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This master’s thesis evaluates the sustainability of different production chains of green
hydrogen and its derivatives. A Microsoft Excel-based model was developed to compare
green hydrogen, ammonia, methanol, and methane produced for German market.
Calculations follow the Renewable Energy Directive Il and ISO 19870, which are compared
with each other and to a broader scope of ISO 14067 guidelines.

Commissioned by Wirtsild, the aim is to identify international production pathways for
producing hydrogen and its derivatives that meet the EU Taxonomy's green financing
threshold of 100 gCO2e/kWh and 70% GHG savings relative to fossil fuels. The production
scenarios include Canadian wind-powered ammonia, Middle Eastern solar powered
hydrogen derivatives, and Finnish grid produced hydrogen transported to Germany. Key
findings reveal the highest emissions arising from electricity source and the choice of
transportation.

All reviewed production chains utilizing renewable energy sources achieved at least the 70%
GHG savings even under worst scenarios. These fuels can also be combusted in engines for
electricity production with emissions below the EU Taxonomy threshold of 100 gCO.e/kWh.
However, hydrogen produced with current Finnish grid electricity does not meet the 70%
GHG savings requirement in any scenario. Future decarbonization of the Finnish grid,
reducing its emission intensity to 40 gCO,e/kWh, would allow compliance with the 70%
GHG savings threshold under all scenarios, allowing for renewable hydrogen production
using grid electricity.
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Téssd diplomitydssd arvioidaan vihredn vedyn ja sen johdannaisten eri tuotantoketjujen
kestidvyyttd. Microsoft Excel -pohjainen malli kehitettiin vertailemaan Saksan markkinoille
tuotettua vihredd vetyd, ammoniakkia, metanolia ja metaania. Laskelmat noudattavat
uusiutuvan energian RED III -direktiivi ja ISO 19870 -standardia, joita verrataan keskenddn
ISO 14067 -ohjeistukseen.

Wairtsildn toimeksiannosta tyon tavoitteena on tunnistaa kansainviliset vedyn ja sen
johdannaisten tuotantoketjut, jotka tiyttdvat EU-taksonomian vihredn rahoituksen rajan 100
gCO2¢/kWh ja 70 % kasvihuonekaasupididstojen vdhennyksen verrattuna fossiilisiin
polttoaineisiin.  Tuotantoskenaariothin kuuluu Kanadassa tuulivoimalla tuotettua
ammoniakkia, Léhi-iddssd aurinkovoimalla valmistetuttuja vetyjohdannaisia sekd Suomen
sahkoverkolla tuotettua vetyd, jotka kuljetetaan Saksaan. Merkittivimmadt havainnot
osoittavat suurimpien pédstdjen syntyvin sdhkonlihteestd ja kuljetusmuodosta.

Kaikki tarkastellut uusiutuvia energialdhteitd hyOdyntdvét tuotantoketjut saavuttivat
vahintddn 70 %:n kasvihuonekaasusddstot — jopa huonoimmissa skenaarioissa. Néitd
polttoaineita voidaan polttaa my0s sdahkontuotantoon tarkoitetuissa
moottorivoimalaitoksissa, joiden pééstot alittavat tdlloin EU-taksonomian rajan 100
gCO2e/kWh tuotetulle sdhkolle. Nykyiselld Suomen verkkosdhkolld tuotettu vety ei
kuitenkaan saavuta 70 %:n kasvihuonekaasusddstovaatimusta missddn skenaariossa.
Suomen sdhkdverkon pééstointensiteetin aleneminen 40 gCO2e/kWh:iin mahdollistaisi 70
%:n kasvihuonekaasusddstovaatimuksen tdyttymisen kaikissa skenaarioissa ja siten
uusiutuvaksi luokitellun vedyn tuotannon verkkoséhkolla.
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1 Introduction

In 2016, Paris Agreement, the landmark of addressing climate change, set forth targets to
limit global warming to well below 2°C, preferably to 1.5°C compared to pre-industrial
levels (United Nations, 2015). According to the IPCC’s Climate Change 2023 report (2023,
4-5), the global warming is already reaching a rise of 1.1°C and the current trajectory poses
widespread adverse impacts and damages to natural and human systems. Building on this,
the outcome of the COP 28 climate conference in 2023 stressed the importance of accelerated
transition away from fossil fuels in a just, orderly, and equitable manner. In energy systems,
this is to be achieved by a widespread adoption of zero- and low-carbon fuels. (United

Nations, 2023, 5.)

The accelerated transition not only serves the climate goals but is also a necessity for
Germany’s energy security (Kyllmann 2024), which is the primary geographical focus for
this thesis. Germany as a leading industrial economy, with its climate targets set in
Energiewende, relies on external energy sources, such as hydrogen and its derivatives, to
reach its goals. The goal of this study is to evaluate the greenhouse gas emissions of green
hydrogen, ammonia, e-methanol, and e-methane across different production and transport
pathways to assess their sustainability and determine which comply with EU green financing

requirements.

This thesis compares the greenhouse gas (GHG) emissions of various hydrogen and
hydrogen derivative production chains for the German market using three different
methodologies: RED III, ISO 19870, and ISO 14067. Three countries are examined as
potential production sites in this study, including Canada and Saudi Arabia, which have
already formed alliances with Germany for green hydrogen and derivatives exports (Natural
Resources Canada, 2022, BMWK 2022, 4). Finland, the third alternative, has a well-

established renewable energy infrastructure and proximity, making it a potential exporter.

While life cycle assessments and greenhouse gas accounting have been widely applied to
assess the sustainability of hydrogen and its derivatives, there is a research cap in the
application of RED III and ISO 19870. These two methodologies are the most influential in
the industry and differ from conventional LCA approaches like ISO 14067 by excluding

specific emissions leading to significant variance in total GHG emissions. As RED III forms



the basis for European regulations on green hydrogen and its derivatives, and ISO 19870 is
believed to become the primary methodology for sustainability certification of these fuels,

it is crucial to examine the emissions outcomes they result across different production chains.

By quantifying the GHG emissions of green hydrogen, ammonia, e-methanol, and e-methane
in different production and transport chains, this thesis explores answer for the following

research questions:

1. How much decarbonization can be achieved by different renewable fuels when
compared to a fossil fuel comparator (natural gas) for the German market?

2. How do the life cycle emissions of green hydrogen, ammonia, e-methanol, and e-
methane from different production chains compare to the EU Taxonomy’s green
financing limit of 100 g CO2e/kWh?

3. What are the practical implications of the findings for policymakers, Wirtsild, and

the broader goal of a sustainable energy transition?

This thesis is commissioned by Wirtsil4, a global leader of combustion engine power plants.
They are committed on developing plants capable on running variety of e-fuels allowing
seamless transition to using these sustainable fuels as they become available (Wértsila
2023b). As a part of this thesis, a Microsoft Excel model is developed for GHG accounting
of various e-fuels. The model and the results of this study can provide valuable insight for
Wirtsild to determine which hydrogen and hydrogen derivative production chains can
effectively be integrated into combustion engines while meeting sustainability standards for

energy generation.

The structure of this thesis is set so that the chapter 1 provides the context for the study,
followed by theory chapters for engine power plants and their role in Germany (chapter 2),
natural gas and alternative e-fuels (chapter 3) and regulatory landscape (chapter 4).
Methodology is covered in chapter 5, which includes the details on standards, data
modelling, and the scenarios considered. Chapter 6 presents the results for these scenarios
and chapter 7 discusses decarbonization potential and EU Taxonomy compliance of the
results. Finally, chapter 8 concludes the key findings and recommendations. Perplexity Al
(2024) software was utilized throughout the thesis for proofreading and text enhancement to

ensure scientifically accurate language and clarity.



2 Engine power plants and the transition to renewable energy in

Germany

As Germany navigates its ambitious goal of achieving 80% renewable energy production by
2050, engine power plants emerge as a pivotal component for balancing the generation of
renewable energy sources. These plants with large internal combustion engines, traditionally
running on fossil fuels offer flexibility to run on alternative sustainable fuels such as
hydrogen and ammonia. This versatile solution is particularly significant for Germany as the
country has phased out nuclear power and is increasingly reliant on renewable energy
sources under the Energiewende initiative. Engine power plants play an important role in the
reserve electricity market as the share of intermittent renewable electricity production

increases.

2.1 Engine power plants operation principles

Engine power plants are facilities that produce electricity with one or more large internal
combustion engines. In piston engines, the fuels’ chemical energy is converted into
mechanical energy through internal combustion by the up-and-down movement of pistons
in closed cylinders. This linear motion of the pistons is transferred into rotational motion in
the crankshaft, which drives the generator converting the mechanical energy into electrical
energy. Engine power plants can run with a wide variety of fuels from traditional natural gas
and diesel to newer ones like hydrogen and ammonia offering a flexible solution for a variety

of power generation applications. (Breeze 2019, 99.)

Through a series of controlled explosions, the chemical energy from fuel rotates the
crankshaft relaying energy to the generator. There are two types of engines: two-stroke and
four-stroke cycle ones. A two-stroke engine completes a power cycle with two strokes of the
piston (one up and one down) during one revolution of crankshaft. As the piston moves
down, a vacuum is created drawing air-fuel mixture into the cylinder. In the down position,
the previous cycles’ exhaust gases are expelled through the ports. When the piston moves

back up it compresses the air-fuel mixture, igniting it with a spark or by fuel injection. The



explosion forces the piston back down completing a crankshaft revolution. (Breeze 2019,

104.)

A four-stroke engine completes its cycle in four strokes rotating two crankshaft revolutions.
The operating mechanism is otherwise the same, but each step has its own stroke. During
the intake stroke, the opening of valve moves piston down and draws an air-fuel mixture in.
That is followed by a compression stroke where valve closes, and piston moves up
compressing air-fuel mixture. Compressed air-fuel mixture is ignited by a spark plug or by
fuel injection causing explosion called power stroke. Finally, the exhaust gases are expelled

when the valve opens in exhaust stroke. (Breeze 2019, 103.)

Depending on the type of fuel and engine design, different ignition methods can be utilized.
Compression ignition is commonly used in diesel engines, where the compressed air reaches
high pressure and temperature. When diesel or other alike fuel is injected into the

compressed chamber it ignites spontaneously. (Kebeyi and Olanrewaju, 2019, 22.)

With most fuels primary ignition option is a spark-ignition, where a spark plug ignites the
air-fuel mixture (Prochézka and Honig 2018, 5). Combination of these two can be utilized
in dual-fuel systems, where compression ignition is used for diesel and spark ignition or pilot

diesel injection for the other fuel (Cahyo ef al. 2023, 1).

The ignition causes a series of high-pressure explosions, which push against the engine's
pistons. The pistons move and transfer the energy to a crankshaft, which drives the generator.
The generator consisting of a rotor and a stator, creating a rotating magnetic field. The
electrical current is then induced into the stator's windings, generating electricity. Before
distribution the electricity is conditioned by transformers to increase the voltage for efficient

long-distance transmission. (Breeze 2019, 67, 47-48.)

2.2 Energy Landscape

The energy landscape in Germany has been shaped by Energiewende, a programme to
transition towards renewable energy production while phasing out nuclear power (Cote
2024). Initially set in 2010 the original target was to increase renewable energy production
to 80% by 2050 and reduce greenhouse gas emissions by 80-95 % (BMWi 2015). However,

following the Fukushima nuclear power plant incident in late 2011, Germany adopted more



ambitious targets by deciding to phase out all nuclear power production. This decision
culminated in the closure of the country's last nuclear power plant in April 2023. (Grossi et

al. 2017, Wehrmann 2023.)

Germany, with 542.8 MtCOze emissions from fuel combustion in 2023 has clearly the
highest GHG emissions among European countries (IEA 2024b). The electricity
generation’s share of Germany’s overall annual emissions is approximately 25%. Renewable
energy sources account for almost 60% of Germany's overall electricity production in 2024.
These sources include wind power, solar power, hydropower and biomass. Nuclear power is
no longer in the mix as it was phased out in early 2023. Fossil sources, including lignite,
hard coal, and natural gas, make up the remainder of energy production. (Fraunhofer ISE

2024.) Chart 1 illustrates the share of each energy source in electricity production for 2023.

Total electricity production in 2023 by source

75.4 TWh 59.9 TWh
36.8 TWh
139.8 TWh
81.2 TWh
6.7 TWh
£23Twh 193 TWh
Solar Power Wind Power = Hydropower = Biomass
= Nuclear Power = Lignite » Hard Coal = Natural Gas

Chart 1. Total electricity production by source in Germany 2023 (Data from: Fraunhofer
ISE 2024).

Germany’s total electricity production, including the industrial self-production, was 461.6

TWh in 2023. Of this, 49.3 TWh were exported and 61.9 TWh imported to and from other
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European countries. This created a net import surplus of 12.6 TWh, resulting in a total

electricity consumption of 474.2 TWh for the year. (Fraunhofer ISE 2024.)

Germany plans to increase renewable energy production to 80% by 2050. At the same time,
the industry, heating, and mobility sectors are increasingly relying on electricity. As a result,
Germany will need significantly more renewable energy production capacity and solutions
to balance the system. Among the efforts, Germany aims to implement hydrogen-ready gas
power plants by 2028 to secure the electricity supply. (Kyllmann 2024.) Chart 3 illustrates
typical electricity consumption and generation from renewable sources in Germany over a
length of a week. It shows that the current renewable energy production can drop as low as
10 GWh/hour, while consumption remains around or above 50 GWh/hour. The gap between
renewable energy production and consumption is currently filled by fossil energy and
imports. However, in the future this gap has to be increasingly met by new renewable energy

production and balancing solutions.

Daily renewable energy generation and total electricity consumption
on vernal equinox week (18.3.-24.3.2024)

[GWh/hour]
—_ [\ ] (O8] AN W (@) - o0
(e S S (] (e S (e (e

[e)

B Biomass == Hydro
== Pumped storage generation Solar

Wind offshore == Wind onshore
—Total electricity demand

Chart 2. Daily renewable power generation and overall energy consumption on vernal

equinox week in Germany (18.3.-24.3.2024). (Data: Agora Energiewende 2024.)

Located in Central Europe, Germany features a diverse landscape with rivers, sea coastline,

lowlands, hilly uplands and Alpine mountains. This provides them a great potential for
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varied renewable energy production. The ability to integrate both wind and solar power
reduces intermittency as they have complementary generation patterns. Solar power
generates energy only on daytime and mostly during sunny summer months, whereas wind

energy generates most during the winter and at nighttime. (Driicke ef al. 2021, 1259-1260.)

2.3 Strategy

The European Union (EU) has outlined a comprehensive strategy for green hydrogen as part
of its European Green Deal climate goals published in 2020. The primary strategy involves
scaling up green hydrogen production capacity in Europe from virtually zero in 2020 to 6
GW by 2024 and 40 GW by 2030. However, the progress has been slower than anticipated
and only just over 500 MW green hydrogen capacity had been installed by 2023 (IEA, 2023,
p. 69). The strategy recognizes also the need of partnerships with neighbouring countries
and regions to produce and export another 40 GW capacity of green hydrogen by 2030. The
increased green hydrogen capacity is then expected to eventually lead to widespread
adoption of hydrogen in various sectors including industry, transport and energy. (European

Commission 2020, 6, 19.)

The EU-wide strategy sets foundation for each member state to establish their national
strategies to promote green hydrogen, develop infrastructure and integrate the European
market. Germany’s national strategy was first released in June 2020 for hydrogen and has
then later been updated to include hydrogen derivatives as well in the most recent strategy
published in July 2024. The strategy focuses on hard to electrify sectors like steel, chemicals,
and transport as well as the energy sector. The goal is to integrate hydrogen market and
infrastructure for both domestically produced and imported hydrogen with expectations of
95 —130 TWh annual green hydrogen imports corresponding to 50—-70% of green hydrogen
demand. Integral to the strategy are ammonia, methanol and other hydrogen derivatives used
in various industrial applications, shipping, and as carriers for hydrogen in energy transport.
To facilitate the large-scale adoption of these green fuels, Germany is investing in both
pipeline-based and maritime import infrastructures. This infrastructure connects key
production sites, import terminals, and industrial centres across Germany. (BMWK 2024,

12,20-21.)
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To meet the strict sustainability criteria for imported and domestically produced green
hydrogen, Germany is planning on developing their own certification system, aligned with
RED III. Certification will involve the verification of GHG emissions and the source of
electricity that will have to meet the RED III 70% GHG savings compared to fossil fuel
comparator. The certification system will be integrated with international certification
schemes to ensure consistency and transparency in the global hydrogen market. Although
such certification schemes are not yet established, Germany is actively supporting the

development of an ISO standard to facilitate this integration. (BMWK 2024, 27-28.)
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3 Sustainable fuel alternatives for natural gas

Natural gas has played a significant role as a transitional fuel in Germany's energy mix fuel
towards a more sustainable energy system. It has reduced the greenhouse gas emissions in
power sector by having lower carbon intensity compared to coal and oil. While lowering
carbon intensity compared to coal, natural gas still contributes to significant GHG emissions
and poses energy security challenges given the geopolitical uncertainties surrounding natural
gas imports. Moving towards more independent and largely carbon-neutral energy system
by 2050, described in broader "Energiewende" initiative, it is crucial to further transition

from natural gas to alternative fuels. (IEA 2020, 38, 39, 148).

Natural gas is often considered as a bridge fuel due to its importance after the phasing out of
nuclear power in 2022 and the planning of phasing out coal by 2038. The growing share of
renewable energy sources like wind and solar increases intermittency in the grid, requiring
flexible sources like natural gas to maintain grid stability and ensure a continuous supply of
electricity. This intermittency can then be balanced with battery technologies and renewable
fuels once they have scaled up enough to replace the dependence on natural gas. (Wehrmann
2024.) In 2023, the demand for natural gas in Germany was 810 TWh, of which
approximately 95% was imported with significant supplies coming from Norway

(Bundesnetzagentur 2024).

This chapter focuses on several alternative renewable fuels that could replace natural gas in
power plants, examining their environmental benefits and disadvantage as well as the
upstream emission sources associated with each fuel type. Green hydrogen, green ammonia,
e-methanol, and e-methane have been chosen for analysis, as they are among the most

promising options with established technologies and infrastructure.

3.1 Fossil natural gas — the reference

Natural gas is a major energy source globally widely utilized for heating, energy generation
and as a fuel for vehicles. It is the preferred choice for most new build power installations
including both gas turbines and reciprocating internal combustion engines. Natural gas

power plants are typically more energy efficient, enable quicker ramp-up and ramp-down
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times, and produce fewer pollutants at a relatively lower cost compared to coal and diesel.

(IEA 2019, 14, 49)

Natural gas is primarily composed of methane (CHs), but the exact composition can vary
significantly depending on the source. This variability influences the physical properties
such as calorific value and emissions during combustion. Methane accounts for
approximately70% to 90% by mole fraction of natural gas, with varying share of other
hydrocarbons such as ethane (C2Hg) and propane (C3Hs). The compatibility of the fuel is
primarily determined based on the absence of inert gases like nitrogen (N2) and carbon

dioxide (COz), which alter the heating value and the Wobbe index. (Park et al., 2021, 1-2).

Burning of natural gas produces predominantly water vapor and carbon dioxide emissions.
Depending on the combustion technology used and the gas’s purity it can also generate
nitrogen oxides (NOx), carbon monoxide (CO), small amounts of sulphur dioxide (SOz) and
particulate matter. The emission profile is impacted by the composition of natural gas. For
example, gases with a higher proportion of inert substances such as nitrogen can result in
lower combustion temperatures. This may help to decrease NOx emissions, but could lead to
an increase in CO emissions due to incomplete combustion. Variation in the proportions of
methane to other hydrocarbons on the other hand affects the combustion rate and stability,
which can further influence emissions characteristics and engine performance. (Park et al.,

2021, 1-2, IEA 2019, 35.)

The lifecycle GHG emissions of natural gas can vary significantly due to methane leakage
during the extraction, transportation, and combustion. These methane emissions are
particularly significant due to methane's high global warming potential, which is
approximately twenty-eight times greater than CO: over a 100-year period (IPCC 2014, 87).
Regional emission differences arise due to factors like geological characteristics, local
emission regulatory frameworks, technologies used and the efficiency of the transportation
infrastructure. In addition to leaks during the production and transportation, natural gas-
powered engines exhibit methane slip. The release of unburned methane further increases

GHG emissions from these power plants. (IEA 2019, 24, 41.)

Wirtsild conducted an internal Life Cycle Assessment (LCA) in 2023 for their natural gas
balancing power plant equipped with five of their 31SG engines. Adhering to ISO 14040

and 14044 standards, this study provides a comprehensive analysis of the environmental
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impacts associated with the generation of electricity using natural gas. The study shows that
the power plant in question with 3,000 hours annual operational hours over a 30-year lifespan
has a life cycle GHG emissions of 580 grams of CO; equivalent per kilowatt-hour
(gC0O2e/kWh) of electricity produced. Most notably, over 99% of these emissions are
originated from the operational phase, while only 0.6% are attributed to embodied emissions
from the construction and maintenance of the power plant infrastructure. (Wartsila 2023a.)
This highlights the potential of GHG reductions even when considering that with lower
operational hours the embodied emissions will not play a significant role. This study can be
used as one benchmark against which the renewably sourced fuels’ environmental impacts

can be compared.

3.1.1 Extraction and processing

Natural gas is formed over the course of hundreds of millions of years deep underground.
The natural gas reserves are divided into conventional and unconventional sources, which
are located by geological surveys and seismic studies. Conventional natural gas is vertically
drilled directly from porous rock formations, whereas unconventional sources such as shale
gas require horizontal drilling and hydraulic fracturing. Hydraulic fracturing has
revolutionized natural gas production by allowing access to shale gas deposits previously
uneconomical to exploit. (Wang et al. 2014, 4-5.) Hydraulic fracturing creates fractures in
the rock by injecting water, sand, and chemicals at high pressure. This requires vast amounts
of energy and requires venting and flaring of the gas. The hydraulic fracturing may
contaminate the ground waters and increases seismic activity. Flaring is used to convert the
excess natural gas methane to carbon dioxide lowering the GHG emissions with its lower

global warming potential. (Wang et al. 2014, 19-22.)

Extracted natural gas must go through a process to remove impurities to reach commercial
quality standards. Depending on the quality of raw natural gas, impurities such as water
vapor, hydrogen sulphide, carbon dioxide, and heavier hydrocarbons are removed. Heavier
hydrocarbons include natural gas liquids (NGLs) such as ethane, propane, and butane, which
can be sold separately or used as feedstock for the petrochemical industry. Processing plants
typically include the following technologies: acid gas removal, dehydration, mercury

removal, fractionation, nitrogen rejection and helium recovery. The extent of used
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technologies significantly influences the energy intensity of the process. Higher amounts of
impurities require longer processing times, resulting in higher energy use and increased
fugitive emissions from equipment increasing the overall GHG emissions. (Mokhatab ef al.

