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Abstract
A discussion of Arctic energy is challenging to imagine without mention of the popular
statistic from the oft-cited USGS survey that estimates over 90 billion barrels of oil and 13
percent of the world’s undiscovered oil reserves are present in the Arctic. 1 However, less
often discussed in popular academic literature is the energy used by those residing in the
remote regions of the Arctic. In some parts of the Arctic, residents pay up to three to five
times more per kilowatt hour than those in urban areas. 2 Furthermore, the remote location
of many Arctic communities makes accessing energy a challenge. Energy security is the
availability of energy at an affordable price. This thesis is a three-part examination of energy
security in the Arctic. First, the attitudes of various Arctic states towards energy security in
the Arctic and for the Arctic is examined by reviewing national Arctic and energy strategies.
Then, in the remaining two parts, the case of Grímsey Island in the north of Iceland is
examined. First, various renewable energy technologies are examined for their applicability
in Grímsey using a literature review. Then, using a micro-grid optimization software,
HOMER, the Grímsey case is studied specifically. The results from this thesis indicate that
the adoption of a wind-battery-diesel system on Grímsey are economically feasible and cost
competitive over a twenty-year project life on the island. The net present costs associated
with a partial renewable project are much lower than those of the diesel system. The results
of this report can be used in developing a new plan for Grímsey Island or other remote Arctic
communities.

Útdráttur
Það getur verið erfitt að ræða orkumál á norðurslóðum án þess að minnast á tölfræði
bandarísku jarðvísindastofnunarinnar sem áætlar að yfir 90 milljarðar tunna af olíu, eða 13%
af óuppgötvuðum olíulindum heims, séu á norðurslóðum.1 Orkunotkun íbúa á jaðarsvæðum
norðurslóða er minna rædd í vísindagreinum. Í ákveðnum hlutum norðurslóða, borga íbúar
allt að þrisvar til fimm sinnum hærra verð fyrir hverja kilóvattstund en íbúar í þéttbýli.2 Þá
veldur jaðarbúseta því að aðgengi að orku er takmarkað. Orkuöryggi vísar í aðgengileika
orku á viðráðanlegu verði. Þessi ritgerð er þrískipt greining á orkuöryggi á norðurslóðum.
Fyrsti hlutinn fjallar um viðhorf ýmissa þjóðríkja á norðurslóðum um orkuöryggi á
norðurslóðum og fyrir norðurslóðir með greiningu á stefnu stjórnvalda um norðurslóðir og
orkustefnu fyrir norðurslóðir. Í seinni tveim hlutum ritgerðarinnar er greining á eyjunni
Grímsey sem er staðsett norðan við Ísland. Í fyrri hluta þeirrar greiningar er fjallað um
tækniútfærslur endurnýjanlegrar orkunýtingar og gildissvið nokkra slíkra útfærslna í
Grímsey, út frá fræðilegum heimildum. Í seinni hluta þeirrar greiningar er fjallað um
1
United States Geological Survey, “Circum-Arctic Resource Appraisal: Estimates of Undiscovered Oil and
Gas North of the Arctic Circle,” Fact Sheet, 2008, https://pubs.usgs.gov/fs/2008/3049/fs2008-3049.pdf.
2
Sustainable Development Working Group, “SDWG Report on Arctic Energy” (Arctic Council, 2009),
http://www.sdwg.org/wp-content/uploads/2016/04/ArcticEnergyReport-2009.pdf.

Grímsey út frá HOMER hermigreiningu. Niðurstöður ritgerðarinnar benda til þess að
innleiðing vindorku-rafhlöðu-dísel kerfis í Grímsey sé efnahagslega hagkvæmt og
samkeppnishæft á grundvelli tuttugu ára endingartíma. Núvirði kostnaðar af kerfi sem byggt
er að hluta til á endurnýjanlegri orku er mun lægra en af dísel kerfi. Niðurstöður
ritgerðarinnar er hægt að nýta til þróunar á nýrri áætlun fyrir Grímsey eða önnur
jaðarsamfélög á norðurslóðum.
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1 Introduction
The recession of Arctic Ocean sea ice has led to increased interest in the region for energy
development. There is an especially strong interest in Arctic hydrocarbon development. The
U.S. Geological Survey (USGS) estimates over 90 billion barrels of oil and 13 percent of
the world’s undiscovered oil reserves are present in the Arctic. 3 Despite high interest in
energy development in the Arctic, popular and academic literature gives less attention to
energy security for Arctic residents themselves. Residents of Arctic communities consume
energy to heat and light their homes especially during periods of extreme weather conditions
and day-long darkness. Additionally, many areas of the Arctic are not connected to mass
transportation systems that lower the costs of transporting goods to market. As a result, in
some parts of the Arctic, residents pay up to three to five times more per kilowatt hour than
those in urban areas. 4 Given the unique challenges these residents face, it becomes difficult
to curtail energy usage based on price signals, i.e. turning off the heat during the winter time.
Many parts of the Arctic use diesel fuel for home heating and a third of all energy use in the
Arctic comes from transportation fuels. 5 Developing more stable, secure, and locally
available sources of energy is critical to powering Arctic communities through the future by
providing inexpensive, reliable power generation that is not tied to fossil fuel prices.
The International Energy Agency (IEA) outlines three key pillars of focus in its most recent
report on world energy outlook, namely: energy affordability, energy reliability, and energy
sustainability. 6 Developing all three elements are critical to the long-term success of global
development, and while public-private partnerships are essential components of any
development proposal, according to Dr. Fatih Birol, the Executive Director of the IEA, “Our
analysis shows that over 70% of global energy investments will be government-driven and
as such the message is clear – the world’s energy destiny lies with government decisions.” 7
Furthermore, access to affordable, and clean energy, one of the United Nations sustainable
development goals has been cited as an “enabling factor” for the achievement of sustainable
development. 8 Put simply, to achieve sustainable communities, energy development is
critical; such development is anticipated to require significant government investment, and
it should be focused on affordability, reliability, and sustainability.

United States Geological Survey, “Circum-Arctic Resource Appraisal: Estimates of Undiscovered Oil and
Gas North of the Arctic Circle.”
4
Sustainable Development Working Group, “SDWG Report on Arctic Energy.”
5
Sustainable Development Working Group.
6
International Energy Agency, “World Energy Outlook 2018,” 2018,
https://webstore.iea.org/download/summary/190?fileName=English-WEO-2018-ES.pdf.
7
International Energy Agency, “World Energy Outlook 2018 Examines Future Patterns of Global Energy
System at a Time of Increasing Uncertainties,” accessed December 8, 2018,
https://www.iea.org/newsroom/news/2018/november/world-energy-outlook-2018-examines-future-patternsof-global-energy-system-at-a-t.html.
8
Foss, Dan. “Energy Is at the Core of the Sustainable Development Goals | Danfoss,” n.d.,
https://www.danfoss.com/en/about-danfoss/news/cf/energy-is-at-the-core-of-the-sustainable-developmentgoals/; UN SDSN, “Chapter 3: Enabling Conditions for Sustainable Development,” SDG Cities Guide, July
13, 2016, https://sdgcities.guide/chapter-3-enabling-conditions-for-sustainable-development-861a7bad0df0;
Isabella Alloisio, “SDG 7 as an Enabling Factor for Sustainable Development: The Role of Technology
Innovation in the Electricity Sector,” n.d., http://ic-sd.org/wpcontent/uploads/sites/4/2017/01/AlloisioUpdate.pdf.
3
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The Republic of Iceland is a relatively small island nation located in the Northern Atlantic
Ocean with roughly 350,000 inhabitants and a Gross Domestic Product (GDP) per capita of
$52,200 (USD, 2017) giving it the third highest GDP per capita amongst Arctic nations
following Norway and the United States. 9 Iceland is a founding member of the Arctic
Council (AC) and will be taking over the council’s two year chairmanship in 2019 during
which Iceland will be promoting “environmental protection, sustainability, and stability.” 10
Access to affordable energy is a component of both sustainability and stability, and energy
security (See Section 2.1) is one way of evaluating a society’s access to affordable energy.
While all Icelanders enjoy access to electricity, the vast majority of which comes from
renewable resources, there are two communities within Iceland that rely exclusively on
transportation fuels to generate electricity and heat homes: Flatey Island in Breiðafjörður
and Grímsey Island north of Akureyri. 11
Grímsey Island is a small island located approximately 40 km (25 mi) north of Iceland with
90 permanent residents. It falls under the jurisdiction of Akureyri, and a joint venture
between financial and government institutions was undertaken recently to provide 500
million ISK to help maintain services for the island population. 12 Included in that funding
are subsidies for home heating and electricity, which is currently produced using three diesel
generators. 13 Home heating subsidies amount to approximately 5.7 million ISK per year and
electrical subsidies amount to approximately 45 million ISK per year. 14 Combined, these
subsidies amount to roughly $424,000 USD per year or $5000 USD per year per resident.
Therefore, there is a significant state financial interest in reducing the dependency of
Grímsey Island on fossil fuels. Using fossil fuels in remote locations carries both supply risk
if authorities are unable to transport fuels to the island for heat and electricity production and
price risk when the price for fuels changes. These two sources of risk are faced in many
remote communities throughout the Arctic.
Therefore, it is established that Arctic residents face unique challenges when it comes to
energy utilization and development and that government involvement is critical to achieve
affordable, reliable, and sustainable solutions. As such, it should follow that Arctic states
include developing Arctic energy security as a component of their national Arctic strategies.
Arctic. This thesis analyzes the eight Arctic Council member states’ (A8) national Arctic
strategies and energy strategies to determine attitudes towards Arctic energy security before
addressing concerns specific to Grímsey Island.

U.S. Central Intelligence Agency. “Europe :: Iceland — The World Factbook - Central Intelligence
Agency,” accessed February 25, 2019, https://www.cia.gov/library/publications/the-worldfactbook/geos/ic.html.
10
Government of Iceland, “Annual Report on Foreign and International Affairs - The Most Powerful Tool
We Have to Safeguard Our Interests,” May 4, 2017,
https://www.government.is/publications/reports/report/?newsid=735212c3-94a6-11e8-942c-005056bc530c.
11
Iceland Magazine. “Energy Company Wants to Build an Enourmous Wind Farm in Þjórsárdalur Valley,”
Icelandmag, accessed February 25, 2019, https://icelandmag.is/article/energy-company-wants-buildenourmous-wind-farm-thjorsardalur-valley.
12
Vala Hafstað, “Grímsey Island Shall Be Saved,” Text, Iceland Review, November 18, 2015,
http://icelandreview.com/news/2015/11/18/grimsey-island-shall-be-saved.
13
Daniel Chade, Tomasz Miklis, and David Dvorak, “Feasibility Study of Wind-to-Hydrogen System for
Arctic Remote Locations – Grimsey Island Case Study,” Renewable Energy 76 (April 1, 2015): 205,
https://doi.org/10.1016/j.renene.2014.11.023.
14
Benedikt Gudmundsson, E-Mail Interview with Benedikt Gudmundsson, Online, March 1, 2019.
9
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The overall goal of this project is to ascertain A8 attitudes towards energy security and
evaluate methods to increase energy security in remote Arctic communities using the case
study of Grímsey Island. It is the author’s hope that studying the remote community in
Grímsey will help provide solutions for other remote Arctic communities and their
inhabitants.

1.1 Structure of Thesis
The problem in addressing Arctic energy security is interdisciplinary in nature as it touches
on aspects of political, technical, and financial feasibility. This thesis addresses these three
components separately but recognizes that a solid understanding of all three is critical in
developing lasting results for the Arctic region.
First, the report addresses concerns related to Arctic energy security from a policy standpoint
by evaluating international and national policies related to developing energy security to
ascertain the political climate of Arctic states. Then, the case of Grímsey Island in Iceland is
examined at the sub-national level to illuminate the concerns small, remote communities
face.
After evaluating international, national, and sub-national policy, the thesis addresses issues
of technological feasibility by evaluating different types of technology and their theoretical
deployment on Grímsey. In addition to examining the specific physical requirements of
Grímsey, other cases of the technologies being successfully deployed in the Arctic are
reviewed.
Finally, a financial evaluation of a specific project is made in Grímsey. Attempts are made
to determine the pay-off point of a project when compared to the impact of government
subsidies in a static demand scenario.
The specific methodology for each chapter will be discussed at the beginning of each chapter
(policy, technology, financial). Following the cost benefit chapter, a final recommendation
will be made for the case of Grímsey Island while considering issues of energy security and
public finance.

1.2 Research Questions
This thesis addresses the following research questions to better understand energy security
in the Arctic, and the development of renewable energy projects to enhance energy security
on Grímsey. The research questions are divided into three main components addressing
policy, technology, and finances:
1.2.1 Policy Questions
•
How is energy security defined? In the Arctic? (See section 2.2)
•
What are the views of Arctic states towards energy security in the Arctic? (See section
2.3.9)
14

•
What do Arctic state energy and Arctic strategies say about energy security? (See
section 2.3)
•
What policies exist to promote energy security in Iceland? In Grímsey? (See section
2.5)
1.2.2 Technology Questions
•
What types of renewable energy technologies are technologically and economically
feasible to develop in Grímsey?
•
Of the technologies evaluated, what, if any success has been had in deploying them
throughout the Arctic?
1.2.3 Financial Questions
•
•
•

How much energy is required to power the town of Grímsey today? In 5 years?
What are the costs associated with renewable energy technologies in Grímsey?
How do renewable energy costs on Grímsey compare to continuing the use of diesel?

15

2 Policy Review: Arctic State Attitudes
The IEA predicts that nearly three quarters of all future energy developments will be
government driven. 15 Therefore, evaluating governmental documents and attitudes is critical
to understanding the future of energy development in the Arctic. Furthermore, national and
sub-national governments regularly provide energy subsidies for Arctic communities
compounding the public interest in developing lower cost solutions for sustainable, energy
secure solutions in the Arctic. 16 State governments have a direct financial interest in
decreasing the need for subsidies in remote communities that could come from increased
investment in infrastructure or distributed generation solutions to supply security concerns.
This chapter is designed to answer the following questions:
•
How is energy security defined? In the Arctic? (See section 2.2)
•
What are the views of Arctic states towards energy security in the Arctic? (See section
2.3.9)
•
What do Arctic state energy and Arctic strategies say about energy security? (See
section 2.3)
•
What policies exist to promote energy security in Iceland? In Grímsey? (See section
2.5)
This chapter evaluates Arctic state attitudes towards energy security by first defining the
concept of energy security in today’s vernacular then developing a specific definition for
energy security in the Arctic. Next, the chapter develops an evaluation of Arctic states
towards arctic energy security by examining policies from A8 countries. Finally, the chapter
examines international and local initiatives to increase energy security.

2.1 Policy Methodology
This chapter focuses on international and local policy documents and scholarly texts to create
a contextual understanding for the need for development of renewable energy projects in the
Arctic at large and in Grímsey to help develop energy security in and for the Arctic.
The chapter’s methodology consists of a literature review of scholarly texts and
governmental documents. First, the policy chapter addresses energy security broadly by
investigating definitions from academic resources devoted to the study of energy security.
Then, building on these definitions and addressing the concerns presented by various Arctic
organizations regarding energy, a definition of energy security for the Arctic is developed
by which to evaluate the policies of various Arctic states. Then, by examining both energy
and Arctic strategy documents from all Arctic 8 countries against the definition developed

International Energy Agency,“World Energy Outlook 2018 Examines Future Patterns of Global Energy
System at a time of increasing uncertainties.”
16
Sustainable Development Working Group, “SDWG Report on Arctic Energy.”
15
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for Arctic energy security the attitudes of the Arctic states towards energy security in the
Arctic are assessed. After examining the attitudes of various states towards energy security
in the Arctic, local and international initiatives focused on developing energy security for
the Arctic are evaluated. On the international scale, initiatives related to the United Nations
Sustainable Development Goals (SDGs), the AC, and the International Energy Agency are
evaluated. On the local scale, documents from the Icelandic National Energy Authority
(Orkustofnun), Icelandic National Targets for Renewable Energy, and Nordic Energy
Cooperation documents are reviewed to evaluate different avenues for renewable energy
development within Iceland.
The goal of the policy section is to provide an overview of the policy environment in which
energy security for the Arctic exists. It develops a workable definition of energy security,
uses that definition to evaluate various policies, and explains various initiatives related to
energy security in the Arctic and in Iceland. The reader should finish the policy chapter
understanding the motivations for developing energy security in Arctic communities, and
how renewable energy can help accomplish the goal of achieving energy security.

