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Abstract 

 
The utilisation of renewable hydrogen in the global energy system is seeing a resurgence 
of interest, as part of the drive to reduce carbon emissions and to mitigate the worst effects 
of anthropogenic climate change. The large volumes required to meet forecasted demand 
raise questions over the viability of international trade in hydrogen and how this will 
impact the geopolitical landscape. In the context of Europe’s hydrogen strategy, this thesis 
focuses on the case of exporting hydrogen from Iceland to Europe. Specifically, its techno-
economic viability, socio-economic desirability for Iceland, strategies for implementation 
and geopolitical implications. Several recent studies focus on the international trade in 
hydrogen, but none provide a comprehensive assessment of trade between Iceland and 
Europe. Literature on the geopolitical implications of hydrogen trade was found to be 
lacking, particularly compared to that on conventional energy sources. An adapted cost 
model was used to assess the techno-economic viability of hydrogen export between 
Iceland and Europe and an extensive literature review to assess strategy and geopolitical 
implications. Four hydrogen pathways were assessed between 2022-2050. Though no 
pathway reached economic viability, it was found that transporting hydrogen as ammonia 
presented the most feasible opportunity. Cost reductions greater than those assumed in the 
literature are plausible; Iceland should therefore focus initially on building a domestic 
hydrogen market, whilst tentatively exploring avenues for export. The European hydrogen 
strategy presents positive market opportunities for Iceland and has negligible negative 
geopolitical implications. For Europe, however, pursuing the creation of a hydrogen 
market presents great geopolitical uncertainty and should be a focus for further research.  
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Útdráttur 

 
Vinsældir endurnýjanlegs vetnis í orkukerfum hafa aukist vegna jákvæðra áhrifa sem það 
hefur á minnkun á kolefnisútblæstri og framlagi til minnkunar loftlagsbreytingar. Spár um 
magns vetnis sem þarf til að mæta þörfum heimsins, vekja vangaveltur um hagkvæmni 
þess með tilliti til alþjóðaviðskipta og hvaða landfræðilega pólitískar afleiðingar það hefur 
í för með sér. Þessi lokaritgerð fjallar um útflutning á vetni frá Íslandi til Evrópu í 
samhengi við vetnisstefnu Evrópusambandsins, aðaláherslurnar eru á tækni- og 
efnahagslegan vænleika, ásamt félags- og efnahagslegan æskileika til að útfæra 
stefnumótun Íslands í framkvæmd og landfræði pólitískar afleiðingar. Ýmsar nýlegar 
rannsóknir leggja áherslur á alþjóðaviðskipti vetnis, en engin þeirra kemur inn á ítarlega 
úttekt viðskipta milli Íslands og Evrópu. Heimildir um landfræðilega pólitískar afleiðingar 
á vetnisviðskipti eru fáar og á það sérstaklega við efni sem fjalla um vetni í samanburð 
við jarðefniseldsneytis orkugjafa. Aðlagað kostnaðar módel er notað til að meta tækni- og 
efnahagslegan vænleika til að flytja út vetni milli Íslands og Evrópu. Yfirgripsmikil úttekt 
á fræðilegum heimildum er notað til að meta stefnu og landfræðilega pólitískar 
afleiðingar. Fjögur meginferli vetnis voru tekin til vandlegrar athugunar árin 2022-2050. 
Engin þeirra náði efnahagslegum vænleika. Fýsilegasta niðurstaðan var flutningur vetnis 
sem ammoníak. Kostnaðarskerðing sem er meiri en það sem er gert ráð fyrir í fræðilegum 
heimildum eru líklegar. Vænlegast fyrir Ísland væri fyrst að byggja upp innviði fyrir 
íslenskan vetnis markað og samferða því að kanna leiðir fyrir útflutning vetnis. 
Vetnisstefna Evrópusambandsins býður upp á jákvæð markaðstækifæri fyrir Ísland og 
hefur óverulega neikvæðar landfræðileg pólitískar afleiðingar. Hins vegar fyrir Evrópu, 
uppbygging  vetnismarkaðar gæti skapað landfræðilegar pólitískar óvissu og þyrfti frekari 
rannsóknarvinnu. 
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Chapter 1  

Introduction  

The world is on the brink of an important energy transition. Whilst conventional energy sources 
(fossil fuels) remain the foundation of global supply, renewable energy sources (RES) such as 
solar, wind and hydropower accounted for 78% of new energy investment in 2019 (McCrone 
et al., 2020).  
 
The growing desire to fundamentally change the world’s energy supply has been prompted by 
the near universal acceptance that anthropogenic climate change poses a catastrophic threat. 
One of the main contributors to climate change is the combustion of fossil fuels for energy, 
which releases carbon dioxide and other greenhouse gasses into the atmosphere as a by-
product.  
 
To avert the threat posed by fossil fuels, the energy system must be decarbonised. This 
imperative is demonstrated by the signing of the Paris Agreement in 2015, which saw 196 
countries agree to limit greenhouse gas (GHG) emissions and restrict global temperature rise 
to ‘well below 2°C above pre-industrial levels’ (United Nations [UN], 2015). 
 
Renewables were, until recently, technically and financially uncompetitive with fossil fuels. 
Over the last decade however, concentrated policy efforts, technological improvements and 
economies of scale have resulted in unprecedented cost reductions. For example, solar power 
currently has a levelised cost of electricity that is 83% lower than in 2009; onshore and offshore 
wind are 49% and 51% lower (McCrone et al., 2020). This dramatic reduction in cost has 
further fuelled investment in renewable energy infrastructure.  
 
Driven by the need to decarbonise and falling costs of deployment, electricity produced through 
RES has potential to be the foundation of the future energy system. There are certain sectors, 
however, that are difficult to electrify; examples include high temperature heat in industry and 
long-distance transportation (e.g., marine and aviation). In addition, RES like solar and wind 
present inherent challenges due to their intermittent nature, meaning they cannot always be 
relied on as a source of energy. Finally, there are industrial and chemical processes that require 
molecules which are typically derived from fossil fuels, such as in the production of ammonia 
for fertiliser; this function cannot be met by electricity.  
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One answer to these challenges is hydrogen (Buttler & Spliethoff, 2018). Hydrogen can be 
produced by passing electricity through water, in a process called electrolysis. If the electricity 
is produced from a renewable source, then the production and subsequent use of hydrogen 
emits no GHG (Wood Mackenzie, 2019). Hydrogen is an energy carrier and has physical 
properties that, in many ways, compliment an electricity-based energy system (The 
International Energy Agency [IEA], 2019). 
 
As an answer to the shortcomings of an electricity-based system, hydrogen is currently 
receiving significant attention from both industry and governments. The Europe Union (EU) is 
a particularly vocal proponent. It has published an ambitious hydrogen strategy, which calls 
for the development of hydrogen generation capacity both within the union and in neighbouring 
countries to meet forecast internal demand. Southern and European neighbouring countries, 
including Morocco and Ukraine, have already been identified as potential nations to supply 
internal hydrogen demand (European Commission, 2020c). At this stage of the EU strategy, it 
is logical to assess other potential routes for import and consider the geopolitical implications 
of pursuing a hydrogen-based strategy. 
 
Iceland has many attributes that make it a good candidate for the production of low-cost 
hydrogen, due in part to its abundant natural resources per capita (Agora Verkehrswende, 
2018). Hydrogen in Iceland was the centre of much discussion in the early 2000’s (WWF, 
2001) but interest waned after the 2008/9 financial crisis (The New York Times, 2009). Today, 
with renewed global interest, the prospects for hydrogen production in Iceland are much more 
positive (Carbon Recycling International, n.d.; Hafstað, 2020b; Landsvirkjun, 2020). Given 
their geographical and economic ties, hydrogen trade between Iceland and Europe merits 
further consideration. 

1.1 Research Focus 

This research focused on the potential for, and geopolitical implications of, exporting hydrogen 
from Iceland to Europe and is comprised of four main elements. 
 
First, through the development of a cost model, it investigated the techno-economic feasibility 
of exporting hydrogen from Iceland to Europe. To gain an accurate representation of the costs 
associated with delivering hydrogen from supplier to consumer, a hypothetical case study was 
developed. In this case study hydrogen is produced by Landsvirkjun, the national power 
company of Iceland, and delivered to thyssenkrupp Steel Europe (tkSE), a steel manufacturer 
in Duisburg, Germany. From Iceland, the hydrogen is transported via ship through Rotterdam, 
Netherlands, then via pipeline to Duisburg, Germany. Using this case study, four scenarios 
were tested between 2022-2050, with increasing volumes of hydrogen delivered and cost 
reductions through innovation. The volumes of hydrogen align with decarbonisation goals laid 
out by tkSE (Scholz, personal communication, 18 September 2020).  
 
Second, this research asked whether exporting hydrogen from Iceland to Europe was desirable. 
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Previous research suggested that Iceland’s potential supply of renewable energy exceeded its 
current demand by a significant margin (Agora Verkehrswende, 2018; Salameh, 2008), and so 
domestic production of hydrogen was feasible. However, the ratio of future demand to supply 
was more uncertain. In addition, the benefits of domestic consumption compared to export had 
yet to be established. 
 
Third, using the results of the cost model, this thesis considered available strategy and policy 
options for hydrogen production, utilisation and export in Iceland.  
 
Finally, this thesis examined the potential geopolitical implications of hydrogen trade, using 
Iceland and Europe as a case study. The geopolitics of a country, broadly defined here as the 
political and economic factors arising from a country’s geography (Austvik, 2018), strongly 
influence its energy and, increasingly, climate policy (Vakulchuk et al., 2020). Europe’s 
geopolitical position in this regard is multifaceted, and a transition towards hydrogen is certain 
to have significant implications.  

1.1.1 Research Questions 

The two questions below were the focus of the research for this thesis: 
 

I. Is it technically and economically feasible, and desirable, to export renewably produced 
hydrogen from Iceland to Europe? 

II. What are the geopolitical implications of Europe importing hydrogen from Iceland and 
transitioning to a hydrogen economy?  

 
To answer the two research questions comprehensively, four sub-questions were considered as 
part of this thesis:  
 

I. Is it technically and economically feasible to export hydrogen from Iceland to Europe?   
II. Is it socially and economically desirable for Iceland to establish a hydrogen export 

route to Europe?   
III. What strategies and policies, if any, should Iceland pursue to enable the creation of a 

route for hydrogen trade? 
IV. What are the geopolitical implications for Iceland and Europe in establishing a 

hydrogen trade route, and transitioning to a hydrogen economy more broadly? 

1.2 Research Gap  

The use of hydrogen in the energy system is far from a novel topic. In fact, hydrogen has been 
produced and used for several industrial purposes, including oil refining and ammonia 
production, for decades (The International Renewable Energy Agency [IRENA], 2019).  
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At present, however, the vast majority of hydrogen is produced through fossil fuels, meaning 
it is contributing to, rather than helping to prevent, anthropogenic climate change (The Royal 
Society, 2018).  
 
As a renewable energy alternative to fossil fuels, hydrogen has largely been on the periphery 
of the decarbonisation debate, enjoying a few short lived moments of enthusiasm in the last 
half century (IEA, 2019). Today, however, the chances are higher that the enthusiasm for 
hydrogen will result in the establishment of an international hydrogen market.  
 
One reason is that hydrogen’s role in the future global energy system is better understood. Its 
role is seen as complimentary to electricity, rather than as an alternative. There is also much 
wider and more pressing concern over climate change, and the commercialisation of hydrogen 
technology is driving cost reductions (Staffell et al., 2019). In addition, numerous countries 
have developed hydrogen strategies; sheer intent may therefore drive the creation of a hydrogen 
market. 
 
There is an increasing body of research surrounding the use of hydrogen in the future energy 
system, but there also exists several gaps that have either not been addressed or have received 
little consideration.   
 
The production of renewable hydrogen requires a source of renewable electricity and water, 
making production less geographically constrained compared to fossil fuels (Pflugmann & De 
Blasio, 2020). In theory, this should reduce nations’ reliance on imported energy. In practice, 
economic and spatial factors (viable hydrogen production requires significant amounts of cheap 
energy, fresh water and land) make international trade of hydrogen highly probable: this is in 
fact already a reality, with the first international shipment of hydrogen from Brunei to Japan 
occurring in 2020 (Van de Graaf et al., 2020).  
 
Transporting hydrogen long distances in its natural gaseous state is problematic. One solution 
is to transform its state or bind it with other molecules, to create a hydrogen ‘carrier’. Each 
carrier has unique advantages and disadvantages. Examples include liquefied hydrogen, 
ammonia, methanol and liquid organic hydrogen carriers (LOHC) (IEA, 2019).  
 
Some recent studies have attempted to classify or identify which countries are likely to be 
hydrogen exporters or importers (Agora Verkehrswende, 2018; Perner & Bothe, 2018; 
Pflugmann & De Blasio, 2020; Van de Graaf et al., 2020). Others have looked at the most cost 
effective way to transport hydrogen (Aziz, 2018; Hank et al., 2020; Lanphen, 2019; Reuß et 
al., 2017; Wulf et al., 2018). Within this topic there are several papers that focus on specific 
case studies and hydrogen carriers. For example, Fúnez Guerra et al. (2020) concentrated on 
ammonia produced in Chile and transported to Japan; Heuser et al. (2019) investigated the 
transportation of liquid hydrogen from Patagonia to Japan; Hank et al. (2020) evaluated the 
cost of various hydrogen carriers from Morocco to Germany; and, the Hydrogen Import 
Coalition (2021) investigated the transport of various carriers from different countries into 
Belgium.  
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There also exists several financial models that can be used to evaluate the cost of hydrogen 
export. The H2A Delivery Scenario Analysis Model (Elgowainy et al., 2015) developed by the 
U.S. Department of Energy evaluates different hydrogen carriers and transport means, but is 
orientated towards the U.S. market. The HyChain II Import Model (Hydrohub, 2019), 
developed by Terwel & Kerkhoven (2019), enables the cost evaluation of transporting various 
hydrogen carriers from 146 countries (excluding Iceland) into the Port of Rotterdam.  
 
Research on producing and transporting hydrogen from Iceland is somewhat limited. The 
EURO-HYPORT study (Iceland New Energy Ltd, 2005), which ran from 2002-2003, 
evaluated the cost of exporting hydrogen from Iceland to Europe via several different 
transportation methods. The final confidential report provided direction on approaching a 
techno-economic assessment, but the data used was largely outdated for analysis today.  
 
A report commissioned by Agora Verkehrswende (2018) on the cost of importing synthetic 
carbon-based fuels into Germany highlights Iceland as a potential hydrogen exporter, and 
provides data on the cost of production and export. Although this data is relevant, the study is 
limited to synthetic fuels derived from hydrogen and carbon (specifically, methanol and 
synthetic methane) and does not include non-carbon-based hydrogen carriers, such as liquefied 
hydrogen and ammonia. This study is therefore of limited utility for a comparison of different 
hydrogen carrier pathways. 
 
Though developing rapidly, strategy and policy directed at promoting hydrogen is still in its 
infancy. Concerted national strategies, such as the EU’s hydrogen strategy (European 
Commission, 2020c), are, in general, recent publications, so insufficient time has passed to 
assess their effectiveness. Major reports such as the IEA's (2019) The Future of Hydrogen: 
seizing today’s opportunities, IRENA's (2019) Hydrogen: A Renewable Energy Perspective 
and The World Energy Council’s International Aspects of a Power-to-X Roadmap (Perner & 
Bothe, 2018) make broad policy suggestions. Some papers focus on more specific regions, such 
as Japan (Nagashima, 2018), North Africa (van Wijk et al., 2019), and Europe (Kakoulaki et 
al., 2021; Mete & Reins, 2020; Philibert, 2020; van Wijk & Chatzimarkakis, 2020; Westphal 
et al., 2020). 
 
Several governmental report have included hydrogen in a broader renewable strategy such as 
the UK's Committee on Climate Change (2020) Net Zero report. Broader approaches include 
Kosturjak et al. (2019), who analysed 19 different international hydrogen strategies.  
 
Hydrogen strategy will differ depending on whether a country is best suited to export or import, 
but with concerted hydrogen strategy emerging only recently, there is much to be determined. 
It is possible to draw parallels with similar markets and commodities, the most relevant being 
the liquefied natural gas (LNG) market (Van de Graaf et al., 2020). Lessons drawn from the 
development of the LNG market can partially inform strategy in developing the hydrogen 
market.  
 



   6 
 

 
 

Until recently, little academic consideration has been given to the geopolitical implications of 
hydrogen strategies. Papers by Pflugmann & De Blasio (2020) and Van de Graaf et al. (2020) 
propose some broad potential implications, as well as positing strategies to avoid their most 
negative effects. Szabó (2020) focuses on the case of Europe and its potentially diminishing 
dependence on Russian natural gas. Scita et al. (2020) investigate the technical and geopolitical 
implications of a future hydrogen economy. Hydrogen is mentioned directly in broader 
documents on the changing geopolitics of renewable energy, such as the IRENA (2019a) report 
A New World: The Geopolitics of the Energy Transformation. Themes can also be drawn from 
papers by Overland (2019), Scholten et al. (2020), Scholten & Bosman (2016) and Vakulchuk 
et al., (2020). In general, however, the geopolitics of a hydrogen transformation remains an 
unexplored area of the renewable energy transition. 

1.3 Research Methodology  

In setting out to answer the questions posed in this thesis, the first step was to conduct a review 
of available literature on the supply chain of hydrogen production and export.  
 
During this literature review, several cost models for the analysis of hydrogen export were 
analysed. The model most appropriate for answering the question posed in this thesis was 
chosen and adapted to fit the case study. Assumptions and inputs were also evaluated, and more 
recent or appropriate data from the literature was included, where appropriate. 
 
With a cost model developed to answer the question of economic feasibility, Iceland’s energy 
use from fossil fuels was identified and the volume of hydrogen required to replace it 
calculated.  
 
A literature review was also conducted into strategy and policy related to hydrogen production, 
as well as the geopolitical implications of renewable energy and hydrogen. This literature 
informed the strategic analysis and geopolitical implications that form the third and fourth 
questions of this thesis. 

1.4 Research Scope  

This thesis investigated the feasibility of exporting hydrogen from Iceland to Europe. Four 
hydrogen carrier pathways were analysed: ammonia, perhydro dibenzyltoluene (H18-DBT), 
methanol and liquefied hydrogen. All were assumed to be delivered via shipping vessel to 
Rotterdam, and then pipeline to Duisburg. Other potential hydrogen carriers or transportation 
methods, such as a pipeline from Iceland to Europe, were not included. 
 
The results of other, similar hydrogen export studies were used by way of comparison, but the 
cost model developed for this research only focused on the Iceland to Europe case study. 
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The cost model analysed scenarios for the years 2022, 2030, 2040 and 2050. Data and 
assumptions for the year 2050 are already liable to great uncertainty, due to the difficulty of 
forecasting cost improvements and technological innovation, and so scenarios past 2050 were 
not deemed useful to model.  
 
Strategies and policies directed at pursuing hydrogen export can be broad in nature, but also 
have an element of specificity for individual countries. This study was limited to those 
strategies and policies that are relevant for Iceland. 
 
In a similar fashion, geopolitical implications can be both broadly applicable and specific to 
the circumstances of individual countries. This study investigated implications only for Iceland 
and the EU. 

1.5 Structure  

Chapter 1 introduces this thesis and provides background information on hydrogen. It describes 
what hydrogen is and why it can be useful in future energy systems. Next, it introduces Iceland, 
describing the country’s energy resources, economy and current interest in hydrogen.  
 
In Chapter 2, key elements of the hydrogen export supply chain are considered, including 
production, transportation and storage, before current and future uses of hydrogen are 
described, and background information on intended hydrogen export markets is provided. A 
review of existing hydrogen export models, in addition to current and future costs of hydrogen, 
is also conducted.  
 
Chapter 3 moves to an investigation of the geopolitical elements of hydrogen production and 
export, as well as policies and strategies that can enable it. This chapter concludes with a focus 
on the current policies of Iceland and Europe. 
 
The case study that was utilised for the development of the cost model is introduced in Chapter 
4. Following which, the methodology for how the cost model was developed and adapted is 
described. Results of the cost model follow in Chapter 5. This thesis concludes in Chapter 6 by 
discussing these results and answering the four questions posed in Section 1.1.  

1.6 Background  

This section starts with a description of hydrogen, its physical characteristics and some broad 
challenges with utilising it as an energy carrier. Next, it provides a brief history of previous 
attempts to develop a hydrogen economy and why hydrogen is being considered again. Finally, 
it provides background information on Iceland, including the country’s energy resources and 
experiences with hydrogen.  
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1.6.1 Hydrogen  

Hydrogen is the lightest and most abundant chemical element in the universe (Belmans & 
Vingerhoets, 2020). It is also the simplest, consisting of only one proton and one electron. The 
hydrogen molecule (H2) is rarely found in its pure form. Instead, it is usually combined with 
other molecules, to form compounds such as water: H2O (Van de Graaf et al., 2020).   
 
Hydrogen, like electricity, is not an energy source but an energy carrier. This means it can store 
and deliver usable energy but doesn’t exist by itself in a usable form and must therefore be 
produced (Satyapal, 2017). Unlike electricity, hydrogen is a chemical energy carrier. As a 
chemical energy carrier, it can be utilised, transported and stored in a variety of forms, 
including as a gas, liquid, or bound with other molecules to form feedstocks (e.g., ammonia) 
or synthetic fuels (e.g., methanol). This gives it certain advantages over electricity. For 
example, it can be stored for extended periods and transported over long distances in a stable 
form, similar to the way fossil fuels such as oil and gas are handled in today’s energy system 
(IEA, 2019).  
 
Relevant physical properties of hydrogen are presented in Table 1. Despite containing three 
times more energy per unit mass than gasoline, hydrogen has a very low density per unit 
volume (1/10th of natural gas in gaseous form and 1/6th of natural gas in liquid form) and a low 
energy density (1/3rd of natural gas) (IEA, 2019). These characteristics mean that larger 
volumes of hydrogen are required to match the energy demand of conventional fossil fuels, 
which in turn presents unique challenges in regard to transportation and storage. These 
challenges and solutions are expanded upon in Chapter 3 and Appendices A.2 and A.3.  

Table 1.  
Physical Properties of Hydrogen 

 
Challenges regarding the health and safety of hydrogen are also important, as this is likely to 

Properties Hydrogen Comparison 

Appearance Colourless and odourless gas at 
room temp. 

 

Energy per unit of mass (LHV) 120.1 MJ/kg 3x that of gasoline 
Density (gaseous) 0.089 kg/m3 (0oC, 1 bar) 1/10 of natural gas 
Density (liquid) 70.79 kg/m3 (-253oC, 1 bar) 1/6 of natural gas 
Boiling point -252.76oC (1 bar) 90oC below LNG 
Melting point -259.35oC (1 bar)  
Energy density (ambient cond., LHV) 0.01 MJ/L 1/3 of natural gas 
Specific energy (liquefied, LHV) 8.5 MJ/L 1/3 of LNG 
Flame velocity 346 cm/s 8x methane 
Flammability range 4-77% in air by volume 6x wider than methane 
Autoignition temp. 585oC 220oC for gasoline 
Ignition energy 0.02 MJ 1/10 of methane 
notes: LHV = lower heating value 
Table adapted from IEA (2019) & Ohta (2009) 
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factor into its widespread adoption. Hydrogen is a very small molecule, meaning it can diffuse 
into and damage some materials (particularly during pipeline transportation and storage as a 
gas), resulting in leakages. Hydrogen gas is colourless and odourless and so identifying a leak 
can be difficult. Though the gas is non-toxic to humans it has a wide flammability range (the 
percentage of vapour in air necessary for combustion) and relatively low ignition energy (1/10th 
of methane), making combustion a significant risk. Special equipment and procedures are 
therefore required in its handling (Ochoa Robles et al., 2018a).  

1.6.1.1 Why Hydrogen? 

There has been several waves of interest in hydrogen over the last half century. In the 1970’s, 
oil crises and rising awareness of the environmental problems of fossil fuel use (most notably 
acid rain and air pollution) sparked an interest in hydrogen as an alternative fuel source 
(primarily aimed at transport), but the stabilisation of oil prices and measures to curb the 
environmental impact of fossil fuels caused interest to wane.  
 
In the 1990’s, rising concern about climate change renewed discourse on hydrogen, but this 
was again stifled by persistently low oil prices. Concerns around peak oil in the early 2000’s 
caused the last surge of interest in hydrogen, but as concerns over peak oil fell, so did 
enthusiasm for hydrogen. The peaks and troughs of hydrogen enthusiasm over this period 
suggest that the realisation of hydrogen as an energy source may have failed for two reasons: 
one, it’s intended use was solely fixated on a single sector, transport; and two, its viability was 
associated with the price of oil (IEA, 2019).  
 
Today, the role that hydrogen can play in the future energy system is better understood and it 
is not seen simply as a direct substitute for fossil fuels. One aspect of hydrogen’s role is in 
addressing the challenges associated with solar and wind power. Solar and wind power rely on 
resources that are variable by nature, meaning there will be occasions when they produce either 
too little or too much energy. In times of low energy production, a dispatchable energy source 
(such as natural gas, which is contrary to decarbonisation goals), or some form of long duration 
energy storage, is required to meet demand. Advanced weather forecasting is, to a certain 
extent, able to predict times of high and low energy production. Energy from renewables can 
therefore be stored when supply is high, for use when supply is low. Long duration storage of 
electricity in batteries is not currently feasible due to high costs and energy losses (Gabrielli et 
al., 2018). Other forms of storage, such as pumped hydropower, are geographically 
constrained. Hydrogen, or one of its carriers, is well suited to the task of long duration storage, 
as it can be stored at relatively low cost, in large quantities and for long periods, with minimal 
energy losses (Andersson & Grönkvist, 2019).  
 
In a similar fashion, hydrogen production can be deployed for grid load balancing services. 
Electricity grids require an equal level of supply and demand for optimum efficiency, 
economics and utilisation. It is therefore important for the grid to be ‘balanced’. In traditional 
fossil fuel powered grids, balancing was performed by forecasting energy demand and 
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adjusting power plant output. In grids that are more reliant on variable renewable energy 
sources, in which the level of production cannot be controlled, the supply of electricity can 
often exceed demand; novel grid balancing approaches must therefore be adopted, or the energy 
will be curtailed. Producing hydrogen during times of excess supply is one option for grid load 
balancing (Gutiérrez-Martín & Guerrero-Hernández, 2012). 
 
Another challenge hydrogen can address is in those applications and sectors where direct 
electrification is not the optimum approach. Examples of such sectors include long distance 
transportation (marine and aviation), industrial and chemical processes (iron, steel, ammonia) 
and heating (low temperature for some buildings and high temperature for industry). Energy 
for sectors such as long-distance transportation is better served with a chemical energy carrier 
than electricity, due to more advantageous energy density and storage characteristics. 
Hydrogen can also be used as a substitute for industrial processes, such as replacing coal in 
iron and steel making, and can be used to generate higher temperature heat (IEA, 2019). 
 
Hydrogen can in some cases be used to transport energy long distances. Though renewable 
energy sources are less geographically concentrated than fossil fuel reserves, the availability 
of renewable energy is to some extent constrained: there is often a disparity between countries 
and regions with the potential to produce low-cost renewable energy and the demand for it. 
Transporting electricity long distances is, in many cases, not economically or technically 
efficient, due to cost and energy losses. In addition, for the same investment, a gas grid can 
transport 10-20 times more energy than an electricity network (van Wijk et al., 2019). The 
transportation of hydrogen is therefore likely to be more feasible than that of electricity, in 
some cases.  
 
The re-emergence of interest in hydrogen can also be seen as a response to the growing 
perception of anthropogenic climate change as a significant threat. The signing of the Paris 
Agreement (United Nations, 2015), subsequent increased spending on renewable resources 
(McCrone et al., 2020) and growing number of net zero strategies (Ford & Hardy, 2020) 
suggest the need to address climate change is an international priority.  
 
Finally, the costs of technology to produce and utilise hydrogen are widely forecast to fall 
through innovation, economies of scale and properly implemented policies (Schmidt et al., 
2017). The unprecedented cost declines in solar power (and to a lesser extent wind) during the 
last decade have boosted confidence that hydrogen could follow a similar path. 
 
There is reason to believe that the interest shown in hydrogen today will result in the realisation 
of a hydrogen economy. The role hydrogen can play in the future energy system has been 
refined. It is now seen as a complimentary tool for decarbonisation, rather than a ‘silver bullet’ 
that will solve the world’s energy problem. The threat of anthropogenic climate change is more 
widely understood, and hydrogen is forecast to become a cost competitive energy carrier 
(Staffell et al., 2019). 
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1.6.2 Iceland 

Iceland is an island in the north Atlantic Ocean, situated south of the Arctic Circle. It is the 
second largest island in Europe at 103,000 km2 and has a population of 360,384, who enjoy 
one of the highest standards of living in the world. Most of the population is located in urban 
coastal areas, leaving large parts of the centre (the highlands) unpopulated. Iceland had a gross 
domestic product (GDP) per capita of US$55,917 in 2018, 25% of which is based off natural 
resources (see Figure 1). Iceland’s main exports are tourism (39%), fisheries (18%) and 
aluminium production (17%) (Fjeldsted et al., 2019).   
 

The global impact of the COVID-19 pandemic has laid bare the vulnerabilities associated with 
an economic reliance on tourism. According to the National Statistics Institute of Iceland 
(NSII) (Statistics Iceland, 2020c), overnight hotel stays dropped by 79% in June 2020 (peak 
tourist season) compared to the preceding year. The need to diversify the economy was raised 
in 2019 by the Organisation for Economic Co-operation and Development (OECD) in an 
Economic Survey of Iceland (OECD, 2019). As yet, however, no action has been taken.  
 
Energy intensive industries, predominantly aluminium production, aided Iceland’s economic 
recovery during and after the 2008-2011 financial crisis and have remained a key feature of the 
economy, even though the country is trying to alleviate its reliance on aluminium by 
diversifying into silicon metal production and data centres (Christensen, 2016).   

Figure 1  
Composition of the Icelandic Economy, Visualised as a Percentage Share of GDP 
(Fjeldsted et al., 2019) 
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Iceland is not a member of the European Union (EU) but has been a member of the European 
Free Trade Association (EFTA) since 1970 and has been part of the European Economic Area 
(EEA) since 1994. The EEA gives countries that are not EU member states (namely Iceland, 
Lichtenstein and Norway) access to the EU internal market, enabling the free movement of 
goods, services, capital and persons in an open and competitive environment (Subcommittee 
V on legal and Institutional Questions, 2013). Sixty-five percent of Iceland’s international trade 
occurs within the EEA (Fjeldsted et al., 2019). 

1.6.2.1 Energy Resources 

Due to its position on the Mid-Atlantic Ridge and climatic conditions, Iceland has an 
abundance of renewable energy resources. Situated between two tectonic plates, Iceland is well 
positioned to exploit geothermal power. Its subarctic climate has enabled the formation of 
glaciers. Coupled with mountainous highlands and high precipitation, this has provided ample 
access to hydropower. Iceland also has amongst the best wind conditions in Europe (Nawri et 
al., 2014), though, to date, there are no active windfarms in the country.  
 
This abundance of renewable resources has enabled Iceland to produce electricity almost 
exclusively from non-fossil fuel sources: 73% from hydropower and 27% from geothermal. 
Geothermal also accounts for the vast majority of energy used for heating in the country. Per 
capita, Iceland is the largest renewable energy producer in the world (Fjeldsted et al., 2019). 
The national power company of Iceland, Landsvirkjun, is the largest producer of energy in 
Iceland, accounting for approximately 70% of produced energy (Næss-Schmidt et al., 2017). 
Further information on Landsvirkjun is provided in Section 4.1.1.  
 
Despite the abundance of renewable energy at its disposal, and due in part to its energy 
intensive industries, Landsnet (the national grid operator) forecasts energy shortages in Iceland 
in the near future. Avoiding this would require either an increase in production capacity (a 
politically controversial topic) or a decrease and/or slowing down in energy consumption 
growth. Exacerbating this issue is Iceland’s transmission system, which is lacking investment 
and maintenance (Fjeldsted et al., 2019). These issues raise concern over the security of supply 
of the electricity market, particularly for households and small businesses (Næss-Schmidt et 
al., 2017). An increasing population and expected growth in the electric vehicle market have 
made this a particularly pressing challenge for Iceland.  

1.6.2.2 Energy Intensive Industry 

Energy intensive industries are the biggest consumers of electricity in Iceland. Seventy-seven 
percent of Iceland’s produced electricity is consumed by energy intensive industries, such as 
aluminium smelting, silicon production and data centres, which in turn provide 19% of total 
exports (Næss-Schmidt et al., 2017). The largest consumers of electricity are the aluminium 
smelters, which by themselves account for 67% of Iceland’s electricity consumption, (Fjeldsted 
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et al., 2019), though only contribute 6-6.8% of GDP (Christensen, 2016). 
 
There are three aluminium smelters in Iceland, together accounting for 1% of global aluminium 
production (Fjeldsted et al., 2019). In addition to consuming a majority share of electricity, the 
aluminium sector also generates 30% of Iceland’s total emissions of CO2 (Hafstað, 2020a). 
This, combined with a small population, has contributed to Iceland having the largest per capita 
emissions of any country in the European Union, according to the National Statistical Institute 
of Iceland (Statistics Iceland, 2018). 
 
Aluminium smelters were initially attracted to Iceland by Landsvirkjun with favourable and 
long-term power purchase agreements (PPAs) that were tied to the price of aluminium. The 
future of the aluminium sector in the country today is uncertain, because of a difficult global 
aluminium market (plagued by low demand and low prices) (Hume, 2020) and rising energy 
prices in Iceland (Clemence, 2017).  
 
The reason for rising energy prices in Iceland is twofold. First, Landsvirkjun’s average return 
on capital of 3.5% for its energy projects is far below the international average of 7.5% (Næss-
Schmidt et al., 2017). Second, the cost of energy production in Iceland is trending upwards 
(Clemence, 2017), reducing Landsvirkjun’s profitability margins. This is in part due to an 
increasing demand for energy linked to Iceland’s growing population, but primarily caused by 
the most recent iteration of Iceland’s Master Plan (see Section 3.3.1). This has restricted 
utilisation of the most cost-effective energy options, raising the cost of development of new 
energy resources (Næss-Schmidt et al., 2017). 
 
Difficult market conditions and the need to raise energy prices drove Landsvirkjun to 
renegotiate its PPAs (Clemence, 2017). Rio Tinto, owner of the ISAL aluminium plant, and 
Landsvirkjun’s biggest customer, is debating closing its plant, unless a better agreement with 
cheaper rates is provided. (Hume, 2020). A report by Copenhagen Economics forecasts the 
price of energy for energy intensive customers to rise, perhaps approaching that offered to 
households and small businesses (Næss-Schmidt et al., 2017). The renegotiation of contracts 
for Alcoa and Century Aluminium are due within the next 10 years. Though it is unlikely that 
the aluminium sector will entirely leave Iceland, a reduction in production capacity is possible 
(Clemence, 2017). 
 
Landsvirkjun do not reveal the price at which they sell their electricity to industrial customers. 
As such, it should be noted that present and future costs of electricity in Iceland are speculative.  

1.6.2.3 Iceland Hydrogen Projects 

A renewed interest within Iceland for the possibility of hydrogen production has led to a 
number of project proposals from public and private entities alike.  
 
Landsvirkjun, the national energy company, has recently started investigating the idea of 
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utilising its renewable energy assets to produce green hydrogen. Projects include the 
construction of a 10 MW electrolyser at the 16 MW Ljósafoss hydropower station 
(Landsvirkjun, 2020); consultation with the Borgarlína project, a proposed rapid transit bus 
service to operate in the capital area, on the use of hydrogen as a fuel (D. Sveinbjörnsson, 
personal communication, 14 August 2020); and the signing of a declaration of intent with the 
Port of Rotterdam to investigate the potential of exporting hydrogen into the Netherlands 
(Hafstað, 2020b).  
 
Further information on the Ljósafoss hydropower station and Landsvirkjun’s interest in 
hydrogen was provided by D. Sveinbjörnsson (personal communication, 14 August 2020), a 
specialist at Landsvirkjun investigating the potential for hydrogen production. Sveinbjörnsson 
related that the electricity used to power an electrolyser at the Ljósafoss power station would 
be charged at similar rates to that of other large electricity customers, a rate which is 
considerably lower than the household rate, but the electrolyser would not receive a ‘special’ 
rate, despite being owned and operated by Landsvirkjun. The electrolyser would operate as a 
dedicated consumer, using electricity at a continuous rate rather than only operating during 
times of surplus. Sveinbjörnsson was also able to partially inform on the extent of 
Landsvirkjun’s operation in the production and supply of hydrogen: the company will most 
likely not be responsible for the transportation and distribution of hydrogen, but instead solely 
be responsible for its production (though to date this decision has not been finalised). 
 
Carbon Recycling Initiative, a private firm based in the capital, Reykjavik, uses hydrogen 
produced through electrolysis, combined with flue gas captured from a geothermal power plant, 
to produce methanol. The company’s George Olah Renewable Methanol Plant produces 4000 
tons of methanol a year for export (Carbon Recycling International, n.d.). For contrast, global 
demand for methanol in 2021 is forecast to be 95.2 million tons (Alvarado, 2017). At 
Hellisheiði geothermal power plant, operated by ON Power, hydrogen is produced with the 
intention of meeting domestic consumption in the transport sector (Skúlason, 2020).  
 
The company Icelandic New Energy is the most vocal proponent of hydrogen production in 
Iceland and in 2020 released a 2030 Vision for Hydrogen in Iceland (Skúlason, 2020). The 
vision presents an action plan for domestic consumption of hydrogen, primarily centred on the 
decarbonisation of transport. 

1.7 Summary 

Chapter 1 introduced the research focus of this thesis and provided background information on 
hydrogen. In particular, this chapter outlined the reasons hydrogen is needed for the future 
energy systems, including its role in addressing the challenges of solar and wind power, its 
ability to provide grid balancing services, and its application in hard to decarbonise sectors, 
such as high temperature heat for industry and long-distance transport. 
 
Chapter 1 also presented information on Iceland and its energy resources. It highlighted the 
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role of energy intensive industries in Iceland’s economy, which consume 77% of the country’s 
produced electricity, and provided examples of current and prospective hydrogen projects. The 
next chapter describes the hydrogen export supply chain. 
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Chapter 2 

2The Hydrogen Export Supply Chain 

This chapter describes the main elements of the hydrogen supply chain, namely production, 
transportation and storage. Then, a brief description of the current and future uses of hydrogen 
is outlined. A review of the hydrogen export economy and current and future costs of hydrogen 
production follows, before the chapter concludes with a review of existing cost models related 
to hydrogen export.  
 