2019, 177-184.)

3.1.2 Transportation

Natural gas is transported usually through extensive networks of pipelines from wellhead to
end-users in most regions. Where pipelines are not feasible, natural gas is cooled to a
liquefied form known as liquefied natural gas (LNG) or compressed into containers as
compressed natural gas (CNG). Each method comes with additional emissions in form of
infrastructure, methane leakage from pipelines and the energy required for liquification and

compression. (Mokhatab & Poe 2012, 27-34.)

For the natural gas to flow through pipelines, a high pressure is required which is maintained
by compressors. As the gas flows, pressure is lost due to friction against the pipe walls. To
ensure right pressure and flow rate, there are compressor stations at regular intervals.
(Mokhatab et al. 2019, 433.) A compressor station typically includes multiple compressor
units, which all consist of a compressor, its driver, valves, control systems, exhaust ducts,
and noise attenuation systems. The compressors are usually powered by natural gas extracted
directly from the pipeline, although electric compressors are becoming increasingly
common. (Mokhatab ef al. 2019, 451-454.) As the gas flows condensation and particulate
matter accumulation can occur causing entrained liquids and solids. In gas-powered
compressors, scrubbers are needed to remove these. After compression, aftercoolers are also

used to reduce the temperature of compressed gas. (Mokhatab et al. 2019, 446-447.)

Efficient pipeline transmission of natural gas is a balance between pipe diameter, compressor
station spacing, fuel usage, and maximum operating pressure. Best efficiency is reached at
high pressures to reduce friction losses. However, maintaining high pressures requires
compressor stations in short intervals, which is more costly compared to fever but larger
compressor stations. Due to this, pressures along the transmission pipeline can vary across
different sections, typically ranging between 10 and 100 bars. (Mokhatab et al. 2019, 463-
465, 481-485.)
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Safety and environmental concerns are also significant considerations when designing and
operating pipeline network. Most importantly pipeline integrity must be regularly inspected
and maintained to prevent leaks and ruptures, which can lead into explosions and
environmental contamination. Inspections are nowadays mainly completed by robotic
techniques such as intelligent pigging, where integrity gauge is controlled through pipeline
to detect corrosion, metal loss, cracks, deformations, etc. Risks and damage on the other
hand are minimized through the implementation of robust emergency shutdown systems,
pressure relief devices, and flare lines. These safety measures ensure that gas is moved and
evacuated safely during emergencies and routine maintenance. (Mokhatab et al. 2019, 474—

477.)

3.2 Green hydrogen

Green hydrogen is the most sustainable type of hydrogen. It is produced via water
electrolysis using renewable electricity. Unlike other forms of hydrogen, the production of
green hydrogen does not involve any fossil fuels, although some indirect emissions from
infrastructure and other associated activities occur. Green hydrogen works as a clean energy
carrier enabling decarbonization, grid balancing, and enhanced energy security of energy
infrastructure. It also has a huge potential to reduce emissions in hard to electrify industries
such as steel, cement, chemicals, oil refining and heavy-duty transport sector. (IEA 2023,

18-21)

The cost of green hydrogen is currently high compared to its fossil counterparts. Due to
capital expenditures and the raised cost of renewable electricity in 2022 the levelized cost of
hydrogen (LCOH) increased by around 50%, ranging now at 4.5 to 6.5 USD/kg. Even with
the cost decline estimates of 2.5 to 4.0 USD/kg by 2030 and 1 to 2 USD/kg by 2050,
achieving cost parity with fossil fuels remains as the main challenge. (Hydrogen Council,

McKinsey & Company 2023, 19.)

As of 2023 the installed electrolyser capacity in the world is only around 2 GW, but is set to
expand rapidly in the near future. Electrolyser manufacturers estimate the capacity to
increase to 155 GW by 2030, while only 12 GW of projects have passed the final investment
decision (FID) (IEA 2023, 12, 69). Uncertainties around regulations and support

mechanisms are hindering the investing and development of new facilities. European
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projects are mandated by the Renewable Energy Directive (RED III), but its impacts on the
market have not yet been realized as the detailed regulatory framework is still under
development. Investors and project developers are mostly waiting for the implementation of
the framework before committing to new projects. Even with the uncertainties around the
framework and support mechanisms Europe is the leading region with around 1/3 of the

deployed capacity. (Hydrogen Council, McKinsey & Company 2023, 4-6.)

3.2.1 Production

The fundamental process for green hydrogen production is splitting water molecules (H20)
into hydrogen (Hz) and oxygen (O2) gases using an electric current. This is done via
electrolysis where water molecules are decomposed at two stages: first at the cathode,
followed by the anode. For the electrolysis to occur, the voltage must exceed the theoretical
decomposition voltage, with some overpotential due to the kinetic barriers at the electrodes.
The theoretical decomposition voltage for both half-reactions vary based on the pH-value

and temperature of the water. (Chatenet et al. 2022, 4585-4586.)

In addition to cathode and anode, a basic electrolyser includes a membrane/separator and an
electrolyte. A membrane or separator is between anode and cathode preventing oxygen and
hydrogen from mixing while allowing ionic flow. Electrolyte is the medium moving the ions
for conduction. Based on the electrolyte used, the electrolysers are categorized into different
types with different operational temperatures and pressures. The most common electrolyser
types are alkaline water electrolysers (AWE), proton exchange membrane water
electrolysers (PEM), anion exchange membrane water electrolysers (AEM), and solid oxide
electrolysis cells (SOEC). The used electrolyte affects the overpotentials, electrolyte
conductivity and optimal operating temperatures and pressure. These are critical
considerations affecting the efficiency and operational properties of water electrolysis.

(Chatenet et al. 2022, 4598-4599.)

For the Excel model calculation in this study, AWE and PEM-type electrolyzer data is
collected, but for the results, only AWE type is considered. The data includes efficiency
based on LHV, which averages 65% for AWE and 57% for PEM, as well as balance of plant
emissions, which are approximately 150 gCO-e per kg of hydrogen produced for both types.
The data collected is shown in Appendix 7.
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Regardless of electrolyser technology, the process yields a significant amount of oxygen, 8
kg for each kg of hydrogen produced. In many cases, excess oxygen is vented into the
atmosphere because of a lack of feasible utilization pathways. While there are use cases for
oxygen, such as in aquaculture or industrial processes, the production scale in large
production sites often far exceeds the needs. The handling and transportation are also costly
and require specific infrastructure. Due to these reasons large hydrogen production sites vent
it to the atmosphere. (Gustavsson et al. 2023, 24-27). This is also the assumption under this
study, meaning that oxygen is not allocated any part of the emissions in hydrogen

production.

3.2.2 Alkaline water electrolysis

Alkaline water electrolysis (AWE) is the most mature and widely used technology for
electrochemical hydrogen production. Its fundamentally simple structure of just two
electrodes in alkaline electrolyte separated by a porous separator have enabled its extensive
industrial deployment already from the beginning of the 20th century. The two electrodes
function as half-reactions. In the first half-reaction at cathode water is split into hydrogen

and hydroxide ions (OH") in cathode and is called the reduction reaction:
2H>O +2e— — H, + 20H™

The second half-reaction is at the anode where hydroxide ions are oxidized to form oxygen

and water, called the oxidation reaction:
40H™ — Oz + 2H,0 + 4¢
(Chatenet et al. 2022, 4598-4599, Danish Energy Agency 2024, 119.)

The AWE technology allows for a use of non-platinum group metals as catalysts reducing
the need of rare earth materials compared to PEM electrolysers. Common catalyst materials
in AWE include nickel, cobalt and stainless steel. Compared to platinum-based catalyst they
offer low-cost, without compromising from performance and durability. The current state of
the art AWE systems have demonstrated reaching stack lifetimes of around 60,000 hours

with system efficiency of around 65%. (Chatenet et al. 2022, 4598, 4603)



20

Significant drawbacks compared to other technologies include the gas purity and
responsiveness time. The porous separator can allow intermixing of hydrogen and oxygen
bubbles leading to reduced gas purity and safety concerns. The bubbles are also the main
limitation for AWE system’s slow responsiveness time as they diffuse slowly. The required
steady operating state takes several hours to ramp up, which limits the system’s ability to
couple with renewable energy fluctuations. The AWE systems are generally able to operate
within a load variation range of 15-100%. (Chatenet ef al. 2022, 4599 & Danish Energy
Agency 2024, 130)

3.2.3 Proton exchange membrane

Proton exchange membrane (PEM) is a promising technology for green hydrogen production
offering different operational characteristics compared to AWE. Proton exchange
membranes are used in proton exchange membrane water electrolysis, but can also be used
in other devices like PEM fuel cells. As other uses of PEM are not considered in this study
the term “PEM?” is used to refer to both the membrane and the electrolyser. PEM operation
is based on two half-reactions like AWE. In anode when electricity is applied water

molecules split protons (hydrogen ions), electrons and oxygen:
H,O — O, +4H + 4e

The proton membrane allows protons (H") to pass through to cathode, where electrons are

combined to produce high-purity hydrogen gas:
2H" +2¢ — Ha
(Lietal. 2024, 2494 & Danish Energy Agency 2024, 119.)

The membrane prevents gas crossover between anode and cathode resulting in a higher
hydrogen purity than AWE reaching up to 99.999% purity. The membrane also allows for
more dynamic loading with a load range of 5-130% and rapid response times with cold start
up time from 0-100% in just under a minute. Efficiency of current state of the art PEM
systems are approximately 60% with average stack lifetime of around 55,000 hours. These
are slightly lower compared to AWE’s values. (Danish Energy Agency 2024, 120, 130.) This
makes PEM easier to integrate with renewable energy and adapt to its fluctuations compared

to AWE (Li et al. 2024, 2495).
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PEM electrolysers face still critical challenges regarding cost and material sensitivity. The
manufacturing costs are high due to rare and expensive materials especially in catalyst,
where platinum and iridium are often used. Durability is another key challenge as acidic and
high-temperature conditions require expensive corrosion-resistant materials and can lead to
corrosion and membrane degradation over time. To avoid membrane degradation,
sophisticated water purification systems must also be put in place to guarantee highly pure

water. (Li et al. 2024, 2495-2496 & Danish Energy Agency 2024, 131.)

Advances in PEM design are making it an increasingly competitive option compared to
AWE. Novel polymers and composite membranes are expected to enhance the system
performance and mechanical strength. Most prominently adding nanoparticles like silica and
titania have shown enhances in proton conductivity and structural resilience. Reducing the
use of expensive catalyst materials, including platinum and iridium, is also a major research
focus. New alloy and composite catalysts present cost-effective and more sustainable
alternatives compared to platinum and iridium even though they offer better performance.
Other advancement points have been around gas diffusion layer to improve gas and water
transport and bipolar plate materials to enhance durability and reduce cost. (Li ef al. 2024,

2495-2504.)

3.2.4 Other electrolyser technologies

Other common and/or promising electrolyser technologies not considered in the calculation
part of this study include the solid oxide electrolysis cell (SOEC), anion exchange membrane
electrolyser (AEM) and proton conducting ceramic electrolyser (PCCEL) (Chatenet ef al.
2022, 4598). AEMs offer alternative to AWE and PEM, with advantages from both
technologies. AEMs can reach high hydrogen purities similar to PEM while being less reliant
on precious catalyst materials like platinum and iridium used in PEM systems. The challenge
lies on the high pH alkaline environment, which reduces the stability and performance due
to degradation of the anion-conducting polymers. This reduces ion-conductivity and
increases cell resistance. AEMs hold significant future potential, if these challenges can be

solved by ongoing and future research. (Prochdzka & Honig 2018, 3-7.)

SOECs offer high system efficiencies of around 74% with relatively low-cost. However,

they face challenges in scalability and durability due to the high operating temperatures
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between 550-850°C. Stacks also last only around 20,000 hours and the system requires
extremely long ramp up time of up to 10 hours. (Danish Energy Agency 2024, 130-131.)

PCCELSs have shown promises in lab testing, but have not reached commercial use. They
require complex technologies for cell fabrication impacting the scalability combined with
the heat-related challenges similar to SOECs with operating temperatures ranging between
300-600°C. Both SOECs and PCCELSs benefit from utilizing preheated steam from other
processes, making them attractive options in settings where excess heat is readily available.

(Chatenet et al. 2022, 4599, 4601.)

3.2.5 Challenges

A common challenge for all electrolyser types is the effect of impurities in water used for
electrolysis. Impurities can be both inorganic, such as metal ions, salts, and minerals, or
organic, including oils, greases, and biological materials. Metal ions can precipitate and form
insulating layers on electrode surfaces. These ions then reduce the active surface area and
increase electrical resistance, thereby decreasing the overall efficiency. Organic
contaminants are mainly problematic for PEM electrolysers as they can absorb into the
membrane. This reduces the ion-conducting properties leading to higher energy
consumption and lower efficiency. Along with these, the most significant risk is the
possibility of catalyst poisoning due to halide ions like chloride and sulfate. This problem is
particularly severe for platinum-based catalysts where poisoning inhibits the catalytic
activity requiring increased voltages to maintain electrolysis reactions. In addition to these
impurities there are several other impurities, including silica, phosphates, nitrates and
biological contaminants with each contributing to issues like biofouling. (Becker et al. 2023,

1589-1590; Chatenet et al. 2022, 1575-1579.)

Water supply is a critical factor both in terms of purity and overall demand. While
electrolysis requires 9 to 11 liters of high purity water per kg of hydrogen, the actual water
consumption can be significantly higher, particularly when only seawater is available. When
accounting for cooling and seawater desalination, the demand can reach up to 83 kg per kg
of hydrogen. Seawater desalination is approximately ten times more energy-intensive than
surface water desalination. With seawater desalination energy intensity ranking from 2.58 to

8.5 kWh/m?® the additional energy demand can rise up to 0.7 kWh per kg of produced
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hydrogen. Being just over 1% of the average 50 kWh/kg H: energy requirement, this

additional demand has a minimal impact on the overall energy consumption. (Miltrup 2024.)

Water impurities related issues can often be solved by regular maintenance and cleaning of
electrolyser components including for example membrane replacement, and catalyst
regeneration. These lead to increased downtimes and increased production costs. Issues can
be mitigated beforehand by implementing water pretreatment systems, regular monitoring
and by using advanced membrane materials in PEM electrolysers. Pretreatment of water
using filtration and ion exchange is effective way to remove particles, metal ions, cations
and anions. Analytical techniques including atomic absorption spectroscopy and inductively
coupled plasma mass spectrometry are used to monitor the water quality and to adjust the
water treatment processes or to replace filters. This preventative practice reduces downtimes
and precents severe contamination that would require replacement of expensive components.

(Becker et al. 2023, 1590—-1591; Chatenet et al. 2022, 1588-1590.)

For PEM electrolyser membranes, ongoing research is focused on developing advanced
materials that can resist the accumulation of impurities, thereby maintaining higher
efficiency and ion conductivity for longer periods. Developing composite membranes, which
incorporate inorganic nanoparticles into polymer matrices aim to strengthen the mechanical
properties and add resistance to fouling. Recent studies have demonstrated that adding
materials like phosphotungstic acid and silica to these membranes can significantly enhance
their proton conductivity and durability. These advancements are essential for enhancing the

longevity and efficiency of PEM electrolysers. (Li ef al. 2024, 2495.)

Another major challenge concerns the nature of hydrogen being an indirect greenhouse gas.
On itself it doesn’t have climate warming potential, but when interacting with other gases it
is considered to have GWP-100 value of 11. This is mainly due to its ability to slow down
the oxidative processes that break down methane and ozone formatting nature when

interacting with nitrogen oxides and other pollutants. (Frazer-Nash Consultancy 2022, 5.)

Being among the smallest molecules, hydrogen is notoriously difficult to contain, presenting
a significant risk of fugitive emission in the production, transportation, and end-use stages.
This can be seen for example during the venting in start-up and shutdown of electrolyser
process where approximately 0.04-0.7% of produced hydrogen is lost. Other similar size

leakages include purging process to remove impurities and storing in the gas tank. Though
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being small in terms of percentage, these can represent a considerable emission once the

hydrogen use scales up. (Frazer-Nash Consultancy 2022, 18, 34.)

Furthermore, the use of hydrogen in internal combustion engines presents several challenges.
These are mainly due to the different combustion characteristics compared to hydrocarbon
fuels. The high flame speed and broad flammability range can cause pre-ignition. This and
lower energy density require significant modifications and advantages compared to
traditional engines. In addition, when burned there are always small amounts of unburned
fuel leading to hydrogen emissions. These are estimated to be around 1015 ppm in the
exhaust gas for vehicle engines. (Frazer-Nash Consultancy 2022, 12, 35.) This is equivalent
to only 0.001%—0.0015% of hydrogen, and there is no indication that these emissions would
be any higher for stationary hydrogen engines. Therefore, these emissions are not considered

in the model of this study or other similar studies.

3.2.6 Transmission and storage

Renewable hydrogen production is often considered more feasible near the renewable energy
source than transmitting the electricity over to the end-use site for hydrogen production. This
is due to several reasons including the higher transmission losses in high voltage direct
current (HVDC) cables (around 3% per 1,000 km) compared to the hydrogen transmission
(around 1% per 1,000 km) (Patonia et al. 2023, 5). Hydrogen pipelines are also easier to
scale up compared to cables that face greater costs and technical limitations. (Miao et al.
2021, 18704—-18705.) In addition to cost and efficiency benefits the pipelines offer unique
flexibility with renewable energy intermittency by storing large quantities of hydrogen into
the pipelines. This temporarily stored hydrogen may be used to manage energy fluctuations,
whereas electricity cables require batteries or other systems to balance supply and demand

fluctuations. (Miao ef al. 2021, 18701-18702.)

The debate between HVDC lines and hydrogen pipelines is complex, and according to the
Oxford Institute for Energy studies report (Patonia et al. 2023, 21-22), the preferred choice
dependents on various techno-economic factors, including transmission -efficiency,
infrastructure costs, existing infrastructure and system flexibility. Both the storage capacity

of hydrogen pipelines and the necessity of HVDC lines for direct electrification remain
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crucial. Rather than being direct competitors, hydrogen pipelines and HVDC lines are likely

to complement each other in an integrated energy system.

To move the produced hydrogen from production site to a bulk terminal or end-use location
hydrogen transmission is required. The transmission is one of the main contributors to the
life cycle GHG emissions and overall cost. To facilitate transmission hydrogen must be
packed to a transportable state either by compression, liquefaction or chemical
transformation into hydrogen carriers such as ammonia or methanol described later on in

chapters 3.3 and 3.4. (Frank et al. 2021, 22671-22672.)

Similar to natural gas, hydrogen is most efficiently transmitted through pipelines. Where that
is not feasible tube trailers, liquid hydrogen tanker trucks (LH: tankers) or hydrogen carriers
may be used. Tube trailers are trucks hauled to transport high pressure gaseous hydrogen
with capacities between 280 to 1,000 kg H> which fits the needs of short and small-scale
hydrogen transportation. (Papadias et al. 2021, 24170.) LH; tankers become the preferred
choice of truck in distances of 1,000 km and more due to higher payload capacity of up to
4,000 kg H». Liquefaction is an electricity-intensive process consuming around 9.4 kWh per
kg Hz, which significantly increases the GHG emissions and overall costs. (Frank ez al. 2021,
22673.)

The European transmission system operators have developed together an initiative for pan-
European hydrogen transport network. This collaborative initiative has been named as
European Hydrogen Backbone (EHB) and aims to integrate new and repurposed natural gas
pipelines connecting key European and neighbouring countries. The EHB is expected to
cover 28 different countries with nearly 53,000 km of pipelines by 2040 with strategic vision
of connecting renewable energy production hubs in the Nordics, the Baltics, and the
Mediterranean to the high demand regions in central and southern Europe. (European

Hydrogen Backbone 2023, 7-11.)

The current extensive natural gas pipeline network can be repurposed for the hydrogen use
with few considerations and modifications. Due to hydrogen’s small molecular size and
embrittlement properties, it is necessary to upgrade compressors, valves and seals as well as
examined whether pipeline materials are compatible to prevent degradation. (European

Hydrogen Backbone 2023, 20, Fingrid 2023, 21)
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In this study, data is collected for three different hydrogen transportation methods: pipelines,
liquefied hydrogen shipping, and tube trailers, along with fugitive hydrogen emissions
associated with each method. The data includes electricity demand for pipeline compressors,
as well as fuel usage for shipping and tube trailers. This information is presented in Appendix
11. Boil-off losses and their re-liquefaction energy demand are also considered, with the

corresponding data shown in Appendix 12.

3.3 Green ammonia

Green hydrogen can be further synthesized into green ammonia (NH3) through the Haber-
Bosch process. Under high pressure and temperature nitrogen is catalysed with hydrogen,
yielding ammonia. This offers an effective way to decarbonize industries that rely on
traditional grey ammonia, primarily produced from natural gas. Additionally, it offers a
practical solution for storing and transporting hydrogen in a more manageable form.

(Pellegrini et al. 2024, 33-35.)

3.3.1 Haber-Bosch process

The Haber-Bosch process functions similarly regardless of the hydrogen production path,
whether sourced from natural gas or electrolysis. The synthesis operates in temperatures
between 400 to 500°C and at a pressure of 150 to 200 bar. An iron-based catalyst is used to
enable the reaction. Even though the reaction requires energy for high temperatures and
pressure the reaction itself is exothermic and releases heat that can be used to generate steam.
The nitrogen needed in the process is sourced from air, which contains approximately 78%
of nitrogen. The separation of nitrogen is typically done by cryogenic distillation or pressure
swing adsorption. The chemical reaction in the synthesis doesn’t produce any side products,
provided the nitrogen and hydrogen inputs are sufficiently pure, and is represented as

follows:
N2 + 3H2 2 2NH; AH = 206,16 kJ/mol

(Danish Energy Agency 2024, 313-314.)
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The Haber-Bosch process has an average energy demand of 0.65 kWh/kg of ammonia
produced based on the refences used for the Excel model in this study. The nitrogen required
for the process is assumed to be captured via cryogenic distillation, which has an average
energy demand of 0.23 kWh/kg of nitrogen. The data also includes the conversion efficiency
of Haber-Bosch process, which averages 97.5% based on the references. This data is

presented in Appendix 8.

3.3.2 Advantages and challenges

Being among the most used chemicals globally with annual production of 183 million metric
tons in 2019, the infrastructure and technology is already well developed. However, since
its production accounted for 1.3% of global GHG emissions in 2019, decarbonizing its
production using green hydrogen is essential. (IEA 2021, 9 & 16.) Ammonia's significant
benefit, along with hydrogen, is that they are the only fuels that produce zero carbon
emissions when combusted. Combined with its higher energy density compared to hydrogen
and compatibility with existing liquefied petroleum gas (LPG) infrastructure, green
ammonia’s adoption is both practical and feasible in many industrial applications. (Pellegrini

et al. 2024, 46.)