2.2 Energy Security Defined
Classical definitions of energy security evolved most notably out of the oil crisis of the
1970’s where an Organization of Petroleum Exporting Countries (OPEC) embargo shocked
global oil prices. Energy security was initially conceptualized as a “stable supply of cheap
oil under threats of embargoes and price manipulations by exporters.” 17 However, today
energy security more often encompasses “equitable access to modern energy and mitigating
climate change.” 18 Supporting this shift in understanding of energy security, the G7
published seven guiding principles for energy security in the wake of the Russian annexation
of Crimea. Namely, the principles include:
1. “Development of flexible, transparent and competitive energy markets, including gas
markets.
2. Diversification of energy fuels, sources and routes, and encouragement of indigenous
sources of energy supply.
3. Reducing our greenhouse gas emissions, and accelerating the transition to a low
carbon economy, as a key contribution to enduring energy security.
4. Enhancing energy efficiency in demand and supply, and demand response
management.
5. Promoting deployment of clean and sustainable energy technologies and continued
investment in research and innovation.
6. Improving energy systems resilience by promoting infrastructure modernization and
supply and demand policies that help withstand systemic shocks.

Aleh Cherp and Jessica Jewell, “The Concept of Energy Security: Beyond the Four As,” Energy Policy 75
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7. Putting in place emergency response systems, including reserves and fuel
substitution for importing countries, in case of major energy disruptions.” 19
These principles highlight the need not only for a stable supply, but also highlight the need
for diversification of energy carriers, the need to reduce greenhouse gas emissions, and the
promotion of renewable energy. Incorporation of these principles has also been reflected in
academic literature on the subject. A meta-study that reviewed over 104 energy security
studies found that there were seven major themes discussed throughout the studies dated
from 2001-2013: (1) energy availability, (2) infrastructure, (3) energy prices, (4) societal
effects, (5) environment, (6) governance, and (7) energy efficiency. 20 Table 1 describes some
examples the authors noted in the study of various examples of the major themes and how
they can be conceptualized in practice.
Table 1: Examples of each energy security theme found in a meta-study of over 100 energy
security studies. 21 Examples for potential quantitative indicators follow each example.
Term

Examples

Indicators

Energy Availability

Diversification and geopolitical
factors

Number of energy carriers

Infrastructure

Transformer, distribution, and
transmission facilities

Distance to nearest
generation facility

Energy Prices

Price Level, Volatility,
Competition

Price/kWh, Price Range

Societal Effects

Energy Poverty, Social Welfare

Percentage of Population
with access to
electricity/heating

Environment

Emissions, Air Pollution, Global
Warming

Tons CO2e/kWh

Governance

Policies to limit energy disruptions,
subsidies, taxes

Energy Tax Rates,
Percentage of Population
Receiving subsidies

Energy Efficiency

Improving grid efficiency, limiting
downtime, two-way transmission

Energy Intensity (kW/unit
output)

Studies nonetheless demonstrate that despite a morphing definition of the term, there is
general disagreement amongst scholars with nearly 27 different definitions proposed in
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research from 2011-2016 compared to fewer than three definitions accepted in the period
from 1971-1980. 22 Changes in energy security themes over time are demonstrated in Figure
1. Based on the studies, energy availability, infrastructure, and energy prices appear in the
largest component of studies focused on energy security in the most recent studies.
Environment, societal effects, government, and efficiency are mentioned less than 50% of
the time even in the most recent studies. Therefore, at a minimum, a definition of Arctic
energy security should address components of energy availability, energy infrastructure, and
energy prices.

Figure 1: A visual display of the changes in energy security themes and their appearance in
definitions over time. Percentage displays the number of definitions surveyed that include
elements of the themes mentioned. 23
There are also discussions in the literature that discuss the questions of energy security “for
whom?” “for which values?” and “from what threats?” which highlight the challenges when
defining energy security. 24 The IEA definition of “the uninterrupted availability of energy
sources at an affordable price,” while adequately addressing issues of diversification and
prices, does not sufficiently capture the “for whom” question posed by scholars. 25 For
example, a discussion of low prices depending on the viewpoint could examine low prices
for rate payers, utility companies, or governments that are paying subsidies to the population.
It is important therefore, when defining energy security to assess how the question of “for
whom” will be addressed in the definition.
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While many papers have been devoted to studying the concept of energy security at large,
very few address concerns related directly to the Arctic. The Sustainable Development
Working Group of the Arctic Council (SDWG) outlines the following concerns regarding
energy security for Arctic communities (1) “transportation and electrical power generation
are highly dependent on fossil fuel consumption” and (2) “high conventional oil prices can
encourage use of some alternatives energy sources which are even more carbon-intensive.” 26
Beyond these concerns, infrastructure challenges related to diversification of carriers are
relevant in understanding energy security in the Arctic context. While there may be
challenges in diversifying energy carriers in remote locations compared to more urban ones,
even a single renewable energy system (RES) could help decrease complete dependence on
imported fuels as the SDWG outlines is the current case.
Based on a review of the elements emphasized most in traditional energy security literature
and the concerns specific to the Arctic, it can be determined that a suitable definition for
energy security in the Arctic should include at a minimum elements related to energy
availability, infrastructure, and energy prices with an extended definition possibly including
societal effects, and governance. A suitable definition for Arctic energy security for this
thesis is the uninterrupted availability of energy sources from a multitude of carriers at an
affordable price for the lowest earners in a community. This definition captures the need
for diversification (“multitude of carriers”), infrastructure (“uninterrupted”), and low prices
for remote communities. Using this definition as an objective standard for judging countries’
attitudes towards energy security will help develop a clear picture of how energy security
should be understood in the Arctic context.

2.3 Arctic 8 Attitudes Towards Energy Security
The A8 consists of the United States, Denmark, Russia, Canada, Norway, Sweden, Finland,
and Iceland who form the Arctic Council, an intergovernmental forum for discussions
relating to Arctic concerns. 27 The most relevant component of the Arctic Council to energy
security is the SDWG, which has two projects related to Arctic energy, the Arctic Energy
Summit (AES), and the Arctic Remote Energy Networks Academy (ARENA). 28 The states
that have the heaviest involvement in Arctic energy initiatives include Canada, Iceland,
Finland, and the United States, based on their sponsorships of ARENA and AES.
The A8 is oftentimes further separated into a sub-group called informally the Arctic Five
(A5) or Arctic littoral states, and includes the United States, Canada, Russia, Denmark, and
Norway. The A5 are known to conduct policy discussions amongst themselves, including a
moratorium on fishing in the central Arctic Ocean and the Ilulissat Declaration, which asserts
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the primacy of the law of the sea in dealing with Arctic issues. 29 This separation has created
tensions amongst the remaining Arctic states. However, the A5 has not released any
declarations specific to energy, though it is conceivable that offshore oil and gas exploration
would fall under the purview of this cohort.
While the Arctic Council and the A5 are undoubtably important fora for discussion, the
primacy of state sovereignty is still a major part of Arctic international relations. As such,
examining the Arctic policies of individual countries will give the best indications for the
attitudes of Arctic nations towards energy security.
2.3.1 United States
Arctic Policy
The United States is an Arctic nation via the Alaskan purchase and has been called a
“reluctant Arctic power…unwilling to take initiative in the area of international Arctic
policy.” 30 The policy timeline supports this thesis as the National Security Presidential
Directive (NSPD)- 66 issued January 12, 2009, the final days of the Bush administration,
replaces a directive written fifteen years earlier that focused exclusively on Antarctic
policy. 31 Despite joining the Arctic Council, it is safe to say that Americans outside of the
Arctic Council possess little Arctic identity compared to other Arctic nations and NSPD-66
provided a focus for the U.S. National Strategy for the Arctic Region released in May 2013,
but since the United States has failed to take other steps to secure Arctic territorial claims
such as acceding to the United Nations Convention on the Law of the Sea treaty, it still
remains to be seen what kind of role the federal government of the United States will have
in energy security in the Arctic for the Arctic. 32 While “Providing for future United States
energy security” is a prominent component of the first line of effort in the U.S. Arctic
strategy, the language contained in the policy document discusses the importance of
“continuing to responsibly develop Arctic oil and gas resources.” 33 As such, it becomes clear
that the attitude of the U.S. federal government from an energy security perspective focuses
primarily on the use of extractive industries to meet a more “classical” definition of energy
security for the rest of the country rather than focusing on energy security for Arctic residents
that comes from a multitude of carriers at an affordable price for the lowest earners.
While energy security for Arctic populations is not at the forefront of U.S. national Arctic
strategy, the local government has taken responsibility for developing creative solutions to
meet the challenges of energy security in the Arctic for the Arctic (discussed in the following
Fiona Harvey, “Commercial Fishing Banned across Much of the Arctic,” The Guardian, October 3, 2018,
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section). An initial analysis of the U.S. Arctic policy does support the initial thesis that
national governments will be more concerned with using the Arctic as a means of enabling
energy security for populations that reside outside of the Arctic region.
Energy Policy
The United States does not publish an official energy strategy separate from legislation on
specific energy issues. The U.S. Department of Energy (USDOE) Organization Act of 1977
outlines the role of the USDOE with regard to energy security by “[establishing an] effective
strategy for distributing and allocating fuels in periods of short supply and to provide for the
administration of a national energy supply reserve.” 34 As discussed earlier, there have been
significant changes in the role of energy security over time to include instances beyond a
crisis of supply. The USDOE delivered a report to Congress highlighting these changes and
outlined a number of principles for creating a “21st Century Framework for Energy
security.” 35 Such principles highlight the need for increased infrastructure, renewable
energy, and diversification among other needs. Furthermore, the policy documents highlight
the concerns of rural customers when it comes to power reliability and expansion of energy
security stating “rural customers tend to be exposed to more frequent and prolonged outages
than urban customers.” 36 Addressing the concerns of rural Americans is a concern that exists
throughout the United States, it is one of the few instances where the energy security policy
outlines the needs in those areas with less developed infrastructure. While not identical to
Arctic concerns, the needs of the greater rural community within the United States likely
mirror many of the concerns that remote Arctic communities have. However, due to the
decentralized nature of the U.S. government, it would be relevant as well to discuss the
Alaskan state policy towards energy issues to understand more fully the U.S. attitude towards
Arctic energy security.
Despite the federal government’s limited focus in high level policy documents on energy
security for Arctic residents, the state of Alaska, through the Alaska Energy Authority, has
developed an affordable energy strategy for some Alaskan residents. Specifically the
authority looks to “[work] with non-Railbelt communities and utilities to identify, evaluate,
develop, and maintain cost-effective energy solutions.” 37 The project focuses on those
residents (roughly 165,000) that will not have access to pipeline facilities from the North
Slope and therefore will have greater trouble accessing energy resources. 38 The framework
notes that solutions should be focused on gas or non-gas solutions and the primary goal of
the project “is to reduce the cost of energy in…study area communities.” 39 The concerns
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presented in the framework regarding the reduction of energy costs demonstrate the Alaskan
government’s commitment to looking beyond a purely supply security based attitude
towards energy security. While the Federal government of the United States does not have
an overt emphasis on Arctic communities in their energy strategy or a focus on energy
security within the Arctic strategy, it is clear that local policy in the state of Alaska does
address many of the issues identified in the definition of Arctic energy security proposed
earlier, namely the diversification of carriers and cost for the lowest earners.
2.3.2 Russia
Arctic Policy
Russia encircles the Arctic with over 24,000 kilometers of Arctic coastline and a population
of 2 million living in the Arctic alone. 40 Russian Arctic policy is available in an English
translation and was promulgated in March 2009 with a proposed timeline through 2020. 41
The policy outlines one national interest which is relevant to energy security, “the use of the
Arctic zone of the Russian Federation as a strategic resource base of the Russian Federation
providing the solution of problems of social and economic development of the country.” 42
While this initially appears to take a largely extractive approach to the region, with the
implication that oil and gas reserves in the Arctic could be accessed to ease economic issues
throughout the country, this is understandable given Russia’s high reliance on petroleum,
petroleum products, and natural gas for exports. 43
Despite the seemingly extractive attitude of the policy towards energy resources, it does
include language that promotes “the use of renewed and alternative, including local, energy
sources” to “optimize economic mechanisms of the Northern delivery.” 44 This focus is,
however, examining the use of local resources to enhance maritime infrastructure for
Northern Sea Route development. This indicates that there will likely some local
development and use of local resources, but only to further develop national interests like
the Northern Sea Route. Finally, Russia’s returns to the idea that the Arctic will serve as a
resource base with language discussing the “exploitation and transportation of energy
resources,” in the second stage of development and “transformation of the Arctic zone…into
a leading strategic resource base of the Russian Federation” in the third stage of
development. 45 The language discussing a strategic resource base indicates that the primary
focus of the government is on the extraction of resources rather than on the energy security
of local populations.
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National policy and academic analysis of Russian energy policy focus on the large amounts
of hydrocarbons present in the Russian Arctic zone. 46 While the focus on hydrocarbons is
understandable given that 80% of Russia’s discovered natural gas reserves are held in the
Arctic, and exploration of the Shtokman and Yamal regions is driving a significant amount
of foreign investment in Russia. 47 It is no secret that hydrocarbon resources are important to
the Russian economic engine, and exploitation of the Arctic region will help aid in growth
of the Russian economy. However, despite this, the Russian national government gives no
mention in its national strategy of energy security for Arctic residents and how development
in the region will impact northern communities, save the development of maritime
infrastructure. This attitude supports the idea that national governments of the Arctic states
when it comes to Arctic energy policy are concerned more with extracting resources than
securing energy futures for Arctic residents.
Energy Policy
Energy security is outlined as the first strategic guideline of the Russian Federation’s longterm state energy policy and is considered “one of the most important components of the
national security.” 48 Any mention of the Arctic within the long-term state energy policy
focuses exclusively on exploitation of sub-Arctic Ocean resources. This promotes the
Russian idea of using the Arctic as a “resource base” that is promulgated in the Russian
Arctic strategy. However, aside from accessing Arctic resources, there is little focus in the
energy policy specifically on those residents living in Arctic communities and their concerns
regarding energy security.
Both the Russian Arctic policy and the Russian energy security strategy make no mention of
concerns specifically for Arctic residents. This indicates while both the Arctic and energy
security are important to the Russian Federation overall, this may indicate less of a focus on
energy security for Arctic residents specifically.
2.3.3 Canada
Arctic Policy
Canadian Arctic policy comes in the form of the Northern Strategy published in 2009, which
outlines four “equally important and mutually reinforcing priorities.” 49 Energy security
appears to be most relevant to the priority, “promoting social and economic development”
and while energy security is not explicitly mentioned in the strategy, there are concerns
related to energy security addressed in the strategy. The Canadian government addresses the
need for “modern public infrastructure” for northerners and “supporting northerners’ wellbeing” but does not mention energy prices or developing energy specific infrastructure in
the strategy. 50 The strategy, like the United States and Russia, does address the accessibility
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of oil and gas reserves calling mining projects, “the cornerstones of sustained economic
activity” in the Arctic region and notes the importance of extracting them in an
environmentally sound way with indigenous population involvement. 51 There is no mention
of reducing energy subsidies or using profits from the mining industry to develop increased
renewable energy solutions for long term diversification of energy carriers.
While the overall Northern Strategy does not directly address energy concerns for
northerners, it appears that awareness of energy security concerns is growing among the
Canadian central government. For example, discussions of the strategy discuss that there is
a lack of energy infrastructure in the northern regions that should be rectified. 52 However,
despite these discussions, new policy announcements and public comment sessions make no
mention of a discussion of energy security concerns or energy topics in general. 53 It will be
interesting to see if and how the new Canadian framework for the Arctic addresses energy
security concerns if at all. At present, it appears that while the Canadian government focuses
much less on extractive industries than the United States or Russia, it does not replace this
lack of focus on extractive industries with a renewed focus on energy security for
populations residing in the Arctic. Analysis of Canadian Arctic policy indicates that energy
extraction is less of a priority for the Canadian government than hypothesized but also that
energy security for Arctic residents is still not a stated priority of the federal government. It
appears that Canada has limited or no attitude towards energy security in the Arctic, for the
Arctic.
Energy Policy
Energy security is one of three principles of Canada’s national energy policy which also
includes collaboration and climate change as principles. Specifically, the Canadian
definition of energy security is:
•
•
•
•

“a secure supply…through open, non-discriminatory and safe transportation”
“open and non-discriminatory access to electricity transmission systems”
“effective, efficient and transparent regulations that support responsible energy
development”
“increas[ing] and diversif[ing] the supply and distribution of clean as well as low
carbon energy” 54