Key elements of the supply chain for hydrogen export are illustrated in Figure 2. The following 
sections focus on production, transportation and storage. 
 

2.1 Production  

Hydrogen can be produced in several different ways, using a variety of energy sources and 
technologies. With the growing shift towards low carbon energy sources, these methods of 
production are categorised according to their emission of greenhouse gases (GHG). The 
categories are assigned colours and include brown, grey, blue and green. 
 
Brown, grey and blue hydrogen require the use of fossil fuels. Blue hydrogen is also derived 
from fossil fuels, but incorporates carbon capture and storage to reduce associated GHG 
emissions (Wood Mackenzie, 2019). Green hydrogen is the only production method that can 

Figure 2  
Typical Hydrogen Export Supply Chain 
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be considered truly renewable. A more detailed explanation of hydrogen classifications can be 
found in Appendix A.1.1.  

2.1.1 Green Hydrogen 

The production of green hydrogen is achieved through a process called water electrolysis 
(rereferred to hereafter as simply ‘electrolysis’), powered exclusively by renewable energy 
sources (Wood Mackenzie, 2019). Green hydrogen production emits no GHG. 
 
The hydrogen produced through electrolysis is extremely pure, around 99.999%. Hydrogen 
produced through fossil fuels, on the other hand, contains impurities and requires treatment 
before use (Wood Mackenzie, 2019).  
 
Today, green hydrogen produced through electrolysis makes up a very small portion of the 
dedicated hydrogen production market (less than 0.1%), and is used primarily in sectors where 
high-purity hydrogen is required; for example, in electronics and polysilicon prodution (IEA, 
2019). 
 
The following section describes the electrolysis process in more detail, outlines the primary 
production methods and addresses the advantages and disadvantages of the process.  

2.1.2 Electrolysis  

Electrolysis has been utilised for various means since at least the 19th century (Lichner, 2020) 
and for the commercial production of hydrogen on a megawatt scale since the 20th century 
(Buttler & Spliethoff, 2018). 
 
Electrolysis is an electrochemical reaction, achieved by passing an electric current through 
deionised water (which has had the ions, such as dissolved mineral salts, removed) in a device 
known as an electrolyser. The resulting reaction splits water into its constituent molecules- 
hydrogen and oxygen (Ochoa Robles et al., 2018a). All electrolysis technologies utilise the 
same basic components: a cathode and an anode (electrodes), and an electrolyte. When an 
electric current is applied to the submerged electrodes, hydrogen is formed at the cathode and 
oxygen is formed at the anode (Buttler & Spliethoff, 2018). The electrolysis equation, taken 
from Buttler & Spliethoff (2018), can be seen in Equation (1). 
 

  𝐻!𝑂 → 𝐻! +	
1
2𝑂! (1) 
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There are three primary electrolysis technologies: Alkaline Water Electrolysis (AWE); Proton 
Exchange (or Polymer Electrolyte) Membrane (PEM) Electrolysis; and Solid Oxide 
Electrolysis (SOE) (Schmidt et al., 2017). Table 2 outlines techno-economic parameters of the 
three primary electrolysis technologies.  

Table 2.  
Techno-Economic Parameters of Water Electrolysis Technologies 

Parameters Alkaline Water 
Electrolyser PEM Electrolyser SOE Electrolyser 

 Current 2030 Long 
Term Current 2030 Long 

Term Current 2030 Long 
Term 

Operation 
parameters 

         

Operating 
temperature ℃   60-80   50-80   650-1000   

Operating pressure 
(bar) 1-30   30-80   1   

Current density 
(A/cm2) 

0.25-
0.45 

  1.0-2.0   0.3-1.0   

Flexibility          

Load 
flexibility/range (% 
of nominal load) 

10-110   0-160   20-100   

Cold start-up time 1-2h   5-10 
mins 

  hours   

Warm start-up time 1-5 min   <10 s   15 min   

Efficiency          

Nominal stack 
efficiency (%, 
LHV) 

63-70 65-
71 70-80 56-60 63-68 67-74 74-81 77-

84 77-90 

…specific energy 
consumption 
(kWh/Nm3) 

4.2-4.8   4.4-5.0   3   

Nominal systema 
efficiency (%, 
LHV) 

51-60%   46-60%   76-81%   

…specific energy 
consumption 
(kWh/Nm3) 

5.0-5.9   5.0-6.5   3.7-3.9   

Available capacity          

Max nominal power 
per stack (MW) 6   2   <0.01   

H2 production per 
stack (Nm3/h)  1400   400   <10   

Produced hydrogen 
purity (%) >99.8   >99.99      

Plant footprint 
(m2/kWe) 

0.095   0.048      

Durability          

Lifetime (kWh) 55-120   60-100   (8-20)b   

Efficiency 
degradation (%/a) 0.25-1.5   0.5-2.5   3-50   

Economic 
parameter 

         

Capital costs 
(USD/kWe) 

500-
1400 

400-
850 

200-
700 

1100-
1800 

650-
1500 200-900 2800-5600 800-

2800 500-1000 

Maintenance costs 
(% of annual capex) 2-3   3-5   n.a.   

a including auxiliaries and heat supply (SOE) b high uncertainty due to pre-commercial status of SOE   
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Table adapted from Buttler & Spliethoff, 2018; Guo et al., 2019; IEA, 2019; Schmidt et al., 2017 
 

AWE is the incumbent electrolyser technology. It is therefore widely available and has lower 
capital costs than PEM and SOE (Schmidt et al., 2017). Lower costs are also achieved through 
a lower requirement for critical materials (IEA, 2019). Drawbacks of AWE include large size 
requirements, due to low current density and operating pressure, as well as slow start up time 
and limited load flexibility: this means it is not well suited for grid load balancing services 
(Buttler & Spliethoff, 2018). However, AWE electrolysers are well suited for the large scale, 
industrial production of hydrogen (IEA, 2019).  
 
PEM electrolysers on the hand are more compact and can deliver higher pressure hydrogen, 
which is beneficial for subsequent transportation and/or storage. Their shorter start up times 
and wider operational load provide greater flexibility, making them more suited for grid 
balancing services (IEA, 2019; Schmidt et al., 2017). Downsides to PEM electrolysis include 
higher system costs and the requirement for critical materials. They also, at present, have 
shorter lifetimes than AWE. With increased economies of scale, and greater research and 
development, many of these drawbacks are expected to be overcome (Schmidt et al., 2017). 
  
SOE electrolysers are the least mature technology. They require extremely high heat to operate, 
which provides high efficiencies and therefore lower electricity requirements (Buttler & 
Spliethoff, 2018), but negatively effects material lifetime. Current research is focused on 
addressing this issue and lowering the temperature requirements, but the technology is a long 
way from commercial application (Schmidt et al., 2017). 
 
AWE and PEM electrolysis are considered to be the most suitable methods for future large 
scale hydrogen production. A full description of the three primary technologies can be found 
in Appendix A.1.1.2. 

2.1.2.1 Issues With Electrolysis 

The cost of electrolysis today is the primary inhibitor of its adoption as a widespread 
technology for hydrogen production. In 2018, grey hydrogen could be produced for between 
USD 1.0-2.2 per kg H2; production of green hydrogen was priced between USD 2.1-6.8 per kg 
H2 (Anouti et al., 2020; Pflugmann & De Blasio, 2020).  
 
The cost of electrolysis is dependent on a variety of factors, including the technology used, 
materials, manufacturing, utilisation rate and electricity price. In the long term, the most 
significant cost component of hydrogen production is expected be the cost of electricity (IEA, 
2019).  
 
For electricity produced through RES, the number of hours a power plant operates at full 
capacity in a year (known as the full load hours) is a significant influence on the cost of 
electricity. As wind and solar are intermittent by nature, areas with high load hours, such as 
solar production in the Middle East and North Africa (MENA) region, typically produce 
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cheaper electricity than areas with low load hours. Electricity from areas with low load hours 
is typically more expensive (Pflugmann & De Blasio, 2020). Therefore, hydrogen production 
is best situated in areas with high full load hours.  
 
Most forecasts predict a significant fall in capital costs for electrolysis, reaching price parity 
with SMR and, eventually, achieving a lower cost. In regions with a high price on carbon 
emissions, electrolysis is likely to be the most cost-efficient method of production in the future. 
Though there is some disparity between cost forecasts, green hydrogen production is predicted 
to reach cost parity with SMR by 2030-35 and achieve lower costs by or before 2050 (Anouti 
et al., 2020; Edwardes-Evans, 2020; IEA, 2019; van Gerwen et al., 2019). 
 
For AWE, as a mature technology, capital cost reduction is predicted to occur primarily through 
improved supply chain and higher volume production. PEM electrolysis can, however, benefit 
from further technological innovation and it is likely there will be cost reduction in this area. 
Both technologies can also benefit from automated and standardised manufacturing processes 
(Saba et al., 2018), with Schmidt et al. (2017) claiming that a scale up of production will be the 
most impactful way to reduce capital cost. 
 
The volume of water required to produce hydrogen through electrolysis is a concern, especially 
if production is undertaken in water stressed areas. On average, 9 litres of water are required 
to produce 1kg of hydrogen (SMR requires 7 litres of water per kg). If all of the dedicated 
hydrogen production today (amounting to 70 megatons per annum) was converted to 
electrolysis, this would require 617 million cubic meters of water, equivalent to 1.3% of global 
water consumption (IEA, 2019). Many regions that appear suitable for hydrogen production 
due to abundant renewable energy resources, e.g., the MENA region, are already struggling 
with access to freshwater.  
 
Current electrolysis technologies require freshwater, as seawater can cause corrosive damage. 
However, research is being undertaken to investigate the use of seawater in electrolysis 
(Pflugmann & De Blasio, 2020). An alternative in freshwater stressed areas could be 
desalination via reverse osmosis, which has been shown to have a relatively minor impact on 
the total cost of electrolysis (IEA, 2019). 
 
Producing hydrogen through electrolysis is not an efficient process. Depending on a variety of 
factors, such as the type of electrolysis and the load factor, efficiency (considering only the 
electrolyser, not the entire system) can range between 60-81%. Once all steps in the supply 
chain are accounted for, efficiency can drop as low as 30% of the initial energy input. It is 
worth noting that all fuel production and utilisation methods experience a loss in efficiency. 
For example, modern coal plants are only 45% efficient (IEA, 2019).  
 
SMR will remain the incumbent production method of hydrogen in the near term, however, it 
is likely that renewable powered electrolysis will achieve dominant position between 2030-
2050 through falling costs and an increasing demand for low or zero carbon hydrogen.  
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Though AWE is currently the primary method for green hydrogen production, anticipated 
improvements in PEM electrolysis could see it surpass AWE as the dominant process. This is 
made clear in the study by Schmidt et al. (2017), which demonstrated a majority opinion 
amongst experts in the sector that PEM electrolysis will become the primary method of green 
hydrogen production by 2030; scope for lower capital costs and higher operational flexibility 
were the prevailing reasons. Buttler & Spliethoff (2018) also cite the advantages that PEM 
electrolysis has over AWE, mentioning its compact design and high-pressure operation. SOE 
will also likely see great technological improvements, though Schmidt et al. (2017) found little 
support for it overtaking AWE and PEM electrolysis.  

2.2 Transportation   

2.2.1 Overseas Transportation 

A significant challenge to the increased incorporation of hydrogen into the global energy 
supply chain is its low energy density per unit volume. A low energy density per unit volume 
typically means large volumes of fuel are required to meet energy needs. For example, gaseous 
hydrogen (GH2) is 10 times less energy dense than natural gas in gaseous form (and 1/6th as 
dense in liquid form—see Table 1). Therefore, the scale of infrastructure and assets required 
to transport GH2 is much greater. This is not as problematic for short distance or low volume 
transportation, but for large-scale and long-distance transportation of hydrogen, particularly 
overseas shipping, the transportation of GH2 is unfeasible for economic, environmental and 
‘ease of operation’ reasons (Demir & Dincer, 2018).  
 

One solution to this problem involves the transformation of GH2 into a more energy dense 
substance. This can be achieved through compression, liquefaction or incorporating the 
hydrogen into larger molecules (commonly known as hydrogen ‘carriers’) (IEA, 2019). In 
choosing which method to adopt, factors to be considered include the quantity of hydrogen 
demanded, distance transported and existing infrastructure (Scipioni et al., 2017). A broad 
conclusion that can be drawn from the literature is that the optimum method of transportation 
is situationally dependant.  
 
There are a number of promising hydrogen carriers that appear frequently in literature. This 
thesis focused on liquefied hydrogen (LH2), ammonia (NH3), methanol (CH3OH or MeOH) 
and perhydro dibenzyltoluene (DBT). These carriers were chosen as the most promising from 
the available literature. Table 3 presents an overview of the carrier properties, along with their 
advantages and disadvantages. The information presented in Table 3 is elaborated upon in 
Appendix A.1.2. 

Table 3.  
Hydrogen Carrier Properties 

Properties Liquefied Hydrogen Ammonia Methanol H18-DBT 
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Density 
(kg/m3)a 

71 682 792 871 

Energy 
Density 
(GJ/m3)b 

4.8 6.8 8.2 2.8 

Required 
moleculesc 

Hydrogen  Hydrogen and nitrogen Hydrogen and CO2 Hydrogen and DBT 

International 
Trade 

Not established at 
scale, but likely similar 
to liquefied natural 
gasd; currently no 
operating overseas 
transport vessel 
capable of carrying 
LH2

c 

Very well established: 
second most commonly 
produced chemical in 
the worlde 

Well established. 
Commonly produced 
chemicale 

The trade of DBT is well 
established and it is 
available in large 
quantities; can be 
transported in similar 
fashion to oilf 

 

Advantages Likely improved 
energy consumption 
for production; low 
energy consumption 
for H2 retrievalf. 

Well established supply 
chaine; nitrogen 
production is low costc; 
lower liquefaction 
temperature than LH2 (-
33oC) b. 
 

Liquid at ambient 
temperature; not 
particularly toxice 

High storage density; 
easily handed; high 
cycle stabilityf 

Disadvantages Energy and capital-
intensive processc; 
must be kept at -
253oCh to remain 
liquid; storing incurs 
boil-off losses 
(0.2%/day) c. 
 

Toxic nature requires 
professional handlinge; 
high energy 
consumption and cost 
for ‘cracking’ 
(retrieving H2 from 
NH3) i. 

Will most likely 
require direct air 
capture (DAC) of CO2 
if used at scale. DAC 
currently very energy 
and capital intensive; 
high energy 
consumption and cost 
for H2 retrievalj  

High purchasing cost of 
DBT; dehydrogenation 
(H2 retrieval) very 
energy intensivej 

 

a (Hydrohub, 2019); b (ISPT, 2017); c (Hank et al., 2020); d (Hinkley et al., 2016) e (IEA, 2019) f (Reuß et al., 2017)                                                             
g (Stolzenburg & Mubbala, 2013) h (Klebanoff et al., 2017 ) i (Lanphen, 2019) j (Terwel & Kerkhoven, 2019) 
 

2.2.2 Transportation via Pipeline and Truck  

For distributing hydrogen shorter distances or transporting on land, hydrogen is typically 
transported via pipeline or truck. Like shipping overseas, the most suitable mode of transport 
is dependent on volume, distance and existing infrastructure (Scipioni et al., 2017). Suitability 
also depends on how the mode is assessed, with certain modes and scenarios differing in 
environmental and economic performance (Wulf et al., 2018). Figure 3 shows the operating 
cost of a number of distribution methods over distance.  
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Hydrogen can be transported via truck in a compressed gaseous state, liquefied, as ammonia, 
or as an LOHC. In general, transporting hydrogen via truck is more suitable for shorter 
distances and smaller volumes. Details of transportation via truck can be found in Appendix 
A.1.2.5. 
 
The transport of compressed GH2 via pipeline occurs primarily for delivery between hydrogen 
producers and chemical/refinery facilities. The benefits of transportation via pipeline include 
low operational cost and long lifetime, but the development of new pipelines suffer from high 
capital costs and a complex ‘right of way’ process (IEA, 2019).  
 
One option is to ‘blend’ hydrogen into natural gas for transportation. This can reduce the carbon 
intensity of natural gas, but there is a limit to the percentage that can be safely blended and still 
allow for safe equipment operation. Country limits vary from 0.1-10% (Agency for the 
Cooperation of Energy Regulators [ACER], 2020).  
 
It is also possible to repurpose existing natural gas transmission infrastructure for hydrogen 
transport, which could greatly reduce capital investment. Problems with this include 
embrittlement of standard steel piping (van Gerwen et al., 2019) and the necessary increase in 
capacity to account for the low volumetric density of hydrogen. Ammonia and LOHCs can also 
be transported via pipeline in a similar fashion to fossil fuels.  
 
The IEA (2019) report suggests that for overland transport, distances below 3500km are most 
suited to GH2 pipeline transport, whereas distances greater than 3500km are most suited to 
ammonia pipeline transport. If compared to overseas transportation, pipelines remain 

Figure 3  
Cost of hydrogen distribution methods (IEA, 2019) 
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competitive only for distances below 1500km. Further information on pipeline transportation 
is presented in Appendix A.1.2.6.  

2.3 Hydrogen Storage  

As with the transport of hydrogen, the most appropriate method of storage is situationally 
dependant. Factors to consider include the volume required, duration of storage, speed of 
discharge and geographic/spatial availability (IEA, 2019).  
 
Gaseous hydrogen can be stored at large scale or over long duration geologically, in depleted 
natural gas/oil reservoirs, aquifers and salt caverns. Of the three, salt caverns present the most 
suitable storage option (Lanphen, 2019). Due to the low volumetric density of gaseous 
hydrogen (necessitating large storage area) and the specific geological conditions required to 
form this type of storage, potential sites are geographically limited. 
 
For short durations or small-scales, hydrogen, and its carriers, can be stored in tanks. Each 
storage options presents challenges. For example, gaseous H2 mut be kept in vessels capable 
of withstanding extremely high pressures and so are limited by volume (Scipioni et al., 2017); 
LH2 and liquid NH3 must be kept at cryogenic temperatures and are susceptible to hydrogen 
boil-off (Reuß et al., 2017).  
 
A more detailed description of hydrogen storage challenges and options is presented in 
Appendix A.1.2.7. 

2.4 Current and Future Uses for Hydrogen  

Currently around 120 million tons of hydrogen are produced each year (IRENA, 2019c). 
Ninety-five percent of this hydrogen is produced through fossil fuels (The Royal Society, 
2018), which results in 830 million tons of CO2 emitted per year, equivalent to the emissions 
of Indonesia and the United Kingdom combined (Scita et al., 2020).  
 
Hydrogen is largely used in industrial application, with the top four applications being oil 
refining (33%), ammonia production (27%), methanol production (11%) and steel production 
(via the direct reduction of ore) (3%) (IEA, 2019). Figure 4 shows historical hydrogen use 
between 1980 and 2018, by sector.  
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In oil refining, hydrogen is primarily used to remove impurities from crude oil (such as sulphur) 
and to upgrade heavier crude. It is also used in oil sands and biofuels (IEA, 2019).  
 
Eighty percent of ammonia is used in fertilizer production, with 50% of world food production 
relying on fertilizer. Fertilizer production is an example of a sector for which there is no feasible 
alternative for decarbonisation, other than renewably produced hydrogen. Other uses for 
ammonia include the chemical sector, textile industry and antibacterial drugs (Patonia & 
Poudineh, 2020). Ammonia production emits 420 million tons of CO2 per year (Giddey et al., 
2017), which equates to around 1% of global emissions.  
 
Methanol is used in a variety of industrial applications and in the production of other chemicals 
(IEA, 2019). Figure 5. shows a visualisation of some of the current and future uses for 
hydrogen. 

Figure 4  
Global annual demand for hydrogen since 1980 (IRENA, 2019) 
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The IEA (2019) foresees a 7% increase in hydrogen demand for oil refining under existing 
policies, and it remaining a significant source of demand into the long term. For the chemical 
sector (ammonia and methanol), the IEA forecast a 31% increase in demand for hydrogen with 
economic and population growth and continued growth in the long term. The IEA also predicts 
growth for hydrogen use in the steel sector. All of this growth is foreseen despite efficiency 
improvements that are expected in the aforementioned sectors.  
 
There also exists numerous sectors where hydrogen is either not deployed at significant scale 
or not deployed at all. Though electrification should always by the first priority in 
decarbonisation (due to the inefficiencies in hydrogen production), there are sectors where this 
is not economically or technically feasible.  
 
High temperature heat for industrial processes is such an example. High temperature heat is 
used directly in industry for, amongst other things, melting, gasifying and drying, and indirectly 
by making steam (IEA, 2019). Hydrogen is particularly required in direct firing processes, 
where combustion gasses need to be directly in contact with the product being produced, for 
example in furnaces and kilns, and for which biomass or direct electrification is not suited. 
Hydrogen may also be the most cost effective way to decarbonise an industrial process if 
existing assets and equipment in the process can be retrofitted to use it as a fuel, thus avoiding 
the risk of retiring equipment prematurely, before the end of its useful economic life 
(Committee on Climate Change, 2018). 
 
Hydrogen use in long distance road transportation is another sector where deployment is low 
and, in some cases, non-existent. Though electric vehicles (EVs) are the optimum approach for 
short-medium distance transport, there may be cases where hydrogen is better suited for long 

Figure 5  
Current and Future Uses for Hydrogen (BNEF, 2020) 
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distance and heavy load truck transport (BNEF, 2020).This is due to the potential long range 
and quick refuelling of hydrogen fuel cells.  
 
Hydrogen or hydrogen synthetic fuels can similarly be used as replacement fuels in long 
distance marine or aviation transport (e.g., freight transport) (Hydrogen Council, 2020), for 
which there are few viable alternatives to fossil fuels. Long distance transportation requires 
fuel with a high energy density, otherwise the weight of fuel becomes a prohibitive factor. 
Batteries have a low energy density, which restricts their use for this application. For example, 
with current battery technology an Airbus 380 would require batteries with a weight equivalent 
to 30 times greater than its current fuel weight (IEA, 2020). Hydrogen based fuels are able to 
provide the high energy densities required for long distance marine and aviation transport. 
Within the global shipping industry, which generates 3% of global CO2 emissions, there is 
great interest in ammonia as a path to decarbonisation (Gallucci, 2021). MAN Energy 
Solutions, a leading producer of engines for maritime use, intends to have an engine capable 
of running on ammonia commercially available by 2024 (The Maritime Executive, 2021). 
 
Heat and power in buildings is another sector that hydrogen could decarbonise, either where it 
is not viable to decarbonise through electrification or in combination with heat pumps as part 
of a hybrid system. Such hybrid systems are identified by the UK’s Committee on Climate 
Change (2018) as having use in scenarios where high amounts of heat are required and there is 
limited renewable electricity supply, such as on cold winter days. 
 
Forecasts for future demand of hydrogen in regard to final energy consumption are varied. 
IRENA’s Renewable Energy Roadmap forecasts hydrogen accounting for 6% of total energy 
consumption by 2050, (IRENA, 2019c), whereas the Hydrogen Council forecasts a 15% share 
by 2030 and an 18% share by 2050 (Hydrogen Council, 2020).  

2.5 Hydrogen Export: Current and Future Projects 

The export of hydrogen as a commodity in itself does not exist today. Hydrogen is primarily 
produced and consumed on site (85%) or transported short distances via truck or pipeline (15%) 
(IEA, 2019). There does exist, however, an infrastructure for the export of commodities 
containing hydrogen. For example, ammonia, fertilizer and petrochemicals are exported widely 
and in great quantities: 20 million tons of ammonia are transported large distances each year 
(ISPT, 2017).  
 
There are a number of regions and projects that are exploring the possibility of establishing the 
first trading routes for hydrogen as a commodity. The following section briefly describes a 
select few of the most significant projects. 
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2.5.1 Asia Pacific 

There is a great interest in hydrogen within the Asia Pacific region, most strongly in Australia, 
Japan, China, South Korea, Singapore and New Zealand.  
 
The demand comes primarily from Japan, China, South Korea and Singapore. All have 
ambitious hydrogen strategies. (Gov. of South Australia, 2019; IEA, 2019). Interestingly, 
Japan, Korea and China are the three largest importers of liquefied natural gas (LNG) today, 
with 55% of the global market. The parallels between hydrogen and LNG have been mentioned 
previously, and these countries see hydrogen as a path to maintaining energy security, whilst 
addressing the environment effects of fossil fuel use (IEA, 2019). 
 
The hydrogen strategies of Japan, Korea and China see hydrogen use in fuel cell electric vehicle 
(FCEV) as a potential pathway (IEA, 2019). Singapore’s ambitions are slightly different, 
focused more on the replacement of LNG fuelled power plants with hydrogen (Gov. of South 
Australia, 2019). Similarly, Japan and Korea also see use for hydrogen in ‘stationary 
applications’ (i.e., power generation) alongside its use in FCEV. China’s strategy is largely 
based on FCEV, with imported hydrogen matching domestic production (IEA, 2019). Japan 
has perhaps the most ambitious hydrogen targets of all, aiming to become “the first country in 
the world to realise a hydrogen based society” (Gov. of South Australia, 2019). Japan took an 
important step towards this in 2020 with a delivery of hydrogen in the form of 
methylcyclohexane, an LOHC, from Brunei, in what can be considered the first international 
shipment of the hydrogen economy (Van de Graaf et al., 2020). 
 
Supply in the Asia Pacific region comes primarily from Australia, with the country’s hydrogen 
strategy predicted to be based off exports, particularly in the short term (Gov. of South 
Australia, 2019; IEA, 2019). One study estimates hydrogen export could be worth US$1.2 
billion to Australia by 2030. The country is the largest LNG exporter in the Asia Pacific and 
has established trade routes with many countries in the region. This could ease the transition to 
hydrogen export. There is debate surrounding the source of hydrogen from Australian 
production, however, with some pressure to utilise Australia’s significant coal resources 
combined with carbon capture and storage. New Zealand is also exploring the idea of hydrogen 
export, with an estimated 0.3 megatons (40% of potential production) available for export (IEA, 
2019).  

2.5.2 Europe 

Europe is another region which has demonstrated a strong drive towards a concrete hydrogen 
strategy. Due to its extensive gas grid and, in comparison to other regions, concentrated land-
based geography, cross border trade between European countries is likely (IEA, 2019). Europe 
has seen some of the strongest growth in planned electrolyser investment: 57% of planned 
investments up to 2030 were centred in Europe (European Commission, 2020a).  
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A European Hydrogen strategy, the ‘2x40 GW Initiative’, was proposed by the Hydrogen 
Council in early 2020 and adopted in part by the European Commission later that year. The 
proposed strategy called for the installation of 40 GW of electrolyser capacity within Europe 
and an additional 40 GW of capacity in EU neighbouring countries, such as North Africa and 
Ukraine. Of the 40 GW installed domestically, 6 GW of capacity is suggested for the captive 
market (produced and consumed on site) and 34 GW for trade. For the capacity installed 
abroad, 7.5 GW was suggested for dedicated domestic production and 32.5 GW available for 
export (van Wijk & Chatzimarkakis, 2020). Details of the Hydrogen Strategy adopted by the 
European Commission can be found in Section 3.3.5. 

2.5.3 The Middle East 

The Middle East is a region that has expressed significant interest in the production and export 
of hydrogen, particularly as some of the countries (Saudi Arabia most prominently) seek to 
diversify their economics away from oil. This is typified with the announcement of an 
agreement for the construction of a US$5 billion green ammonia production facility between 
Air Products ACWA Power and NEOM. This agreement would see the production of 650 tons 
of hydrogen per day designated for global export (Air Products, 2020).  

2.5.4 Rest of the world 

Cooperation agreements and political movements centred on the export and import of hydrogen 
are increasingly commonplace; Van de Graaf et al. (2020) term it ‘hydrogen diplomacy’. In 
essence, the engagement of political and industrial representatives of countries anticipating 
high hydrogen demand with counterparts in countries with large potential resources. Van de 
Graaf et al. cite a number of examples, including but not limited to; Morocco signing an 
agreement with Germany to produce methanol; Belgium engaging with Oman and Chile; Japan 
in discussion with Norway and Saudi Arabia, in addition to Australia and Brunei as mentioned 
above; the Netherlands interested in hydrogen from Poland; and the Dutch government 
appointing a special ‘hydrogen envoy’.  

2.6 Current and Future Costs of Hydrogen Production 

A comparison of the cost of hydrogen from alternatives sources is necessary to understand how 
economically competitive hydrogen delivered from Iceland can be. It is also useful to examine 
the literature to understand what cost green hydrogen is expected to reach in the future. As 
hydrogen cost will vary across time, geography and technology, the costs provided in Table 4 
are broad estimates. Depending on the technology and feedstocks, future costs may rise or fall.  
 
Innovation and economies of scale could drive cost reductions, as forecast with electrolyser 
and carbon capture and storage technology. Conversely, a widely adopted and ambitious cost 
of carbon would increase the cost of hydrogen produced through fossil fuels, such as with steam 
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methane reforming.  

Table 4.  
Actual and Forecast Costs of Hydrogen Production Technologies 

Technology 
Cost 

(€/kg) Year Reference 

SMRa 0.6-1.4 2019 (IEA, 2020) 
SMR with CCSb 1.0-1.8 2019 (IEA, 2020) 
Coal gasification with CCS 1.6-2.1 2019 (IEA, 2020) 
SMR with CCS 1.0-1.8 2060 (IEA, 2020) 
Coal gasification with CCS 1.9-2.1 2060 (IEA, 2020) 
Green hydrogen 1.64-5.6 2030 (IEA, 2019) 
SMR with CCS <1.3 Short-term (Hydrogen Council, 2020) 
SMR with CCS (regions with low av. gas prices) 1.0 2025 (Hydrogen Council, 2020) 
SMR with CCS (regions with high av. gas prices) 1.5 2025 (Hydrogen Council, 2020) 
Grey Hydrogenc 1.5 2019 (van Hulst, 2019) 
Grey Hydrogen (with carbon priced) 2.0 2030 (van Hulst, 2019) 
Grey Hydrogen (regions with low coal/NG price) 0.9 2020 (KPMG, n.d.) 
Grey Hydrogen (regions with high coal/NG price) 1.7 2020 (KPMG, n.d.) 
Green hydrogen 2.16-3.8 2019 (BNEF, 2020) 
Green hydrogen 1.08-2.3 2030 (BNEF, 2020) 
Green hydrogen 0.6-1.38 2050 (BNEF, 2020) 
SMR with CCS 1.2-2.1 2019 (BNEF, 2020) 
SMR with CCS 1.2-2.1 2030 (BNEF, 2020) 
SMR with CCS 1.1-1.9 2050 (BNEF, 2020) 
Green hydrogen (US) 3.83-9.25 2020 (A. Christensen, 2020) 
Green Hydrogen (EU) 3.41-16.14 2020 (A. Christensen, 2020) 
Green hydrogen (US) 2.05-5.01 2050 (A. Christensen, 2020) 
Green Hydrogen (EU) 1.87-8.41 2050 (A. Christensen, 2020) 
a Steam Methane Reforming from natural gas (NG) b Carbon Capture and Storage c From NG d carbon price of €30-40 per 
ton 
 

Table 4 demonstrates that actual and forecast costs for hydrogen cover a wide range. It should 
be noted that the actual price required for hydrogen to be competitive will vary greatly with its 
ultimate application.  

2.7 Financial Models 

There are a number of tools designed to assess the financial prospects of hydrogen production 
and transportation through different technological pathways. El-Emam and Özcan (2019) 
describe a selection of these in their paper reviewing the techno-economics of large scale 
sustainable energy production. The tool described in the paper by El-Emam and Özcan vary in 
their primary purpose and format. For example, the Hydrogen Economic Evaluation Program 
assess the economic viability of hydrogen produced through nuclear energy.  
 
The financial tools that were considered relevant to this project are the H2A Delivery Scenario 
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Analysis Model (Elgowainy et al., 2015); The Hydrogen Financial Analysis Scenario Tool 
(Penev et al., 2017); and The H2A Centralised Production Model (Penev et al., 2018). A review 
of these models can be found in Appendix A.3. 
 
The model considered most useful for adaption to this cost assessment was the HyChain II 
Import Model, which evaluates the cost of importing hydrogen into the Netherlands. A 
description of the model is given in the following section. 

2.7.1 HyChain II Import Model 

The HyChain II Import Model (Hydrohub, 2019) is part of three parallel HyChain projects that 
ran between June 2018 and May 2019. HyChain I assessed future trends in industrial hydrogen 
demand and infrastructure, whereas HyChain II assessed the cost of importing hydrogen into 
the Netherlands (in 2050). HyChain III is a technical assessment of the hydrogen supply chain. 
The HyChain project involves primarily Netherlands based organisations. It is led by the 
Institute for Sustainable Process Technology (ISPT) and focuses on how best to integrate 
renewable produced hydrogen into the Dutch economy. (Terwel & Kerkhoven, 2019). 
HyChain II is a collaboration between ISPT and Kalavasta, a climate neutral strategy 
consultancy.   
 
The HyChain II Import Model (hereafter referred to as the HyChain model) is an excel based 
financial assessment tool. It assesses three routes of producing and transporting hydrogen for 
use in the Netherlands and produces a levelised cost for each route. One route involves 
producing renewable electricity abroad and transporting it via high voltage direct current 
(HVDC) to the Netherlands, where hydrogen can be made domestically. Another route 
involves producing hydrogen abroad and transporting it in a gaseous state via pipeline. The last 
route entails producing hydrogen abroad, converting it to a hydrogen carrier (of which 10 
carriers are assessed) and shipping it to the Netherlands, via the Port of Rotterdam; the storage 
of hydrogen and its carriers are also considered in this option (Terwel & Kerkhoven, 2019).  
 
The HyChain II model assesses technical and economic parameters for each of the routes and 
compares this to hydrogen produced using domestically produced wind power. The model is 
structured according to a supply chain, in addition to input and results tabs. The supply chain 
elements tabs break down how the cost is assessed for that particular element. Along with the 
electricity production and HVDC tab, the hydrogen focused tabs break the supply chain into 
Pipeline, Carriers, Shipping, Storage and H2 Retrieval. 
 
The primary inputs are found in the ‘Inputs’ tab, where hydrogen demand can be set, as well 
as the weighted average cost of capital, the source of electricity, number of full load hours for 
electricity production, type of ship used and type of fuel, etc. With these inputs a cost is 
estimated for each country and each delivery method. As the model is broken down via supply 
chain elements, it is also possible to adjust certain inputs at a technical, economic and country 
level throughout, for the assessment of a more specific scenario. The results are presented 
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according to country and transport route.  
 
The strengths of the HyChain model are its user-friendliness, extensive supporting 
documentation, largely transparent assumptions and data, and option for adjusting to specific 
scenarios (assuming the intention is to transport H2 into the Netherlands). In particular, the 
results of the model are extremely clear and make for easy comparison.  
 
One limitation of the model is that it focuses solely on the transportation/production of 
hydrogen into the Netherlands. Though this is the intent of the HyChain project, it means that 
its wider utility is somewhat limited. The model is also set to a scale exceeding 200,000 tons 
of hydrogen delivered each year and with a reference year of 2050. Although adjustments can 
be made by the user to account for this, it is less accessible, particularly for the casual user. 
Last, there is no built-in option for sensitivity analysis of varied supply chain elements.  

2.8 Summary 

Chapter 2 described the primary elements of the hydrogen export supply chain. It explained 
that green hydrogen, produced through renewably powered electrolysis, is the only sustainable 
way to produce hydrogen. The primary issues with this method include cost, water use and 
efficiency.  
 
To transport hydrogen long distances overseas, it must be converted into a more energy dense 
substance. Examples include ammonia, methanol, H18-DBT and liquefied hydrogen. Each of 
these options presents advantages and disadvantages. For medium-long distance transport over 
land, pipeline will typically be the most optimal method. When storing hydrogen for long 
durations or in large volumes, salt cavern storage is a promising option. 
 
Though not the sole solution to decarbonisation, green hydrogen has a number of essential 
applications. Decarbonising existing hydrogen production, such as for ammonia for fertiliser, 
is one example. New applications, which electrification cannot effectively decarbonise, include 
fuel for aviation and marine transportation, industrial heating and energy storage. Because of 
these applications, there is a growing global interest in green hydrogen. To meet forecast 
demand requirements, a number of countries and regions are investigating the possibility of 
international hydrogen trade. 
 
The current and forecast cost of hydrogen production varies greatly by region, production 
method and forecaster. Today, hydrogen produced from fossil fuels is significantly cheaper 
than green hydrogen. It is possible that in the long term, however, green hydrogen will be the 
cheaper option, with costs reduction driven through innovation and economies of scale. 
 
The next chapter provides a review of the literature on geopolitics as it relates to conventional 
energy, renewable energy and hydrogen. Chapter 3 also describes the energy policies and 
strategies of Iceland and the EU. 
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Chapter 3 

3Hydrogen Geopolitics and Policy  

The geopolitics of renewable energy, and by extension hydrogen, is a relatively unexplored 
topic, particularly when compared to the extensive literature on the geopolitics of conventional 
energy sources, such as oil. This is due in part to the minor contribution renewables make to 
the global energy system, meaning their influence on geopolitics and policy has, until recently, 
been somewhat insignificant (O’Sullivan et al., 2017).  
 
This is rapidly changing. If global decarbonisation targets are to be achieved, fossil fuel 
consumption will have to be reduced and utilisation of energy from renewable sources 
increased. Access to fossil fuels has influenced much of the current world order. An increasing 
share in renewable energy will reshape this order, in effect, redrawing the geopolitical map. 
 
The following chapter briefly explains the concept of geopolitics, how it pertains to energy, 
and the possible geopolitical implications of a renewable energy dominated system. Next, it 
provides an overview of international hydrogen policy, and how hydrogen might influence the 
geopolitical order. Last, this chapter narrows its focus to Iceland and Europe, in particular 
highlighting renewable energy and hydrogen policies, and the relationship between the two. 

3.1 Energy Geopolitics 

Geopolitical theory has evolved greatly since its inception and today the term is heterogenous 
in definition. Originally, geopolitics, now known as Classic Geopolitics, was conceived as a 
“deterministic causal relationship between geography and international affairs, focused on the 
permanent rivalry, territorial expansion and military strategies of imperial powers” (Overland, 
2019). In the 1990’s a new school of thought known as Critical Geopolitics arose (Vakulchuk 
et al., 2020), which sees “[g]eographic arrangements [as] social constructions that are 
changeable over time depending on political, economic and technological changes” (Amineh, 
2003).  
 