However, there are also significant downsides to ammonia. Its high toxicity poses a risk to
human health, requiring careful and stringent safety measures. Other main challenges are
regarding its combustion property. It has significantly lower energy density (LHW of 18.8
MJ/kg), higher ignition temperature and lower flame speed compared to convention fuels.
Combustion of ammonia can also produce nitrogen oxides (NOx), which require the use of
selective catalytic reduction (SCR) systems to minimize emissions. (Sphera 2024, 66, 67, 77

& 109.)

3.3.3 Cracking ammonia to hydrogen

To take advantage of ammonia's excellent transportability while avoiding its poor
combustion properties, it can be viable to convert it back to hydrogen for further use. This
decomposition back to hydrogen and nitrogen is known as ammonia cracking. It is an

endothermic process, meaning it requires significant energy input. Most commonly catalytic
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decomposition is used, where the energy input is in a form of heat that is typically between
800°C and 1,000°C. Catalyst such as nickel-based or ruthenium-based is needed to activate
the process. After the cracking process the hydrogen must be separated from ammonia and
nitrogen. This is typically done by pressure swing adsorption (PSA), that yields pure
hydrogen. (Pellegrini et al. 2024, 37-40.)

For this study’s energy and GHG intensity calculations the use of catalytic decomposition
process including PSA for hydrogen separation is assumed. The emission intensity of the
catalyst is not considered as the catalyst demand is minimal compared to the hydrogen
supply. Therefore, it can be disregarded based on cut-off criteria. The energy demand for
cracking is in average 1.35 kWh/kg of ammonia cracked with average conversion efficiency

0f 99.2% based on the data collected for Excel model shown in Appendix 8.

3.4 Green methanol

Green methanol (CH30OH) similar to green ammonia can be used as both, an intermedia
energy carrier of hydrogen or directly as a fuel. Green methanol is produced through
methanol synthesis combining green hydrogen with carbon dioxide (CO2) and/or with
carbon monoxide (CO). (Danish Energy Agency 2024, 235-237.) The EU Commission
Delegated Regulation (EU) 2023/1185 (2023) guidelines the carbon capture criteria for
methanol to be regarded as green. According to these guidelines, the carbon must be captured
from one of the following sources: EU emission trading activities, directly from air, biogenic

sources, renewable fuel combustion or from geological CO» sources.

3.4.1 Methanol synthesis

The main production pathway for green methanol is via direct synthesis. The reaction occurs
at temperatures between 200-300 °C and pressures of 50—100 bar. It requires a catalyst to
active the reaction, which typically are either copper (Cu), zinc oxide (ZnO) or alumina
(AL:O). The reaction is highly exothermic with enthalpy of -49.16 kJ/mol of methanol
produced. If this heat is not utilized, the process can become significantly less efficient. The

chemical reaction for this process is:
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3H> + CO2 2 CH30H + H,0
(Danish Energy Agency 2024, 235-237.)

There are also other production pathways, of which the most promising is the dual step
reaction, where H2 and CO: are first converted into carbon monoxide. This is done by reverse
water gas shift (RWGS) reaction, which requires higher temperatures of up to 800 °C for
optimal conversion of COs. The produced carbon monoxide is further synthesised with
hydrogen to produce methanol. Both routes have the same net reaction producing same
amount of methanol and water overall for each mole of CO; and H> converted. however, due
to the high temperatures the energy efficiency and production cost are higher compared to

the direct route. The two steps of the chemical reaction are:
H + CO2 — CO + H20
2H, + CO — CH30H

(Danish Energy Agency 2024, 237, Nami et al. 2019, 26134.)

As the technology is still novel, data for it is limited. The collected data includes a mix of
direct synthesis and the RWGS reaction, with an average energy demand of 1.08 kWh/kg of
e-methanol produced. Data on conversion efficiency and leakages was so limited that it

could not be collected. The data is presented in Appendix 8.

3.4.2 Advantages and challenges

Methanol serves as a multifunctional chemical mostly used as a fuel, a solvent, and a
precursor for producing chemicals like acetic acid. As an energy carrier and fuel, it offers
higher volumetric energy density compared to hydrogen and ammonia making it more
favourable for combustion, transport and storage. The direct CO> conversion route offers a
simple single step process but is limited by the stability of the CO2 molecule. This results in
lower conversion efficiency, which is compensated by increased circulation rates and larger
reactor sizes. Additionally, the high amount of co-produced water reduces the methanol yield

and accelerate catalyst degradation. (Maksimov 2022, 20-21, 33-34.)

The RWGS assisted dual-step route can achieve better overall conversion efficiency of CO:

as there are no similar stability constraints when converting to CO. However, due to the
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increased temperatures and more complex system design more potential losses occur making
it less energy efficient. The separate reactors also add to the capital cost in the RWGS
assisted system. (Maksimov 2022, 25-27.)

3.4.3 Reforming

Under this thesis, hydrogen carriers including methanol are converted back into hydrogen
and COa. The process is called reforming and for methanol the most common and well-
established method is steam reforming known for its efficiency. Methanol steam reforming
(MSR) is a process that splits methanol and water into hydrogen and carbon dioxide in an
endothermic reaction. Other methods include partial oxidation and autothermal methanol
reforming, which both require less energy but yield less hydrogen, making them less

commonly used. (Mei et al. 2022, 35760-35761.)

The process operates optimally at temperatures between 200°C and 350°C. These
temperatures are lower than in ammonia cracking and methane reforming, resulting in lower
energy consumption. The lower temperatures also help avoiding breaking carbon-carbon
bonds and producing minimal carbon monoxide, which reduces the risk of catalyst
poisoning. The catalysts are critical for efficient reforming and are most commonly based of

copper or metals such as palladium, nickel or platinum. (Jiang et al. 2024, 55-56.)

The carbon dioxide produced during the process is captured, and it can either be liquefied
for reuse or stored. Carbon capture is critical for the sustainability of the process because
methanol contains approximately four times more carbon dioxide by mass than hydrogen.
However, always small amounts of the COz is not captured and is released as emissions. The
scientific estimate for the carbon capture rate is around 87%. This means that approximately
13% of the carbon dioxide is emitted, which is equivalent to around 0.55 kg of CO» per kg
of hydrogen produced via MSR. (Lin ef al. 2024, 5-6.)

Both reforming and carbon capture are relatively energy-intensive processes. The references
collected for this study indicate an average energy demand of 3.16 kWh/kg of methanol
reformed and 2.2 kWh/kg of carbon captured. The data for these processes is presented in

Appendix 8.
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3.5 E-methane

E-methane (CHa4) also known as synthetic natural gas or green methane, is a renewable
energy carrier, that is produced through catalytic methanation. It can utilize the existing
natural gas infrastructure allowing it to be transported in compressed natural gas (CNG) or
liquefied natural gas (LNG) systems. At ambient temperature, e-methane remains in a
gaseous state. Additionally, it can be converted back into hydrogen and carbon dioxide
through methane reforming processes, similar to how methanol is reformed with MSR.

(Carels et al. 2024, 1-3.)

3.5.1 Methanation

The most common and simplest methanation reaction is Sabatier process, referred to as
methanation in this study. Other emerging technologies include biological methanation,
plasma-assisted methanation and electrochemical methanation. The Sabatier reaction is
highly exothermic, meaning that the reaction between carbon dioxide and hydrogen releases
a significant amount of heat. Optimal methanation requires catalyst which is usually nickel,

ruthenium or cobalt based. The reaction equation is represented as:
4H; + CO2 — CH4 + 2H20
(Carels et al. 2024, 1-3.)

Similar to methanol production, there is a dual reaction route involving the water-gas shift
reaction (WGSR). In this context, CO produced during reverse water-gas shift can be further

converted into methane through methanation:
CO + H20 — H> + CO»
(Carels et al. 2024, 3.)

Both production routes typically operate between temperatures of 250°C-550°C and
pressures of above 10 bar. The high process temperatures and the exothermic nature of the
reaction release waste heat, with temperatures reaching at least 150°C, which can be utilized
to improve overall energy efficiency. The heat released during the chemical reaction

corresponds to approximately 17% of the energy stored in the hydrogen, meaning that this
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amount of energy is effectively lost from the chemical conversion process. (Carels et al.

2024, 1-3.)

Similar to e-methanol the e-methane production is still novel, and data limited. The
methanation requires in average 2.77 kWh/kg of e-methane produced based on the references

shown in Appendix 8.

3.5.2 Advantages and challenges

The main advantage for e-methane is its capability to utilize natural gas infrastructure,
including pipelines, storage facilities, and liquefied natural gas (LNG) carriers. This reduces
the need for investments making it cost effective solution, especially in the beginning of
transitioning from fossil fuels to renewable ones. Additionally, e-methane is in a stable form
and has a high energy density when liquefied. This makes it easy to transport over long-

distances. (Carels et al. 2024, 4-5.)

The main barrier for cost effective e-methane production is the availability and cost of non-
fossil CO2, which is required for green e-methane production. The only scalable solution is
direct air capture, which has a high cost and energy demand. That is due to the fact that fossil
CO; are not negligible for green financing and that alternate cheaper biogenic CO; sources
are limited. Additional uncertainties relate to potential methane leakage, as methane is a
potent greenhouse gas. (Carels et al. 2024, 5-8.) Since large-scale e-methane production

facilities have not yet been established, data on methane leakage remain limited.

3.5.3 Reforming

The conventional method of producing hydrogen is by steam methane reforming (SMR)
natural gas. This same SMR process can be used to convert e-methane back to green
hydrogen and carbon dioxide. The process is endothermic requiring external heat to reach
the optimal reaction conditions of temperatures between 800°C—900°C and pressures
between 15-30 bar. The primary reaction forms a syngas, a mixture of carbon monoxide and
hydrogen. This syngas further fed to water-gas shift reaction, which converts carbon
monoxide with steam into additional hydrogen and CO:. Lastly, the hydrogen is purified

using pressure-swing adsorption to remove CO> and other impurities. (Joshi 2023.) The
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SMR process has an energy demand of around 9.8 kWh/kg hydrogen extracted based on the

references used in this study shown in Appendix 8.

Capturing CO: is crucial for mitigating emissions from the SMR process, similar to methanol
reforming. However, despite the importance of CO: capture, a large proportion of the world's
SMR plants currently do not implement this technology. As a result, significant amounts of
carbon dioxide are released into the atmosphere, contributing to greenhouse gas emissions.
(Carels et al. 2024, 4.) Recent advancements in carbon capture technologies include
cryogenic CO: capture systems, which can recover up to 99% of CO: in the SMR process.
Additionally, amine wash processes can achieve CO: recovery rates of over 99% from

syngas. (Loughrey et al. 2023, 8, 9, 12.)
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4 Regulatory landscape

Green financing in the EU is crucial for renewable fuels to be viable investments and pivotal
to the EU's strategy to achieve climate neutrality by 2050. The EU Taxonomy recognizes
this under the Regulation (EU) 2020/852, which provides criteria for sustainable economic
activities to be able to receive the green financing. There are stringent requirements for
energy sector, including the energy generation, transmission, and storage to qualify as

sustainable investments.

The main financing institutions in Europe including the European Investment Bank (EIB),
national contributions and the Recovery and Resilience Facility (RRF), comply with these
EU Taxonomy frameworks (European Investment Bank 2022). The EIB recently increased
its commitment to REPowerEU plan from 30 billion euros to 45 billion euros in the aims of
attracting over 150 billion euros in investments to renewable energy in EU by 2027. This
includes vast investments in the development of green hydrogen and its derivatives projects.

(European Investment Bank 2023.)

The technical screening criteria for fuels and energy systems to qualify as sustainable are
listed in the Commission Delegated Regulation (EU) 2021/2139. For electricity generation
from renewable non-fossil gaseous and liquid fuels, the life cycle GHG emissions must be
lower than 100 gCOze per kWh of electricity produced for the electricity to qualify as
sustainable. This value is derived from the 70% GHG savings requirement relative to fossil
fuel comparator of 94 gCOze per MJ. The life cycle GHG emissions should be calculated
using either the Commission Recommendation 2013/179/EU, ISO 14067:2018 standard or
ISO 14064-1:2018 standard. The Commission Recommendation 2013/179/EU is a general
guideline for product and organizational environmental footprint accounting, without
specification for renewable fuels. It requires the use of product category rules (PCR), which
provide sector specific rules, requirements, and guidelines. The relevant PCR named as
“Electricity, steam and hot/cold water generation and distribution” is focused on the energy
generation and doesn’t include specification for renewable fuels’ production (EPD
International AB 2024). Due to the lack of these specific guidelines The Commission

Recommendation 2013/179/EU is not used as GHG accounting framework in this study.
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The other option is to follow ISO 14067:2018, which is a product carbon footprint
framework, or ISO 14064-1:2018, which is a framework for organization level carbon
footprint. There is ISO/TS 19870:2023, a technical specification for ISO 14067:2018
standard for hydrogen related GHG accounting, which will be presented later in the
methodology chapter. In this study the ISO/TS 19870:2023 is used to assess renewable fuels
under the EU Taxonomy’s 100 gCO:e/kWh electricity production threshold. For both
calculation methodologies the quantified GHG emissions must be verified by an independent

third party.

Manufacture of hydrogen has its own screening criteria in the Commission Delegated
Regulation (EU) 2021/2139 which includes also the hydrogen-based synthetic fuels. Only
part of the green hydrogen produced in and exported to EU is used in the energy sector.
Because of this it is also important to consider the different technical screening criteria to
produce hydrogen and hydrogen-based synthetic fuels. The sustainable threshold for
hydrogen is GHG emissions of lower than 3 tCOze/tH2 and 70% of GHG emissions savings
for hydrogen-based synthetic fuels compared to fossil fuel comparator of 94 g CO2e/MJ. The
GHG emission calculation may be conducted using the same ISO 14067:2018 and ISO
14064-1:2018 methodologies with technical specifications from ISO/TS 19870:2023 or by
the methodology referred to in Article 28(5) of Directive (EU) 2018/2001. The Directive
(EU) 2018/2001 is commonly known as Renewable Energy Directive II (RED II) and has
its methodology specified under Commission delegated regulation (EU) 2023/1184 and
(EU) 2023/1185. These delegated acts are used as another base of GHG emission
calculations and compared to the results from ISO/TS 19870:2023. Similar to the electricity
generation from renewable non-fossil gaseous and liquid fuels sustainability criteria the
quantified GHG emissions must be verified by an independent third party or in line with

Article 30 of Directive (EU) 2018/2001 where applicable.

Regulation (EU) 2019/943 (2019) sets CO» emission limits for power plants part of EU’s
clean energy package taking part in capacity mechanisms. These mechanisms payout for the
operators taking part in ensuring energy system reliability. From July 1, 2025, onwards all
generation units must limit their direct emissions no more than 550 gCO2/kWh of electricity
produced. This ensures that capacity mechanisms financial support is directed to operators
aligning with EU's decarbonization goals. The threshold is challenging to meet as even for

the previously studied Wirtsild engine power plant using natural gas, which is among the
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most efficient ones, had a life cycle GHG emissions of 580 gCO,e/kWh (Wirtsild 2023a).
The GHG accounting method for this regulation, as set by ACER, differs slightly from the
Wairtsild’s one. However, it is clear that decarbonization measures are necessary to meet the
threshold. These measures include for example carbon capture and the implementation of

sustainable fuels, which are analysed in this thesis.

Combustion power plants running on renewable fuels must comply with same emission
control and monitoring regulations as ones running on fossil fuels. The European Union has
established emission limits for combustion powerplants based on the size of the plant. Plants
with a thermal input of under 50 MW are regarded as medium combustion plants (MCP) and
ones with a thermal input of 50 MW or greater as large combustion plants (LCP). With
separate directives for these the EU sets limits depending on the size, technology, and fuel
type of the plant for emissions such as CO, SO., NOy, and dust. While hydrogen and
synthetic fuels are not explicitly mentioned in these directives, it can be assumed that the

same limits would apply to these fuels in line with the principles of the directives.

The MCP specific requirements are set in Directive (EU) 2015/2193 (2015). This directive
mandates regular monitoring of CO, SOz, NOy, and dust emissions, which must be controlled
in case they reach limit values. The limits vary based on the kind of the fuel and not all are
relevant for the fuels analysed in this thesis. For example, the synthetic fuels should not
contain any sulphur impurities or dust particles, so these emissions do not need to be
controlled. NOx emissions on the other hand can occur in all combustions under elevated
temperatures. The NOx limits for new build engine powerplants are 95 mg/Nm?* for e-

methane and 190 mg/Nm? for all other fuels.

For LCPs the Directive (EU) 2010/75/EU is applied with stricter monitoring and control
requirements. The EU regulation can be complemented by national regulations, such as
Germany's 13th Federal Emission Control Ordinance (13. BImSchV) LCP’s operating in
Germany. These regulations collectively enhance the sustainability by requiring continuous
monitoring, detailed reporting, and compliance with BAT-associated emission levels, while
also promoting the use of hydrogen and synthetic fuels, which are cleaner than their fossil

counterparts. (Germany, Federal Ministry of Justice 2017.)
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5 Methodology

As green hydrogen and other RFNBOs are rapidly scaling up in the market, establishing
standardized methodologies for assessing GHG emissions is increasingly critical. Without
them there is a significant risk of greenwashing where fuels are claimed to be sustainable
without meeting the stringent environmental criteria. (H2Global Stiftung 2023, 7.) While
there are already multiple standardized methodologies, they are not yet harmonized leading

to inconsistencies and challenges establishing an international green hydrogen market.

Hydrogen and RFNBO market is planned to have Guarantees of Origin (GoOs) and Proofs
of Sustainability (PoS) certificates that function similar to renewable energy GoOs. They
would be issued for each unit of produced fuel, indicating whether it is green, blue or another
type. These certificates are then traded to verify the type of fuel used. Once bought by the
user, the GoOs and PoS are expired to prevent double counting. This system is in the
development stage now for hydrogen and other fuels, and it is unsure yet whether it will
follow RED III, ISO 19870 or another GHG accounting methodology. (H2Global Stiftung
2023, 12-13.)

In this thesis, the lifecycle GHG emissions of green hydrogen and other RFNBOs are
calculated following the RED III and ISO 19870 methodologies, as well as broader ISO
14067 to highlight the differences. Both methodologies are very new having been published
in 2023 and have only been used to a limited extent so far. These methodologies offer
detailed instructions for accounting the entire lifecycle GHG emissions of green hydrogen
according to the ISO standard and for hydrogen and other RFNBOs under the RED III
directive. However, they have different criteria and characteristics regarding the scope of the

calculations, which may potentially have significant effect on the results.

As the goal is to compare different RFNBO production technologies’” GHG emissions
average emission data is used instead of site-specific data. This approach allows for a broad
understanding of different production methods and technologies and assess if they meet the
green status criteria. The results may vary between RED III and ISO 19870 methodologies

and discrepancies on which production methods qualify as green might occur.
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5.1 RED III methodology

The Renewable Energy Directive III (RED III), formally known as Directive (EU)
2023/2413 (2023), is a key component in the European Union's climate and energy targets.
It builds from its previous iteration RED II, Directive (EU) 2018/2001 (2018), mandating a
minimum renewable energy share of 42.5% in the EU's final energy consumption by 2030,
compared to 32% in the RED II directive. The RED III directive is particularly important for
Renewable Fuels of Non-Biological Origin (RFNBOs) by providing a framework for
assessing their sustainability and greenhouse gas (GHG) emissions. This EU standardization
is crucial for the market integration of RFNBOs giving regulatory certainty for investments

in these projects.

RED III is supplemented with two delegated acts, which the Commission Delegated
Regulation (EU) 2023/1184 (2023) ensures that RFNBOs are produced with new and
unsupported renewable electricity generation capacity when and where it is available. The
second one, Commission Delegated Regulation (EU) 2023/1185 (2023), addresses the
methodologies for calculating the life cycle GHG emissions including emissions from
production, processing, transport, and end-use. Moreover, the calculated GHG emissions
must have at least 70% GHG emission reduction compared to fossil counterparts to qualify
as a renewable fuel. These stringent criteria prevent greenwashing and ensure that only the

most environmentally beneficial fuels are promoted.

The electricity used to produce RFNBOs has the main effect on the sustainability of the fuel.
Commission Delegated Regulation (EU) 2023/1184 (2023) has set out qualifying criteria for
renewable electricity to ensure that the electricity used does not increase the fossil fuel
demand. Under RED III electricity is considered renewable if its generation does not produce
any direct greenhouse gases, such as wind, solar, hydropower, geothermal, and other
renewable energy technologies. Electricity is considered renewable under three specific
conditions. Most notably, this includes electricity generated from renewable energy
installations that are directly connected to a fuel production facility without passing the grid.
Grid electricity can also be considered fully renewable if the renewable share of electricity
exceeds 90% in the bidding zone or has an emission intensity lower than 18 gCO2e/MJ with

a verified certification with renewable energy providers, such as Guarantees of Origin (GOs)
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and power purchase agreement (PPA). It must be noted that biomass-based electricity is not

accounted for as renewable.

The same delegated act (EU 2023/1185) sets temporal and geographical correlation
requirements for grid electricity used to produce RENBOs. The temporal correlation requires
that the renewable is produced in the same time frame as it is used for RFNBO production.
Until the end of 2029, this can be met when the electricity is produced during the same
calendar month as it is used. From 2030 onwards the requirement becomes stricter
mandating that the fuel production occurs within the same one-hour period as the electricity
is generated with some exceptions based on the market conditions and technology used. The
geographical correlation requires that renewable electricity and fuel production are located
in the same bidding zone or an interconnected bidding zone where the electricity price at the
relevant time on the day-ahead market is equal to or higher than in the zone where the fuels
are produced. These mandates ensure that renewable electricity demand meets the supply
without causing grid congestion and is not offset by fossil-based generation during non-

renewable periods.

5.1.1 GHG emissions

The other delegated act, known as Commission Delegated Regulation (EU) 2023/1185
(2023) outlines the comprehensive methodology for assessing GHG emissions of RFNBOs.
The calculation includes all relevant life cycle stages from the production, transportation,
and use of these fuels. The scope is therefore defined as cradle-to-use. However, the
calculations can also be limited to a cradle-to-gate scope, as demonstrated in this thesis by
excluding the use phase. It is important to note that only operational emissions are included
and the embodied emissions excluded. The calculation includes only emissions directly
related to the operational phases of the fuel lifecycle. Emissions embodied in the
infrastructure and equipment used for production, known as embodied emissions, are

excluded. The total GHG emissions (E) for RFNBOs are defined using the formula (1).
E=e +e,teqt+e, —ecs (1)
where:

E = total emissions from the use of the fuel (gCO2e/MJ fuel)
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e; = ¢; elastic + e; rigid — eo4_yse : €missions from supply of inputs (gCO2e/MJ fuel)
e; elastic = emissions from elastic inputs (gCO2e/MJ fuel)

e; rigid = emissions from rigid inputs (gCO2e/MJ fuel)

Eex—use — €missions from inputs’ existing use or fate (gCO2e/MJ fuel)

e, = emissions from processing (gCO2e/MJ fuel)

e:q = emissions from transport and distribution (gCO2e/MJ fuel)

e, = emissions from combusting the fuel in its end-use (gCO2e/MJ fuel)

eqcs = emission savings from carbon capture and geological storage (gCO2e/MJ fuel)

The Commission Delegated Regulation (EU) 2023/1185 (2023) defines the functional unit
as grams of CO; equivalent per one megajoule of fuel (gCO2e/MIJ fuel). The functional unit
maintains the same for across the entire supply chain without adjustment to losses. This
allows for simple and standardized way to assess GHG emissions between different fuels,

their life cycle stages and fuel mixtures.

