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Hydrogen and hydrogen-derived solutions are emerging as critical enablers of Europe’s
decarbonization strategy, particularly for industrial sectors that are difficult to electrify, such
as steel, chemicals, and maritime transport. This study investigates the techno-economic
feasibility of hydrogen and methanol transport from Finland to Germany, addressing a key
knowledge gap in the integrated assessment of logistics, infrastructure, and cost
competitiveness along this emerging corridor. Using a qualitative, literature-based research
design that includes peer-reviewed studies, policy papers, and industry reports including EU
hydrogen strategy documents, Fingrid’s 2030 export roadmap, and case studies under the
European Hydrogen Backbone and Clean Hydrogen Partnership programs. In this study,
comparative evaluation of four transport modes which involve upgraded pipelines, liquid
hydrogen shipping, methanol-based transport, and intermodal logistics, were undertaken,
focusing on capital and operational expenditures, infrastructure readiness, and
scalability. Results reveal that pipeline retrofitting offers the most cost-effective and scalable
solution, with amortized investment costs ranging from €0.15-0.22/kg H, and operational costs
between €0.08-0.12/kg H, per year. Methanol-based transport, though less energy-efficient,
provides flexibility and compatibility with existing fuel infrastructure, supporting early-stage
market deployment. In contrast, liquid hydrogen shipping and intermodal options are
constrained by high energy losses and capital intensity. The estimated levelized cost of
hydrogen (LCOH) between 2025-2030 ranges from €3—4.15/kg electrolytic H, higher than
prior projections, but technically viable under coordinated infrastructure and policy
frameworks. The study concludes that a hybrid export model combining upgraded pipelines
for transportation of baseload of hydrogen and methanol shipping for flexible capacity is best
aligned with Fingrid’s 2030 hydrogen export targets and EU climate goals. Achieving this
requires synchronized investment, cross-border regulatory harmonization, and private-sector
collaboration. The findings contribute to strategic planning for Finland’s role as a Northern
European clean energy hub and provide evidence-based insights for policymakers and investors
navigating the hydrogen economy transition.
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1 Introduction
European Union is highly ambitious for achieving controlled environmental neutrality by 2050,
while 55% reduction in greenhouse gas emissions (GHG) by 2030 in contrast to 2015 as
recognized under the FEuropean Union green arrangement (Norouzi, 2021). This aim to
decarbonize has brought power to x (PtX) under the main position for the conversion of energy
systems, specifically in industries where electricity and fuel consumption is a major concern
such as large scale manufacturing industry, maritime industry , and aeronautics industry
(Alhadhrami et al., 2024; Sollai et al., 2023). The yields that are produced from PtX such as
renewable hydrogen (produced through renewable electrolysis) are proving itself a strategic
leader in the energy transformation in Europe. Also providing decarbonization solutions in
engineering sectors which are not able to electrify straight, which including steel, chemicals
and maritime transport (Bram et al., 2024; Sonthalia et al., 2023). Finland, being one of the
main sources of renewable energy with a strategic location, can gain financial advantage by
delivering Hydrogen (Hz) to Germany to meet its shortages of import. However, there will be
huge transportation routes and infrastructural issues.
In Europe, the most potential route being developed to transport hydrogen is Finland-Germany,
since it links an area which is considered as excessively saturated renewable H> manufacturing
area in Northern Europe to a highly commercialized electricity generating units in Central
Europe. An increasingly dense grids specific to hydrogen, incorporating electrolysis production
centers, pipelines, storage facilities, compression and metering, and refueling stations are
making this a reality(Galimova et al., 2023).

Having issues of substantial integrity, compression supplies, and regulatory barriers, an
existing gas pipeline like Baltic connector, are technically incompatible to carry and deliver
pure hydrogen (Bollmann et al., 2023). Transportation of Hz is gaining a lot of interest, however
there is yet not any detailed solution to discuss how the combined technological and economical
study of H» transportation anticipates the operation overall in Finland-to-Germany corridor
(Sumbal et al., 2023). If these gaps are not filled, the stakeholders would not have any
information to guide the investors and policy decision makers. The influence of the presented
study stems from its examination of technological viability, sustainability factors, and
scalability of an substitute mode of transportation to support the Finland’s export potential and
meet European Union climate targets (Lopez, 2024; Wang et al., 2024)

With focus on current and planned pipelines and Hy station infrastructure the study attempts to
methodically analyze the supply chain of Ha transport between Finland and Germany. This

thesis frameworks the interregional, multinational incorporation of hydrogen infrastructure



among Finland, the Baltic Community, Poland and Germany mapping the route geographically
and identifies the components of infrastructure (Jayawardhana et al., 2025).

To achieve Finland’s goal of exporting hydrogen such as Fingrid’s 2030 target of enabling the
delivery of 16 TWh of hydrogen equivalent electricity to Germany, Finland must have to invest
in new transportation solutions that are long-term, reliable with modern technology such as
retrofitting existing pipeline of natural gas, shipping technologies, methanol based and
intermodal logistics. In order to facilitate long distance and distinct hydrogen delivery modes
from Finland-Germany, economic characteristics of potential hydrogen transportation, various
structural requirement, upgrade of existing facilities, framework that provides cost favorable,
return on investment (ROI), and balanced capacity growth with the potential infrastructure,

bottlenecks of each transportation which has possibility to hinder the execution are studied.
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2 Literature review

The European union is these days working towards the green deal by EU, which involves a
complete set of policy and strategy to attain climate neutrality by 2050 in the European union.
Main purpose is, making the European union a strong competitive, environmentally friendly,
advanced, and economy which is climate-neutral (Cifuentes-Faura, 2022). It incorporates
various strategy divisions, such as reducing emissions, improving carbon absorbing systems,
and investing in renewable infrastructures and technologies. (Dupont et al., 2024). Tkachuk
(2024) believed the method was aimed to avoid the unintended carbon release by enforcing a
emission cost on imports which are from origins which have low determined environmental
policies. The proposal also included investment in valued organizations and infrastructure,
focused on minimum emission and sustainable resource-use solutions. European Union is
trying to control the capital to green programs to reduce financial risks produced by climate
change (Kantemirova et al., 2023).

Another important factor is organizing significant public and private investment to promote the
evolution to a climate-neutral economy (Diz & de Oliveira, 2024). It is also beneficial to
execute actions to protect and restore ecological systems and realize the importance of
biodiversity in developing climate resilience. Carbon border adjustment mechanism (CBAM)
which is carbon pricing mechanism is established to address the emissions leakage as well their
reductions (Perissi & Jones, 2022).

2.1 Hydrogen in energy transition

Hydrogen competes dynamically as a raw material in industries such as steel and ammonia
production through full decarbonization, where direct electric conversion is hard when
produced using renewable technologies (Norouzi, 2021). Such renewable hydrogen can be
stored and used later, meanwhile providing reliable solution if other renewable energy sources,
such as solar and wind are not regular. Hydrogen, therefore provides the reliable solution for
the aim of all countries to achieve net-zero emissions across large scale industries (Zhang et
al., 2023).

EU is more focused on production of hydrogen through renewable resources and is making this
aim as foundation of its strategy (Kovac et al. 2021). The main goal of this plan is to increase
both the production and consumption of renewable hydrogen, which is primarily produced
through electrolysis using renewable resources. The EU is also investing on infrastructure,
which includes dedicated hydrogen pipelines and storage warehouses to promote the route of
producing, storing and delivering H> (Franco, 2025). In this regard, the EU aggressively

participates in international cooperation to promote sustainable H value chains and accelerate
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the green transition worldwide. To ensure sustainability and transparency, hydrogen
certification system based on GHG emissions over the course of fuel’s lifecycle is being
established by the EU (Cheekatamarla, 2024).

2.2 Power-to-X technologies and application of products

Power-to-X technologies empower additional renewable electricity to be converted into
products such as gas, chemical compounds, like hydrogen. However, for producing renewable
H; electrolysis has been the main foundation of PtX, where renewable electricity is used to
breakdown water into oxygen and renewable hydrogen where green hydrogen is produced
when 100% renewable resources such as hydropower, wind, solar are used (Engstam, 2021).
Hydrogen is also used as a raw material in some processes as well as a fuel itself. PtX
technologies are most demanding in organizations that wants to be carbon neutral so it can
convert the energy to products that are utilized and delivered throughout the system
(Mohammed & Farzaneh, 2025).

Lavate et al. (2023) stated that hydrogen utilization in various industries, such as iron and
ammonia, methanol, and oil refinery is a key element. Hydrogen is used as a major raw material
to produce methanol, similarly a main element of plastics and polymers and chemical used
mainly in manufacturing fertilizers such as ammonia. Hydrogen, by eliminating sulfur and
other impurities plays a major role in refining crude oil resulting in improvements of fuel (such
as, gasoline, diesel) (Zou et al., 2022). Direct reduced iron (DRI) can be facilitated by
hydrogen, eliminating carbon reduction in the steel sector and avoiding traditional blast
furnaces (Qazi, 2022). Hydrogen driven fuel cells produce static electricity and run vehicles
(Locke, 2024).

2.3 Hydrogen transport pathways and conversion technology

To transport hydrogen, different pathways can be used such as pipelines, ammonia or methanol
carriers, LH> and LOHCs. Hydrogen as ammonia or methanol are more feasible to transport as
compare to liquid hydrogen or gaseous hydrogen which requires cryogenic and special storage
facilities (Schorn et al., 2021).

Pipeline transport of hydrogen can be done either by constructing new pipeline structures or
retrofitting existing infrastructure of gas pipeline such as natural gas pipeline. The use of
already available gas line reduces initial investment, lowering overall Capex. However, no
matter which infrastructure is decided, pipeline transport always has low Opex and high
scalability (Mahajan et al., 2022).

Hydrogen can also be transported in form of its derivatives such as ammonia and methanol.