Modern geopolitics is summarised by Austvik (2018), who states that it is now “concerned 
with the political discourse among international actors resulting from all factors that determine 
the political and economic importance of a country’s geographic location”.  
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3.1.1 Conventional Energy Geopolitics 

Geopolitics and energy are closed linked (Pascual, 2015). The association gained global 
relevance in the eighteenth century with the industrial revolution and the utilisation of coal by 
Britain in the development of its empire (Austvik, 2018). In the twentieth and twenty-first 
century, oil and natural gas became the focus of attention; access to these energy sources played 
a part in war, colonialism and the competition to build regional influence (Alverà, 2020). 
Examples of significant geopolitical events related to energy include the oil crises of 1973 and 
1979 and the gas crises between Russia and Ukraine in 2006 and 2009 (Overland, 2019). For 
these reasons, there is a substantial body of literature on the relationship between conventional 
energy sources and geopolitics (Scholten & Bosman, 2016). 
 
Conventional energy sources have entrenched geopolitical power between those on the supply 
side, primarily OPEC, Russia and the United States, and those on the demand side, including 
China, the EU and the United States (Paltsev, 2016). Energy is viewed by some as a tool that 
can enable independence and isolationism (consider U.S. policy linked to its re-emergence as 
an energy exporter through the development of shale fracking) and by others as an economic 
weapon with which to advance geopolitical goals (Pascual, 2015). Though these approaches 
may be effective in the short term, Pascual (2015) argues that proponents forget the globalised 
nature of energy markets; using energy as a geopolitical tool will inevitably have negative 
repercussions in the long term for all market actors. 
 
For the purpose of this thesis, geopolitics as it relates to energy focuses on elements described 
by Austvik (2018). The specific geopolitical impact of an energy resource is influenced by its 
availability, location, cost of utilisation, transport routes and who ultimately controls it. 
External geopolitical factors linked to energy include regional and global markets, and the 
mechanisms and regulations that determine them; market prices; political decisions; and the 
interdependence of other actors (political and commercial) with stakes in the region.   

3.1.2 Energy Security 

Energy security is a crucial aspect of energy geopolitics. Security is linked to the concept of 
dependency, with import dependency arising when a country cannot meet its energy needs 
through domestic production. Export dependency can be seen as a situation when a country 
does not have domestic customers able to satisfy its domestic production (Austvik, 2018). 
Globalised markets mean some form of export and import dependency is the normal state of 
affairs and all countries are to some extent vulnerable to changes in price and availability. The 
scale and extent of change, capacity to adjust, and reliance on that energy source all effect the 
risk associated with dependence (Austvik, 2016). 
 
Austvik (2016) describes three types of dependence, neutral, sensitive and vulnerable. Neutral 
dependence describes a situation in which a country importing or exporting energy will always 
have an alternative supplier or customer. There are numerous actors in the market, and none of 
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them have influence on market outcomes. Sensitive dependence reflects the ability of a country 
to change policies within a short time frame and within an existing framework (e.g., domestic 
or international rules). Vulnerable dependence is measured by a country’s ability to change 
after policies have been enacted. That is, the cost of making supply and demand adjustments 
in the long term. Neutral dependence should be sought after, whilst sensitive and vulnerable 
dependence should be reduced, with vulnerable dependence being the least optimum scenario. 
A countries dependence on energy will lie somewhere between these dependencies.  

3.1.3 Renewable Energy Geopolitics 

Compared to conventional sources, there is a lack of literature on the geopolitics of renewable 
energy. In a review of the subject, Vakulchuk et al. (2020) explain that although it has been 
discussed since the 1970’s, the influence of renewable energy on geopolitics is still a novel 
topic, containing great uncertainty and shortcomings.  
 
From the outset, it is important to understand that the implications of a transition to a system 
dominated by renewable energy, and the end result of such a transition, are starkly different. It 
can be argued that a transition period will result in political uncertainty and instability, the 
magnitude of which depends on how adeptly a transition is managed, but the end result will 
bring greater peace, stability and equality, if managed correctly. Instability during a transition 
phase could stem from a change in the status quo, which is likely to be contested by some 
parties. The potential for renewable energy systems to usher in greater peace, stability and 
equality stems from the characteristics of renewable energy sources. A wider geographic 
availability provides greater access potential and less opportunity for centralised control of 
resources. They also provide a lower cost of utilization and less negative environmental 
impacts. Long-term socio-economic benefits, such as employment opportunities, will be 
available for as long as the resource can be utilised. That is, indefinitely.  
 
Another important factor in the discussion of renewable energy geopolitics is the extent to 
which speculation on the future landscape is based on assumptions from the past and the present 
(Overland, 2021). Opinions on certain issues, such as oil and gas leading to geopolitical 
competition, the United States contributing to stability in the Middle East, and trade and 
interdependence promoting peace, inform an individual’s predictions for the future. At present, 
according to Overland, there is lack of consensus on the role of energy in geopolitics. This 
presents a challenge for building future scenarios for the renewable energy landscape.   
 
According to Scholten & Bosman (2016), the focus of countries will likely shift from getting 
access to energy resources to the strategic management of infrastructure, including physical 
network assets and control facilities. Strategic leverage could move from producers to 
consumers of energy and be gained by those countries that can provide balancing and storage 
services. Further, most countries will both consume and produce energy, reducing the need for 
imports and the focus on geopolitical issues. Scholten & Bosman also highlight the fact that 
countries will face a ‘make or buy’ decision, with the option of cheap energy imports on one 
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hand and security of supply on the other. 
 
Overland (2019) agrees with Scholten & Bosman, highlighting the reduced focus on access to 
resources that could make international energy affairs less geopolitical. He claims that the 
abundance of renewable resources is likely to make competition centred on technology and 
intellectual property rights, rather than the resources themselves. Overland also addresses the 
problematic approach of transposing the geopolitics of fossil fuels onto renewable energy 
sources. He foresees the future energy export market being more regional and based on long 
term contracts, so as to acquire the up-front capital needed to build renewable energy 
infrastructure; unlike fossil fuel, which is traded internationally. He raises four assumptions he 
believes to be misplaced in the literature.  
 
One of the misplaced assumptions Overland (2019) raises is the risk of competition for critical 
materials. Critical materials are raw materials essential for the production of technologies, for 
which there is no substitute. Rare earth elements are often cited as a critical material; in fact, 
they are abundant in the earth’s crust, though are often not found in concentrated form. This 
makes extraction an economically challenging prospect, rather than one of geological scarcity. 
In addition, Overland cites recycling and technological innovation as factors that can lessen the 
issue.  
 
Another misplaced assumption surrounds the ‘resource curse’. The resource curse refers to the 
negative economic impact a country experiences when opting to base its economy on the 
production of one resource. Although there are many posited explanations for this, it is 
generally thought to be a result of the country focusing its capital and labour in a few resource 
reliant industries. By failing to diversify, a country becomes vulnerable to declines in 
commodity prices (Fernando, 2020). Overland (2019) suggests several reasons why countries 
exporting renewable energy, or critical materials for renewable energy production, may not 
suffer from the resource curse. These include the need for longer-term maintenance of 
infrastructure; generation of more local jobs; and more stable revenue than is the case with 
fossil fuel exploitation. Overland also highlights the market differences between electricity and 
fossil fuels, and the learning experiences of countries that have previously suffered from the 
resource curse.  
 
Overland (2019) also claims that electricity cut-offs will not be effective as a geopolitical 
weapon, similar to how oil was used for geopolitical means during 1973/79. The reason for this 
is the majority of future electricity trade relationships will be more symmetrical than 
conventional energy trade relations.: states will both produce and consume electricity, so trade 
will flow both ways. Even in trading relations where one state is heavily reliant on electricity 
import from another, the importer will still have the option to develop renewable resources in 
some capacity.  
 
Last, Overland believes the threat of cyber-attacks on renewable infrastructure is exaggerated. 
Though he makes it clear that the threat does exist, he believes the extent to which it is a concern 
is overstated, citing the cyber-attack on Ukraine’s power grid in 2015—the first successful 
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cyber-attack on a power network. Overland points out that not only was Ukraine a special case, 
combining poorly maintained energy infrastructure, corruption and military conflict, but that 
the impact was limited to 0.015% of Ukraine’s daily electricity consumption. In addition, it is 
likely that future grids will be more decentralised than at present, further reducing the risk of 
cyber-attacks on entire networks.  
 
The problem of applying a framework suited to fossil fossils to geopolitical analysis is also 
raised in the review by Vakulchuk et al. (2020). The authors believe that little concern is given 
in the literature to distinguishing between types of renewable energy and their geopolitical 
consequence, or between the transitional phase of renewable energy adoption and the end 
result. Commenting on this transition, Paltsev (2016) notes that conventional and renewable 
energy geopolitics will likely exist for a long time, which could result in unusual and 
unintended consequences. Paltsev references the case of the Vermont Yankee nuclear power 
plant in New England which, after being closed in 2014 resulted in an increased use of natural 
gas plants and thus increased carbon emissions.  
 
In a similar vein, Leonard et al. (2021) discuss the implications of a reduction in oil demand, 
which could force higher cost producers, such as Russia, Venezuela and Iran out of the market, 
leaving the market dominated by low-cost producers such as Saudi Arabia. Whilst the reduction 
in oil demand seems positive from a decarbonisation perspective, Leonard et al. note that low 
oil prices could make it harder for renewable energy resources to compete with the incumbent 
energy regime, thus slowing a transition to renewables. 
 
Overall, Vakulchuk et al. (2020) consider fossil fuel exporting countries to be the likely losers 
in an energy transition, with many countries benefiting from energy independence. They also 
believe a shift to mutual (‘horizontal’) dependences, more regional communities and a greater 
number of actors may well create more levelised and stable energy relationships. In the long 
run, reduced political and economic inequalities should create a more level playing field 
(Sweijs et al., 2014). 

3.2 Hydrogen Geopolitics  

Within the limited literature on the geopolitics of renewable energy, hydrogen receives little 
mention. This is surprising, given the increasing number of hydrogen transition strategies that 
are being adopted globally. 
 
It is clear that the geopolitical framework for conventional energy sources cannot be directly 
applied to renewable energy. One lesson that can be drawn from the analysis of conventional 
energy is that sources of energy should be evaluated individually (Pflugmann & De Blasio, 
2020). Just as oil and natural gas have different geopolitical effects, so do renewables like solar 
and wind. Amongst the renewable sources, hydrogen is even more distinct, as, being a 
molecule, it can be stored and transported with greater ease than electricity.  
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3.2.1 Similarities to the Natural Gas Market 

From some perspectives, future hydrogen markets, assuming they develop at scale, may 
resemble regional natural gas markets today (Pflugmann & De Blasio, 2020; Szabó, 2020; Van 
de Graaf et al., 2020). In addition to the molecular similarities between hydrogen and natural 
gas, it’s likely it will be traded regionally rather than globally (due to the high cost of 
transportation) and, depending on trade-offs between cost and security of supply, a few 
countries may develop into large regional exporters.  
 
The troubled development of the natural gas market raises some concerns that a hydrogen 
market could follow suit. One concern is the establishment of early bilateral contracts and the 
increasing use of ‘hydrogen diplomacy’ (Van de Graaf et al., 2020). The risk, according to Van 
de Graaf et al., lies in the hydrogen market starting from the same position as the global LNG 
market, which was typified by bilateral, long-term contracts with oil-indexed prices: termed 
‘floating pipelines’ by Bridge & Bradshaw (2017).  
 
The traditional LNG networks were characterised by the integration of upstream (production, 
liquefaction and transportation) and downstream (regasification, transmission and 
consumption) phases of LNG supply into single entities. Typically, the upstream entity was a 
national oil company and the downstream entity either a national monopoly buyer, or 
regional/municipal utility company. The capital cost of liquefying natural gas is high, and 
plants have limited flexibility in regard to production volume; it was therefore essential to 
secure a downstream buyer before investing. To ensure a safe and reasonable return on 
investment for the producer, contracts were long term, high volume and fixed price; typically 
between national or regional entities, who are better suited than corporate entities to enter into 
such agreements. This, additionally, brought a great deal of oversight by governmental and 
international organisations. These floating pipeline contracts therefore became in essence 
highly constrained, self-contained projects, with little to no flexibility for the producer or 
supplier (Bridge & Bradshaw, 2017). These inflexible long-term contracts barred new entrants, 
stifled competition and hindered switching between buyers and sellers, in essence creating 
markets that were operating inefficiently and not reflecting the true price of LNG trade.  
 
In addition, the experience of the natural gas market suggests that well-coordinated 
international organisations are crucial to effective development but that they are very difficult 
to establish (Van de Graaf et al., 2020). Such organisations can help ease geopolitical tensions 
by creating international frameworks, regulations and certificates of origin detailing the carbon 
content of hydrogen; reducing investment risk; supporting R&D; and establishing hydrogen 
roadmaps, all of which was lacking in the development of natural gas markets. 
 
Historical disruptions to the natural gas market can also help guide strategy and policy, 
according to Pflugmann & De Blasio (2020). Unlike oil, where market disruptions typically 
have global repercussions (for example the attack on Saudi Arabian facilities in September 
2019 that caused the steepest oil price increase in 30 years), disruptions to natural gas markets 
typically have more limited regional effects (for example, Russia cutting off gas to Ukraine in 
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2006 had repercussions for the EU—see Section 3.2.3—but little effect on global price). 
Though better for the global market, this has security of supply implications for countries that 
may end up relying on hydrogen from a regional supplier. To this end, it could be argued that 
such countries should pursue a strategy that prioritises security of supply through domestic 
production over low-cost imports. Research suggests this is the policy countries are currently 
pursuing (Pflugmann & De Blasio, 2020). As hydrogen trade will be less asymmetric than the 
trade in natural gas, and most countries are likely to be ‘prosumers’ (Van de Graaf et al., 2020), 
this will help to avoid complete dependencies.   

3.2.2 Hydrogen Exporters 

Pflugmann & De Blasio (2020) categorised countries according to their potential for hydrogen 
production. The analysis was based on a country’s endowment of renewable energy resources 
(specifically solar and wind power), availability of fresh water and potential to develop 
infrastructure (based on existing infrastructure development). The categorisation can be seen 
in Figure 6. 
 

 

Figure 6  
Categories for countries hydrogen producing potential (Pflugmann & De Blasio, 2020) 
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Countries within Group 1 are considered the most likely to develop into global exporters of 
hydrogen, as they possess high resource endowment and well-developed infrastructure. Group 
2 countries are in a similar position but have limited access to freshwater; they could utilise 
desalination of seawater, but this would add to the required renewable energy capacity and 
cost. Group 3 countries will likely need to import hydrogen, as the available capacity of 
renewable energy and/or land is not sufficient to meet domestic demand for energy. Group 4 
countries are likely to be able to meet domestic demand through their own resources but may 
choose to import due to cost considerations. Some countries in Group 4 may also develop into 
regional hydrogen exporters. Group 5 countries possess many of the attributes to produce large 
volumes of hydrogen, but due to complex geographies, such as large landmasses and 
impassable terrains making infrastructure developments costly and complex, will struggle to 
develop the cohesive hydrogen infrastructure necessary to become exporters (Pflugmann & De 
Blasio, 2020). 
 
Pflugmann and De Blasio’s framework can help in predicting how the future geopolitical 
energy map may appear and what strategies countries are likely to pursue. For example, 
renewable constrained regions like parts of the EU and south-east Asia, in which many 
countries are net energy importers, are likely to rely, at least in part, on hydrogen imports and 
so should prepare for strategic supply diversification to ensure energy security. Conversely, 
‘export champions’ could begin to implement policies to drive technological innovation, 
develop pilot projects, reduce market risk and develop infrastructure so as to gain a first mover 
advantage within the hydrogen market. For importers and exporters, Pflugmann and De Blasio 
highlight the need for international standards and regulation for the production, transportation 
and use of hydrogen.  
 
Van de Graaf et al. (2020) also discuss the issue of strategic choice. For countries with less 
abundant renewable resources, they highlight the need to make prompt decisions on the benefits 
of domestic production against cheaper imports in regard to security of supply. Resource rich 
countries, on the other hand, need to weigh the benefits of exporting hydrogen against attracting 
industries into the country, such as iron and steelmaking, that are likely to require large volumes 
of hydrogen in the future.  
 
Perner & Bothe (2018), in their study on developing a roadmap for an international ‘Power-to-
X’ industry (the production of hydrogen and synthetic fuels from electricity), identify ‘hard’ 
and ‘soft’ factors for assessing a country’s export potential. Hard factors are separated into 
Criteria 1: the cost of energy from RES; and Criteria 2: area specific resources, such as land 
and freshwater availability. Soft factors are identified as Criteria 3 and include a country’s 
political stability, development and existing energy infrastructure. Hard factors are the initial 
filters for identifying countries with export potential, though soft factors are crucial in 
determining its true export potential. 
 
The effects of a changing global energy system on existing energy exporters must also not be 
discounted. Many exporters, particularly in the MENA region have rapidly growing 
populations. If the revenue from oil and gas exports was to diminish, these countries could be 
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left in precarious positions. This not only effects the country itself, but its regional neighbours, 
who could see increased flows of economic and conflict migration (Alverà, 2020). 

3.2.3 Alliances and Trade Routes 

Alliances in the conventional energy market today are typified by the Organisation for 
Petroleum Exporting Countries (OPEC), a group containing 15 oil producing countries that (as 
of 2018) produced 40% of the world’s oil and controlled 80% of global reserves (Ji et al., 2019). 
OPEC works to control the global oil market, typically by manipulating the supply from its 
member countries. The effectiveness and influence of OPEC is debated, but it is generally 
agreed, amongst countries outside of OPEC, that as a ‘cartel’, OPEC is not desirable in the 
international market.  
 
Given the distributed nature of renewable energy it is highly unlikely that an organisation with 
OPEC like influence could develop within a hydrogen economy (Van de Graaf et al., 2020). 
Considering the framework presented by Pflugmann & De Blasio (2020), it is reasonable to 
assume that alliances or relationships could develop that have a small number of ‘export 
champion’ countries at their centre. However, these are more likely to be regional than global. 
Although global prices may not be effected, tactics such as constraining production capacity or 
flooding/starving markets could be utilised to some effect regionally as geopolitical weapons 
(Pflugmann & De Blasio, 2020).  
 
If the hydrogen economy continues to develop without cooperation and collaboration between 
nations, it is possible that international competitiveness, energy security and energy 
independence could suffer. An example of this can be noted with solar panel manufacturing in 
China, which developed such low-cost production that manufacturers in Europe were unable 
to compete, resulting in anti-dumping and anti-subsidy measures in 2013 for Chinese 
manufactured products (Blenkinsop, 2018). There are fears this may repeat itself with 
electrolyser manufacturing, amplified by the announcement by Bloomberg New Energy 
Finance (BNEF) in 2019 that electrolysers are 83% cheaper to produce in China than in the 
west (BNEF, 2020; Van de Graaf et al., 2020). International organisations and alliances are key 
in this case to encourage fair market conditions.  
 
In building new hydrogen alliances, caution should be heeded in the exploitation of countries 
with abundant natural resources. Some developing countries that are well positioned to be 
regional or global exporters, located in North and sub-Saharan Africa, for example, do not 
always possess strong economic or political institutions. It is possible that these countries could 
be the subjects of ‘green colonialism’(Van de Graaf et al., 2020), with more developed 
countries benefiting from their natural resources and the less developed countries seeing little 
in return. Germany’s intention to construct a hydro plant in the Democratic Republic of Congo, 
for the production of cheap hydrogen to be imported into Germany, is an example of a project 
which risks falling into the category of green colonialism (Radowitz, 2020). 
 



   42 
 

 
 

Existing trade relationships, that have previously brought stability and assurance to regions, 
may change with the development of a hydrogen economy, risking that stability. An interesting 
case is the relationship that was built between Russia and the EU over the trade of natural gas, 
which played a part in normalising relations during the Cold War (Szabó, 2020). Szabó asserts 
that the trade in natural gas has been key in maintaining relations between Russia and the EU, 
holding together, admittedly in a deteriorated form, despite the Russian annexing of Crimea. If 
the EU’s hydrogen strategy results in a shift away from Russian natural, by not allowing for 
the use of blue hydrogen produced through steam methane reforming and carbon capture, the 
relative stability of the region could be undone. Using a different case, it could be argued that 
a pivot away from oil and the associated meddling in the Middle East by western powers could 
usher in greater stability to the region, in the long run. On the other hand, as mentioned 
previously, decreased government revenue may well destabilise the region further, particularly 
in the short term; a scenario that actors in the region must be acutely aware of. 
 
Existing trade routes are likely to change, which could ease geopolitical tension in some areas, 
whilst raising it in others. If hydrogen is exported overseas then current marine chokepoints 
such as the Strait of Hormuz, through which one fifth of globally produced oil currently passes 
(Scholvin, 2016), may become less relevant and therefore less politically sensitive. Other 
maritime areas, such as the East China Sea, may become sources of greater geopolitical tension 
(Pflugmann & De Blasio, 2020). Japan and China border the East China Sea and the area is 
already a source of dispute (Chandran, 2017). Japan and other East Asian countries have 
implemented ambitious hydrogen strategies that will rely on the maritime transport of hydrogen 
passing through the East China Sea, raising the risk further of the area developing into a 
geopolitical hotspot.  
 
The regional movement of hydrogen will necessitate transportation via land and, just like 
natural gas today, will require the involvement of transition countries through which 
transportation infrastructure passes. The potential vulnerability of this is exemplified by 
Ukraine, through which the majority of natural gas from Russia previously passed to the EU, 
before the development of the Nord Stream and Nord Stream 2 pipelines. The winters of 2005-
2006 and 2008-2009 saw Russia cut supply to Ukraine over price, debt and policy disputes. 
Along with the harm done in Ukraine, this was a serious threat to the EU’s supply of natural 
gas (Mikulska & Kosinski, 2020), resulting in disruptions to industrial production and 
measurable economic harm (Bartuška et al., 2019). In addition to the disruption of supply as a 
potential geopolitical tool, existing energy infrastructure is at risk from external threats, 
including terrorism. Hydrogen infrastructure would face these same vulnerabilities. 

3.2.4 Considerations for Hydrogen Policy 

Though the geopolitical nature of a hydrogen economy is speculative at this stage, some policy 
considerations can be drawn from past experiences and anticipated developments that will help 
guide a transition.  
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First, it is widely agreed upon amongst actors within the hydrogen sector today that an 
international certification standard detailing the origin and carbon content of hydrogen is 
essential for the proper functioning of the market and to achieve the goal of climate change 
mitigation (Pflugmann & De Blasio, 2020; Van de Graaf et al., 2020).  
 
Second, the strategy of individual countries should match their potential for hydrogen 
production. For example, countries with limited production potential must weigh the benefits 
of security of supply against cheaper imports and look to diversify their sources in the case of 
the latter. Countries with strong production potential should consider the benefits of exporting 
hydrogen against attracting downstream industries and look to put in place policies that will 
gain them first mover advantages.  
 
Third, the role of blue hydrogen in future strategies must be carefully considered. Utilising it 
as a source, with the benefit of low cost and scope for scaling, will help the development of 
infrastructure and may ease the transition away from natural gas. Although this may help 
prevent geopolitical disputes, it also runs the risk of ‘carbon lock-in’, and the reliance on a 
source that can never be completely carbon neutral.  
 
Fourth, international and regional organisations are crucial in developing a coordinated, well-
functioning and fair market that benefits all actors. In particular, leaving the development of a 
hydrogen economy to market forces risks geopolitical destabilisation (Szabó, 2020).  
 
Last, the interests of national and industrial security must be balanced with the goals of 
“mitigating climate change and ensuring geopolitical stability” (Van de Graaf et al., 2020). 
 
Despite all the attention hydrogen is currently receiving, Van de Graaf (2021) believes it 
unlikely that hydrogen will ever achieve the same significance as oil in terms of market share, 
application and geostrategic importance. Countries should bear this in mind when devising 
hydrogen policy and avoid transplanting existing policies for conventional energy into their 
hydrogen strategy.   

3.3 Energy Policy, Strategy and Geopolitics within Iceland and 
the Europe Union 

Following a discussion of the geopolitical impacts and policy consideration of renewable 
energy and hydrogen, this section looks specifically at the energy policies and strategies of 
Iceland and the EU.  

3.3.1 Icelandic Energy Policy 

Background information on Iceland, including its energy resources and current hydrogen 
projects, can be found in Section 1.6.2. 
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Iceland is a signatory of several international agreements, which go some way in influencing 
its energy policy. The most influential agreements are the United Nations Framework 
Convention on Climate Change (UNFCCC), signed 1992 at the Earth Summit in Rio de Janeiro, 
which aims to limit the concentration of GHG in the atmosphere; the Kyoto Protocol (a protocol 
of the UNFCCC) signed 1997, which set legally binding obligations to not increase GHG 
emissions above 10% of 1990 levels, over the period 2008-2012; the Doha Amendment 
adopted 2012, which establishes the second commitment period of the Kyoto Protocol (2013-
2020) and was signed as a joint agreement with the EU; and the Paris Agreement, signed 2015, 
which aims to keep global temperature rise between 1.5-2 degrees Celsius above pre-industrial 
levels (Keller et al., 2019). 
 
Due to Iceland’s remote location and isolated energy system, it’s membership of the EEA in 
regard to European energy legislation is unique (European Commission, 2019). Iceland has 
adopted a number of Directives in accordance with EU legislation, including the Renewable 
Energy Directive (2009/28), Directive on the labelling and standard information of energy-
related products (2010/30) and Directive on the deployment of alternative fuels infrastructure 
(2014/94) (Steingrímsdóttir, 2019). 
 
In September 2019, the Icelandic government approved the implementation of the EU Third 
Energy Package (Reuters, 2019), which aims, amongst other things, to improve the functioning 
of the European internal energy market. The approval of the Third Energy Package was 
controversial in Iceland, in particular surrounding the construction of an electricity 
interconnector to the United Kingdom. However, the adoption of the package came with 
conditions recognising Iceland’s unique geographical position. Iceland has continued full 
sovereign control over its energy resources; Iceland has no obligations to increase 
interconnection with other member states; the Agency for Cooperation of Energy Regulators 
(ACER) has no impact on Iceland’s decision making on energy matters; all decisions on the 
construction of interconnection infrastructure are to be made by Iceland; and, if interconnection 
infrastructure is developed, the EFTA Surveillance Authority, rather than ACER, is charged 
with monitoring (European Commission, 2019). 
 
The Icelandic Government at present does not have a tangible strategy, or direct schemes for 
the promotion of renewable energy sources (Breitschopf & Zheng, 2020). New energy projects 
are appraised by an expert steering committee operating under The Master Plan: a tool 
introduced in 1999 and regulated by Act No.48/2011 to balance the interests of natural 
conservation and energy utilisation. The Master Plan is currently in its fourth phase, running 
from 2017-2021 (ramma.is, n.d.). 
 
In September 2018, the government published a Climate Action Plan (CAP), replacing the 
original climate action plan adopted in 2007. The aim of the CAP is to achieve the goals set 
out in the Paris Agreement and reach carbon neutrality by 2040. The CAP focuses largely on 
electrification of the transport sector (the primary source of Iceland’s fossil fuel use) and action 
on afforestation, revegetation and wetland reclamation in an effort to re-establish areas for 
natural carbon sequestration (Keller et al., 2019). 
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The most recent development in establishing a firm Icelandic energy policy was the publication 
by the  Ministry of Industries and Innovation (2020) of a policy proposal, entitled Sustainable 
Energy Future: Energy policy until the year 2050 to be presented to the Iceland Alþingi 
(parliament). The policy document was prepared by representatives from all parliamentary 
parties, four ministerial representatives and key stakeholders. The policy covers the years 
leading up to 2050, by which time Iceland aims to have replaced all fossil fuel use with 
renewables, and to have reached carbon neutrality (by 2040). The policy recommendation 
focuses on five key areas: Energy Security, Energy Transition, Energy Efficiency, Society and 
Economy, and Environment, and establishes 12 goals to be achieved, including meeting all 
societal energy needs, minimising environmental impact and creating national benefit from 
energy resources. 
 
Additional concerns include whether Iceland is getting true and fair value from its abundance 
of renewable energy resources. Partly due to problems with its internal energy market, the issue 
also lies in Iceland’s distance from mainland Europe, making the trade of energy problematic 
(Næss-Schmidt et al., 2017). One solution to this is the construction of an electrical 
interconnector between Iceland and the United Kingdom. The proposal is technically and 
economically complex and has met with fierce political and social opposition. As well as the 
enormous cost, social resistance centres on the concern of rising electricity prices for 
households and the fear of Iceland’s resources being exploited at the expense of its natural 
environment. Discussions on the proposal are ongoing (Fjeldsted et al., 2019). 

3.3.2 Iceland’s Potential as a Hydrogen Exporter 

Iceland does not currently have a national strategy to promote the use of hydrogen, although 
the proposed energy policy released in 2020 includes the need to decarbonise transport through 
the use of renewable fuels as one of its eight actions (Ministry for Environment and Natural 
Resources, 2020).  
 
Iceland’s potential for low-cost hydrogen production and export has been noted in a number of 
recent studies. Pflugmann & De Blasio (2020) classify Iceland as a Group 4 country, meaning 
a resource-rich nation with high infrastructure potential (see Figure 6 in Section 3.2.2). 
Interestingly, only solar and wind power are considered in their assessment of resource 
endowment, suggesting Iceland, which utilises hydro and geothermal power, is somewhat 
underrated. Irrespective of this, Group 4 countries, according to Pflugmann & De Blasio, are 
faced with a make-or-buy decision in regard to hydrogen. Some, however, will have sufficient 
resources to become regional exporters. Iceland’s potential for hydro and geothermal utilisation 
is estimated at around 50 terawatt hours (TWh) per year, whereas it’s domestic consumption is 
only around 17 TWh per year (Agora Verkehrswende, 2018). The country therefore has an 
excess of hydro and geothermal energy which has yet to be utilised.  
 
Using Perner & Bothe's (2018) hard and soft factors as an assessment framework (see Section 
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3.2.2), there is further reason to believe Iceland could become a successful regional exporter 
of hydrogen. Indeed, the authors note Iceland, alongside the Middle East and North Africa 
(MENA), as able to outperform Europe in terms of low-cost hydrogen production. For the hard 
factors, the country has an abundance of renewable energy resources that have historically been 
provided at low cost to large energy consumers, meeting Criteria 1. It also has large volumes 
of accessible fresh water and large areas of available land, meeting Criteria 2. In regard to the 
soft factors identified in Criteria 3, Iceland can be said to be a well-developed country with a 
strong and stable government and modern energy infrastructure.  
 
In addition to Perner & Bothe’s hard and soft factors, there are other attributes that make 
Iceland a potential regional hydrogen exporter. It is in close proximity to Europe, with an 
estimated sea voyage of 2-3 days (MarineTraffic (n.d.), reducing transport cost and time. Being 
a close geographic neighbour and member of the EEA, Iceland also has strong political and 
economic ties to Europe, making hydrogen export a secure option for both parties.  

3.3.3 The European Union Energy Policy 

EU energy policy finds legal basis in Article 194 of the Treat on the Functioning of the 
European Union (TFEU) (European Parliament, 2020), introduced as part of the Lisbon Treaty 
which entered into force 1 December 2019 (Szabo, 2016). Article 194 of the TFEU includes 
provisions relating to, amongst other things, security of supply (Article 122 of the TFEU); 
internal energy markets (Article 114 of the TFEU); external energy policy (Articles 216-218 
of the TFEU); and coal and nuclear energy. Although Article 194 of the TFEU signals a move 
towards a common energy policy, it maintains that every member state of the EU has a “right 
to determine the conditions for exploiting its energy resources, its choice between different 
energy sources and the general structure of its energy supply” (European Parliament, 2020).  
 
Energy policy today is guided by the main aims of the Energy Union. The Energy Union, 
established in 2015 and initially conceived by then President of the European Council, Donald 
Tusk, was introduced under the administration of Jean-Claude Junker, President of the 
European Commission (Austvik, 2016). The Energy Union has five main aims: the integration 
of the internal energy market; ensuring security of supply; improving energy efficiency; 
reducing emissions; and promoting research, innovation and competitiveness (European 
Parliament, 2020).  
 
A major theme running through the aims of the Energy Union is increasing domestic energy 
production and reducing the reliance on foreign energy imports. The 2006 and 2009 Russian-
Ukraine gas crisis was the catalyst for the EU to pursue a diversification strategy, with the aim 
of enhancing security of supply (M. Leonard et al., 2021) and increasing ‘solidarity and 
cooperation’ (European Parliament, 2020) between member states: in effect aiming towards a 
reliance on internal energy resources. This pivot targeted infrastructure, including liquefied 
natural gas terminals in Poland and the Baltic states, and legislation, including regulations on 
the security of gas supply and risk preparedness in the electricity sector (M. Leonard et al., 
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2021). 
 
The aim of enhancing security of supply also extends to the EU’s reliance on critical materials. 
The EU is extremely reliant on the import of critical materials. Internally it only produces 
around 3% of the raw materials required for lithium-ion batteries and fuel cells. To this end, in 
2011 the European Commission produced a list of critical materials, which is updated every 
three years: at the time of writing it includes 27 critical raw materials (M. Leonard et al., 2021). 
 
In 2018, a new package to guide energy policy was adopted as part of Regulation 2018/1999 
(2018), entitled the ‘Clean energy for all Europeans’ package. This policy builds on the Third 
Energy Package, adopted in 2009, and sets the goals of reducing GHG emissions 40% against 
1990 levels; increasing the share of renewable energies to 32% (Directive 2018/2001) 
improving efficiency by 32.5% (Directive 2012/27/EU [amended]); and having at least 15% 
interconnection of electricity systems (by 2030), as laid out in Article 4 of Regulation 
2018/1999. As part of this package, member states were required to present an Integrated 
National Energy and Climate Plan by 31 December 2019, and present updates to the plan every 
ten year (European Parliament, 2020). 
 
In 2020 the European Commission introduced The European Green Deal, a net zero growth 
strategy that emphasises sustainability in economic and societal development (European 
Commission, 2020b). This included the Energy Sector Integration Strategy, which highlights 
the need for coordination and planning across the EU energy system as a whole, rather than 
independent system operation (Lambert, 2020). Along with The European Green Deal, the 
Commission also proposed a European Climate Law, which amends Regulation (EU) 
2018/1999. The European Climate Law establishes legally binding targets of net zero by 2050, 
sets emission reductions of 55% by 2030 compared to 1990 levels, and includes measures to 
track progress and adjust action where necessary. With the European Climate Law, progress 
will also be reviewed every five years (European Commission, 2020b). At the time of writing, 
the proposed European Climate Law had been agreed to by the EU member states but not yet 
passed into law (Abnett, 2020).  
 
The EU Emissions Trading Scheme (EU ETS) is a tool, introduced in 2005, to help the EU 
reach its climate and decarbonisation goals. The EU ETS sets a limit on the level of emissions 
that can be emitted by companies operating within the EU market, which decreases each year. 
Emission allowances are bought or, in some cases, allocated and can be traded (European 
Commission, n.d.). 
 
Unsurprisingly, there is not complete agreement over the most important aspects of energy 
policy within Europe. Whereas more western member states typically prioritise increasing 
integration of the union and combating climate change, countries in central and eastern Europe 
typically see security of supply, primarily in regard to gas imports from Russia, as the more 
important issue (Austvik, 2016). 
 
Bartuška et al. (2019) highlight the need to maintain and further encourage transparency within 
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Europe’s Energy Union and policies. Using the example of imported gas from Russia, they 
note that larger European countries can exercise buying power to get cheaper imports than 
small countries are able to achieve. This can cause conflict and discontent between member 
states and risks smaller states drifting towards Russia in the hope of more prosperous economic 
arrangements. Although the EU aims to move away from the import of Russian gas, it is 
plausible that with the import of electricity or hydrogen from neighbouring regions this 
scenario could arise again. Transparency in energy transactions is therefore crucial.  

3.3.4 Geopolitical Implications of EU Energy Policy  

Like the policies themselves, the implications of the EU’s energy policy are numerous and 
complex. For brevity, this section is limited to a mention of some of the more significant 
implications.  
 
It should be noted at the start that EU policies are sometimes contradictory in nature. Franza & 
Van Der Linde (2017) cite an example of conflict between the EU’s humanitarian policy of 
promoting democracy and human rights, and the energy policy of enhanced security of supply, 
which on occasion entails energy import agreement with countries that either do not align with 
the EU’s humanitarian policies, or behave in ways that strongly oppose them.  
 
The aim of EU energy policy, to increase domestic production of energy whilst reducing 
reliance on foreign imports, will have positive geopolitical implications within Europe. The 
EU could achieve much greater energy security of supply and, in the long run, reduce political 
and economic inequalities amongst member states. Energy producers will be less able to use 
their resources as a ‘carrot and stick’. For example, less reliance on Russian gas in the long 
term will give the EU greater leeway in dealing with Russian interference in Central and 
Eastern European countries (Sweijs et al., 2014). It should be noted that in the short term, as 
the EU aims to move away from coal to achieve its climate goals, it may find itself even more 
reliant on natural gas from Russia (M. Leonard et al., 2021). 
 
If the EU is able to successfully promote renewable energy policies internationally, particularly 
in countries suffering from the resource curse, then diversified RES and reduced competition 
over fossil fuel resources might help usher in a measure of political stability and peace in the 
long term. EU policy to mitigate the worst effects of climate change will also contribute to 
reducing the risk of natural disasters, and the promotion of this internationally would further 
benefit geopolitical stability.  
 
International collaboration will be essential in ensuring the success of the EU ETS. The EU 
ETS functions by taxing domestic production, which puts it at a competitive disadvantage 
compared to products imported from outside Europe. To resolve this, the European 
Commission has proposed the introduction of a carbon border adjustment mechanism. This 
adjustment mechanism would create a fairer market for domestic producers by ensuring the 
embedded carbon in imported products is taxed at the same rate as those within the EU ETS 
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(Leonard et al., 2021).  
 
Along with the technical challenges of determining the level of carbon in an imported product, 
the adjustment mechanism risks retaliatory measures from trading partners, who could view it 
as a protectionist policy, contradicting the rules of global trade established by the World Trade 
Organisation. A form of international collaboration is therefore essential for the adjustment 
mechanism to “minimises the potential costs to the international system, while maximising the 
chances that it reduces global carbon emissions” (M. Leonard et al., 2021). Leonard et al. points 
to the United States as a crucial partner in this effort. If the EU and United States (who together 
account for 40% of global GDP and 30% of imports), together with other nations, can form an 
alliance based around the global implementation of a carbon border adjustment mechanism, it 
would be economically and politically disadvantageous for other countries to implement 
retaliatory measures. 
 
