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Abstract 

The Arctic region faces many challenges related to combating the effects of climate 

change. Research has suggested that the region is overall more impacted by the rise 

in greenhouse gas emissions than other regions on Earth. More remote Arctic 

communities are dependent on fossil fuel sources, such as diesel fuel, due to their 

need for a reliable energy source and supply. However, energy sources like diesel 

fuel worsen the climate change situation both within the Arctic as well as globally. 

Climate models for years have shown how a feedback loop exists between the 

Arctic and the rest of the Earth’s natural systems and balance. Therefore, a more 

sustainable and lower-emitting energy technology is needed to replace or 

significantly displace the diesel fuel use in parts of the Arctic region.  This will be 

an important step towards decarbonizing the region, which will add to the quality 

of life of the populations living in Arctic regions as well as contribute towards a 

more sustainable planet overall.  This study aims to best inform how to take this 

first step towards renewable energy technologies becoming more widely 

implemented in the Arctic, particularly in those remote communities which rely on 

diesel fuel. This was accomplished through a comprehensive investigation into the 

existing energy systems in the Arctic, focused solely on the Arctic areas of: Iceland, 

Norway, Greenland, Canada, Finland, and Sweden. Through expert interviews, key 

barriers to utilizing renewables in the Arctic were identified and discussed. 

Following this investigation, a catalog of the current situation in the Arctic was 

created for use in future Arctic research into how to best implement renewables 

and to eventually reduce the use of diesel fuel. Interviews with energy industry 

experts and specialists were performed to better inform this final catalog. These 

expert interviews were conducted via an online survey sent to individual contacts 

by email, the data from which was analyzed and used to make the final 

determinations of this paper and to answer its research questions. The results of 

both the initial investigation, catalog, and interviews show that the primary concern 

when planning to implement renewables in the Arctic is reliability, cost, policy 

and/or regulations, and the potential disturbance of natural areas. The interviews 

resulted in findings which mirrored the literature review, as well as which 

elaborated on and were an extension of the full barriers towards renewable energy 

implementation in the Arctic.
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Útdráttur 

Norðurskautssvæðið stendur frammi fyrir mörgum áskorunum sem tengjast 

baráttunni gegn áhrifum loftslagsbreytinga. Rannsóknir hafa bent til þess að 

svæðið verði fyrir meiri áhrifum af aukinni losun gróðurhúsalofttegunda en önnur 

svæði á jörðinni. Afskektri samfélög á norðurslóðum  eru háð jarðefnaeldsneytis, 

eins og dísilolíu, vegna þörf þeirra á áreiðanlega orkugjafa og framboði. Hinsvegar 

hefur orka frá jarðefnaeldsneyti eins og dísel neikvæð áhrif á loftslagsbreytingar 

bæði innan norðurskautsins og á heimsvísu. Loftlagslíkön hafa í mörg ár sýnt 

hvernig endurgjöf er til á milli norðurskautsins og restarinnar af náttúrulegu kerfum 

og jafnvægi jarðar. Því er þörf á sjálfbærari og minna mengandi orkutækni til að 

skipta út eða minnka þörf á dísil eldsneyti á hlutum norðurskautssvæðisins. Þetta 

mun vera mikilvægt skref í átt að gera svæðið kolefnishlutlaust sem mun auka 

lífsgæði samfélaganna á norðurslóðum ásamt því að stuðla að sjálfbærri plánetu í 

heild. Markmið þessarar ritgerðar er að upplýsa sem best hvernig á að stíga fyrsta 

skref í átt að innleiðingu á endurnýjanlegri orku tækni á norðurskautssvæðinu, 

sérstaklega í þeim afskekktu samfélögum sem reiða sig á dísileldsneyti. Þetta var 

gert með alhliða rannsókn á núverandi orkukerfum á norðurslóðum, sem beindist 

eingöngu að norðurskautssvæðum: Íslandi, Noregi, Grænlandi, Kanada, Finnlandi 

og Svíþjóð. Í gegnum viðtöl við sérfræðinga voru lykil hindranir við nýtingu 

endurnýjanlegrar orku á norðurslóðum skilgreindar og ræddar. Í kjölfar þessarar 

rannsóknar var gerð skrá yfir núverandi ástand á norðurslóðum til notkunar í 

framtíðarrannsóknum á norðurslóðum á því hvernig best sé að innleiða 

endurnýjanlega orku og að lokum draga úr notkun dísileldsneytis. Tekin voru 

viðtöl við sérfræðinga í orkuiðnaði til að betur upplýsa þessa lokaskrá betur. Þessi 

sérfræðingaviðtöl voru framkvæmd í gegnun netkönnun sem send var til 

einstaklinga gegnum tölvupóst, gögnin úr þessi könnun voru greind og notuð til að 

taka lokaákvörðun þessarar ritgerðar og til að svara rannsóknarspurningum hennar. 