Elastic inputs refer to inputs that can be increased or adjusted to meet demand fluctuations,
such as electricity, water, and hydrogen used in fuel production. These inputs are typically
scalable and can be varied according to production needs. Rigid inputs, on the other hand,
are those with limited or fixed availability that do not fully respond to changes in supply and
demand. Examples of rigid inputs include industrial waste gases, CO: from specific
industrial processes, and agricultural residues like straw or husks. These inputs are often
constrained by the specific production processes they originate from or their limited natural
availability, making them less flexible in adjusting to market conditions. (Edwards et al.

2020.)

Most RENBO production processes include co- and by-products that are being allocated part
of the emissions. The default allocation method for co-produced fuels, electricity and heat is
the energy content based on the Commission Delegated Regulation (EU) 2023/1185 (2023).
Other co-products without energy content such as oxygen are allocated based on their

economic value at the factory gate compared to the produced fuels.
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5.1.2 Emission data

According to the Commission Delegated Regulation (EU) 2023/1185, the GHG emission
calculations require actual data from the production processes wherever available. The actual
data should include direct measurements, operational records, and company reports from
each life cycle stage ensuring that the GHG emissions profile reflects the actual
environmental impact. If actual data is not available, the regulation allows for a use of
external sources to estimate GHG emissions. Default values listed in the annex of the
delegated act are in priority before other external sources and include standard GHG
emission values for various fuels and chemical products. The use of standardized values
ensures consistency and comparability across different assessments when actual data is
unavailable. When necessary, data is not provided by the Annex B, the regulation allows for
the use of reputable external sources. These sources include for example the Ecoinvent
database, government reports, and peer-reviewed journals. The regulation amends that
whenever external data is used in place of actual data, the choice must be justified and

documented.

According to the Annex C (EU 2023/1185), electricity that qualifies as fully renewable,
including hydro, solar, wind and geothermal, is attributed zero GHG emissions. The zero-
emission factor for renewable electricity is justified by the absence of direct emissions during
operation and as the emissions from construction, deconstruction and waste management are
not considered. This is similar to how the embodied emissions of rare earth materials used
in hydrogen production electrolysers are not considered. When fossil fuels are used for
electricity production the upstream and combustion emissions are considered. As described
earlier, RFNBOs can be considered renewable if the fossil share is below 10% or if they

have an overall emission intensity of under 18 gCO»e/MJ.

5.1.3 GHG savings

Under the RED III and the related Commission Delegated Regulation (EU) 2023/1185 the
minimum threshold for GHG emissions savings required for fuels to be classified as
renewable is set at 70%. This threshold applies to all types of RFNBOs and recycled carbon
fuels. The GHG savings RFNBOs and recycled carbon fuels are calculated by comparing
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their emissions (E) with those of a fossil fuel comparator (Er) set at 94 gCO2e/MJ. The
formula (2) is used for this calculation. The calculation results in percentage reduction in
GHG emissions. As the fossil fuel comparator (Er) is a standard value it can be derived that
RFNBOs can have maximum GHG emissions of around 28 gCO,e/MJ to achieve the 70%

reduction threshold.

Savings = E’;_E (2)

F

E = Total emissions from the use of the renewable fuel (gCO2e/MJ fuel).

Er = Total emissions from the fossil fuel comparator (94 gCO2e/MJ).
5.2 ISO 19870:2023 methodology

The ISO 19870 methodology provides a standardized framework for assessing the GHG
emissions associated with hydrogen production, conditioning, and transportation. It builds
on the existing ISO life cycle assessment (LCA) standards (ISO 14040 and 14044) and
carbon footprint standard (ISO 14067) by adding sector specific rules and specifications.
Unlike the European Union Regulation based RED III methodology the ISO 19870 provides
an international framework that includes also non-renewable production pathways such as
steam methane reforming (SMR) with carbon capture and storage (CCS). Although ISO
19870 is not specifically focused on hydrogen derivatives like RED III, which equally
addresses all RFNBOs, it still includes rules for conversion processes accounting for
hydrogen carriers. Hydrogen carriers are a form of chemical compounds that allow for easier
transportation and storing of hydrogen. Practically all e-fuels are also considered hydrogen
carriers, which allows for the ISO standard to be used for similar fuels as the RED III

including for example green ammonia and green methanol. (DS/ISO/TS 19870:2023.)
5.2.1 GHG emissions

The functional unit based on ISO 19870 is recommended to be 1 kg of hydrogen or 1 kg of
a hydrogen-based carrier. The emissions from each stage are reported as kgCOze/kgHo.
(DS/ISO/TS 19870:2023, 20.) Based on the general LCA rules from ISO 14044 standard the

functional unit serves as a reference which the reference flow is normalized. When setting
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the functional unit to 1 kg of hydrogen delivered to customer earlier production stages must
account for the losses that occur during the production, transmission, and distribution stages.
(ISO 14044:2006, 76, 81.) Compared to RED III methodology the recommended functional
unit is different than the energy based one in RED III, but this shouldn’t influence the relative

overall GHG emissions.

The scope is set as cradle-to-gate, meaning that the combustion of the fuel shall not be
included. The ISO 19870 prioritizes subdivision and system expansion instead of direct
allocation. This is unlike the RED III where only energy and economic value-based
allocation is used. When allocation cannot be avoided the allocation method shall be selected
based on the physical relationships of co-products to the hydrogen or its derivatives. This
includes for example energy, heating value, mass, enthalpy, mole or volume. If physical
relationship cannot be found, the allocation shall be based on the economic value of the co-
products. (DS/ISO/TS 19870:2023, 48-49.) As subdivision and system expansion are not
used in this study the allocation is performed similarly for both ISO 19870 and RED III

methodologies.

5.2.2 Emission data

Similar to the RED III methodology, the ISO 19870 standard emphasizes the use of site-
specific data wherever possible. The use of secondary data when actual data is not available
has to be justified and documented. Both methodologies also consider only the operational
emissions for both electricity and hydrogen production. However, ISO 19870 recognizes
that the embodied emissions from construction and decommissioning as well as the
employee commuting can be a significant emissions source especially for green electricity
installation. Therefore it mandates these emissions to be reported separately based on GHG
calculations or relevant values from literature. The motivation of the inclusion of these
emissions is the expected rapid decarbonization of these activities in the future. (DS/ISO/TS

19870:2023, 26, 35.)

In contrast to RED III, which accounts for all GHG emissions that contribute to global
warming, the ISO 19870 standard only focuses on the three most prominent gases including
carbon dioxide (CO:), methane (CHa4), and nitrous oxide (N:0). These gases represent

majority of the emissions occurring during the hydrogen and its’ derivatives production
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chain. Focusing only on these three gases allows for more streamlined and targeted
assessment of relevant GHG emissions. The standard mandates the use of IPCC Fifth
Assessment Report (ARS) GWP values as they widely adopted in the reporting and
regulatory frameworks even though the IPCC has updated the values in more recent
assessment report. (DS/ISO/TS 19870:2023, 22-23.) The GWP100 values listed in the ARS
are 1 COze (g/g) for CO2, 28 CO2e (g/g) for CHa, and 265 COze (g/g) for N>O (IPCC 2014,
87).

Aside from the mandated three GHGs, the standard emphasizes for the separate reporting of
additional emissions. These emissions include also the ones without direct global warming
contribution, which may have other environmentally significant impacts. These emissions
may include hydrogen (Hz), sulphur oxides (SOx), volatile organic compounds (VOCs)
and/or particulate matter (PM). This approach ensures that the focus stays on the main GHG
contributors but allow for holistic evaluation of other environmental impacts at the same
time. In comparison, RED III focuses solely on GHG emissions due to its function as GHG

savings certification method. (DS/ISO/TS 19870:2023, 22-23, 27.)

5.3 Hydrogen’s global warming potential

Hydrogen indirectly impacts global warming, meaning that it doesn’t have direct radiative
forcing. Instead, it interacts with other greenhouse gases by altering atmospheric chemistry.
The total global warming impact is a combination of multiple effects that can vary
significantly based on the time of the year, latitude, surface uptake rates of hydrogen and

many other factors. (Derwent 2022, 8333-8335.)

In atmosphere leaked hydrogen reduces the concentration of hydroxyl radicals. Hydroxyl
radicals are the primary chemical compounds breaking down methane, a high potent
greenhouse gas. This leads to longer lifetime of methane increasing its total concentration
and radiative forcing. Furthermore, the effect is amplified as the higher methane levels create
a feedback loop further lowering the hydroxyl radicals available to break down tropospheric

methane. (Derwent 2022, 8331-8333.)

Hydrogen has also significant effects on ozone levels. In troposphere, hydrogen and

hydroxyl radicals interacts with oxygen, nitrogen oxides and volatile organic compounds to
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produce increased amounts of ozone. The ozone in troposphere acts as a significant
greenhouse gas radiating heat back to earth contributing to global warming. Contradictory,
in stratosphere hydrogen indirectly contributes to ozone depletion. In stratosphere, ozone
doesn’t have greenhouse warming effect anymore and the lower ozone levels allows for
more UV light to pass thru altering complex radiation balances increasing GHG

concentrations. (Derwent 2022, 8329-8331, IEA 2024, 214.)

Global Hydrogen Review collected the estimated GWP values of hydrogen from different
recent literature sources. All the sources report unanimous estimated values between 11.0 to
12.8 for GWP100. The total impact is recognized to have high uncertainties and variance
depending on the conditions by all sources with uncertainties ranging between £2.8 to £9.3.
The three main global warming mechanisms of hydrogen listed above are estimated to
respond to only around one third of the total global warming potential of hydrogen (3.3 to
5.0 GWP100). This points out well how multilayered and complex the indirect global
warming impacts hydrogen has. (IEA 2024, 214-215.) In this study the total global warming
impact in 100-year time frame for hydrogen is assumed to be 11.9 times the carbon dioxide’s

based on the average of IEA 2024 report values.

5.4 Data collection

As a part of this thesis an Excel model for GHG accounting was built. For a reliable and
accurate comparison of various sustainable fuels and their production pathways a transparent
model is needed with extensive data points for each technology. The data were collected
from a wide range of studies and reports, primarily published in 2020s. The majority of
sources are peer-reviewed life-cycle assessment studies following ISO methodologies. Other
significant sources where companies’ third party verified environmental product
declarations, company reports and institutional publications such as publications from the

International Energy Agency (IEA).

To ensure robust and comparable data, specific criteria were used for data selection. For each
technology, studies were reviewed comprehensively to confirm that all relevant emission
sources were included and aligned with the scope of this thesis. First, only peer-reviewed
studies and reports from reputable institutions were considered, with a preference for those

following Life Cycle Assessment (LCA) frameworks and published in recent years. Certain
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specific data, such as carrier ship fuel consumption and hydrogen leakage rates, were sourced
from non-LCA studies and company data where necessary. The collected data can be
reviewed in Appendices 5 to 12, with the references for each listed in Appendices 13 and

14.

5.4.1 Energy sources

Greenhouse gas (GHQG) intensities for energy production were collected for three renewable
energy sources: Solar, wind, and hydro, as well as a country-specific electricity mix based
on the RED III directive. The primary data sources include environmental product
declarations (EPDs) from European energy companies for wind and hydro power, and from
Chinese solar panel manufacturers for solar power. Additionally, average GHG intensities
from the International Energy Agency (IEA) were incorporated. By using EPDs and IEA
averages, a consistent methodology is applied across technologies, making the data reliable

for comparison.

The country specific electricity emission intensities are derived from the Joint Research
Centre (JRC) data for each European country as of 2020. According to Commission
Delegated Regulation (EU) 2023/1185, these country-specific GHG intensities must be used
when renewable energy is not directly connected to production or covered by guarantees of
origin. This also applies to cases where partially renewable energy is used, for the non-

renewable portion. The country specific emission factors are listed in Appendix 6.

It is also important to note that the JRC country-specific emission intensities are based on
data from 2020, which is now somewhat outdated. Many countries have since made
improvements in their energy mixes, resulting in reduced GHG intensities. To accommodate
this, the Excel model allows users to input their own emission intensities when more recent

or alternative data is available.

The emissions data for renewable energy sources include the entire lifecycle: manufacturing
of the sites, operation, maintenance, and end-of-life disposal. For hydro power, emissions
from flooded land (which can release methane and other GHGs) are also considered.

Transfer infrastructure and transmission losses are accounted for in each source, ensuring
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that the data accurately reflects real-world conditions. All values are standardized in grams

of CO: equivalent per kilowatt-hour (gCO2e/kWh) of electricity produced and delivered.

While renewable sources such as solar, wind, and hydro are assigned zero emissions in the
model in accordance with RED III and ISO 19870 methodologies, actual lifecycle emissions
are collected and calculated as reference values under ISO 14067. This approach provides a
more comprehensive understanding of the true emissions from fuel production pathways.
The emission intensities used are an average of 58.64 gCO,e/kWh for solar energy, 10.47
gCO2e/kWh for wind energy and 12.92 gCO2e/kWh for hydropower. The reference values

for these averages are presented in Appendix 5.

5.4.2 Hydrogen production technologies

For the green hydrogen production, two main electrolysis technologies are included:
Alkaline Water Electrolysis (AWE) and Proton Exchange Membrane (PEM), along with a
flexible "Manual Input" option for custom scenarios. The data is sourced from multiple peer-
reviewed LCA studies based on ISO standards and published between 2019 and 2024. The
data for both technologies includes the energy demand for hydrogen production, represented
as an efficiency percentage based on the energy demand relative to the lower heating value
of hydrogen (33.3 kWh/kg). The efficiency encompasses all auxiliary processes within the
plant. The balance of plant (BOP) emissions are also included, measured in kg CO-e per kg

of hydrogen produced.

The efficiency and BOP emissions data for both AWE and PEM technologies represent the
current state-of-the-art performance as of the early 2020s. As technology continues to
evolve, efficiency improvements are anticipated, reducing the GHG intensity of hydrogen
production. To accommodate future scenarios or site-specific conditions, the model allows

users to enter custom efficiency values through the "Manual Input" option.

During the operation, only the energy demand of the electrolyser and auxiliary systems were
considered as direct GHG emissions shouldn’t occur in the production. However, indirect
GHG emissions may occur from the fugitive hydrogen, which a study by Frazer-Nash
Consultancy (2022, 6) estimated to be around 3.32% from venting and purging the hydrogen.

These fugitive emissions are assumed to be effectively captured at production sites through
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methods like catalytic recombination and membrane separation, which are the standard
practices in large production sites. The lost hydrogen does not need to be compensated for
as LCA studies focus on the hydrogen produced and delivered to the customer, with any

losses during production already accounted for within the system boundaries.

Additionally, it is assumed that freshwater is available in all cases, eliminating the need to
consider seawater desalination or other water purification processes in the analysis. Since
RED III and ISO 14067 standards do not account for the embodied emissions of renewable
energy, this assumption will not affect the results under these standards for the Middle East

case, where seawater desalination would otherwise be required.

5.4.3 Conditioning

Green hydrogen can be conditioned or converted into different forms of transportation and
further use. For the Excel model data are collected for hydrogen compression for transport
in tube trailers or pipelines, liquefaction for liquid hydrogen (LH:) shipping, and synthesis
into green ammonia, methanol, or methane. For each process, the energy demand and
fugitive hydrogen emissions are considered, with no direct GHG emissions produced by any
of these processes. All the data points were carefully selected to reflect real-world conditions
and current state of art technology. The balance of plant emission data from materials and
other operations is not included in the model or data collection, as it is neither required nor

mentioned in the RED III or ISO 19870 methodologies, even as separately reported data.

The model includes two compression options for hydrogen transport: compression to 350
bar for tube trailers and 100 bar for pipeline transmission. The data is collected for
standardized compression pressure of 350 bar as that is most often referred and measured in
scientific studies. The 350 bar pressure energy demand is scaled down for the lower pressure
of 100 bar with their logarithmic relationship. The energy required to compress a gas is
proportional to the natural logarithm of the pressure ratio. This means that by multiplying
In(100)/In(350) with the energy demand for 350 bar compression the 100 bar compression
energy demand can be estimated. The compression is assumed to be done by electrical

motors and fugitive emissions are included.
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Hydrogen liquefaction is required when the ammonia is shipped with liquid hydrogen (LH>)
carriers. The liquefaction is assumed to be done by Claude Cycle process, which is a widely
adopted cryogenic technology for hydrogen liquefaction. Liquefaction is a highly energy-
intensive process, as hydrogen must be cooled to approximately -253°C. While the energy
required for cooling could potentially be reduced by utilizing excess cold, no such allocation
is considered in this study. The collected data include the energy demand for liquefaction in

kWh/kg hydrogen liquefied, as well as the fugitive hydrogen emissions during the process.

The green hydrogen conversion to green ammonia is done by the Haber-Bosch process. The
data collection includes multiple different studies covering energy demand to produce
ammonia in kWh/kg NH3, nitrogen demand and energy required for nitrogen production.
The data collected on Haber-Bosch process includes different setups ranging from
operational pressures of 100 up to 340 bars and temperatures of 350 to 550°C. This range
allows for an estimation of the current state-of-the-art global average for the Haber-Bosch
process. As over 80% of ammonia’s weight comprises of nitrogen, considering it’s capturing
required energy is essential. The nitrogen is assumed to be separated from air by air
separation unit (ASU). The scientific references show the ASU system to have an energy
demand of 0.12 to 0.42 kWh per kg of nitrogen. However, for RED III methodology the
nitrogen is treated differently as an elastic input. The Commission delegated regulation (EU)
2023/1185 sets a default GHG emission value for nitrogen inputs as 56.7 gCOze/kg of
nitrogen. The catalyst materials used in Haber-Bosch, which can vary in composition, are
considered negligible in impact, as only around 0.2 grams of alumina-based catalyst is

required per kilogram of ammonia produced (Chisalita et al. 2020, 7).

For methanol production only the carbon dioxide feedstock synthesis route is considered
rather than carbon monoxide. The CO; used for the synthesis is sourced in the model from
direct air capturing (DAC). Energy demand data is collected from scientific articles,
technology reviews and IEA reports for methane synthesis and DAC systems. The DAC is
chosen as the only CO» source under this study as it is among the few sources that qualify
as renewable under RED III and is the most viable method for large-scale sustainable CO-
capture. While biogenic CO: is a preferable option when available, its supply is often limited
and will not meet the future demand. The DAC system data collection covers a range of
DAC technologies to provide an average energy estimate. The synthesis produces water as

a stoichiometric side product in an amount equivalent to 50% of the molar quantity of
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methanol produced. This produced water is not allocated any emissions as it doesn’t have

energy value, and its economic value is negligible.

The methanation process produces more water as a side product compared to methanol
synthesis, with the water quantity being equivalent to 100% of the molar amount of methane
produced. This represents a significant amount of side products, where half of the hydrogen
is effectively "lost." However, this hydrogen can be recovered during the reforming process,

as water is required as an input for the process.

5.4.4 Transportation

Transportation options include pipelines, tube trailers, and LH> shipping for hydrogen. For
ammonia, methanol, and methane, only shipping is considered. The model accounts for
energy consumption and emissions associated with fuel consumptions as well as energy

required for re-liquefying boil-offs and the potential hydrogen leakages.

Boil-offs represent the evaporation losses of cryogenic and pressurized hydrogen and
derivatives during transport. The boil-off rates are calculated as percentages per day (%/day)
for the mass of the transported or stored fuel. The boil-off rates are collected for liquefied
fuels including liquefied hydrogen, ammonia and methane. Methanol boil-offs are not
considered as they are estimated to be around 0.00032% for land storage and 0.0005% for
ship transportation (Al-Breiki and Bicer 2020). All the boil-offs are assumed to be fully
reliquefied and are not used as fuel. The re-liquefaction energy demands are collected as

separate data and are different from the initial liquefaction energies.

In the model, hydrogen can be transported using three different methods: road transfer,
pipelines, and shipping. Road transfer is performed using tube trailers, which are assumed
to carry an average load of 800 kg of hydrogen at 350 bar pressure. For this method,
hydrogen compression to 350 bar must be selected in the conditioning options. The tube
trailer fuel consumption data is based on diesel engines, making diesel the primary fuel for

calculations.

The hydrogen pipelines represent long-distance pipelines, and their energy demand consists
of electric compressors, the energy requirement of which is collected. Pipeline transportation

requires users to select hydrogen compression to 100 bars in the conditioning options.
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Shipping as LH> is the third option for hydrogen transportation. It requires the user to select
liquefaction as the conditioning method. The energy demand for shipping is based on real-
world fuel consumption data from LH> carrier ships. The fuel used can be selected by the
user in the model. LH> shipping accounts for boil-off losses, and data on fugitive emissions
are collected for all hydrogen transportation options. The fugitive hydrogen emissions are

based on global industry averages.

Ammonia, methanol, and methane are transported using specialized carriers tailored to their
unique storage requirements. Ammonia carriers utilize refrigerated storage, with energy
demand based on fuel consumption of actual operating ammonia carriers converted into
kWh. Methanol shipping employs standard chemical tankers, with no boil-off losses
considered as it is transported in liquid form at ambient temperature. Methane shipping uses
liquid natural gas (LNG) carriers equipped with cryogenic tanks. Fugitive emissions from
these fuels are neglected as they do not contribute notable emissions. The fuel for all carriers
may be selected from heavy fuel oil, marine gas oil and LNG. The fuel emissions include
both their production upstream emissions as well as the combustion emissions. and taken

from the RED III delegated act (EU) 2023/1185.

The energy demand for pumping fuels to transport vehicles are not considered as they are
deemed to be minimal. For example, it is estimated that liquified methanol and ammonia
pumping at harbour to and from the carrier ship is 0.0005 kWh/kg of CH4 and NH3 (Staudt
et al. 2024, 5). The overall energy demand across the life cycle is thousands of times higher

than the energy used in pumping.