Sonthalia et al. (2023) stated that the cost of methanol production is relatively lower compared
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to other alternative fuels. Although, the existing infrastructure can be used for production, still
the reconversion cost result in increasing cost and reducing efficiency (Al-Yafei et al., 2025).
Another option of hydrogen transport pathways includes transporting hydrogen in liquid form.
Although it requires low capex, the Opex is quite high since it requires special cryogenic
storage facility due to its low temperature (-253°C). Overall efficiency is not so high because
of high energy input requirement and losses during boil-offs (Fu et al., 2024).

In comparison to the liquid hydrogen transportation, the viable option is liquid organic
hydrogen carrier because the hydrogen is stored in the form of large molecules chemically bind
such as toluene—methylcyclohexane which is liquid at ambient temperature. The boil-offs are
low however hydrogenation is energy intensive (Alssalehin et al., 2025).

Table 1 shows a brief comparison of different hydrogen transport pathways in terms of cost,
efficiency and maturity.

Table 1: Comparison of hydrogen transport pathways

Pathway Cost Efficiency Maturity
Pipeline Low High High
Ammonia or methanol carrier Medium Medium High
Liquid H; carrier High Medium - low Medium
Liquid organic H; carrier Medium - high Low - medium Medium

2.4  Hydrogen infrastructure around the world

The Hz network globally shows the existing stations of hydrogen. Some of the countries are
considered as today’s leading countries that are contributing the building of hydrogen economy
worldwide as mentioned in Figure 1.

Hydrogen network in these countries is promoting H> applications easy in many sectors such
as transportation. Although not that expanded, but the use of Hz-based vehicles is expanding,
prominently in domestic transportation with specific commercial uses. The execution of Ha-
based community transportation fleets being harmonized by many cities like in Asia, and
Europe, are gaining attractiveness (Rolo et al., 2023). Meanwhile, trailers and cryogenic liquid
tanker/trucks are most widely used for smaller-distance or developing needs (Béhm et al.,
2022). Le et al. (2023) stated that fuel cell electric vehicles (FCEVs), such as trucks and buses,
are becoming progressively common; China, South Korea, and Japan and some other countries
have made major deployments of FCEVs. There are more hydrogen refueling stations available

in countries where adaptation of FCEV is high. Hybrid systems that can combine batteries and
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hydrogen fuel cells are being researched to enhance vehicle efficiency and performance (Xie
et al., 2024).

In addition to the transport industry, pipelines are also utilized in areas where the demand for
hydrogen is extensive and stable for both domestic and industrial applications. Yang et al.
(2023) also indicated that for long distances transportation of Ha, pipeline is another viable
solution specially in the areas where there is already existing developed infrastructure of natural
gas pipeline.

For further long distances such as across the sea, transportation of hydrogen can made
achievable through shipping carriers (Niermann et al., 2021). For shipping liquid hydrogen
(LH2), ammonia, or liquid organic hydrogen carriers (LOHCs) special cryogenic tankers are
used. For short distances, compressed hydrogen gas (GH») can be transported using tube trailers
making them suitable for smaller quantities and short distance. Both GH» and LH> can also be
transported through rail, which allows route flexibility and can be customized to meet specific

requirements (Alssalehin et al., 2025).

Figure 1: The countries around the world building hydrogen economy (Wikipedia, 2023)

2.4.1 Hydrogen infrastructure in Europe

Finland and Germany are essential in developing hydrogen infrastructure in Europe. Finland's
government has resolved to generate 10% of the European Union’s green hydrogen by 2030
(Laurikko et al. 2020). Projects like the Baltic Sea hydrogen collector and the Nordic hydrogen
route are part of the infrastructure developed for hydrogen transportation by Gasgrid Finland,
the state-owned gas transmission system operator. Finland has also been recognized and

supported by the EU for its hydrogen infrastructure projects (Lipidinen et al., 2023).
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Additionally, Germany is building a national hydrogen network at a quick pace. By 2030, the
German government anticipates the country will require 95-130 TWh of hydrogen and its
derivatives, with imports accounting for a sizable amount of that demand since they will not
be able to produce this much amount of hydrogen (Barlas, 2025). Although there are regulatory
obstacles, Germany's hydrogen policy calls for converting existing LNG facilities for hydrogen
use. With ambitious intentions for its utilization, Germany's steel sector is anticipated to
become a significant consumer of renewable hydrogen (Quitzow et al., 2024).

In addition, the European hydrogen backbone (EHB) aims to transport hydrogen throughout
Europe by building new and reused pipelines from existing natural gas pipelines. Additional
projects such as the clean hydrogen alliance and the European hydrogen bank will also play a
crucial role in establishing robust hydrogen economy in Europe (Spasowska, 2023). This aims
at enhancing the hydrogen value chain across European hydrogen stations as shown in Figure
2. with the assistance of public authorities, industry players, and research and technology
institutions. This project aims to develop business opportunities and investment security of

renewable hydrogen production in the EU and worldwide (Neumann et al., 2023).
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Figure 2: Hydrogen infrastructure across Europe (European Commission, 2024).
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2.5 Hydrogen production and dispatch infrastructure in Finland

Green hydrogen Finland is becoming a European leading producer of green hydrogen due to
the country's excessive amounts of renewable energy sources and the national focus on
improving clean energy technology. The northern area of this coast and the inland part of the
country, particularly Inkoo, Harjavalta and Kokkola, is the epicenter of this development, with
some of the most critical projects in Finland in terms of building its hydrogen infrastructure
(Koivunen et al., 2023).

The Inkoo Hydrogen Hub on the southern coast of Finland is strategically located as the most
important hub of the national hydrogen strategy. It is taking advantage of its position close to
large wind energy production, established port infrastructure, and proposed sub-sea pipeline
interconnection to serve domestic consumption and export abroad. This will make Inkoo a key
point in developing the hydrogen network in Finland (Gasgrid, 2025; Reuters, 2025).

In the meantime, PtX Solutions is combining high-tech electrolysis technology with the local
energy grids and special hydrogen buffering storage systems in its hydrogen plant in Harjavalta
and the plant facilities in Kokkola Industrial Park. These projects will allow flexibility on large-
scale hydrogen production to guarantee a consistent supply independent of the intermittency of
renewable energy supplies. All of these facilities together will act as hydrogen value chain
dispatch points in Finland, with green hydrogen chilled and pressurized to be transported via
national and cross-border pipeline networks to help meet Europe-wide decarbonization goals
(Jayawardhana et al., 2025; Koivunen et al., 2023).

The Nordic Hydrogen Route (NHR) is the upstream backbone of the hydrogen network in
Finland, which locates strategic connections between hubs in the North of the country and
transport corridors in central and southern regions. The NHR is proposed to be a hydrogen-
only pipeline that stretches through the Bothnian Bay and into Sweden. That will guarantee
complete compatibility with the industrial decarburization requirements throughout Europe,
including industries that rely purely on hydrogen-steel, chemicals, and heavy transport being
some of them (Bothnia, 2024).

The NHR has two dimensions to its purpose in the Finnish hydrogen strategy: domestic
balancing of hydrogen production, linking geographically dispersed production hubs, e.g.
Kokkola, Harjavalta and Inkoo, with consumption and storage points and export potential in
the future.

The complete view of planned or existing hydrogen production and transport networks in
Finland and the Nordic and Baltic regions, including the NHR and associated corridors, is

presented below in Figure 3.
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Figure 3: Current H» value-chain map from Finland to Germany (Gasgrid, 2025)

A planned 1,000 km dedicated hydrogen pipeline along Finland—Sweden’s Bothnian Bay,
branching toward Germany. Estimated transport cost: €0.10—0.20/kg H»; capex approximately
€3.5 billion (Gasgrid, 2025).The Baltic Sea Hydrogen Collector on the other hand is a key
offshore component of the Finland—Germany hydrogen corridor, currently under development.
The blue dotted lines in Figure 1 show that the proposed BHC would transport hydrogen from
southern hydrogen hubs in Finland, especially the Inkoo Hydrogen Hub, to hydrogen reception
facilities in Lithuania, such as the port of Klaipeda. This link across the ocean becomes an
essential alternative to overland routes, as it is less exposed to geopolitical risks and
infrastructure bottlenecks related to transit across various countries (Gasgrid, 2025).

Furthermore, the Nordic-Baltic Hydrogen Corridor (NBHC) represents the main overland
transportation route of hydrogen across the value chain, from southern Finland through Estonia,
Latvia, and Lithuania, and into Poland. This corridor uses a mix of transitional energy transport,
mixing new hydrogen-dedicated pipelines with repurposed natural gas pipelines to speed up

implementation while minimizing costs. In Estonia, the main compression and dispatch points
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are being developed in the key entry points of Paldiski and Tallinn, while the national
transmission system operator Elering is analyzing the possibility of converting high-pressure
gas pipelines for hydrogen. Border metering stations are to be built to allow monitoring of the
purity and volumetric flow of hydrogen at each national border (Friman, 2024).
2.6 Hydrogen import and distribution network in Germany
Germany will act as the end-consumer and demand center of the Finland-Germany hydrogen
corridor. The hydrogen is then delivered to Berlin upon entering Germany, where it serves as
an essential eastern node of Germany's planned national hydrogen network (Hampp et al.,
2023). Hydrogen is then transferred from Berlin through a modified pipeline network to
existing industrial clusters in Leuna, Hamburg, and the Ruhrgebiet, known for their energy
intensive large scale heavy industry (Burgess, 2024; Galimova et al., 2025). The German
National Hydrogen Strategy addresses the ongoing conversion of already established natural
gas infrastructure to accommodate hydrogen transport, a nationwide hydrogen refueling station
network for the transportation sector, and hydrogen utilization in industrial parks termed
Hydrogen Valleys. Infrastructure operators like Open Grid Europe (OGE) and Gascade are
leading the way in this regard, as they are already developing and operating the core hydrogen
back-bone that ties domestic supply routes to also cross-border routes (Ravichandran, 2024).
Figure 4 depicts the entire Finland-Germany corridor, including overland and maritime
infrastructure. In this image, it can be appreciated not only the hydrogen flows' direction but
also important interconnection points and how the corridor would link up with Germany's
hydrogen transport network, emphasizing the corridor's central position within the context of
Europe's decarburization and energy transition plans.
e Cross-border offshore pipeline network linking Finland — Sweden — Poland — Germany
via Baltic states and Poland.
e Length: approximately 2,500 km
e Initial capacity: approximately 2.7 million t/year (approx. 30 TWh/year) by 2040, rising to
4 million t/y (approximately 45 TWh) by 2050.
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Figure 4: Nordic-Baltic H» corridor from Finland to Germany (Ravichandran, 2024)

2.7 Techno-economic analysis of hydrogen transport

Techno-economic analysis (TEA) is the technical and economic review of a project or the
technical and financial feasibility of a technology in the energy and transportation industry
(Hassan & El-Amary, 2025). Software packages such as MATLAB, Aspen HYSYS or in-
house codes are used to model and simulate the technical aspects of a system or process. These
simulations aid process analysis in the forces on material flow, equipment sizing, equipment
efficiency, energy use, and process operation. The capital expenditure (CAPEX) and operating
expenditure (OPEX) are estimated by the use of process simulations and market data
(Balasubramanian et al., 2021).