Niðurstöður bæði frumrannsóknar, skráar og viðtala sýna að meginn vandinn við 

plön um innleiðingu á endurnýjanlegum orkugjöfum á norðurslóðum er 

áreiðanleiki, kostnaður, stefna og/eða reglugerðir og möguleg röskun á 

náttúrusvæðum. Niðurstöður viðtalanna leiddi til svipaða niðurstaðana og kom 

fram í ritrýninni, sem og útlistað nánar hindranirnar gagnvart innleiðingu 

endurnýjanlegrar orku á norðurslóðum.
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Chapter 1 

1Introduction 

As more countries begin to set stricter climate and clean energy targets in the race to 

reduce global greenhouse gas (GHG) emissions, the Arctic has arisen as an area of special 

focus. While reducing the environmental impact of our global energy system is largely seen 

as a crucial target, our polar regions – consisting primarily of the northernmost regions of 

Alaska, Canada, Finland, Greenland, Iceland, Norway, Russia, and Sweden – are arguably 

a top priority due to their fragile nature. This report argues that the potential for the Arctic 

areas of the world to become carbon neutral is necessary for this region, and for the rest of 

the world, to become more resistive to climate change. (Figure 1.1) However, region-

specific challenges related to geography, weather patterns, seasonality, and a reliance on 

existing fossil fuel resources first must be successfully overcome. 

 

 

Figure 1.1 Accelerated Arctic Warming and Global Warming 

(Carana, S. 2011) 

 

In terms of the fragility of the Arctic, there is a concept understood as Arctic 

amplification. Arctic amplification is a term used to describe the phenomenon of the Arctic 

warming twice as fast as the rest of the world. (Figure 1.2) This event is widely considered 

to be the most compelling evidence for anthropogenic climate change. (NSIDC) Therefore, 

not only are the Earth’s polar regions more sensitive to climate change’s effects, but these 

areas are also the largest indicators of the confirmation and magnitude of climate change 
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itself. Besides Arctic amplification – the shrinking of sea ice on the Arctic Ocean, loss of 

snow cover on land, glacial retreat, and (through warming and subsequent thawing) 

disappearing permafrost are all indicators of a worsening climate crisis. In particular, the 

melting of the Greenland ice sheet has been the focus of global climate science for years. 

(Intergovernmental Panel on Climate Change)  

 

 

Figure 1.2 Cycle of Effects of Global Warming and Accelerated Arctic Warming 

(Carana, S. 2012) 

 

As for how transforming the Artic into a sustainable landscape could turn the tide of 

global warming, this comes down to the basic climate cycles of the Earth. The planet’s 

energy balance means that the Arctic functions as a means for the rest of the planet to cool 

down. Therefore, feedback effects from climate change in the Arctic are similarly reflected 

throughout the globe. For example, thawing layers of permafrost in Greenland release 

previously frozen GHGs, primarily Methane (CH4) and Carbon dioxide (CO2), which then 

enter the atmosphere at unprecedented levels. (Hollesen, J., B. Elberling, and P. E. Jansson 

2011) These raised levels of emissions further increase planetary warming – the 

aforementioned “feedback” from the climate effects experienced within the polar regions. 

 

One of the biggest forcers of climate change in Arctic regions, as well as globally, 

remains the use of fossil fuels (more traditional sources of energy such as diesel fuel, coal, 

oil/heavy fuel oil, etc.) for electricity and heating on both an industry and residential scale. 

The use of renewable energy systems in these areas has arisen as a solution to this problem, 

and as a means for decarbonizing the region and subsequently reducing GHG emissions. 

(Thorisson, H. V.) However, harsh environmental and weather conditions present several 

challenges related to the infrastructure potential for renewables. 