5.4.5 Storage

The model includes the storage of hydrogen, ammonia, methanol and methane. The storage
related emissions only encompass the re-liquefaction energy demand as reliable data on
fugitive emissions were not available and material related emissions are not included in the
RED III and ISO 19870 methodologies. While fugitive emissions are not included it is
acknowledged that they may occur especially in above ground storages. Similar to
transportation the energy demand for pumping fuels to storage tanks are not considered due

to minimal energy demand.
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The data for boil-offs for liquefied hydrogen, ammonia and liquefied methane are collected
as boil-offs per day (%/day). These values are derived from scientific articles and represent
global averages with assumption of standard storage conditions for each energy carrier. Boil-
offs occur during all three storage phases—Iloading, the main storage period, and unloading.
All boil-offs are assumed to be fully re-liquefied, and no boil-off gas is used as fuel during

storage, aligning with the assumptions made for transportation.

Methanol is assumed to be stored at near-ambient temperatures of 5°C where boil-offs are
negligible and thus not included in the calculations. The model assumes that hydrogen is
stored in the same form as it was transported. For pipeline and tube trailer transport,
hydrogen is stored under pressure without boil-offs or leaks. For LH: shipping, hydrogen is

stored in cryogenic form with boil-off losses considered.

5.4.6 Reforming and cracking

Reforming and cracking processes allow for hydrogen carriers to be converted back to
hydrogen. The model includes options for ammonia, methanol, and methane conversion
back to hydrogen. Hydrogen is assumed to be delivered in the same state in which it was
transported and stored. This means that any additional processes, such as compression or

converting liquefied hydrogen back into gas, are not taken into account.

Ammonia cracking energy demand data is collected for processes with an operational
temperature of around 900°C. Maintaining the elevated temperatures is the main energy
requirement and is assumed to be fully covered by electric energy. While catalysts such as
iron or nickel are required for optimal reactions, their life cycle impacts are excluded due to
their small amount. The cracking process yields pure hydrogen and nitrogen. The nitrogen
produced as a by-product is not allocated any emissions, as it holds neither energy nor
significant value. The data collection includes the conversion efficiency, which is around 99
to 99.5%. During the purging process, 0.5% to 1% of the reactants are lost, which is assumed
to result in hydrogen emissions proportional to the hydrogen content in the ammonia as there

are no published studies that estimate the actual emission rate.

Methanol reforming is assumed to occur via the reverse water-gas shift process, requiring

water as a reactant. The process operates under high temperatures, up to 650°C, and
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pressures of up to 100 bar to facilitate the separation of carbon dioxide and hydrogen.
Electric energy is assumed to be the only energy source, and the water input is assumed not
to require purification. The carbon dioxide generated during the process is captured, and its
associated energy demand is included. Different carbon capture methods and their carbon
capture rates are not considered, but general energy consumption and 100% carbon capture

rate is assumed.

While syngas carbon capture using any technology cannot achieve a 100% carbon capture
rate, the remaining uncaptured carbon dioxide can be addressed through direct air capture
technologies. This approach to achieving 100% carbon capture in the methanol reforming
process is also assumed in Staudt ef al.'s study (2024, p. 5). It is acknowledged that this level
of 100% carbon capture is rarely achieved in practice, and the uncaptured CO> can
significantly impact the GHG emissions of the reforming process. The effect of this 100%

capture assumption is further examined in the discussion chapter.

The captured CO: is assumed to be stored so that is not considered a source of emissions.
The reactions are assumed to be complete, as unreacted material can be recycled in the
process. Catalysts, such as copper-based catalysts, are not accounted for in the model as their
small quantities and long operational lifespans result in negligible emissions in life cycle

assessments.

Methane is decomposed in steam methane reforming process where steam reacts with
methane to yield hydrogen and carbon dioxide. The collected data represents the average
energy demand of all steam reforming processes including autothermal reforming, enhanced
steam reforming, and conventional steam reforming. Similar to the ammonia and methanol,
only electric energy is considered as the input, while water use and the CO- by-product are
not allocated any emissions. Methane reforming uses nickel-based catalysts, which are not

considered in the model as their emissions impact is negligible.

5.5 Data modelling

The evaluation of the lifecycle greenhouse gas (GHG) emissions and energy consumption
of hydrogen and its derivatives are modelled using Microsoft Excel. The model integrates

preloaded data user inputs and selections to provide a modular, step-by-step assessment of
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energy production, conditioning, transport, storage, and reforming processes. Linear
calculations follow the RED III and ISO 19870 methodologies, with total life cycle results
forming a separate third outcome. Due to renewable energy source’s zero GHG emissions,
a third total life cycle emission result is included to provide a holistic understanding of the
actual climate impact. The energy sources are attributed zero GHG emissions when solar,
wind or hydro power is selected. When country specific averages or user defined inputs for
electricity GHG intensity are used, the GHG emissions are included in the calculations for
electricity use. The calculations and their visualization charts are dynamic, meaning that they

automatically change according to user selections.

The model is divided into distinct modules, each corresponding to a specific lifecycle step.
This modular design facilitates clarity, flexibility, and ease of interpretation. The modules
are: energy source selection, hydrogen production, conditioning, transport, storage and
reforming. To account for the variability in process energy demands, emissions and other
factors, the model calculates three scenarios: average, best, and worst. This allows for the
representation of a range of potential outcomes. The GHG results for hydrogen production,
conditioning, transport, storage, and reforming are calculated separately for average, best,

and worst cases.

The calculation inputs are mainly based on preloaded data, but for electricity GHG intensity,
electrolyser efficiency and transportation distance a user customization is available. The user
defined transportation distance presents one-way distance. When round trip transportation is
required, the user must double the one-way distance. Additionally, the hydrogen demand at
the customer gate can be adjusted, although it is set to 1 kg of hydrogen by default for this
study. The model operates through a linear flow, with outputs from one lifecycle step serving
as inputs for the next. Each production step applies the losses to scale the production needed

for demanded amount in customer gate.

Oxygen is not allocated any emissions in the model as large-scale green hydrogen production
sites do not have a viable market demand or significant economic value, especially in the
volumes generated (Gustavsson et al. 2023, 24-27). Both RED III and ISO 19870
methodologies stipulate that by-products should be allocated emissions based on their
economic value when they do not have an energy value. However, here it is assumed that

there are no economic benefits of produced oxygen and that it is released to the air.
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The hydrogen losses are all regarded as fugitive hydrogen emission. These fugitive
emissions have indirect global warming potential and are reported separately under the ISO
19870 methodology and included in the ISO 14067 based life cycle GHG emissions. For
boil-offs, it is assumed that no losses occur, and all vapours are re-liquefied, using only

electrical energy as the input.

The results are presented separately for RED III, ISO 19870, and ISO 14067 based general
lifecycle emissions. This allows for the comparison of methodologies and understanding
their differences. The model is designed to represent results of average production pathways
rather than actual real-life production. The data tables can be adjusted to incorporate actual
production pathways if data is available. The result tables and charts in the model update

automatically as the user changes inputs or process selections.

5.6 Sensitivity analysis

It is important to consider that the model relies on average energy and efficiency values and
that there can be significant variabilities under different conditions. This variability is
addressed by incorporating average, best- and worst-case scenarios. Users should be aware
of these limitations and adjust their inputs or interpret results accordingly. While the model
provides reliable average values, site-specific conditions or emerging technologies may

result in deviations from the calculated results.

The average, worst, and best-case scenarios function as a sensitivity analysis for this study
by evaluating the robustness and variability of the results. By comparing the different
outcomes of these cases, the critical factors driving lifecycle emission and sources of
uncertainty can be identified. In addition to the average, worst, and best-case scenarios the
different production pathways, regions and transportation methods in the scenarios provide
insights into the resilience of each scenario under varying conditions. For example, it
highlights how the choice of energy source and transportation method impacts the ability to

meet the EU Taxonomy threshold of 100 gCO2e/kWh.
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5.7 Scenarios considered

The scenarios presented in this study are designed to assess the lifecycle emissions and
energy demands of potential green hydrogen and its derivatives supply chains to Germany.
The scenarios focus on main renewable fuel production pathways including Canadian wind-
powered ammonia, Middle East solar powered ammonia and Nordic wind-power hydrogen.
The system boundary for each scenario is cradle-to-gate, encompassing all life cycle
emissions up to the point where the product reaches the customer’s gate, based on the
methodological rules of each specific methodology. These scenarios are compared based on
their compliance with EU decarbonization goals compliance and their alignment with the
EU Taxonomy’s life cycle emissions threshold of 100 gCO:e/kWh, which is required for
eligibility under green financing criteria. Furthermore, the differences between the results of
RED III, ISO 19870, and ISO 14067 based carbon footprint are compared. Lastly, the
potential for decarbonizing the GHG intensity of green hydrogen production in Finland is

explored, considering future reductions in the GHG intensity of the electricity mix.

5.7.1 Methodology comparison with Canadian wind-powered ammonia

The first scenario considers green ammonia produced in Newfoundland, Canada, using wind
power. The renewable electricity is directly connected to the ammonia production facility,
where green hydrogen is produced by alkaline water electrolysis and synthesized by Haber-
Bosch process with nitrogen captured by air separation unit. The direct connection ensures
a fully renewable energy input for the production process. It is also assumed that same
renewable energy is available for ammonia re-liquefaction upon at the port in Germany. This
allows that no temporal and geographic correlation need to be considered in the RED III

methodology.

Canada-produced green ammonia is selected as one scenario because it is among the most
prominent pathways for delivering green hydrogen to Germany. Canada and Germany have
formed a hydrogen alliance, which aims to establish green hydrogen production, supply
chain development, and transatlantic trade to enable hydrogen exports from Canada to

Germany by 2025 (Natural Resources Canada, 2022).
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Newfoundland is the easternmost part of Canada, which has optimal wind power conditions
being surrounded by the Atlantic Ocean. It is envisioned that the area could offer up to 3.5
GW of onshore wind capacity for green hydrogen and ammonia production. Its proximity to
Europe makes it an ideal location for exporting green hydrogen by sea. The main strategic
means of transport is green ammonia due to its established infrastructure and relatively low

costs. (Habibic 2024.)

For this scenario calculation, an ammonia shipping route from Newfoundland to
Wilhelmshaven in Germany by large ammonia carrier fuelled by heavy fuel oil is considered.
The shipping distance is 5,500 km for one way, with emissions calculated for the round trip
of 11,000 km. The boil-offs are calculated for an 8-day full load with an average travel speed
of 700 km/day. All boil-offs are re-liquefied, and the return trip is accounted for under the
assumption of an empty vessel. Upon arrival to Germany ammonia is assumed to be stored
in cryogenic tanks for seven days. Finally, the ammonia is cracked back into hydrogen, with

GHG emissions calculated for 1 kg of hydrogen delivered.

5.7.2 Middle East solar powered hydrogen derivatives

Similar with Canada, Germany has signed a memorandum of understanding with Saudi
Arabia on hydrogen cooperation in March 2021. Saudi Arabia have abundant renewable
resources with a potential solar output of almost 1,000 TWh, 17 times greater than
Germany’s. (BMWK 2022, 4.) The largest currently planned green hydrogen production
plant valued at 8.4 billion US dollars called NEOM is set to begin operation at full scale in
2026 in Saudi Arabia. It is a joint venture by ACWA Power, Air Products and NEOM to
mainly produce green ammonia for European markets. (NEOM 2023.) Further plans include
the production of various synthetic fuels including e.g. methanol, e-methane and e-kerosene,

which can be transported by ships similar to their fossil-based counterparts.

The second scenario compares the ammonia, methanol and methane production in Middle
East. The production is assumed to be in northwest Saudi Arabia, where the NEOM plant is
situated. The energy is assumed to be solely from solar energy that is directly connected to

the production site, although it is noted that some wind power potential is also available.
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The produced fuels are transported to Wilhelmshaven in Germany by sea, where they are
stored and cracked to hydrogen similar to the first scenario. The route from Saudi Arabia
goes thru the Suez Canal and Mediterranean Sea to Wilhelmshaven, covering a one-way
shipping distance of 8,000 km, with round-trip emissions calculated for 16,000 km. The
vessel types are different for each hydrogen derivative, but all are assumed to use heavy fuel
as the only energy source to ensure a fair comparison. The one-way travel time is estimated
to be 12 days, and the Suez Canal is assumed to be open for vessel passage, enabling a direct

route to Germany.

These results are intended for the comparison of green ammonia production between Canada
and Middle East. Also, comparison between alternative hydrogen derivatives is made
between ammonia, methanol and methane pathways’ GHG emissions. Results are presented

for 1 kg hydrogen delivered to Germany.

5.7.3 Finland grid produced hydrogen transported through various methods

The third scenario focuses on hydrogen production in Northern Ostrobothnia, Finland, using
grid electricity. The electricity emission intensity is based on RED III default value for
Finland from the year of 2020 when the GHG intensity was 82.44 gCO>/kWh. The hydrogen
is produced with alkaline water electrolyser and is transported to Rostock, Germany via LH>
shipping, hydrogen pipeline or by tube trailers. Shipping from Raahe, Finland, to Rostock is
1,600 km one-way, takes 2 days and emissions are calculated for the round trip of 3,200 km.
The pipeline is assumed to 100% hydrogen pipeline from Raahe, Finland, to Rostock with a
total distance of 1,600 km. The road transport with tube trailers is 2,000 km for one-way and
is assumed to take 3 days with round-trip emissions calculated for 4,000 km. Hydrogen is

assumed to be stored in the same state as it’s transported for 7 days in Rostock.

The Finnish government actively supports green hydrogen projects through investments,
infrastructure development, and favourable policies. Finland’s aim is to produce 10% of the
EU's green hydrogen by 2030. (Hydrogen Cluster Finland 2023, 27-29.) Finland,
particularly the west coast regions such as Northern Ostrobothnia, are positioned as strong
potential hydrogen producers for the German market. The development of hydrogen
pipelines connecting Finland to Central Europe via the Baltic states or the Baltic Sea remains

uncertain, which is why various transportation methods are evaluated in this scenario.
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Finland has abundant clean energy sources, particularly wind power, which are essential for
green hydrogen production. The grid emissions have decreased from 82 to 64 gCO2/kWh
between 2020 and 2023, which are expected to decrease further. This forms a solid
foundation for the potential to meet RED III emission thresholds using grid electricity for
hydrogen production. (Hydrogen Cluster Finland 2023, 11-12.) While not qualifying as
green hydrogen, grid-based hydrogen production can still be counted towards EU’s
renewable energy targets. This potential is analysed in the scenario by incorporating three
different energy inputs: RED III based default value for Finland of 82.44 gCO./kWh,
potential future emission intensity of 40 gCO»/kWh, and 100% wind power production,
which is assigned zero emissions under both the RED III and ISO 19870 methodologies.
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6 Results

This chapter presents the results for the scenarios mentioned in the section 5.7 with average,
worst- and best-case life cycle greenhouse gas emissions. The results are categorized by
scenario and are separated based on the three calculation methodologies: RED III, ISO
19870, and a broader life cycle GHG assessment based on ISO 14067. The scenario results
compare the methodological differences and GHG emission intensities between different
hydrogen derivatives and transportation methods. All scenarios are compared to the EU
Taxonomy and renewable classification threshold of 70% GHG emission savings compared

to fossil compactor.

6.1 Methodology comparison with Canadian wind-powered ammonia

The greenhouse gas emissions of Canadian wind-powered green ammonia transported to
Wilhelmshaven, Germany are calculated and compared based on RED III and ISO 19870
methodologies. In addition, a broader life cycle GHG assessment is concluded that includes
renewable energies’ and hydrogen production plant’s embodied emissions following ISO

14067 guidelines.

The RED III methodology assigns zero emissions to renewable wind power, which is why
all electricity demanding processes result in zero GHG emissions. The direct emissions span
from Haber-Bosch process and transportation as presented in Chart 3. In Haber-Bosch,
nitrogen is an elastic input in the synthesis that is assigned standard emission intensity of
56.4 gCOze/kg of nitrogen in the RED III methodology. This results in emissions of 0.27 to
0.30 kgCOoe/kg delivered to Germany. The exact value is dependent on the fugitive

emissions in the later stages of production chain that scale up the ammonia production.

The transportation emissions are caused by the fuel combustion in the ammonia carriers. The
heavy fuel oil emission intensity is a fixed value from RED III. The emissions from shipping
range from 0.28 kg CO:2eq to 0.47 kg CO:2eq per kg of hydrogen delivered between the best
and worst case. This variance by the fuel consumption differences between different

ammonia carriers’ consumption data.
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RED III results for Canadian produced ammonia
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Chart 3. Greenhouse gas emissions under the RED III methodology for Canadian wind-

powered ammonia transported to Wilhelmshaven.

In this scenario ISO 19870 considers the direct GHG emissions similar to RED III, aside
from the nitrogen input, which calculated based on the energy demand of ASU system in the
ISO standard. However, ISO requires the separate reporting of hydrogen production
facility’s embodied emissions and other non-GHG emissions. Embodied emissions result in
emissions of 0.16 kgCO»e/kg of hydrogen delivered with range between best and worst case
from 0.03 to 0.28 kgCO»e/kg of hydrogen delivered. The hydrogen fugitive emissions result
in indirect climate impact of 0.30 kgCOze/kg of hydrogen delivered in average with best and
worst case ranking from 0.06 to 0.83 kgCO»e/kg of hydrogen delivered. Without these
separately reported emissions the total GHG emissions are solely based on transportation

fuel combustion as seen in the Chart 4.
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ISO 19870 results for Canadian produced ammonia
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Chart 4. Greenhouse gas emissions under the ISO 19870 methodology for Canadian wind-

powered ammonia transported to Wilhelmshaven.

Thirdly a broader life cycle GHG emissions are calculated following ISO 14067, including
all energy related emissions and fugitive hydrogen emissions. These results are significantly
different compared to the RED III and ISO 19870 methodologies as seen in Chart 5. The
total emissions of 1.04 to 2.57 kgCOae/kg of hydrogen delivered between best and worst

case are far greater compared to Chart 3 and 4 emissions.
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Life Cycle GHG Emissions (ISO 14067) for Canadian produced
ammonia
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Chart 5. A broader lifecycle greenhouse gas emissions for Canadian wind-powered ammonia

transported to Wilhelmshaven based on ISO 14067.

The average, worst and best scenarios as well as the different methodology results can be
compared to the EU’s 70% reduction threshold from fossil fuels which qualifies fuels as
renewable. The fossil fuel comparator is 94 gCO»e/MJ fuel, which converts to 11.28 kgCO»e
for a kg of hydrogen. The 70% reduction from this means that renewable classification cut-
off'is 3.38 kgCO»e for kg of hydrogen. This may be further reduced to 80% reduction leading
to a target of 2.26 kgCO»e for kg of hydrogen. It can be seen from the Chart 6 that all of the
methodologies for this scenario under best, average and worst case are under the 70%

reduction target.
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Methodology comparision for Canadian produced ammonia
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Chart 6. Comparison of total greenhouse gas emissions for Canadian wind-powered
ammonia under RED III, ISO 19870, and ISO 14067 methodologies, benchmarked against
fossil fuel emissions and the 70% GHG savings threshold.

6.2 Middle East solar powered hydrogen derivatives

The total GHG emission for green ammonia, methanol and methane production in Saudi
Arabia are presented in Chart 7. The total emissions include the whole production chain
calculated based on RED III, ISO 19870 and ISO 14067 methodologies. The derivatives are

reformed into hydrogen upon arrival to represent emissions for 1 kg of hydrogen.
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Hydrogen derivative comparision for Middle East solar powered

production
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Chart 7. Greenhouse gas emissions for ammonia, methanol, and methane production in the
Middle East using solar power, transported to Wilhelmshaven and reformed back to

hydrogen with RED III (RED), ISO 19870 (ISO) and ISO 14067 (LCA) methodologies.

For ammonia, Chart 7 shows that RED Il and ISO 19870 based calculations result in slightly
higher emissions compared to Canadian produced ammonia due to the longer shipping
distance. A more significant difference is observed in the ISO 14067 results, which account
for embodied emissions and energy generation emissions. These results are approximately
three times higher than those for Canadian-produced derivatives, largely because of the
higher emission intensity associated with solar PV-produced electricity compared to wind
power. Additionally, the ISO 14067 results for hydrogen derivatives exceed the renewable
limit of 3.38 kgCOze per kg of hydrogen. The RED and ISO 19870 methodologies’ results
on the other hand are still far below the threshold.

To better understand the efficiency and energy demands of different production chain
processes, Figure 1 provides a detailed breakdown of the energy requirements for each step
involved in supplying 1 kg of hydrogen to the customer’s gate. The processes include
alkaline water electrolysis, Haber-Bosch synthesis to produce ammonia, shipping from the

Middle East to Germany over a 16,000 km roundtrip, boil-off gas reliquefication, and
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cracking ammonia back to hydrogen. The total energy demand for this supply chain amounts
to 66.09 kWh per kilogram of hydrogen. This value is approximately double the lower
heating value (LHV) of hydrogen, which is 33.3 kWh/kg, resulting in an overall energy
efficiency of 50.4%. This highlights the significant energy losses inherent to the conversion,

transport, and reconversion processes within this production pathway.

52.99 3.96 1.43

0.007
kWh/kg Ha

7.71

kWh/kg H, kWh/kg H, kWh/kg H, kWh/kg H,

BOG

Electrolyser Haber-Bosch Shipping Cracking

Figure 1. Energy demand breakdown of the hydrogen production and supply chain, (kWh/kg

H.), transported as ammonia, from the Middle East to Germany.

6.3 Finland grid produced hydrogen transported through various methods

The results for hydrogen produced using grid electricity in Finland and transported to
Germany are presented in Chart 8. Results include three transportation methods: liquid
hydrogen (LH2) shipping, pipeline transport, and road transport with three methodologies:
RED III, ISO 19870, and ISO 14067 methodologies. Based on the results, LH> shipping has
the least GHG emissions but remains slightly higher than the renewable classification
threshold in all cases and methodologies. Pipeline transport has marginally higher GHG
emissions under all scenarios compared to LH> shipping. In contrast, the road transport has
far greater GHG emissions with around 100% higher emissions compared to LH> shipping

and pipeline transport.
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Hydrogen produced in Finland and transported to Germany,
Energy data: 2020
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Chart 8. Comparison of GHG emissions for hydrogen produced in Finland using grid-based
electricity (82.44 gCO2.e/kWh) and transported to Germany using liquid hydrogen (LH2),
pipelines, or road transport with RED III (RED), ISO 19870 (ISO) and ISO 14067 (LCA)

methodologies.

Chart 9 illustrates the impact of lower grid electricity emission intensity on hydrogen
production emissions compared to the results in Chart 8, with the road transport scenario
replaced by ammonia carrier and subsequent cracking back to hydrogen. When the grid
emission intensity is reduced from the RED III default value for Finland of 82.44
gCO2e/kWh to the near future expected emission intensity of 40 gCO2e/kWh, the hydrogen
supply chain emissions decrease by approximately the same proportion. This reduction is
primarily due to the fact that the majority of emissions arise from electricity demand in all

cases with different transportation methods and calculation methodologies.