Although in some ways enhancing Europe’s security of supply, it is possible that EU energy 
policy directed at promoting renewable energy could result in an unintended vulnerability, 
caused by a reliance on imported materials/elements needed for the production of renewable 
technologies. Europe has only a small capacity for the domestic production of the 
materials/elements required, and so may find itself more reliant on trade from countries and 
regions with greater capacity, such as China (Sweijs et al., 2014). Although the ultimate 
reliance on materials is contested (Section 3.1.2 and Overland [2019]), the reality is unknown 
and should be considered a potential threat.  
 
The potential negative impact of EU energy policy on countries in Europe’s neighbouring 
region, and subsequent consequences for Europe itself, are perhaps the most significant, 
particularly in the short term. According to Franza & Van Der Linde (2017), Europe is 
positioned adjacent to what is considered a ‘new arc of instability’, which includes the Arabian 
Peninsula, the Sahel, Russia and countries of the former Soviet Union. Countries in this region 
are particularly reliant on the export of conventional energy sources, producing over half the 
oil and nearly half the gas worldwide. It is argued that a reduction in demand for fossil fuels, 
and subsequent reduction in government revenue, could result in civil and political unrest. This 
is not a certainty, however, and Sweijs et al. (2014) suggest the possibility that decreased price 
through lower demand could reduce conflict to some extent, as fossil fuel resources would hold 
less value. 
 
Assuming a reduction in demand for fossil fuels does trigger a decrease in stability, then 
together with the devastating implication for the affected countries, Europe’s closeness to the 
region means it is likely to suffer knock-on effects. These will mostly be an escalation of the 
troubles already plaguing Europe and include unsustainable migrant and refugee flows; 
reduced security of supply chain routes for imported commodities; increased risk of terrorism; 
and an increase in aid to disaster hit regions (Franza & Van Der Linde, 2017). From an 
economic perspective, these effects could cause Europe to fall behind in competition with other 
major economies in North America and East Asia, which are geographically more distant and 
thus less susceptible to these impacts. 
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Sweijs et al. (2014) highlight Russia, Algeria, Egypt, Qatar, Saudi Arabia, Kazakhstan, and 
Libya as the countries most vulnerable to a decline in fossil fuel imports from the EU, due to 
the amount of energy the export and the share of oil and gas revenue in their national budgets. 
Sweijs et al. also note that countries which are reliant on fixed assets linked to the EU, such as 
pipelines in Algeria, Russia and Libya, will have a harder time adjusting to a changed EU 
demand than countries which export energy in a more flexible manner, such as through 
liquefied natural gas. 
 
The EU must be conscious of the negative implications of its energy policy, particularly within 
the short term and amongst countries that are economically reliant on energy exports to the EU. 
Although not inevitable, negative repercussions are highly likely, and these should be prepared 
for. The EU can help mitigate the likelihood of the negative outcomes outlined above by a 
promotion of climate neutral policies, and by supporting the transfer of sustainable energy 
technologies to countries most at risk of the effects of climate change and the pivot away from 
conventional energy sources (Bartuška et al., 2019).  

3.3.5 Europe’s Hydrogen Strategy  

The European Commission published its Hydrogen Strategy in July 2020, alongside its Energy 
Sector Integration Strategy, signalling hydrogen was to play a key role in the integration of the 
EU energy market and the future energy mix (European Commission, 2020c). The main aim 
of the strategy is in part based on a paper published by Hydrogen Europe, a research 
organisation representing industry associations and research centres in Europe, which proposed 
ambitious electrolyser capacity targets in the EU and its neighbouring regions. 
 
Like the strategy proposed by the Hydrogen Council the EU Hydrogen Strategy is centred on 
the aim of 2x40 GW of electrolysers by 2030. This involves the deployment of 40 GW of 
electrolyser capacity in Europe and 40 GW of capacity in Europe’s neighbouring regions for 
hydrogen import. Neighbouring regions include Ukraine, North Africa and, particularly, 
Morocco. The strategy does not specify what fraction of capacity is intended for captive and 
domestic consumption as is described by the Hydrogen Council. The strategy targets 6 GW of 
electrolyser capacity and the production of one million tons of renewable hydrogen by 2024. 
In addition, the European Clean Hydrogen Alliance was established to help develop a pipeline 
of feasible investment projects. The strategy also notes the need for certification and guarantees 
of origin, if the trade of hydrogen is function properly (European Commission, 2020c).  
 
Lambert (2020), writing for the Oxford Institute for Energy Studies, provides commentary on 
the EU hydrogen strategy. He notes that although the targeted 40 GW of capacity by 2030 is 
an ambitious step compared to electrolyser capacity today, the likely hydrogen output is the 
energy equivalent of circa 12-15 billion cubic meters (bcm) of natural gas. This falls far short 
of the forecast 400 bcm of natural gas demanded in Europe in 2030. To achieve the target, 
Lambert believes that either a more rapid scale up in electrolyser capacity is required, or Europe 
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will have to rely heavily on imported hydrogen.  
 
The strategy clearly prioritises green hydrogen as its ultimate goal but recognises the need for 
“low carbon (blue) hydrogen” Lambert (2020), to initially reduce emissions and support the 
development of green hydrogen infrastructure. Blue hydrogen is more cost competitive than 
green hydrogen, and Lambert highlights the lack of clarity on government backed support 
schemes for green hydrogen, despite them being essential for investment (as green hydrogen 
production does not currently present an attractive commercial opportunity, due to prohibitive 
costs).  
 
The strategy lays out the expectation for the initial development of on or near site hydrogen 
production for industrial use but calls for the early development of backbone transmission 
infrastructure, although it somewhat underestimates the difficulties in achieving this. It also 
calls for the development of hydrogen ‘valleys’ (areas surrounding industrial hubs) to enable 
the regional transportation and trade of hydrogen (Lambert, 2020). Regions with abundant 
wind resources, industrial centres, and ambitious mobility goals have been the biggest adopters 
of the hydrogen valley concept so far, many of them in Europe based around the North Sea 
(FuelCellsWorks, 2020).  
 
Lambert (2020) concludes his commentary by praising the ambitions of the EU hydrogen 
strategy but believes that it falls short in identifying the regulation required to achieve its goals. 

3.4 Summary 

Chapter 3 provided insight into the geopolitical nature of hydrogen. It explained that, although 
there is extensive literature on the geopolitics of conventional energy sources, the literature on 
renewable energy geopolitics, particularly in regard to hydrogen, is lacking. The geopolitics of 
hydrogen are difficult to analyse because a hydrogen economy has not yet been established, 
and it is not possible to direct apply a geopolitical framework for conventional energy to the 
emerging hydrogen economy. Despite this, it is possible to make some assumptions about how 
the hydrogen economy may evolve, including the identification of potential exporters and trade 
routes.  
 
Chapter 3 also described Iceland and the EU’s energy policies and hydrogen strategy. It was 
shown that at present Iceland does not have a coherent policy for the utilisation of its energy 
resources. The EU’s energy policy is extensive and entails numerous geopolitical implications. 
The EU’s recently published hydrogen strategy is ambitious but requires clarification of certain 
details to be implemented effectively.  
 
The next chapter describes the methodology followed in conducting the research for this thesis. 
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Chapter 4 

4Methodology 

4.1 Case Study 

This thesis used a theorised supply chain to assess the financial feasibility of exporting 
hydrogen from Iceland to Europe. The supply chain consisted of the production of green 
hydrogen in Iceland followed by its transportation via ship through the Port of Rotterdam in 
the Netherlands, then transportation via pipeline to a steel manufacturing plant in Duisburg, 
Germany. 
 
In this theoretical supply chain, the producer of the green hydrogen is Landsvirkjun, the 
national power company of Iceland. The manufacturer of steel is thyssenkrupp Steel Europe 
AG (tkSE), a German Steel manufacturer.  
 
Using the supply chain introduced above, a number of scenarios are assessed through varying 
hydrogen carriers, hydrogen volumes and dates of project commencement. 
 
A theoretical supply chain was used for assessment so an accurate representation of the costs 
associated with exporting hydrogen could be achieved. If, for example, hydrogen supply was 
assessed only to the recipient port, then the cost of delivering hydrogen from the port to 
consumer is not considered. This makes the assessment less useful for comparison with a 
scenario where hydrogen is produced on or near site by a consumer.  
 
However, flexibility within the model also allows for analysis between hydrogen carriers with 
different end use. For example, results can be generated for the cost of exporting ammonia into 
Rotterdam without requiring the need for reconversion, a step that entails significant cost.  
 
The following section describes Landsvirkjun and its interest in hydrogen. Then, it introduces 
tkSE and its planned use of hydrogen in its decarbonisation strategy. Finally, it provides details 
on the theorised supply chain that forms the basis of this case study. 

4.1.1 The Producer: Landsvirkjun  

Landsvirkjun was founded in 1965. It is owned by the Icelandic state and the City of Reykjavik 
and received initial financing from the World Bank (Pálsson, 2019). Landsvirkjun is one of the 
largest producers of renewable energy in Europe, operating 18 power stations. This includes 
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15 hydropower stations and 3 geothermal stations. It also operates one experimental wind 
turbine site (Landsvirkjun, n.d.-b). Landsvirkjun’s power stations total to ~2000 MW of 
capacity and are worth US$4.5 billion (Pálsson, 2019). It supplies 80% of its energy to energy-
intensive industries and 20% to the public and transmission system operator (Landsvirkjun, 
n.d.-a). Landsvirkjun’s interest in hydrogen was detailed in Section 1.6.2.  

4.1.2 The Consumer: Thyssenkrupp Steel Europe 

Thyssenkrupp Steel Europe AG (tkSE) is a German steel manufacturer and subsidiary of the 
thyssenkrupp AG multinational conglomerate. tkSE is one of the world’s biggest steel 
producers and Germany’s largest flat steel manufacturer. The company produces 11 million 
tons of crude steel per year and employs 27,000 people (tkSE, n.d.).  
 
tkSE has set itself ambitious climate and emission reduction goals, aiming for a 30% reduction 
in emissions from its own operations; 30% reduction in emissions from energy procurement 
by 2030; and carbon neutrality by 2050. tkSE also aims to produce at least 3 million tons of 
carbon neutral steel per year, from 2030 (tkSE, 2020). 
 
One of the main elements of tkSE’s decarbonisation strategy is the planned use of hydrogen in 
its steel making process. Details of how tkSE plans to use hydrogen were determined via 
personal communication with S. Scholz, Program Manager of Hydrogen Transformation at 
tkSE on 18 September 2020, and through presentation slides on tkSE’s climate strategy (tkSE, 
2020), provided by S. Scholz.  
 
The implementation of tkSE’s hydrogen strategy will be achieved in five steps: 
 

I. 2019–2022: The testing of H2 in a working blast furnace (BF), with the goal of 
equipping a blast furnace for H2 use. 

II. 2024 onwards: The use of green H2 in a direct reduction (DRI) plant to produce sponge 
iron, which will then be processed in the BF. 

III. 2026 onwards: The sponge iron produced in the DRI plant will be melted in an electric 
arc furnace (EAF) before being delivered to the basic oxygen furnace. The first coal-
based BF will be replaced. 

IV. 2030 onwards: Another coal-based BF will be replaced using a second larger DRI plant 
and an EAF. 

V. 2050 onwards: Carbon neutral steel will be produced using four DRI plants and four 
EAFs. 

 
Alongside these five steps, S. Scholz (personal communication, 18 September 2020) provided 
four approximate targets (or milestones) for steel output (in tons [t] per year) and the 
accompanying volume of hydrogen required (per hour). These figures have provided the basis 
for production volumes within the case study and are shown in Table 5.  
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Table 5  
tkSE Hydrogen Strategy: steel output and required hydrogen 

Year Steel (t/year)a Hydrogen (m3/year)a Hydrogen (t/year)b 

2022 450,000 37,000 26,967 
2025 1,200,000 100,000 72,883 
2028 2,500,000 210,000 153,055 
2050 10,000,000 850,000 619,507 

a data provided by S. Scholz (personal communication, 18 September 2020) 
b calculated using data provided S. Scholz, and an assumed hydrogen density of 0.0832 kg/m3 (20oC, 1 bar) 
(Engineering Software, 2020) 

4.1.3 Supply Chain 

Having established an export scenario in the preceding sections, it was then necessary to 
identify elements of the hydrogen export supply chain. This was achieved via a comprehensive 
review of recent literature on the hydrogen export supply chain, in Chapter 2, and through 
interviews with industry experts.  
 
Of particular importance was ascertaining the hydrogen carriers which were most likely to yield 
a feasible outcome for this export scenario. As a comparison of all possible carriers is beyond 
the scope of this thesis, careful attention was paid to recent research on the topic and studies 
that included scenarios with similar supply chains. Liquefied hydrogen, ammonia, methanol 
and perhydro dibenzyltoluene were determined to be the most suitable carriers. An elaboration 
of the properties of these carriers is given in Appendix A.1.2.  
 
From the information gathered in the literature review, a supply chain for the aforementioned 
export scenario was created. This supply chain is shown in Figure 7.  
 

Step 1 in the supply chain is the production of hydrogen through renewable powered 
electrolysis, and the other molecules that are necessary in the production of a hydrogen carrier. 
It was decided that production would take place at the export terminal, for simplification of the 
model. 
 
At Step 2, the hydrogen is converted into its carrier state before it is temporarily stored and 
loaded into the transportation vessel at the export terminal, at Step 3. The export terminal is 

 Step 1                Step 2                   Step 3                       Step 4                            Step 5                      Step 6                 Step 7                 Step 8                  Step 9              Step 10 

Figure 7  
Hydrogen Export Supply Chain 
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assumed to be the Port of Reyðarfjörður. Reyðarfjörður is location in the East of Iceland, so is 
the closest port geographically to the Port of Rotterdam. Reyðarfjörður is also the current site 
of one of Iceland’s aluminium smelters, owned by Alcoa, so is capable of handling commodity 
transport. 
 
The transportation element of the supply chain, Step 4, takes into consideration the physical 
journey of the hydrogen in addition to port fees. 
 
The hydrogen carrier is received at the import terminal in Step 5. Here, depending on cost, it is 
either stored in tanks or, at Step 6, reconverted to its original hydrogen gaseous state. At Step 
7 it is transported via pipeline to the Hinterland, where it is stored in salt caverns—Step 8. The 
penultimate link in the supply chain, Step 9, is pipeline transport to the tkSE steel production 
plant in Duisburg, Step 10. If the carrier is stored in tanks, it will be reconverted to hydrogen 
before transportation to Duisburg. 
 
The HyChain II cost model was adapted to fit the supply chain shown in Figure 7.  

4.2 Methodology 

This section outlines the methodology used in answering the research questions posed in 
Chapter 1: 
 

I. Is the export of hydrogen from Iceland to Europe technologically and economically 
feasible? 

II. Is a hydrogen export economy socially and economically desirable for Iceland?  
III. What strategies and policies should Iceland pursue to create a hydrogen export market?  
IV. What are the geopolitical implications of hydrogen export for Iceland and for Europe?  
 
Feasibility was assessed using techno-economic analysis, performed through the development 
of a cost model. Techno-economic analysis enabled the answering of the following questions: 
Is it technically and economically feasible to export hydrogen from Iceland to Europe before 
2050? How and when is it likely to be feasible? What elements in the supply chain are impeding 
the feasibility? 
 
The socio-economic benefits were weighed between the choice of domestic consumption of 
hydrogen in Iceland and export to Europe, to determine the most desirable option. 
 
The strategic element of this thesis investigated decisions Iceland needs to make. Based on the 
feasibility and benefits derived from the most desirable option, it was possible to determine 
what strategies should be undertaken and policies implemented to maximise the benefits of the 
chosen direction. 
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Last, the implications of hydrogen export were considered. With the assumption that export is 
technically and economically feasible, the geopolitical implications for Iceland and for Europe 
in establishing a trade route were investigated. As were the implications for Europe in 
transitioning to a hydrogen economy more broadly.  
 
Section 4.2.1 describes the steps taken in answering the questions summarised above.  

4.2.1 Literature Review and Establishment of Case Study 

Literature relevant to the export of hydrogen was reviewed in Chapter 2. From this literature, 
a case study was established which enabled an assessment of feasibility for exporting hydrogen 
from Iceland to Europe. Data for the case study was provided and qualified through interviews 
with industry experts. 
 
Literature relevant to the geopolitical implications and strategies of hydrogen was also 
reviewed in Chapter 2. This information informed elements of the discussion and analysis made 
in Chapter 6.   

4.2.2 Development of the Cost Model 

An evaluation of the literature revealed a number of cost models that assess varied aspects of 
the hydrogen supply chain across different scenarios. A review of these models is supplied in 
Appendix A.3. 
 
Given the quality and accuracy of freely available cost models, it was decided that adopting 
the structure of an existing model, as opposed to developing a model independently, would 
yield the most useful results for this research. To this end, the HyChain II Import Model 
(Hydrohub, 2019) was chosen as the most optimum model to achieve the goals of this research. 
The model is based in Microsoft Excel. An explanation of the reasoning behind this decision 
and the adaptions required to fit with the chosen export scenario follows.  
 
A full description and critique of the HyChain model is provided in Section 2.7. This section 
establishes the reasoning behind using the model as a template for the cost model developed 
for this thesis.  
 
First, and most important, the HyChain model provided a methodology that is largely clear, 
traceable and reliable. This is in the form of a supporting document (Terwel & Kerkhoven, 
2019), through which references can be obtained for the data used and assumptions made. The 
validity of the methodology in the HyChain model is evidenced by the wide assortment of 
partners and contributors to the study, details of which can be found in Terwel & Kerkhoven 
(2019).  
 
Second, the model was published just prior to the commencement of this thesis, in June 2019 
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(Terwel & Kerkhoven, 2019). The methods of calculation are therefore based on recent 
information. This is an important consideration as the hydrogen sector is currently benefiting 
from an inflow of interest and capital, spurring technological development. This reduces the 
utility of older models.  
 
Third, the HyChain model is based on a supply chain that bares many similarities to the supply 
chain established for this thesis. The model accounts for conversion and retrieval through 
numerous hydrogen carriers (including the carriers chosen for this thesis); uses the Port of 
Rotterdam (POR) as its destination; allows for large scale/long duration storage in the 
necessary salt caverns; and provides a structure for calculating transportation via shipping 
vessel and pipeline.  
 
Last, the HyChain model does not include Iceland in the list of countries it analyses. In that 
regard, this makes the research conducted for this thesis novel.  
 
Certain adaptions were required to fit the HyChain model to the case study established for this 
thesis. The flexible nature of the model allowed for these adaptions to be included, whilst 
maintaining the original structure. Four main adaptions were made to the model. 
 
First, the original HyChain model generates results for a single date: 2050. The scenarios being 
assessed in this thesis require an analysis of results across multiple dates between 2022-2050, 
with set export volumes. Therefore, a feature to easily move between these dates and export 
volumes was required, a feature that the original HyChain model did not have. 
 
Second, the original HyChain model calculates results using a set number of supply chain 
inputs which are set to forecasts for 2050 and are scaled for supply volumes exceeding 200,000 
tons of gaseous hydrogen per year. This is problematic for the scenarios modelled for this 
thesis, as forecast inputs will vary up until 2050 and, in some cases, the scaling will yield 
inaccurate results. Therefore, a separate ‘Annual Inputs’ tab was created within the model, with 
associated forecast inputs which adjust automatically with the designated year. A number of 
formulas for the calculation of input costs were also adapted.  
 
Third, data for Iceland was collected and used for this model. The original HyChain model 
utilised solar and wind data for its cost estimations, as these are the renewable resources most 
suited for hydrogen production. As mentioned in Section 1.6.2, Iceland’s energy mix is unique, 
with all electricity generated through hydro and geothermal power, and therefore the country 
was not included in the original HyChain model. It was therefore necessary to add Iceland into 
the model for this thesis.  
 
Finally, the original HyChain model supply chain ends at storage in the POR. For the modelled 
scenarios, the supply chain is required to extend to Duisburg, Germany, via pipeline 
transportation. The original HyChain model allows for the estimation of pipeline transportation 
from the origin country to POR; it was therefore possible to edit a number of formulas to 
incorporate pipeline transport into the primary supply chain. 
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4.2.2.1 Terms and Definitions  

This section provides a definition for and explanation of some frequently used terms and 
definitions within the cost model. 
 
Investment costs, which are sometimes referred to as capital expenditure (CAPEX), are the 
costs to a company of acquiring or upgrading physical assets (Kenton, 2020a). The cost model 
differentiates between ‘Investment’ and ‘Annual CAPEX’. Investment is the upfront cost of 
purchasing a physical asset, expressed in millions of euros. Annual CAPEX is the sum of 
investment costs, capital charge and depreciation (defined in subsequent sections), paid each 
year over the asset’s lifetime (also expressed in millions of euros). 
 
Cost of capital is the rate of return that a company must see on an investment or project for it 
to make financial sense; it can also be considered to be the ‘opportunity cost’ of an investment, 
for which investment only makes sense if the returns exceed the costs. Cost of capital depends 
on the type of financing used (debt or equity), whereas the weighted average cost of capital 
(WACC) considers a combination of financing options and is therefore the measure to use in 
the cost model (Kenton, 2020b). WACC differs depending on the country and company and 
can also vary between projects that a company undertakes (Kenton, 2020b; Terwel & 
Kerkhoven, 2019). The cost model assumes an average WACC for supply chain elements, 
differentiated between country. Capital charge in the cost model is calculated by multiplying 
investment by WACC.  
 
Depreciation is an accounting method of distributing the costs of an asset over its useful 
lifetime. It has benefits for a company’s balance sheet and also accounts for the reduction in 
usefulness and value of an asset over time, due to wear and tear, obsolescence etc. There are a 
number of different methods of depreciation (Tuovila, 2020). For the cost model, straight-line 
depreciation is used. This is the simplest method and entails dividing the investment cost over 
the lifetime of the asset, resulting in an annual cost for depreciation.  
 
Operation and maintenance (O&M), also sometimes referred to as Operational Expenditure 
(or OPEX), are costs a business incurs due to its normal operations. Examples include rent, 
equipment costs and insurance. O&M is calculated annually and is often expressed as a 
percentage of the initial investment for an asset or project (Kenton, 2020c). 
 
Full load hours, also known as the load factor, are the number of hours in a year that a plant 
runs at its rated power to produce its annual output. FLH makes allowance for a plant not 
running for all 8760 hours in a year (Renewables Grid Initiative, 2017). 
 
The lifetime of an asset is how many years it can be used for before it requires replacing, due 
to wear and tear, loss of economic efficiency or obsolescence.  
 
A scaling factor is a number used to account for economies of scale when calculating the cost 
of a plant or piece of equipment. It is associated with the cost and capacity of the asset being 
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calculated and is often based on a known cost and capacity of an existing asset of the same 
type. If the scaling factor is less than 1, then it implies economies of scale, with cost advantages 
being obtained with rising capacity (Tribe, 1986).  

4.2.3 Setup of the Cost Model 

This section outlines the setup of the cost model. A detailed description of elements of the cost 
model, including input data, can be found in Appendix B. The layout and a brief description of 
the tabs in the model are shown in Table 6.  

Table 6.  
Description of Tabs for Cost Model 

Tab Description 
Input Sets year to be modelled, the cost of electricity and other general inputs. This 

tab controls the scenario being modelled. 
Annual Inputs Inputs that vary over time. These are automatically adjusted with the changing 

date (or can be set individually). Data in this tab feeds into many of the other 
input tabs. 

Country Results Pivot Final results of the model presented in a Pivot Table. 
Results Graphical Results presented in graphical format. 
Electricity Inputs for the renewable resources used for electricity production. 
Carriers Inputs for the production of hydrogen through electrolysis, carrier molecules 

and the conversion to hydrogen carriers. 
Shipping Inputs for the calculation of shipping costs, including costs for the ports of 

Reyðarfjörður and Rotterdam. 
Storage Inputs the calculation of storage costs, including temporary storage costs in 

Iceland and the Port of Rotterdam, and long-term storage in salt caverns. 
H2 Retrieval Inputs for the calculation of costs for retrieving hydrogen from its carrier state. 
Pipeline Inputs to calculate the cost of transport via pipeline, from the Port of Rotterdam 

to Duisburg. 
Country Details Country parameter inputs and calculations for the cost of producing and 

exporting hydrogen carriers. 
Country Results The main results tab, that feeds the Pivot tab. 
Carrier Properties Physical properties for the hydrogen carriers. 
Onshore Wind Data Data for onshore wind power production. Feeds into the Electricity tab. 
Table adapted from (Terwel & Kerkhoven, 2019) 
 

The rest of this section lays out the sources of input data used in the cost model. It begins by 
detailing general inputs that are valid for all pathways, followed by data used for electrolysis, 
inputs for individual pathways, and finally the transportation from the POR to Duisburg. In 
some cases, the data already present in the HyChain model was used and cited as Terwel & 
Kerkhoven (2019). In other cases, where scaling issues or more recent sources of information 
could be found, novel data was used. In both cases the source is identified.  
 
The monetary value used is 2019 euros. This is the same denomination used in the HyChain 
report and was frequently used in literature. If the value is another currency from the same year, 
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then the value is simply converted using an exchange rate from (XE, n.d.). The rate used is 
taken from 1st January 2019. For converting US$ to euro it is 0.865; GBP to euro is 0.910; and 
ISK to euro is 0.007. 
 
In the case of the value being a different currency in a different year then the conversion is 
performed in two steps. First the value is adjusted using the Consumer Price Index (Trading 
Economics, n.d.) and then Equation (2), taken from (Leonard, 2019).  
 
 

𝐶!"#$ =
𝐶𝑃!"#$
𝐶𝑃%&'(

× 𝐶%&'( (2)  

 
Where C2019 is the cost in the corresponding 2019 currency, CP2019 is the consumer power in 
2019, CPyear is the consumer power in the quoted year and Cyear is the cost in the quoted year. 
 
With C2019 ascertained, the value is converted using the exchange rate from (XE, n.d.). 
 
The final cost of delivered hydrogen is presented in euros per kg of H2. Due to the large volumes 
involved, within the model hydrogen is measured in tons (t) and millions of tons (Mt) for cost 
calculations. Mt is divided by 1x106 and t divided by 1000 to obtain a final cost per kg in the 
results section. Similarly, costs are measured in millions of euros (M€) and energy in gigawatt 
hours (GWh) throughout the model, unless specified otherwise. These denominations are 
adjusted for final cost calculations where necessary.  
 
For investment costs, every effort was made to find unique and recent formulas in the literature. 
If such a formula was not found, then the costs were scaled according to a formula used by 
Hank et al. (2020) and Reuß et al. (2017). The formula is shown in Equation (3). The scaling 
factor is assumed to be 0.6 if not stated otherwise. 
 

 𝐼𝐶) = 	𝐼𝐶' × [	
𝐶)
𝐶'
]* (3) 

  
Where ICb is the investment cost for the new plant, ICa is the known investment cost for a 
reference plant; Cb is the production capacity of the new plant; Ca is the production capacity of 
the reference plant; and 𝜒 is the scaling factor. 

4.2.3.1 General Inputs 

Hydrogen production, in kilotons (kt) per year, was calculated through extrapolating the data 
provided by S. Scholz in Table 5. Production quantities are listed below  
 

i. 2022: 26.9 kt  
ii. 2030: 153 kt  
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iii. 2040: 387 kt  
iv. 2050: 619.5 kt. 

 
It was necessary to know Iceland’s available energy resources so available energy for hydrogen 
production could be calculated. The estimated capacity of hydro and geothermal resources in 
Iceland that can be economically utilised is accepted to be 50 TWh (Agora Verkehrswende, 
2018; Salameh, 2008). The theoretical capacity of wind power in Iceland is estimated by 
Terwel & Kerkhoven (2019), based on data from the U.S. National Renewable Energy 
Laboratory [NREL] (2014), to be 959 TWh. It is important to note that technological, 
environmental, political and social factors will prevent the utilisation of Iceland’s total 
theoretical resources. 
 
The population of Iceland and energy demand per capita were required to determine annual 
domestic energy consumption in Iceland, and thus actual capacity of available energy 
resources. The current and forecast population was taken and extrapolated from the United 
Nations' (2017) World Population Prospects. Forecasted energy demand per capita was taken 
from The National Energy Authority of Iceland (Orkustofnun, 2015). 
 
The WACC for Iceland is taken from Landsvirkjun’s average cost of capital and is 8.42% 
(Pálsson, 2019). In supply chain elements post import (i.e., not located in Iceland), the WACC 
is taken from the HyChain model, and is 7.18% (Terwel & Kerkhoven, 2019). 
 
The cost of energy was determined through calculating the levelised cost of electricity (LCOE). 
For Iceland this was assumed to be the LCOE for hydropower: the primary source of electricity. 
The total capacity of hydropower in Iceland is 30 TWh (Salameh, 2008) and FLH was assumed 
to be 8000 (Agora Verkehrswende, 2018). Cost data was found in IRENA's (2019) Renewable 
Power Costs, and the median cost was taken from the weighted average cost provided across 
all plant sizes. Lifetime and O&M were taken from Perez-Arriaga et al. (2017). Forecast cost 
of energy was also found in the literature (Næss-Schmidt et al., 2017), and this helped inform 
the sensitivity analysis conducted on the price of energy. 

4.2.3.2 Electrolysis  

H2 production through electrolysis was calculated for both PEM and AWE electrolyser 
systems, with the system that yielded the cheapest cost of electrolysis included in the final cost 
calculation. Losses through the supply chain necessitate that each carrier pathway requires 
production of a slightly different hydrogen volumes. The volume of hydrogen was therefore 
calculated separately for each pathway. 
 
Investment costs for electrolysis were taken from Christensen (2020), which are based off a 
literature review undertaken by Glenk & Reichelstein (2019). Costs were given in US$/kW and 
converted to €/kW.  
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Quoted costs for electrolysis needed to fulfil three criteria, (i) they had to have clear and 
traceable references, (ii) they had to take into account the entire electrolyser system and (iii) 
had to be based on realistic estimates. These criteria are important as many quoted electrolyser 
costs in the literature do not consider all system costs and thus can be seen as too optimistic. 
The cost data provided by Christensen (2020) met the above criteria.  
 
Christensen provided minimum, median and maximum CAPEX for current electrolyser 
systems; the median cost was used for the scenarios tested in this research, but the low and high 
cost were also tested in sensitivity analysis. Glenk & Reichelstein give a learning rate of 4.77% 
+/- 1.88% for PEM systems and 2.96 +/- 1.23% for AWE systems.  
 
4.77% and 2.96% were used as the learning rates in the scenarios and sensitivity analysis, 
presented in Section 5.6, and were kept constant when extrapolating electrolyser CAPEX.  
 
A cost of €42.29 was added to the CAPEX for balance of power and a compression cost of 
€0.085 per kg of H2 was added to the AWE system for compression (this is not necessary for 
PEM systems as they deliver hydrogen at high pressure). 
 
Investment costs are shown in Table 7. 

Table 7.  
Electrolyser System Cost Forecast  

Electrolyser Date 
Cost [€/kW] 

Low High Median 
AWE 2022 611.86 1041.5 2,113.4 
AWE 2030 490.16 828.0 1,670.9 
AWE 2040 373.93 624.1 1,248.2 
AWE 2050 287.86 473.1 935.2 
PEM 2022 580.58 1,018.0 2,897.3 
PEM 2030 406.38 702.2 1,973.4 
PEM 2040 265.62 447.1 1,226.8 
PEM 2050 179.28 290.6 768.9 

Costs from Christensen (2020). Costs include electrolyser CAPEX and Balance of Power. Cost of compression not 
included. Costs scaled using learning rates. 

 
Data on energy consumption was taken from Buttler & Spliethoff (2018) and Schmidt et al. 
(2017) and included low and high estimates; it is worth noting that energy consumption is not 
expected to dramatically improve over time (Schmidt et al., 2017). Data was available for 2020 
and 2030. This was extrapolated to correspond to 2040 and 2050, with the lowest estimate in 
energy consumption being used for 2050 demand. Water consumption is included in O&M 
costs, which are taken from Christensen (2020). Energy consumption and other electrolyser 
system specifications are shown in Table 8. 
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Table 8.  
Electrolyser System Specifications 

  2022 2030 2040 2050 
Specific Energy Consumption [kWh/Nm3] AWE 5.4 5.25 4.77 4.3 

PEM 5.14 4.88 4.49 4.1 
System Lifetime [years]a  10 15 18 20 
O&M [% of investment costs]b  3% 3% 2% 2% 
a (Schmidt et al., 2017); b IEA (2019); b (A. Christensen, 2020). 
 

 

In calculating total investment costs for the whole system, a scaling factor of 0.85 was used, 
taken from Bellotti et al. (2017). For a very accurate estimate of investment cost, costs and 
scaling should be calculated for individual electrolyser components. However, due to the 
uncertainty of future forecasts (which falls outside of the scope of this thesis), cost and scaling 
factor was calculated for the entire system. 

4.2.3.3 Ammonia  

The production of ammonia (NH3) requires nitrogen and hydrogen. Nitrogen is produced 
though a process called Cryogenic Air Separation (CAS). Investment costs for CAS were taken 
from Hank et al. (2020) and scaled using the formula in Equation (3). Investment costs can be 
found in Appendix B, Table B.1. Specific energy consumption and O&M for CAS were also 
taken from Hank et al. The lifetime of the CAS plant was taken from Terwel & Kerkhoven 
(2019). Details are shown in Table 9. 

Table 9.  
CAS Specifications 

 2022 2030 2040 2050 
O&M [% of investment costs] 3% 3% 3% 3% 
Lifetime [years] 20 20 20 20 
Specific Energy Consumption 
[kWh/kg] 0.8 0.68 0.54 0.4 

     

Using hydrogen and nitrogen, ammonia is created through the Haber-Bosch (HB) process. 
Investment costs for the HB plant were taken from Bartels (2008). The HB process is mature, 
so costs are not expected to fall dramatically over time. Energy consumption was taken from 
Hank et al (2020). O&M and the lifetime of the plant were taken from Terwel & Kerkhoven 
(2019). Details for the HB process and other hydrogen carrier conversion processes can be 
found in Table 11. 
 
Storage inputs for ammonia were taken from Terwel & Kerkhoven (2019) and can be found in 
Table 12. Inputs for shipping are shown in Table 13. 
 
Hydrogen retrieval is achieved through thermal cracking. Investment costs for this process 
were taken from Lanphen (2019) and scaled according to Equation (3). The energy 
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consumption given by Terwel & Kerkhoven (2019) was used for the process. Inputs for thermal 
cracking are shown in Table 14. Investment costs are shown in Appendix B.1. 

4.2.3.4 Methanol 

The production of methanol requires carbon and hydrogen. Carbon is produced using Low 
Temperature Direct Air Capture (DAC) and is measured in € per ton. Though carbon can be 
captured from flue gases through industrial processes, for the volumes required for this thesis 
DAC is necessary. Fasihi et al. (2019) provided system cost forecasts from 2020-2050. These 
were extrapolated to provide the data shown in Table 10 below. There is, however, significant 
uncertainty surrounding the future cost of DAC (Agora Verkehrswende, 2018).  
 
Table 10 also presents OPEX, lifetime and specific energy consumption (of electricity). Low 
temperature high requirements are assumed to be met by the exothermal downstream synthesis 
process (Terwel & Kerkhoven, 2019). Investment costs are calculated using a formula in 
Appendix B.1.2.5. 

Table 10.  
DAC Specifications 

 2022 2030 2040 2050 
System Cost [€/t] 694.6 338 237 199 
O&M [% of investment costs] 4% 4% 4% 4% 
Lifetime [years] 20 25 30 30 
Specific Energy Consumption [kWh/kg] 0.245 0.225 0.203 0.182 

 
Methanol production is achieved through methanol synthesis. Investment costs for methanol 
synthesis were calculated and scaled from Hank et al. (2020). Energy consumption is from 
Bellotti et al. (2017). Inputs for methanol synthesis can be found in Table 11.  
 
Storage costs for methanol and liquid carbon dioxide are taken from Terwel & Kerkhoven 
(2019) and can be found in Table 12.  
 
Hydrogen is retrieved from methanol through autothermal reforming. To make the process 
carbon neutral and so the carbon can be reused, a CO2 capture plant is also required. Investment 
costs for this are taken from Jakobsen & Åtland (2016) and scaled with the provided formula, 
which was the same as the formula provided in Equation (3). Energy consumption was also 
taken from Jakobsen & Åtland. Inputs for hydrogen retrieval can be found in Table 14. If 
methanol is used directly as a product, the autothermal reforming with CO2 capture step is not 
required.  
 
Liquefied carbon is required for transportation back to Iceland. Details for liquid carbon 
dioxide production are taken from Terwel & Kerkhoven (2019). Specific energy consumption 
is 0.072 kWh/kg and O&M is 3%.  
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4.2.3.5 H18-DBT 

H18-DBT requires hydrogen and DBT, which can be purchased externally. DBT purchase 
costs were taken from Terwel & Kerkhoven (2019) and Hank et al. (2020), and are set at €4000 
in 2022 and 2030, and €2000 in 2040 and 2050. 
 
Hydrogen and DBT are combined in a hydrogenation plant. The investment costs, calculation 
formula and energy consumption of the hydrogenation plant are taken from Reuß et al. (2017). 
Storage costs of DBT are taken from Terwel & Kerkhoven (2019). 
 
Hydrogen retrieval is performed through a dehydrogenation plant. Like the hydrogenation 
plant, details are taken from Reuß et al. 

4.2.3.6 Liquefied Hydrogen  

Investment costs for LH2 production are based on the IDEALHY process (Stolzenburg & 
Mubbala, 2013), as described in Appendix A.2.1.1. Energy consumption is given by 
Stolzenburg & Mubbala as 6.7 kWh/kg. However Hank et al. (2020) claim this figure could 
eventually drop to 6 kWh/kg. Therefore, the aforementioned energy consumptions are used for 
2022 and 2050, respectively, and energy consumption for 2030 and 2040 calculated through 
extrapolation.  
 
Investment costs for a liquefied hydrogen storage tank are estimated at €500 million by Terwel 
& Kerkhoven (2019) and €200 million by Lanphen (2019). Given the immaturity of the 
technology, a wide range of costs is unsurprising. For the modelled scenarios, the more 
conservative figure of €500 million was used; however, sensitivity analysis was utilised to 
ascertain how a change in storage tanks investment costs will affect the final delivered cost of 
hydrogen. 
 