Curcio (2025) revealed that calculating CAPEX, OPEX, ROI, and net returns involves a rather
broad strategy considering many cost factors and revenue streams to analyze the financial
viability of hydrogen transportation projects. CAPEX includes the cost of the pipeline
construction, a liquefaction and storage facility, tube trailers or other transportation devices,
costs of engineering and design costs, permits and regulatory approvals. (Junnila, 2024).
Similarly, the energy costs in OPEX include pumping, liquefaction and compression as well as
costs of maintenance and repair of pipeline, facilities, operation labor costs, taxes and insurance
costs, and loss/leakage of hydrogen costs. In addition, ROI evaluates the profit earned against

the initial investment to determine the project's profitability (Alcantara et al., 2025).
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2.8 Compression, metering, and monitoring stations

A transnational transport of hydrogen through the Finland-Germany corridor is feasible with a
series of compression stations, pressure control valves, and metering along the way to ensure
good flow, safety and quality of hydrogen (Brown et al., 2022). Compression stations are
placed at appropriate distances to maintain hydrogen at appropriate pressures while in transit.
The first compression stage occurs in Inkoo, Finland, where the hydrogen is compressed after
the electrolysis process and is ready for transport through subsea and overland pipelines.
Recompression stations are used in Tallinn (Estonia) to keep the pressure stable along the route
in case some pressure is lost during the journey. InCukalns in Latvia combines storage with
compressor stations, allowing for buffering storage and continuous flow. Warsaw, Poland,
further downstream, provides high-volume compression to support long-distance onward
transmission to Germany. Finally, the last compression station is located in Berliner
(Germany), after which hydrogen will be distributed via an internal hydrogen grid in Germany
to industrial users and refueling stations (Jayawardhana et al., 2025; Koivunen et al., 2023).
At the national border crossings and other key industrial centers, metering stations have been
stationed to ensure adherence to the requirements of hydrogen quality. This equipment
measures hydrogen quality, especially to contrast green hydrogen with grey hydrogen and
volumetric flow rates and the integrity of the pipelines. The deployment of advanced
Supervisory Control and Data Acquisition (SCADA) systems is also installed within the whole
corridor, which helps to monitor all its parts in real-time and identify leaks, as well as to
reinforce cybersecurity to guarantee the effective and safe functioning of this essential part of
the energy infrastructure (Ralph, 2024).

2.9  Integrated value chain summary

Finland and Germany’s current hydrogen transport value chain via pipelines and supporting
infrastructure is a collection of pieces of the puzzle enabling efficient transport of green
hydrogen across borders. The production starts in Finland, given that the green hydrogen is
produced through electrolysis in strategic places such as Inkoo, Harjavalta, Kokkola, with a
high potential for renewable energies. Once made, hydrogen can be compressed and then
transported long-distance from Finnish facilities located on-site to the facility. Along the way,
additional booster compression stations in Estonia, Latvia, Poland and Germany are built to
steady pipeline pressures and flows (Weiss et al., 2025). This transport network comprises,
among other large pipeline systems the Nordic Hydrogen Route, a pipeline within Finland, the
Baltic Sea Hydrogen Collector, an offshore pipeline from Finland via Lithuania to the Baltic

Sea, and the Nordic-Baltic Hydrogen Corridor from the Baltic States and Poland to Germany.
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This includes gas storage capacity provided by the In¢ukalns Underground Gas Storage (UGS)
facility in Latvia and buffer tanks in Finland and Poland. Hydrogen is transmitted through an
uninterrupted network of repurposed and new hydrogen pipelines. The third and last destination
is mainly the concentration of industrial hubs in Germany where the imported hydrogen is
consumed or the existing hydrogen-ready infrastructure already established in Germany
(Burgess, 2024).
Building a transnational hydrogen transport value chain via pipeline and station infrastructure,
which connects Finland and Germany, would be a strong and well-positioned answer to
Europe's clean energy transition. Thus, due to Finland's production based on renewables and
the construction of offshore and overland pipelines as part of the Nordic Hydrogen Route,
hydrogen could be transported permanently through the Baltic States and Poland. At the end
point of this corridor, Germany is ready to take in and inject this hydrogen into its increasing
national infrastructure (Koivunen et al., 2023). Nonetheless, and despite persisting technical,
regulatory, and geopolitical hurdles, this corridor is being developed within the ambit of
established and strongly EU-coordinated efforts like the RepowerEU plan, TEN-E regulation,
and IPCEI Hydrogen. Not only does the corridor increase energy security for Northern and
Central Europe, but it also establishes a framework for collaboration across borders in clean
energy. As more infrastructure comes into operation, this value chain will be fundamental for
the development of the hydrogen economy in Europe with environmental and economic
benefits (Burgess, 2024).
2.10 Business models in hydrogen value chain
Models comprising components such as the role of stakeholders, financial structures, customer
relationships, key activities, key resources and risk allocation are called business models
(Wikipedia, 2023). These models are prepared to define precisely how organizational activity
should be created to deliver value. In the energy sector most widely used is Business Model
Canvas, which provides a structural approach to describe all the relevant components to analyze
investment feasibility, operational structure and strategies across value chains (IEA, 2023).
The other common business model archetypes in hydrogen trade are:
(1) Integrated consortium model: This type of model is mainly generated when all the
stakeholders, such as producers and service providers, invest equally to share the risk.
This model enables investors to have end-to-end control so they can have long-term

and large-scale agreements.
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(11) Tolling/service platform model: This type of model is used when producers are the sole
investors, so ownership remains at their own risk. However, the service providers are
connected in a way that they can generate revenue only through capacity based.

(ii1))  Regulated pipeline operational model: This type of model determines the ownership of
the pipeline completely by the authorities, where revenue is generated only by fixed

tariffs approved by regulatory authorities. (Wikipedia, 2023)

2.11 Sustainability considerations of hydrogen and methanol

Hydrogen can be produced by electrolyzing water using renewable energy sources like hydro,
wind, or solar. When producing hydrogen, life cycle assessments (LCAs) usually consider the
creation of electrolyzers, the production of power, the storage of hydrogen, and transportation
(Zang et al., 2021). Besides, the methanol, which will later be converted into hydrogen, may
be synthesized through carbon capture and utilization (CCU), with captured CO; and renewable
energy or renewable sources such as biomass (Chhugani & Rahmani, 2025). Life cycle
assessments (LCAs) of methanol production consider the production of feedstock (e.g.,
biomass harvest and CO; capture), methanol synthesis, and transport. LCAs can also appraise
the impacts on human toxicity, eutrophication, acidification, and climate change (Osman et al.,
2024). To have a reference for hydrogen sustainability considerations, Table 2 has been

prepared that summarizes the detailed findings from the previous studies.

Table 2: Sustainability considerations hydrogen and methanol production

Production LCA system Sustainability .
Fuel Type Aspects Key findings Source
Process Boundary
Evaluated
significant reduction
in GHG emissions
because of
. use of electrolyzer renewable hydrogen
Electrolysis . . . .
usin production of potential climate as compared to fossil
Renewable & renewable change, use of fuel-based hydrogen.
renewable . . (Zang et al., 2021).
hydrogen energy (solar electricity, hydrogen | resources and However, main
erey > | storage and energy efficiency. |impact has been
wind, water) .
transportation generated by
electrolyzer
production and
electricity sources.
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Overall
sustainability
. . enhanced due to
Life of electrolyzers, | Water footprint, . . .
Large scale . integration with
. electricity supply energy .
electrolysis . renewable grids and
Green . throughout process, | consumption, land
integrated . . storage systems. (IEA, 2023).
hydrogen . . water consumption, | utilized, and
with grid and . However, water
and compression for | overall system .
storage transport efficienc consumption and
P Y feasible electrolyzers
are still key
challenges.
Methanol synthesis
is powered by
Methanol synthesis, | Carbon footprint, fii?l?:\/ibcl:;ftl)l:llls can
SMR using CO; capture, H energy . (Chhugani & Rahmani,
Methanol . . neutrality. However,
natural gas production, and consumption and . . 2025)
roduct supply carbon utilization. | S e &Y Intensity
p " | during synthesis and
carbon capture needs
to be controlled.
GHG emissions
reduced by using
biomass followed by
production biomass availability, | Climatic impact, decreasing
E-methanol | process using | methanol synthesis | acidification, dependency on fossil | (Osman et al., 2024
biomass fuel. |and transportation human toxicity fuels. However, may
increase
eutrophication and
land use impacts.