 

The isolated nature of many communities located in the Arctic also means that these 

towns have a long-standing dependence on diesel fuel, overwhelmingly due to the necessity 

of a “reliable” and transportable energy resource. Many of these smaller towns in the Arctic 
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region are Indigenous, and can often suffer from low levels of development. These 

communities depend on imports of diesel fuel which are accompanied by high variable costs 

and an increased level of exposure to price volatility. (Hochstein, A. 2015) This has resulted 

in a sizable negative impact on human welfare. 

 

Diesel dependence in Arctic Indigenous communities is a detriment to both human 

health and local economics. The increased climate change effects in these areas have a 

greater impact on local Indigenous populations, as they are statistically more likely to be 

living within conditions of “low socio-economic development.” (Ford, J. D. 2009) Social 

climate research has long since argued that lower-income groups are more 

disproportionately affected by global warming than those more privileged groups in areas 

of higher development. (Islam, S.N. and Winkel, J.) They are also likely not those emitting 

the most GHGs or causing those most land degradation. The Arctic Institute found that 

“though Arctic communities only account for a small fraction of the greenhouse gas 

emissions that cause [melting], the diesel generators they rely on act as a threat multiplier in 

an age of rapid change.” (Herrmann, V. 2017) 

 

In other words, not only are these communities more at risk from the utilization of 

fossil fuels in their towns, and from having to rely on fuel transports, but they will ultimately 

be the ones who most feel the majority of impacts of anthropogenic climate change.  

 

Beyond the scope of human health, all of the oceanic and landscape changes 

mentioned – as well as changes in animal migrations and population sizes – are having and 

will continue to have a heavy impact on Indigenous ways of life. Cultural traditions, 

including hunting practices, in the Arctic are at a high risk as the tide of climate change rises. 

As emissions rise, so does the ripple effect throughout human and ecological life cycles in 

the region. 

 

Although this paper’s research questions will not be focused specifically on addressing 

the needs of Arctic Indigenous communities, their large presence in the Arctic region, as 

well as their disproportionate suffering from the effects of climate change, makes these 

groups an important addition in the initial discussion around Arctic renewables. Therefore, 

where applicable, the impacts and issues surround energy systems in these communities will 

be appropriately referenced. 

 

Due to the previously defined unique needs of the Arctic, it can be assumed that 

reliability and cost would be the primary barriers to renewable energy systems and to the 

complete replacement of fossil fuels in the Arctic. This report aims to tackle GHG emissions 

in the Arctic by investigating, addressing, and assessing the true roadblocks to renewable 

energy (RE) implementation in the region. An investigation into the current energy profiles 

of several Arctic communities, followed by expert interviews, will be used to accomplish 

this. Only when the primary barrier(s) is/are identified can a plan for reducing diesel fuel 

use in the Arctic be more successfully put in place by the responsible parties – whether this 

involves the widespread use of renewable energy systems or another means of achieving 

improved Arctic sustainability. 

 

In the following sections, communities within the scope of this project will be outlined 

by: demographic, consumption pattern, and main energy concern among other aspects. The 

chosen communities will be listed along with their energy profiles. Reliability and cost as 
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barriers to the implementation of renewable energy will also be investigated, along with the 

characteristics of various renewable technology options for the Arctic. These technologies 

will primarily be presented as a potential option for reducing regional diesel fuel 

dependence. Public perception of the discussed aspects of the chosen Arctic regions will be 

discussed, as well. Finally, expert interviews will determine this report’s qualitative 

understanding of the barriers to reducing fossil fuel use in the region. It is the hopes of the 

author that this research can then later be applied to a study focusing more closely on the 

Indigenous communities which make up the majority of the Arctic region’s population and 

which would most benefit from RE. 

 

Real world data from existing Arctic renewable systems was utilized to perform a 

prefeasibility assessment, in order to better model the success of future Arctic systems in 

circumpolar locations. These future, potential installations were simulated and modelled 

using photovoltaic software, as seen later in this report, but it was determined that this was 

not the most ideal manner for answering the questions posed by this paper. 

 

This thesis addresses the following research questions: 

1. What are the existing energy systems in Arctic communities? 

2. What are the energy needs and concerns of communities across the Arctic? 

3. Are reliability and cost truly the primary concerns for implementing renewable 

energy technologies in the Arctic? 

a. If not, which are the main concerns and roadblocks to implementation of 

renewables in the region? 

b. Why are certain RE technologies, such as hydropower, chosen over other 

renewable energy systems in the Arctic? 