Hydrogen is retrieved from liquefied hydrogen by evaporation, a process that is comparatively 
low cost and not energy intensive compared to the other pathways. Investment costs and energy 
consumption for hydrogen retrieval were taken from Reuß et al. (2017).  

4.2.3.7 Pathway Inputs  

Hydrogen carrier conversion inputs can be seen in Table 11. 

Table 11.  
Hydrogen Carrier Conversion Specifications 

 NH3
a 

(Haber-Bosch) 
MeOHb 

(Methanol Synthesis) 
DBTc 

(Hydrogenation) 
LH2

d 

(IDEALHY Process) 
Specific Energy Consumption 
[kWh/kg] 0.48 0.45 0.037 6.76e 

O&M [% of investment costs] 3% 3% 3% 3% 
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Lifetime [years] 25 30 30 20 
H2 Mass % 17.76% 12.59% 6.2% 100% 
H2 Losses [during 
conversion] 0% 0% 0% 1.63% 

a Hank et al. (2020); b Bellotti et al. (2017); c Reuß et al. (2017)d Stolzenburg & Mubbala (2013); e value for 2022. Energy 
improves over time. 2030: 6.5; 2040: 6.25; 2050: 6 Hank et al. (2020) 

 
Hydrogen carriers must be stored at Reyðarfjörður port temporarily before transportation to the 
POR. For long duration and large volume storage before transport to Duisburg, the minimum 
cost between hydrogen storage in its carrier form in a storage tank and as gaseous hydrogen in 
salt cavern storage was calculated. The minimum cost was then used for long duration storage. 
Storage details were taken from Terwel & Kerkhoven (2019) and are shown in Table 12. 
Liquefied carbon dioxide (LCO2) and dehydrogenated DBT temporary storage is required prior 
to transportation back from the POR to Iceland. 

Table 12.  
Hydrogen Carrier Storage 

The hydrogen carriers use different shipping vessels with different investment and input 
parameters. Shipping data, including investment costs for vessels, is taken primarily from 
Terwel & Kerkhoven (2019). The distance from the Port of Reyðarfjörður to the Port of 
Rotterdam was calculated using the voyage planner on MarineTraffic.com (MarineTraffic, 
n.d.).  
 
Also considered are the port costs at Reyðarfjörður and Rotterdam. Costs for POR are taken 
from a Port Tariff document (Port of Rotterdam, 2020); costs for Reyðarfjörður are assumed 
to be the same as the POR. The assumed vessels traditionally use fossil-based fuels, but it is 
technically feasible to use hydrogen or the hydrogen-based carriers as fuel. The transported 
hydrogen carrier is therefore assumed to be used fuel. Shipping data is shown in Table 13 and 
hydrogen retrieval plant parameters are described in Table 14.. 

 NH3 
 MeOH  DBT  LH2 

 LCO2 
Salt 

Cavern 
Investment [M€/tank] 60 12.5 12.5 500 12.46 n.a. 
Storage Multiplier for 
buffer 1.1 1.1 1.1 1.1 1.1 1.1 

Molecule Density [t/m3] 0.769 0.792 0.871 0.07099 1.156 0.00899 
Tank Volume [m3] 50,000 50,000 50,000 50,000 20,761 500,000 
Tank Storage Mass [t] 38,450 39,600 43,550 3,550 24,000 4,495 
Tank Lifetime [years] 30 30 30 30 30 30 
Energy (storage) [kWh/kg] 0.01 0.0015 0.0010 0.1 0.1 0.1 
O&M [% of investment 
costs] 2.5% 2.5% 2.5% 2.5% 2.5% 1.5% 

Boil-off losses  0.03% 0% 0% 0.06% 0% 0% 
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Table 13.  
Parameters for Shipping Vessel and Journey 

 NH3
 MeOHb DBTb LH2

a 

Vessel     
Investment [M€/vessel] 64 44 44 220 
Deadweight tonnage (DWT) [t] 50,534 50,000 50,000 128,900 
Carry Volume [m3]  82,200 52,560 52,560 266,000 
% of DWT available 0.9 0.9 0.9 0.9 
Carry Mass [t] 45,481 41,628 45,000 18,883 
OPEX [€/d] 7,837 7,837 7,837 10,891 
Lifetime [years] 20 20 20 20 
Average Speed [knots] 13.2 14.5 14.5 16.2 
Boil off [%/day] 0.2% 0% 0% 0.2% 
Journey     
Distance [nautical miles]c 975.9 975.9 975.9 975.9 
Duration [days] 3.08 2.8 2.8 2.51 
Port     
Port Duration [days] 3 3 3 3 
a based off theoretical vessel b assumed same vessel c MarineTraffic (n.d.) 

 

Table 14.  
Hydrogen Retrieval Specifications 

 
NH3

a 

(Thermal 
Cracking) 

MeOHa 

(Auto-Thermal 
Reforming) 

DBTb 

(Dehydrogenation) 
LH2

c 

(Evaporation) 

Specific Energy Consumption 
[kWh/kg] 5.88 15.3 9.37 0.6 

O&M [% of investment costs] 3% 3% 3% 3% 
Lifetime [years] 20 25 20 10 
Base Investment Costs [€] 246,000,000 406,582,000 300,000,000 6,000 
Base Capacity [t/d] 853 2500 300 1 
Scaling Factor 1 0.7 0.6 1 
a Terwel & Kerkhoven (2019) b Jakobsen & Åtland (2016) c Reuß et al. (2017) 

4.2.3.8 Pipeline Transport to Duisburg 

Pipeline transportation is used when all carrier pathways have been reconverted back to 
hydrogen. This gaseous hydrogen is then transported from the POR to Duisburg. For 
calculating pipeline transport, investment costs and data were taken from Robinius et al. (2018). 
The methodology was taken from Terwel & Kerkhoven (2019) and the distance was calculated 
using DistanceFromTo.com (n.d.). A detour multiplier of 1.2 (Weeda & van Hout, 2017) was 
taken into consideration to account for areas where pipeline development is not possible, such 
as urban areas and nature reserves. Pipeline transport includes the cost of the pipeline and the 
necessary compression of hydrogen. Table 15. shows the inputs used to calculate the pipeline. 
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Table 15.  
Hydrogen Pipeline 

Pipeline Parameters Compressor Parameters 
Investment Cost [€/m]a 381b Energy [kWh/kg] 0.85 
Hydrogen Speed [m/s] 5.7 Lifetime [years] 25 
Capacity Multiplier 1.1 O%M [% of IC] 4% 
Lifetime [years] 40 Losses 0.5% 
Losses 0.5%   
Detour Multiplier 1.2   
Final Distance [km] 200.496c   
a Robinius et al. (2018); Terwel & Kerkhoven, 2019) b Cost shown is for 2022. 2030: 666; 2040: 1,079; 2050: 1448               

c (DistanceFromTo.com, n.d.) 

4.2.4 Iceland’s Potential for Domestic Hydrogen Consumption 

Iceland’s potential demand for domestic consumption of hydrogen can be calculated using 
existing data on current fossil fuel consumption.  
 
Iceland’s fossil fuel consumption is based predominantly on oil, with minor coal use in heavy 
industrial processes. Using data found in ‘Gross energy consumption by source 1940-2019’ 
(Statistics Iceland, 2020a), it was discovered that Iceland’s oil consumption for 2019 was 
38,593 terajoules (TJ). If it is assumed that consumption increases proportionally with 
population growth, then between 2019-2050 consumption will increase by 16%. Oil 
consumption in 2050 is therefore assumed to be 44,929 TJ. 
 
Next, it was necessary to determine what proportion of Iceland’s oil consumption could be 
reduced through improvements in efficiency, or reasonably electrified. Efficiency 
improvements should be the first step, as they equate to a direct reduction in energy use. Direct 
electrification should be the next focus, as the process is significantly more energy efficient 
and lower cost than utilising hydrogen. Data on Iceland’s oil consumption by sector was found 
in ‘Oil use 1982-2019’ (Statistics Iceland, 2020b). For each sector, assumptions were made as 
to the proportion of oil use that could be reduced through efficiency or electrification. It was 
also assumed that energy consumption percentage per sector remained constant. Due to the 
unpredictable nature of forecasting, these figures are susceptible to inaccuracy. Oil use by 
sector and the possible percentage reduction is shown in Table 16. 

Table 16.  
Oil Consumption by Sector in Iceland 

Sectora Percentage of total use 
in 2019 (%) 

Percentage that sector’s energy use 
could be reducedb 

Road Transportation 35.24 100% 
Domestic Maritime Transportation 1.84 100% 
International Maritime Transportation 7.09 0% 
Domestic Fishing 13.89 100% 
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International Fishing 3.96 50% 
Domestic Air Transportation 0.97 0% 
International Air Transportation 33.32 0% 
Construction 1.91 90% 
Other Industry 1.44 80% 
House heating and Pools 0.10 100% 
Energy generation 0.17 100% 
Other Use 0.06 100% 
a Percentage use for sector adapted from (Statistics Iceland, 2020b) 
b reduced through combined improvements in efficiency and electrification 
  

Through multiplying the percentage of total use by sector, by the percentage that the sectors 
energy use could be reduced, it was determined what percentage of oil consumption can be 
reduced by energy efficiency and direct electrification: this amounted to 56.2%. Subtracting 
this figure from 100% results in the proportion of oil consumption that will require replacement 
by hydrogen. This amounted to 43.8%.  
 
Using the information presented in Table 17, the amount of hydrogen required to meet 
Iceland’s fossil fuel consumption was calculated, as per Equation (4) and (5).  

Table 17.  
Data for Iceland’s Hydrogen Consumption 

Data  Value 
2019 energy consumption from oil (in TJ) 38,593 
2050 equivalent energy consumption (in TJ)a 44,929 
Conversion factor from TJ to gigawatt hours (GWh)b 3.6 
Percentage of hydrogen required to replace fossil fuel consumption (%) 43.8% 
Hydrogen energy density per unit weight (kWh/kg)c 33.33 
a assuming energy consumption increases proportionally with population (equalling 16% growth between 2019-
2050)  b (ExtraConversion.com, n.d.) c (HyWeb, n.d.) 

 
 

𝐸(𝐻!) = [
𝐸(𝑇𝐽!"+")

𝐶𝐹 × 1,000,000] 	× 𝐻!% (4) 

 
Where E(H2) equals the amount of energy (from hydrogen) required to meet demand (in TJ), 
E(TJ2050) equals the amount of energy (in TJ) consumed in 2050, CF is the conversion factor 
from TJ to GWh. The formula is multiplied by 1,000,000 to convert it to kWh. The formula is 
then multiplied by H2%, which is the percentage of hydrogen required to replace fossil fuel 
consumption. 
 
Equation (5) shows how the amount of hydrogen required for domestic consumption is 
calculated from the energy consumption required. 
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𝐻!(𝑘𝑔) = 	
𝐸(𝐻!)

𝐻!(𝑘𝑊ℎ/𝑘𝑔)
 (5) 

 
Where H2(kg) equals the amount of hydrogen required in kg and H2(kWh/kg) is the energy 
density of hydrogen. 
 
This formula provided a requirement of 164,159,220 kg (or 164 kilotons) of hydrogen per year, 
to meet Iceland’s fossil fuel consumption in 2050.  

4.2.5 Strategic and Policy Analysis 

In this section, an analysis of strategic options available to Iceland in its approach to hydrogen 
production and utilisation was undertaken. The analysis was informed by Iceland’s proposed 
energy policy and with the aid of the literature review in Chapter 2.  

4.2.6 Geopolitical Implications 

In this section, the potential geopolitical implications for Iceland and Europe are discussed. 
These implications were formulated with the aid of the literature review in Chapter 2 and by 
drawing comparisons with similar historic cases, such as the development of the liquefied 
natural gas market.    
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Chapter 5 

5Results from Cost Model 

The following chapter describes the results generated from the cost model. The pathways 
compared were ammonia (NH3), methanol (MeOH), perhydro dibenzyltoluene (H18-DBT) and 
liquefied hydrogen (LH2). The metric used for comparison between carrier pathways is euros 
per kilogram (€/kg) of delivered hydrogen. The chapter begins by introducing a benchmark 
cost of hydrogen against which the cost of hydrogen delivered from Iceland can be compared. 
Then, it presents the results from the cost model for all pathways across the examined time 
frames. Following a breakdown of costs across the supply chain, the results of sensitivity 
analysis on the most influential supply chain elements is shown. Last, the cost of exporting 
ammonia and methanol as final products (i.e., without hydrogen retrieval) is presented, in 
addition to the cost of producing hydrogen for consumption in Iceland.  

5.1 Benchmark Cost of Hydrogen 

Current and future hydrogen costs retrieved from the literature can be found in Table 4, in 
Section 2.6.  
 
The Hydrogen Council (2020) proposes that a hydrogen production cost of US$2.5 (€2.16) per 
kg can enable low carbon hydrogen (blue or green) to be competitive with other low carbon 
alternatives, for 8% of global energy demand by 2030. A cost of US$1.8 (€1.55) can make low 
carbon hydrogen competitive for 15% of global energy demand by 2030. For steel 
manufacturing, it is proposed that a cost of US$1.8-2.3 (€1.55-1.99) per kg will enable green 
hydrogen to break even with blast furnace and CCS technology. 
 
Though the modelled scenarios considered hydrogen destined for steel production, it was 
decided that the highest range cost of €2.16 would be used as the default benchmark when 
producing the results. In this way, it could be seen whether hydrogen from Iceland has broader 
economic feasibility. The benchmark for steel was available for use if the cost of hydrogen 
from Iceland surpassed the default benchmark.  

5.2 Cost of Delivered Hydrogen: Comparison of Pathways 

Figure 8 shows the final cost of delivered hydrogen to Duisburg in 2022. Figure 9 shows the 
cost for 2030, 2040 and 2050. The figures include the benchmark cost of hydrogen of €2.16 
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per kg, a cost at which the delivered hydrogen can be assumed as competitive. It is clear from 
Figure 8 that in the near-term hydrogen from Iceland is far from being competitively priced. 
Although there are significant cost reductions from 2030-2050, notably none of the hydrogen 
pathways reach the benchmark cost. Ammonia is the nearest at €2.52 per kg in 2050. If we 
consider the range the Hydrogen Council states for hydrogen to be competitive with steel 
(€1.55-1.99), the pathways are considerably less competitive.  
 
Table 18 shows the changed and fixed inputs for Figures 8. Table 19 shows the changed and 
fixed inputs for Figure 9. 

Table 18.  
Inputs for Figures 8 

Inputs 
Changed Fixed 

No changed inputs Produced Hydrogen (kt/year) 
 2022 
 27 
 Price of Electricity (€0.023/kWh) 

 Investment Costs (€) 
 Specific Energy Consumption (kWh/kg) 
 General Inputs e.g., Population, Energy Demand 

 

Figure 8  
Final Cost of Delivered Hydrogen 2022 



   73 
 

 
 

Table 19.  
Inputs for Figure 9 

Inputs 
Changed Fixed 

Produced Hydrogen (kt/year) Price of Electricity (€0.023/kWh) 
2030 2040 2050  
153 387 620  

Investment Costs (€)  
Specific Energy Consumption (kWh/kg)  
General Inputs e.g., Population, Energy Demand  

 

 
From Figures 8 and 9 it can be seen that liquefied hydrogen is the least economically viable 
pathway and ammonia the most viable pathway.  
 
Figure 10 was produced to assess the influence of scale on the delivered cost of hydrogen. The 
inputs were set to the 2050 forecast, and the volume of hydrogen produced was varied between 
50 kt per year to 3000 kt per year. At a production level of 3000 kt per year, it can be seen that 
no pathway reaches the €2.16 benchmark cost. Ammonia does near the benchmark cost, 
however, with a cost of €2.20 per kg. 
 
Table 20 shows the changed and fixed inputs for Figure 10. 

Figure 9  
Final Cost of Delivered Hydrogen 2030-50 
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Table 20.  
Inputs for Figure 10 

Inputs 
Changed Fixed 

Produced Hydrogen in 2050 (kt) Investment Costs (€) 
50, 100, 500, 1000, 2000, 3000 Price of Electricity (€0.023/kWh) 

 Specific Energy Consumption (kWh/kg) 
 General Inputs e.g., Population, Energy Demand 

 

To ascertain which steps in the supply chain have the greatest impact on economic viability, a 
cost breakdown was produced. The results of this are presented in the following section.   

5.3 Breakdown of Pathway Costs 

Figures 11, 12 and 13 show a breakdown of costs for each pathway across 2030, 2040 and 
2050. It is known from the results presented in Section 5.2 that the pathways in 2022 will not 
be competitive, and it was therefore deemed unnecessary to present a breakdown of these costs. 
Table 21 shows the changed and fixed inputs for Figures 11, 12 and 13. 

Figure 10  
The Effect of Scale on the Cost of Delivered Hydrogen in 2050, With Delivered Volume 
Ranging From 50-3000 Kilotons 
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Table 21.  
Inputs for Figures 11, 12 and 13 

Inputs 
Changed Fixed 

Produced Hydrogen (kt/year) Price of Electricity (€0.023/kWh) 
2030 2040 2050  
153 387 620  

Investment Costs (€)  
Specific Energy Consumption (kWh/kg)  
General Inputs e.g., Population, Energy Demand  

 
 
 
 

 
 
 
 
 

Figure 11  
Breakdown of Pathway Costs in 2030 
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Figure 12 
Breakdown of Pathway Costs in 2030 

Figure 13 
Breakdown of Pathway Costs in 2030 
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It can be seen across the pathways for ammonia, methanol and DBT that energy for electrolysis 
is the most significant cost. Energy is the second most significant cost for liquefied hydrogen, 
exceeded only by cost for storage at the import terminal. The cost of energy for electrolysis is 
not a novel finding, with the majority of research on hydrogen production and transportation 
coming to the same results (Agora Verkehrswende, 2018; Hank et al., 2020; IEA, 2019; 
Lanphen, 2019). As detailed in Section 1.6.2, the future price of energy in Iceland is 
speculative; sensitivity analysis was therefore performed on the energy price to examine at 
what price, if any, hydrogen from Iceland becomes competitive. In addition, the electrolyser 
energy consumption was analysed using the Goal Seek function in excel, to determine (all else 
being equal) at what energy consumption the pathways would become cost competitive.  
 
Figures 11, 12 and 13 also show that the CAPEX for electrolysers accounts for a large share of 
the total cost of delivered hydrogen. Forecasts for electrolyser CAPEX vary greatly, but 
generally see a reduction over time, as described in Section 2.1.2. The scenarios modelled for 
this research used mid-range forecasts in estimating cost. Due to the uncertainty, sensitivity 
analysis was conducted on electrolyser CAPEX, using high and low range estimates.  
 
Methanol and liquefied hydrogen have been shown to be the two least viable pathways for 
hydrogen delivery. From the cost breakdown, it can be seen that a significant portion of cost 
for methanol is during hydrogen retrieval. For liquefied hydrogen, storage cost at the export 
terminal is its most significant cost. These two costs were also run through sensitivity analysis.  
 
In all sensitivity analyses described below, only the cost being analysed was changed. All other 
inputs remained constant.  

5.4 Sensitivity Analysis: Electricity Price 

Figures 14, 15 and 16 show the effect of changing electricity price in Iceland on the final cost 
of delivered hydrogen. The price of energy measured ranges from €0.005 per kWh to €0.04 per 
kw. The cost used in the main scenarios was €0.232 per kWh. Table 22 shows the changed and 
fixed inputs for Figures 14, 15 and 16.  

Table 22.  
Inputs for Figures 14, 15 and 16 

Inputs 
Changed Fixed 

Produced Hydrogen (kt/year) Investment Costs (€) 
2030 2040 2050 Specific Energy Consumption (kWh/kg) 
153 387 620 General Inputs e.g., Population, Energy Demand 

Price of Electricity (€/kWh)  

0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04  
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Figure 14 
Cost of Hydrogen Pathways in 2030 With Regard to Changing Electricity Prices 
 

 
Figure 15 
Cost of Hydrogen Pathways in 2040 With Regard to Changing Electricity Prices 
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Figure 16 
Cost of Hydrogen Pathways in 2050 With Regard to Changing Electricity Prices 

 
It can be seen from Figure 14 that even at €0.005 per kWh, no pathway achieves a competitive 
cost by 2030. In 2040 (Figure 15), the cost of ammonia and DBT is competitive at €0.005 and 
ammonia remains just competitive at €0.01 per kWh. In 2050 (Figure 16), it can be seen that 
ammonia, DBT and methanol are competitive at lower costs of energy. Ammonia in fact 
achieves a cost of €1.59 per kg of hydrogen at €0.005 per kWh, putting it just above the cost at 
which the Hydrogen Council (2020) forecasts it can unlock 15% of global energy demand and 
become competitive with alternative forms of steel manufacturing. Ammonia remains 
competitive at the higher range of the Hydrogen Council’s forecast up until €0.015 per kWh. 
This demonstrates that with a relatively small reduction in energy prices, ammonia could be a 
viable pathway for hydrogen export in 2050. 

5.5 Goal Seek: Electrolyser Energy Consumption 

It has been shown that energy for electrolysis is the most important element in the costing of 
delivered hydrogen and that for a competitive cost to be reached the price of energy must fall 
to very low levels. 
 
It was therefore of interest to look at energy from a different perspective and to test the energy 
consumption of the electrolyser, measured in kWh per kg of produced hydrogen. The Goal 
Seek function in Excel was used to find out at what energy consumption the cost of hydrogen 
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becomes competitive. Only the 2050 scenario was tested: the price of energy and volume of 
hydrogen produced was maintained in line with the scenario. Figure 17 shows the results. It 
can be seen that a significant decrease in energy consumption is required to reach the 
benchmark cost. Goal Seek returned a negative result for liquefied hydrogen, demonstrating 
that the downstream costs exceeded the cost necessary to reach a competitive price, even 
discounting the cost of energy. Table 23 shows the changed and fixed inputs for Figure 17.  

Table 23.  
Inputs for Figure 17 

Inputs 
Changed Fixed 

Specific Energy Consumption (kWh/kg) Produced Hydrogen in 2050 (620 kt/year) 
 Investment Costs (€) 

 Price of Electricity (€0.023/kWh) 
 General Inputs e.g., Population, Energy Demand 

 

Figure 17 
Electrolyser Power Consumption Required for PEM Electrolyser to Reach a Cost of €2.16 of 
Delivered Hydrogen in 2050 

5.6 Sensitivity Analysis: Electrolyser CAPEX 

The current and future cost of electrolysers is largely uncertain, due in part to the immaturity 
of the industry. It is widely accepted that future cost reductions will be seen, but the extent of 
these reductions is up for debate. Christensen (2020) puts forward high, medium and low 
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estimates for current CAPEX, based on a comprehensive literature review. Medium estimates 
were used to generate results for the scenarios that were the focus of this research. It was 
therefore of interest to see how the low and high estimates for electrolyser CAPEX affected 
these results. Figures 18 and 19 show the results for the low and high estimates, respectively. 
Even at the low estimate in 2050, no pathway reaches the competitive cost. Table 24 shows 
changed and fixed inputs for Figures 18 and 19. 

Table 24.  
Inputs for Figures 18 and 19 

Inputs 
Changed Fixed 

Produced Hydrogen (kt/year) Other Investment Costs (€) 
2030 2040 2050 Specific Energy Consumption (kWh/kg) 
153 387 620 Price of Electricity (€0.023/kWh) 

Electrolyser Investment Costs (€/kg) General Inputs e.g., Population, Energy Demand 
Low-Cost Scenario    

2030 2040 2050    
406.38 265.62 179.28  

High-Cost Scenario  
2030 2040 2050  

1973.4 1226.8 768.9  

Figure 18 
Cost of Hydrogen Pathway With Regard to Changing Electrolyser Investment (per kw). Low-
Cost Scenario 



   82 
 

 
 

5.7 Sensitivity Analysis: Storage of Liquefied Hydrogen 

The storage costs for liquefied hydrogen at the export terminal were shown in Figures 11, 12 
and 13 to be the most significant contributor to final hydrogen cost. Large storage tanks for 
liquefied hydrogen are a relatively immature technology, and so there is uncertainty around 
investment costs. A cost of €500 million per tank is provided by Terwel & Kerkhoven (2019) 
(and was used in the scenarios) and a cost of €200 million per tank is given by Lanphen (2019). 
Therefore, analysis was conducted to discover how a change in storage tank investment might 
influence the final cost of delivered hydrogen. Figure 20 shows the results for 2030, 2040 and 
2050. Table 25 shows the changes and fixed inputs for Figure 20.  

Table 25.  
Inputs for Figure 20 

Inputs 
Changed Fixed 

Produced Hydrogen (kt/year) Other Investment Costs (€) 
2030 2040 2050 Specific Energy Consumption (kWh/kg) 
153 387 620 Price of Electricity (€0.023/kWh) 

Investment Costs for Liquefied Hydrogen 
Storage Tank (€) 

General Inputs e.g., Population, Energy Demand 

Figure 19 
Cost of Hydrogen Pathway With Regard to Changing Electrolyser Investment (per kw). High-
Cost Scenario 
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500 million    
400 million    
300 million  
200 million  

 
  

It can be seen that at an investment cost of €200 million, the liquefied hydrogen pathway begins 
to near a competitive cost, though it still remains €0.82 too expensive. The difference between 
the cost of delivered hydrogen at €500 million compared to €200 million is significant, showing 
that the liquefied hydrogen pathway is sensitive to storage tank investment costs. 

5.8 Sensitivity Analysis: Hydrogen Retrieval for Methanol 

For the methanol pathway, hydrogen retrieval was revealed to be a significant cost. This is in 
part due to the need for carbon capture and storage at the retrieval plant so the process can be 
carbon neutral, and the carbon can be liquefied and reused in future methanol production. The 
high cost of retrieval appeared to be due to both investment cost and specific energy 
consumption for the process. Therefore, these inputs were analysed in the scenario through a 
percentage reduction, from 10-60%. Each input was analysed individually, with the other 
remaining constant. The analysis was performed for the 2050 scenario. The results can be seen 
in Figure 21. Table 26 shows the changed and fixed inputs for Figure 2 

Figure 20 
Cost of Delivered Hydrogen via Lh2 Pathway 2030-2050 With Regard to Changing Storage 
Tank Investment Costs 
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Table 26.  
Inputs for Figure 21 

Inputs 
Changed Fixed 

Investment Costs for Methanol Retrieval (€) Produced Hydrogen in 2050 (620 kt/year) 
Specific Energy Consumption for Methanol 
Retrieval (kWh/kg) 

Other Investment Costs (€) 

*10%-60% reduction for changed inputs, tested 
independently  

Other Energy consumption (kWh/kg) 

 Price of electricity (€0.023/kWh) 
 General Inputs e.g., Population, Energy Demand 

 

Figure 21 shows that the specific energy consumption for the process is the greater influence 
on the final cost for hydrogen delivery. With a 60% reduction in investment costs, it can be 
seen that the cost for hydrogen drops by only €0.14. However, with a 60% reduction in specific 
energy consumption a €0.46 reduction in cost is seen. This demonstrates that the final cost for 
hydrogen delivery through the methanol pathway is more sensitive to the energy consumption 
of hydrogen retrieval, compared to the investment costs. That being said, even with a 60% 
reduction in energy consumption, the methanol pathway is not cost competitive by 2050. 
 

Figure 21 
Cost of Delivered Hydrogen via the Methanol Pathway in 2050, With Regard to Percentage 
Change in Hydrogen Retrieval Costs and Specific Energy Consumption 
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5.9 Cost of Direct Use of Ammonia and Methanol 

In addition to their use as hydrogen carriers, ammonia and methanol can be used directly as 
products. The costs of delivered ammonia and methanol into the Port of Rotterdam (excluding 
hydrogen retrieval) was therefore calculated.  
 
Benchmark costs were collected so as to assess the competitiveness of directly using ammonia 
and methanol produced in Iceland and transported to Europe.   
 
The Hydrogen Council (2020) give the cost of ammonia as US$240 per ton (€0.21 per kg) in 
regions with low natural gas price e.g., the United States or Middle East; or US$370 per ton 
(€0.32 per kg) in regions with higher natural gas price, such as Europe. These figures do not 
include a price on carbon. With a carbon price of US$50 per ton, conventional ammonia 
production cost could rise to US$455 in Europe: equal to €0.39 per kg. From Figure 22, it can 
be seen that this would almost make the cost of ammonia in 2050 delivered from Iceland 
competitive.  
 
The cost of methanol was retrieved from Methanex (2021), the world’s largest producer and 
supplier of methanol. At the start of 2019, the cost for methanol ranged from a contracted price 
in Asia of US$370 per ton to a contracted price of US$360 per ton in Europe. The non-
discounted reference price provided by Methanex is US$442 per ton in 2019 and rose to 
US$492 in 2021. The range for comparison used in Figure 23 is from US$360-442 (€0.32-
€0.38 per kg). 
 
Figures 22 and 23 show the cost of ammonia and methanol, respectively, over time. These costs 
were calculated using a production volume set to 1 million tons of product: this equated to 5.8 
TWh of hydrogen production for ammonia and 4.2 TWh of hydrogen production for methanol. 
It can be seen that without a carbon price ammonia does not achieve a competitive price by 
2050, even against the higher production costs in Europe. Methanol, on the other hand, 
becomes competitive with the upper range cost provided by Methanex just prior to 2040, and 
surpasses the lower range cost by 2050. Table 27 shows the changed and fixed inputs for 
Figures 22 and 23. 

Table 27.  
Inputs for Figures 22 and 23 

Inputs 
Changed Fixed 

Investment Costs (€) Price of Electricity (€0.023/kWh) 
Specific Energy Consumption (kWh/kg) Produced Volume  
General Inputs e.g., Population, Energy Demand 1 million tons (methanol/ammonia) 
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Figure 22 
Cost of Delivered Ammonia Over Time 
 

Figure 23 
Cost of Delivered Methanol Over Time 
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The future cost of direct air capture (DAC) is highly uncertain, and the cost used in the case 
study quite optimistic. It was therefore of interest to explore how a changing cost of DAC 
would affect the final cost of delivered methanol. As the methanol pathway for hydrogen 
delivery captures and reuses CO2, this input is less significant. If methanol is used as a product, 
however, the CO2 cannot be recovered. The final cost of delivered methanol was tested against 
a cost of DAC ranging from €100-300 per ton. 
 
Table 28 shows the inputs for Figure 24. It can be seen that the cost of methanol is quite 
sensitive to the cost of DAC, with methanol becoming uncompetitive at a DAC cost of €200/t.    

Table 28  
Changed and Fixed Inputs for Figure 24 

Inputs 
Changed Fixed 

Cost of Direct Air Capture Price of Electricity (€0.023/kWh) 
    Produced Volume 
    1 million tons per year 

 Investment Costs (€) 
 Specific Energy Consumption (kWh/kg) 
 General Inputs e.g., Population, Energy Demand 

 
 

Figure 24 
Cost of Delivered Methanol in 2050 With Regard to Changing Cost of Direct Air Capture 
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5.10 Optimistic Scenario 

Given that the tested pathways were unable to reach a competitive price for delivered hydrogen 
in this scenario, it was decided that an optimistic scenario should be established. In this 
scenario, set in 2050, 1000 kt of hydrogen is produced per year (requiring 33.33 TWh of 
energy); electrolyser costs have fallen to the most optimistic cost (€179.28 per kW); and the 
price of energy is €0.02 per kWh. The results are shown in Figure 25. Table 29 shows the 
changed and fixed inputs for Figure 25. 

Table 29.  
Inputs for Figure 25 

Inputs 
Changed Fixed 

No changed inputs  Produced Hydrogen (1000 kt/year) 
    Electrolyser Cost (€179.28/kw) 
    Other Investment Costs (€) 
    Specific Energy Consumption (kWh/kg) 

 Price of Electricity (€0.02/kWh) 
 General Inputs e.g., Population, Energy Demand 

 

In this optimistic scenario, no pathway becomes competitive by 2050, although ammonia is 
only marginally too expensive.  

Figure 25 
Cost of Delivered Hydrogen 2050 in an Optimistic Scenario 
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5.11 Cost of Hydrogen Production 

Part of this research involved investigating the feasibility of domestic consumption of hydrogen 
in Iceland. It was therefore necessary to assess the cost of hydrogen production, without the 
additional transportation costs necessary for delivery to Europe. The cost of hydrogen 
production is shown in Figure 26. Table 30 shows the changed and fixed inputs for Figure 26.  

Table 30.  
Inputs for Figure 26 

Inputs 
Changed Fixed 

Produced Hydrogen (kt/year) Price of Electricity (€0.023/kWh) 
2022 2030 2040 2050  
27 153 387 620  

Investment Costs (€)  
Specific Energy Consumption (kWh/kg)  
General Inputs e.g., Population, Energy Demand  

 
 

The data presented in Figure 26 shows encouraging results. Although not competitive in 2022, 
the cost of producing hydrogen falls rapidly, reaching a cost of €1.70 in 2040 and €1.39 in 
2050. The cost in 2040 is below the €2.16 cost that the Hydrogen Council (2020) forecasts can 

Figure 26 
Cost of Hydrogen Production Over Time 
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unlock up to 8% of energy demand. The cost in 2050 is below the cost of €1.55 that can unlock 
up to 15% of global energy demand. From an economic perspective therefore, using the 
assumption made in this model, the production and use of green hydrogen in Iceland can be 
seen as feasible from shortly after 2030.  

5.12 Comparison to Hydrogen Trade in Other Regions 

Table 30. is a comparison of studies focused on hydrogen trade from different regions and 
during different times and with a variety of delivered products. The cost of products was 
converted from their original data, and so should be regarded as estimations. 

Table 31.  
Comparative Costs of Hydrogen Delivery from Literature 

Transportation Route (production 
volume) Pathway Year Delivered 

product 

Cost of 
Product 
(€/kg) 

Reference 

 
Australia to Japan (~36,500 t/y) 2030   (IEA, 2019) 

 Ammonia  Hydrogen 5.10   
 MCH  Hydrogen 4.80  

 
 LH2  Hydrogen 5.60   
      

Brazil to Netherlands (700,000 t/y)  2050   (Lanphen, 2019) 
 

 Ammonia  Hydrogen 3.20   
 MCH  Hydrogen 3.30  

 
 LH2  Hydrogen 3.50   
      
X to Belgium (750 TWh/y = 
22,502,250 t H2/y)  

2050   (Hydrogen Import 
Coalition, 2021) 

Australia Ammonia  Hydrogen 2.43   
 Ammonia  Ammonia 0.32   
 Methanol  Methanol 0.41    DBT  Hydrogen 3.22    LH2  Hydrogen 3.69   

Morocco Ammonia  Hydrogen 2.39   
 Ammonia  Ammonia 0.30   
 Methanol  Methanol 0.39  

  DBT  Hydrogen 2.25    LH2  Hydrogen 2.64   
Spain Ammonia  Hydrogen 2.60   

 Ammonia  Ammonia 0.34   
 Methanol  Methanol 0.44   
 DBT  Hydrogen 3.01  

 
 LH2  Hydrogen 2.79   
      
X to Hamburg (no volume data)  

 
  (Agora 

Verkehrswende, 2018)  
Iceland Methanol 2030 Methanol 0.47    Methanol 2050 Methanol 0.40   
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North Africa (solar) Methanol 2030 Methanol 0.69    Methanol 2050 Methanol 0.49   
Middle East (solar) Methanol 2030 Methanol 0.64  

  Methanol 2050 Methanol 0.49   
North/Baltic Seas (offshore wind) Methanol 2030 Methanol 0.98    Methanol 2050 Methanol 0.69   

       
Morocco to Germany (42,500 t/y) 2030   (Hank et al., 2020) 

 Ammonia  Ammonia 0.64  
 

 Methanol  Methanol 0.72  
 

 DBT  DBT 5.19  
 

 LH2  Hydrogen 4.20  
 

      
X to Rotterdam (1,000,000 t/y) 2050   (Hydrohub, 2019) 

Australia Ammonia  Hydrogen 4.80  
 

 Methanol  Hydrogen 6.01   
 DBT  Hydrogen 6.01   
 LH2  Hydrogen 8.11   

Morocco Ammonia  Hydrogen 4.41   
 Methanol  Hydrogen 6.11   
 DBT  Hydrogen 4.20  

 
 LH2  Hydrogen 7.99   

Spain Ammonia  Hydrogen 3.41   
 Methanol  Hydrogen 4.87   
 DBT  Hydrogen 3.39   
 LH2  Hydrogen 6.33   

 
 
Table 30 shows the diversity of results that can be produced from studies when different 
assumptions and methodologies are used. Though the studies in Table 30 focus on varied 
scenarios, those that are comparable, for example from the Hydrogen Import Coalition (2021) 
and HyChain Model (Hydrohub, 2019), still demonstrate significantly different results.  
 
The results from Table 30, along with conclusions drawn from the results of the cost model, 
are discussed in Chapter 6.  
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Chapter 6 

6Discussion  

This chapter answers the research questions posed at the start of this thesis. It begins by 
establishing the feasibility of exporting hydrogen from Iceland to Europe, using the results 
presented in Chapter 5. Next, aided by the conclusions drawn from the cost model, it assesses 
the desirability for Iceland of producing and exporting hydrogen to Europe. Then, this chapter 
analyses the strategy and policy factors that should be considered by Iceland when determining 
whether or not to pursue hydrogen export. Finally, the geopolitical implications of hydrogen 
trade between Iceland and Europe are discussed and those in Europe more broadly as it seeks 
to implement its hydrogen goals.  

6.1 Feasibility of Hydrogen Export from Iceland to Europe 

The results presented in Chapter 5 show that, when compared to a future benchmark cost of 
€2.16 (Hydrogen Council, 2020), hydrogen exported from Iceland to Europe does not reach a 
competitive cost by 2050. This does not mean that the potential for export is entirely unfeasible, 
but it demonstrates that if Iceland chooses to pursue hydrogen export it must have a clear 
understanding of the market and a comprehensive strategy in place. 
 
The scenario tested for 2022 (Figure 8) shows that exporting hydrogen from Iceland in the 
short-term is a long way from being competitive. This is to be expected. The green hydrogen 
market is not yet established, meaning that technology costs have not had a chance to fall 
through innovation and economies of scale. This suggests Iceland should not pursue large scale 
hydrogen export in the short-term. 
 