It can be observed that all but one of the results in Chart 9 fall below the 70% GHG reduction
limit. The differences between the transportation methods in Chart 9 are relatively small with
liquid hydrogen (LH>) carriers showing the lowest GHG emissions under the RED III and
ISO 19870, while pipeline transport exhibits the lowest emissions under the LCA
methodology. additionally, a few of the average and best scenarios fall below the 80% GHG
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reduction limit (2.26 gCOze/kgH>), which would allow the hydrogen to qualify as green even

under stricter regulations that may be implemented in the future.

Hydrogen produced in Finland and transported to Germany,
Electricity emission intensity of 40 gCO,/kWh
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Chart 9. Comparison of GHG emissions for hydrogen produced in Finland using 40
gC0.e/kWh electricity and transported to Germany via liquid hydrogen (LH), pipelines, or
ammonia carriers with RED III (RED), ISO 19870 (ISO) and ISO 14067 (LCA)

methodologies.

Chart 10 compares the GHG emissions of hydrogen produced with 100% wind power
electricity and transported to Germany using three methods: LH: shipping, pipelines, and
ammonia carriers. Due to the methodological rules in RED III and ISO 19870 the overall
emission results in those methodologies are minimal. For liquid hydrogen (LH:) shipping,
the only emissions accounted for arise from the combustion of fuel in shipping, amounting

to approximately 0.01 kgCO-e/kg Ho.

In contrast, ammonia shipping shows higher emissions because the cargo capacity required
is significantly larger as the mass of ammonia relative to its hydrogen-carrying capacity is
about 5.7 times greater. Furthermore, RED III methodology attributes higher emissions to

ammonia compared to ISO 19870, due to the default emission intensity assigned to feedstock
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nitrogen. The pipeline transport option shows zero emissions in both RED III and ISO 19870
results, as no direct emissions occur when 100% wind power electricity is utilized for all

production and transport stages.

This final scenario, in which hydrogen is produced in Finland using 100% wind power,
results in the lowest emissions of all scenarios. The only zero GHG emissions resulted from
wind power based green hydrogen transported directly via pipeline from Finland to
Germany. Liquefied hydrogen shipping shows just slightly higher emissions of 0.01
kgCOze/kg Hz in RED III and ISO 19870 methodologies but shows the lowest emissions
when evaluated using the broader ISO 14067 approach, which provides a more

comprehensive assessment of the overall climate impact.

Hydrogen produced in Finland with wind power and
transported to Germany
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Chart 10. Comparison of GHG emissions for hydrogen produced in Finland wind power and
transported to Germany via liquid hydrogen (LH-), pipelines, or ammonia carriers with RED

IIT (RED), ISO 19870 (ISO) and ISO 14067 (LCA) methodologies.

A regional comparison can be made between Finnish, Canadian and Middle East produced
green hydrogen which is transported as ammonia to Germany. Based on broader ISO 14067
guidelines based results, hydrogen produced in Finland has the lowest emissions at 1.36

kgCO:e/kg H., followed by Canada at 1.58 kgCO-ze/kg H:, and the Middle East at 4.9
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kgCOze/kg H.. This makes Finland the most climate-friendly green hydrogen production
region among the cases compared. The ISO 14067 based results account for emissions from
renewable energy sources, which explains why Finland and Canada outperform Middle East.
The Middle East has higher energy intensity in its solar PV systems compared to the wind
power used in Finland and Canada. Finland ranks ahead of Canada due to its closer proximity
to Germany, which reduces the sea transport distance and consequently the fuel combustion

emissions.
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7 Discussion

This chapter discusses the findings presented in this thesis, focusing on the methodological
differences, decarbonization potential, practical implications for Wartsild, and key
uncertainties. It highlights the confrontation between ambitious decarbonization goals with
the financial and technical considerations. While the green hydrogen and its derivatives
production will offer significant potential for GHG reductions, it is clear that achieving this
will require careful planning and co-operation with industry, governments and research

bodies.

7.1 Methodologies

Even though all methodologies are based on general life cycle thinking, significant
differences arise from process-specific rules. The most notable distinction is how renewable
electricity is treated as zero GHG emissions in both RED III and ISO 19870, compared to
the broader life cycle GHG assessment (ISO 14067). This zero-emission rule for renewable
electricity is similar to the GHG Protocol’s scope 1 emissions, excluding scopes 2 and 3.
This methodological choice appears to focus only on operational emissions which incentives
the production of green hydrogen and its derivatives. As a result, it simplifies the process for
producers to meet the GHG reduction threshold for the European market using renewable

energy.

Most similar green hydrogen standards and methodologies adopt a similar zero GHG
emission attribution for renewable energy sources, provided they are directly connected or
supported by power purchase agreements (PPAs). An example of this is the [IPHE’s (2021,
31) “Methodology for determining the greenhouse gas emissions associated with the
production of hydrogen”, which was released prior to RED III and ISO 19870. Adopting
consistent assumptions about renewable energy across different methodologies offers
distinct advantages. Harmonized rules across standards enhance the alignment of market-
based mechanisms, policies, and certification schemes. This supports international hydrogen
trade and simplifies the calculation and verification of energy-related emissions, reducing

complexity for stakeholders.
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There are also exceptions to harmonized methodologies, such as the UK Department for
Energy Security & Net Zero (2023, 96—11), which accounts for all upstream, operational,
and downstream emissions of renewable energy in their “Greenhouse Gas Emissions
Methodology and Conditions of Standard Compliance”. This results in a more stringent but
transparent GHG accounting framework, which, while enhancing transparency, could

potentially limit green investments.

The differences in methodologies underscore an ongoing debate within the international
community. While attributing zero emissions to renewable energy sources offers a less
complex approach, it provides clear benefits to hydrogen producers and consumers,
especially in terms of facilitating investments and supporting decarbonization targets.
However, this approach may give a distorted view of the actual emissions, potentially
downplaying their true environmental impact. While this trade-off between simplicity and
accuracy may be seen as a necessary compromise to boost renewable energy and hydrogen
investments, it is crucial to ensure genuine progress toward sustainability. A more
comprehensive understanding of emissions could drive further innovation and
improvements in clean energy technologies. To ensure that investments not only meet
regulatory standards but also contribute meaningfully to global decarbonization efforts, I
recommend that green hydrogen and derivative producers conduct a thorough comparison

of various methodologies, similar to the analysis presented in this study.

7.2 Decarbonization potential

From regulatory and certification standpoint it is important to only consider the results of
this thesis from RED III and ISO 19870 methodologies. Under the assumptions of this thesis
all hydrogen and hydrogen derivatives produced using renewable energy sources meet the
70% GHG reduction threshold which is calculated based on RED III methodology. The
Canadian green hydrogen transported as ammonia resulted in GHG emissions of 0.61
kgCO2e/kg H: in average. Comparing the fossil fuel comparator, representing natural gas,
from RED III, the GHG reduction is around 94.5%. Similarly, the Saudi Arabia produced
green hydrogen transported as ammonia that resulted in GHG emissions of 0.76 kgCO2e/kg

H: in average, equals to GHG reduction of around 93.3%.
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While not being able to meet the 70% GHG reduction, low carbon hydrogen produced using
Finnish grid electricity as of 2020 can still achieve significant GHG reductions compared to
natural gas. The GHG reduction is 61.9% for LH> shipped hydrogen and 57.4% for pipeline
transported based on RED III methodology. However, considering the financial incentives
and broader customer base for hydrogen qualifying as renewable with at least 70% GHG
reduction, it is crucial for Finland to decrease its grid emission intensity to around 40
gCO2¢/kWh. This emission intensity was proven to meet the threshold under all RED III

scenarios in Chart 9.

The 40 gCO2e/kWh may have already been achieved, but the life cycle GHG emission data
for 2024 has not yet been published. According to Fingrid (2025), the annual carbon intensity
of electricity consumed in Finland for 2024 was reported as 33 gCO»/kWh. However, this
value only accounts for direct carbon dioxide emissions and does not represent a life cycle-
based GHG emission intensity, which shall be used. Given this value, it is possible that the
40 gCO2¢/kWh target has already been met, but data to support that has not yet been
published. Regardless, with the current decarbonization trend, it is almost certain that as
renewable hydrogen production scales up in Finland, the 40 gCO:e/kWh level will be

reached, enabling the use of grid electricity.

It is important to note that this thesis focused only on the decarbonization aspect of the green
hydrogen and its derivatives. No decisions should and will be based solely on the GHG
emissions of different options. Other crucial considerations include the financial and safety
aspects of different fuels and their supply chains. The most significant trade-off, both now
and in the future, is the higher price of these fuels. In Q3 of 2024, the average price of natural
gas in Europe was 35.60 EUR/MWh. The current average price of green hydrogen, at 5.5
USD/kg (as presented in Chapter 3.2), converts to 157 EUR/MWh based on LHV and an
exchange rate of 0.95 USD/EUR. This makes green hydrogen approximately 4.4 times more
expensive than natural gas in terms of energy price. With the estimated average price of 1.5
USD/kg of hydrogen the relative energy price would drop to around 43 EUR/MWh. This

would make green hydrogen an equal competitor for the fossil natural gas in today’s prices.

Another important consideration for the feasibility of different supply chains is energy
efficiency, which typically arises in discussions on optimizing costs or reducing emissions.
While the Saudi Arabian green hydrogen production, transported as ammonia to Germany,

has an energy efficiency of only 50.4% (as detailed in Figure 1), that supply chain can still
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be more cost-effective and competitive from an emissions standpoint. This highlights that
sometimes the cost-effective production in regions with abundant renewable energy
resources can outweigh the energy losses during conversion and transport. However, for
countries like Finland the energy efficiency of hydrogen supply chains is a critical factor
when deciding between green hydrogen production and direct high voltage electricity
transmission for export. As the refinement of electricity into hydrogen and its derivatives is
likely more profitable, it is extremely important for Finland to develop infrastructure for

cost-effective and energy efficient transportation of these fuels.

7.3 Practical implications to Wartsilad

Electricity generation operators intending to use renewable non-fossil gaseous and liquid
fuels, such as green hydrogen and its derivatives, must meet stringent requirements to be
classified as "environmentally sustainable" under the EU Taxonomy. It is not sufficient to
use fuels that qualify as renewable under the RED III with 70% GHG reduction. The EU
Commission Delegated Regulation (EU) 2021/2139 imposes an additional requirement: the
life cycle GHG emissions of electricity generated using these fuels must not exceed 100
gCO2e/kWh to qualify as a sustainable economic activity. For instance, using green
hydrogen with a life-cycle emission intensity of 3 kgCOse/kgH», equivalent to 90
gCO2e/kWh based on its LHV, in a power generation system with an energy efficiency of
45% would result in an electricity emission intensity of 200 gCO2e/kWh. This value is
already double the threshold set by the Delegated Regulation, highlighting the importance
of considering both the fuel supply chain and the efficiency of power generation

technologies.

For engine powerplants and companies like Wirtsild, this is a crucial consideration in
determining the emission intensity or generation efficiency required to meet the 100
gCO2e/kWh limit. Currently, there are no published efficiency figures for combustion
engines running on 100% hydrogen. Assuming an efficiency of 45%, the green hydrogen
must have an emission intensity below 45 gCO2e/kWh on an LHV basis, which translates to
approximately 1.52 kgCOse/kgH>. This requirement can be met under the RED III

methodology in all renewable electricity cases examined in this thesis, including Canadian
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wind power-based, Saudi Arabian solar-based, and Finnish wind power-based green

hydrogen production.

However, scenarios using Finnish grid electricity with emission intensities of 82.44 and
40.00 gCO2e/kWh, with any of the transportation methods to Germany, exceed the 1.52
kgCO,e/kgH> threshold when assuming a 45% efficiency. This highlights the importance for
green hydrogen and derivative producers to align their production strategies with customer
requirements for emissions intensity thresholds, rather than focusing solely on achieving

green classification and financing limits for their green hydrogen/derivative production.

7.4 Uncertainties and future research

The majority of the uncertainties and variances in this study are addressed by incorporating
average, minimum, and maximum values for each process. However, several uncertainties
remain, primarily due to assumptions and excluded emission sources. These include
assumptions related to oxygen venting during electrolysis, stoichiometric reactions in each
process, and the assumption that the same electricity emission intensity is used for the entire
production chain. Additionally, some of the process leakages are not included, such as
fugitive hydrogen emissions, fugitive emissions of hydrogen derivatives, and uncaptured

carbon dioxide emissions from methanol and methane reforming.

The exclusion of fugitive hydrogen emissions during electrolysis, storage, and the reforming
of methanol and methane may moderately underestimate the actual GHG emissions. There
is no consensus within the scientific community on the amount of fugitive emissions, as
actual studies are limited and measurements are challenging. A study by Esquivel-Elizondo
et al. (2023) estimated that electrolysis itself could have fugitive emissions ranging from
0.03% to 9.2%. The overall emissions in the hydrogen economy are reported to vary between
0.2% and 20% among different estimates in that study. Losing 20% of the produced
hydrogen would require a 25% increase in production and result in an indirect global
warming potential equivalent to approximately 2.38 kgCOe/kgH>, based on a GWP value
of 11.9 kgCO»,e/kgH> for hydrogen.

Addressing hydrogen emissions when calculating emissions using the current prevailing

methodologies of RED III and ISO 19870 for hydrogen and its derivative production is not
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required, as these methodologies do not recognize such emissions. However, the magnitude
of these emissions can have a significant climate impact, highlighting the importance of
studying methods to control them. Furthermore, if the IPCC defines a Global Warming
Potential (GWP) value for hydrogen, these emissions may need to be included in future
calculations. Hydrogen emissions equivalent to up to 20% of the produced hydrogen are

simply not sustainable.

Similarly, distortions to results may be caused by the assumption of having 100% carbon
capture rate in reforming of methanol and methane. While there are cryogenic and amine
wash solutions available to achieve up to and over 99% carbon capture rate (Loughrey ef al.
2023, 8, 9, 12), these solutions are not always utilized at their full capacity due to higher
energy consumption. Most of the common and cost-effective carbon capture technologies
have carbon capture rates of around 80 to 95%. While direct air capture can be added to the

facility to couple the uncaptured CO; from the syngas’s, that is likely not cost effective.

Currently, most hydrogen is produced from fossil natural gas via steam methane reforming,
and more than 95% of these facilities in the U.S. operate without carbon capture technology
(Lewis 2024). In the future, it is likely more rational to add carbon capture systems with
capture rates of 80-95% to these facilities before implementing 100% capture systems with
DAC for e-methanol and e-methane reforming. In that sense, the assumption under this thesis

with 100% carbon capture rate is not realistic for the near future.

Amine-based CO; capture is the most common method for carbon capture in steam
reforming. The relative price of that system increases drastically from 85 to 99% capture
rate due to the Increase in absorber size and higher solvent circulation rates. (Shahid and
Kim 2023, 17.) Assuming the use of this cost-effective 85% carbon capture rate for methanol
and methane reforming, would result in 15% of the hydrogen carrier's carbon content being
emitted as CO: emissions. As a result, this would lead to additional CO: emissions of 1.1 kg
CO: per kg of hydrogen for methanol reforming and 0.825 kg CO: per kg of hydrogen for

methane reforming.

Having additional emissions of this magnitude would make it difficult for the green
hydrogen to be used in combustion engines qualifying the generated energy as sustainable
under the 100 gCO2e/kWh limit discussed in part 7.4. As a result of this unlikely to be

feasible to use green hydrogen transported as methanol or methane in combustion engine
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power plants for sustainable electricity production. A similar challenge would arise when
using e-methanol or e-methane in combustion engine power plants without sufficiently
effective carbon capture systems. Future research or the development of the Excel model
used here should incorporate various carbon capture methods and rates to determine which

are sufficient to meet the 100 gCO2e/kWh limit.

The Excel model developed for this thesis only calculated GHG emissions for hydrogen
derivatives when decomposed back into hydrogen. The hydrogen derivatives included in the
model: ammonia, e-methanol and e-methane, can be used as fuels, often offering better
energy efficiency compared to when they are decomposed into hydrogen. The model can
and should be used in the future to assess the GHG emissions of these fuels when directly
utilized for energy production. Other potential use cases for the model can be extended to
incorporate additional transportation options, such as trainways and liquid organic hydrogen
carriers as well as expanding to include other export regions such as southern Europe, Egypt

and Namibia.
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8 Conclusions

This thesis has comprehensively assessed the greenhouse gas (GHG) emissions of hydrogen
and its derivatives, including green hydrogen, green ammonia, e-methanol, and e-methane.
Different production chains for German market were analysed employing three GHG
accounting methodologies relevant for sustainable fuels, namely the RED III, ISO
19870:2023, and ISO 14067:2018 methodologies. As a part of the thesis, Microsoft Excel
model was developed for Wirtsild to give insight into the emissions profiles and

decarbonization potential of these alternative fuels in comparison to natural gas.

The methodologies used yield in varying GHG emission results due to their differences in
system boundary and exclusion of renewable energy emissions. The RED III and ISO 19870
methodologies attributed zero GHG emissions for renewable energy sources, while ISO
14067 includes these and other embodied emissions for more comprehensive life cycle GHG
assessment. These significant variations highlight the importance of underscoring the careful
understanding of the limitations and assumptions of each methodology, before interpreting

and comparing the results.

All studied alternative fuels demonstrated substantial potential for GHG emission reductions
compared to fossil comparator of natural gas. The lowest emissions among the three
production regions, Canada, Saudi Arabia and Finland were achieved from Finnish wind
power produced hydrogen transported by hydrogen pipelines to Germany. The RED III, used
for EU compliance, yielded results of zero GHG emissions for that scenario due to the
absence of direct emissions throughout the supply chain. Other results included Canadian
wind-powered green hydrogen transported as ammonia, which achieved a 94.5% GHG
reduction, and Saudi Arabian solar-powered green hydrogen transported as ammonia, which
achieved a 93.3% GHG reduction. Both of these, along with majority of other alternatives,
met the EU’s green hydrogen classification of a 70% GHG reduction compared to fossil
comparator. Of the selected scenarios, only hydrogen production powered by Finnish grid

electricity failed to meet the threshold under the RED III results.

Economic factors remain as the main barrier to the widespread adoption of green hydrogen
and its derivatives. Currently the production of green hydrogen is approximately 4.4 times

more expensive than fossil natural gas in relative to the energy. However, the future price
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reduction to 1.5 USD/kg H: could achieve cost parity by 2050. Until that it is crucial for
countries like Finland to improve infrastructure for efficient transport and refining processes

to maximize the economic potential of green hydrogen.

For companies like Wirtsild in energy production it is not sufficient to just use fuels meeting
the green classification under RED III, but they also need to meet the lifecycle emissions
threshold of 100 gCO2e/kWh for electricity generation. In combustion engine power plants
this requires the hydrogen or its derivatives to have emission intensity of around half of the

GHG reduction threshold depending on the electrical efficiency of the engines.

Uncertainties, including assumptions about fugitive hydrogen emissions and carbon capture
rates, may present an overly optimistic view of the results. Fugitive hydrogen emissions,
estimated to range from 0.03% to 20%, have potentially significant indirect climate impact.
These hydrogen emissions are however unaddressed in both RED III and ISO 19870
methodologies. Similarly, carbon capture technologies that are often capable on high
efficiencies might operate below their full capacity or not at all due to cost and energy
constraints. Addressing these uncertainties closer in the future research, would provide a

better understanding of the actual emissions of the production chains.

In conclusion, while this thesis demonstrated substantial decarbonization potential of green
hydrogen and its derivatives, the critical gaps in methodologies and the need for further
research are highlighted. The Microsoft Excel model developed provides Wirtsild with a
practical tool to assess the emission profiles to support informed decision making. Globally,
future efforts should be on aligning the GHG accounting methods and developing cost-
effective carbon capture technologies. By addressing these challenges green hydrogen
production can better align with both regulatory requirements and broader sustainability

objectives, ensuring a more effective and sustainable energy transition
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Appendices

Appendix 1. Excel model home page for user calculations with interactive results charts.
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Appendix 2. Excel model home page calculations intermediate interactive results for efficiency and energy.
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3.08E-01 kg CO2e, Avgsce
4.57E-01 kg CO2e, Worst sce.
4.5BE-02 kg CO2e, Best sce

Electrolyser energy demand Hydrogen demand c Transport Storage Reforming gate
5.30E+01 KWh, Avgscenario 1.03E+00 kgH2, Avgscenario 1.033 kgH2, Avgscenario 1.008 kgH2, Avg scenario 1.008 kgH2, Avg scenario 1.008 kgH2, Avg scenario 1 kg H2
5.94E+01 kWh, Worst sce. 1.08E+00 kgH2, Min scenario 1.081 kgH2 Minscenaric 1.010 kgH2 Minscenario 1.010 kgH2 Min scenario 1.010 kgH2 Min scenario
4.85E+01 kWh, Best scenario 1.01E+00 kgH2, Max scenario 1.010 kgH2, Max scenario 1.005 kgH2, Max scenario 1.005 kgH2, Max scenario 1.005 kg H2, Max scenario

Hydrogen carrier mass Hydrogen carrier mass Hydrogen carrier mass Hydrogen carrier mass
5.855 kg fuel, Avgscenario 5.710 kgfuel, Avg scenario 5.710 kzfuel, Avg scenario 5.710 kg fuel, Avgscenario
6.123 kgfuel, Worst sce. 5.724 kgfuel, Worst sce. 5.724 kgfuel, Worst sce 5.724 kgfuel, Worst sce.
5.724 kgfuel, Best sce. 5.695 kg fuel, Best sce. 5.685 kgfuel, Best sce 5.685 kgfuel, Best sce.
Energy balance
Electrolyser input energy Electrolyser C Transport Storage Reforming gate
150.8 MJ, Avgscenario 124.0 MJ, Avg scenario 108.9 MJ, Avgscenario 106.2 M), Avgscenario 106.2 MJ, Avg scenario 106.2 MJ, Avg scenario 120 M)
214.0 M) Worst scenario 129.7 MJ Worst scenario 113.9 MJ Worst scenario 106.5 MJ Worst scenario 106.5 MJ Worst scenario 106.5 MJ Worst scenario
178.2 MJ, Best scenaric 121.2 MJ, Bestscenario 106.5 MJ, Best scenario 105.9 MJ, Best scenaric 105.9 MJ, Bestscenario 105.9 MJ, Best scenario
Energy consumption
y p C Transport Refroming



Appendix 3. Excel model home page results for each process based on RED III and ISO 19870 methodologies.

®

=

5
86
87
B89

91

Electrolyser emissions
2.12 kg CO2e, Avgscenario
2.38 kgCO2e, Worst sce.

1.98 kg CO2e, Bestsce I

Energy emissions
2.12 kgCO2e, Augsce
2.38 kg CO2e, Worst sce
1.98 kgCO2e, Best sce

Nitrogen demand

Carbon dioxide demand

Transport boil-off gases

Storage boil-off gases

4.944 kgN2, Avgscenario
5.394 kgN2, Min scenario
4.737 kgN2, Max scenario

0.000 kg CO2, Avgsce
0.000 kg CO2, Worst sce
0.000 kg CO2, Worst sce.