2.11.1 Environmental benefits of hydrogen transport

Naderipour et al. (2021) explained that the sustainability and carbon footprints of different
transportation modes differ. It is believed that active transport is the environmentally friendliest
as it does not emit air up to the time of usage and has some health benefits. Compared to
vehicles and airplanes, public transportation has substantially lower emissions per passenger,
mainly when it is completely occupied (Yaacob et al., 2020). Also, the type of vehicle (electric
vs. gasoline) and occupancy significantly impact private car emissions. However, they
typically have a larger carbon footprint than active travel and public transportation. The least
sustainable choice is usually air travel because of the significant per-person emissions,
particularly on short and medium-haul flights (Baron et al., 2024).

Martins et al. (2024) indicated that fossil fuels, hydrogen, and methanol have different
environmental trade-offs. Methanol can be made from renewable resources, is easier to store
and transport than hydrogen, has the potential to decarbonize industries that are difficult to
control (like shipping), and can be used as a fuel or chemical feedstock (Ioannou et al., 2023).
In contrast, fossil fuels are well-established but have majorly impact on greenhouse gas

emissions and other environmental problems. Further, fossil fuels have the highest life cycle
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emissions, whereas hydrogen has the lowest. Producing methanol and hydrogen from
renewable sources may be more costly than fossil fuels, especially in the short term, because
renewable energy and infrastructure are expensive (Gonzélez-Garay et al., 2019). Additionally,
land for renewable energy infrastructure (solar, wind, biomass) is needed for the production of
renewable hydrogen and methanol, which may affect ecosystems and biodiversity (Magson et

al., 2025).

24



3 Methodology

The present study is based on a wide literature review. Critical analysis included peer-reviewed
articles, policy papers and industry reports on the subject of interest related to hydrogen
transport systems between Finland and Germany. Some of the main sources involved strategic
plans of the EU Hydrogen Strategy, Fingrid 2030 hydrogen export strategy and case studies
under European H» backbone and clean hydrogen collaboration programs. The study is oriented
towards an interpolation of information concerning the feasibility of infrastructure,
environmental issues, and the models of comparative business. As opposed to carrying out new
empirical calculations or simulations, thematic analysis evaluates the risks, investment
requirements and scalability of transport modes. This approach is well-rounded and also

conforms to the already existing scholarly and industrial knowledge (Ebrahim, 2024).

3.1 Goal and scope of study

The goal of the study is to map the evaluation and comparison of possible future value chain
of hydrogen transport from Finland to Germany via different modes of transport, which
includes upgradation of existing pipelines and stations, transport of hydrogen in the form of
liquid through ships, transport of methanol through ships including its conversion into
hydrogen at port of destination, and intermodal (trucks\railways) mode of transport. The study
also covers the analysis of business models associated with each mode of transport, where the
business model focused on capital expenditure (CAPEX), operational expenditure (OPEX),
return on investment (ROI), economic benefit, environmental concerns, bottlenecks, and
associated risk.

In addition to the above, the study also covers a brief discussion to align findings with Finland’s
strategic targets for hydrogen export by 2030.

The schematic Figure 5 shows the scope of the system in this research that is the value chain
of the hydrogen and methanol transportation system between the production units in Finland
to the distribution to end-use in Germany. This entails upstream production (electrolysis and
methanol production), midstream transportation (pipelines, liquid hydrogen transportation,
methanol carriers and intermodal logistics), and facilities (compression, metering, and storage
systems). Techno-economic simulations, lifecycle emissions, a model, and country-specific
pricing scenarios are also not considered in this study. This continues to take center-stage under
comparative infrastructure preparations, qualitative viability, as well as positioning with regard

to EU climate goals.
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Figure 5: Schematic diagram for H> and CH30H transportation from Finland to Germany.

3.1.1 Data collection and sources

This study has employed a literature review and analytical approach to data collection, drawing
on multiple credible sources to ensure a comprehensive understanding of hydrogen and
methanol transport systems. A thorough review of existing academic literature focuses on peer-
reviewed articles related to hydrogen logistics, Power-to-X technologies, and techno-economic
assessments.

The study also analyzed strategic policy documents, including the EU Hydrogen Strategy and
Fingrid’s 2030 hydrogen export roadmap, to align technical evaluations with national and EU-
level targets. In addition, case studies from EU-funded hydrogen infrastructure initiatives, such
as the European Hydrogen Backbone (EHB) and projects under the Clean Hydrogen
Partnership, are also reviewed to draw lessons from real-world deployment scenarios. These
sources informed the development of comparative matrices, cost models, and risk assessments,
ultimately supporting evidence-based recommendations for transport mode selection and

infrastructure investment.
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3.1.2 Scenario analysis

Multiple technical routes to transport hydrogen and methanol from Finland to Germany were

also assessed based on a detailed scenario analysis. The scenarios all reflect a specific form of

transport, like the use of retrofitted pipelines, liquefied hydrogen transport, methanol-enabled

ships, and an intermodal supply chain, with modeling settings of existing infrastructure,

technology feasibility, and capability of developing in the future

The main variables studied in each pathway are scalability, energy conversion and transmission

losses, infrastructure needs, and deployment schedules. Other economic indicators used in the

scenarios included capital costs, the efficiency of operations, and the anticipated returns of

investments in the long term. The focus has been on trade-offs between energy efficiency,

transport cost, and environmental impact.

Putting these scenarios side-by-side, the analysis discovered which ones provide the most

combined technical feasibility, cost-effectiveness, and consistency with policy objectives,

including the EU Hydrogen Strategy, and Fingrid's goal of exporting 16 TWh electricity to

Germany by 2030. The methodology was used to identify the most extensive and resilient

transport solutions capable of supporting the place of Finland in the hydrogen economy of

Europe.

3.1.3 Stakeholder and risk analysis

This aim to transport hydrogen from Finland to Germany involved a stakeholder analysis,

which monitored and evaluated the roles played by essential players in the transportation of

hydrogen and methanol between Finland and Germany. Government agencies (e.g., Finnish

Ministry of Economic Affairs and Employment, EU energy regulators) and producers and

operators of energy infrastructures (e.g., Fingrid, Gasgrid, Fortum) were some of these

stakeholders, as well as companies developing the technology, providing the logistics, and

industry associations at the forefront of hydrogen (Hydrogen Europe) . At the same time, a risk

analysis was conducted to assess the possible difficulties in several areas:

e The technological risks include compatibility of infrastructure, hydrogen leakage and safety
of handling methanol.

¢ Financial risks include high investment costs, unpredictable return schedules, and reliance
on subsidies or carbon pricing.

e Regulatory and policy risk comprises cross-border harmonization, permitting lag, and

future changes in EU energy regulation.
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The risk assessment classified the risks using likelithood and impact and provided mitigation
solutions for each. This bilateral examination has ensured that the suggested transport measures
are not merely technically and financially acceptable but culminate in being stressed to the
hitches of the real-world fittings.

3.1.4 Comparative analysis across transport modes

This study conducted an in-depth comparative analysis of four hydrogen and methanol
transport modes, including pipelines, liquid H transport, methanol-based carriers, and shipping
and intermodal logistics . All modes have been evaluated against a series of standardized
evaluation criteria, including technical feasibility, CAPEX and OPEX, energy efficiency,
scalability, infrastructure requirements, and environmental impact

Pipelines have also been tested against the possibility of retrofit, pressure and material
limitation and cross-border regulatory applicability. Transport of liquid hydrogen has been
regarded as an issue of cryogenics storage, boil-off losses, and liquefaction due to hydrogen
consumption. Methanol-based transport using its synthesis efficiency, possible dual-use
applications and safety of storage/handling issues have been explored. The flexibility of
shipping, the rate per ton-kilometer, and the preparation of key ports in terms of infrastructure
are also evaluated

Its mathematical analysis comprised quantitative models and scenario comparisons to illustrate
which types of transport offered the optimum likelihood of a good mix of economic and
technical assessment and compatibility with long-term energy policies. This has given the
stakeholders the decision-making ability on the best routes hydrogen should take to export

hydrogen to Germany from Finland
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4 Future transport modes

Keeping in view the increasing demand of transporting hydrogen from Finland to Germany in
future, the options such as upgradation of existing facility like pipeline and some other potential
modes such as transporting hydrogen in the form of liquid, and methanol-based can be proved
to be the best feasible as well as sustainable solutions.

4.1 Upgraded pipelines

The potential of hydrogen pipelines is that it is a scalable solution to the future transportation
of hydrogen, especially in areas where a clean energy shift is intended. As per Figure 6 of
hydrogen production, renewably generated hydrogen, which may be generated by wind, solar,
biomass, and hydropower, is channeled through an electrolyzer that dissociates water into
hydrogen (H2) and oxygen (O2). This hydrogen can then be distributed by pipelines to diverse
end uses such as fuel cell vehicles, industrial, building electricity and chemical manufacturing
(Omid et al., 2024).

Continuous high-volume delivery through the pipeline is one of the key benefits of the pipelines
used when conveying hydrogen, as the pipeline can carry hydrogen continuously and in large
quantities over a distance up to the area of consumption or storage. After the infrastructure has
been in place, it is much cheaper to transport the hydrogen using pipelines than other options
involving liquefaction, compression or conversion to chemicals (Mahajan et al., 2022). In the
first image, it is clear that the movement of hydrogen is indicated through dotted green lines,
suggesting the existence of a hydrogen pipeline, through which hydrogen flows on its way to
its application in areas such as fuel cells and grid systems. This direct output has fewer
intermediate stage, energy losses, contributing to high efficiency (Xie et al., 2024).

The majority of the current pipelines have been built to carry natural gas and do not essentially
allow hydrogen. Compared to methane, hydrogen molecules are highly reactive. They are much
smaller, hence, more likely to leak and age degrade the materials, including embrittling steel
pipelines (Alreshidi et al., 2025). Hence, there is a need to carry out significant renovations to
transport hydrogen safely and efficiently. This includes retrofitting existing infrastructure with
hydrogen-friendly materials such as composites-lined steel or polyethylene and creating
superior monitoring systems of pressures and leaks and safety systems to manage the reactive
properties of hydrogen (Omid et al., 2024).