From Figure 9 it can be seen that, in 2030, the cost of hydrogen begins to approach a 
competitive level but is still far from the benchmark cost. It is not until 2050 that any hydrogen 
carrier pathway becomes close to being competitive. The carriers that are the most promising 
are ammonia and H18-DBT, though they still do not reach the benchmark cost. The least 
competitive pathway is liquefied hydrogen, with methanol also being a long way from 
achieving a competitive price. Figure 9 suggests that if Iceland does opt to pursue hydrogen 
export, ammonia and DBT are the carrier pathways on which it should focus. 
 
The results from Figure 9 can be compared to those in Table 30, which details the results from 
similar studies but with differing regions, time frames and delivered products. From Table 30, 
it can be seen that the majority of the comparative studies, including delivered hydrogen, 
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ammonia and methanol, also fail to reach the benchmark cost. For delivered hydrogen 
specifically, none of the pathways studied by Hank et al. (2020), the Hydrogen Import Coalition 
(2021) Hydrohub (2019), the IEA (2019) or Lanphen (2019) reached a competitive price for 
delivered hydrogen.  
 
It should be noted that, with the exception of the IEA (2019) study, none of the studies in Table 
30 account for pipeline transportation beyond the destination port. The results from this 
research are therefore including an additional step, and cost, in the supply chain. 
 
For delivered methanol, the results from studies by Agora Verkehrswende (2018), Hank et al. 
(2020) and the Hydrogen Import Coalition (2021) all failed to reach the competitive benchmark 
cost taken from Methanex (2021). For delivered ammonia, the pathway tested by Hank et al. 
was unable to reach the benchmark cost set by the Hydrogen Council (2020). The pathway 
from Spain, tested by the Hydrogen Import Coalition, was also not competitive. However, the 
pathway from Morocco and Australia was found to reach a competitive price. A more detailed 
comparison of the studies in Table 30 is provided in Section 6.1.1. 
 
Comparing Figure 9 and Table 30, it can be concluded that reaching a competitive cost for 
hydrogen export is challenging. The competitive cost for hydrogen is in part dictated by the 
price the consumer is willing to pay, which is in part driven by demand. To achieve the EU’s 
aim of creating a hydrogen economy, Europe will need to import hydrogen from abroad to 
satisfy demand (European Commission, 2020c). The future demand for hydrogen in Europe 
cannot be known, but if imported green hydrogen becomes essential to meet this demand 
(assuming lower cost alternatives are not available), it is possible that higher cost imported 
hydrogen will be competitive as demand drives an increase in price. The need to import 
hydrogen also raises questions regarding the balance of security of supply and costs. This is 
discussed further in Section 6.4. 
 
It is also important to note that the benchmark cost provided by the Hydrogen Council (2020) 
is an estimate for 2030, and it is impossible to state definitively what will constitute a 
competitive cost in the future. Many factors could affect the future price of hydrogen. For 
example, a regional or global ambitious price on carbon could raise the cost of processes that 
use fossil fuels, increasing the competitiveness of hydrogen. Alternatively, significant cost 
reductions in carbon capture and storage, or a lack of progress on preventing carbon emissions, 
might keep fossil fuels as the most economical alternative. In addition, the €2.16 benchmark is 
offered by the Hydrogen Council as a cost to enable competitive access to 8% of global energy 
demand (with the €1.55 cost enabling access to 15% of demand). It is possible that there are 
sectors in which hydrogen will become competitive at a cost higher than €2.16, such as in 
industrial sectors where there is no alternative to hydrogen as a feedstock.   
 
With the results from the model suggesting that hydrogen exported from Iceland to Europe is 
not able to reach a competitive cost, it is useful to analyse the assumptions that were made in 
the model and the impact they had on the final delivered cost of hydrogen. Figures 11, 12 and 
13 demonstrate which elements of the supply chain had the most influence on cost from 2030-
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2050. It is evident that, for all carrier pathways, energy for electrolysis is one of the most 
significant inputs. This is pertinent, as the cost of energy is a particularly uncertain assumption, 
and it will be one of the most variable factors between countries that opt to produce hydrogen. 
For Iceland, Landsvirkjun does not disclose the cost they charge for energy; however, it is 
known that large energy intensive customers receive a more favourable rate than small 
businesses and residential customers (D. Sveinbjörnsson, personal communication, 14 August 
2020). For this model, the levelised cost of electricity (LCOE) for hydropower was used as the 
price of energy (€0.023 per kWh), as hydropower is responsible for 73% of generated 
electricity in Iceland (Fjeldsted et al., 2019). This cost was kept constant. However, it is 
speculated that the price of energy for industrial customers in Iceland is going to rise 
(Clemence, 2017), potentially reaching €0.037 per kWh in 2050 (Næss-Schmidt et al., 2017).   
 
Figures 14, 15 and 16 show the delivered cost of hydrogen at changing energy prices in 2050. 
The results of this analysis show that the cost of energy effects the final delivered cost of 
hydrogen in a linear fashion, across all scenarios. From this it can be inferred that increasing 
or decreasing energy prices will always have the same relative effect, under the assumptions 
tested in this model.  
 
It is clear that at higher energy prices the carrier pathways become much less competitive. In 
figure 16 (the 2050 scenario), at a cost of electricity of €0.04/kWh, hydrogen from ammonia 
has a final delivered cost of €3.37 per kg. This can be compared to the energy price used in the 
primary scenarios (€0.23/kWh), which delivered ammonia at a cost of €2.52 per kg.  
 
Conversely, at the lowest measured energy price of €0.005, ammonia reaches a competitive 
price in 2040 (Figure 15), and in 2050 (Figure 16) ammonia is still competitive at €0.15. It is 
very unlikely that energy prices in Iceland will reach this price. IRENA’s most ambitious 
forecasts put solar power, widely regarded to be the cheapest form of energy in the future, at 
US$0.014 (~€0.012) by 2050 (IRENA, 2019b). 
 
From analysing the effect of energy price on the delivered cost of hydrogen, it can be inferred 
that if trends in energy price continue as they are forecast, then hydrogen from Iceland will 
struggle to achieve a future competitive price, despite cost improvements in technology and 
economies of scale. This is of course speculative, but it demonstrates the uncertainty that exists 
in assumptions made for this model and the sensitivity of the final cost of hydrogen to certain 
inputs.  
 
Energy cost is driven by the price of electricity, and also the energy consumption of an 
electrolyser system. Figure 17 shows the energy consumption required by a PEM electrolyser 
to reach the €2.16 benchmark cost. Evidently, electrolyser energy consumption has to be 
reduced a great deal for a competitive cost to be reached, far below the lower range estimates 
appearing in the literature (Schmidt et al., 2017). Given the assertion of Schmidt et al. that there 
is little scope for a dramatic reduction in energy consumption, it seems unlikely that this route 
could drive the competitiveness of hydrogen delivered from Iceland.  
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Contrary to the cost of energy, other inputs that appear to be significant from the cost 
breakdowns in Figures 11, 12 and 13 are shown to ultimately not have a major impact on the 
final cost of delivered hydrogen. The cost of electrolyser systems, the results of which can be 
seen in Figures 18 and 19, were tested for sensitivity. From Figure 18 it can be seen that even 
at the lowest estimated system cost in 2050, no pathway becomes competitive. Figures 18 and 
19 also show that the final cost of hydrogen is not significantly different between the low and 
high CAPEX, particularly in 2040 and 2050. In the 2050 pathway, the high CAPEX estimate 
(Figure 19) is 329% greater than the low estimate (Figure 18). However, for the ammonia 
pathway, the delivered cost of hydrogen is only €0.46 greater in the high-cost estimate 
compared to the low-cost estimate: a 19% increase. This suggests that the final delivered cost 
of hydrogen is not hugely sensitive to electrolyser CAPEX. 
 
Another factor that has been shown to be important, and which could have bearing on the future 
direction of hydrogen in Iceland, is the scale of production. Figure 10 shows the cost of 
delivered hydrogen in 2050, at scales of production ranging from 50 to 3000 kt per year. It is 
important to note that 3000 kt per year requires the consumption of 100 TWh per year of 
energy, and the combined economically usable hydro and geothermal resources of Iceland is 
estimated at 50 TWh per year. 3000 kt per year of production would therefore require the 
extensive development of wind power resources. 
 
There are two conclusions that can be drawn from Figure 10. First, even with the cost 
reductions assumed for 2050, hydrogen exported at low volumes is unlikely to be economically 
viable. Looking at ammonia and DBT, it is not until 500 kt of hydrogen are produced per year 
that the pathways begin to near a competitive price. Therefore, to achieve economic feasibility, 
it can be stated that large volumes of hydrogen are required.  
 
Second, the reduction in cost does not fall in a linear fashion with increasing volume. This can 
be seen at higher production volumes (500-3000 kt per year), at which the rate of cost reduction 
steadily falls as production volume increases. Between 500-3000 kt per year, the cost for 
ammonia only reduces by €0.26 per kg of H2, whereas, between 50-500 kt the cost for ammonia 
falls by €1.08 per kg of H2. For Iceland this conclusion is relevant, as the country’s renewable 
energy resources are to an extent limited (though per capita they are considered abundant).  
 
It is feasible that Iceland could meet a production volume of 500 kt per year (requiring 16.67 
TWh of energy) but producing 3000 kt per year (requiring 100 TWh of energy) does not seem 
realistic, particularly given the social resistance in Iceland to building further energy capacity 
(discussed further in Section 6.2). However, as it is shown that the rate of cost savings decreases 
with increased production volume, Iceland does not necessarily need to develop hydrogen 
production in the order of thousands of kt per year to pursue a competitive price. Instead, they 
can pursue cost savings through technological innovation. 
 
Figure 25 shows that even with an optimistic scenario in regard to energy price, electrolyser 
cost and production scale, none of the identified pathways manage to reach the competitive 
benchmark cost (though ammonia only exceeds it by €0.04). This suggests that if the cost of 
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energy is to be driven down further, then cost reductions will be required across additional 
elements of the supply chain. Figures 11, 12 and 13 show that the conversion to carrier and 
hydrogen retrieval process are two of the biggest inputs outside of hydrogen production. These 
elements of the supply chain should therefore be focused on if a competitive price is to be 
achieved.  
 
The methanol and liquefied hydrogen pathways are shown to be the least viable for hydrogen 
production, however it is useful to understand which inputs have the most effect. For methanol, 
Figures 11, 12 and 13 show that hydrogen retrieval is one of the biggest contributors to cost. 
From Figure 21 it can be seen that, to achieve the greatest cost reductions in this stage, effort 
should be directed at reducing the cost of energy. This is in part due to the high energy 
consumption for the process and the higher price of energy in the Netherlands (where the 
hydrogen retrieval process takes place).  
 
For liquefied hydrogen, the highest cost is clearly the cost of the temporary storage tank. This 
input is interesting, as the estimated costs provided in the literature vary significantly. Figure 
20 shows that the final cost of delivered hydrogen for this pathway is sensitive to the cost of 
storage, and at the lowest estimated storage cost in 2050, the pathway nears a competitive cost. 
Therefore, if liquefied hydrogen is to be pursued as a pathway, efforts should be made to reduce 
the cost of storage. 
 
If the scope is expanded to include the cost of hydrogen products (i.e., ammonia and methanol), 
then the feasibility of export becomes more promising. Although ammonia remains 
uncompetitive through to 2050 (Figure 22), methanol reaches a competitive price by 2040 and 
is very competitive by 2050. This demonstrates that hydrogen retrieval is a significant factor 
in the delivered cost of hydrogen from methanol. It also suggests that Iceland may be better 
positioned for exporting hydrogen derived products, than hydrogen itself. Figure 24, however, 
shows that the delivered methanol pathway is sensitive to the cost of DAC and could become 
uncompetitive if DAC cost reductions are not realised. As the future cost of DAC is highly 
uncertain, caution should be headed in assuming feasibility of the methanol pathway. This has 
implications for the country’s hydrogen strategy, which will be discussed further in Section 
6.3. 
 
An additional avenue to explore could be the use of hydrogen domestically, excluding export. 
As Figure 26 shows, the cost of hydrogen production in Iceland becomes competitive by 2050. 
This low-cost hydrogen production could be utilised to drive emissions reductions in Iceland 
in hard to electrify sectors, or it could be used to attract industries into Iceland that require 
hydrogen as a feedstock, in the same way that aluminium smelters were attracted to Iceland 
with the low cost of electricity. This will be discussed in greater detail in Section 6.3. 

6.1.1 Comparison to Other Research 

The results of this model are largely in line with results from similar research. To the best of 
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the authors knowledge, at present there is no recent study that provides cost estimates for 
hydrogen transportation from Iceland to Europe up to 2050, with hydrogen being utilised as 
the delivered product. However, the broad conclusion of this research can be compared to the 
results of studies that researched hydrogen delivery from different locations, in different time 
frames, and with different pathways. Examples of such studies can be seen in Table 30.  
 
One such study was conducted by Lanphen (2019) and focused on the supply chain costs of 
hydrogen delivered into Rotterdam in 2050. Lanphen’s research reached similar results in 
regard to the most and least cost-effective hydrogen transportation pathways; namely, ammonia 
and liquefied hydrogen. However, the difference in cost between the most and least viable 
pathway in Lanphen’s study is not as considerable as the results found in this study. 
 
Hank et al. (2020) assessed a pathway from Morocco to Germany in 2030, with hydrogen 
carriers being utilised in their delivered form where appropriate (i.e., ammonia and methanal 
are used as products themselves, whereas hydrogen has to be retrieved from DBT). It is 
interesting to note, when comparing these results to other studies, that Hank et al. included a 
desalination step in their calculations. From their results it appears that this did not have a 
significant impact on the final cost. The results from Hank et al. show ammonia to be the most 
economically viable pathway, with DBT as the most expensive. This difference can be 
explained in part by DBT requiring the hydrogen retrieval step, whereas ammonia is used 
directly.  
 
A case study in the IEA report (2019) on transporting hydrogen from Australia to Japan, also 
in 2030, with hydrogen retrieved from the carrier at the destination port and then transported 
via pipeline, yields similar results. Ammonia is the most viable pathway, with liquefied 
hydrogen the most expensive. The LOHC studied (methylcyclohexane) is more expensive than 
ammonia, but cheaper than liquefied hydrogen.  
 
Results from the Hydrogen Import Coalition (HIC) (2021) are also broadly in line with the 
costs found in this study, though in general they found a cheaper cost of imported hydrogen. 
The cost of methanol in the study is used as a product, therefore skipping the hydrogen retrieval 
stage and coming out, in some cases, as cheaper than hydrogen delivered via an ammonia 
carrier. This is to be expected. One difference between the HIC study and the research 
conducted for this thesis is the difference in cost between H18-DBT and ammonia; DBT is 
noticeably more expensive that ammonia in the HIC study, whereas in this research the cost 
difference was found to be quite narrow, in 2050. 
 
The study conducted by Agora Verkehrswende (2018) on the trade of synthetic fuels is a useful 
comparison for the export of methanol from Iceland to Europe. The cost found by Agora for 
2030 is similar to the cost found in this study, as can be seen in Table 30 and Figure 23. 
However, the cost provided for 2050 by Agora is higher than that found for this study, by €0.12. 
This is most likely due to different cost assumptions made for future technologies; the Agora 
report itself mentions the uncertainty in future cost trends. 
 



   98 
 

 
 

The costs found in the original HyChain Model (Hydrohub, 2019) can be seen in Table 30 to 
be higher than those found in the adapted model used for this study. It can also be seen that the 
costs found in the HyChain model appear higher than those in other studies. This may be due 
to the formula for calculating investment costs in the HyChain model not being scaled to the 
actual annual demand for hydrogen, an issue that the adapted model used in this study 
addressed.  
 
The effect of different assumptions on the final delivered cost of hydrogen is perhaps best 
demonstrated by the difference in cost between the results of the HyChain cost model and the 
results of the Hydrogen Import Coalition study. The HyChain model is setup for delivery into 
the Port of Rotterdam, in the Netherland, whereas the HIC study was setup for delivery into 
the Port of Zeebrugge, in Belgium. For this comparison the HyChain model was set for delivery 
of 22,502 kt of hydrogen per year, to match the HIC study. Given the geographic closeness of 
these two ports and the same year of study, it would be expected that the costs would be similar. 
In fact, it can be seen in Table 31 that the costs are considerably different, and the most 
competitve pathway from each country also somewhat differs.  
 
This demonstrates that the results of cost studies must not be taken as literal, but instead should 
provide broad direction for future decision making. From this perspective, the results of the 
cost model developed for this study, and the results of the studies it was compared to, are useful.  

Table 32.  
Comparison of Estimated Delivered Hydrogen Cost from the Results of the HyChain Model 
and Hydrogen Import Coalition Study 

Country of Origin Carrier Pathway Results of HyChain 
Model Cost (€/kg) 

Results of Hydrogen Import 
Coalition Study Cost (€/kg) 

Difference in 
Cost (€/kg) 

Australia Ammonia 4.78 2.47 2.73 
 DBT 5.95 3.22 4.33 
 Liquefied Hydrogen 8.02 3.69 2.00 

Morocco Ammonia 4.39 2.39 1.93 
 DBT 4.18 2.25 5.31 
 Liquefied Hydrogen 7.95 2.64 0.79 

Spain Ammonia 3.39 2.60 0.37 
 DBT 3.38 3.01 3.51 

 Liquefied Hydrogen 6.30 2.79 2.31 

 
The results could be interpreted so that pursuing alternative options, such as a domestic market 
for hydrogen, or focusing on the export of hydrogen products, such as methanol, would be seen 
as the best approach. On the other hand, with the ammonia and DBT pathways nearing the 
competitive price benchmark, effort could be directed towards reducing cost in those elements 
of the supply chain that are most significant to the final delivered cost of hydrogen, or at 
targeting higher priced markets. These ideas are further explored in the following sections. 
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6.1.2 Hydrogen Carrier Feasibility  

This section summarises the findings of the four hydrogen carrier pathways that were modelled 
in this case study. 

6.1.2.1 Ammonia 

Ammonia is the most promising carrier for delivered hydrogen. The pathway achieves a cost 
of €2.52 per kg H2 in 2050, which is €0.36 higher than the competitive benchmark cost. In 
terms of technical feasibility, ammonia is already a widely traded global commodity, which 
means there should be few technological barriers to an increase in its transportation, though its 
toxic nature will require extremely cautious management.  
 
If ammonia is delivered as a product itself, the cost is €0.42 per kg in 2050, €0.10 higher than 
the benchmark cost. It is conceivable that this cost could be competitive in 2050, but at this 
stage methanol presents a more attractive option from an economic perspective. However, due 
to its carbon neutrality and wide scope for potential uses (e.g., shipping fuel, fertilizer 
production), ammonia should not be discounted as a delivered product.  

6.1.2.2 Methanol 

The methanol pathway can deliver hydrogen at a cost of €3.17 per kg in 2050. This is €1.01 
greater than the benchmark cost and €0.65 per kg greater than the delivered cost of ammonia. 
Like ammonia, methanol is a commonly traded commodity and so it is technically feasible to 
use it as a hydrogen export product.  
 
Delivering methanol as a product itself in 2050 achieves a cost of €0.28 per kg, which is €0.10 
per kg cheaper than the upper range benchmark cost and €0.04 cheaper than the lower range 
benchmark cost. Methanol also passes the upper range benchmark cost in 2040 by €0.05. When 
interpreting these results, however, the influence of uncertainty in the cost of DAC must be 
considered, as shown in Figure 24. If the low cost assumed in the case study is not reached, it 
is probable methanol delivered as a product would not reach a competitive price. This pathway 
can therefore be seen as a potentially economically attractive option, and if a low cost of DAC 
is achieved, then it has scope to be competitive in a shorter time frame than the alternative 
pathways.   

6.1.2.3 H18-DBT 

H18-DBT can deliver hydrogen at a cost of €2.68 per kg in 2050. This makes it the second 
most attractive pathway, after ammonia. Its technological feasibility for export is promising, 
though it does not have supply chains as well established as ammonia or methanol. The cost of 
DBT itself is also uncertain. 
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6.1.2.4 Liquefied Hydrogen  

LH2 is the least viable pathway, both economically and technologically. It can deliver hydrogen 
at a cost of €4.08 per kg in 2050, which is significantly higher than the benchmark cost. Its 
technological immaturity as a traded commodity also makes assumptions highly uncertain, and 
the extremely low temperatures at which it must be maintained are difficult to overcome 
efficiently. It is therefore the least promising pathway to export hydrogen.  

6.2 Desirability of Hydrogen Export from Iceland to Europe  

The results from the cost model demonstrated that hydrogen exported from Iceland was unable 
to reach a competitive price in 2050 in the modelled scenario (see Figure 9). However, when 
considering forecast demand in Europe, the potential for greater than expected cost reductions 
across the supply chain (as occurred with solar power), and comparative export studies, it can 
be stated that it is possible hydrogen export from Iceland could become economically feasible. 
This leads to the question: assuming hydrogen export can be made feasible, is it desirable from 
the Icelandic perspective? 
 
It is known from the results in Figure 26 that hydrogen production in Iceland can reach a very 
competitive cost, and so it can be assumed that hydrogen consumption in Iceland is appropriate 
for sectors that cannot be electrified, such as air and long-distance marine transport. This 
section will begin by looking at what amount of hydrogen is likely to be consumed 
domestically, as this will dictate the potential scale of export. Next, this section will discuss 
factors that could influence the desirability of hydrogen export from Iceland. 

6.2.1 Domestic Consumption of Hydrogen 

In a thesis on stakeholders perspectives of energy development in Iceland, Steingrímsdóttir 
(2019) found an almost universal desire for Iceland to be self-sufficient in its energy 
consumption, suggesting domestic consumption of hydrogen should be a priority. 
 
The estimated volume of hydrogen Iceland could consume per year in 2050, if it was used in 
decarbonising its energy system, was calculated in Section 4.2.4. It was found to be 164 kt of 
Hydrogen, equivalent to 5.47 TWh of electricity. From Table 16 it can be seen that international 
air travel is the greatest contributor to hydrogen demand in Iceland. International marine 
transportation also contributes a significant share.  
 
Electricity demand for Iceland in 2050 is estimated at 22.3 TWh, using population forecasts 
from The United Nations (2017) and forecasts for electricity demand per capita from 
Orkustofnun (2015). This figure does not account for a fully decarbonised energy sector, so 
some assumptions can be made. For example, if electric vehicles (EVs) account for an 80% 
share of total vehicle fleet, it is estimated that an additional 3-35% share of total electricity 
consumption is required, within EU countries (van der Laan & Kasten, 2016). In this case, a 
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15% increase in total electricity consumption could be assumed for Iceland in 2050, amounting 
to an additional 3.345 TWh. Domestic fishing is another sector that accounts for a notable share 
of energy consumption. It can be assumed domestic fishing will account for an additional 5% 
of total electricity consumption in 2050: amounting to 1.1 TWh. 
 
Combining 22.3 TWh estimated by Orkustofnun, 5.47 TWh required for hydrogen production 
to replace fossil fuel usage, 3.345 TWh for EVs, and 1.1 TWh for domestic fishing in 2050, 
Iceland’s electricity demand can be estimated at 32.2 TWh. This is of course an uncertain 
estimation; electricity demand could be higher, or lower if energy efficiency gains are realised.  
 
It should be recalled that the estimated economically viable hydro and geothermal resources in 
Iceland are 50 TWh per year. Iceland also has an estimated capacity of 959 TWh for wind 
production, which as of yet has not been exploited. Given the impediments to wind power 
development to date, however, it is difficult to determine how much of this capacity could be 
feasibly utilised. Based solely off the estimate of 50 TWh of hydro and geothermal resources, 
and ~32.2 TWh of electricity for domestic consumption, Iceland would have ~17.8 TWh, which 
it could direct towards hydrogen production for export (16.67 TWh are required to produce 
500 kt of hydrogen).  
 
It should be noted that if hydrogen export is the goal, then there will also be energy 
requirements for the creation of hydrogen carriers. However, these processes require a 
comparatively minor amount of energy. For example, the Haber-Bosch process, to produce 
ammonia, requires 0.48 kWh of electricity per kg of ammonia; to produce 1kg of hydrogen 
requires 49.28 kWh of electricity for PEM electrolysis.  
 
Iceland therefore should have the potential capacity to export hydrogen at a reasonable scale. 
The following section will discuss a number of factors that are pertinent to whether Iceland 
should export hydrogen. They can be summarised as follows: the creation of wealth; the 
development of skill and knowledge; contribution to global decarbonisation efforts; and 
international trade and relations.  

6.2.2 The Creation of Wealth and Employment 

Of the factors that influence a decision on pursing hydrogen export, weighing the creation of 
wealth against sacrifices to the natural environment is perhaps the most significant and tangible.  
 
Interviews conducted by Steingrímsdóttir (2019) on stakeholder perspectives in energy 
development revealed a strong desire for the sustainable utilisation of Iceland’s energy 
resources, with developments being undertaken in harmony with nature. In fact, the 
development of new hydro and geothermal power plants in Iceland does not have great public 
support. Often cited examples of the unsustainable utilisation of energy resources are the 
Kárahnjúkar power plant, built to power the Fjarôaál aluminium smelter in the east of Iceland, 
and the Hellisheiði power plant which provides electricity to the Norðurál aluminium smelter 



   102 
 

 
 

in the south-west. Public opinion on these power plants is largely negative (Guðmundsdóttir et 
al., 2018). This suggests that if new power plants are required for the development of hydrogen 
from export, they could be met with public resistance.  
 
It can be argued that the development of the aluminium smelters is an example of how energy 
utilisation should not be undertaken in Iceland. The aluminium smelters were attracted to 
Iceland with low energy prices. The initial reasoning was that this industry would benefit the 
rural communities where they were being established, strengthen economic growth, increase 
the demand for local services and trade, and boost long term employment and population 
growth; in essence, create wealth for Iceland. The reality was that these benefits were short-
lived, with much of the employment and population growth deriving from foreign workers 
(Guðmundsdóttir et al., 2018). The development of power plants to provide energy for this 
industry has also created negative environmental effects, particularly for local residents 
(Steingrímsdóttir, 2019).  
 
In addition, the power companies providing the energy, and the Icelandic state, have seen very 
little financial return from these developments. The power companies are hindered by the long-
term, low-cost contracts brokered with the aluminium smelters. In the case of the Fjarôaál 
smelter (owned by Alcoa) and the Kárahnjúkar power plant (owned by Landsvirkjun), capital 
returns for the smelter were nearly double those of the power plant. This means Alcoa, the 
foreign investor in the project, is benefiting twice as much as Landsvirkjun, the local investor 
(Guðmundsdóttir et al., 2018). A similar conclusion was reached by Næss-Schmidt et al. 
(2017), who found that returns for energy projects in Iceland (primarily supplying energy to 
heavy industry) were “significantly below international benchmarks”. There have also been 
accusations of tax evasion by the international conglomerates that own the smelters, with the 
Fjarôaál smelter never having made a profit and instead paying interest payment to its parent 
company located in Luxembourg, thereby making a loss and avoiding the payment of tax 
(Guðmundsdóttir et al., 2018).   
 
Though not entirely negative, as some employment opportunities have been developed, the 
experience of the aluminium smelters has made the Icelandic population rightly sceptical about 
new energy intensive industries. Lessons can be learned from this experience, however. If 
properly managed, Iceland’s natural resources can be used to create wealth in a sustainable 
fashion that benefits all.  
 
Direction could be taken from Norway, which is widely lauded for its approach to maximizing 
benefit from its natural resources. In Norway’s case, the natural resource is oil, and its revenue 
is used to support the country’s sovereign wealth fund (SWF), known as the Government 
Pension Fund (and previously known as the petroleum fund). The perspective amongst 
Norwegian decision makers is that “the resource belongs to the nation, and that the 
development should benefit the society as a whole, including future generations” (Holden, 
2013). All cash flow from the oil sector is transferred to the Pension Fund, which is invested 
abroad in a diverse portfolio. Each year the expected return from the Pension Fund is used to 
cover the governments structural budget deficit, but as income from oil resources still flows in, 
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the Pension Fund never gets smaller. Though the Norwegian population are unable to directly 
access this money, they derive benefits through government spending on healthcare, education 
and infrastructure. As the government is only able to access the expected return, the fund will 
also be available for use by future generations, once oil resources no longer produce revenue.  
 
If Iceland moves away from its approach to the aluminium industry and takes inspiration from 
the example of Norway, it is possible Iceland could derive economic benefit from the export 
of hydrogen, whilst managing its environment and natural resources in a sustainable manner. 
Iceland must ensure that revenue generated through hydrogen export directly benefits the 
Icelandic population, and not international conglomerates which profit from Iceland’s 
resources and provide little in return. Following Norway’s approach, maintaining that natural 
resources belong to the nation and should benefit all, revenue should also not accumulate solely 
with Landsvirkjun, or other power companies. Though profiting an Icelandic company, this 
would again deprive the Icelandic population of the benefits gained from their natural 
resources. 
 
The government has proposed the development of a SWF, funded by revenue from power 
companies, and intended to be used as a form of disaster relief during economic downturns or 
unexpected events (Government of Iceland, 2018). This could be expanded, and revenue from 
hydrogen export used, to grow the fund and increase socio-economic prosperity for Icelandic 
citizens.  
 
Iceland’s proposed SWF amounts to US$7,000 per person (Bloomberg, 2019). Although not 
trivial, this value is dwarfed by the current value of Norway’s SWF, which amounts to around 
US$240,000 per capita as of 2020 (Norges Bank, 2020). These figures are of course not directly 
comparable: Norway has access to an extremely valuable natural resource and has been 
shrewdly managing the revenue from this resource since 1996 (Holden, 2013). When the fund 
was diversified away from government bonds and securities, and began investing in equities in 
1998, it was worth approximately $5,300 per capita (Özgül, 2019).  
 
Although Iceland’s natural resource is less valuable per unit, it can be used for value creation 
indefinitely, unlike oil, which is finite. In addition, the success of Norway’s SWF has been 
largely due to its careful management, with focus on long-term wealth creation; It therefore 
seems prudent to utilise Iceland’s resources in similar fashion, so that wealth and welfare can 
be further improved for Icelandic citizens.  
 
The development of new power plants intended for hydrogen export is likely to be 
controversial, as with the Kárahnjúkar and Hellisheiði power plants. If their development is 
managed in a sustainable way, however, it may be acceptable. Public opinion on wind power 
is also divided but presents an alternative strategy to hydro and geothermal, which typically 
have more permanent environmental impacts. As mentioned in Section 1.6.2, the future of the 
aluminium smelters in Iceland is somewhat uncertain; their departure (or reduced presence) 
would free up a great deal of energy capacity that could be utilised for hydrogen production.  
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Ultimately, for wealth creation from hydrogen export to be a true benefit to Iceland it must be 
sustainable and egalitarian. The natural environment should not be unduly sacrificed, and 
wealth should not be accumulated by foreign firms or concentrated amongst a select few 
beneficiaries.  

6.2.3 Skill and Knowledge Export 

Iceland is a world leader in geothermal energy and currently uses its expertise to aid in 
geothermal development in East Africa (United Nations Environment Programme, 2020). 
Given that the country is the largest producer of renewable energy in the world, per capita, 
there is scope for it to raise its profile on the world stage as leader in renewables.  
 
The hydrogen market is in its infancy and pioneering countries have yet to fully establish 
themselves. If Iceland were to begin the development of a hydrogen export economy, it could 
stand to acquire skill and knowledge that will be highly sought after in the future. By 
positioning itself as a leader in hydrogen production and utilisation, Iceland could export these 
skills, in addition to the hydrogen itself. 

6.2.4 Contribution to Global Decarbonisation Efforts  

Iceland’s electricity production is almost entirely renewable and it has the capacity to largely 
decarbonise its current non-renewable sectors. Iceland can therefore become, quite feasibly, a 
near zero carbon country.  
 
With its additional energy resources, the country can go further and help in the global effort to 
decarbonise. By exporting green hydrogen, Iceland would be helping to offset fossil fuel usage 
in other regions. This could benefit Iceland politically on the world stage. With the world’s 
perception of climate change shifting, and the issue of decarbonisation become increasingly 
important, Iceland could gain greater global influence.  

6.2.5 International Trade and Relations 

The export of hydrogen could also strengthen Iceland’s trade and political relations with 
Europe. Europe is predicting that it will require imported hydrogen to satisfy future demand, 
and Iceland could become a key trading partner in this respect. Just as contributing to climate 
change could boost Iceland’s influence on the world stage, a key trading relationship with 
Europe could boost its influence within the EU.  

6.3 Strategy and Policy Considerations  

When discussing what, if any, strategy Iceland should implement in regard to hydrogen 
production and hydrogen export, it is important to consider Iceland’s capacity for production 
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and its policy towards energy and its natural resources.  
 
Iceland is identified by Pflugmann & De Blasio (2020) as a potential regional hydrogen 
exporter. Such a country has the potential capacity to meet its own hydrogen demand and export 
to neighbouring regions, though without the scale to become a global exporter. This aligns with 
the results found in this thesis. In considering export strategy, it is assumed, therefore, that 
Iceland will only be exporting at a regional level. 
 
As mentioned in Section 3.3.1, the Icelandic government currently does not have a tangible 
strategy or policies for the promotion of renewable energy. The following section is therefore 
based on the proposed Sustainable Energy Future policy, put forward by the Ministry of 
Industries and Innovation (2020). This policy has five focus areas, comprising twelve goals. 
Hydrogen, or hydrogen derived fuels, can be seen as playing a part in each of these focus areas. 
 
Energy security. This focus area calls for ensuring, as a first priority, that all society’s energy 
needs are met, and that society’s interests should take precedence over other interests. It also 
suggests a diversification of the Icelandic energy system to contribute to this. Wind power is 
likely to play a role in this diversification and in the future energy system. In respect to this, 
hydrogen can participate in an energy balancing role: produced when supply exceeds demand, 
stored, and then consumed when wind power is low. The Sustainable Energy Future policy in 
fact notes the role of hydrogen or methane for filling this role. For disaster and risk management 
a fuel reserve is also essential; again, hydrogen could fill this gap. 
 
Transition away from fossil fuels. This focus area is aimed at combating climate change and 
enhancing energy security. As has been shown in Table 16, fossil fuel consumption is primarily 
centred on land, air and marine transportation. Land transportation can and should be 
predominantly electrified. Air and marine transportation are not so easily electrified, 
particularly for long-distance travel, and alternative hydrogen-based fuels are likely to be the 
solution. Again, the policy document notes this opportunity and also highlights the potential 
for export of these alternative fuels 
 
Energy efficiency and savings. Hydrogen plays less of a role in this aim, as the hydrogen 
production process is, in itself, quite inefficient. However, the coupling of wind power and 
hydrogen production, as highlighted in regard to the first aim, can prevent the curtailment of 
wind power, thus reducing energy losses.  
 
Society and economy. One of the goals linked to this aim is the nation benefitting from energy 
resources. At present the nation as a whole does not benefit from the aluminium smelting 
sector, which monopolises the vast majority of Iceland’s currently utilised energy resources. 
Changes to agreements established with the aluminium sector could address this. Tapping 
additional resources to develop a well-managed hydrogen export sector could benefit the entire 
nation, as could pivoting away from the aluminium sector and directing those resources at 
hydrogen production. 
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Environment. The last focus area involves ensuring resource use is sustainable and the 
environmental impact is minimal. This focus suggests that the large-scale development of 
energy resources in Iceland towards hydrogen production is not desirable and that careful 
consideration should be taken when developing new power plants for this purpose.  

6.3.1 A Hydrogen Strategy for Iceland 

Guided by these five policy areas, a hydrogen strategy for Iceland can be developed. Iceland’s 
first priority, aligned with the focus on energy efficiency and savings, should be to electrify its 
energy consumption as far as possible. Sectors such as road transportation, domestic marine 
transportation and domestic fisheries should be targeted first. Electrification is generally the 
most efficient use of energy as electricity can be used directly, rather than having to be 
converted, as with hydrogen production. 

6.3.1.1 Domestic Production 

In parallel with its focus on electrification, Iceland should develop its hydrogen production for 
domestic consumption, so as to work towards decarbonising those sectors that cannot be 
electrified, such as air and long-distance marine transportation, which account for around 45% 
of total energy consumption via fossil fuels. This strategy is in line with the Sustainable Energy 
Future policy aims of transitioning away from fossil fuels and enhancing energy security for 
Iceland. Importantly, it puts the needs of the Icelandic nation as a first priority whilst also laying 
the foundation for the development of a hydrogen economy.  
 
It was shown in Figure 26 that although hydrogen production is not currently at a competitive 
price, it is rapidly approaching the benchmark cost by 2030. Due to the pressing nature of 
climate change and the need to decarbonise, Iceland should begin the production of hydrogen 
imminently, before it has reached a competitive price. It is likely that hydrogen production and 
utilisation will therefore require government supported pilot projects in the short term to make 
it competitive with alternatives, in a similar way that solar power received financial support in 
its early market stages. Based off forecasts, this support is likely to be needed only in the short-
medium term, with hydrogen production in Iceland reaching a highly competitive cost by 2040, 
if export is not included.  
 
In addition to decarbonising sectors reliant on fossil fuels, and thus achieving climate goals, 
this strategy will also enable Iceland to develop valuable knowledge and skill in the hydrogen 
sector. With the hydrogen market in its infancy, countries stand to gain first mover advantage 
by starting development quickly. As mentioned in Section 6.2.3, Iceland can export this 
knowledge and skill and position itself as an expert in the hydrogen field. 

6.3.1.2 Engaging in Early Dialogues  

Iceland should use the time when its domestic market is emerging to develop political and 
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trading relationships with countries and regions that are going to be key players in the hydrogen 
supply chain, such as those with large deposits of rare earth elements and critical materials. 
The exact geopolitical nature of the future hydrogen supply chain is debated (and will be 
discussed further in the following section), but moving early to establish position would be 
prudent.  
 
These early dialogues should also be used to encourage the development of demand in potential 
export markets. It is noted throughout the literature that the supply and demand of hydrogen 
must develop concurrently if a globalised hydrogen market is to be realised (Hydrogen Council, 
2020; Perner & Bothe, 2018; Pflugmann & De Blasio, 2020). If Iceland is able to develop its 
domestic hydrogen market rapidly, it can use this experience to encourage and guide other 
markets. 
 
This approach should go some way towards mitigating some of the issues that arose in the early 
stages of the LNG market, particularly those related to the formation of long-term bilateral 
contracts. Though long-term contracts could benefit Iceland in terms of establishing a stable 
revenue stream, they are inherently inflexible, meaning Iceland could not switch between 
buyers if more attractive opportunities arose. If these contracts were to become commonplace, 
there is the risk of a negatively distorted prices for hydrogen, which would not reflect its true 
value. This is something Iceland will wish to avoid. Through engaging in early dialogues and 
encouraging market development, long-term bilateral contracts can be avoided.  