1.25E-02 kg, Avgscenario
1.60E-02 kg, Worst scenario
9.57E-03 kg, Best scenario

0.0101 kg, Avgscenaric
0.0135 kg, Worst scenario
0.0067 kg, Best scenario

0.23 KWh/kg N2, Avg sce.
0.42 KWh/kg N2, Worst
0.12 KWh/kg N2, Best

0.00 KWhikg CO2, Avg sce
0.00 Kih/kg COZ, Worst
0.00 KWh/kg COZ, Best

0.22 KWhikgfuel, Aug
0.23 Kihikgtuel, Worst
0.22 KWh/kgfuel, Best

0.22 KWhikgfuel, Avg
0.23 KWhikgfuel, Worst
0.22 KWhikgfuel, Best

1.15314 KWh, Avg scenario
2.26565 KWh, Worst sce
0.56849 KWh, Best sce.

0.00 kKWh, Avg scenario
0.00 KWh, Worst sce
0.00 kWh, Best sce.

2.B0E-03 KWh, Avg scenario
3.61F-03 kWh, Worst sce
2.14E-03 kWh, Best sce.

2.26E-03 KWh, Avg scenario
3.03E-03 kWh, Worst sce
1.49E-03 KWh, Best sce

Elastic inputs

1.12E-04 kgCO2e, Avgsce
1.44E-04 kgCO2e, Worst sce.
B.57E-05 kg CO2e, Best sce

9.03E-05 kgCO2e, Avgsce
1.21E-04 kgCO2e, Worst sce.
5.97E-05 kg CO2e, Best sce.

Transport

Sty

g

ags

Total

RED Ill results

RED Il

0.28 kg CO2e, Avgsce
0.30 kgCO2e, Worst sce.
0.27 kg CO2e, Best sce

0.40 kg CO2e, Avgsce
0.59 kgCO2e, Worst sce.
0.30 kg CO2e, Best sce

0.00 kg CO2e, Avgsce.
0.00 kgCO2e, Worst sce.
0.00 kg CO2e, Best sce.

0.31 kgCO2e, Avgsce.
0.46 kg CO2e, Worst sce
0.05 kg CO2e, Best sce.

3.11 kg, Avgscenario
3.73 kg, Min scenario
260 kg, Max scenario

25.90 gCO2e/M), Avg
31.08 gCO2e/M), Min
21.64 gCOZe/M), Max

Elastic inputs

Transport.

Reforming

Total

IS0 19870 results

1S0 19870

0.05 kgCO2e, Avgsce
0.09 kg CO2e, Worst sce
0.02 kgCO2e, Best sce

0.40 kg, Avgscenario
0.59 kg, Min scenario
0.30 kg, Max scenario

0.00 kg, Avg scenario
0.00 kg, Minscenario
0.00 kg, Max scenario

0.31 kg, Avgscenario
0.46 kg, Min scenario
0.05 kg, Max scenario

2.87 kg, Avgscenario
3.52 kg, Min scenario
2.35 kg, Max scenario

2396 gCOZe/M), Avg
2930 gCO2e/M), Min
19.61 gC0O2e/MJ. Max




Appendix 4. Excel model home page results for each process based on ISO 19870, including separately reported emissions, and ISO 14067

methodologies.

a7 Energy emissions

28 2.12 kgCO2e, Avgsce
a9 2.38 kgCO2e, Worst sce|
%0 1.98 kg CO2e, Best sce

94 Stack &BOP emissions

a5 0.16 kgCO2e, Augsce
96 0.28 kgCO2e, Worst sce.
97 0.03 kg COZe, Best sce.

Elastic inputs

Transport

Reforming

Total IS0 19870

ag

0.05 kgCO2e, Augsce
0.09 kg CO2e, Worst sce
0.02 kg CO2e, Best sce

Hydrogen leakage in conditioning
26E-02 kgH2, Avgscenario

7.05E-02 kgH2,Worst scenario

5.05E-03 ke H2, Best scenario |

0.40 kg, Avgscenario
0.59 kg, Min scenario
0.30 kg, Max scenario

Hydrogen leakage in trans port
0.0E+00 kgH2, Avg scenario

0.00E+00 kgH2, Worst scenario

0.00E+00 kgH2, Best scenario|

0.00 kg, Avgscenario
0.00 kg, Min scenario
0.00 kg, Max scenario

Hydrogen leakage in storage
0.DE+00 kgH2, Avg scenario

D0.00E+00 kgH2, Worst scenario

0.00E+00 kgH2, Best scenario|

0.31 kg Avgscenario
0.45 kg, Minscenario
0.05 kg, Max scenario

Hydrogen leakage in reforming
7.7E-03 kgH2, Avgscenario

1.01E-02 kgH2, Worst scenario

5.03E-03 ke H2, Best scenario|

3,87 kg, Avgscenario
3.52 kg, Min scenario
2.35 kg, Max scenario

23.95 gCOe/M), Avg
28.30 gCOZe/M), Min
19.61 gC02e/M), Max

Tota hydrogen leakage
0.03 kgH2, Avgscenario I
" 0.1 kgH2, Worst scenario
0.01 kgH2, Best scenario

Leakage indirect.

L e indirect

Leakage indirect.

Leakage indirect.

Totalindirect emissions from leakage

3.04E-01 kg CO2e, Avg sce.
8.38E-01 kg CO2e, Worst sce.
6.01E-02 kg CO2e, Best sce

0.0E+00 kg CO2e, Avgsce.
0.00E+00 kg CO2e, Min sce.

0.00E+D0 kg CO2e, Max sce

0.0E+00 kgCO2e, Avgsce.
0.00E+00 kgCO2e, Worst sce.

0.00E+00 kgCO2e, Best sce

8.2E-02 kgCO2e, Avgsce
1.20E-01 kgCO2e, Worst sce.

5.9BE-02 kg CO2e, Bestsce

0.40 kg CO2e, Avgscenario
0.96 kg CO2e, Worst sce.

0.12 kg CO2e, Best sce

it

Transport

Storage

Reforming

i Total emissions (I1SO 1406

Total LCA

0.51 kgCO2e, Avgsce.
1.42 kg CO2e, Worst sce
0.10 kg CO2e, Best sce

0.40 kgCO2Ze, Avgsce
0.59 kg CO2e, Worst sce
0.30 kg CO2Ze, Best sce

0.00 kgCO2Ze, Avgsce
0.00 kgCO2Ze, Worst sce.
0.00 kgCO2Ze, Best sce

0.40 kgCO2e, Avgsce
0.58 kgCO2e, Waorst sce
0.11 kg CO2e, Best sce

359 kgCO2e,Avzsce 29.93 gC022/M), Avg
535  kzCO2e, Worst sce 4372 5C022/M), Min

252 kgCO2e, Bestsce 21.02 2C02e/MJ, Max

106

107, Electrolyser

108 2.28 kgCO02e, Avgsce
109 2.66 kgC0O2e, Worst sce.
110/ 2.01 kgC0O2e, Best sce
Rial

112




Appendix 5. Excel model data tables for solar, wind and hydro electricity emission factors.

owmwmmbww‘-‘

A

Electricity Emission Fa

Solar Electricity

Wind Electricity

Hydro Electricity

Columnil ﬂ Emissionﬂ Unit

ﬂ Ref nulﬂ Reference ﬂ Notes

Solar 81.0 gCO2e/kWh [1] Hou etal., 201 Rep cradle to grat issi including distribution for china produced multicrystalline silicon PV system. It is located in China and the service life is 25 years.

Solar Sﬁ.l:!gCO2elkWh 3] Fu, Liu and Yu Represents cradle to grate emissions without distribution for china produced crystalline silicon PV system. It is located in Catalona and the service life is 25 years. Calcualted from yearly production and total GHG emission:
Solar 60.0 g CO2e/kWh [4] Mehedi, et al. | Represents cradle to gate emissions of china produced and located multi-crystallinen photovoltaic system. It doesn't include BOS and issions, which were added. The exact system location is The
Solar 35.!?gCO2elkWh [37] IEA. 2023. Life ' Rep cradle-to-grave emissions without distribution for crystalline silicon solar PV systems. Based on h ized life cycle across global studies, focusing on raw material extraction, panel factu
Average 58.64 g CO2e/kWh J
Columnil ﬂ Emissionﬂ Unit ﬂ Ref nulﬂ Reference ﬂ Notes ﬂ

Wind 8.07 g CO2e/kWh [5] Siemens Gam: Represents Swedish (mainly northern) on-shore wind farm electricity production. Should be comparable to Finnish ones. Service life of 20 years. Cradle to grate including distributional losses.

Wind 9.61 gCO2e/kWh [6] Gamesa. 2018 Represents European average wind farm transported to Finland. Service life of 20 years. Cradle to grate. Might be missing circa 2 % distribution loss.

Wind 14.9 g CO2e/kWh [7] Vi fall. 202 Rep V. fall's nordic wind energy production including on- and off-shore. Service life 20 or 25 years depending on i llation. No installati in Finland. Cradle to grate including distribution. Might be missing 5
Wind EfgCO2elkWh [8] Vestas. 2023. | Represents Vestas global averige sales for transportation. 6,2 MW turbine so bigger than current average ones. Low wind conditions, 20 years service life. Grid emissions notincluded so 2 g CO2e/kWh added.

Wind 8.04 g CO2e/kWh [3] EPDItaly. 2020 Rep a Chinese if; d wind turbine shipped and operating in exemplary dian scenario. Service life of 20 years. Cradle to grate, 1 kWh of distributed electricity as functional unit so all downstream emissic
Wind ldAl]ngCO2elkWh 371 IEA. 2023. Life ' Rep cradle-to-grave emissions without distribution for onshore wind energy systems. It is based on harmonized life cycle assessments across global studies, focused on materials extraction, manufacturing, constn
Average 10.47 g CO2e/kWh

Columnil ﬂ Emissionﬂ Unit

ﬂ Ref nulﬂ Reference ﬂ Notes

Hydro 4.69 g CO2e/kWh [10] Arnpy & Moda Life time 60 years for machinery and 100 years for infrastructure. Installed capacity 52,5 MW with yearly full load hours of 5443. Cradle-to-grave including all of the losses before grid. Extremely low emissions because of high
Hydro BA3l:!gCO2elkWh [11] Statkraft Energ Life time 60 years for machinery and 100 years for infrastructure. Installed capacity 127 MW with yearly full load hours of 5685. Cradle-to-grave including all of the losses before grid and also downstream distribution emissi
Hydro 4.9§gcﬂ?dkwh [12] A Energi Vannl Life time 60 years for machinery and 100 years for infrastructure. | lled capacity 171 MW. Cradle-to-gi including all of the losses before grid and also downstream distribution emissions.

Hydro lﬁ.EgCO2elkWh [13] Krishnan, et. £ Ontario based hydro power plants. Total of 1493 i lled capacity. On rivers so no ir ion potential included. No service life mentioned. Cradle to grate, but distribution not included. Overall not the most accurate stud
Hydro 34.5 g CO2e/kWh [14] Tripathi & Sub Represents Quebec hydro power GHG emissions for 2017 using G-res modelling. It is not life cycle assessment, but itwas said to include all flooded lands and all types of flux, which would have not been in the case of LCA. |
Hydro G.l]ngCOZe!kWh [37] IEA. 2023. Life' Represents cradle-to-grave emissions. Based on harmonized life cycle assessments across global studies, fi ing on raw material extraction, dam and facility construction, operational maintenance, and d issi
Average 12.92 gCO2e/kWh J




Appendix 6. Excel model data table RED III based country specific electricity emission factors.

A B e D E F

A

¥ Electricity Emission Factors

29 |RED Il country specific emission factors

30 Country B3 Emissionkd Unit BJ Emissifd Unit2 [~ |
31 Select country

32 Austria 39.7 g CO2e/M) 142.92 g CO2e/kWh
33 Belgium 06.7 g CO2e/M) 204.12 g COZe/kWh
34 Bulgaria 119.2 g CO2e/MJ 429.12 g COZe/kWh
35 Cyprus 206.6 gCO2e/M) 743.76 g COZe/kWh
36 Czechia 132.5 g CO2e/MJ 477 g CO2e/kWh
37 Germany 99.3 g CO2e/M) 357.48 g COZe/kWh
38 Denmark 27.1 g CO2e/M) 97.56 g CO2e/kWh
39 Estonia 139.8 g CO2e/M]J 503.28 g COZe/kWh
40 Greece 125.2 g CO2e/M) 450.72 g COZe/kWh
41 Spain 54.1 g CO2e/M) 194.76 g CO2e/kWh
42 Finland 22.9 g CO2e/M) 82.44 g CO2e/kWh
43 France 19.6 g CO2e/MJ 70.56 g CO2e/kWh
) Croatia 535.4 g CO2e/M) 199.44 g CO2e/kWh
45 Hungary 72.9 g CO2e/M) 262.44 g CO2e/kWh
46 Ireland 89.4 g CO2e/M) 321.84 g COZe/kWh
47 ltaly 92.3 g CO2e/M) 332.28 g COZe/kWh
48 Latvia 39.4 g CO2e/M) 141.84 g CO2e/kWh
49 Lithuania 27.7 gCO2e/M) 207.72 g CO2e/kWh
50 Luxembourg 52.0 g CO2e/M) 187.2 g CO2e/kWh
=l Malta 133.9 g CO2e/M) 482.04 g COZe/kWh
52 Netherlands 99.9 g CO2e/M) 359.64 g COZe/kWh
53 Poland 196.5 g CO2e/M) 707.4 g CO2e/kWh
54 Portugal 61.6 g CO2e/M) 221.76 g CO2e/kWh
55 Romania 86.1 g CO2e/M) 309.96 g COZe/kWh
36 Slovakia 45.6 g CO2e/M) 164.16 g CO2e/kWh
57 Slovenia 70.1 g CO2e/M) 252.36 g CO2e/kWh
38 Sweden 4.1 gCO2e/MJ 14.76 g CO2e/kWh
59 Source: [2] Commission Delegated Regulation (EU)




Appendix 7. Excel model data table for electrolyser efficiency and balance of plant emission.

A

€

D =

G H

Wl Electrolyzer Data

B esficiencld BOP En

60.6 %

0.156 kg CO2e/Kg H2 [60]

B Ref numifd Reference|

Aydin, M. And Both alkaline and PEM operating in Canada. Production capacity of 200kg H2 per day. Energy sources are nuclear and renewable mix (hydro, solar, wind). PEM electricity consumption: 60,5 kWh/k

66.7 %

0.031 kg CO2e/Kg H2 [61]

Akhtar, M. Et ¢ Alkaline electrolyzer powered by on-site wind power operating in Western Australia. Hydrogen production details: production rate: 5662 kg/h; annual operating hours: 5300; pressure level: 33 bar,

68.0 %

0.183 kg CO2e/Kg H2 [13]

Krishnan, et. : GW-scale systems are analyzed for both AE and PEM technologies. The study evaluates baseline designs (2020) and advanced designs (2030), focusing on the impact of material and efficiency img

64.6 %

0.260 kg CO2e/Kg H2 [14]

Tripathi & Suk 100 MW H2 production comparing both AWE and PEM in Gujarat, India. Around 2080 full load hours. PEM power usage of 54.64 kWh/kg H, and AWE of 51.65 kWh/kg H, corresponding to 64.6% and

60.0 %

0.165 kg CO2e/Kg H2 [62]

Bareis, etal. 2 PEM water electrolyzer in Germany. Hydrogen characteristics: functional unitis 1kg of dry hydrogen at60C and 30bar pressure. Electrolyzer rated power: 1MW, Annual operating hours 3000h. Syster

55.1%

0.156 kg CO2e/Kg H2 [£0]

Aydin, M. And Both alkaline and PEM operating in Canada. Production capacity of 200kg H2 per day. Energy sources are nuclear and renewable mix (hydro, solar, wind). PEM electricity consumption: 60,5 kWh/k

57.4%

0.135 kg CO2e/Kg H2 [13]

Krishnan, et. : GW-scale systems are analyzed for both AE and PEM technologies. The study evaluates baseline designs (2020) and advanced designs {2030), focusing on the impact of material and efficiency im

61.0%"

0.190 kg CO2e/Kg H2 [14]

Tripathi & Suk 100 MW H2 production comparing both AWE and PEM in Gujarat, India. Around 2080 full load hours. PEM power usage of 54.64 k\Wh/kg H, and AWE of 51.65 kWh/kg H, corresponding to 64.6% and

2

S

4 AWE
5 AWE
6 AWE
7 AWE
8 PEM
] PEM
10 PEM
1 PEM
12 PEM

51.2%"

0.102 kg CO2e/Kg H2 [15]

Gerhardt-Moi5 MW PEM system located in Germany. Functional unit of 1 kg of produced hydrogen at a pressure of30 bar, temperature of 25 °C, and 5.0 quality (99.999% purity). 3000 hour current state of art (202:




Appendix 8. Excel model data table for ammonia, methanol and methane synthesis and reforming, and direct air capture energy consumption.

Mitrogen based on RED Il £C02e/kg N2 EU2023.(Cq 1 Delegated Regulation (EU) 2023/1185 sets a standard value for nitrogen usage.

Ammaonia synthesis 99.00% 0.083 kWhiks NH3 Wendlinger, C. 2022, Wasserstofftransport: Analyse der Prozessketten, Kostenbewertung und gesentiberstellender Vergleich - FFE. Available at: https:/fwww ffe.defveroeffentlichunger
Ammaonia synthesis 0.556 kWhika NH3 0.15 KWhikg N2 Staudt, C. Haber-Bosch and ASU eneray demand from Table 1. |
Ammaonia synthesis 93.48% 0.475 kWhikz NH3 Chisalita, ¢ Haber-Bosch from green hydrogen, MH3 synthesis Operating conditions: 500 C; 340 bar. H2 and N2 delivered at pressure 340 bar. Ammania catalyst composition (wt.%): 86
Ammaonia synthesis 2.000 kWhikg NH3 0.42 kWh/kg_N2 Bicer & Dincer 2018. Clean fuel options with hydrogen for sea transportation: A life cycle approach.

Ammonia synthesis 96.66% Galusnyak Calculated from the Table S2in the supplementary data document. Total ammonia preduction of 210,20 which requires 689,27 N2 and 148,80 H2

Ammonia synthesis 0.224 kWh/kg NH3 0.16 kWh/kg N2 Liu, et. al. Z M values converted to kWh.

Ammonia synthesis 1.675 kWhikg_NH3 Kim et al. 2 Average of electric ammonia synthesis at pressures of 100-250 bar and temperatures between 350-550°C. The catalystis an iron-based catalyst.

Ammaonia synthesis 99.50% 0.318 kWh/ka NH3 Moh et al. 2 NH3 Synthesis: Fe/Al203 {Composition (wt.%), 96% Fe, 1% KOH, 3% Al203). Synthesis at 400C and 150 bar pressure.

Ammaonia synthesis 0.530 kWhikz NH3 0.12 kWhikg N2 23] Diaz-Matta Ammonia production at temperatures between 400 and 550 5C, and pressures of 100-300 bar. Values represent short term future energy demands.

Ammaonia synthesis 0.472 kWhika NH3 0.31 KWhikg_N2 [24] Kanchirall: Energy consumption based on Monte Carlo simulation with MH3 synthesis consumption (KWh/keNH3) ranging between: min: 0.333; max: 0.874. Average simulation values |
Ammonia synthesis 99.01% 0.333 kWh/kg_NH3 431 Sphera. 20 The sphera estimated averages for Haber-Bosch process globally.

Ammonia cracking 1.765 kWh/kg_NH3 501 Staudt, C.+ Value from Table 1. 8 kWh/kg H2 for cracking and 2 kWh/kg H: and converted to kWh/kg NH3.

Ammonia cracking 99.50% 0.201 kWh/kg_NH3 21 Kim et al. 2 With a nickel-based catalyst,the decomposition efficiency of NH2 gas into N2 and H2 gases at 900 =C and 40 barwas reported to be 29.5%

Ammonia cracking 99.20% 1.659 kWh/kg NH3 0.2 g cat/kg N[22] Noh et al. 2 NH3 Gracking: Nickel based catalyst (Gomposition (wt.%), 6% Ni0, 94% Mg0). Cracking at 300 C and 40 bar pressure.

Ammaonia cracking 1.130 kWhikg NH3 [26] Giddey, et : A bit older studywith best case scenarios. Ammania to the end-use site, it is crackedon a catalyst at 400 =C and at 8 bar pressure followed by an integrated hydrogenseparatic
Ammania cracking 99.00% 1.894 kWhiks NH3 401 Wendlinger, C. 2022, Wasserstofftransport: Analyse der Pre Ke 1 und gegentl Vergleich - FFE. Available at: ffe.defveroeffentlichunger
Methanol synthesis 100.00% 0.858 kWhikz MeOF 0.875 kWhikg CO2 [24] Kanchirall: Energy consumption based an Monte Carlo simulation with eMeOH synthesis ranging (KWh/keMeOH) between min: 0.437; max: 1.292 and DAC (kWh/kgC02) between min:
Methanol synthesis 100.00% 1.976 kWh/kg_MeOH 421 Adnan, M.f Sum of electricity demand for methanol synthsesis and required steam production electricity demand. Assumed 95 % efficiency for steam formation from electricity based t|
Methanol synthesis 100.00% 1.413 kWh/kg_MeOH 431 GhasemiKi Based on the study's simulation on methanol synthsesis with conditions allowing pressures up to 100 bar and temperatures up to 350 °C. Results in Table 1. Highervalues r
Methanol synthesis 0.564 kWh/kg_MeOH 4N Zang, G., S Value from si ydata document. Two-step methanol synthesis process reverse water gas shift (RWGS) reaction. RWGS reaction at high temperatures (600°C) to cc
Methanal synthesis 0.568 kWhikg MeOH [501 Staudt, C.« 3 kWh/kg H2 value given and converted to per kg MeOH. No conversion efficinecy given. ‘
Methanol cracking 100.00% 2512 kWhiks MeOH [49] Edlund, D. Calculated based on the 75-84% LHV energy efficiency in the Element 1 methanol-to-hydrogen senerator mentioned in the page 7. Added 1 kWh/ks CO2 carbon capture ens)
Methanol cracking 3.816 kWhikg_MeOH [50] Staudt, C. Based on Table 1values. 12.8 kWh/kg H2 steam reforming energy demand and 1 kWhikg CO2for carbon capture. |
Methane synthesis 100.00% 1.800 kWhikg LNG 571 Kiani, A., Lt The CO2 methanation eneray demand is the sum of 0,8 KWh/ka liquid and air movement in DAC, 0,8 KWhike for methanation process and 0,3 kWhike for liquefaction. Presst
Methane synthesis 100.00% 2.640 kWhikg LNG 581 Carels, F.,{ The CO2 methanation energy demand is the sum of 0,28 kWh/kg SNG electricity demand, 2,86 kWh/kg SNG heat demand and 0,5 kWh/kg SNG for liquefaction. The electricity
Methane cracking 100.00% 2799 kWhikg H2 581 Carels, F.,{ Values from Table 6. Autothermal Reforming based cracking that uses 1.9 kWh/kg H2 electricty and requires 3.1 kg of oxygen that requires additional 0.29 kWh/kg 02 electric
Methane cracking 100.00% 2.900 kWhikg_H2 581 Carels, F.,{ Values from Table 6. Enhanced steam reforming based cracking that uses 8.9 kWh/kg H2 electricty.