The Figure 6 also shows the immediate and intermediate solution of the hydrogen sent into the
current natural gas grid. This enables a smaller portion of hydrogen to be injected into natural

gas lines to lessen the carbon density of gas without modifying it extensively. In case of 100%
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hydrogen delivery, however, there is a need to have special pipelines or large-scale

modification (Mahajan et al., 2022).

The following are some of the benefits that upgraded hydrogen pipelines have:

They allow high capacity and non-stop distribution and supply constant energy.
Pipelines are also safer to operate environmentally and pose less safety risks after being
established.

Pipelines offer regional and inter-regional connectivity between sites of hydrogen
production and industrial zones and cities.

Potential to fit into the existing gas infrastructure with hydrogen-natural gas blending
gives rise to a practical transitional option.

Environmental emissions are low and controlled (Mahajan et al., 2022).

Along with having these advantages, pipelines also have significant drawbacks:

The cost of constructing new infrastructure or investing in improving their existing
infrastructure is high.

Pipelines are rigid, do not support decentralized and remote hydrogen distribution, and
perform optimally on fixed networks (Xie et al., 2024).

Regulatory, technical and safety uncertainties differ by region and must be standard and

well-established in policy (Alreshidi et al., 2025).

To sum up, upgraded hydrogen pipelines can be described as a crucial long-term approach to

creating reliable and cost-efficient hydrogen economies. Although it would require heavy

investments and planning, it provides the most effective way of distributing hydrogen on a

large scale and consistently particularly where hydrogen production and demand are steady.

They are also likely to play a larger role as national and regional hydrogen strategies are still

being developed and infrastructure is built faster (Omid et al., 2024).
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Figure 6: H» production, storage, transport and distribution industry chain (Senza, 2023)

4.2 Liquid hydrogen transport

Liquid hydrogen (LH») transport is a key factor in the expanding hydrogen economy,
particularly when large quantities need to be stored and long distances are travelled. As
illustrated in the diagrams, the hydrogen is generated by electrolysis using renewable energy
and the source can be the wind, solar, hydropower, or biomass (Xie et al., 2024) can be reduced
to a liquid form after production by cooling to cryogenic temperature, and shipped in large
liquid form with road tankers, rail, or ships. The technique is convenient wherever or when
there is no pipeline infrastructure; infrastructure is poor or economically unviable over longer
distances (Zhang et al., 2023).

Liquefaction is a process that happens when hydrogen gas is cooled to something close to
minus 253°Celsius. At this liquid form, hydrogen is now much energy-dense per volume than
in the gas state. This affects greater hydrogen transport per storage volume, making it suitable
for independent intercontinental transportation and centralized distribution (Fu et al., 2024;
Zhang et al., 2023). This is shown in Figure 7, under the liquidation and transportation phases
in the cryogenic tankers and liquid shipping. It also points out liquid hydrogen as one of the
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storage and delivery channels of hydrogen delivery to fuel cell cars, chemical manufacturing

industries, and power reserve systems (Xie et al., 2024).

Transport of liquid hydrogen has several benefits:

e Greater volumetric energy density than compressed hydrogen, thus more efficient in bulk
transport.

e (Compatible with maritime shipping, it is possible to export and import hydrogen to many
continents in large quantities (Danebergs & Deledda, 2024).

e Environmental emissions are usually normal. However, it can be increased due to energy
losses.

e (apable of being used as a buffer to deal with fluctuations in renewable energy generation.

e Important in supplying to high demand markets, including aerospace, industrial processing
and national fuel stocks (Fu et al., 2024).

The transportation of liquid hydrogen is also applicable to those countries that intend to produce

large quantities of hydrogen to be exported to other countries, as is the case in Australia, which

is doing so to countries such as Japan and South Korea (Xie et al., 2024). It allows delivering

hydrogen across thousands of kilometers so that regions with enough renewable resources

could be supplied to the other areas with an intense hydrogen demand despite the lack of local

renewable resources (Zhang et al., 2023).
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Figure 7: Basic LH2 supply chain (Aziz, 2021).

However, with technical and economic intricacies, this form of transportation accompanies it.
Liquefaction takes away 30 to 40 percent of the original energy content of the hydrogen, which
decreases the system's overall efficiency (Danebergs & Deledda, 2024). Also, the storage and

transportation process requires boil-off losses because it is challenging to achieve low
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temperatures and sustain them through a long period (Fu et al., 2024). The infrastructure needed
to support the use, including websites and superconducting liquefaction plants, cryogenic
storage and transport vessels specially insulated against cold, is expensive and must be well
planned and regulated. Serious safety issues are also brought up by the presence of
flammability of hydrogen, particularly when liquid. These risks require specialized training,
strong safety measures and handling protocols (Xie et al., 2024).

Transportation of liquid hydrogen promises a significant number of applications. It is already
utilized in the aerospace business as a rocket fuel. It is under study as a clean energy source for
future passenger planes. It could be used on land as a credible supply source to hydrogen
fueling stations supporting fuel cell electric vehicles. It is also applicable in delivering
hydrogen to inaccessible places where space capacity is narrow and on-site production is not
an option (Zhang et al., 2023).

In a bid to achieve this optimum hydrogen supply chain, most regions are embracing this blend-
like strategy, which is a mixture of local pipelines to transmit hydrogen over short distances
and shipping liquid hydrogen across international borders or to distant areas. The model will
help cut emissions and the cost of logistics and widen the scope of production of clean hydrogen
to the global level (Danebergs & Deledda, 2024).

To sum up, transport of liquid hydrogen is one of the major facilitators of international
hydrogen trade and long-range transportation. Although it is energy-intensive and the costs of
infrastructure are high, it has an unrivalled ability to store and move volumes of cargo over
long discontinuous distances (Fu et al., 2024). Hydrogen transport through liquid hydrogen is
projected to serve a crucial role in developing a strong and scalable hydrogen economy, as both
hydrogen demand and the establishment of global partnerships grow (Xie et al., 2024).

4.3  Methanol based transport

The third construction proposes yet another innovative approach to hydrogen transportation by
employing e-methanol as the hydrogen carrier. This is achieved by converting renewable
electricity to clean fuel, methanol, and recycling carbon dioxide (CO;) with moderate
emissions (Cui & Aziz, 2023). The obtained product, e-methanol, is a fluid that can be
transported conveniently using the current fuel infrastructure and can subsequently be re-
formed at the place of utilization to liberate hydrogen in a high temperature procedure (Cao et
al., 2025) as mentioned in Figure 8.

E-methanol transport will provide a two-fold remedy to two of the most immediate questions
within the hydrogen economy, including the logistics of hydrogen transport and the application

of captured carbon. Traditional Hydrogen has its transport either by compression into cylinders
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at high pressure or liquefaction to cryogenic temperatures, both of which are energy-demanding
and have complicated handling characteristics (Al-Yafei et al., 2025). Methanol, on the
contrary, is a stable liquid at room temperature and atmospheric pressure. This implies that it
can be used on common fuel trucks, stored in common liquid fuel tanks and pipelines already
in place within the fuel distribution networks (Cui & Aziz, 2023).

The system will lead to a considerable decrease in the necessity of new infrastructure, making
it a viable consideration in areas with no developed hydrogen pipelines or liquefaction
terminals. It would also allow harnessing the hydrogen into the existing fuel chain without
significant changes that can promote the implementation of hydrogen technologies in transport
and industry (Cao et al., 2025).

As one of the outstanding features of methanol, this substance can carry a large amount of
hydrogen considering its small size; this is why it has such a high hydrogen content per unit
volume. It would make economic sense as it is compatible with the existing infrastructure, like
tankers, fuel ships and pipelines, large scale and long-distance transport (Al-Yafei et al., 2025).
Also, making carbon capture and renewable electricity, methanol can allow cycle-neutral or
even carbon-negative energy. It also has a safer storage than hydrogen gas as it is less
combustible and can be conveniently handled in daily settings (Cui & Aziz, 2023).

Despite its numerous advantages, methanol-based hydrogen transportation has specific
significant weaknesses. The biggest issue is that methanol regeneration to hydrogen usually
demands high temperatures and energy to be input into the procedure, leading to the emission
of COz (Al-Yafei et al., 2025). This also has the potential of reducing the climate advantage of
the system, since, unless such carbon dioxide is captured and reused, it could prove detrimental
to the system. In addition, the whole cycle consisting of renewable energy, methanol, and back
to hydrogen includes several stages, thus, resulting in a somewhat lower overall efficiency than
direct hydrogen utilization. The next consideration is the toxicity of methanol; it is toxic when
taken or breathed in and this might restrict its use in given facilities or demand extra care when

handling and transporting (Du et al., 2025).
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However, using methanol to transport hydrogen is always a very special policy, especially in
nations with a restrictive hydrogen system or nations keen on exporting hydrogen over long
distances. It provides a bridge solution, enabling hydrogen to work in the existing energy
systems without imminently developing new and costly infrastructure (Cao et al., 2025). E-
methanol may be a transition technology that helps transform the world to the hydrogen-based
energy system, however, it also contributes to carbon management and the use of renewable
energy. This method will probably act as an additional component in the future hydrogen
supply chain as carbon capture, methanol synthesis, and reforming technologies improve (Cui
& Aziz, 2023).

4.4  Intermodal options

Intermodal solutions are essential in developing a global hydrogen economy because hydrogen
is transported through these methods. It is especially critical in countries with a mismatch
between the production and demand of hydrogen (Pérez-Mesa et al., 2023). Figure 9 shows
that hydrogen may be transported in liquid form with the help of different methods, ships, truck

tankers, degree tankers, etc. These transportation mediums allow cross-border movements and
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provide the logistic versatility to blend remote production zones and high-demand areas

(Makarova et al., 2023).