4. Is the widespread use of renewables in the Arctic the ideal manner for reducing 

regional diesel fuel dependence? 
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Chapter 2  

2Literature Review 

This report will focus on remote and/or geographically isolated places across the 

Arctic, and will include those that are largely isolated from the grid as well as grid-connected 

communities. These areas have extremely harsh weather conditions relative to other parts of 

the world and those that are highly remote rely primarily on diesel and/or HFOs for their 

heat and electricity production. They require a reliable source of energy due to the life-

threatening weather conditions and remote locations, particularly those which exist off-grid. 

 

These communities are described as “geographically” remote as they are located 

above the Arctic Circle, so that this description applies to those that are also grid-connected 

and well-populated. Locations which can only be reached by road or waterway during 

summer months, and which may be entirely inaccessible or require special modes of 

transportation to reach in wintertime, fall under the more traditional definition of being 

“remote”. (Public Health Agency of Canada) The variety in characteristics of the 

investigated areas were purposefully chosen in order to gain a more general look at the state 

of energy in the Arctic, especially considering how diverse each Arctic community and 

village are from one another. 

 

Considered community types can range in population size from ~ 100 to ~ 70,000 

people, but will all fall under similar climatic and landscape characteristics, so that findings 

pertain to a similar level of energy need and concern. The renewable systems investigated 

in terms of their viability in these communities will be intended to meet the electricity 

demand of each, rather than their heating needs. This literature review will also help to 

contextualize the responses from expert interviews on why certain technologies may or may 

not be feasible. 

  Defining the Arctic as a Region 

The Arctic as an ecoregion (for example, the “Canadian Arctic”, “Finnish Arctic”, 

etc.) can be easily distinguished from the other regions of the world. The Arctic is the 

northernmost region on Earth, usually defined as the area within the Arctic Circle – seen 

broadly in Figure 2.1 below. It is classified as having a dry, cold climate with permafrost 

that is “continuous and may extend to depths of several hundred meters.” (Gunn, A., 

Oosenbrug, S., O’Brien, C., et. al.) 
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Figure 2.1 Broad View of Arctic Region (CIA World Factbook) 

The region is further defined by fast ice waters in the Northern regions and some 

offshore pack ice in the South, with snow and ice cover on land varying by season (though 

precipitation is generally low). The primary biomes of this ecoregion are tundra that is 

virtually treeless, and coastal wetlands. The most common wildlife present here includes 

polar bears, Arctic bird species, 6 different species of true seals, 15 species of cetaceans (on 

average, recorded in the summer months), walrus, reindeer or caribou, and the Arctic fox. 

(Gunn, A., Oosenbrug, S., O’Brien, C., et. al.) 

 

High levels of natural resources are available in the Arctic, such as oil (particularly 

offshore), gas, and minerals. This has over the years made this region the target of several 

fossil fuel and mining development projects, such as the United States’ most recent plan for 

drilling in the Alaskan Arctic National Wildlife Refuge. (Puko, T.) 

 

Currently, about 9 percent of the human population in the Arctic are Indigenous – 

estimated to be around 1 million in total. The Indigenous population is made up of over 40 

different ethnic groups, with the greatest population density being within Greenland and the 

Canadian Arctic. (Nordregio) This paper acknowledges the importance and significance of 

Indigenous knowledge and traditional knowledge in implementing renewable energy 

systems in the Arctic. Furthermore, the severe impact that climate change has had in these 

heavily Indigenous areas should be emphasized as greater motivation for development of 

Arctic RE. 
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 Investigation into Arctic Energy Sources 

As this project focuses on the barriers and perceptions towards renewables in Iceland, 

Arctic Norway (including Svalbard), Greenland, Arctic Canada, Arctic Finland, and Arctic 

Sweden, the current state of the energy systems in place in these countries must first be 

detailed. Then through interviews, these energy profiles can be better explained in terms of 

why they chose to run on certain sources rather than others. Characteristics of Arctic Russia 

will not be within the scope of this paper, due to the limited access to data. The US state of 

Alaska will also not be included within the scope of this paper, as the research herein is 

focused on the Nordic Arctic (including Greenland) rather than the North American Arctic, 

with the exception of Canada. Furthermore, there was no input from participants in Alaska. 