6.3.1.3 Market Regulation and Certification  

In a similar way, Iceland should contribute to regional, or if necessary international, efforts to 
regulate the hydrogen market. This could involve the creation of new regional/international 
organisations, or a new focus for existing organisations, such as the IEA. In particular, Iceland 
should lobby for the creation of green certificates detailing the carbon intensity per unit of 
hydrogen, guarantees of origin and quotas for the use of hydrogen (IRENA, 2019c). 
 
Certification and quotas already exist within the EU for biofuels within the Renewable Energy 
Directive. This could be expanded to include hydrogen and hydrogen derived synthetic fuels 
(Westphal et al., 2020). Green certificates are especially important for Iceland, as the renewable 
hydrogen it produces may be competing against hydrogen from other non (or less) renewable 
sources, such as SMR or blue hydrogen, which still contains 5-15% of the carbon footprint of 
the fossil fuel it was derived from (Van de Graaf, 2021). Green certificates can therefore 
highlight Iceland’s zero carbon credentials.  
 
It has been shown by the results in Chapter 5 and Section 6.1 that hydrogen export from Iceland 
does not reach a competitive cost in 2050. However, it has also been shown that cost forecasts 
and the assumptions that drive them are highly uncertain; similar export studies have found 
prices that do not reach this competitive benchmark; and Europe has stated the need for 
importing hydrogen in the future. With these considerations in mind, following the economic 
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focus of the proposed Icelandic energy policy by ensuring the nation benefits from its energy 
resources, it is logical that whilst developing its domestic hydrogen market, Iceland should also 
invest in pilot export projects.  

6.3.1.4 Pilot Projects 

Pilot projects will help in lowering market risk, drive innovation and contribute to achieving 
economies of scale, all of which in turn can help to achieve the cost reductions necessary for 
the green hydrogen market to be cost competitive (Pflugmann & De Blasio, 2020). Pilot 
projects can also have the benefit of establishing early trading routes and demonstrating 
Iceland’s intention (if economically feasible) of becoming a hydrogen exporter. Hydrogen 
export already exists in Iceland, though the production and export of methanol by Carbon 
Recycling International (n.d.). This experience can be leveraged to help the development of 
additional export pilot projects. It is clear that government support through financial and policy 
measures will be required to make these projects feasible. 
 
With hydrogen export not cost competitive in the near-term, pilot projects should be targeted 
at niche markets which are willing to pay price premiums for green hydrogen, such as 
manufacturing processes that require hydrogen as a feedstock and have no other alternatives.  
 
Once Iceland has established a domestic hydrogen market and a number of export pilot 
projects, it will be well positioned to make a decision on pursuing larger scale hydrogen export 
projects. If the economics for export do look favourable, there are a number of considerations.  

6.3.1.5 Considerations for Export Market  

In all cases, engagement with stakeholders is crucial throughout the process. This is particularly 
important for the policy focus on the environment and societal factors. In regard to the 
environment, decisions will need to be made on new power plant capacity. Specifically, plant 
type, location and size. Societal factors include the location of power plants in regard to 
communities, the benefits and detriments to these communities, and the benefits and detriments 
to Icelandic society as a whole.  
 
The final decision on what hydrogen products to export should be determined when the 
economics of hydrogen export become clearer. From the results of this study, and comparative 
studies, ammonia and DBT should be focused on in the developmental stages, in addition to 
methanol export, assuming reductions in the cost of DAC are achieved. DAC cost reductions 
are almost certain to require the adoption of the technology at scale, which Iceland could 
promote supporting international carbon capture projects.  
 
A range of hydrogen exports could benefit Iceland in terms of diversification, protecting the 
market in cases of a drop in price or other negative external events for any of the exported 
products. However, this diversification could also negate the effects of economies of scale that 
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were shown to be important in the results of this study.  
 
An export focused economy must also ensure natural resources are benefiting the entire 
Icelandic nation. In this regard, it could be worthwhile re-examining the relationship with 
aluminium smelters. Although they have brought some employment to local areas, it has been 
shown they do not benefit the country as a whole, especially when considering their energy use 
compared to financial contributions to the Icelandic economy. One option could be to transition 
away from the aluminium sector and utilising this energy for other purposes, such as hydrogen 
production. 
 
As noted in Section 6.2.1, the Iceland government has proposed the creation of a sovereign 
wealth fund, to aid in disaster mitigation. A proportion of the revenue generated from the export 
of hydrogen could be channelled to this sovereign wealth fund and its mandate expanded to 
enhance government spending and social welfare. In this way, the natural resources of Iceland 
will be benefitting the entire nation, in line with the proposed energy policy.  
 
Though both stemming from natural resources, the source of revenue for the SWF of Iceland 
and Norway would have distinct differences. Norway’s resource is highly valuable and finite; 
Iceland’s less valuable (and potentially less volatile) but renewable. Despite these differences, 
Iceland would do well to follow the example of Norway in regard to fund management. 
Government spending could be restricted to only the annual expected return of the fund, thus 
ensuring the fund never decreases in size. The fund could be invested abroad into a diverse 
portfolio, therefore ensuring the growth of the fund is independent of Iceland’s economic 
growth, protecting against a domestic economic downturn. The fund could also be invested 
ethically, so as to preserve Iceland’s international reputation (Holden, 2013). 
 
Iceland should, however, exhibit some caution in regard to the scale of development of its 
hydrogen market. If the country assumes exported hydrogen will be competitive, only to be out 
competed on cost by countries with more favourable resources and locations (e.g., hydrogen 
from North Africa that can be transported via pipeline), then Iceland could have an excess of 
production capacity with no markets to trade with.  
   
If the economics of hydrogen export do not turn out to be favourable, and hydrogen from 
Iceland cannot compete with hydrogen produced domestically in Europe or imported from 
other regions, then other options can be considered. One alternative could be attracting 
industries to Iceland that require green hydrogen as a feedstock, similar to the way aluminium 
smelters were brought in. If this strategy is pursued, lessons must be learned from the 
experience with the aluminium industry, and Iceland must be properly compensated for the use 
of its resources.  
 
Whichever strategy Iceland opts to pursue, it should make engagement with stakeholders a 
priority. This will ensure environmental and societal policies are adhered to. Iceland should 
make it a priority to focus first on the needs of its society, before looking to create additional 
value from its resources. It would, however, be prudent for Iceland to act quickly in developing 
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its local hydrogen economy, as the global hydrogen market is forecast to develop rapidly, and 
Iceland should seek to gain a first mover advantage.  
 
In addition, regardless of whether the hydrogen market in Iceland emerges as a domestic or 
export economy, the need for long-term policy commitments are vital to achieve the necessary 
scale required for cost reductions (Deloitte, 2019) and competitively priced hydrogen 
production.  

6.3.2 Impediment to a Hydrogen Strategy for Iceland 

When considering the strategic direction Iceland should take, it is important to bear in mind a 
number of factors that could disrupt an attempt to form a hydrogen economy. 
 
One potential hinderance is the price of energy. Current forecasts see the price of energy in 
Iceland rising (Clemence, 2017; Næss-Schmidt et al., 2017) which, as shown by the results in 
Chapter 5, will severely impact the competitiveness of hydrogen in Iceland. If other countries 
are able to produce hydrogen at a lower cost, Iceland could see itself priced out of the export 
market. It seems unlikely that prices will rise to such an extent that Iceland will be forced to 
import hydrogen to meet its domestic needs, but a high price of energy could certainly negate 
the economic feasibility of an export market.  
 
There is also the possibility that cost reductions of key technologies do not fall at the rate that 
is widely expected. The experience of solar suggests that with concerted policy efforts costs 
for hydrogen production and transportation could fall rapidly and to a very competitive level.  
There is, however, no guarantee that similar policies will gain traction in the hydrogen market, 
or that cost reductions will be as great as expected.  
 
In a similar vein, there is also the possibility that the hydrogen market itself fails to gain 
transaction. Although the interest in hydrogen is significant at the global level, with the EU in 
particular pushing a very strong agenda, the hydrogen economy has a history of failing to 
materialise. It could transpire that technological barriers are too steep or expensive to 
overcome, or alternative solutions may be discovered. 
 
Last, there is the possibility that regional and global policy will fail to create an environment 
in which hydrogen can be competitive. It is known that at present the extraction and utilisation 
of fossil fuels is significantly cheaper than hydrogen. It seems certain, particularly in the short-
medium term, that without a carbon price (or similar carbon reduction mechanism) levied on 
fossil fuels, hydrogen will not be able to compete. Any levy will require government 
coordination at the regional and international level (Perner & Bothe, 2018), which is 
notoriously difficult to achieve. 
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6.4 Geopolitical Implications of Hydrogen Production 

The last section of the Discussion chapter focuses on the geopolitical implications of hydrogen 
production. It starts by examining what effects hydrogen will have on Iceland, in regard to 
domestic consumption and export. Then, the focus moves to the EU. The implications for the 
EU of importing hydrogen from Iceland will be examined, followed by a case-by-case 
discussion of how Europe’s hydrogen strategy will affect key relationships, externally and 
within the EU. 
 
The broader implications of renewable energy strategy were discussed in Section 3.2. This 
section will therefore focus solely on those implications arising from the implementation of a 
hydrogen strategy. 

6.4.1 Implications for Hydrogen Production in Iceland  

The hydrogen related geopolitical implications for Iceland are dependent on which strategic 
direction the country pursues.  
 
The first, and perhaps most important, implication worth noting is the greatly enhanced security 
of supply Iceland will experience with the creation of a domestic hydrogen market. Although 
Iceland’s electricity and heat are supplied by domestical renewable energy, the country is very 
dependent on imported fossil fuels, primarily for road, marine and air transportation. This is a 
vulnerability in Iceland’s energy security, as it is reliant on fossil fuel exporting countries to 
enable key areas of its society and economy. Tourism and fishing, for example, accounted for 
39% and 18% of Iceland’s GDP, respectively, in 2018. At present, without imported fossil 
fuels, neither of these industries could operate.  
 
It has been shown in this study that hydrogen (or hydrogen-based fuels) could largely replace 
the fossil fuels that Iceland is currently reliant upon (assuming technical and economic 
innovations progress as forecast), and that Iceland has sufficient renewable energy resources 
to entirely meet its future domestic demands for hydrogen. Creating a domestic hydrogen 
market will, therefore, improve Iceland’s security of supply. 
 
Although easing Iceland’s reliance on fossil fuels, a domestic hydrogen market will create new 
dependences for the hydrogen supply chain. Iceland does not have the necessary raw materials 
or, as of yet, expertise to develop the infrastructure required for hydrogen production. Iceland 
will be somewhat reliant on importing these to meet its needs. However, apart from a number 
of critical materials, including platinum (discussed later in this section), these inputs are 
significantly less geographically and technologically constrained; the risk to security of supply 
is therefore less than with that of fossil fuel imports.  
 
If Iceland opts to pursue hydrogen export as a strategy, then the country could see its 
geopolitical influence broaden. Although Iceland only has the capacity to become a regional 
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exporter, its influence amongst those countries with which it trades will increase.  
 
There will also be geopolitical implications if Iceland decides to not pursue a hydrogen export 
strategy, but rather uses its scope for cheap production to attract industries that require 
hydrogen as a feedstock. A number of industries that either currently, or are forecast, to use 
hydrogen as a feedstock are well established in Europe, for example ammonia production for 
fertiliser or as a fuel for marine transport. If Iceland attempts to attract these industries with 
low-cost hydrogen, there is the potential for geoeconomic tensions to develop with nations in 
which those industries are already established. 

6.4.2 Implications for Europe’s Hydrogen Strategy 

Europe’s hydrogen strategy will have wide reaching geopolitical implications for countries 
both outside and inside the EU.  
 
First, in broad terms, the EU will need international cooperation to achieve the goals of its 
hydrogen strategy. It has been noted that Europe’s hydrogen strategy highlights the need for 
hydrogen imports to meet its forecast demand, but the success of the strategy has an even 
greater international element. Namely, for hydrogen, or hydrogen-based fuels, to become 
viable in key sectors such as shipping and aviation, it must be adopted worldwide. Cargo ships, 
for example, travel worldwide and require fuel at almost every port they visit. If the EU intends 
to convert its shipping industry to hydrogen fuel, then this fuel must be available at all 
international ports. The same goes for aviation (Amelang, 2020). The EU therefore cannot risk 
adopting an isolationist view with its hydrogen strategy. In fact, it needs to engage in 
international discourse and promote the use of hydrogen worldwide, just as much as it promotes 
hydrogen domestically.  
 
Second, the EU must be conscious of the need for critical materials in pursuing its hydrogen 
strategy. Critical materials are raw materials, for which there is no viable substitution with 
current technologies, that are found only in geographically constrained deposits, and the supply 
of which has a potentially high risk of disruption (Månberger & Stenqvist, 2018). Several 
materials used in hydrogen production have been identified as critical, including iridium, 
platinum, tantalum, cobalt and nickel (Moss et al., 2013; Viebahn et al., 2015; Volta Chem, 
2019).  
 
Iridium is particularly rare. Global production is in the order of several tons per year. The main 
producer of iridium is South Africa, but it is also extracted in Russia and Canada (Bell, 2020). 
In a scenario of high hydrogen demand in Europe, it was found that, to meet the need for PEM 
electrolysers, 110% of the current global iridium supply would be required (Volta Chem, 2019).  
 
Nickle is identified as a critical material that is particularly scarce and poses a significant supply 
risk. Demand has risen recently in part due to its growing use as a high energy density cathode 
material and also because it can act as a replacement for cobalt, a politically and environmental 
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controversial element. Supply is constrained as only high grade nickel is suitable for the use as 
a cathode material (Bernhart, 2019). Indonesia, The Philippines and Russia are amongst the 
biggest producers of nickel (Garside, 2021). 
 
The majority of platinum is largely produced in South Africa, with Russia and Zimbabwe being 
the second and third highest producers, respectively (NS Energy, 2019). Platinum is used as a 
catalyst on both the cathode and anode of electrolysers (Moss et al., 2013). Platinum is an 
extremely high-cost material; Rasmussen et al. (2019) found that with a high hydrogen 
production scenario, platinum could face geological constraints, but the more significant threat 
to the supply of platinum was in geopolitical risk and price fluctuations. South Africa possess 
more than 90% of the known reserves of platinum. Such a large supply constrained to one 
country heightens the risk of disruption. This has historic precedent: in 2014-15 strikes by 
South African platinum workers cut around 40% of global production. Rasmussen et al. also 
found a general trend in declining ore grade in South African plantinum mines 
 
However, there are reasons to suspect platinum may not be as geopolitically consequential as 
evidence presented in the previous paragraph suggests. The largest current use of platinum is 
as a catalyst to reduce emissions in internal combustion engine (ICE) vehicles. Forecast 
reductions in ICE vehicles could help balance the demand (Månberger & Stenqvist, 2018). In 
addition, the quantity of platinum required in electrolysis has slowly been reduced over time, 
and there are continuing efforts to reduce it further (Matute et al., 2019). It can be recalled that 
Overland (2019) also believes the threat of supply to critical materials and rare earth elements 
is overstated, citing the cyclical nature of commodity prices, recycling and technological 
innovation as reasons that fear of supply constraints is exaggerated.  
 
Though these points could hold true in the long-term, short-term supply constraints certainly 
have the potential to disrupt Europe’s Hydrogen Strategy. The main problem the EU faces, in 
the short-term, is securing the supply of these materials. For example, Russia has been shown 
to hold deposits of many of these materials, so the frosty geopolitical relationship between 
Europe and Russia poses obvious concerns in this regard. Perhaps the more serious threat 
though is from China. China does not produce significant amounts of these critical materials, 
but they are using soft power to create influence amongst counties that do possess the resources, 
as well as buying up mining rights (Kalantzakos, 2020). This will be discussed further in the 
following sections, as part of the geopolitical implications of Europe’s hydrogen strategy as it 
relates to specific countries and regions. 

6.4.2.1 Iceland 

It is assumed that if Iceland opts to pursue a hydrogen export strategy, its largest (if not only) 
trading partner will be the EU.  
 
Geopolitically, increased trade between Iceland and Europe will be beneficial for both parties. 
For Europe, strengthening Iceland’s ties within the EEA; for Iceland, helping increase its 
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influence within Europe.  
 
A scenario could be envisioned where, if imports to Europe from the MENA regions prove to 
be significantly more cost competitive, the EU does not require imports of hydrogen from 
Iceland. Although Iceland could perceive this as a snub, it is unlikely to have serious 
consequences for Iceland-EU relations, and Iceland could seek alternative markets. 

6.4.2.2 China 

China is Europe’s biggest competitor in the race for global hydrogen leadership. Whereas 
Europe currently leads in technology, China is leading in cost and scale (Amelang, 2020). In 
2019 Bloomberg New Energy Finance estimated electrolysers in China are 83% cheaper than 
in western countries (BNEF, 2020; Van de Graaf et al., 2020).  
 
This competition is reminiscent of Germany’s experience with solar power in the early 2000’s, 
in which the country pioneered the technology with extensive government support, before 
being undercut by China, resulting in the collapse of Germany’s solar industry. Germany, and 
Europe, have expressed their determination for this pattern not to be repeated (Amelang, 2020). 
 
Claims surrounding the theft of intellectual property rights, which stemmed from the United 
States but are echoed in Europe (Brander et al., 2017), add to the tension in this rivalry. The 
implications are heightened further by existing trading relations; China is the EU’s second 
largest trading partner, and the EU is China’s largest trading partner. 
 
Critical materials have already been mentioned as a potential flashpoint. China is making 
concerted efforts to extend its geopolitical reach in respect to accessing critical materials. 
Central to this is the Belt and Road Initiative (BRI). The BRI is a massive infrastructure, 
connectivity and trade initiative, with the aim of uniting Eurasia, Africa and South America. 
Through it, China is developing extensive global partnerships (Kalantzakos, 2020). A number 
of developing countries, some of which hold large resources of critical materials, are 
increasingly drawn to China’s approach to investment (given without interference in a nation’s 
internal affairs), having not seen the benefit of the western style investment model (often 
contingent on the beneficiary of investment adopting certain economic and political policies in 
line with western ideals) (Nnajiofor, 2019). Resource rich developed countries have also seen 
benefits to China’s approach, with Chile and Argentina, alongside Bolivia and The Democratic 
Republic of Congo, welcoming Chinese investment (Kalantzakos, 2020). 
 
The case of Indonesia, and its role as the world’s largest producer of nickel, is a good example. 
Relations between China and Indonesia during the last century have been complicated, with 
issues ranging from China’s assertiveness in the South China Sea to discriminatory domestic 
policies within Indonesia against the ethnic-Chinese population. However, China is now 
Indonesia’s largest trading partner and third largest source of foreign investment. Indonesian 
president Joko Widodo encourages Chinese investment in major infrastructure projects 
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(Anwar, 2019) and, in 2020, Chinese led investment in nickel processing in Indonesia doubled 
(Allard & Nangoy, 2020). 
 
Although the long-term impact of a disruption in supply of critical materials is up for debate, 
the short-term impact is almost certain to be severe. In its race with China for hydrogen 
leadership, Europe is at increasing risk of finding itself reliant on a supply chain of raw 
materials controlled by a rival.  
 
This situation is further complicated by the ethically sensitive nature of trading certain goods 
with China. Evidence of repression of the Uighurs in Xinjiang Province and China’s actions in 
Hong Kong bring into question Europe’s appetite to rely on raw materials from China. 
 
The effect of Europe’s hydrogen strategy in regard to EU-China relations therefore has the 
potential to be geopolitically consequential. 

6.4.2.3 Russia 

The complex energy relationship between Europe and Russia has already been mentioned to 
some extent in this thesis, in the review of literature on energy geopolitics. In short, the trade 
in natural gas is one of the key elements in maintaining Europe-Russian relations, having 
formed a ‘gas bridge’, according to Szabó (2020). 
 
The hydrogen strategy Europe ultimately follows will have great implications for these 
relations. Blue hydrogen, which will require natural gas from Russia, is likely to be a feature 
of the strategy, at least in the short to medium term. There is the possibility that a reliance on 
blue hydrogen will lead to technological and infrastructure lock-in, and the prospect of relative 
carbon neutrality deemed sufficient. In this case, relations with Russia are unlikely to change 
(Szabó, 2020).  
 
If Europe, as is planned in its hydrogen strategy, achieves the development of cost competitive 
green hydrogen at scale (and thus no longer requires Russian gas), it could lead to serious 
geopolitical consequences for its relationship with Russia. Relations between Europe and 
Russia have been poor for some time, and it is likely a move away from Russian gas would 
cause a rapid deterioration. Along with the unknown consequences of this severed relationship, 
Europe will also have to contend with those EU member states that exist in Russia’s sphere of 
influence (Szabó, 2020). Europe should therefore take action now to devise a roadmap which 
can mitigate some of the most negative effects of this transition. 
 
It should also be noted that Russia holds significant reserves of a number of critical materials 
required for the hydrogen supply chain, particularly platinum (Moss et al., 2013; Rasmussen et 
al., 2019). Although it is unlikely that the EU will become dependent on critical materials from 
Russia to such an extent that supply chains could be severely disrupted, in the case of 
deteriorating relations, it is a factor that should be kept in mind. 



   116 
 

 
 

6.4.2.4 Ukraine 

Ukraine is featured in Europe’s hydrogen strategy as a potential exporter of green hydrogen to 
help meet Europe’s demand (European Commission, 2020c). This is in part due to its enormous 
scope for offshore wind production, estimated at 100 GW (Sabadus, 2021). The European 
Commission (2020c) aims to encourage “cooperation” on hydrogen production through direct 
investment, R&D, policy and regulation, and trade deals.  
 
Ukraine sits in a precarious position between Europe (and its allies, e.g., the United States) and 
Russia. The western parts of Ukraine are populated by a Ukrainian-speaking population who 
generally support greater integration with Europe, whereas Eastern Ukraine is home to a more 
Russian-speaking population, who in general want greater ties with Russia. Recent elections 
have indicated that a majority in the country seeks a closer relationship with Europe, but the 
country is still very much torn (Masters, 2020).  
 
If Europe’s strategy for hydrogen import is realised, and Ukraine becomes an exporter to 
Europe, geoeconomic ties will surely be strengthened, and Ukraine may drift further into 
Europe’s sphere of influence. In this case, Russia could well become even more bullish in its 
actions towards Ukraine. In response, Europe and its allies may increase their efforts to restore 
territory seized by Russia.  
 
If a transition away from Russian gas occurs concurrently with a Ukrainian drift towards 
Europe, the potential for hostilities between Europe and Russia could increase greatly.  

6.4.2.5 Africa and the Middle East 

Africa, and particularly North Africa, is identified in the EU hydrogen strategy as a potential 
region from which hydrogen can be imported. A number of European countries have entered 
into discourse with specific resource rich, but developing, nations to meet their hydrogen 
import needs; Germany and the Democratic Republic of Congo (DRC) being examples, as 
described in Section 3.2.3.  
 
In describing the potential for imported hydrogen, the EU hydrogen strategy notes the 
opportunity it has with its neighbouring countries “to contribute to their clean energy transition 
and foster sustainable growth and development” (European Commission, 2020c). This is a 
worthwhile aim, but the strategy runs the risk of engaging in green colonialism, exploiting 
developing or fragile nations for their national resources at the expense of their internal 
development (Van de Graaf et al., 2020). This is also true for the EU’s need to secure access 
to critical minerals. 
 
Germany’s plans for hydrogen in the DRC is a case in point. Germany is seeking to acquire 
green hydrogen for domestic use, through the proposed development of the 44,000 MW Inga 
3 hydropower facility, on the Congo river in the DRC. In the DRC, only 10% of households 
have access to electricity (Gaventa, 2020), giving it the third biggest population in the world 
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without access to electricity (Scita et al., 2020). Germany profiting from cheap electricity 
generated in the DRC, whilst so much of the DRC’s population is without access raises serious 
ethical questions.  
 
Alongside access to energy, access to water is another factor that must be considered. The 
Middle East and North Africa (MENA) region is the most water scare region in the world, with 
two thirds of the population living in areas without sufficient access to water (Baconi, 2018). 
Hydrogen production is an extremely water intensive process, and without extensive 
desalination facilities (requiring additional investment and energy consumption), it is hard to 
see how large-scale hydrogen production is feasible in the region without severe humanitarian 
consequences.  
 
Europe must therefore be extremely cautious in how and where it chooses to develop hydrogen 
production for import. Many countries in the MENA region either rely on fossil fuel exports or 
have limited opportunities for economic growth. Many of the political institutions in the region 
are also largely autocratic or self-serving (Leonard et al., 2021). The opportunity for economic 
development will likely appeal to the ruling class, with little consideration for the potential 
effects on its population.  
 
Not only is this ethically wrong but, from an EU perspective, it could have reputational 
consequences, particularly given its aim of fostering sustainable growth and development. In 
addition, the (unintentional) destabilisation of nations on the EU’s periphery, through reduced 
access to energy and water, could result in the repercussions within the EU that were described 
in Section 3.3.2. These include unsustainable migrant flow and risks of terrorism.  

6.4.2.6 Within the EU 

The hydrogen strategy represents an opportunity for some European member states to benefit 
politically and economically. Member states in southern Europe, like Italy, Spain and Portugal, 
who have historically not held as much influence as their northern neighbours, may see their 
standing increase. This is because, with hydrogen requiring abundant low-cost energy, the 
southern member states are well positioned with their favourable climatic conditions: they 
could become exporters to other member states, providing a great boost for the economies and 
political influence.  
 
In addition, these southern member states also represent the best route for piped hydrogen gas 
from North Africa, if this strategy becomes a reality. In this case, these southern states could 
become hydrogen hubs, producing hydrogen domestically and importing from North Africa, 
for use domestically or transport throughout Europe (Scita et al., 2020). 
 
Germany is also positioning itself to become a leader in hydrogen within Europe. Of all 
member states, Germany is one of the greatest proponents of hydrogen development, 
particularly in terms of hydrogen import, which it sees as essential for the development of its 
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hydrogen economy in the short to medium term (Gaventa, 2020). If Germany continues in this 
fashion, it is likely to be one of the primary beneficiaries of a hydrogen economy, and further 
cement its influence within the EU energy sector (Westphal et al., 2020). 

6.5 Conclusion  

This thesis set out to answer four questions:  
 

I. Is the export of hydrogen from Iceland to Europe technologically and economically 
feasible? 

II. Is a hydrogen export economy socially and economically desirable for Iceland?  
III. What strategies and policies should Iceland pursue to create a hydrogen export market?  
IV. What are the geopolitical implications of hydrogen export for Iceland and for Europe?  
 
To determine the feasibility of hydrogen export from Iceland, a literature review was first 
conducted, from which the HyChain II Import Model was chosen then adapted to fit the 
hypothetical supply chain. Four scenarios were modelled between 2022-2050, with increasing 
volumes of hydrogen delivered. Investment costs and power consumption for elements of the 
supply chain changed in line with data retrieved from the literature. The cost of electricity, 
based off the levelised cost of electricity for hydropower, remained constant. General inputs, 
such as population and energy demand, also changed in line with assumptions from the 
literature. Sensitivity analyses tested a number of these inputs. 
 
Technologically, the export of hydrogen is perfectly feasible. Although the liquefied hydrogen 
pathway relies on technology that can be considered immature, such as liquefied hydrogen 
shipping vessels, this pathway has the least economic viability. The more viable pathways, 
ammonia and H-18 DBT, or methanol if delivered as a product itself, all have well established 
supply chains, which could be utilised today. 
 
In terms of economic feasibility, the picture is less clear. In the short-term, hydrogen export 
from Iceland is prohibitively expensive, but in 2050 it approaches cost competitiveness. 
Ammonia and H18-DBT proved to be the most cost competitive pathways. However, they were 
unable to reach the benchmark competitive cost, even by 2050. Interestingly, of the export 
studies against which this research was compared, no study achieved a competitive cost for 
delivered hydrogen. This suggests that either the market price will rise to meet these higher 
costs, or hydrogen consumption will be more localised. This latter point, however, contradicts 
forecasts for the EU hydrogen strategy, which predicts the need for imports to satisfy demand.  
 
This study did not consider the cost of hydrogen export via pipeline (e.g., from North Africa to 
Europe), which is likely to offer a more feasible export route.  
 
Methanol was shown to be a viable product for export from Iceland to Europe, with 2050 costs 



   119 
 

 
 

coming in below the benchmark cost. Though uncertainty exists in regard to the final cost of 
direct air capture, with small scale methanol export already being undertaken in Iceland, this 
represents an avenue that is worth exploring further. 
 
It should be noted that the inputs and assumptions for the model used in this study are liable to 
great uncertainty, as is the benchmark competitive cost provided by the Hydrogen Council 
(2020). The results should therefore be viewed as a guide to how the future hydrogen landscape 
may appear, as opposed to precise forecasts. 
 
It was also demonstrated that hydrogen production in Iceland is able to meet the domestic needs 
of the country and still have capacity for export. Whether Iceland should export hydrogen is a 
complex issue, and one the that will need to be debated within the country. This thesis outlined 
some factors that could influence the decision. In particular, sustainable management of the 
country’s natural resources, the price of electricity and who the generated wealth benefits, are 
key issues.  
 
The strategy for hydrogen in Iceland, in the short to medium term, is relatively clear. In the 
first instance, hydrogen should only be utilised for those sectors that cannot be directly 
electrified. With that established, Iceland should focus on developing its domestic hydrogen 
market, providing the country with greatly enhanced security of supply. Concurrently, 
government funded export pilot projects should be established, which will help Iceland 
establish key relationships and trade routes that will be essential in the development of an 
export economy.  
 
In the medium to long term, it is not certain whether Iceland should engage in hydrogen export. 
From the results of this study, hydrogen export is not cost competitive, and therefore not 
economically feasible. It is, however, impossible to predict cost developments in the future. It 
would therefore be prudent for Iceland to begin planning for hydrogen export, without 
committing to it fully.  
 
Iceland can also consider attracting industries into the country that require hydrogen as a 
feedstock. This would solve the problem of high-cost hydrogen export, but caution must be 
taken to avoid repeating the unfavourable agreements established with the aluminium smelters.  
 
Unless costs fall dramatically, it seems unlikely that Iceland would have the capacity to foster 
a local market for hydrogen industry as well as an export market for hydrogen, as scale has 
been shown to be key in export. It may be therefore be necessary for Iceland to make a decision 
in the medium term as to which strategy it pursues.  
 
From a geopolitical perspective, hydrogen production would be positive for Iceland. The 
country would no longer need to import fossil fuels and would therefore enjoy much enhanced 
security of supply. There are no real negative geopolitical implications for Iceland producing 
hydrogen. If Iceland decides to export hydrogen to Europe, it could further strengthen 
economic ties, which is positive. Overall however, there are no significant geopolitical 
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implications for Iceland engaging in hydrogen export with Europe.  
 
For Europe, the geopolitical situation in regard to importing hydrogen is much less clear. On 
one hand, security of supply will be improved if the union is able to become less reliant on 
imported fossil fuels. However, the potential deterioration of stability in regions that neighbour 
the EU, and from which the EU previously imported energy, could affect security on a more 
serious level. Further corrosion to EU-Russian relations is a particular concern in the medium 
to long term, particularly as it pertains to countries such as Ukraine. Attention should also be 
paid to competition with China and the securing of access to critical materials, without which 
the hydrogen strategy cannot be realised. 
 
This suggests that the EU needs to exhibit great caution in achieving its hydrogen (and broader 
climate) goals. The transition needs to be managed carefully, and a plan formed now to aid 
those countries that will lose out in the transition. The EU should also be cautious in engaging 
(inadvertently or not) with green colonialism, which will serve only to exacerbate these issues 
further. 
 
Further research could be centred on a more detailed comparison of hydrogen export from 
Iceland and export from other regions, so as to gain further insights into where Iceland stands 
in the global hydrogen market. Particularly beneficial research into this area would be a cost-
benefit comparison of exporting hydrogen from Iceland and attracting industries that require 
hydrogen as a feedstock. Such research could delve further into the policies required to make 
each strategy a reality and would benefit decision makers in Iceland, who should start 
considering this question now. 
 
This research explored the concept of hydrogen in Iceland, focusing particularly on the 
economic feasibility of creating an export economy; what strategies Iceland should pursue in 
regard to hydrogen; and the geopolitical implications of hydrogen for Iceland and the EU. The 
export of hydrogen from Iceland today is unfeasible but shows promising signs for the future. 
Perhaps most significantly, it was shown that hydrogen can be produced in Iceland at a 
competitive price, which can greatly help the country in decarbonising its economy. Decisions 
on hydrogen export in the future can be made when the economic situation is clearer. However, 
steps must be taken now if Iceland is to gain full advantage from the production of hydrogen. 
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8Appendix A 

A.1 Elements of Hydrogen Supply Chain 

 

A.1.1 Production 

The following section describes the primary classifications of hydrogen, excluding green 
hydrogen from electrolysis, which was described in Section 2.1. 
 
A.1.1.1 Classification of Hydrogen 

Brown hydrogen is produced through the gasification of coal (Wood Mackenzie, 2019). It is a 
well-established technique, used for the production of ammonia in the chemical and fertiliser 
industries, and is largely centred in China. Brown hydrogen accounts for around 23% of 
dedicated hydrogen production today; it is also the most carbon intensive method of hydrogen 
production, emitting around 19 tons of CO2 per ton of hydrogen (IEA, 2019). 
 
Grey hydrogen is the most common form of hydrogen, accounting for around three quarters of 
global production (IEA, 2019). Grey hydrogen is produced using natural gas, most commonly 
in a process known as steam methane reforming (SMR) (Wood Mackenzie, 2019). Worldwide, 
SMR uses 205 billion cubic meters of natural gas, making up 6% of global natural gas use- it 
is therefore a highly carbon intensive process. As the dominant method of hydrogen production, 
SMR benefits greatly from existing infrastructure and favourable economics (IEA, 2019).  
 
Blue hydrogen is produced using SMR, in the same fashion as grey hydrogen, but incorporates 
carbon capture utilisation and storage (CCUS) (capturing associated carbon emissions and 
either utilising it as a product, or storing it, to prevent the emissions being released into the 
atmosphere), so as to reduce the amount of carbon emissions in the process (Wood Mackenzie, 
2019). If CCUS technology is applied to both the process and energy emission streams, then 
blue hydrogen can be produced with up to 90% less carbon emissions than grey hydrogen (IEA, 
2019). It is estimated, however, that adding CCUS technology to the SMR process reduces 
overall efficiency by 5-14% (The Royal Society, 2018). It also requires, on average, 50% higher 
capital expenditure, 10% higher fuel costs and a doubling of operation and maintenance (due 
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to CO2 transport and storage). There are several blue hydrogen production plants in operation 
today, producing around 0.5 MtH2 per year (IEA, 2019). 
 
Green hydrogen (biomass with carbon capture and storage) is hydrogen produced through the 
gasification of biomass, in combination with CCUS, is also sometimes classified as green 
hydrogen (Terwel & Kerkhoven, 2019) as it is a carbon neutral process. There is currently less 
interest in this pathway to hydrogen production, in part because prohibitive costs and clashes 
with land use for food production (IEA, 2019) mean significant capacity development is not 
feasible. 
 
A.1.1.2 Electrolysis Methods 

Alkaline water electrolysis (AWE) is the most mature and established electrolyser technology 
and has been used since the 1920’s for large scale, industrial applications (Schmidt et al., 2017). 
A conceptual set up for an alkaline water electrolyser can be seen in Figure A.1, taken from 
Steinmüller et al. (2014).    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The electrodes in an AWE electrolyser are submerged in a liquid electrolyte (typically 
consisting of a 25-30% aqueous [water based] potassium hydroxide solution) and separated by 
a separator (or diaphragm). The electrolyte is stored in two individual drums for each product 
gas, oxygen and hydrogen; this also serves as a gas-liquid separator (Buttler & Spliethoff, 
2018). In AWE, the alkaline water is decomposed at the cathode into H2 and OH- ions; the OH- 

ions travel through the electrolyte and diaphragm to the anode where oxygen (O2) is formed. 
The hydrogen produced at the cathode is separated using a liquid-gas separator (Nanda et al., 
2017). The partial reaction at each electrode, taken from Buttler & Spliethoff (2018), can be 
seen in Equations (A.1) and (A.2). 
 

Figure A. 1  
Conceptual set up for alkaline water electrolysis (Steinmüller et al., 2014) 
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  2𝐻!𝑂 + 2𝑒, → 𝐻! + 2𝑂𝐻,	[𝐶𝑎𝑡ℎ𝑜𝑑𝑒]	 (A.1) 
 

  2𝑂𝐻, →	
1
2𝑂! + 𝐻!𝑂 + 2𝑒

,	[𝐴𝑛𝑜𝑑𝑒] (A.2) 

 
The advantages of AWE electrolysers derive primarily from their mature market position; this 
has enabled wider availability and lower capital costs (Schmidt et al., 2017) than other 
electrolyser technologies. The absence of precious metals in the stack components is another 
driver of low costs (IEA, 2019).  
 
However, AWE electrolysers have relatively low current density and operating pressure. The 
systems must therefore be larger than other electrolysis technologies to produce a comparative 
amount of hydrogen. The slow start up time and limited load flexibility of AWE electrolysers 
means they are not so well suited for grid balancing services (Buttler & Spliethoff, 2018). AWE 
electrolysers are, however, well suited to large scale, industrial production of hydrogen (IEA, 
2019).   
 
Proton Exchange Membrane Electrolysis (PEM) electrolysis was introduced by General 
Electric in the 1960’s, to make up for some of the shortcomings of AWE. (Schmidt et al., 2017). 
A conceptual set up for PEM electrolysis can be seen in Figure A.2. The system does not use 
a liquid electrolyte, as in AWE, but rather a solid plastic material known as the Proton 
Exchange Membrane (PEM) (Office of Energy Efficiency & Renewable Energy, n.d.), which 
serves as the electrolyte and a barrier between hydrogen and oxygen production (Ito et al., 
2016). The PEM promotes a corrosive acidic environment in the system and so noble metal 
catalysts are required for the electrodes, for example iridium at the anode and platinum at the 
cathode (Buttler & Spliethoff, 2018). 
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The PEM (typically NafionTM) separates the anode and cathode, which are usually directly 
attached to it, forming the Membrane Electrode Assembly (Buttler & Spliethoff, 2018). 
Deionized water (Guo et al., 2019) is supplied at the anode (Buttler & Spliethoff, 2018), where 
it  forms oxygen and positively charged hydrogen ions (protons). Electrons flow through an 
external circuit whilst the hydrogen ions move across the PEM to the cathode. At the cathode, 
the hydrogen protons combine with the electrons to form hydrogen gas (Office of Energy 
Efficiency & Renewable Energy, n.d.). The partial reaction is shown in Equations (A.3) and 
(A.4), taken from Buttler & Spliethoff (2018). 
 