Hydrogen can be transported in large quantities over a long distance (especially in international

markets) through shipping. Depending on the infrastructure and technological capability of the

exporting and importing countries, hydrogen can be transported in multifarious forms that is
through liquefied hydrogen, ammonia, or methanol (Ferguson et al., 2025). At ambient or
moderate temperatures, ammonia and methanol are liquid and thus make transport and storage
simpler, but wherever they are received, they must be reconverted into hydrogen. Instead,
liquid hydrogen requires cryogenic temperatures, necessitating specially modified systems and

facilities (Abu-Aisha et al., 2024).

Intermodal transport is an extension of collaboration across various modes of transport, e.g.

maritime, rail and road, with standard containers. This combination allows transferring

hydrogen in an efficient way through production plants to ports and from ports to inland storage
or distribution facilities without either unloading or handing over the actual hydrogen. It also

enhances reliability because it provides alternative routes in case of delays or failure of a

particular form of transport involved (Pérez-Mesa et al., 2023).

Key benefits of shipping and intermodal transport include:

o Scalability for international hydrogen trade, supporting the large-volume movement of
hydrogen across continents.

o Flexibility across transportation modes, allowing hydrogen to be moved seamlessly
between ships, trucks, and trains depending on the logistics and geography (Makarova et
al., 2023).

e Possibility of using standardized containers for both liquid and gaseous hydrogen,
simplifying infrastructure requirements and improving safety handling.

e Ability to leverage existing oil and gas terminal infrastructure with only minor
modifications, which reduces initial investment and accelerates deployment (Abu-Aisha et
al., 2024).

Nevertheless, there are some limitations that can be discussed to enable the successful

application of the methods on a global level despite the above-mentioned positive aspects:

e Very expensive and heavy energy costs are involved in processing hydrogen into forms
as a carrier, e.g., liquid hydrogen or ammonia, especially given the energy-intensive

hydrogen liquefication or hydrogen chemical processing (Abu-Aisha et al., 2024).

36



e Hazards during loading/ transporting/ unloading and, particularly, working with highly

flammable or pressurized hydrogen carriers at different temperatures and pressures

(Makarova et al., 2023).

e Low to moderate emissions may result if hybrid transport is not used (Abu-Aisha et al.,

2024).

e The need to have strong global standards, regulations and surveillance mechanisms to

provide safe operations and transport, especially in cases where hydrogen transport

involves several jurisdictions (Pérez-Mesa et al., 2023).

Shipping and intermodal transport, however, continue to be crucial elements of a sustainable,

scalable, and interlinked hydrogen supply chain. The energy-importing countries like Japan

and South Korea are already building specialized hydrogen reception terminals and entering

into long-term agreements with hydrogen-manufacturing countries (Abu-Aisha et al., 2024).

The systems are also useful in decentralized or emergency situations. Where pipelines are

unavailable or damaged, the hydrogen supply can be maintained by transport by road, by truck

or by rail (Makarova et al., 2023).
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Figure 9: Methanol as a hydrogen carrier infographic ( Methanol Institute, 2022)
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Finally, intermodal transportation promises effective, elastic, and scalable long-haul solutions
for distributing hydrogen. On the one hand, their development requires overcoming technical
and regulatory barriers, but on the other hand, these methods become a necessary constituent
of the international hydrogen framework (Abu-Aisha et al., 2024). With the evolution of the
trade routes and an increase in worldwide cooperation, intermodal transport will remain a
viable way to conduct safe and efficient transportation of hydrogen across international borders
and between the production and consumption stations around the globe (Pérez-Mesa et al.,
2023).

4.5 Comparative analysis

Comparison between the modes of hydrogen transportation in Table 3, which are upgraded
pipelines, liquid hydrogen transport, methanol-based transport and intermodal transport reveal
that there exist major tradeoffs of energy efficiency, scalability, affordability as well as the
environmental effect. Pipelines have the highest scalability, the least amount of operational
energy loss, and require considerable CAPEX at the beginning, as well as regional policy
similarity (Gasgrid, 2021). Liquid Hydrogen is feasible in long-distance exports although it has
high liquefaction losses and complexities of storage of liquid hydrogen (Fu et al., 2024).
Methanol also can be a versatile and infrastructure compatible substrate particularly in regions
where pipelines will not be in place, but it has energy conversion costs and the nexus of carbon
reuse needs. Intermodal solutions offer flexibility of routing; however, they are small in
dimension. Given that Finland has a high capacity of renewable energy production, its export
focus is on Germany, a mix of pipelines and methanol-based shipping can be the most balanced,

scalable and resilient solution (Cui & Aziz, 2023).

Table 3: Comparison of hydrogen transport methods and energy carriers (ICF, 2023)

Compressed Liquid Liquid
Property Methanol Diesel

Hydrogen Hydrogen Ammonia
Temperature (°C) 25 -252.9 25 25 25
Storage Pressure (bar) 690 1 1 10 1
Density (kg/m?) 39 70.8 792 600 ~833
Volumetric Energy Density (MJ/1) | 4.5 8.49 15.8 12.7 38
Volumetric H, Content (kg Ho/m?) | 42.2 70.8 99 121 N/A
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However, Table 4 evaluates four main hydrogen transport methods against important indicators
of performance such as scalability, energy efficiency, and infrastructure preparedness.
Upgraded pipelines will have the most significant scalability with relatively low energy losses
(10— 15%) and well-established infrastructure needs but will require a significant initial capital
cost $ 35 billion (DNV, 2024). Liquid hydrogen has significant efficiency issues because at
30% and 40% liquefaction losses and cryogenic infrastructure requirements, it is impractical
in locations without well-developed port systems (IEA, 2023). A successful alternative is
Methanol-based transport, which has a positive energy density (15.8 MJ/L), an existing fuel
logistics, and an efficient competition, but requires a constant supply of CO> and generates an
energy penalty in its production (European Commission, 2023-24). However, shipping of
compressed hydrogen is applicable for short distances or intermodal transport is problematic
in terms of scalability and this form of hydrogen shipping experiences relatively high losses in
terms of compression energy. In general, a hybrid infrastructure in the form of pipeline-
supported bulk transport and carrier-based (methanol) transport with the ability to reuse
infrastructure on a case-to-case basis might prove to be the best solution in the Finland-

Germany export corridor (European Commission, 2024).

Table 4: Comparison of hydrogen transport modes by key performance indicators

Energy
Transport Mode | Key Parameters Scalability References
Efficiency
Length: approx.1,000 km
s PP (DNV, 2024;
Capacity: 2.7-4 Mt/y ) ]
Upgraded Very High | Approx. 70- | Gasgrid;
Energy loss:  approx.10-15%
pipelines ) (GW-scale) 85% Hydrogen
Energy  Density: 4.5 MJ/L
Council, 2024)
CAPEX: €3-5B
Liquefaction loss: 30-40% )
Medium
Liquid hydrogen | Temp: -252.9°C ) Approx. 30- | (DNV, 2024
) (terminal-
transport Energy Density: 85 MIJ/L 40% IEA, 2023)
limited)
Cost: €4-6/kg H,
H, content: 99 kg/m? (European
Energy Density: 15.8 MIJ/L Commission,
Methanol based High (existing | Approx. 45—
Efficiency: 65-75% 2023-24;
transport fuel infra) 60%
CO; needed: Approx. 1.375 t/ton Methanol
H> Institute, 2023)
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Pressure: 350-700 bar (European

Intermodal Energy loss: 20-25% | Low to Medium | Approx. 55— | Commission,
(compressed Hz) | Energy Density: 4.5 MIJ/L | (short-range) 75% 2024; IEA,
Distance range: <500 km 2023)

The figures on this table are transportation situations and assumptions of the various values
according to the deployment of the export corridor of the hydrogen corridor between Finland

and Germany, as evaluated in this report.
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5 Business model feasibility

Keeping in view the possible comparison of different modes of transporting hydrogen from
Finland to Germany, the feasibility needs to be studied precisely. However, with the current
data available for the possible options the feasibility has been discussed, and business model
has been generated.

5.1 Upgraded pipelines (retrofitted natural gas infrastructure)

The most frequently discussed model of economically viable transport corridors, in the
medium-range with high volumes, refers to retrofitting natural gas pipelines already
constructed for hydrogen delivery, corresponding to the proposed Finland-to-Germany route.
Retrofitting is estimated at around 0.8-4.5 million per mile in capital expenditure (CAPEX),
much less than the expensive insufficiently laid out brand-new hydrogen pipes, which may be
as much as 2-3 times costlier (DiviGas., 2023; Eninrac., 2023). Further investments in
compressor stations ($46 million/100 km) and SCADA improvements guarantee control of the
system and pressure integrity. Its operating cost (OPEX) is low, ranging between $ 0.02-
0.03/kg of hydrogen, which makes it the most economical mode of transport in the long-run
(Khan et al., 2023). The leveled cost of hydrogen delivery a combination of amortized CAPEX
and OPEX is also one of the lowest at $ 0.10\0.22 per kg, where the infrastructure is activated
to be used with constant and large flows (HEC, 2024).

The mode also has a high rate of returns on investment (ROI) due to low cost of operation and
high throughput capacity. In industrial supply chains where demand is predictable (as in the
German chemical or steel industry), continuity and security of supply are unmatched with
pipelines (CATF, 2024). The most convenient application is in industrial zones or between
energy hubs less than 5001000 km apart. But important challenges involve hydrogen
embrittlement, which impacts steel pipeline integrity, and regulatory barriers in cross-border
retrofits and demand aggregation of uncertainty. However, pipeline retrofitting is compatible
with the long-term EU decarbonization strategy and the European hydrogen backbone project.
Therefore, it is highly feasible for the Finland—Germany hydrogen corridor and should be
prioritized in infrastructure planning and policy frameworks (DOE., 2023).