 

The lack of renewable energy systems in Arctic climates is not only due to the 

convenience and reliability of traditional energy sources like diesel. The unique and harsh 

landscape, along with extreme weather conditions and seasonal changes in insolation, also 

makes the implementation of certain renewables, like solar and wind with storage, 

particularly difficult. High winds can cause turbines to shut off (DOE - Office of Energy 

Efficiency & Renewable Energy), the sun does not shine for many of the winter months, and 

sub-zero temperatures can render typical batteries less efficient or unable to function for 

example. 

 

As mentioned before, the heightened impacts of climate change on the Arctic 

landscape along with the relatively low populations therein, make any large installations that 

can take advantage of economies of scale especially precarious. For example, the melting 

land due to thawing permafrost can prove impossible for the foundations needed for most 

solar arrays installations unless at-times expensive engineering solutions are implemented. 

(Sunpower) Innovation over the years in the area of renewable energy systems has helped 

overcome these various barriers, and has allowed them to be included in some of the energy 

profiles discussed below. (Frimannslund, I., Thiis, T., Aalberg, A., and Thorud, B.) 

2.2.1 Energy in Iceland 

Iceland has a population of just under 370,000 as of January 2021, with almost 95% 

living in urban areas. The population density is 3 people per square kilometer. Almost all of 

those living in urban areas are in the capital city, Reykjavík. (Statistics Iceland) The total 

electricity consumption of the country was 19,489 GWh in 2019. (Orkustofnun 2019) 

 

Iceland has been a leader in sustainable energy ever since transitioning from a mostly 

fossil fuel-based energy system in the 1970s, currently having a primary energy supply 

derived from around 85% renewable energy sources. (Government of Iceland – Energy) 

Electricity in Iceland is produced primarily from hydropower and geothermal. (Orkustofnun 

2017) In fact, Iceland is the world’s largest clean energy producer per capita. (Askja Energy) 

 

The geological conditions of this Nordic island and its location on the mid-Atlantic 

ridge allow for large amounts of geothermal energy to be utilized, and relatively cheaply. 

Meanwhile, the country’s geography, specifically the abundance of glacial waterfalls and 

rivers, makes hydropower a primary source of electricity. Geothermal energy is primarily 

utilized for district heating, while large hydropower is used for electricity on the island. In 

total, hydropower makes up 75.5% of electrical energy generation while geothermal makes 
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up 24.5%. (Orkustofnun - Hydropower) (Orkustofnun – Geothermal) As the demand for 

electricity in Iceland has increased, so has the utilization of geothermal for electrical energy 

production. (Orkustofnun – Geothermal – Electricity Generation) 

 

As of 2019, Iceland had a total installed hydropower capacity of 2,086 MW with 13.2 

TWh of energy generated by hydroelectric power stations. (IHA - Iceland) There are 15 

hydropower stations in total in the country, along with 3 geothermal power stations and 2 

wind turbines near the Búrfell hydroelectric power station. 85% of energy in Iceland is 

produced domestically (Orkustofnun – Primary Energy Use) from state owned generation 

companies such as Landsvirkjun, the National Power Company of Iceland, and Orkuveita 

Reykjavíkur, or Reykjavik Energy. All major power stations on the mainland are connected 

to the grid. However, there are remote communities in Iceland on the islands Grímsey and 

Flatey that rely on diesel fuel for electricity production. These two locations alone have the 

only off-grid installations in the country. 

 

Studies reviewing the possibility of interconnecting Grímsey via underwater cable to 

the national grid have proved to be not feasible, (Chade, D., Miklis, T., and Dvorak, D.) and 

the lack of local hydro resource prevents the island from generating its own energy in a 

manner similar to the mainland. Experimental drilling for geothermal resource on the island 

has not made much progress, either. (Chade, D., Miklis, T., and Dvorak, D.) Though Iceland 

in general is more suited for both of these RE technology types over others, Grímsey’s 

unique position and situation could call for small scale, low lead time technologies like 

solar/PV (photovoltaics) or wind. For this reason, these two islands (Iceland and Grímsey) 

will be a separate focus for this project’s interviews alongside Iceland as a whole. 

 

Iceland transitioned from heavy fossil fuel use to become an overwhelmingly 

renewable energy focused nation. This was due to a need for cleaner technologies and to 

dramatically reduce the adverse air quality in the larger cities. As of today, all fossil fuels 

used in Iceland are imported, with oil holding the largest share. (Orkustofnun – Fuel Use 

Forecast) Fossil fuels only account for 0.01% of energy production. (Iceland Magazine) 

 

Strictly speaking Iceland is not included in the profile of Arctic locations with large 

amounts of diesel fuel/HFO dependence. However, Grímsey again remains reliant on diesel 

fuel (from here on referred to as DF in this section) due to its off-grid location. As much as 

250,000 liters per year of DF is consumed on Grímsey alone for their energy generation. 