  2𝐻- + 2𝑒, → 𝐻!	[𝐶𝑎𝑡ℎ𝑜𝑑𝑒] (A.3) 
 

  𝐻!𝑂 →	
1
2𝑂! + 2𝐻

- + 2𝑒,	[𝐴𝑛𝑜𝑑𝑒] (A.4) 

 
The PEM has low cross-permeation and so the hydrogen produced in PEM electrolysis is 
typically purer than AWE (Buttler & Spliethoff, 2018). Cross permeation involves hydrogen 
and oxygen produced at both electrodes passing through the PEM to mix into the opposite 
electrode compartment- this can be a significant issue (due to the risk of gas explosions), and 
occurs most commonly during high pressure PEM electrolysis (Ito et al., 2016).  
 
Because the PEM is based on a solid electrolyte, rather than liquid as with AWE, the system 
can be designed in a more compact form. The process also allows for higher current density 
operation and the production of high pressure hydrogen, which is more convenient for 
subsequent transport and storage (Buttler & Spliethoff, 2018). PEM electrolysers are also able 
to operate more flexibly than their AWE equivalent, with shorter start up times and wider 

Figure A. 2  
Conceptual set up for PEM electrolysis 
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operational load- they are therefore more suited to grid balancing services (IEA, 2019; Schmidt 
et al., 2017).  
 
Downside of the PEM system include high system component costs, such as the membrane and 
noble metals for the catalyst, as well as high production costs due to the complex system and 
shorter lifetimes than AWE electrolysers (Ayers, 2019). Some of these drawbacks can be 
attributed to the relative technological immaturity, and costs are expected to fall with learning 
and economies of scale (IEA, 2019).   
  
Sold Oxide Electrolysis (SOE) is the least developed of the three electrolysis technologies 
discussed (IEA, 2019). Development of the technology began in the 1970’s in the USA by 
General Electric and Brookhaven National Laboratory, and was continued by Dornier in 
Germany (Buttler & Spliethoff, 2018). Though not yet ready for commercial application, some 
companies are close to bringing them to market (IEA, 2019).  
 
A conceptual set of for SOE can be seen in Figure A.3. SOE electrolysers use a solid ceramic 
material (membrane) as the electrolyte, most commonly zirconium dioxide doped with yttrium 
oxide. During SOE, water at the cathode combines with electrons from the external circuit, 
forming hydrogen gas and negatively charged oxygen ions (O2-). These ions pass through the 
membrane and react at the anode to formed oxygen gas, as well as generation electrons for the 
external circuit (Ochoa Robles et al., 2018b). The partial reaction can be seen in Equations 
(A.5) and (A.6), taken from Buttler & Spliethoff (2018). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

  𝐻!𝑂 + 2𝑒, → 𝐻! + 𝑂!,	[𝐶𝑎𝑡ℎ𝑜𝑑𝑒] (A.5) 

Figure A. 3  
Conceptual set up for solid oxide electrolysis 
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  𝑂!, →	
1
2𝑂! + 2𝑒

,	[𝐴𝑛𝑜𝑑𝑒] (A.6) 

 
 
To function properly SOE must operate at extremely high temperatures (700-900oC), which 
improves efficiency (thus decreasing the amount of electrical energy required) but creates 
significant challenges for material stability (Buttler & Spliethoff, 2018). Due to the high 
temperature requirements, there is interest in the SOE process in conjunction with nuclear 
reactors, combustors and concentrated solar thermal (Nanda et al., 2017) 
 
An SOE electrolyser also has the advantage of being able to work in a reversable process- 
acting as a fuel cell. It is therefore theoretically possible that an SOE system could work to 
produce hydrogen during periods when electricity demand and prices are low, and then convert 
this hydrogen back into electricity when demand rises (Ochoa Robles et al., 2018b). SOE also 
has the potential to perform co-electrolysis of CO2, which would have benefit if synthetic gas 
(gases that combined CO2 and H2) was intended to be produced (Buttler & Spliethoff, 2018).  
 
SOE benefits from low material costs, but as mentioned previously material degradation 
remains a prohibitive issue. Current research is focused on addressing this issue and lowering 
the required operating temperature (Schmidt et al., 2017).  
 

A.1.2 Transportation  

Section A.1.2 provides a description of the four hydrogen carriers focused on in the cost model 
for this thesis. 
 
A.1.2.1 Liquefied Hydrogen  

Liquefying hydrogen increases its density from 0.89kg/m3 (in gaseous form) to ~71kg/m3 
(Reuß et al., 2017), with an energy density of 4.8 GJ/m3 (ISPT, 2017). To achieve this, 
hydrogen must be cooled to, and maintained at, -253oC (IEA, 2019). This is an extremely 
energy (and therefore economically) intensive process. The theoretical minimum energy 
required is 3.3kWh/kg H2 (lower heating value (LHV)) (Terwel & Kerkhoven, 2019), however 
today’s liquefiers require between 8-12 kWh/kg H2 (Wulf & Zapp, 2018). Depending on 
system size, this can amount to 36-45% of the overall hydrogen energy content (Reuß et al., 
2017). The largest liquefaction plants at present are capable of producing 150 tons of LH2 per 
day (Terwel & Kerkhoven, 2019).  Minor losses occur in the liquefaction process, during the 
feed gas compression step, but amount to only 1.6% (Hank et al., 2020). 
 
Energy consumption is anticipated to decrease with improvements in system design and 
efficiency, with 6 kWh/kg H2 considered to be a realistic target for large capacity liquefaction 
plants  (Cardella et al., 2017). One example is the IDEALHY process (part of the Fuel Cell and 
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Hydrogen Joint Undertaking), which requires only 6.76 kWh/kg H2 for a plant producing 50 
tons of LH2 per day (Stolzenburg & Mubbala, 2013). This process has informed energy 
estimates for studies including Hank et al. (2020) and Terwel & Kerkhoven (2019). 
Reconverting (evaporating) liquid hydrogen to gaseous hydrogen is not an energy intensive 
process, requiring only 0.6 kWh/kg LH2 (Reuß et al., 2017). 
 
Though LH2 is an established commodity in industry, a supply chain of the scale to meet 
anticipated future hydrogen demands does not exist (Hinkley et al., 2016). Liquefied natural 
gas (LNG), on the other hand, has an extensive supply chain as it is commonly traded 
internationally. LH2 has many similar physical and combustion properties to LNG, despite the 
difference in storage temperature (LNG liquifies at -162oC). The two substances pose similar 
safety risks (Klebanoff et al., 2017) and so existing practices and knowledge for the handling 
of LNG could be translated to the LH2 supply chain.  
 
Today there is no operating shipping vessel capable of carrying LH2, however it is assumed by 
experts that the concept and design will bare many similarities to existing LNG carriers (Hank 
et al., 2020). Kawasaki Heavy Industries has developed a vessel capable of carrying LH2, with 
deployment scheduled for late 2020. This vessel is capable of carrying 1,250 m3 of LH2 and 
will be used to demonstrate a hydrogen supply chain between Australia and Japan (Kamiya et 
al., 2015). Based on this design, Kawasaki plans to develop a vessel capable of carrying 
160,000 m3 of LH2 in the future (Kawasaki, 2015).  
 
Though liquefying hydrogen provides an increased energy density, it has several drawbacks. 
Already mentioned are the considerable energy and cost requirements of the liquefaction 
process. In addition, the temperature at which LH2 must be stored to maintain its liquid state is 
extremely low, requiring sophisticated storage methods (Klebanoff et al., 2017). Storing 
hydrogen in its liquid state is anticipated to incur losses  (boil-off rate) of approximately 0.2% 
per day (Hank et al., 2020).  
 
A.1.2.2 Ammonia 

Ammonia (nitrogen plus hydrogen) is the second most commonly produced chemical in the 
world (Niaz et al., 2015). It is the most important feedstock in fertiliser production, with ~150 
megatons (Mt) produced in 2017 and a forecast 230 Mt demand forecast by the end of 2025 
(Hank et al., 2020). Because of this, the international transportation infrastructure for ammonia 
is well established (IEA, 2019). Ammonia is considered a viable candidate for hydrogen 
transportation for this reason, in addition to it having a high density (682kg/m3) (Hydrohub, 
2019), energy density (6.8 GJ/m3) and round trip efficiency, comparatively low liquefaction 
temperature (against LH2) and low cost of nitrogen sourcing (ISPT, 2017). Further, ammonia 
produced with hydropower is considered an advantageous coupling by the IEA, with Iceland 
highlighted as a promising location (Philibert, 2017). 
 
The production of ammonia requires a source of hydrogen and nitrogen. Hydrogen can be 
produced via electrolysis, nitrogen can be produced through cryogenic air separation units 
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(ASU). ASU technology is already established at scale and requires 0.5-0.8kWh of electricity 
per kg N2, depending on the size of the plant (Hank et al., 2020).  
 
The combination of hydrogen and nitrogen, to form ammonia, is achieved through the Haber-
Bosch Process; this involves the reaction of hydrogen and nitrogen at a ratio of 3:1, at a pressure 
of 150 bar and temperature of 450oC  (Terwel & Kerkhoven, 2019). The Haber-Bosch Process 
requires 0.48kWh of electricity per kg of ammonia (Hank et al., 2020).  
 
Ammonia is typically transported in a liquid state at a low, but not cryogenic, temperature of -
33oC (Hank et al., 2020). Today’s vessels capable of carrying ammonia have capacities up to 
82,000 m3 (Terwel & Kerkhoven, 2019), but it is feasible that LNG sized carriers (~140,000m3) 
could be utilised in the future (Hank et al., 2020). Ammonia is being widely considered as a 
replacement for marine transport fuel, to aid in decarbonisation; in this case, the transported 
ammonia could be used to power the ship, the same as is done with LNG carriers (Ash & 
Scarbrough, 2019).  
 
One concern for increasing the utilisation of ammonia in the global energy system is its toxicity. 
Though necessitating professional handling procedures across its supply chain, potentially 
limiting its widespread adoption (IEA, 2019), this issue is surmountable. A more significant 
hindrance to its adoption is the high energy requirements (and high cost) for reconverting 
(‘cracking’) ammonia back to hydrogen (Lanphen, 2019). The energy required is 5.88kWh/kg 
H2 (Terwel & Kerkhoven, 2019). 
 
A.1.2.3 Methanol  

Methanol (CH3OH) is a simple alcohol. It has an energy content of 8.2 GJ/m3 (ISPT, 2017) and 
is liquid at ambient temperatures, meaning it can be easily transported and stored (Plass et al., 
2014). It has a similar toxicity level to standard liquid petroleum fuels, but is not carcinogenic 
or mutagenic (as so is not liable to the same safety concerns as ammonia). The methanol 
industry is mature; around 40% of methanol produced today is used for energy, and it can also 
be used as a building block for a number of chemicals (IEA, 2019).  
 
Synthetic methanol requires a source of hydrogen and carbon dioxide, and its production as 
part of a circular or renewable economy (through capturing otherwise emitted CO2) has been 
demonstrated in pilot plants such as the George Olah Plant, run by Carbon Recycling 
International in Iceland. This plant captures CO2 for an adjacent geothermal power plant and 
combines it with hydrogen from electrolysis to produce 4000 Mt of methanol per year (Carbon 
Recycling International, n.d.). Though not directly preventing emissions, as the CO2 will still 
be released, processes such as these reduce the use of CO2 as each molecule is, in effect, being 
used twice (IEA, 2019). 
 
The ratio of CO2 to H2 for methanol production is 1:3. This is fed into a reactor at 50-100 bar 
pressure and 250oC (Terwel & Kerkhoven, 2019). This process requires 0.31kWh per kg 
CH3OH (Hank et al., 2020). The necessary CO2 can either be captured from direct emitting 
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sources (if this is from biogas the process is carbon neutral [IEA, 2019]) or via Direct Air 
Capture (DAC). DAC involves extracting CO2 directly from the air, so its use in methanol 
production is carbon neutral. The concentration of CO2 in the atmosphere is low, so this process 
is energy intensive and expensive. The two dominant methods involve using either high 
temperature aqueous solutions or low temperature solid sorbent systems (LT DAC) (Fasihi et 
al., 2019). In line with the research conducted by Hank et al. (2020), this thesis focused on LT 
DAC. The LT DAC process currently requires 0.25 kWh of electrical energy and 1.75 kWh of 
thermal heat per kg CO2. Future estimates for energy use are uncertain, but optimistic forecasts 
put requirements at 0.2 kWh of electricity and 1.5 kWh thermal energy per kg CO2. 
 
As methanol is liquid at ambient temperature, there are no conversion requirements before 
transport. Current transport vessels are in the range of 52,560m3 (Terwel & Kerkhoven, 2019), 
but vessels up to 140,000m3 are feasible (Hank et al., 2020). Methanol is seen as a potential 
marine transport fuel and could be used to power the vessel (Ash & Scarbrough, 2019). 
 
There are two main drawbacks to the use of methanol as a hydrogen carrier. The first is the use 
of energy intensive DAC; though it is cheaper to capture carbon from direct emissions, this is 
unlikely to be feasible in the quantities required for large scale production. This could be 
partially offset, however, by liquefying and shipping CO2 back to the production facility, after 
conversion. The reconversion of methanol back to hydrogen is another disadvantage. The 
process can be achieved by auto thermal reforming (ATR) with carbon capture, though it is 
very energy intensive, requiring 1.19 kWh of electricity and 12 kWh thermal energy per kg H2, 
with 85% efficiency. Total energy requirements are therefore 15.3 kWh per kg H2 (Terwel & 
Kerkhoven, 2019). 
 
A.1.2.4 Dibenzyltoluene  

Dibenzyltoluene (DBT) is a heat transfer oil, that can be used as liquid organic hydrogen carrier 
(LOHC). LOHCs enable a reversable chemical reaction; GH2 can be ‘loaded’ into the molecule 
(hydrogenation), forming a stable liquid compound that can be easily transported, stored, and 
‘unloaded’ (dehydrogenation) to release the GH2 (Hank et al., 2020). When combined with 
hydrogen, DBT forms perhydro-dibenzyltoluene (H18-DBT) (Niermann et al., 2019). It has an 
energy density of 2.8 GJ/m3 (ISPT, 2017).  
 
The benefits of utilising LOHCs are that they form stable compounds in ambient conditions, 
negating the need for high pressure or cryogenic storage tanks. Their similarities to fossil fuels 
mean storage and transportation can take advantage of existing fossil fuel assets and 
infrastructure (Reuß et al., 2017).  
 
Along with H18-DBT, another promising LOHC is methylcyclohexane (MCH). MCH is 
focused on by the IEA (2019) and Lanphen (2019). However, Hank et al. (2020); Niermann et 
al. (2019); Terwel & Kerkhoven (2019); and, Reuß et al. (2017), consider H18-DBT to be more 
promising. Though currently more expensive, H18-DBT has a high storage density, is easily 
handled, is thermally robust, has high cycle stability and is available in large quantities (Reuß 
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et al., 2017). Further, more transparent economic and energy efficiency data is available for 
H18-DBT, through the work of Hank et al. (2020) and Terwel & Kerkhoven (2019).  
 
The hydrogenation process takes place at a pressure of 50 bar and 150oC. Hydrogen is supplied 
through electrolysis and DBT must be purchased externally from a supplier. Prices range 
between €2-4/kg (Niermann et al., 2019; Terwel & Kerkhoven, 2019). The DBT can be 
recycled, but a certain amount will be lost with each use. The necessary volume of DBT 
depends on the volume of hydrogen required and the loading density (% of H2 in the LOHC 
carrier) of H18-DBT (6.2 wt%) (Hank et al., 2020; Terwel & Kerkhoven, 2019). The 
hydrogenation reaction is exothermal: it releases 9kWh heat per kg H2, which is sufficient to 
raise the temperature for subsequent reactions. The energy requirements are therefore 
0.037kWh(el) per kg of H2.  
 
H18-DBT can be transported in a similar manner to conventional oil. Terwel & Kerkhoven 
(2019) base shipping estimates off 52,560m3 chemical tanker, Hank et al. (2020) use a 73,000 
ton tanker.  
 
In addition to the high cost of purchasing DBT, the dehydrogenation process is very energy 
intensive, requiring 0.37 kWh of electricity and 9kWh of thermal energy per kg H2 (Terwel & 
Kerkhoven, 2019), It is suggested that a certain percentage of the ‘loaded’ hydrogen could be 
utilised to provide the 9kWh of heat, with an estimated 25-30 wt% of H2 required (Hank et al., 
2020). 
 
A.1.2.5 Transportation via truck 

Compressing GH2 for transportation via trucks involves increasing the pressure to between 
200-350 bar. It is a significantly cheaper process than other conversion methods, but still suffers 
from comparably low volumetric density, making transport costs much higher (van Gerwen et 
al., 2019). Compressed GH2 can be transported in in tube trailers at pressures of 200-250 bar, 
and is used for short distance distribution, as it becomes cost prohibitive around 300km 
(Scipioni et al., 2017). In theory, tube trailers could carry up to 1,100 kg H2, but with current 
regulations around the world the limit is much lower. In the United States, for example, tube 
trailers are limited to 280kg H2 (IEA, 2019).   
 
Ammonia transportation via truck is also only suitable for short distances, though the capacity 
is much greater than compressed GH2 at 5000kg of H2 equivalent ammonia. LOHC trucks are 
able to carry up to 1700 kg H2 but must also transport the carrier molecule back to the loading 
site. LH2 trucks can carry up to 4000kg H2 but are considerably more capital intensive as highly 
insulated cryogenic trucks are required. Because of this, LH2 trucks are only economically 
viable transportation method in circumstances of reliable demand and for distances between 
300-4000km (in which the greater cost of liquefaction can be offset by reduced transportation 
costs) (IEA, 2019). 
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A.1.2.6 Transportation via pipeline 

Problems with repurposing existing natural gas transmission infrastructure for hydrogen 
transport are presented here. If pressurised above 7 bar, hydrogen can cause embrittlement in 
the standard steel piping used for natural gas transmission, which causes damage and leakages 
at joints and valves (van Gerwen et al., 2019). In addition, due to hydrogen’s low volumetric 
energy density, increased transmission and storage capacity is likely to be required for the same 
energy delivery. Distribution piping, on the other hand, is often made of polyethylene or fibre-
reinforced polymer; this does not suffer from the same embrittlement issues as steel piping and 
requires only minor upgrades (IEA, 2019).  
 
In regard to the transport of ammonia and LOHCs via pipeline, new ammonia pipelines are 
cheaper than new GH2 pipelines, however the cost of conversion and retrieval of H2 from 
ammonia must be considered. LOHCs can be transported similar to traditional fossil fuels, 
however the need to transport the carrier molecule back to its place of origin makes this method 
problematic (IEA, 2019). 
 
For distances less than 300km, and high mass flow rates (at least 10 tons per day), 
transportation of GH2 via pipeline is the most economic method, according to Li et al. (2020). 
This is supported by van Gerwen et al. (2019), who find that for distances of 100km pipelines 
are the most suitable method. Demir & Dincer (2018) also conclude that large volume delivery 
is most economically achieved by pipeline. Considering environmental impact, Wulf et al. 
(2018) found transport by pipeline to have the least negative environmental impact and was the 
most economical for delivery of 80 tons of H2 per day, compared against all possible delivery 
scenarios. 
 
A.1.2.7 Hydrogen Storage 

For large scale or long duration (e.g., seasonal) storage, gaseous hydrogen can be stored 
geologically, in depleted natural gas/oil reservoirs, aquifers and salt caverns. This storage 
method is widely used today for natural gas. Of the three features, salt caverns present the most 
ideal storage option. Reservoirs are more permeable (meaning losses are higher) and often 
contain impurities which would require removal; aquifers are relatively untested as a storage 
methods, but likely suffer from similar problems as reservoirs (IEA, 2019).  
 
The benefits of salt cavern storage for large volume/long duration storage are strong economies 
of scale, low operational costs, high efficiency, high safety and small above-ground footprints 
(Crotogino et al., 2010; Lanphen, 2019; Terwel & Kerkhoven, 2019). A disadvantage to this 
method is its geographic limitations, as salt caverns are only present in certain locations. Due 
to their large size and minimum pressure requirements salt caverns are unsuited to small scale 
storage (IEA, 2019). An environmental consideration is the safe disposal of large quantities of 
brine produced in the development of the salt caverns (Crotogino et al., 2010). 
 
Hydrogen can be stored in tanks in a variety of forms. Gaseous hydrogen can be compressed 
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and stored in high pressure gas vessels, normally at a pressure between 200-350 bar. There are 
vessels that are capable of withstanding 700 bar (Scipioni et al., 2017), but the density of GH2 
remains low even at this pressure; at 700 bar GH2 has a density of only 40g per litre (Reuß et 
al., 2017), or ~15% of the energy density of gasoline (IEA, 2019). Because of the high pressure, 
the volume per vessel is limited (ISPT, 2017). van Gerwen et al. (2019) estimate that the 
volume per vessel will not exceed 1m3. Further, investment costs for high pressure vessels are 
high, around US$850/kg of hydrogen (Reuß et al., 2017). 
 
LH2 can be stored in cryogenic tanks at a relatively less pressure (<10 bar). This allows for 
large bulk storage systems with high energy densities, though hydrogen boil-off remains an 
issue (Reuß et al., 2017). Despite the advanced cryogenic design and materials required to keep 
a consistent temperature, LH2 storage remains cheaper than the storage of GH2 (Reuß et al., 
2017; Scipioni et al., 2017).  
 
Storage of ammonia is common. For volumes up to 5,000m3, ammonia is typically stored as a 
liquid at pressures of around 10 bar. Larger volumes of ammonia are stored at -33oC and 
ambient temperatures; a double wall tank system is used to ensure containment (ISPT, 2017). 
Ammonia tanks can be up to 45,000 tons (Morgan, 2013). Ammonia boil off is captured and 
returned to the tank. With a higher energy density and lower liquidation temperature than LH2, 
ammonia storage tanks are typically lower volume and lower cost (ISPT, 2017).   
 
The storage of both LH2 and ammonia present risk, more so than the storage of oil. Therefore 
special handling measures and safety zones are required (Lanphen, 2019).  
 
 
 

A.2 Financial Models 

A.2.1 H2A Delivery Scenario Analysis Model  

The H2A Delivery Scenario Analysis Model (HDSAM) was developed by the U.S. Department 
of Energy’s Fuel Cell Technology Office in 2006 as part of the H2A Project: a set of financial 
models designed to analyse production and delivery of hydrogen via different pathways 
(Elgowainy et al., 2015). The team involved with developing the H2A models consisted of 
analysts from U.S. national laboratories, universities and the private sector, supported by key 
industrial collaborators; as a consequence, the delivered models are considered to be a product 
of expert knowledge from the sector, and thus reliable tools.  
 
In addition to HDSAM, H2A models related to hydrogen delivery include the Hydrogen 
Refuelling Station Analysis Model and the Heavy Duty Refuelling Station Analysis Model 
(U.S. DOE Hydrogen and Fuel Cells Program, n.d.). These three models follow a uniform 
structure, with HDSAM being the most comprehensive and relevant to this project. HDSAM 
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was therefore chosen for further analysis.  
 
The scope of HDSAM encompasses the entire process of moving hydrogen from the gate of a 
production plant into a vehicle at a hydrogen refuelling station, including transport, storage and 
conditioning activities included in the supply chain. HDSAM incorporates an ‘engineering 
economics’ approach to cost estimation, meaning components in the supply chain can be 
specified and adapted for the required delivery pathway. Following certain financial 
assumptions (which can similarly be adapted), a cost for delivering a unit of hydrogen is 
provided (in US$/kg). Costs and assumptions are built into the model, and were most recently 
updated in 2015; however the model also allows for future scenarios where costs have fallen 
through higher production volume and learning (Elgowainy et al., 2015).  
 
Discounted cash flow analysis (in which future cash flows are adjusted for the time value of 
money [Chen, 2020]), is used for each component. The discount rate (the rate, or percentage, 
at which future cash flows are discounted by [Chen, 2020]) is automatically assumed, but can 
be changed. In addition to a cost per unit of hydrogen, HDSAM presents a breakdown of costs 
by pathway (e.g., delivery method) and function (e.g., liquification). This provides significant 
transparency and detail for cost analysis. Estimates for energy and GHG use are also through 
the pathway are also provided, but in less detail and with more limited application. In regard 
to financial ratios, HDSAM calculates IRR and equity ratio. It also generates discounted cash 
flow for multiple scenarios (Elgowainy et al., 2015). 
 
HDSAM benefits from its engineering ‘economics approach’ by being extremely detailed in 
its ability to create delivery pathways and breakdown costs. This allows for detailed pathway 
development and analysis for industry experts, whilst the autogenerated scenarios make the 
model accessible to those with less industry experience. 
 
The model does have several weaknesses. First, it does not consider the cost of hydrogen 
production (though this information can be modelled in other H2A tools). Second, the model 
is designed for delivery to hydrogen vehicle refuelling stations, limiting its applicability to 
other demand sectors. Third, data assumptions are made for the United States (meaning 
additional analysis must be performed if modelling for other regions) and are based of 2015 
costs and technology- this limits the usefulness of the model today. Finally, the model provides 
minimal access to financial ratios and lacks sensitivity analysis; this hinders the ability to 
conduct more detailed financial comparison directly through the model.  
 
Despite these drawbacks, HDSAM provides an excellent template for modelling hydrogen 
transport and, with some adjustments, can be quite accurately utilised today. 
 

A.2.2 Hydrogen Financial Analysis Scenario Tool  

The Hydrogen Financial Analysis Scenario Tool (H2FAST) was developed in 2017 by the U.S. 
National Renewable Energy Laboratory. It is available in multiple formats with varying 
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degrees of complexity (Penev et al., 2017). For this evaluation, the Excel Spreadsheet version 
was chosen, due to the similar format and level of complexity as the financial model being 
developed for this thesis. 
 
H2FAST enables in depth financial analysis for hydrogen refuelling stations and was 
developed to aid in investment and policy making decisions for early-stage market 
development.  
 
Cost inputs are entered in the Interface tab. H2FAST is not designed as a cost estimation tool 
and so makes few cost or technological assumptions; in this respect it differs from HDSAM, 
where assumptions are more readily provided. Where assumptions have been made, they can 
be altered through an ‘Overrides’ tab. 
 
The tool can perform analysis using ‘basic’ or ‘advanced’ modelling and can perform analysis 
of up to 300 scenarios. The Overall Financial Performance Metrics is the primary deliverable 
of the tool; it includes Internal Rate of Return (IRR), Net Present Value (NPV) and a break-
even price for hydrogen (in US$/kg), amongst other metrics. These metrics are available for 
every scenario modelled.  
 
Other results of the model include financial projections through income statements, cash flow 
statement and balance sheets; life-cycle cost breakdowns; and, other financial ratios such as 
debt/equity, return on equity and debt service coverage. The tool also enables risk analysis for 
the Overall Financial Performance Metrics through a built in and customizable Monte Carlo 
simulation feature, which runs against 1000 samples. Results of the simulation are presented 
graphically via a tornado chart (Penev et al., 2017)   
 
A number of the strengths of H2FAST have already been outlined, including the option for 
detailed financial and risk analysis, as well as an extensive breakdown of costs. The tool is also 
intuitive and simple to use, with the option of more complex modelling for those with industry 
experience. An additional benefit of H2FAST is for its applications outside of its primary 
purpose of hydrogen refuelling station modelling. Examples provided by Penev et al. (2017) 
include using the scenario analysis feature to compare the economics of different vehicle fleets 
(e.g. hydrogen powered FCEV’s and battery EV’s), and analysing the individual components 
of a hydrogen supply chain. 
 
One drawback of H2FAST, when compared to similar models, is the broader approach it takes 
to cost estimation. It could be argued this produces less accurate results, when compared with 
the extensive option for components cost input found in HDSAM; on the other hand, this 
approach makes the model more accessible.  
 

A.2.3 H2A Centralised Production Model 

Another model developed through the H2A Project, the Centralised Production Model 
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(H2ACPM), was most recently updated in 2018 (though with the reference year for calculations 
set at 2016). The production models developed by H2A include a centralised and decentralised 
version (Penev et al., 2018); this analysis focuses on the centralised version, as it more closely 
relates to the goals of this thesis. 
 
The primary deliverable of the model is a levelised cost for a unit of hydrogen, calculated using 
discounted cash flow and a specified after-tax IRR. H2ACPM provides default 
technological/cost input values, which they user can accept or adapt to their scenario. If 
accepting the default inputs, analysis can be performed by entering values into the primary 
‘Input_Sheet_Template’ tab. For more advanced users data can be added to the additional input 
tabs, such as ‘Replacement Costs’ and ‘Plant Scaling’. Results are then shown in the proceeding 
tabs. In regard to the model’s interface, as they have been developed under the same project 
there are many similarities between H2ACPM and HDSAM.    
 
In addition to the cost per unit of hydrogen, H2ACPM can provide a cost estimate for carbon 
capture and sequestration (CCS) and upstream emissions. There is also a built-in risk analysis 
feature, using Monte Carlo simulation; this model runs 2000 samples against each input 
parameter. Results from the risk analysis are presented in tabular form and through a tornado 
chart (Penev et al., 2018).  
 
The strengths of H2ACPM are similar to that of HDSAM, in that it adopts a very detailed 
‘engineering economics’ approach to its cost estimations. The additional CCS, emissions and 
risk analysis features enable a diverse range of analysis to be performed. The model also allows 
for multiple scenarios to be run, increasing the scope of analysis that can be performed. In the 
decentralised model, there is also the option to incorporate results from HDSAM into the 
model, so transportation and distribution to a hydrogen refuelling station can be included in the 
price of hydrogen (Penev et al., 2018).  
 
The model does however suffer from being predominantly targeting at the U.S. market, 
meaning certain assumptions are not applicable to other geographic regions. Costs and 
assumptions are also based off 2016 data, making them somewhat out of date. For the carbon 
sequestration analysis, only emissions from production feedstocks (i.e., the fuel used to directly 
produce hydrogen) are able to be considered; upstream emissions (e.g., fossil fuel powered 
electricity producing utilities) are not considered.  
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9Appendix B 

B.1 Cost Model 

B.1.1 Formula for Investment Costs 

 
The following formulas were used to calculate investment costs in the model. This section is 
structured according to steps in the supply chain.  
 
In cases where a unique formula could not be found, costs were scaled according to a formula 
used by Hank et al. (2020) and Reuß et al. (2017). The formula is shown in Equation (B.1). 
The scaling factor is assumed to be 0.6 if otherwise not provided. 
 

 𝐼𝐶) = 	𝐼𝐶' × [	
𝐶)
𝐶'
]* (B.1) 

  
Where ICb is the investment cost for the new plant, ICa, is the known investment cost for a 
reference plant, Cb is the production capacity of the new plant, Ca is the production capacity of 
the reference plant, and 𝜒 is the scaling factor. 
 
 

B.1.2 Molecule Production 

B.1.2.1 Electrolysis (hydrogen) 

Investment costs for installed electrolysers is calculated using the formula shown in Equation 
(B.2).  
 
 

  𝐼𝐶 = 𝑒𝑐 × 𝑐𝑝(𝑒𝑙)"./+ (B.2) 
 
Where IC equals investment costs, ec equals equipment (system) cost per kW, cp(el) equals 
the capacity of the electrolyser system and 0.85 equals the scaling factor (Bellotti et al., 2017). 
 
B.1.2.2 Direct Air Capture (carbon dioxide) 

Investment costs for CO2 are calculated using Equation (B.3) (Terwel & Kerkhoven, 2019), 
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with equipment costs taken from Fasihi et al. (2019) . 
 

 𝐼𝐶 =
𝑒𝑐 × [𝑐𝑝(𝑝) × 365.25]

1 × 100  (B.3) 

 
Where cp(p) equals capacity in tons per day. 
 
B.1.2.3 Cryogenic Air Separation (nitrogen) 

Investment costs for nitrogen production are calculated according to Equation (B.1). Costs 
were taken from Hank et al. (2020) 
 
B.1.2.4 Haber-Bosch Process (ammonia) 

Investment costs for ammonia are calculated according to Equation (B.1). The scaling factor 
used for the Haber-Bosch process is 0.65 (Bartels, 2008). 
 
B.1.2.5 Methanol Synthesis  

Investment costs for methanol synthesis are calculated according to Equation (B.1) with data 
from Bellotti et al. (2017). 
 
B.1.2.6 Hydrogenation (H18-DBT) 

Investment costs for H18-DBT, produced through hydrogenation, is calculated according to 
Equation (B.1) with inputs from Reuß et al. (2017). 
  
B.1.2.7 IDEALHY Process (liquefied hydrogen) 

Investment costs for liquefied hydrogen are taken from Stolzenburg & Mubbala (2013). The 
formula is dependent on the production capacity of the liquefier with a scaling exponent of 
0.67. The formula is shown in Equation (B.4). 
 

  𝐼𝐶 = 7.37 × 𝑐𝑝(𝑝)".01 (B.4) 
 
B.1.2.8 Liquefied Carbon Dioxide 

Investment costs for LCO2 are calculated according to Equation (B.1), with inputs taken from 
(Terwel & Kerkhoven, 2019). 
 

B.1.3 Storage 

Storage costs for the hydrogen carriers, CO2 and spent DBT are calculated according to 
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Equation (B.5) (Terwel & Kerkhoven, 2019). 
 
 

 𝐼𝐶 =
𝐼𝐶2'34 ×	𝑆5367.		)9::&(

𝑡𝑎𝑛𝑘;'<<
 (B.5) 

 
 
Where ICtank equals investment costs for a single tank, Sincl. buffer equals actual storage weight 
(including buffer) and tankmass equals a single tank mass.  
 
Storage costs for the salt cavern storage are calculated as shown in Equation (B.6) (Terwel & 
Kerkhoven, 2019). 

 𝐼𝐶 = 	81 ×	[
𝑣𝑜𝑙2=2'7
𝑣𝑜𝑙<53>7&

]".!/ (B.6) 

 
Where voltotal equals the total storage volume, volsingle equals the volume of a single salt cavern 
and 0.28 is the scaling factor. 
 

B.1.4 Hydrogen Retrieval  

B.1.4.1 Thermal Cracking (ammonia) 

Investments costs for thermal cracking are calculated using Equation (B.1) and data from 
Lanphen (2019).  
 
B.1.4.2 Auto-Thermal Reforming and Carbon Capture (methanol) 

Investment cost retrieving hydrogen from methanol include an auto-thermal reforming (ATR) 
plant with carbon capture technology. The ATR and carbon capture assets were calculated 
individually using Equation (B.1) and totalled. A scaling factor of 0.7 was used for both 
calculations, Costs were taken from Jakobsen & Åtland (2016). 
 
B.1.4.3 Dehydrogenation (H18-DBT) 

Investments costs for dehydrogenation are calculated using Equation (B.1) and data from Reuß 
et al. (2017).  
 
B.1.4.4 Evaporation (liquefied hydrogen) 

Investments costs for dehydrogenation are calculated using Equation (B.1) and data from Reuß 
et al. (2017). A scaling factor of 1 is used.  
 

B.1.5 Shipping Vessel 
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Shipping vessels are assumed to be purchased, rather than rented. Investment costs were taken 
from Terwel & Kerkhoven (2019) 
 

B.1.6 Pipeline 

Pipeline investment costs are calculated using an investment cost per meter of pipeline. The 
cost per meter is calculated using the diameter of the pipeline and Equation (B.7), taken from 
Robinius et al. (2018). 
 

 𝐼𝐶	(€/𝑚) = 	0.0022 × 𝐷! + 0.86 × 𝐷 + 247.5 (B.7) 
 
 

B.1.7 Investment Costs 

Table B.1 shows total investment costs for stages of the hydrogen carrier supply chain, 
presented in millions of euros.  
 

Table B. 1  
Investment Costs Through Hydrogen Carrier Pathways 

Year Delivered H2 
Volume Ammonia Methanol H18-DBT Liquefied 

Hydrogen 
  Hydrogen Production 

2022 27 261.2 248.2 248.2 301.0 

2030 153 727.7 716.4 716.4 747.7 

2040 387 945.4 935.2 935.2 955.2 

2050 620 847.5 839.3 839.3 852.7 
  Molecule Production 
  CAS DAC   

2022 27 8.4 130.1 - - 

2030 153 23.3 359.1 - - 

2040 387 40.6 636.9 - - 

2050 620 53.8 856.1 - - 
  Carrier Production 

2022 27 107 50 88 153 

2030 153 322 142 249 435 

2040 387 586 248 435 797 

2050 620 796 329 577 1088 
  Storage at Port of Origin 

2022 27 98 26 21 2404 

2030 153 101 42 64 2404 

2040 387 256 105 162 4925 
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2050 620 410 168 259 7884 

  Shipping (vessel) 

ALL - 64 44 44 220 

  Hydrogen Retrieval 

2022 27 22.7 101 13 0.51 

2030 153 64.2 340 37 2.89 

2040 387 112.1 650 64 7.31 

2050 620 148.6 904 85 11.70 
  Used Product Processing 
   LCO2   

2022 27 - 4 - - 

2030 153 - 23 - - 

2040 387 - 59 - - 

2050 620 - 94 - - 
  Used Product Storage 
   LCO2 DBT  

2022 27 - 8.8 21 - 

2030 153 - 49.8 64 - 

2040 387 - 126.0 162 - 

2050 620 - 201.7 259 - 
  Long-Term Storage (Salt Cavern or Carrier Tank) 

2022 27 68 26 21 68 

2030 153 101 42 64 111 

2040 387 144 105 162 144 

2050 620 164 164 164 164 
  Pipeline 

2022 27 76 

2030 153 134 

2040 387 216 

2050 620 290 
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B.1.8 The Cost Model  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure B 1  
Input Sheet 
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Figure B 2  
Annual Inputs 
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Figure B 3  
Electricity Production 
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Figure B 4  
Carriers 
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Figure B 5  
Shipping 
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Figure B 6  
Storage 
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 Figure B 7  
H2 Retrieval 
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 Figure B 8  
Pipeline 
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 Figure B 9  
Country Details (not full sheet) 
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Figure B 10  
Country Results 
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Figure B 11  
Carrier Properties 