5.2  Liquid hydrogen (LH2) shipping

Liquid hydrogen (LH>) shipping has been spoken of as an advanced technological solution to
international hydrogen trade, but the economic viability of such long-range routes to regional
routes, like Finland-Germany, is highly questionable. LH> capital expenditure (CAPEX) is

significant. Single liquefaction plant fabrication alone is about $600-1000 per ton of annual
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production capacity. Furthermore, specialized cryogenic vessels will cost $200-250 million
each and port terminals built to receive LH> imports will add another $100-200 million on top
of that investment burden. The capital-intensiveness of LH> shipping makes it the most capital-
intensive of the four transport modes by which it is compared in this investigation (CATF,
2024).

The cost profile is further worsened by questioning operational expenditure (OPEX). During
Liquefaction, it consumes nearly 10-13 kWh of energy per kg of hydrogen, a cost of $ 1.2-1.5
/ kg, of course, not counting the cost of moving the goods out of the port (Chen et al., 2025).
Hydrogen needs to be stored at -253°C on liquefaction and if transported long distances, up to
0.2-0.4% per day can be lost to boil off. With shipping costs of $ 0.10-0.50/kg, the total leveled
cost rises to $ 2.5-4.5/kg H,, which is one of the high costs compared to other hydrogen
transport methods (DiviGas., 2023).

ROI considerations mean that LH> shipping only makes sense in long-distance, no-pipeline
applications e.g. Australia to Japan or the Gulf to Europe. In the context of the relatively short
Finland—Germany corridor, where overland routes and short-sea options are viable, LH> is
economically inefficient. Besides, there are other challenges such as infrastructure complexity,
energy penalties, safety regulations, and port compatibility (Group., 2024). Given these factors,
LH; shipping is deemed not feasible for this regional use case. It will be used solely in long
and deep-distance, heavy load, transoceanic corridors where no other transport infrastructure
is available (Eninrac., 2023)

5.3  Methanol based shipping

Methanol has proven to be a potential and versatile carrier of hydrogen, especially in maritime
logistics. In contrast to liquid hydrogen, methanol is already produced in liquid form at ambient
conditions, so cryogenic handling is unnecessary. This saves much on capital expenditure
(CAPEX), particularly in fossil-based methanol supply chains. Methanol production using
fossils is quite sophisticated and very cheap at the same time and retrofitting of ships costs
about 1.6 million dollars per ship at most. Methanol storage and handling terminals can cost
between 20 and 50 million dollars (Institute, 2023). However, in the case of green methanol,
i.e., produced on green hydrogen and CO> captured, the production costs are solely between $
700 and 1200 per ton/year, and therefore, a lot more challenging to cover (Wikipedia, 2023).
Depending upon the origin of methanol there is a steep difference in operational expenditure.

The Opex of fossil-based methanol is around $ 2.3-3.8/kg hydrogen equivalent, whereas green
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methanol will cost between § 5-14/kg, owing to large energy demands of electrolysis and
carbon storage (Chen et al., 2023).

Even the subsequent conversion of methanol into hydrogen contributes to an additional cost of
$0.3-0.5/kg and is associated with energy losses of up to 30%, also giving the process an overall
decrease in efficiency. Despite these disadvantages, significant advantages can be found in
methanol-based transport. It takes advantage of the infrastructure already in place to roll out
quicker with minimum modification of the ports (Cheng & Cheng, 2023). The most effective
application is flexible modular exports, at least in the medium term, where specific hydrogen
infrastructure has not been built yet. ROI is promising in the fossil-based methanol
transportation yet poor at the current level in the case of green methanol in the absence of policy
incentives such as carbon credits or subsidies. Fossil carbon intensity, reconversion
inefficiencies, and green methanol cost volatility are the key risks. Overall, methanol-based
shipping is deemed moderately feasible, particularly as a transitional or hybrid solution
alongside long-term pipeline development (Energy., 2023).

5.4  Intermodal logistics (truck, rail, container-based delivery)

The intermodal logistics (involving hydrogen transportation using trucks, railcars, and
solutions based on containers) provide the highest level of flexibility of all forms of transport.
Such systems may use gaseous or liquid hydrogen forms and operate off existing road and rail
infrastructure, which saves enormous amounts of capital expenditure. Tube trailers investment
starts at $500,000 to one million, whereas cryogenic tankers investment is approximately
$250,000 to $500,000. The cost of terminal construction is between $5 million to $15 million
dollars, depending on the size and functionality. Due to this relatively low initial investment,
intermodal logistics are especially suitable for pilot projects and initial market involvement
(DOE., 2023).

But operational expenditure can be quite unpredictable. Truck-based gas supply of hydrogen
is generally charged between $0.9 to $1.9 per kilogram, whereas the cryogenic liquid supply
has a higher price between $2.7 and $3.2 per kilogram caused by the complexities of
transportation and insulation (Group., 2024). Other expenditures involve multiple touch
associated with products, regulation of products, and safety of hazardous substances.
Consequently, the leveled cost of transporting hydrogen using intermodal means is $1.5-3.5/kg
hydrogen, which exceeds pipelines and is comparable to transporting fossil methanol but not
as economical due to the lack of economies of scale enjoyed by maritime transport (CATF,

2024).
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ROI is typically low-to-moderate, since this mode is constrained by capacity limitations,
regulatory restrictions and greater costs per trip. It is most useful in regional corridors, final-
mile delivery, or regions that have yet to have their pipelines or ports built. However, it is not
ideal in long term and large-scale transnational hydrogen transportation as in the case of
Finland and Germany. Drivers and fleet shortages, traffic and infrastructure bottlenecks, and
hazardous cargo regulations are the most crucial risks. In summary, intermodal hydrogen
transport is low to moderately feasible, useful primarily in the early stages of hydrogen market
development or in specific logistical niches (HEC, 2024).

5.5 Estimated cost calculation for transport of hydrogen from Finland to Germany
For the estimated cost to deliver Hydrogen from Finland to Germany, following costs are
estimated:

- Capital expenditure.

- Operational expenditure.

- Levelized cost of Hydrogen production (in Finland)

Among various production process, Grid Electrolysis, Renewable Electrolysis and Steam
Methane Reforming (SMR-grey) has been selected for comparison since they are most widely
used in both countries. Renewable electrolysis that is water electrolysis, the electrolyzers
mainly used are alkaline and proton exchange membrane electrolyzers. For calculation of capex
the components that are taken into consideration are reformer unit cost (electorlyzer stack),
water treatment setup, power electronics, gas purification system, and compressors. From
installation perspective the components that are considered are civil work, installation, and
procurement. For amortization, using a discount rate capex is annualized over the project
lifetime to get the equivalent annual cost. So, the capex is annualized by dividing the transport
asset lifetime by total annual hydrogen output which gives €/kg Hz. For upgraded pipeline from
Finland to Germany the amortized investment cost is 0.15-0.22 €/kg Ha. This includes pipeline
expansion, construction, compressor stations, metering and monitoring system. For liquid
shipping, the estimated capex is 1.2-1.5 €/kg H: which includes liquification facilities,
cryogenic storage terminals, special hydrogen tankers, and port operations. This is higher
because it requires complex infrastructure. For methanol route, the estimated capex is 1.0-1.3
€/kg H». This includes, synthesis plants, export terminals, reconversion facilities at destination.
For intermodal, the estimated capex ranges from 0.9-1.9 €/kg H, which includes truck/rail

containers, vehicles and terminal investments (European Hydrogen Observatory, 2024).
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Opex on the other hand includes routine insurance, maintenance, repair, stack replacement,

labour, and water consumption. Marginal cost is taken as part of operating cost which includes

energy input, utilities like electricity required for electrolysis, natural gas, CO; required for

reforming and grid taxes/fee. For upgraded pipeline, estimated Opex is 0.08-0.12 €/kg H» per

year. For liquid shipping, estimated Opex is 0.10-0.50 €/kg H> depending on route and type of

ship. For methanol operation, estimated Opex is 0.15-0.30 €/kg H>. However, for intermodal

route the Opex is estimated as 0.10-0.40 €/kg H» (European Hydrogen Observatory, 2024).

The levelized cost of Hydrogen (LCOH) in Table 5 is calculated by using equation (i) which is

dividing the sum of annualized Capex and annual Opex by annual hydrogen production volume

(kg Ha/year).

Equation:

LCOH =

Annualized Capex+Annual Opex+Energy Cost

Annual Hydrogen Production (kg)

Assumptions: (a) capacity factor (b)efficiency of H: production (c) project/asset lifetime
Table 5: Levelized cost of hydrogen production in Finland (2025-2030)

()

Capex Opex LCOH
Technology (€/kg H2) (€/kg H2) (€/kg H2)
Grid Electrolysis 1.41 2.65 4.06
Renewable Electrolysis 1.54 2.59 4.13
SMR (Grey) 0.2 2.89 3.09

After production of hydrogen, the next step is to manage its export using various modes. Hence,

Table 6 is generated to show the cost that is involved in the export using different modes of

transportation from Finland to Germany.

Table 6: Additional export cost

Capex Opex
Mode (€/kg H2/km) (€/kg H2/km) Comment
Upgrade pipeline
(retrofit) 0.15-0.22 0.08-0.12 includes retrofitting
includes liquification, cryogenic cost,
special hydrogen tankers, and port
Liquid Hydrogen 1.2-1.5 0.10-0.50 operations.
includes synthesis plants, export terminals,
Methanol Shipping 1.0-1.3 0.15-0.30 reconversion facilities at destination
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Intermodal

(Truck/Rail)

includes trucks, tankers, railways, terminal

0.9-1.9 0.10-0.40 investment.

After getting the cost of hydrogen production and its export cost per kilometer from Finland to
Germany, an export cost comparison has been prepared in Table 7 (using estimated maximum
cost) and Table 8 (using estimated minimum cost) using any of the four proposed modes of

transport.