Each of these components aligns with some components of the energy security definition
outlined in the opening section of this chapter including infrastructure development and
diversified supply. However, there is no mention in the Canadian energy security definition
that addresses the prices consumers pay for energy. Furthermore, much of the Canadian
energy policy focuses on developing transmission systems such as pipelines to aide in
hydrocarbon extraction as a means to develop energy security. The Canadian energy policy
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makes no mention of the Arctic as a specific area of focus within the greater energy strategy.
While oil and gas pipelines take the first focus within the policy, the Canadian energy policy
gives weight to renewable energy projects and many of the components present in a “good”
energy security definition.
2.3.4 Denmark
Arctic Strategy
Denmark gains its status as an Arctic nation via Greenland and to a lesser extent the Faroe
Islands. Greenland, which despite having developed a self-government act, still receives
considerable support from the Danish government in the form of a block grant. Therefore,
there is still much to be developed in terms of what responsibilities lie with the Danish
government for Arctic governance, and what responsibilities lie with the Greenlandic
parliament. However, for the purposes of this analysis, the Danish Strategy for the Arctic for
2011-2020 will be used to determine Danish attitudes towards energy security and energy
development as it includes recommendations for both Greenland and the Faroe Islands. The
Danish Strategy outlines four major veins of focus for Arctic policy, and “self-sustaining
growth and development” houses the Danish attitudes towards energy development in the
Arctic region. 55
Renewable energy development is a primary focus of the self-sustaining growth agenda, and
the Danish strategy notes “the Kingdom will pursue ambitious and active energy and climate
policies.” 56 These ambitious strategies include increasing Greenlandic renewable energy to
60% of total electricity production and Faroese renewable energy to 75% of total electricity
production by 2020. Additionally, the strategy specifically mentions the importance of
“security of supply” as it relates to renewable energy. 57 The initial impression of the strategy
indicates that energy security and diversification of carriers is an important component of
the Danish Arctic vision.
A closer reading of the document indicates the desire to use renewable resources primarily
as a means of economic development with specific examples including the development of
an Alcoa aluminum smelter in Greenland. While there is nothing inherently wrong with
using renewable energy to make aluminum, this example, and the language stating that
Greenlandic potential for renewable energy can “among other things…be utilized for the
development of emerging industry” does not address the second component of the energy
security definition relating to affordability of energy for the lowest earners. 58 Additionally,
while Greenland does not have any proven oil or gas reserves, there are those that suggest
that increased exploration for such reserves will be a key component of Greenlandic
economic independence from Denmark. 59 Additionally, Danish ECS claims indicate that the
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possibility of future oil and gas exploration has not been eliminated as a possibility. 60
Therefore, while the Denmark’s national Arctic strategy supports the idea that renewable
energy will be pursued for residential and commercial use in Greenland and the Faroe
Islands, it has not eliminated the possibility of tapping future reserves should they be
discovered.
The Danish Arctic strategy presents a nuanced approach to Arctic energy security; while not
directly addressing energy security overall, there are components that suggest the first part
of the definition is a priority for the Kingdom. However, without a mention of providing
affordable energy for populations living in the Arctic, it is hard to tell whether the concerns
about supply security are focused more on industry or on Arctic populations. Finally, the
Kingdom discusses oil and gas exploration to a much lesser extent than any other Arctic
coastal state, but this is likely because no proven oil and gas reserves exist in Greenland.
Regardless, the implementation of Danish policy relies on Greenland-Denmark relations
remaining similar throughout the future and discovery of new reserves could disrupt such
relationships or lead to Greenlandic independence overall.
Energy Strategy
Danish energy strategy focuses primarily on the transition from fossil fuels to green energy.
Energy security is discussed within the strategy exclusively as it relates to “security of
supply”, which is defined as “the probability that there will be energy services available at
competitive prices when consumers demand it, without…leaving Denmark in the
unfortunate grip of dependency on other countries.” 61 Security of supply in the Danish
context differs slightly from the energy security definition used in this report in that it does
not include cost considerations for the lowest earners in the community. However, the cost
of implementing energy development is included for consideration in the Danish strategy
with the government making efforts to have “the highest reduction in the use of fossil fuels
for every DKK of expenditure.” 62
The Danish energy strategy also recognizes the impact that climate change is having on the
Arctic regions but does not discuss the energy security concerns (if any) that exist for
Greenlandic residents. The strategy highlights the environmental concerns that increased
exploration in Arctic regions poses for the environment. However, despite these concerns,
there are no mentions specifically about the Greenlandic people and how they might be
impacted by increased drilling. This omission is interesting given the increase in
international attention regarding extractive industries in Greenland and how these industries
may be used as pathways for independence. 63 While Denmark has ambitious goals to be
completely fossil fuel free by 2050, their claim as an Arctic nation and to retain sovereignty
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over Greenland may require a concession to allow Greenlandic exploration of fossil fuels in
the Arctic.
2.3.5 Norway
Norway has been quite active in its development of Arctic policy with three separate
strategies published between 2011 and 2017. The 2017 strategy details five main
components, and energy security exists under the component governing infrastructure.
Specifically, the strategy outlines the importance of a “secure and efficient power supply.” 64
As a means of accomplishing this supply, Norway highlights the need for renewable energy
development, and using renewable energy “as a basis for business development and value
creation.” 65 This language, similar to Denmark, focuses less on the development of a variety
of carriers for energy security of populations, but rather to promote industrial growth in the
North. However, Norway does note that the northern regions of Norway have an energy
surplus, and as such, energy security in remote locations may be less problematic than in
other areas of the Arctic. Nonetheless, the Kingdom recognizes the need to increase
transmission capacity and grid recapitalization.
However, despite the proclaimed importance of energy security through renewable energy
development in Norway, Norway has “proceeded the farthest of any Arctic state to define
its ECS.” 66 ECS delineation is most often tied to extraction of oil and gas reserves, and
Norway’s government predicts that 37% of undiscovered reserves lie in the Barents Sea. 67
Norway’s hydrocarbon development, therefore, shows little signs of slowing down in the
coming years as oil exploration continues north into Arctic waters, and ECS claims become
realized. However, oil and gas exploration are not mutually exclusive from renewable energy
development, and Norway’s Arctic strategy places an importance on renewable energy
development in the High North.
Norwegian Arctic Strategy focuses on renewable energy development insofar as it enables
industry to operate in the Arctic. However, Norway, unlike other Arctic states has a noted
energy surplus in northern regions, and perhaps as a result requires less focus on affordability
for the lowest earners. Regardless, the Norwegian Arctic Strategy does not make mention
on affordable energy for residents, but it does focus on the first component of the energy
security definition, namely a variety of energy carriers. However, as it regards affordability,
the Norwegian Arctic strategy mirrors its A5 neighbors in saying nothing on the matter.
Energy Policy
Energi21 is the Norwegian “national strategy for research, development, demonstration, and
commercialization of new energy technology” and was most recently published in 2018. 68
The strategy addresses energy security solely as a security of supply issue and highlights the
need for Hydropower to remain the backbone of the Norwegian energy sector in order to
maintain such supply security. The strategy highlights the need for renewable energy
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specifically solar, offshore wind, and hydropower. Furthermore, as it relates to energy
security, the strategy focuses on the increased need for infrastructure improvement in the
form of integrating and digitizing energy systems.
Interestingly, the strategy makes no mention of the Norwegian oil and gas industry even in
passing. This exception is surprising given increased exploration attempts by Norwegian oil
companies in August of 2018 where Equinor filed plans to drill nearly 3000 new production
and oil wells to continue current extraction rates well beyond 2030. 69 Furthermore, Equinor
plans to increase exploration for gas in addition to oil to meet growing demand.
The Norwegian energy policy through Energi 21 displays a growing commitment to
renewable energy internally within Norway, but it does not note any specific concerns to
Arctic residents, nor does it address the planned increases in the development of oil and gas
exploration in the Norwegian Arctic.
2.3.6 Sweden
Arctic Policy
Sweden, the first of the non-littoral states to be analyzed developed its Arctic strategy in
2011 with three main priorities. 70 Sweden discusses energy in general as an economic
interest within the Arctic and states that “in contrast to the five coastal states, Sweden has
no direct national energy interest in the Arctic and does not take part in energy policy
cooperation initiatives in the area.” 71 The policy outlines that while Swedish industries
support the energy extractive industries through icebreaking and other enabling activities,
the Swedish government is not directly involved in these efforts. However, despite their lack
of involvement, Sweden’s policy does highlight the need to develop resources sustainably
and safely for the purposes of environmental protection but neglects to mention energy needs
of Sweden’s Arctic populations.
From Sweden’s Arctic strategy it is apparent that the focus of the Swedish government is on
maintaining accountability in the Arctic for extractive petroleum and gas industries and does
not highlight the needs of Swedish populations in the Arctic. The strategy discusses the need
for renewable energy from a climate change perspective, but not from the perspective of
energy mix diversification, and there are no mentions of affordability. This is not to say that
energy security is not a priority of Sweden at large, but that the country simply does not see
it as a necessary component of an arctic strategy.
Energy Policy
Swedish energy policy focuses on combining ecological sustainability, competitiveness, and
security of supply by developing “a robust electricity network with high security of supply
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and… [that] offer[s] electricity at competitive prices.” 72 Such a policy is primarily executed
through increases in renewable energy, energy technologies, and energy efficiency. The
Swedish energy policy emphasizes the following methods for developing security of supply
and competitively priced energy:
1.
2.
3.
4.
5.
6.
7.

New renewable technologies
Continuing the use of nuclear energy
Hydroelectric power
Small scale production
Transmission recapitalization
Market design
Research 73

Each component is viewed as a critical way to develop energy security through the future.
The policy does not explicitly reference Arctic communities other than in mentioning that
the primary grounds for energy production lie in the north of Sweden while primary grounds
for energy consumption lie in the south of Sweden. However, excepting the concerns
regarding Arctic peoples, the Swedish energy policy aligns with the proposed definition of
energy security adopted in this thesis. Namely, Sweden places focus on developing a
multitude of carriers to offer affordable energy. It appears that while Sweden shares many
of the concerns presented regarding energy security in general, there is nothing in policy that
specifically addresses the needs of Arctic communities.
2.3.7 Finland
Arctic Policy
Like Sweden and Iceland, Finland is not a member of the A5, but nonetheless serves as a
member of the Arctic Council and has a population that faces many similar concerns to other
Arctic nations. The Finnish Strategy for the Arctic Region was released in August 2013 and
outlines several elements for consideration in the Arctic regions. 74 Finland, like others, does
not explicitly mention energy security in its strategy, but does discuss the energy industry in
the context of Arctic oil and gas extraction. While not a coastal state, the strategy highlight’s
Finnish expertise in engineering and mining and how, through partnerships with Russia,
Finland has been involved in the Arctic oil and gas industry.
However, beyond oil and gas extraction, the Finnish strategy discusses the need for “new
transmission lines and decentralized generation” and highlights Finnish experience in
“Arctic wind power technology” “energy efficiency of buildings[, and] district heating
networks.” 75 Beyond highlighting Finnish capabilities, the strategy recognizes the need for
the United States and Canada to develop more advanced electrical grids and the ability for
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Finnish companies to assist in such development. Despite recognizing the need for increased
renewable energy generation and transmission grids beyond that of Sweden, Finland’s Arctic
strategy does not go so far as to highlight the importance of lower energy bills for Arctic
residents.
The Finnish Arctic strategy does recognize the first component of the energy security
definition in that it recognizes the importance of oil and gas extraction, increasing grid
reliability, and diversifying energy supplies, it fails to demonstrate any sort of priority for
affordability of such energy resources, and in a similar way to other nations, discusses the
importance of developing energy resources for the purposes of industry rather than to support
Arctic populations. While the two are not mutually exclusive, the fact that the Finnish policy
makes no mention of energy for Arctic residents indicates that it is not a high priority for the
national government.
Energy Policy
The Finnish energy policy highlights the importance of the security of energy supply and
affordability in the opening sentence detailing the current state of affairs in the Finnish
energy sector. 76 The strategy details the importance of complying with European Union
requirements for greenhouse gas emissions, energy efficiency, and self-sustainability. The
report also highlights Finnish shortfalls in energy self-sufficiency during winter months. To
increase self-sufficiency, the policy calls for an increase in nuclear energy production to
meet the target by the 2020s. However, beyond this time frame, the report recognizes the
importance of developing increased “decentralized energy production” at a small scale to
help meet growing demand. 77
The Finnish strategy discusses the importance of using peat as a “key role in ensuring
security of supply.” However, the Finnish strategy recognizes the need to limit the use of
peat over time given the “environmental damage caused” by peat and the fact that there are
emissions associated with its consumption. 78 The strategy highlights that peat is less
environmentally detrimental than coal and should be used as a substitute when possible.
Arctic references are absent from Finnish energy strategy, and no specific references are
made to residents of Arctic communities and their concerns related to energy security.
However, there are references to price sensitivity and the need to maintain stable energy
prices for the population indicating that there is an awareness of the need for energy security
elements identified earlier in this paper beyond simply security of supply.
2.3.8 Iceland
Arctic Policy
Iceland differs from Finland and Sweden in that while technically not a member of the A5,
it is an Arctic coastal state. Iceland is surrounded by ocean and has a large exclusive

Republic of Finland, “National Energy and Climate Strategy: Government Report to Parliament on 20
March 2013,” March 20, 2013.
77
Republic of Finland, 11.
78
Republic of Finland, 35.
76

32

economic zone with potential for oil and gas exploration but derives nearly 100% of its
electricity from renewable energy resources. 79 Icelandic Arctic Policy was developed in a
Parliamentary Resolution released in March 2011. 80 While none of the policy’s 12 points
deal with energy directly, the strategy does reference the importance of energy in the
Icelandic economy, and Iceland is in many ways a net energy exporter. Furthermore, the
strategy, like Finland and Sweden, highlights the need for strict regulations in oil and gas
exploration and states “Iceland must seek stringent environmental requirements for oil and
gas extraction in [Greenland] to ensure minimum disturbance of the marine ecosystem.” 81
However, despite these concerns, Iceland does not directly address access to energy or
affordability in its Arctic strategy.
Energy security for the Arctic is of limited concern for the Icelandic population because of
relatively inexpensive energy prices throughout the country and high reliance on renewable
energy as a component of its electricity mix. Therefore, it is understandable that energy
security would not be at the forefront of Icelandic concerns regarding the Arctic. However,
like all other countries, Iceland does still include references to the extractive industries in its
strategy, thus supporting the thesis that the energy discussion in the Arctic still focuses
primarily on the extraction of energy resources from Arctic areas.
Energy Policy
The Icelandic National Renewable Energy Action Plan outlines the Icelandic national energy
strategy towards renewable and is of most relevance to an analysis of Icelandic attitudes
towards energy security. The plan outlines how renewable energy “improves security of
supply” by reducing reliance on fossil fuel imports. 82 The plan focuses largely on the
implementation of renewable energy to comply with European Commission decisions
regarding the use of fossil fuels and promotion of renewable energy, but does not reference
prices for rate payers or Arctic specific concerns. Furthermore, the strategy does not examine
specifically the needs or benefits that renewable energy may provide to more remote
locations within Iceland that currently rely on fossil fuel production for their energy supply.
2.3.9 Analysis of Arctic 8 Attitudes
Understanding A8 attitudes towards energy security in the Arctic has been conducted
through a review of national energy and arctic policies. Table 2 compares different A8 Arctic
strategies and their focus on energy and local populations. Table 3 compares different A8
energy strategies and their focus on elements of energy security and whether or not they
reference the Arctic. It should be considered that this analysis has chosen to focus
exclusively on government documents in order to both limit the scope of inquiry and provide
79
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a uniform unit of analysis for discussion and a baseline through which to understand energy
security in the Arctic context.
Table 2: A comparison of A8 Arctic strategies.
US

RU

CA

DK

SE

NO

FI

IS

Eng. Sec. or Sec. of
Supply Mentioned?

Yes

No

No

Yes

No

Yes

Yes

No

Hydrocarbon
Extraction
Mentioned?

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Locals mentioned?

No

No

No

Yes

No

No

No

No

Table 3: A comparison of A8 energy strategies.
US

RU

CA

DK

SE

NO

FI

IS

Arctic Mentioned?

No

Yes

Yes

No

No

No

No

No

Eng. Sec. or Sec. of
Supply Mentioned?

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Prices?

Yes

No

No

Yes

Yes

Yes

Yes

No

Ren. Eng.
recommended?