(Nordregio) As of 2018, there were a total of “three 220 kW diesel generators” serving the 

island’s electrical load. (Casey, H.) Their reliance on DF generators will be addressed in 

expert interviews in Chapter 4. 

 

In order to better visualize the consumption on the island, separate from the grid-

connected mainland, their DF use was converted into MWh. There is an especially small 

community of people living on Grímsey – less than 100 individuals not including tourists. 

As all energy needs were met by the 250,000 L of diesel in 2019, and assuming a relatively 

stable population, it can be assumed that this number will remain the same for 2020 and 

2021 barring and substantial changes. 

 

A simple DF to MWh energy conversion, using the energy density and the heating 

value of traditional DF, was performed to obtain the necessary figure for more accurate 

reporting throughout this project. (CDP) 
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DF = 250,000 L per year 

HVDF = 46 MJ/kg 

ρDF = 0.85 kg/L 

Energy = mass * HV 

Mass = volume * density 
 

The heating value (HVDF) of the fuel is the amount of heat released when a certain 

amount of the fuel is being combusted. The energy density (ρDF) of the fuel is the amount 

of energy stored in the fuel per unit mass, and is also known as specific energy. 

 

To complete the necessary energy conversion mass must first be calculated using the 

volume of the DF (250,000 L) and the energy density of the DF (0.85 kg/L). Since energy 

density is dependent on the mass, we cannot use the volume of the fuel and must convert 

this to mass (kg). 

 

Mass = (250 000 L)(.85 kg/L) 

= 212 500 kg 
 

Finally, energy of the DF is calculated using the mass in kg (212,500 kg) and the 

heating value (46 MJ/kg). (World Nuclear – Heat Values of Various Fuels) 

 

Energy = (212 500 kg) * (46 MJ/kg) 

= 9 775 000 MJ 
 

Converting 9775 MJ (Megajoules) to MWh gives us the final input for the total 

electricity consumption of Grímsey alone. 

 

9775 MJ ≈ 2,715 MWh 
 

This report’s literature review will use 2,715 MWh electricity consumption per year 

as the final figure on electricity consumption for Grímsey’s separate energy profile. 

 

Past studies investigating alternative technologies for these locations were read while 

performing research for this project. These prior research projects and assessments should 

also be referenced in this literature review. 

 

Wind, biodiesel, geothermal, and energy storage were all explored as possibilities for 

implementing RE on Grímsey in a 2019 thesis project (DiBari, University of Iceland), with 

the determination being that three wind turbines on the island could provide a reliable energy 

supply. However, this project did not explore solar/PV in any capacity. The continued, future 

analysis of decarbonizing the island would benefit from an investigation into all renewable 

energy system options and their ability to effectively reduce emissions. 

 

Imported biodiesel for Grímsey had in fact been tested in 2018, but all biodiesel efforts 

on the island were halted in April 2019. It was speculated that the alternative fuel may have 

caused some damage to generators, and therefore it was decided that biodiesel would not be 

used in Grímsey in the future. Generators would have to be specially designed in order to 

accommodate this as a primary fuel source, making it too expensive an investment. As for 
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geothermal, it was stated that though it could be feasible, there does not exist enough data 

to run a full analysis. (DiBari, University of Iceland)  

2.2.2 Energy in Norway 

Norway’s population stood at almost 5.4 million people by the end of 2020. (Statistisk 

Sentralbyrå – Statistics Norway) The areas of mainland Norway which are the Arctic (by 

the ecoregion’s definition) can be seen in Figure 2.2 below. These are made up of the 

combined county of Troms and Finnmark. Beyond the mainland lie the Norwegian Arctic 

areas Svalbard, an archipelago, and Bear and Jan Mayen islands. The major cities that make 

up Arctic Norway are Tromsø, Bodø, and Svalbard (Longyearbyen). For the purposes of this 

study, only Svalbard is considered among those off the mainland, as Bear Island and Jan 

Mayen both have “permanent” populations below 20 people which are primarily comprised 

of weather station staff. 

