
methanol from CO2 and H2. 



 

 
Figure D6. Sensitivity analysis on the effect of scale on the levelized cost of energy for production of e-methanol 
from CO2 and H2. 

e-Ammonia production 

 

Figure D7. Sensitivity analysis on the effect of electricity price on the levelized cost of energy for production of e-
ammonia from N2 and H2. 



 

 

Figure D8. Sensitivity analysis on the effect of scale on the levelized cost of energy for production of e-ammonia 
from N2 and H2. 



 

9.5 Appendix E. Detailed fuel demand per 
scenario 

Ship fuel consumption in Port of Gothenburg 

 
Figure E1. Ship fuel consumption (on energy basis) for each fuel mix scenario and low growth rate. The values are 
reported for year 2030 and 2050, and the base year 2025. 



 

 
Figure E2. Ship fuel consumption (on energy basis) for each fuel mix scenario and high growth rate. The values 
are reported for year 2030 and 2050, and the base year 2025. 



 

Bunkering volumes in the Gothenburg area 

Figure E3. Bunkering volumes in the Gothenburg area (on energy basis) for each fuel mix scenario and low growth 

rate. The values are reported for year 2030 and 2050, and the base year 2025. 

 
Figure E4. Bunkering volumes in the Gothenburg area (on energy basis) for each fuel mix scenario and high 
growth rate. The values are reported for year 2030 and 2050, and the base year 2025.  



 

9.6 Appendix F. Fuel price and fuel cost per 
scenario 

Table F1. Fuel costs for 2025, 2030, and 2050 used for technoeconomic assessment. The prices are based on the 
work done by DNV (100). Calculated prices are based on data from the work done by IVL (6).  

 Fuel cost (EUR/MWh)   

Fuels 2025 2030 2050 Comment Source 

LNG 49.2 31.9 31.3  (100) 

MGO 49.2 44.6 36.2  (100) 

HFO 37.5 32.5 26.3  (100) 

Diesel (MK1) 116.1 105.1 85.4  (100) 

Gasoline 133.5 120.9 98.2  (100) 

LBM8 74.6 82.0 93.5  (17, 100) 

HVO 87.3 95.7 122.6  (100) 

Electricity 82.7 76.2 56.7  (100) 

Hydrogen 145 128 113.9 2025/2030 estimated (6, 100) 

e-Methanol 179 144 139.3 2025/2030 estimated (6, 100) 

Biomethanol 184.5 95.4 119.5  (100) 

e-Ammonia 179 155 96.6 2025/2030 estimated (6, 100) 

 
  

 

8 Liquefied renewable methane produced via methanation of the CO2 from a biogas plant with an initial 
capacity of 50 GWh would produce e-methane (liquefied) to a price of approximately 156 EUR/MWh (17). 
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