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

After a review of national Arctic and energy policies, it becomes clear that while the Arctic
is an emerging area of international relations policy and energy security for Arctic residents
is a problem according to the SDWG, roughly half of the Arctic states do not address energy
security specifically for the Arctic. 83 However, upon review of national energy strategies,
each nation recognizes the need to develop energy security or security of supply as a
component of energy strategies.
In reviewing the Arctic strategies half of the Arctic nations reference energy security or
security of supply as a component of their Arctic strategy. The United States, Finland,
Norway, and Denmark all discuss the importance of energy security in differing capacities.
The United States exclusively outlines the importance of the Arctic oil and gas industry for
energy security in the lower 48 rather than on energy security for Arctic populations. Norway
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and Finland both make references to improving transmission infrastructure and developing
renewable energy capabilities in the Arctic. The Danish Arctic policy highlights the
importance of security of supply as it relates to Greenlandic energy development indicating
a concern both for local populations and energy security. On the other hand, Finland,
Norway, and the United States reference energy security elements in their Arctic strategies,
but do not incorporate concerns specifically for Arctic residents as a component of their
strategies.
Examining the energy policies reveals that while every state surveyed discusses energy
security or security of supply as a component of their energy policy at large, most states do
not highlight the concerns of Arctic residents specifically. Those states with energy policies
that do address the Arctic, Russia and Canada, discuss concerns related to hydrocarbon
development and extraction of resources from the Arctic. While, section 2.2 does address
that traditional fuel sources play a role in energy security, there is no mention within any of
these energy policies about the concerns of Arctic residents specifically. Perhaps this is to
be expected as it is uncommon for most states to address a specific subset of the population
in a national policy. However, given the unique challenges pertaining to the Arctic with
regard to energy development, perhaps it would be prudent to include the specific concerns
of these unique populations in future iterations of energy strategies.
Beyond addressing the Arctic, just over half of the energy strategies surveyed mentioned the
importance of reducing energy prices for consumers within the strategy, another component
of energy security for the Arctic. The United States, Denmark, Sweden, Norway, and Finland
all referenced the importance of additional fuels and infrastructure as a way to mitigate cost
for various residents. This is a positive example for the evolving definition of energy security
that has occurred over the past century. Finally, nearly all states surveyed recognized the
importance of renewable energy in their future energy policies. This indicates the importance
that nearly all states in the Arctic place on developing alternative technologies to help
promote energy security.

2.4 Arctic Policy Conclusions
A review of state policies surrounding the Arctic reveals limited national interest in energy
security in the Arctic, for the Arctic. There are a two reasons that might explain this.
Firstly, uneven infrastructure development limits the amount of national investment each
state can contribute individually. States are limited by their national budgets and the size of
their territory. Figure 2 demonstrates the varying levels of infrastructure development
throughout the Arctic. 84 States with larger territory like Russia and Canada have fewer
projects committed to infrastructure development in the Arctic. On the other hand, the
Scandinavian countries have much more concentrated infrastructure development projects
in their regions of the Arctic. Furthermore, Figure 2 also demonstrates that the Scandinavian
countries have a much higher percentage of renewable energy development projects in the
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Arctic region than other Arctic states. This aligns with the stated policy objectives discussed
in the Scandinavian countries’ respective energy strategies.
Secondly, different states’ political attitudes may explain different levels of concern for local
populations in national strategies. While only Denmark mentioned the concerns of Arctic
residents specifically in their Arctic strategy, the U.S., Denmark, Sweden, Norway, and
Finland all addressed energy prices as a concern in their national energy strategies. This
concern for local populations by Nordic states may be explained partially by the Nordic
welfare model, which attempts to combine free market capitalism with social benefits for a
population. 85 This may explain a higher level of sensitivity to consumer prices in energy
strategies.
Overall, a focus on oil and gas prevails amongst Arctic states ranging from Russia who
explicitly discusses the need for using the Arctic as a resource base to Sweden who refers to
the need for sound environmental practices to protect fragile Arctic ecosystems. There is
certainly diversity amongst states in their approach to energy, but it is apparent that there is
still a great deal of room for improvement in supporting energy security in and for the Arctic.

Figure 2: Infrastructure development sites along Arctic sea routes. 86
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Additional research in this field should use quantifiable data to determine energy security
need in different regions by analyzing both availability of carriers through price volatility
and affordability by analyzing energy bills as a component of overall income. The concern
of energy security for Arctic regions, while not expressed in individual strategies, is a
component of the SDWG’s initiatives for Arctic populations and as a component of such, an
index for energy security should be calculated for Arctic residents to help measure progress
and identify areas for improvement.

2.5 Energy Security in Iceland and Grímsey
After reviewing both Arctic strategies and energy strategies throughout the Arctic for
concerns regarding energy security, the case study of Grímsey Island in the north of Iceland
will be examined to investigate what steps may be taken there to increase the energy security
for its residents.
2.5.1 Energy Security Framework in Iceland: Legislation and
Infrastructure Projects 87
Iceland itself is nearly energy independent for heat and electricity with 99% of the population
electricity independent and 99% heating independent despite growing energy consumption
over time. 88
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Figure 3: Electricity consumption by industry in Iceland. 89
Figure 3 shows electricity consumption in Iceland; over three fourths of the electricity in
Iceland is used for heavy industry with the remaining component being devoted to residential
use. With such a high percentage of the electricity going to industry, one might assume that
energy security for residents is of limited concern to the island nation. However, a few
studies have been devoted to the idea of developing energy security within Iceland. 90
Furthermore, there are a number of potential infrastructure plans to develop energy security
including an interconnector between Iceland and the United Kingdom, “IceLink.” 91 The
following section is devoted to discussing legal information and infrastructure development
in Iceland.
Legislation
The Electricity Act nr 65/2003 of Iceland governs the “production, transportation,
distribution, and trading of electricity within Icelandic jurisdiction.” 92 The law requires that
the state maintain a controlling interest in distribution companies and Landsnet, the
transmission system operator has a natural monopoly over electrical transmission within
Iceland. However, despite the state control over transmission and distribution of electricity,
there is a deregulated, competitive market between Icelandic electricity producing
companies for the sale of electricity. 93 While the Electricity Act does reference “security of
the electricity supply system and consumer protection,” according to an external report, “the
laws and regulations…have fallen short on providing a precise legal definition that
stakeholders can use as a common framework for discussion.” 94 Without a legal definition
to use between government agencies, developing a comprehensive framework to improve
energy security can be challenging.
The Electricity Act also outlines the role of the national energy authority (NEA),
Orkustofnun, which is “approval of security and reliability requirements proposed by the
system operators, setting reliability targets, monitoring compliance and handling complaints
regarding quality of service.” 95 This legislation, charges the authority with among other
things, developing plans and requirements for energy security in Iceland. The NEA should
be the primary government agency responsible for creating and monitoring an energy
security plan for Iceland. Without strengthening the Icelandic transmission system energy
89
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security in Iceland will become “unsafe” according to an external report on Icelandic energy
security. 96 Therefore, there is still further work that needs to be done in Iceland when it
comes to developing a comprehensive plan for energy security in the country.
Infrastructure
Aside from creating a policy framework for energy security, infrastructure improvement can
also help increase energy security in Iceland. Aging infrastructure on the ring transmission
network and increased demand on both the adequacy and reliability of generation networks
may challenge the country’s ability to maintain energy security over the coming years. 97 To
improve the aging ring infrastructure, the energy security report recommends “deploying
either the Inter-regional or the Highlands network plan is critical in order to guarantee a
strong enough connection between the East and West halves of the island.” 98 Improving the
electrical grid within Iceland by connecting critical points through the highlands will be able
to provide greater interconnectedness, reduce congestion, and increase the reliability of the
national grid.
Additionally, an interconnector called “Icelink” between the United Kingdom and Iceland
has been proposed as another method of increasing energy security and connecting Iceland
to the European electricity market. 99 The project, if implemented, will be developed by the
British company Atlantic SuperConnection and is expected to be a “1,200 MW subsea power
cable between Britain and Iceland.” 100 If constructed, Icelink is expected to be complete by
2025, but its development is not without controversy. As it stands now, this project is a
suggestion and no formal agreement has been made between Iceland and the United
Kingdom for its construction. However, Icelandic consumers are worried that building the
interconnector would increase electricity prices and thus limit the attractiveness of new
capital projects in Iceland that rely on inexpensive energy prices. 101 Despite these concerns,
a 2017 study concluded in saying that “building an interconnector with UK shows up as the
option that would result in the largest increase of security of supply.” 102 Icelink, while a
controversial project, has the potential to increase energy security in Iceland, but does so at
the possibility of raising prices if no new power plants are built.
Despite Iceland’s current energy self-sufficiency, further planning in both legislative and
policy development and increasing infrastructural capacity will be necessary maintain
energy security for the island overall. Even more critical in this case will be the concerns of
the small population residing on Grímsey Island.
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2.5.2 Energy Security in Grímsey
Current Situation in Grímsey
As discussed earlier, Grímsey Island is a small island located approximately 40 km (25 mi)
north of Akureyri with 90 permanent residents. It falls under the jurisdiction of Akureyri,
and a joint venture between financial and government institutions was undertaken recently
to provide 500 million ISK to help maintain services for the island population. 103 The
distribution company RARIK is responsible for producing electricity in Grímsey. Included
in the 500 million ISK funding are subsidies for home heating and electricity, which is
currently produced using two Deutz engines equipped with 300 kW generators and a 176
kW Olympian generator. 104 Cooling water from the generators is also used in a district
heating scheme to heat the local swimming pool on the island. Historically, during the
fishing season (May-August) a 60 kW ice making machine has been used to cool the catch,
but with the elimination of the fishing fleet, it is unlikely that this additional load will be
necessary. 105 The average diesel consumption from 2011 to 2015 (the most recent data
available) was approximately 250,000 liters per year. 106 The average diesel price over the
same period of time was approximately 245 ISK per liter of fuel. 107 Diesel fuel accounts for
100% of the energy generation in Grímsey Island and the swimming pool heating system is
the only use of district heating present on the island.
Home heating subsidies amount to approximately 5.7 million ISK per year and electrical
subsidies amount to approximately 45 million ISK per year. 108 Combined, these subsidies
amount to roughly $424,000 USD per year or $5000 USD per year per resident. The public
subsidies might decrease the local support for new solutions, because according to NEA
officials, the state subsidizes home heating prices equivalent to the mainland prices in rural
areas and electricity prices for those without access to renewable energy. In total, Grímsey
accounts for roughly 75% of all energy subsidies for heating and electricity from the
Icelandic government. 109 Even without the local population feeling the impacts of higher
energy prices based on fuel fluctuations, there is still a significant financial benefit to the
Icelandic state in reducing the dependency on imported fuels in Grímsey. Furthermore, in
the event of extreme weather or other natural disasters or emergencies that might limit access
to Grímsey, some level of self-sufficiency through renewable energy will help maintain
energy security in a crisis.
There are a variety of solutions for Grímsey’s energy independence that have been proposed
and are actively being researched by the Icelandic government and local companies.
Landsnet, the Icelandic transmission system operator (TSO) has determined that connecting
the island to the Icelandic national grid is both too expensive and too technically
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complicated. 110 Additionally, scholars have conducted feasibility studies to investigate the
possibility of implementing wind power and hydrogen storage to provide year-round stable
electricity to the island. 111 Beyond using wind power, Grímsey island has also been
identified as one of the most fitting areas for offshore geothermal exploration in Iceland. 112
Finally an ongoing cooperation between the U.S. Embassy and Vistorka, a subsidiary of
Norðurorka, the northern power utility, has initiated a biodiesel project in Grímsey (see
section 3.3 for details) with positive initial results. 113 Overall, developing self-sufficiency
for Grímsey Island could help improve energy security for the island by reducing
dependency on fossil fuels for energy and reducing the need for public subsidies on Grímsey.
Electricity Demand in Grímsey

Figure 4: Average hourly load for Grimsey Island versus electricity production in kW. 114
Figure 4 shows the average hourly electrical load in Grímsey in 2010 and 2011. Recent data
obtained from RARIK, the local utility company for Grímsey shows an average yearly
decrease of electricity consumed by 1% from 2011 to 2017, the most recent data available
for analysis. 115 Additional information obtained from experts indicates that “there has been
a rapid reduction of energy need in Grímsey in the last two – three years as the number of
inhabitants is decreasing. Also, the fish industry there is no longer running. We do not know
the future of the island if this continues.” 116 This doubt indicates that there is unlikely to be
energy demand growth in Grímsey Island. The projections for future projects will take this
into account. The following sections will focus specifically on Grímsey Island and what
projects might be able to be implemented to reduce the demand for imported fuel.
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3 Deploying Renewable Energy in
Grímsey
The technology chapter focuses on the development of energy security in Grímsey Island
through implementing renewable projects and storage technologies to limit reliance on fossil
fuels. Each sub-chapter of the technology section focuses on a different type of technology
that might enhance energy security in Grímsey. The technology chapter is designed to
answer the following questions:
•
What types of renewable energy technologies are technologically and economically
feasible to develop in Grímsey?
•
Of the technologies evaluated, what, if any success has been had in deploying them
throughout the Arctic?

3.1 Technology Methodology
To answer these questions, the sub-chapters begin with an overview of the relevant
technology and a brief description of the underlying scientific principles. After an overview
of the principles, specific applications to Arctic communities are explored. Then, each
section continues to describe the resource potential for that specific technology in Grímsey.
Finally, after each technology, a determination is made on how it should be included or not
included in the subsequent simulation in chapter 4.
The technology chapter methodology consists of a literature review and case study analysis.
The literature review component evaluates both academic sources and sources from industry
to develop a clear idea of the current state of the given technology. Following the evaluation
of the current status of knowledge, case studies of successful implementation of the
applicable technology are investigated. Following each case study, an assessment is made as
to whether the technology can be feasibly deployed in Grímsey, and if so, a recommendation
for inclusion in the model is made. At the conclusion of the technology chapter, a few
systems will be recommended for analysis in the model.

3.2 Wind Energy
3.2.1 Wind Energy Basics
Wind energy has been deployed rapidly throughout the world as a reliable source of
renewable energy. The IEA projects a 65% global increase in onshore wind energy
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development for a total of 839 GW from 2018 to 2023. 117 Furthermore, offshore wind energy
is expected to grow rapidly as well over the same time period from 18 GW to 52 GW. 118
Wind energy is also expected to account for over 10% of the world’s renewable energy
consumption by 2023 making it an important resource for exploration in Arctic
communities. 119
Wind energy has not been deployed in a major way in Iceland yet, but the national power
company, Landsvirkjun has erected a small 2 turbine, 2 MW system in the south of Iceland
near the Búrfell power plant. 120 Each mast is 55 meters high and the spades are 22 meters in
length, and the estimated generation from the plant is 5.4 GWh per year. 121 The primary goal
of the project is to understand the potential for wind energy development in Iceland overall.
The success of this project could help inform future development of wind energy throughout
Iceland.
Wind energy is one of the oldest forms of energy conversion in human history evolving from
windmills, which converted the power of wind to mechanical energy. 122 Conversely, wind
turbines convert the power of wind to electricity that can be used on a variety of electrical
networks. Modern wind turbines fall generally into one of two categories (1) horizontal axis
wind turbines (HAWTs) and (2) vertical axis wind turbines (VAWTs). Examples of each are
shown in Figure 5.