Table 7: Total export cost comparison of H, produced via renewable electrolysis (upper case)

Capex Opex LCOH Total Cost (€/kg
Mode (€/kg H2/km) (€/kg H2/km) (€/kg H2) Hz/km)
Upgrade pipeline 0.22 0.12 4.13 4.47
Liquid Shipping 1.5 0.5 4.13 6.13
Methanol Shipping 1.3 0.3 4.13 5.73
Intermodal
(Truck/Rail) 1.9 0.4 4.13 6.43

Table 8: Total export cost comparison of H> produced via renewable electrolysis (lower

case)

Capex

(€/kg Opex LCOH Total Cost
Mode H:/km) (€/kg Hz2/km) (€/kg H2) (€/kg H2/km)
Upgrade pipeline 0.15 0.08 4.13 4.36
Liquid Shipping 1.2 0.1 4.13 543
Methanol Shipping 1 0.15 4.13 5.28
Intermodal (Truck/Rail) 0.9 0.1 4.13 5.13

5.6  Business model for E-Hydrogen Value Chain

To show how each mode of transport creates value system, strong connection among all
related stakeholders along with the financial structure, a business model canvas has been
formed mentioned in Table 9. The table describes how each mode of transport reacts to

various components of value chain business management.

46



Table 9: Business model for e-hydrogen transport from Finland to Germany via different

modes of transportation

Mode Specific Highlights
S.
Component Description
No.
Supply of e/low )
simple
carbon hydrogen from ] ]
) ] ) handling and | feasible for
Finland to Germany continuous, low | flexible for ]
) ) ) storage, to be | medium
1 | Value proposition efficiently to support | & high volume, |multiple )
o o converted to | distance or last-
EU decarbonization low energy loss. | destinations. )
) H; at port of | mile transport.
and energy security o
destination.
goals
Heavy industry
including shipping, heavy industry
aviation, steel, energy ) heavy heavy and domestic.
) heavy industry | ]
2 | Customer segment | sectors and policy ] industry and | industry and | However, only
) and domestic i i
driven buyers under domestic domestic for smaller
EU green H, distances
initiatives
port port terminals
Upgraded ) )
o ) terminals having o
Pipeline: direct ) o Distribution
Infrastructure based ) having regasification, )
) connection ) ) ) hubs, terminals
3 | Channels supply and physical regasification | reconversion )
through NHC and specified
transport mode. and and
and EU H» o ) o ) routes.
liquification | liquification
backbone.
facilities. facilities.
Joint ventures, public-
private partnerships
A Customer that ensure reliable Government and industries to make sure at least 20 years
relationships delivery, carbon agreement so investment security can be supported.
neutrality and stable
price.
Transport tariffs, o
) ) Upgraded Shipping:
capacity reservation o ) Intermodal:
] Pipeline: port handling | Methanol:
fees, carbon credit ] o ) supply-based
5 | Revenue streams regulation of and shipping [ reconversion ) )
revenues and o ) tariff that is per
o transmission freight value.
monetization of by- km per ton.
factors. charges.
products such as O,
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Capacity of plants
producing renewable

hydrogen., pipelines,

) ) liquification
construction, metering
) ) plants,
stations, compression, ) ]
o o special synthesis
digital monitoring
o ) infrastructure shipping plant and special
Key resources systems, liquification o ) ) )
) and pipelines carriers and | reconversion | tanks/containers.
plants, special ) i
o ) cryogenic facility
shipping carriers for
L . storage
liquid Ha, cryogenic .
facility
and other storage
tanks, port facilities,
and trained manpower.
Production,
compression,
liquification, storage, |maintenance o ) o
) liquification ) coordination and
transport, end user with key focus synthesis and )
Key activities o and port ) scheduling for
distribution, on pressure ) reconversion. o
handling. smooth logistics

maintenance and
operational

management.

management.

Key partnerships

Fingrid, Gasgrid
Finland, EU H»
backbone, port
sources, transport
company, suppliers of
key items required for
manufacturing and
national energy

agency.

strong alliance between manufacturers, transporters and purchasers

Cost structure

High investment in
infrastructure, medium
to high operational
cost, levelized cost of
H; regulatory and

certification cost

Upgraded
Pipeline: high
capital
expenditure, low
operational and
maintenance

cost.

Shipping:
moderate
capex, high

opex.

Methanol:
high cost for
synthesis,
easy

handling.

Intermodal: high
transport cost

per unit.
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Table 10: Summarized comparative attractiveness for renewable hydrogen transport from

Finland to Germany

dependent on

liquification cost.

Criteria Pipeline (retrofit) Liquid Hydrogen Methanol Intermodal
High High
Reason: retrofitting | Reason: liquification
that includes cost, cryogenic
Capex ) )
construction, storage, special port
metering station, and | handling facilities
monitoring system. | required.
Moderate to high Moderate
Reason: energy Reason: careful
losses during synthesis of
OPEX o ) )
liquification, special | methanol and
care of storage energy required for
facility. reconversion.
Moderate
) Moderate
Reason: During
) Reason: Energy
‘ transport boil-offs )
Efficiency ) losses during
may occur resulting }
i synthesis and
in reduced )
. reconversion.
efficiency.
Medium
Reason: Synthesis
Scalability plants and
reconversion plants
required.
High
Geographical Reason: However not
Flexibility recommended for
long distances.
Energy loss
25-35 20-25
(%)
Moderate Moderate to low
Reason: Highly Reason: Conversion
ROI

losses and high

initial investment.
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Low emissions, Low to moderate
however, Emissions can be
o Moderate . )
liquification may high during
Depends on -

affect carbon ) transportation if

) synthesis process. )
footprint by energy hybrid trucks are not
losses. used.

Handling of Road safety, detailed

cryogenic and inspection of trucks

flammable gases and containers.

Maritime fuel blend
Intercontinental and
and modular
bulk transport.
exports.

Recommended
Moderate

Not recommended

Now, keeping in view all the parameters being reviewed, Table 10 shows a brief comparative
attractiveness of each model. It has been observed that upgradation of existing natural gas
pipeline and LH; are the two most favorable recommendations to robust Finland’s hydrogen
export goals, such as Fingrid’s 2030 goal to transport 16TWh electricity to Germany.
Methanol export can also be used as a moderate option. However, intermodal is not

recommended because of many constraints as mentioned.
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6 Business model alignment with Fingrid’s strategic targets for transporting
hydrogen by 2030

The hydrogen roadmap developed by Fingrid would see them exporting around 16 TWh of
hydrogen-equivalent electricity by 2030 with the export market being in Germany, focusing on
the German industrial market (Institute, 2023). Results of the present study indicate that such
a target may be regarded as ambitious, but technically and strategically achievable in case
several transport corridors are worked out simultaneously. The solution that has been
considered more scalable and energy-efficient is an upgrade of pipelines which greatly
coincides with the received long-term infrastructure vision of Fingrid. Nevertheless, regulation
harmonization, cross-border agreements and investment upfront are needed in pipeline
retrofitting and this has to be done upfront (Gasgrid, 2025).

The use of Methanol (as transportation fuel) also becomes a powerful alternative to
complement another, especially at an early stage of market development, given compatibility
with existing fuel infrastructure and lower geopolitical barriers. Because pipelines and ships
are the required options in base-load and flexible export logistic, heterogeneous line-mode
(base-load by pipeline and flexible by ship or by flexible by ship underutilization) is best match
with the strategic export interests of Finland. This is consistent with the wider EU hydrogen
corridor plans and helps Fingrid in their push to make Finland a clean energy hub in Northern
Europe (Zabanova, 2023). As such the cooperation with the private sector, synchronized
placement of infrastructure, and simplified permit services will become methods of
instrumental importance when it comes to achieving the 2030 export goal (European

Commission, 2024).
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7 Conclusion

The study has analyzed the possible value chain of hydrogen transportation from Finland to
Germany while focusing on the upstream production in Finland, all the possible midstream
transportation options to Germany, and associated facilities. The study has been framed in a
system boundary which includes production, compression, metering, storage, and
transportation to the destination (Germany) through various transport modes. The possible
transportation modes includes the four options, that are upgraded pipelines which includes
retrofitting , shipping of liquid hydrogen, synthesis of methanol and transporting e-methanol
which later be converted into hydrogen at port of destination, and the last mode of transport is
intermodal which includes the transportation through truck and railways.

Upgradation of existing pipeline for natural gas between Finland and Germany involves the
capital expenditure of around 0.15-0.22 €/kg Ha, it includes construction, pipeline expansion,
advanced metering and monitoring system. This upgradation, especially retrofitting existing
natural gas infrastructure, has the most scalability and the highest returns on investment, and
have the lowest costs in the long term since it requires lowest operational expenditure which is
around 0.08-0.12 €/kg H>, hence the most viable in terms of high volume, consistent supply
lines is the upgrade of existing natural gas pipeline. The economic feasibility of transporting
liquid hydrogen depends upon the volume since it requires special shipping carriers and
cryogenic storage facilities that may lead to increased cost. Though less efficient, the methanol-
based transport offers more flexibility and can be easily integrated into existing infrastructures,
which makes it a viable way of hydrogen deployment until the dedicated hydrogen protagonist
will become available. The intermodal logistics includes high levels of energy loss, very
capital-intensive, not scalable, and is less economical since it requires special hydrogen
carrying tankers and containers. Furthermore, in contradiction to previous studies which
projected the LCOH in Finland below 2€/kg H» by 2030, it has been found that the LCOH from
2025-2030 would be 3-4.15 €/kg H> while using different technologies.

The results affirm a parallel approach to transport that integrates the capabilities of pipelines
and those of methanol-based shipping to achieve Fingrid export plans by 2030 and
compatibility with EU climate goals.

Future studies should extend the system boundary and detailed LCA to capture complete
lifecycle impacts, coordination of policies, investment into infrastructure, and stakeholder
cooperation play key role in long-term caveat of a cross-border hydrogen supply chain in the
future. Such a methodology enhances the role of Finland in the energy shift towards clean

energy in Europe and energy sustainability and security.
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