Methane cracking 100.00% 17.690 kWhikg H2 [501 Staudt, C. 16.69 kWh/kg H2 energy demand for steam reforming and 1 kWh/kg CO2 carhon capture energy demand based on Table 1.

CO2 capture 2,639 kWhikg CO2 [44] |EA. 20233 Energy need of 8-DAC based on IEA's research as of 2023.

CO2 capture 1.833 kWhikg CO2 [44] IEA. 2023a Energy need of L-DAC based on IEA's research as of 2023,

CO2 capture 2.250 kWhikg_CO2 [501 Staudt, C.  Average of the reported 1.7 and 2.8 kWh/kg CO2 for Direct air capture.

CO2 capture 2.100 kWhikg CO2 581 Carels,F.. A lues oned in page 5. A sum of 0.25-0.45 average kWh/kg CO2 electricity demand and 1.5-2.0 average kWh/kg CO2 heat demand, which is assumed to be fully




Appendix 9. Excel model data table for hydrogen compression energy consumption and fugitive emissions.

Hydrogen compression
Type Bl value B unit B Ref num B Referencd Notes [~ |

T0 1 bar to 350 bar 3.083 kWhikg_H2 [29] Franc & Giov Considering the compressibility factor of hydrogen, and an isentropic efficiency of comg
7 1 bar to 100 bar 2.375 kWhikg_H2 [29] Franc & Giov Considering the compressibility factor of hydrogen, and an isentropic efficiency of comg
72 1 bar to 20 bar 1.486 kWh/kg H2 [29] Franc & Giov Considering the compressibility factor of hydrogen, and an isentropic efficiency of comg
73 1 bar to 350 bar 2.05 kWhikg_H2 [30] US Departme Assuming a normalcompressor, and typical ambient temperature conditions compress
74 1 bar to 350 bar 3.1 kWhikg H2 [30] US Departme Based on existing DOE Technology Validation hydrogendemonstration refueling sites th:
75 1 bar to 350 bar 3 kWhikg _H2 [31] Platzer, M.F. Mechanical compressors typically require 24 kWh/kg H2 to compress hydrogen to 350 k
76 Fugitive 99.86% [34] Cooper, )., D Hydrogen compression fugitative emissions based on Table 2 min estimates.

7 Fugitive 99.73% [34] Cooper, )., D Hydrogen compression fugitative emissions based on Table 2 max estimates.

78 Fugitive 99.90% [54] Mendelevitct Hydrogen compreission fugitative emissions to 70 bar. Min value based on page 13 Tabl
79 Fugitive 99.50% [54] Mendelevitct Hydrogen compreission fugitative emissions to 70 bar. Max value based on page 13 Tabl
80 Fugitive 99.50% [58] Carels, F., Se Hydrogen compreission fugitative emissions based on Table 7.
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Appendix 10. Excel model data table for boil-off rates and hydrogen liquefaction and regasification energy consumption and fugitive

hydrogen emissions.

A B D E F G H
¥ Trans
2 |Boil-offs
3 Boil-offs [~ | BOG."day Columnil Ref num!l Referenchd Notes [ - |
4 LH2 Shipping 0.450 % [50] Staudt, C. et LH2 shippping boil-off rate based on Table 2 value.
5 LH2 Shipping 1.060 % [x+59] Al-Breiki, M. Ship transportation at-253 °C and 2 bar pressure. Only small changes at different pressures
6 LH2 Shipping 0.20% [45] Donghoi, K., LH2 system with 1.1 bar pressure and -252.6 °C temperature.
7 LH2 Shipping 0.25% 41] ReuB, M.E., I Value from page 35.
8 LNG Shipping 0.085 % [50] Staudt, C. et LNG shippping boil-off rate based on Table 2 value.
= LNG Shipping 0.120 % [59] Al-Breiki, M. Ship transportation at-162 °C and at any pressure.
10 NH3 Shipping 0.025 % i} Al-Breiki, M. Ship transportation at-34 °C and 1 to 5 bar pressure. 3amller at higher pressures.
11 NH3 Shipping 0.024 % [50] Staudt, C. et Ammonia shipping based on Table 2 value.
12 NH3 Shipping 0.036 % [21] Kim et al. 20 Fully refrigerated ships at-40C and 1 bar.
13 NH3 Shipping 0.04% [33] Sphera. 202¢Value from Table C-13. Represents an industry avererage.
14 MeOH Shipping 0.0005 % [59] Al-Breiki, M. Ship transportation at3 °C and at any pressure.
15
16 H2 Liguefaction for LH2 shipping
17 Type B vaue B unit B Ref numil Referenchd Notes [ - |
18 H2 Liguefaction 6.40 kWh/kg H? [24] Kanchiralla, Hydrogen liquefaction in Claude Cycle.
19 H2 Liquefaction 11.11 kWh/kg H2 [25] Park, Jeong Values from Table 6. No related information give.
20 H2 Liguefaction 9.00 kWh/kg H2 [35] Clean Hydro The average value from 2024 target of 8-10 kWh/kg H2 is used from Table 12. Total quantity of energy required to convert normal hydrogen at 20 bar and 25 °C to liquid (para) hydrogen a
21 H2 Liguefaction 11.90 kWh/kg H2 [27] Cardella 201 Hydrogen liquefaction in Claude Cycle.
22 H2 Liquefaction 8.00 kWh/kg_H2 [50] Staudt, C. et Value from Table 1. |
23 H2 Liquefaction 11.50 kWh/kg H2 31] Platzer, M.F. Liguefaction of hydrogen generally consumes 10-13 kWh/kg LHZ, with potential reductions to 7 kWh/kg LH2 using active magnetic regenerative liquefiers. Average value 11,5 kWh/kg cho:
24 Fugitive 99.86% [54] Mendelevitc Hydrogen liquefaction fugitive emissions based on page 13 table. Value represents lower confidence.
25 Fugitive 99.05% [54] Mendelevitc Hydrogen liquefaction fugitive emissions based on page 13 table. Value represents higher confidence. _]
26
27 B value Unit B2 Ref numi Referenchd Notes
28 LH2 Regasification 0.33 kWh/kg H2 [50] Staudt, C. et Value based on Table 1.
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Appendix 11. Excel model data table for different shipping and truck energy consumption, and hydrogen pipeline compression energy demand

and fugitive hydrogen emissions.

30
31
32
33
34
35
36
37
38
39
40
41
42
43

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

Transport energy demand
Type B value B unit B2 Ref numtBd Referenchd Notes E
NH3 Shipping 0.022 kWh/kg NH:[52] Babicz, J. 20 Calculation based on page 364 Table. With a fuel consumption of 34 tons per day and speed of 17 knots, ALMARONA travels 756 km daily. For its cargo capacity (23,835,000 kg of ammor
MNH3 Shipping 0.014 kWh/kg NHI[52] Babicz, J. 20 Calculation based on page 364 Table. POLAR VIKING consumes 34 tons of fuel daily at 16 knots, covering 710.4 km per day. Given its cargo capacity (40,860,000 kg), its energy use is 0.0L
NH3 Shipping 0.015 kWh/kg NH: [52] Babicz, J. 20 Calculation based on page 364 Table. At48.4 tons of fuel per day and 16 knots, BERGE DANUTA travels 710.4 km daily. With a cargo capacity of 53,478,550 kg, it uses 0.0151 kWh per kg of
NH3 Shipping 0.014 kWh/kg NH:[52] Babicz, J. 20 Calculation based on page 364 Table. Consuming 48.4 tons daily at 17.5 knots, CRYSTAL MARINE covers 777.84 km each day. For its capacity of 54,734,778 kg of ammonia, the energy use
NH3 Shipping 0.025 kWh/kg NHI[33] Sphera. 202¢ Calculation based on Table C-14 fuel consumption of 30 kg of MGO per kilometer (average of full and ballast). At a speed of 30 km/h, the ship covers 1,000 km with a capacity of 14,000,0
NH3 Shipping 0.013 kWh/kg NHI[41] ReuB, M.E., F Ammonia carrier ship carrying 53000 tons of ammonia. Value of 2500 MJ/km given and converted. |
NH3 road transfer 1.400 kWh/kg NH:[25] Park, Jeong Values from Table 6. No related information give. |
H2 Road transfer 5.123 kWh/kg H2*[41] ReuB, M.E., I Diesel usage of 34.5 kg/100 km for trailers mentioned in page 39. Trailers can carry between 200-1100 kg of hydrogen. 800 kg H2 capacity assumed. Same value for ballast. Converted to |
H2 Road transfer 3.900 kWh/kg H2*[25] Park, Jeong Values from Table 6. No related information give.
LH2 Shipping 0.006 kWh/kg_H2*[41] ReuB, M.E., I Liquid hydrogen carrier ship carrying 110 000 tons of hydrogen. Value of 3300 MJ/km given and converted.
LNG Shipping 0.019 kWh/kg LNE[51] Capital Gas. Calculated based on Asterix | LNG carrier fuel consumption. Calculation based on full load.
LNG Shipping 0.038 kWh/kg LNCG[52] Babicz, J. 20 Calculation based on page 355 Table. With a fuel consumption of 170 tons per day at 19.1 knots, EXCELSIOR covers 849.6 km daily. For its cargo capacity (62,460,000 kg of LNG), this resu
LNG Shipping 0.035 kWh/kg LNE[52] Babicz, J. 20 Calculation based on page 355 Table. ENERGY ADVANCE uses 165 tons of fuel daily at a speed of 19.5 knots, covering 866.4 km per day. With a cargo capacity of 65,434,500 kg of LNG, itu
LNG Shipping 0.016 kWh/kg_LNE[52] Babicz, J. 20 Calculation based on page 355 Table. Consuming 116.5 tons of fuel per day at 19.5 knots, TEMBEK travels 866.4 km daily. For its capacity (97,290,000 kg of LNG), this results in an energy
LNG Shipping 0.018 kWh/kg LNC[52] Babicz, J. 20 Calculation based on page 355 Table. MOZAH consumes 160 tons of fuel daily at a speed of 19.5 knots, traveling 866.4 km per day. With a cargo capacity of 119,700,000 kg of LNG, ituses
MeOH Shipping 0.021 kWh/kg Me([56] Zomer, G.R.,MeOH sea transportation with large 10000 - 50000 ton cargo capacity methanol carrier. Total energy consumption 0.07-0.08 M)/tkm. The average value is converted to kWh/kg_MeOH/100
Transport hydrogen leakages
Type [~ | Leakage B unit B Ref numtBd Referenchd Notes [~ |
H2 Pipeline 1.00% per transpor [34] Cooper, J., C Average estimated leakage as of 2022 in Europe via pipelines. Expected to reduce to less than 0.7% by 2030.
H2 Pipeline 1.50% per transpor [35] Fan, Z. and {Based on the study's global estimates leakage rates for the 2050 high and low-leakage center cases (2.0% and 1.0%, respectively) for hydrogen pipeline infrastructure.
H2 Pipeline 0.50% per transpor[41] ReuB, M.E., I Pipeline transmission in 30-100 bar pressure. Assumed to have half day storage buffer in the pipeline.
H2 Road transfer 0.50% per transpor [41] Reul, M.E., I Average value for hydrogen tube trailer leakage.
H2 Pipeline 0.04% per transpor [32] Frazer-Nask 50% confidence level (median value) for National Transmission System pipeline transmission.
H2 Pipeline 0.08% per 1000 km [34] Cooper, )., C Hydrogen pipeline fugitative emission lower confidence esimates for 1000 km given in Table 2. Multiplied by two wo represent 2000 km pipeline fugitative emissions. 2000 km assumed t
H2 Pipeline 0.48% per 1000 km [34] Cooper, )., L Hydrogen pipeline fugitative emission higher confidence esimates for 1000 km given in Table 2. Multiplied by two wo represent 2000 km pipeline fugitative emissions. 2000 km assumed
LH2 Shipping 0.01% per 1000 km [55] Mendelevitc Page 13 table estimates for LH2 shipping fugitative emissions over 1000 km. Value represents min estimate |
LH2 Shipping 0.27% per 1000 km [55] Mendelevitc Page 13 table estimates for LH2 shipping fugitative emissions over 1000 km. Value represents max estimate J
Pipele energy consumption
Type B value Unit B2 Ref numiBl Referenchd Notes [ - |
H2 Pipeline 2.896 kWh/kg H2 p[38] AFRY. 2023. | The study focuses on a hydrogen pipeline transporting 2.55 million tonnes of hydrogen per year over a total length of 5,900 km from the Gulf to Europe. The pipeline operates atan inletp
H2 Pipeline 1.02 kWh/kg H2 p[39] Mohd et al. 2 he study examines the energy consumption of a 1,500 km hydrogen pipeline, operating with inlet and two en-route compression stations. The pipeline maintains hydrogen at a pressure
H2 Pipeline 8 kWh/kg H2 p[41] Reul, M.E., Moser, A. and Stolten, D. 2019. Techno-okonomische Analyse alternativer Wasserstoffinfrastruktur. Rwth-aachen.de. Available at hitpsi//publications.rwth-aachen.de/record/765438/ J
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Appendix 12. Excel model data table for boil-off rates in storage including loading and unloading, and their re-liquefaction energy

consumption.
A B C D F G
2
3 Type [~ | BOG/day [%]ﬂ B Ref number B Reference number2 i Notes [~ |
4 H2 Loading 0.520 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloading conditions for hydrogen involve a storage temperature of -253°C, a loading/unloading time of 10 hours, a heel temperature of -251°C, and parameters like a dens
5 H2 Unloading 0.520 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloading conditions for hydrogen involve a storage temperature of -253°C, a loading/unloading time of 10 hours, a heel temperature of -251°C, and parameters like a dens
6 H2 Storage 0.669 % [59] iki, M. and Bicer, ' The loading, storage, and unloading conditions for hydrogen involve a storage temperature of -253°C, a loading/unloading time of 10 hours, a heel temperature of -251°C, and parameters like a dens
7 MeOH Loading 0.024 % [59] M. and Bicer, ' The loading, storage, and unloadi ditions for methanol include a storage temperature of 5°C, a loading/unloading time of 10 hours, a heel temperature of 7°C, and parameters such as a densit
8 MeOH Unloading 0.024 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloading conditions for methanol include a storage temperature of 5°C, a loading/unloading time of 10 hours, a heel temperature of 7°C, and parameters such as a densit
9 MeOH Storage 0.0003 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloading conditions for methanol include a storage temperature of 5°C, a loading/unloading time of 10 hours, a heel temperature of 7°C, and parameters such as a densit
10 NH3 Loading 0.037 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloadil ditions for ammaonia include a storage temperature of -34°C, a loading/unloading time of 10 hours, a heel temperature of -32°C, and parameters such as a d¢
1 NH3 Unloading 0.037 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloading conditions for ammonia include a storage temperature of -34°C, a loading/unloading time of 10 hours, a heel temperature of -32°C, and parameters such as a dt
12 NH3 Storage 0.015 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloading conditions for ammonia include a storage temperature of -34°C, a loading/unloading time of 10 hours, a heel temperature of -32°C, and parameters such as a d«
13 LNG Loading 0.100 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloadii ditions for LNG include a storage temperature of -162°C, a loading/unloading time of 10 hours, a heel temperature of -160°C, and parameters such as a densi
14 LNG Unloading 0.100 % [59] Al-Br M. and Bicer. ' The loading, storage, and unloading conditions for LNG include a storage temperature of -162°C, a loading/unloading time of 10 hours, a heel temperature of -160°C, and parameters such as a densi
15 LNG Storage 0.076 % [59] Al-Breiki, M. and Bicer, ' The loading, storage, and unloading conditions for LNG include a storage temperature of -162°C, a loading/unloading time of 10 hours, a heel temperature of -160°C, and parameters such as a densi
16 NH3 Loading 0.006 % [21] Kim et al. 2022, End-to-¢ Fully d ship loading and unloading at-40C and 1 bar.
17 NH3 Unloading 0.006 % [21] Kim et al. 2022. End-to-¢ Fully refrigerated ship loading and unloading at-40C and 1 bar.
18 NH3 Storage 0.023 % [21] Kim et al. 2022. End-to-¢Land storage at an importer port at fully refrigerated state, at-40C and 1 bar.
19 LH2 Shipping 0.20% [45] Donghoi, K., Traedal, 5. LH2 system with 1.1 bar pressure and -252.6 °C temperature.
20 LNG Shipping 0.150 % [58] Carels, F., Sens, L. and Value from Table 4. LSNG carrier of 120 000 tons payload.
21
22 Re-liquefacation ﬂ Value ﬂ Unit ﬂ Ref numherﬂ Reference
23 Ammonia re-liquefa’ 0.225 kWh/kg_NH: [21] Kim et al. 2022. End-to-¢ Energy consumption of BOG religuefaction (kWh/kg-NH3)
24 Hydrogen re—liqueia:' 5.7 kWh/kg H2 [45] Donghoi, K., Traedal, 8. Based on Figure 3 results. Assumed that LH2 is notused as a fuel in the LH2 carrier the BOG-to-fuel ratio is 0. The corresponding re-liquefaction energy demand is 5.7 kWh/kg LH2.
25 Hydrogen re-liqueia:' 3.3 kWh/kg H2 [16] Lee, H., Shao, Y., Lee, 8., Liquefied hydrogen is stored at-253°C and 1 bar and boil-off gas is assumed to be generated at a temperature of -220°C and a pressure of 1 bar, which is re-liquefied with 3.30 kWh/kg LH2 energy den
26 Ammonia re-liquefa' 0.224 kWh/kg_NH:[50] Staudt, C. etal. 2024. PriValue from Tahle 1.
27 LNG re-liguefaction 4 0.63 kWh/kg LNE [53] Pospisil, J., Charvat, P., Table & value for DCRP re-liquaftion system.
28 LNG re-liquefaction d 0.70 kWh/kg_LNC[53] Pospigil, J., Charvat, P., Table 6 value for LERP re-liguaftion system.
29 LNG re-liquefaction " 0.886 kWh/kg_LNC [54] Yin, L. and Ju, Y. 2020. C Table 4 value for SMRP re-liquefaction system without optimization.
r

LNG re-liquefaction

0.976 kWh/kg LNC [54]

Yin, L. and Ju, Y. 2020. C Table 5 value for DMRP re-liguefaction system without optimization.
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A B € D
| References
2
3 Ref number B Li
4 1[1] Hou et al., 2016. Life cycle of grid- power fromer maodules in China,
5 2139 C i Delegated Regulation (EU) 2023/1185 of 10 February 2023 ing Directive (EU) 2018/2001 of the European Parliament and of the Council by establishing a minimum threshold for gr gas savings of recycled carbon fuels and by amethodelogy for gas savings1
6 3[3] Fu, Liuand Yuan, 2015 Life-cycle assessment of multi-crystalline photoveltaic (PV) systemsin China. (2015).
7 4[4 Mehedi, et al. 2022. Life cycle gr gas emissit and energy footprints of utility-scale sclar energy systems.
8 551 Siemens Gamesa. 2022. Electricity from a European onshore wind farm using G 6.2-170 / 5G 6.6-170 wind turbines.
9 6 [6] Gamesa. 2018. EPD: European GAMESA G132 - 5.0 MW onshore wind farm.
10 7 Vattenfall. 2022. EPD: Electricity from Vattenfall'swind farms.
1 881 Vestas. 2023. LCA of Electricity Production from an onshore EnVentus W162-6.2
12 9 [9] EPDitaly. 2020. Xinji i i ETs Co., Ltd. W 136-4.2 wind turbine.
13 10 [10] Arngy & Modahl. 2013. A review of how life cycle has been used to assess the environmental impacts of hydropower energy .
14 11 [11] Statkraft Energi AS. 2019. Hydroelectricity from Trollheim power station.
15 12 [12] AEnergi Vannkraft AS. 2022, Hydroelectricity from Skjerka power station
16 13 [13] Krishnan, et. al. 2024. ive LCAof ine and PEM lyser systems
17 14 [14] Tripathi & nian 2022. Comparative life cycle energy and GHG of green hydrogen preduction with different electrolysers and solar photoveltaics system
18 15 [15] Gerhardt-Marsdorf et al. 2024. Life Cycle ofa 5 MW Polymer Water El lysis Plant
19 16 [16] Al-Breiki and Bicer 2020. Investigating the technical feasibility of various energy carriers for alternative and sustainable overseas energy transport sSCenarios.
20 17 [17] Chisalita, et. al. 2020. Ei i ammenia p i ideringvarious hy hai
21 18 [18] Bicer & Dincer 2018. Clean fuel opticns with hydrogen for sea transportation: A life cycle approach
22 19 [15] BGal k, et. al. 2023. Ei impact of green i pl ith urea and nitrate pi
23 20 [20] Liu, et. al. 2020. Life cycle energy use and gr gas of ammonia preduction from r resources and industrial by-products.
24 21 [21] Kim et al. 2022. End-t: h lysis of isolated By usinghy and By carrier.
25 22 [22] Moh et al. 2022. Envirenmental and energy of offshore hydrogen supply chains utilizing compressed gaseous hydrogen, liguefied hydrogen, liguid organic hydrogen carriers and ammaonia
26 23 [23] Diaz-Motta et al. 2023. Energy inabili of ind-powered ammenia.
27 24 [24] Kanchiralla, et al. 2022. Life-Cycle ‘and Costing of Fuels and Propulsion Systems in Future Fossil-Free Shipping.
28 25 [25] Park, Jeong & Zhou 2022. Lifecycl a2y ion of the electric pi i ipwith Live-Life cycle. for clean mari
29 26 [26] Giddey, et al. 2017. Ammenia asa R Energy Transportation Media
30 27 [271 Cardella 2018. Large-scale hydrogen under the aspect of viability.
N 28 [28] EU2023.C Delegated Regulation (EU) 2023/1185
32 29 [29] Franc & Gi ini 2024. Hydrogen Gas Comp! ion for Efficient Storage: ing Energy and Increasing Density.
33 30 [30] US Department of Energy. 2009. DOE Hydrogen and Fuel Cells Program Record.
34 31 [31] Platzer, M.F. & Sarigul-Klijn, N. 2021. The Green Energy Ship Concept P Energy from Wind Over'Water.

35 32 [32] Frazer-Mash Consultancy. 2022, Fugitive Hydrogen Emissionsin a Future Hydrogen Economy Frazer-Nash Consultancy.
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