Figure 5: An example of a HAWT (left) and a VAWT (right). 123
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The differences between HAWTs and VAWTs are self-explanatory with each deriving its
name from the axis of rotation around which the turbine moves. HAWTs are by and large
the “most common design of wind turbine.” 124 As such, they will be the primary wind
technology explored in this thesis. Beyond the two general types of turbines discussed, there
are two primary ways in which wind turbines are installed, onshore and offshore.
3.2.2 Horizontal Axis Wind Turbine (HAWT) Design and
Construction
Land-based HAWTs typically consist of: (1) a rotor, (2) a drive train, (3) a nacelle, (4) a
tower and foundation, (5) machine controls, and (6) the electrical system including cables
transformers and power converters. 125
Rotors are “often considered to be the turbine’s most important components from both a
performance and overall cost standpoint.” 126 The rotor is the hub and blades of a wind
turbine and can be seen spinning when viewing a wind turbine. While some small wind
turbines used fixed pitch blades that cannot be adjusted, many larger, higher capacity wind
turbines use controllable pitch rotors in order to control the output of a turbine.
The drive train is all remaining rotating parts of the turbine other than the rotor. This includes
the low-speed shaft, a gearbox, and a high-speed shaft. Figure 6 shows these components
and where they lie within a wind turbine. Gearboxes are used to “speed the rate of rotation
of the rotor from a low value (tens of rpm) to a rate suitable for driving a standard generator
(hundreds or thousands of rpm). 127

Figure 6: An internal display of a HAWT. 128
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Alternatively, some turbines are equipped with low speed generators that do not require a
gear box to increase the rotor rpms to generate electricity. “Nearly all wind turbines use
either induction of synchronous generators,” which “entail a constant or nearly constant
rotational speed when the generator is connected to a utility network. 129 This allows each
turbine to provide a reliable output to the electrical grid and produce more regular electricity.
The nacelle includes the wind turbine housing, main frame, and the yaw orientation system.
This provides protection of the internal equipment and constant alignment with the wind
direction to maintain efficient electrical generation. The tower and foundation support the
rotor and stand at least 20 meters tall, but usually one to one and a half times the rotor
diameter. 130 Finally, the control system completes the following tasks: regulating upper
bound limits on torque and power in the drive train, maximizing fatigue life of the rotor, and
maximizing energy produced.
All of these components work together to create electricity from wind power efficiently.
Even the most efficient wind turbines, however, cannot produce wind power at an efficiency
that exceeds the Betz Ratio or 59.3% of the kinetic energy carried in wind. 131 Additionally,
wind energy, like other renewables, however, is subject to intermittency. If the wind does
not blow, there is no electricity. This is in contrast to most traditional energy sources that are
dispatchable to produce electricity at any given time. Therefore, any wind energy system
produced for Grímsey will require an additional technology to help with intermittency
whether this is another renewable resource or a diesel fuel backup.
3.2.3 Offshore versus Onshore Wind
Offshore wind facilities have increased dramatically in the past 30 years due to a “lack of
available land with a good wind resource for new turbines, particularly in northern
Europe.” 132 Offshore turbines are able to capture a greater area, access higher wind speeds,
and generally experience lower levels of wind shear than onshore turbines. However, these
advantages come at higher capital and maintenance costs and more challenging working
conditions. 133 Offshore wind turbines are structured similarly to onshore turbines, but they
have a more complicated sub structure and support structure to ground them to the sea floor.
High capital costs of offshore wind combined with a low level of energy demand in Grímsey
would likely preclude the installation of such technology near Grímsey.
3.2.4 Arctic Success Stories with Wind Energy
Implementing wind energy in the Arctic is a challenge due to high wind speeds shearing
gearboxes, extreme temperatures causing lubricants to freeze and machinery to malfunction,
and the logistics of conducting maintenance on remote locations and transporting
replacement parts to the project sites. Havøygavlen, the most northern wind farm in the
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world, is located in northern Norway experienced its fair share of challenges in the early
days of production. Specifically, “the turbines twice had rotor blades sheared clean off, and
once a turbine even collapsed to the ground in a storm.” 134 Despite these early challenges,
many communities have successfully implemented small scale wind turbines to provide
power in remote locations. 135 In the Antarctic context, a German manufacturing company
Enercon and an Australian company Powercorp partnered to design two 300 kW turbines
without gearboxes to power the Australian research station. 136 Designing wind turbines that
do not use gearboxes limit the risks faced by strong winds overpowering the turbine. These
could be an option for use in the high north as well. Beyond the gearbox-less turbines, the
Australian system also uses flywheels for short-term energy storage (energy storage is
discussed in more detail in section 3.5) when wind generation provides greater than 40% of
the station load.
There are robust wind energy systems taking hold in the Arctic and Antarctic despite
increased weather concerns and the challenging nature of logistics and supply chain
management in remote locations. Implementing wind energy is a promising component of
developing energy security in Grímsey. However, general concerns of intermittency limit
the use of wind energy exclusively on the island.
3.2.5 Wind Energy Potential in Grímsey
Wind energy potential in Grímsey has been discussed since the 1980s, and all reports on
Grímsey view the potential favorably. 137 Figure 7 displays a comparison of monthly wind
speed averages and monthly primary load averages. Initial studies on the feasibility of wind
energy in Grímsey have shown that wind turbines could be a cost-effective way to increase
energy independence and decrease the overall cost of energy on Grímsey. 138 A study
comparing wind to hydrogen systems including a wind-diesel, wind-diesel-hydrogen, and a
wind-hydrogen comparison found that over a 20 year lifetime all the proposed systems will
reduce operating costs for Grímsey. 139
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Figure 7: A comparison of the average wind speeds in Grimsey and monthly load
averages. 140
The system, if implemented, would be expected to be paid back within four years, and
consists of approximately three wind turbines. While one large turbine would produce
energy at the lowest cost, having three increases redundancy and reliability in the system
should one need to be taken offline for maintenance. 141 Implementing wind energy in
Grímsey to meet the demand of the island is initially economically feasible and will be
discussed in greater detail in section 4.
3.2.6 Recommendations for the Model
Based on the previous studies and the resource potential on Grímsey, this thesis will examine
the feasibility of using 100 kW wind turbines in an onshore environment. Wind turbines
have high levels of success in other Arctic environments and placing the turbines onshore
limits capital costs and ongoing maintenance costs.

3.3 Biodiesel
3.3.1 Biodiesel Basics
Biomass, can be used for a variety of different types of energy. However, to be used in
varying capacity, biomass must either be burned directly or converted to an intermediate fuel
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before its final use in engines, generators, etc. to provide energy. A schematic detailing the
methods of using biomass for energy is described in Figure 8. Notice that aside from direct
combustion, all other methods of using biomass resources for energy involve conversion
processes. These processes can be loosely grouped into two separate categories: biochemical conversion processes and thermo-chemical conversion processes. 142

Figure 8: A description of the various methods of using biomass resources. 143
Thermo-chemical conversion processes are beneficial in that they, in general : (1) rapidly
complete reactions, (2) reduce the volume of biomass, (3) produce a varying range of fuels
in solid, liquid, or gas form, (4) some processes do not require the addition of heat to
complete the process (thus decreasing the amount of energy needed to produce the
conversion. The two most popular bio-chemical conversion processes are anaerobic
digestion and fermentation. Anaerobic digestion is used to produce biogas by using
microorganisms and the absence of oxygen to create a combustible gas consisting of methane
and carbon dioxide. 144 Municipal waste and manure are the most common feedstocks for
producing biogas through anerobic digestion. 145 Fermentation is used to produce ethanol by
combining sugar containing materials with yeast. Common feedstocks for fermentation
include sugar cane, corn, and sugar beets. 146
Biodiesel is a type of biofuel that involves using oily plants, algae, or other oily sources like
cooking fat to power engines. 147 Biodiesel shows promise as a renewable energy resource
for energy independence, because it “can be used to substitute diesel in either pure or blended
form” and possesses more “environmental friendly characteristics while giving almost the
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same functional properties as conventional diesel.” 148 The production of biodiesel involves
converting plant matter into a carrier that can be used to produce energy in conventional
engines. Biodiesel production involves using a process called transesterification to convert
fat and oils into biodiesel and glycerin 149 The process involves reacting 100 pounds of oil or
fat with 10 pounds of short-chain alcohol, like methanol, with a catalyst to form 100 pounds
of biodiesel and ten pounds of glycerin. 150
The most common global feedstocks to produce biodiesel are rapeseed oil and sunflower oil
in Europe, soy oil in the United States, and palm oil in tropical America and southeast
Asia. 151 In Iceland, a 2009 study predicted that biodiesel could be produced from Icelandic
timber or Icelandic wheat for a price of 62.8 ISK/L in 2009. 152 While the study recognizes
that the methodology used to calculate this retail price creates a lower than reality outcome,
this still represents a fraction of the retail price for diesel in Iceland in 2009 (121 ISK/L). 153
From an energy security perspective, imported biodiesel in Iceland, while likely reducing
environmental impacts of a diesel generator, cannot lead to energy independence in the same
way that other locally available sources of energy can and therefore should not be considered
as a pathway to energy security. However, locally produced biodiesel should be a part of a
strategy to reduce reliance on imported diesel to run generators on Grímsey.
3.3.2 Biodiesel and Biofuels Throughout the Arctic
Biodiesel produced from Arctic algae has the potential to create biodiesel at an even more
affordable price point by reducing the amount of water required for production and limiting
the amount of agricultural land use. Scientists have identified the Arctic Chlorella algae as
a future potential feedstock for biodiesel production in the high north. 154 Finding new ways
to limit the cost of biodiesel makes its production more cost competitive and drives down
the price of the resource. Ultimately, lower prices can lead to greater availability and security
in remote areas. Additionally, if Arctic Chlorella is present in Grímsey, it may be a viable
way of creating biodiesel locally on the island.
Wood processing waste and municipal solid waste are other methods of creating biofuels in
Arctic areas. 155 While sparse in Iceland, many parts of the Arctic have access to renewable
forests that can be converted into pellets or bricks for heating small boilers or even for district
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heating applications. In Russia, the Mondi Syktyvkar Plant provides heat and hot water to
over 60,000 people using waste from paper production. 156 Accessing locally available
renewable resources is a key component of developing energy security throughout the
Arctic.
3.3.3 Biodiesel Potential in Grimsey
Grímsey is currently using biodiesel as a component of the island’s energy strategy.
According to Guðmundur Sigurðarson of Vistorka:
[In] 2018 Orkey; Orkustofnun, Orkusetur, RARIK and the Ministry of Industries and
Innovation initiated a biodiesel project in Grímsey.
Orkey´s production is UCO [used cooking oil] from restaurants and homes in the area
and the biodiesel production is as green as possible as the energy input is hot water
from geothermal energy, electricity from hydro and the methanol for the chemical
process is from CRI [Carbon Recycling International].
In Grímsey there is a 4.000 L oil tank connected to the power-station. A 10% mixture
has been used for the test project with very good success.
The tanks are outside and there is no special protection or heating around the tanks.” 157
The use of biodiesel ended in April 2019 in Grímsey, and an ongoing economic analysis will
need to be developed to better understand the long-term implications of using biodiesel and
Grímsey and its cost effectiveness. Biodiesel in Grímsey is delivered to the island for a total
cost of 230 ISK per liter including VAT with 15 ISK earmarked for transportation. 158 This
makes the biodiesel used in Grímsey cost competitive with conventional diesel used
throughout Iceland.
Studies have demonstrated that a 20% biodiesel mix is possible in many conventional
engines without impacting the functionality of the engine. 159 However, an official at RARIK
when interviewed speculated that the biodiesel used in Grímsey may have damaged the
current generators. 160 Therefore, RARIK has decided that no biodiesel will be used in
generators on Grímsey in the future. This decision means that while biodiesel may be
successfully used in other conventional generators, if it is to be used in Grímsey, the
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generators will have to be specifically designed for biodiesel. This creates significant risk in
investing biodiesel for Grímsey.
3.3.4 Recommendations for the Model
Due to the ending of the biodiesel project in Grímsey and RARIK’s decision to not allow
future biodiesel in the Grímsey generators, biodiesel will not be examined in the economic
model.

3.4 Offshore Geothermal
3.4.1 Geothermal Energy Basics
Geothermal energy has long been used in Iceland to provide hot water and electricity to the
population due to the island nation's location on the Mid-Atlantic Ridge. Iceland is a leader
in geothermal energy research and development demonstrated most recently by the HS Orka
deep drilling project on Reykjanes peninsula 161. As such, it is only fitting to explore offshore
geothermal potential in Iceland.
Geothermal energy is produced by harnessing the heat that is emitted naturally from the
Earth in geothermal fields or in the case of offshore geothermal areas, hydrothermal vents.
By harnessing steam from these fields to turn a generator, geothermal power plants can
produce electricity. Furthermore, geothermal fluid can be used to heat fresh water for
residential or industrial purposes. The three widest developed types of geothermal energy
are (1) flash cycle steam plants, (2) dry steam plants, and (3) binary cycle plants, examples
of each are shown in Figure 9.
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Figure 9: From left to right, an example of a flash cycle steam plant, dry steam plant, and
binary cycle plant. 162
Flash cycle plants convert hot water to steam in a separator and use steam to turn a turbine.
Dry steam plants use naturally occurring steam to directly turn a generator, and binary cycle
plants use an intermediary fluid with a lower evaporation point like pentane or butane to turn
the generator. These types of plants are most often used in areas with less naturally occurring
heat or before cooler water is re-injected back into the ground 163. While production can dip
over time, geothermal energy provides a generally stable output for the lifetime of a well
making it a reliable baseload source of power with no marginal costs per kilowatt produced.
Repurposing Oil Rigs
Offshore geothermal projects are still in a research and demonstration phase due to the high
costs of installing infrastructure, drilling, and conducting detailed surveys of suitable
locations. However, in Italy, an offshore project began in 2006 to study of the Marsili
Seamount as a potential source of offshore geothermal power. Recent studies advocated for
exploration to begin in the area as initial geographic surveys were promising 164. Some have
estimated that the project will cost upwards of 2 billion euros and generate 200 MW of
electricity 165. The proposed technology involves the modification of offshore oil platforms
to conduct drilling for geothermal wells as demonstrated in Figure 10. Beyond Italy, there
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has been significant interest in developing offshore geothermal energy in the North Sea as a
way to repurpose old oil platforms 166.

Figure 10: A sample image of the offshore geothermal drilling project. 167
Repurposing oil rigs has the benefits of combining two known types of technology, namely
hydrocarbon mining and geothermal electricity production. However, it is environmentally
invasive in areas that support unique ecosystems like hydrothermal vents. While likely the
lowest cost and most conventional mechanism for generating power, other technologies are
being developed that may yield promising results with less disruption to the sensitive marine
ecosystems.
Submarine Power Plants
Beyond repurposing oil rigs, a group of Mexican scientists are investigating the possibility
of using remotely-operated, submarine generators to produce electricity at the site of the vent
using an organic Rankine cycle, then transmitting electricity through power lines 168. The
researchers found that a theoretical project on a 3900 km vent in Mexico would be able to
generate 130,000 megawatts. The system runs without any drilling or environmentally
invasive procedures and theoretically can be placed anywhere. Figure 11 displays how the
proposed system would work. The geothermal resource heats a coil, which then heats a heat
exchanger and vaporizes the fluid like any other binary cycle plant. Then, the water is
condensed and discharged using the ocean as a heat sink.
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Figure 11: Graphical representation of a submersible binary generator. 169
Submarine power plants are an attractive option for offshore geothermal power generation
because they are minimally invasive and do not require much in the way of transmission
infrastructure. Theoretically, they pose a lower risk to native species than drilling holes in
the surrounding area, and they may be more scalable for a small community like Grímsey
that has low needs for electricity. However, they can only be used to produce electricity
without the option for district heating. Submarine power is still in a highly experimental
stage and therefore incredibly expensive; there has been no commercialization of the
technology, and the most recent development in the space is being done by the U.S. Navy to
continuously power unmanned undersea vessels 170. Therefore, it is unlikely that this
technology will be economically feasible in the short term.
Land-Based Geothermal Power Plants
The final major technology existing in offshore geothermal energy involves an on-shore
generating station with pipelines connecting either geothermal fluid, or another type of fluid
for use in a binary cycle plant. Figure 12 demonstrates two examples of land-based
geothermal plants.
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Figure 12: A visual representation of two land-based plant proposals. (Above) a binary
geothermal system, (below) a flash geothermal system. 171
The diagram on top demonstrates a binary process using some type of working fluid (usually
pentane or butane as mentioned earlier) to turn the generator on land. The working fluid is
transmitted via pipeline in a closed-loop. The diagram on the bottom demonstrates a flash
geothermal powerplant configuration where geothermal fluid is transported to the power
plant before re-injection. Results from a study done on building the power plants on
Reykjanes peninsula in the southwest of Iceland indicate that a plant with a steam mass flow
of 17.2 kg/s would generate approximately 9,600 kilowatts of electricity. The same study
found a binary plant in the same location would generate 14,000 kilowatts of electricity 172.
Land-based geothermal power plants are tried and true methods of harnessing geothermal
energy. There is a large local knowledge base in Iceland, and it is a reliable long-term source
of electricity. By using the same processes with some specialized equipment for the ocean
floor, development projects can capitalize on years of experience in construction and
maintenance of geothermal plants. Long term knowledge minimizes risk and capital costs
making projects more feasible overall.
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3.4.2 Offshore Geothermal Energy Potential in the Arctic
Offshore geothermal energy in Grímsey is an expensive but promising proposal to break the
community's dependence on fossil fuels, decrease the need for energy subsidies, and explore
a new method of renewable energy production. Many areas in the coastal Arctic reside along
geothermally active areas and piloting a small scale offshore geothermal project in Grímsey
could bring costs down for future developments in the area.
However, costs of production are very high and uncertainty is the only thing certain about
the project. By increased government investment and balance sheet investment from
developers, construction risk can be decreased. Furthermore, relying on local employees and
secure supply chains can help make sure the project is funded through completion.
With the appropriate amount of oversight, smart financial planning, and professional
knowledge, offshore geothermal energy could power Grímsey and other parts of the high
north far into the future.
3.4.3 Geothermal Fields Near Grímsey
Grímsey Island lies very close to the mid-Atlantic ridge and has a confirmed hightemperature field 15 kilometers off the east coast of the island. The field has a depth of 400
meters and a vent temperature of 250° C, which closely mimics the conditions found in the
land-based geothermal power plant in Krafla 173. According to a report on offshore
geothermal power in Iceland, "[Grímsey] has by far been the most extensively surveyed
offshore resource around Iceland." 174 The location is the closest high temperature field to
the Icelandic mainland, and there is already a significant amount of infrastructure to support
workers with the expansion of the Þeistareykir power plant near Husavík.
3.4.4 Recommendations for the Model
Based on the local knowledge, lower costs, and proximity to land, a land-based geothermal
power plant would likely be the most feasible solution to provide power to the small town
in Grímsey. While the power plant in Grímsey would likely overpower the small town,
access to the previously untapped resource might provide enough value for Landsnet to
connect Grímsey to the Icelandic national grid as the power company did in the Westman
Islands. 175 Using geothermal energy in Grímsey will help ensure energy security in the island
and provide hot water and electricity at an affordable price and limit greenhouse gas
emissions from diesel generators.
However, the exercise of using geothermal energy is highly theoretical based on the high
costs of implementing geothermal energy and the limited viability of existing projects. There
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is not enough data available to include a geothermal power plant in the model for cost
analysis.

3.5 Energy Storage
3.5.1 Energy Storage Basics
Energy storage is a fast-growing field due primarily to increases in renewable energy
development. While the adoption of renewable resources for electrical generation has
increased the capture of energy from naturally occurring phenomena, it has also introduced
problems of intermittency and in larger utility scale cases, disrupted the traditional
understanding of a one-way power transmission grid. Energy storage fills the gap caused by
increased renewable penetration. By making RES dispatchable and available when natural
energy flows are slowed or stopped, renewable energy can achieve greater grid penetration
without risking the uninterruptibility required by a secure energy system.
Storage seeks to convert renewable energy into dispatchable energy like any other traditional
energy source. While there are a wide variety of energy storage solutions available, there are
three general components to energy storage: (1) power quality, (2) bridging power, and (3)
energy management. 176 Power quality has a smoothing effect on the electrical grid and
storage solutions focusing on this component of energy storage have a range of milliseconds
to minutes these include flywheels, double layer capacitors, and superconducting magnetic
energy storage technologies. 177 Bridging power focuses on storing from minutes to hours to
allow for switching between different generation sources; this includes various types of
batteries (lead acid, lithium ion, and sodium sulfur). 178 Finally, energy management storage
allows utilities to “decouple the timing of generation and consumption of electric energy.” 179
Energy management includes hydrogen gas, pumped hydro storage, or energy storage as hot
water.
There are a large variety of energy storage systems (ESS) designed to accomplish power
quality, bridging power, and energy management. In general, there are six main categories
of EES: (1) solid state batteries, (2) flow batteries, (3) flywheels, (4) compressed air energy
storage, (5) thermal, (6) pumped hydro-power. 180 It is outside the scope of this report to
discuss each in detail, but those applicable to the Arctic context will be examined. Flywheels
and batteries have been successfully implemented in the Arctic to encourage high renewable
energy penetration. 181 Additionally, studies done on Grímsey have recommended using

Michael Sugar, “Simulation Based Grid Energy Storage Optimization to Enhance Renewable Energy
Storage in Iceland,” May 2014, 118.
177
Sugar, 22.
178
Sugar, “Simulation Based Grid Energy Storage Optimization to Enhance Renewable Energy Storage in
Iceland.”
179
Sugar, 18.
180
Energy Storage Association, “Energy Storage Technologies,” 2019, http://energystorage.org/energystorage/energy-storage-technologies.
181
Rocky Mountain Institute and Carbon War Room, “Renewable Microgrids: Profiles From Islands and
Remote Communities Throughout the World,” November 2015, https://rmi.org/wp176

58

hydrogen gas storage as an option for increasing storage potential for renewable penetration
on the island. 182
Flywheels
Flywheels use electric energy and convert and store it as kinetic energy by spinning a rotor.
Using electric energy, flywheels have a small generator that converts the electricity to
rotation using a motor generator. 183

Figure 13: A modern flywheel. 184
Flywheels used for energy storage are constructed as either solid disks or long, solid
cylinders most commonly from steel. However, there have been advances in using composite
rotors to increase flywheel performance, but these more complicated designs drive up
costs. 185 The basic design of a flywheel includes a housing, to provide a vacuum, rotor, to
integrate with the hub, and bearings to “support the flywheel rotor while allowing it to spin
freely.” 186 Flywheels are a fast growing form of energy storage and have been integrated in
Arctic communities with initial success.
Batteries
Batteries are another fast-growing space for utility scale energy storage. While there are
many different types of batteries that can be explored, batteries in general are the “oldest
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method for storing electricity” and do so by converting electrical energy into chemical
energy. 187 A study of implementing energy storage in Iceland outlined five different types
of battery possibilities for use in Iceland: (1) lead acid batteries, (2) nickel cadmium batteries,
(3) sodium sulfur batteries, (4) lithium ion batteries, and (5) vanadium redox batteries. 188
These batteries differ in terms of their energy density, operating temperature, discharge time,
and cycle life. Table 4 shows a side-by-side comparison of different types of batteries, their
voltage, energy density, operating temperature, and discharge time.
Table 4: A comparison of different battery technologies. 189
Type

Voltage (W)

Specific
Energy
(Wh/kg)

Operating
Temperature (⁰C)

Discharge Time
(hr)

Lead Acid

2.1

25-40

-40-60

<8

Nickel
Cadmium

1.35

30-45

-10-45

<4

Sodium Sulfur

2.1

150-240

300-350

4-8

Lithium Ion

1.7

50-70

-25-40

<4

Vanadium
Redox

1.4

10-20

10-40

4-12

Batteries are a viable option for grid level storage in many parts of the world and have been
implemented in renewable dense states of the United States like California and the northeast
corridor. 190 This widespread implementation is a testament to the benefit that these storage
solutions could provide for renewable penetration.
Hydrogen Gas (H2) Storage
Hydrogen gas storage has also been proposed as a method for long term energy storage to
reduce intermittency for “industrial scale” production. 191 However, many of the hydrogen
storage projects exist at the demonstration level only. 192 While the technology shows
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promise, it is hard to say whether or not it is feasible for utility scale projects. The primary
methods of hydrogen storage involve physical-based storage in the form of compressed gas,
cold or cyro compressed H2 or liquid H2. 193 These methods work by using electrolysis to
convert excess energy into hydrogen.
Hydrogen stored as compressed gas is likely the most cost-effective form of hydrogen
storage. While there is some energy required to compress the hydrogen gas for storage, it is
less than that required for liquefied hydrogen or cold and cyro-compressed hydrogen.
Liquefied hydrogen despite having a higher energy density than gaseous form hydrogen
requires storing temperatures at -253 ⁰C. 194 This low storage temperature reduces the
economic benefits that might come from its adoption because of the costs associated with
maintaining a low temperature. Cold and cyro-compressed hydrogen combines the cooling
and compression process to allow an even higher energy density than liquefied compressed
hydrogen but requires more energy input and higher costs to convert. 195
Hydrogen storage has the potential for implementation in the future and has been
implemented in parts of the Arctic on a smaller scale (see section 3.5.2 for details). However,
it is still in the early stages of development and should not be viewed as a panacea for storage
woes, because of the high costs and combustibility of the gas.
3.5.2 Energy Storage in the Arctic
Energy storage has become important in many Arctic examples. The successful case studies
throughout the Arctic have generally combined wind and another storage technology. In the
case of Kotzebue, Alaska, a lithium ion battery is used for storage; in Kodiak, Alaska,
flywheels and a lead-acid battery are used for storage. However, in Utsira, Norway,
compressed hydrogen gas is used for storage.
In Kotzebue, AK a small 3000 person town 50 km (30 mi) north of the Arctic Circle, a wind
to lithium ion battery storage system has been profitable and operational in temperatures as
low as -50⁰C. Peak load in Kotzebue is 3 MW, and the combined ESS has a total capacity of
2.9 MW. The cooperative has been able to cut diesel consumption by 1 million liters
(250,000 gallons) and save $900,000 (USD, 2015). 196 A case study report indicates that
lithium ion batteries were specifically chosen because they can “react quickly to changing
supply and demand…,[are] well suited to riding out variations in wind output from seconds
to hours…, [and] performs predictably over a large number of charge cycles” up to ten
years. 197 Initial results have led the ESS to optimize wind generation in the Kotzebue
microgrid. While there is not yet a diesel free system in place, there have been talks of going
completely renewable during summer months. Another important lesson learned from the
Kotzebue case study comes from the metrics for success used in the study. The ESS analysis
does not estimate payback through fuel savings exclusively, because an ESS is a required
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for renewable penetration higher than 50%; the complex price models made a full economic
analysis challenging at the time of writing. 198
Kodiak, AK is a community four times the size of Kotzebue located 660 miles (1,000 km)
below the Arctic Circle that has an installed capacity of 75 MW and a peak demand of 27.8
MW with an average annual renewable generation of 99.7%. 199 Kodiak, like Grímsey, is an
island that faced challenges transporting windmills to the island, construction during the
short summer season, and funding concerns. Kodiak’s ability to provide cheaper energy to
residents has allowed for an expansion of economic activity in the area related to the fishing
fleet. 200 This demonstrates the potential benefits that could follow from a reduction in energy
prices. However, in comparison to Grímsey, government subsidies limit the ceiling of
electricity rates making the market solution less attractive. However, the high levels of
renewable energy have nearly eliminated the need for imported fuels and diesel in the
electricity market. Heat pumps are now being used in household heating to reduce the
amount of required oil leading to a nearly energy independent island, with the exception of
transportation. 201
Finally, in Utsira, Norway, an island off the Norwegian south-west coast has a different set
up that uses a combination of wind energy, an undersea cable, and a hydrogen storage system
to meet the needs of the 210 people residing on the island. 202 The hydrogen component of
the project is currently only for ten households on the island and is specifically not a
commercial project; according to StatoilHydro, the Norwegian energy company now called
Equinor, “even making it competitive in the small, remote communities far off the grid that
make up its target market remains years off.” 203 This calls into question the results presented
in the Grímsey study that deemed a hydrogen project effective in a 20-year timespan.
Additionally, the timeline presented by Equinor in 2017 exceeds the initial five to ten-year
timeline presented in a 2011 report indicating the uncertainty present in this space. 204 While
the project on Utsira demonstrates the interesting potential that hydrogen gas solutions can
provide, there is nothing in the reports that suggest the project’s commercial viability.
Additionally, from an energy security perspective, the undersea cable and local wind
generation provide a surplus of energy to the island. 205
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3.5.3 Energy Storage Potential in Grimsey
Grímsey’s uniquely low demand makes cost effective storage a challenge. Furthermore,
because current generators run at a constant rate, it is hard to predict what type of storage
should be implemented, power quality, bridging power, or energy management. Due to the
constant, primarily residential demand for energy in Grímsey, it is unlikely that power
quality solutions will be useful in the grid. There is little need for such minute adjustments
in power output when the supply of electricity is relatively constant. Future industry or
economic development in Grímsey could change this reality. Bridging power could be used
in a situation when switching between a 100% biodiesel generator and traditional diesel
generators if a 100% biodiesel generator is installed. Furthermore, energy management
solutions could be used if Grímsey developed a 100% renewable grid in the future. However,
with partial penetration of renewables, it is unlikely that such a solution would be
necessary. 206
Batteries or hydrogen storage, therefore, would likely be most beneficial for the island
community if renewable penetration was low, but significant. A study conducted comparing
three different wind solutions for Grímsey, two of which included hydrogen components
“suggested to treat them [the solutions] successively as a road map” rather than independent
consideration. 207 This approach ensures that incremental change is taken to help develop a
long-term, sustainable solution for Grímsey. The feasibility study found that both storage
solutions would reduce running costs during the 20-year lifetime of the project.
No studies to date have been done to examine the possibility of using batteries in Grímsey.
3.5.4 Recommendations for the Model
Energy storage solutions throughout the Arctic demonstrate the competitive, entrepreneurial
landscape in this field, the importance of local solutions, and the diversity of feasible options.
Therefore, any storage system should be undertaken with project goals in mind. Is the goal
of the project to demonstrate small scale renewable energy feasibility or cost
competitiveness? Is it to reduce prices for rate-payers or limit government subsidies? The
solutions for each community differ greatly.
Due to the small size of Grímsey, and the possible reduction of the population size, adopting
a high cost storage system will likely not yield cost beneficial returns. Generally, if
renewable penetration is under 50% of the energy mix, a storage system will not be
necessary. 208 Renewable penetration beyond 50% is likely in the event that there is a
mandate in Iceland for 100% renewable electricity; however, if the goal of an updated grid
in Grímsey is simply to increase diversification of energy carriers and limit the amount of
subsidies, then implementation of a storage system is likely not feasible. This will be
explored further in section 4. Lithium ion batteries should be explored as one way to increase
dispatchability of the RES because of their success in Kotzebue.

McDowell, “Energy Storage in the Arctic.”
Chade, Miklis, and Dvorak, “Feasibility Study of Wind-to-Hydrogen System for Arctic Remote Locations
– Grimsey Island Case Study,” 207.
208
McDowell, “Energy Storage in the Arctic.”
206
207

63

Battery technologies appear to be the most developed technologies for energy storage in the
Arctic, and therefore a consideration of battery technology should be included in the model.
Hydrogen storage is still in the demonstration stages, and it has not shown as high potential
as battery technologies. As a result, it will not be included in the model. Flywheels as
discussed are generally used in a power quality application for short term changes in
electricity demand. Given Grímsey’s current system where generators run at a constant
baseload, this technology is also not necessary for inclusion in the model.

3.6 Technology Conclusions
There are a wide variety of technologies that have been successful in developing energy
security throughout the Arctic. Of the technologies surveyed, wind energy, biodiesel, and
batteries appear to show the most promise for Grímsey Island’s energy security. These will
be included for modeling in HOMER to determine the most cost-effective solution for
Grímsey specifically. Revisiting the definition of energy security in the Arctic highlights the
importance of energy from a variety of sources at a low cost. Implementing a combination
of these technologies has the potential to decrease Grímsey’s reliance on diesel fuel only and
also may reduce costs over time.
Wind energy has been studied as an option by multiple scholars in Grímsey and has been
seen as economically viable. The high wind speeds and developments in wind technology
demonstrate that this technology has great potential to be cost beneficial in Grímsey.
Furthermore, wind energy solutions have been successfully deployed throughout the Arctic
including in Kodiak island, Kotzebue, and Havøygavlen. Using wind turbines without
gearboxes limits the operation and maintenance costs and reduces the chances of a casualty.
Biodiesel has already begun to show progress in its implementation in Grímsey and can be
substituted up to a certain point with no retrofitting on the current generators. The initial
results from the Grímsey pilot project are positive, and therefore, biodiesel will be included
in the HOMER optimization model to see if it is cost effective in the long run. On a non-cost
perspective, biodiesel is not locally available in Grímsey, but it is produced in Iceland from
renewable energy resources, so it poses a lower supply risk than diesel that must be imported
from abroad to Iceland. Additionally, biodiesel has been successfully deployed in other
Arctic communities. Biodiesel has the potential to be a valuable carrier for use in Grímsey.
Offshore geothermal energy, while an interesting concept in theory, is nowhere near the level
of development necessary for a profitable project. Additionally, the high costs of investing
in such a new technology would likely never be recouped given Grímsey’s low level of
energy demand.
Finally, among the energy storage solutions investigated, while all have been deployed
successfully in the Arctic, they have varying applications and scales. Flywheels are excellent
for short changes related to power quality, and Grímsey’s relatively low, constant load
profile indicates that these would not be necessary. Hydrogen storage has the potential to be
a solution for Grímsey as it has been implemented in other Arctic island communities, but
the projects are only for demonstration purposes and are not cost effective at all yet according
to the Norwegian project managers. This leaves batteries for inclusion in the optimization
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analysis. Batteries have been successfully deployed in Arctic communities like Kotzebue,
and their use allows a higher penetration of renewable energy in a utility system.
The current state of technology certainly exists for Grímsey to progress away from using
diesel generators, but the cost effectiveness of such a move must be investigated to determine
the best use of taxpayer dollars while maintaining a secure energy supply for the people of
Grímsey.
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4 Optimization Analysis
This chapter focuses on investigating the most beneficial future path for Grímsey. The
chapter seeks to answer the following questions:
•
•
•

How much energy is required to power the town of Grímsey today? In 5 years?
What are the costs associated with renewable energy technologies in Grímsey?
How do renewable energy costs on Grímsey compare to continuing the use of
diesel?

The answers to these questions can be used by policymakers to help develop more specific
studies for RES or EES development in Grímsey. The results from this analysis can be used
to help scope these studies and allocate future government resources for larger, more
comprehensive studies.

4.1 Financial Methodology
This thesis approaches the design of Grímsey with two things in mind, firstly, how can
Grímsey enhance energy security or develop energy independence, and how can subsidy
costs be reduced by new development. The decisions made for implementing this model are
based on input from experts, a thorough literature review of other Arctic case studies, and
previous research done about Grímsey from studies and governmental projects.
A simulation using the computer software Hybrid Optimization of Multiple Energy
Resources Pro (HOMER) developed by an economist from the National Renewable Energy
Lab (NREL) in the United States. The software is built specifically for small scale projects
like microgrids and is pre-loaded with an optimization algorithm that runs thousands of
simulations to determine the net present cost, profitability, and return on investment of
different power projects. HOMER is able to take a number of inputs and optimize the most
cost-effective power system over the lifetime of a project.
HOMER compares all available inputs to determine the optimal system. The components
used for comparison in the simulation will be the current generators in Grímsey with a 20%
biodiesel cofiring rate, Li-Ion batteries, and a wind turbine. The projects will be compared
against each other using the net present value (NPV) method and the levelized cost of energy
(LCOE) method. These are discussed in more detail in the following sections.
4.1.1 Net Present Cost
Net present cost in HOMER is “the present value of all the costs of installing and operating
the component over the project lifetime minus the present value of all the revenues that it
earns over the projected lifetime.” 209 This is based on the general economic principle of
discounting and the time value of money. The basic idea of time value of money is “cash
HOMER Energy, “Net Present Cost,” accessed May 7, 2019,
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received at a later date is not equal to the same amount of cash which is presently on
hand.” 210 Cash today can be invested for growth while cash in the future is not yet available
to be invested. Therefore, in conducting analysis, one must determine the opportunity cost
of not investing those dollars. Discounting future dollars allows the analyst to estimate the
value of future dollars in today’s value, or “present value.”
One of the ways to do this is the “net present value method.” 211 Present value or costs are
calculated using Equation 1 where r is a certain annual interest rate (or discount rate), V is a
benefit or cost stream, V0 is initial costs, and t is a length of time (in years). 212
Equation 1: Net present value or cost of a given amount of money with a given annual
interest rate and time.
𝑁𝑁𝑁𝑁𝑁𝑁 = −𝑉𝑉0 +

𝑉𝑉1
𝑉𝑉2
𝑉𝑉𝑡𝑡
+
+
⋯
(1 + 𝑟𝑟) (1 + 𝑟𝑟)2
(1 + 𝑟𝑟)𝑡𝑡

Over the lifetime of a project, one can calculate the total costs of a project using Equation 2
where n is the number of years for a given project and Vt is the total costs and benefits of a
given project in a year.
Equation 2: Net present value or cost of a project.
𝑡𝑡=𝑛𝑛
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In addition to NPC, calculating the levelized cost of energy of a project is another important
metric to compare different power projects.
4.1.2 Levelized Cost of Electricity (LCOE)
LCOE is a measure used to compare the present costs and benefits of different power projects
on equal grounds. Specifically, LCOE “represents the average revenue per unit of electricity
generated that would be required to recover the costs of building and operating a generating
plant during an assumed financial life and duty cycle.” 213 Using the net present cost method,
one is able to calculate the per unit price of electricity that is required to repay all costs
associated with the project. Essentially, this is a calculated price floor for profitability. Lower
LCOEs represent projects that are likely to have quicker pay-off times or more profitability
than projects with a higher LCOE. The chosen discount rate impacts which projects are
profitable, and higher discount rates lead to higher LCOEs.
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HOMER calculates LCOE as a part of its analysis; the formula for LCOE in HOMER is
given in Equation 3 where Cannualized total is the total discounted annualized cost of the system
in ISK/year and Eserved is the total electrical load served.
Equation 3: HOMER's LCOE formula.
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

4.1.3 Choosing an Optimal Discount Rate

Selection of a discount rate is one of the most important factors in determining if a project
will be profitable or not and is the subject of great discussion in academic circles. Figure 15
shows the impact that discount rate selection has on the net present value of 6000 USD. The
higher a chosen discount rate is, the less likely a project is to be profitable. Discount rates
reflect the time preference of investors and can be generally divided into two types: the
market discount rate and the social discount rate. 214

Figure 14: A display of the impact of discount rate on net present value. 215
The market discount rate represents the required rate of return of private investors and
generally reflects the idea that “any investor would expect a return on [their] investment that
would at least be equal to the rate of the interest that could be earned from similar
investments elsewhere.” 216 Conversely, the social rate of discount is based on the values that
a society may have and can differ greatly from the private discount rates if there are “large
social benefits or external costs for which the benefits would appear after a long time.” 217
Therefore, in discussing different projects, it is important to recognize what actors will be
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doing the investing and how much risk is associated with a given investment. Generally,
larger discount rates reflect greater risk in returns, because greater value is given to the
current dollar than the future dollar. Influences on choosing the discount rate for this analysis
will be discussed in section 4.2.2.
4.1.4 Yearly Operating Costs and Initial Capital
These figures are calculated by HOMER based on inputs from industry or library values in
the software as discussed in section 4.2. Yearly operating costs represent the operation and
maintenance costs associated with a project in a year-on year basis. This can include things
such as preventative maintenance, replacement costs once the lifetime of an asset is
complete, fuel, and wages for employees. Initial capital represents the beginning costs
associated with construction, permitting, surveys, and other components that are needed to
complete the project. 218
The values used in the simulation are based on the current costs of diesel fuel in Iceland and
predicted future inflation. Additionally, the producer price index for Iceland is used to
represent the economic reality in Iceland as discussed in section 4.2. To help account for the
possible increased cost of operating in Grímsey, a sensitivity case for capital costs is
developed to help represent these costs.

4.2 Key Assumptions
Any economic analysis requires assumptions to model the future performance of markets.
The following section details the assumptions used in building the simulation for analysis in
HOMER.
4.2.1 Inflation Rate
Predicting the inflation rate in Iceland is challenging, because of the erratic nature of the
economy in the past. In the past twenty years, Iceland has seen inflation rates as high as
25.20% (December 1989) and as low as -0.06% (November 1994). 219 Due to these
fluctuations in the inflation rate, companies in Iceland often use the median value of inflation
for economic analyses. The median value for inflation over the past twenty years based on
consumer price index is 3.95%. This is what is used in the simulation.
4.2.2 Discount Rate
As discussed in section 2.5.2, the government bears the majority of the responsibility for the
cost of energy in Grímsey through subsidies that allow residents to pay the same price for
electricity in Grímsey as in other parts of Iceland. A project funded by the state is the most
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likely type to occur, because the state currently pays a high price for diesel fuel subsidies in
Grímsey.
After discussing the matter with an economics expert at the National Energy Authority in
Iceland, he recommended using the weighted average cost of capital (WACC) for
distributors in the Icelandic electricity market. 220 This is the maximum real rate of return
that public energy projects undertaken by the distributors are allowed to have. The WACC
for distributors in Iceland as of May 2019 is 5.28% (real ISK). 221
To conduct the analysis, nominal discount rates are input into HOMER and converted using
the software’s built in Fisher equation conversion. The Fisher equation allows for conversion
between real interest rates and nominal interest rates using the relationship between inflation
and the real interest rate. Equation 4 shows the Fisher equation where i is the nominal interest
rate, r is the real interest rate, and π is the inflation rate.
Equation 4: The Fisher equation used to convert between real and nominal interest rates. 222
(1 + 𝑖𝑖) = (1 + 𝑟𝑟) (1 + 𝜋𝜋)
When the Fisher equation is used to convert between real and nominal interest rates, the net
present value and LCOE calculations will remain the same. Therefore, only real interest rates
will be discussed in this analysis.
4.2.3 Current System
Grímsey is currently powered using two Deutz 450 kW motors equipped with 300 kW
alternators and one 180 kW Olympian generator. Until March of 2019, the system was
cofired with 10% biodiesel based on a state project with Vistorka. However, a new system
will be installed in Grímsey during the summer of 2019 with 3 150 kW generators for a total
capital cost of 100 million ISK. According to an expert at the utility, there are suspicions
that the biodiesel project led to the degradation of two of the generators; therefore, the new
generators will not be cofired with biodiesel. 223
Since the new system has already been ordered, the initial capital costs will not be used in
HOMER simulation as they have already been realized. The only costs used in HOMER will
be the operational and maintenance (O&M) costs of 10 ISK/operating hour in addition to the
fuel price. The utility estimates a 90,000-hour lifetime on the generators, which will be used
in the simulation. 224 Excluding the capital costs of the new generators is important for

Gudmundur Bergthorsson, Interview with Gudmundur Bergthorsson, May 7, 2019.
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policymakers who will be interpreting the results of this report. The sunk cost will already
be considered in the analysis.
4.2.4 Wind Turbine Assumptions
The wind turbines used in the analysis are from the manufacturing company Xant. Xant
specializes in medium-scale wind turbines (100 kW or less) for microgrids and remote
communities. Additionally, Xant turbines are direct-drive permanent magnet generators that
have much lower operational and maintenance costs than conventional wind turbines. 225
Xant turbines specific designs for remote communities means that they require limited
maintenance and specialty knowledge for their upkeep. This means that the turbines could
be assembled and managed with very few demands on the shrinking population. Xant
provided a cost estimate for their turbines of 3 EUR/watt for installed cost and 3000
Euros/year for maintenance if a local technician is trained at their training academy. 226 The
costs of the training academy are not available and therefore not included in the capital
expenditures of the simulation. Furthermore, Xant confirmed that they do manufacture an
Arctic version of the turbine that has heated wind blades to prevent blade icing. Using the
May 2019 exchange rate, this equates to roughly 40,000,000 ISK per turbine in capital costs
and 400,000 ISK per turbine in O&M costs per year. Additionally, given the high salinity
environment in Grímsey, the turbines will be assumed to have a reduced lifetime of ten years
before replacement.
HOMER is pre-loaded with information about the Xant M-24, a 95kW wind turbine
designed with minimal parts lending to their low maintenance and high availability. The
model investigates the possibility of installing one, two, or three turbines to determine what
will be most cost effective over a twenty-year project life.
A standard 20% loss rate is used in the optimization based on the default values in HOMER.
Wind data is also provided through HOMER based on the geographic location of the project.
4.2.5 Biodiesel Assumptions
The utility has decided that biodiesel will not be used in the new generators due to concerns
about the quality of the fuel and the impact it had on the previous generation system. 227
Therefore, biodiesel will not be included in the simulation.
4.2.6 Storage Assumptions
Recent reports indicate a sharp drop in levelized cost of energy for lithium ion batteries to
the point where they are cost-competitive when co-located with renewables. 228 The model,
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therefore includes lithium ion batteries as a component of the analysis. It is challenging to
find accurate displays of capital costs and operation and maintenance costs for batteries from
producers, but a 2018 benchmark report places the cost of batteries as 209 USD/kWh. 229
Using the May 2019 exchange rate from USD to ISK (121 ISK to 1 USD) and accounting
for changes in producer price index from the United States to Iceland (1.77), this places the
cost per kWh at roughly 45,000 ISK/kWh for a lithium ion battery. 230 This is reflected in the
calculations used in optimizing the batteries. The operation and maintenance costs are
assumed to be one tenth of the capital costs and the expected lifetime is 15 years based on
the generic values in HOMER.
4.2.7 Load Assumptions
The electrical load data is sourced from RARIK, the company that manages the utilities for
Grímsey. The data is based on average monthly consumption from 2011-2018.
Unfortunately, there is no hourly data available for Grímsey, so monthly averages are
divided to daily averages and the same demand is applied for each hour of the day to arrive
at the daily average. The average varies between 100 and 120 kilowatts per day.
Additionally, due to the population decreases anticipated by experts in the field and the
average historical degradation (see section 2.5.2) there is an assumption of a 1% yearly
degradation in energy demand. 231
There is no thermal load data for Grímsey, therefore it is not included in the report. However,
it is worth noting that residents use heating oil to heat their homes, and therefore, this load
is worth investigating in future research.
4.2.8 Fuel Assumptions
The average price for diesel in Iceland of 245 ISK per liter is used in the analysis. 232 It is
important to note that this includes the Icelandic value added tax. It is unclear whether or not
RARIK pays this tax currently. If not, this undoubtedly impacts the simulation results.
4.2.9 Tax Assumptions
There is a carbon fee associated with the market price of diesel in Iceland and this is
automatically included in the model. There is no calculation for the use of additional carbon
taxes in the model. If carbon taxes become a reality in Iceland, it will likely decrease the
profitability of using a diesel solution and likely increase the attractiveness of a greener
energy solution unless Grímsey residents are granted an exemption from the carbon tax.
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4.2.10

Sensitivity Analysis

Conducting a sensitivity analysis on certain components of the project will help determine
the feasibility of the project if the assumed values end up being too high or too low. To
increase the predictive power of this analysis, a sensitivity analysis is conducted on the
following variables:
•
•

Discount rate
Capital costs of wind turbines and lithium-ion batteries

The discount rate used in the base case is the maximum regulated weighted average cost of
capital for distributors in Iceland as discussed earlier. Private discount rates are generally
higher than public discount rates (see section 4.1.3). The sensitivity analysis is performed in
order to stress test the generic case and its assumptions. To stress test the public discount
rate, the analysis is conducted again by doubling the public discount rate to 14.93% nominal
or 10.56% real ISK to see how this impacts the results.
Additionally, it is possible that capital costs in Grímsey are much higher than in other parts
of Europe and Iceland due to its remote location. The capital costs for transportation, wages,
losses due to weather restrictions, or increased insurance in the remote environment have the
possibility of exceeding the costs estimated by the manufacturers. To limit the
underestimation of these costs, the second sensitivity analysis focuses on using HOMER to
increase the capital cost to where net present costs for the wind-battery-diesel system equal
those of the diesel only system. This generates a “multiplier” that can be used to interpret
the level that capital costs must be undervalued with the current assumptions to impact the
analysis. To stress test the capital costs of wind turbines and lithium-ion batteries, the capital
costs are increased from the base case until the LCOE for the renewable system is equal to
that of the diesel only system. This stress test helps show how changing capital costs impact
the analysis using both the public discount rate and the stress tested discount rate.

4.3 Results
The results of the analysis for Grímsey show some promise for renewable energy
development in Grímsey. Through HOMER’s optimization process, four cases are proposed
for development in Grímsey. The four cases chosen through the process are:
•
•
•
•

wind-battery-generator system (Case A)
wind-generator system (Case B)
generator-battery system (Case C)
generator only system (Case D)

In the tables below, the following abbreviations are used to represent the different cases:
•
•

CC for the capital cost stress test
VDR for the private discount rate sensitivity case

For every case, HOMER creates slightly different system architecture and discusses the
renewable penetration. HOMER calculates renewable penetration using Equation 4.
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Equation 5: HOMER renewable penetration calculation.
𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 1 −

𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Looking beyond the architecture, HOMER also provides information about the net present
cost, cost of energy, yearly operating costs, and initial capital required for each system
infrastructure.
4.3.1 HOMER Optimization Results
The cases selected by HOMER with a 5.28% real discount rate and no adjustments for capital
costs are shown in Table 5. The costs associated with the architecture for a public discount
rate are shown in Table 6.
Table 5: HOMER optimization architecture results using a public discount rate and no
capital cost mark-up.
Wind Turbines

Generators

Batteries

Renewable
Penetration

A

2

3

159

56.8%

B

3

3

0

42.7%

C

0

3

12

0%

D

0

3

0

0%

HOMER selects two wind turbines and 159 batteries as the most optimal allocation for a
wind-battery-diesel system. In the wind-diesel system, an extra turbine is added. However,
the renewable penetration decreases between case A and case B. This reduction demonstrates
that even with an extra wind turbine, without batteries to capture the excess wind energy that
is not immediately used, the system has less renewable energy overall. This data point
illustrates the importance of dispatchability and storage in a RES.
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Table 6: HOMER optimization cost results using a public discount rate and no capital cost
mark-up.
NPC (MISK)

LCOE
(ISK/kWh)

Initial Capital
Cost (MISK)

Yearly
Operating
Cost (MISK)

A

422

38.26

88.7

27.4

B

562

51.91

122

36.1

C

637

57.72

0.5

52.3

D

638

57.84

0

52.4

The results indicate that when using a 5.28% real interest rate, the net present costs of
systems A and B are lower than those of systems C and D. The net present costs of systems
A and B are 422 MISK and 562 MISK respectively, and the net present costs of systems C
and D are roughly 637 MISK. The discounted per kWh costs of system A and B are 38.26
ISK and 51.91 ISK respectively compared to roughly 58 ISK for systems C and D.
The results represent that the lowest cost per kWh to recoup costs from the project for a
wind-battery-diesel system are nearly 20 ISK less per kWh than simply using the diesel
generators alone.

4.4 Discount Rate Stress Test Results
The cases selected by HOMER with a 10.56% real discount rate (double the public discount
rate) and no adjustments for capital costs are shown in Table 7. The costs associated with
this discount rate are shown in Table 8.
Table 7: HOMER optimization architecture results with a stress test for discount rate and
no capital cost mark-up.
Wind Turbines

Generators

Batteries

Renewable
Penetration

AVDR

2

3

123

55.9%

BVDR

1

3

0

16.5%

CVDR

0

3

10

0%

DVDR

0

3

0

0%
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The optimization selects a slightly different architecture with the higher discount rate with
roughly thirty fewer batteries in case A and one fewer wind turbine in case B than when the
public discount rate is used. This is likely because the higher capital costs of these items
increase the cost of the system. Therefore, HOMER determines the most optimal cost using
the allocation above.

Table 8: HOMER optimization cost results with a stress test for discount rate and no
capital cost mark-up.
NPC (MISK)

LCOE
(ISK/kWh)

Initial Capital
Cost (MISK)

Yearly
Operating
Cost (MISK)

AVDR

314

42.31

87.1

27.7

BVDR

415

55.85

40.8

45.7

CVDR

433

58.20

0.44

52.7

DVDR

433

58.28

0

52.8

The results from the discount rate stress test are similar to those with the lower discount rate.
The lowest net present cost are still case A and case B compared to case C and D. Case A
has a NPC of 314 MISK while case D has an NPC of 433 MISK. These values are lower
than those given in Table 6; however, one must bear in mind that while the higher discount
rate results in a lower NPC, the benefits stream from the calculation is also discounted as
well. For this reason, the LCOE values in Table 8 are higher than those in Table 6 to account
for the discounted benefits.
In the stress test, the LCOE gap between case A and case D closes to roughly 15 ISK per
kWh instead of roughly 20. This still indicates that the wind-battery-diesel system is likely
to incur lower costs over a 20-year project.

4.5 Capital Cost Stress Test Results
The capital cost stress test is designed to find what capital costs mark-up from the
assumptions used in the “base case” analysis is necessary to make the LCOE of case A and
case D equal. This attempts to demonstrate the level of error in the assumptions necessary
to create a scenario where case A becomes more expensive overall than case D. To maintain
the integrity of the analysis, the architectures developed from the optimization results in each
of the previous two examples are kept the same.
Using the public real discount rate in ISK of 5.28% a capital cost mark-up of 3.44 times the
base case is required to create a similar LCOE between case A and case D. Using a 3.44
multiplier, case A has a resulting LCOE of 57.87 ISK/kWh and case D has a resulting LCOE
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of 57.84 ISK/kWh. Table 9 shows the full cost result of the stress test using the public
discount rate and capital cost mark-up.
Table 9: A display of the costs associated with a 5.28% discount rate and a capital cost
multiplier of 3.44.
NPC (MISK)

LCOE
(ISK/kWh)

Initial Capital
Cost (MISK)

Yearly
Operating
Cost (MISK)

ACC

639

57.87

305

27.4

BCC

811

73.51

281

43.6

CCC

666

60.35

24.5

52.7

DCC

638

57.84

0

52.4

Using the stress tested real discount rate in ISK of 10.56% a capital cost mark-up of 2.35 is
required to create a similar LCOE between case A and case D. Using a 2.35 mark-up, case
A has a resulting LCOE of 58.14 ISK/kWh and case D has a resulting LCOE of 58.28
ISK/kWh. Table 10 shows the full cost results of using the 2.35 multiplier and a real discount
rate of 10.56%.
Table 10: A display of the costs associated with a 10.56% discount rate and a capital cost
multiplier of 2.35.
NPC (MISK)

LCOE
(ISK/kWh)

Initial Capital
Cost (MISK)

Yearly
Operating
Cost (MISK)

AVDRCC

432

58.14

205

27.7

BVDRCC

550

73.96

192

43.7

CVDRCC

447

60.11

12.9

52.9

DVDRCC

433

58.28

0

52.8

The stress test for capital costs indicate that significant changes to the capital costs will be
necessary to cause the LCOE for a RES on Grímsey to reach the same level as the diesel
only system. Specifically, in the case of a public discount rate, multiplying the capital costs
for batteries and wind turbines by 3.44 will be necessary to create a similar LCOE. In the
stress tested discount rate of 10.56%, a multiplier of 2.35 is necessary.
The following section discusses and compares these results.
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4.6 Discussion of Optimization Results
The optimization simulation was initiated with the goal of answering the following research
questions:
•
•
•

How much energy is required to power the town of Grímsey today? In 5 years?
What are the costs associated with renewable energy technologies in Grímsey?
How do renewable energy costs on Grímsey compare to continuing the use of
diesel?

4.6.1 Energy Required to Power Grímsey
The HOMER simulation assumes that there will be a 1% reduction in energy demand per
year in Grímsey over the next five years. Based on data from RARIK, the local utility
company in Grímsey and the producer of all electricity in Grímsey, the average yearly load
ranges between 100 and 120 kW and is slightly higher in winter months than in summer
months. If the population decrease and degradation of load are correct, it is reasonable to
expect that in five years the electrical load in Grímsey will average between 95 and 114 kW
per year. The changes in population and employment in Grímsey pose a great deal of risk as
discussions with experts have indicated that there is no clear economic future for the island
with the reduction in the fish processing industry present on the island. 233 However, even
with these decreases in demand, developing renewable energy in Grímsey appears to be a
promising alternative to using diesel generators.
4.6.2 Cost Comparison
Every scenario investigated, regardless of the sensitivity variables adopted, indicated that
the lowest net present cost system in Grímsey includes a wind-battery-diesel architecture.
The costs vary based across the different levels of sensitivity used in the analysis and are
shown in Table 17. Figure 16 and Figure 17 show the net present costs of case A and case D
across each scenario.
Equation 6: A calculation that represents a comparison between case A and case D.
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝐴𝐴: 𝐷𝐷 =

233
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𝑁𝑁𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴
∗ 100
𝑁𝑁𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐷𝐷

Ásbjörnsson, Phone Interview with Skarphéðinn Ásbjörnsson.

Table 11: A comparison of different results for "System A" a wind-battery-diesel
architecture.
Assumptions
Base Case
(5.28%)
Discount Rate Stress
(10.56%)
Public Capital Cost
Stress

Net Present Cost
(MISK)

Discounted Cost of
Electricity
(ISK/kWh)

NPC versus
Diesel Only

422

38.26

66%

314

42.31

72.5%

639

57.87

100%

432

58.14

100%

(5.28%, 3.44x)
Private Capital Cost
Stress
(10.56%, 2.35x)

However, examining the net present costs and per kilowatt hour costs alone, does not tell the
full story. Therefore, the fourth column shows a comparison between the net present cost of
the wind-battery-diesel system and the “Base Case,” or diesel only system in case D. Column
four is calculated using Equation 4. As expected, the capital cost stress cases are 100% of
the NPC of the diesel-only scenario, as this is the design of the sensitivity analysis.
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NET PRESENT COSTS OF CASE A AND CASE D
638

638

700
600

639
433

500

433
432

422

400

314

300
200

Case D

100
0

Case A
Base Case

10.65% Discount
Rate

5.28% Discount Rate
with Capital Cost
Stress

10.65% Discount
Rate with Capital
Cost Stress

Figure 15: A comparison of the net present costs of case A and case D. Case A is blue and
case D is red.
These costs are designed to show the discounted total costs of implementing a wind-batterydiesel system in Grímsey, and do not include the associated benefits that might occur from
each system, but using the cost of energy, one can draw some conclusions about the
profitability of the system.
The discounted cost of electricity in column 3 of Table 11 represents the lowest discounted
cost of producing electricity in the system that recoups the cost of the project over the
lifetime. Recall from section 2.5.2 that Grímsey residents receive subsidies of 45 million
ISK per year and these account for 75% of all energy subsidies in Iceland. According to
RARIK, the local utility company, the current production cost of electricity is 50 ISK per
kilowatt hour. 234 Both discount rates used for case A have a discounted cost of electricity
lower than 50 ISK per kWh.
Also, even before considering discount rates, the timeline used for the project is
conservative, with only a ten-year lifetime assigned to the windmills rather than the standard
twenty-year lifetime. 235 While this timeline is limited due to the extreme weather
environment present in Grímsey, it is highly likely that the windmills will last longer than
ten years and reduce the cost for the total project. Additionally, icing and high winds are
unique concerns in any Arctic environment. However, in discussing the location with an

Ásbjörnsson.
“How Long Does a Wind Turbine Last? - Renewables First,” Renewables First - The Hydro and Wind
Company (blog), accessed May 9, 2019, https://www.renewablesfirst.co.uk/windpower/windpower-learningcentre/how-long-do-wind-turbines-installations-last/.
234
235
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expert at Xant, he noted that the wind turbines have been successfully installed in other
Arctic locations like Grímsey. 236
The assumptions also have the potential to underestimate battery expenditures, because
lithium-ion batters may degrade faster in colder weather. It may be necessary to invest
additional funds to store the batteries inside the building with the generators or to build a
new building to help increase the life of the batteries. Further research should investigate
how the weather and harsh climate in Grímsey may increase costs.
Overall, the analysis supports that implementing a wind-battery-diesel system will reduce
costs compared to diesel whether the analysis is done with a public discount rate or a private
discount rate. Additionally, if using a public discount rate, the capital costs can equal 3.44
times the capital costs used for this simulation and still yield a NPC for a RES equal to a
diesel only solution. Using a private discount rate, a 2.35 times multiplier can be used for
the NPC’s to be equal.
Developing renewable energy on Grímsey using a wind-battery-diesel system has great
potential to reduce costs in the long-run and create locally available energy for residents long
into the future.

236

Alex de Broe, May 6 E-Mail Interview with Alex de Broe.
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5 Conclusions
This thesis is divided into three parts devoted to investigating Arctic states and their national
policies towards energy security. Before analyzing the states attitudes towards energy
security, a definition is developed after reviewing the history of the term and applying
specific concerns to the Arctic to answer the question “How is energy security defined?”
Namely, the definition used in this report is the uninterrupted availability of energy sources
from a multitude of carriers at an affordable price for the lowest earners in a community,
which attempts to address concerns related to diversification of energy carriers,
infrastructure in a community, and low prices for consumers. These points are particularly
salient in the Arctic where many residents rely solely on transportation fuels and pay energy
prices four to six times the price of non-Arctic residents. Creating some locally available
options in a community can help insulate Arctic residents from the changing prices for diesel
or petroleum.
Then, after defining energy security, Arctic state energy and Arctic strategies are examined
to answer the questions “What do Arctic state energy and Arctic strategies say about energy
security?” and “What are the views of Arctic states towards energy security in the Arctic?”
After investigating all 8 Arctic Nations’ energy strategies and national Arctic strategies, it is
discovered that many states do not place an emphasis on Arctic communities’ energy
security as a component of either strategy. While energy security is mentioned in every
state’s national energy strategy, all but two energy strategies mention the Arctic, and they
both do so to discuss hydrocarbon extraction. In the Arctic strategies, energy security is
mentioned in half of the strategies, but only the Danish Arctic strategy references the
importance of developing it for locals. Therefore, it appears that the Arctic states have energy
security as a guiding principle, but do not see Arctic energy security for the Arctic as a
national priority as it is not discussed in any strategies. Additionally, from this policy
analysis we learn about the importance of including renewable energy in new energy
solutions as all states except Russia discuss the importance of using renewable energy in the
future.
The final policy question examined is “What policies exist to promote energy security in
Iceland? In Grímsey?” In reviewing Icelandic laws and other research done on the topic, the
National Energy Authority, Orkustofnun is charged with developing energy security for the
country under the electricity law. Additionally, there are structures in place to ensure grid
reliability like legal, regulated monopolies for energy transmission and distribution while
leaving competition open for production and sales. Beyond this, there are discussions and
reports to improve the Icelandic national grid system by interconnecting and upgrading the
aging ring infrastructure and even connecting the island to the European grid via an
interconnector with the United Kingdom to help increase the reliability of the system. The
most important ongoing contribution to energy security in Grímsey is the subsidies for the
island that allow the residents to pay only the same price for energy as Reykjavík residents
despite the fluctuating fuel price. This may promote energy security in Grímsey, but it
requires a large amount of state funds to do so, and rising costs of diesel will cause this to
consistently increase. In addition to the subsidies a biodiesel project concluded in spring of
2019, and the view of the results differ between the distribution company, RARIK, and the
company adding the biodiesel, Vistorka with Vistorka deeming it to have some success and
RARIK taking the opposite stance in suspecting that the biodiesel negatively impacted the
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lifetime of the generators. Therefore, it is important to discuss locally available technologies
that could add to the energy mix and diversify the market to move beyond diesel.
Locally available technologies are discussed by examining renewable energy as Grímsey is
already using exclusively fossil fuel. Specifically, the questions “what types of renewable
energy technologies are technologically and economically feasible to develop in Grímsey?”
and “of the technologies evaluated, what, if any success has been had in deploying them
throughout the Arctic?” To the former question, after examining, wind, biodiesel, offshore
geothermal, and storage technologies, it became clear that a wind battery solution is likely
to be the most applicable solution to Grímsey. The reasons for this include the successful
deployment of wind turbines in many Arctic communities with success and the importance
of a storage backup to make the wind turbine energy dispatchable. Offshore geothermal is
an interesting idea for development in Grímsey, but the technology is still not economically
viable from a market standpoint and is still in the demonstration stages. As a result, a
HOMER optimization was built to consider the costs of implementing a windmill, battery,
and diesel system in Grímsey.
To answer the question “how much energy is required to power the town of Grímsey today?
In 5 years?” the author examined electrical load data from RARIK and placed it in HOMER
for simulation. Today, Grímsey has an average load between 100 and 120 kilowatts and with
a 1% degradation over 5 years this will reduce to between 95 and 114 kilowatts. The
reduction of the population in Grímsey and the recent reduction in fish processing on the
island will likely lead to decreased electrical demand unless another industry takes hold on
the island.
Then, the questions “what are the costs associated with renewable energy technologies in
Grímsey?” and “how do renewable energy costs on Grímsey compare to the continuing use
of diesel?” are answered using the net present value method in HOMER. Through the
simulation, it was discovered that in all scenarios, even accounting for increased capital costs
and private discount rates, the wind-battery-diesel solution had a lower net present cost than
the diesel only system. This is due mainly to fuel prices. Ultimately, however, this analysis
demonstrates that developing a renewable energy system to help bolster the energy security
of the island is cost effective when compared to diesel.
Therefore, the project recommends proceeding with studies to begin examining more
detailed engineering requirements such as the specific siting of wind turbines to limit the
environmental impact and maximize the amount of energy captured, detailed estimates of
costs for transportation and labor on the island, and sourcing the wind turbines that will meet
the needs of the island. Additionally, social studies fields should examine the attitudes and
knowledge of people on Grímsey in the siting and overall benefits of the project. Ultimately,
the RES developed will help decrease overall reliance on diesel and has the potential to save
money in the long run. At a minimum, it can help increase the energy security of the island
by guaranteeing electricity from a multitude of carriers and limit the impacts of a diesel price
shock on the state.
Grímsey provides the opportunity to be another shining example of the growing success of
renewable energy in the Arctic and demonstrate a pathway to move away from diesel fuel
as the primary source of energy for Arctic residents. Diesel and petroleum will still play a
part in energy in the Arctic moving forward, but this project demonstrates that renewables
at their current stage are cost competitive in energy projects on the small scale at least.
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