 

 

Figure 2.2 Norway Above the Arctic Circle (Google Maps Europe) 

 

The Norwegian Arctic is the most populated Arctic region in the world and includes a 

total of 490,000 people. This is approximately 1/10th of Norway’s population. Northern 

Norway’s main economies are fisheries and aquaculture, tourism, and sustainable energy. 

(Arctic Council - Norway) 

 

Norway is Europe’s largest producer of hydropower. The country’s final electricity 

consumption in 2019 was 125.7 TWh, with hydro being the largest source for electricity 

generation. (IEA) 

 

In regards to Svalbard, the island’s energy system has been a discussion topic for 

decades. (Gambhava, D., Opedal, E., et.al.) (Statnett 2018) Svalbard consists of a grouping 

of Norwegian islands, located midway between the North Pole and mainland Norway. The 

largest settlement in Svalbard, Longyearbyen, has over 150,000 visitors each year along with 

permanent residents numbering less than 2,400 people. Its main industry is research, 

followed by coal mining and tourism. Longyearbyen was the site of the last operational coal 

mine in Norway, Mine 7, in Svalbard. As a longtime coal mining location, Longyearbyen 

would now have the opportunity to transition toward becoming completely carbon neutral. 

 

Though the Arctic areas of mainland Norway utilize many different energy sources, 
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including hydropower, and do not depend on imports for their energy supply, as of now there 

is no widespread utilization of renewable energy sources in Svalbard. During the mining 

operations, coal power provided as much as 40 GWh of electricity for Svalbard per year, 

along with 70 GWh for heating. (Ringkjøb, H.) In Longyearbyen alone there were 60,000 

tonnes of CO2 emitted annually. (Ringkjøb, H., Haugan, P., and Nybø, A.) There remains a 

reserve system of diesel generators for peak demand, that used to supplement the coal plant. 

(Stattnet) These diesel fuel generators, along with the remaining coal supply, are the sole 

energy sources for Longyearbyen besides a few smaller solar/PV installations (totaling to 

just around 60 kW). (Ringkjøb, H., Haugan, P., and Nybø, A.) 

 

The current consumption for all communities within the scope of this report must first 

be determined in order to accurately complete an investigation into Arctic energy sources. 

Using the findings on Longyearbyen’s annual electricity consumption from a Statnett case 

study in 2018, the current consumption can be calculated for the purposes of this report. 

 

The 2018 study found that Longyearbyen’s population had an annual consumption of 

40,000 MWh for electricity for the 1,850 consumers that year. Most importantly, Statnett 

determined that there would be an expected increase in electricity consumption of 50% each 

year. (Statnett 2018) 

 

Following the criteria from Statnett, Longyearbyen’s 2019 electrical consumption is 

estimated to be 60,000 MWh (40,000 MWh x 0.5 = 20,000 and 20,000 + 40,000 MWh = 

60,000 MWh). Therefore, Longyearbyen’s 2020 electrical consumption is estimated to be 

90,000 MWh (60,000 MWh x 0.5 = 30,000 and 30,000 + 60,000 MWh = 90,000 MWh). 

These calculations are re-written below for clarity: 

 

2019 el. consumption: 40 000 MWh * 0.5 = 20 000 MWh 

20 000 MWh + 40 000 MWh = 60 000 MWh 

2020 el. consumption: 60 000 MWh * 0.5 = 30 000 MWh 

30 000 MWh + 60 000 MWh = 90 000 MWh 
 

This report’s literature review will use the figure 90,000 MWh per year as the final 

figure on electricity consumption for Svalbard’s separate energy profile. 

 

Past studies investigating alternative technologies for these locations were read while 

performing research for this project. These prior research projects and assessments should 

also be referenced in this literature review. 

 

In many cases, electrification via a cable to mainland Norway had been proposed for 

Svalbard, but high costs have prevented this project from being developed. There would also 

be a long development and construction lead time involved with the installation of such a 

large project. Though security of supply would likely be substantially more secure and the 

technology for subsea interconnection is relatively mature, many discussions on the subject 

ultimately arrive at the determination that “the costs would be much too high compared with 

the energy transmitted.” (Rud, J.N., Hørmann, M., Hammervold, V., et. al.)  

 

Past case studies referenced in this report have compared alternative technologies such 

as solar, wind, battery storage, and/or liquid natural gas (LNG) systems. (Gambhava, D., 

Opedal, E., et.al.) (Statnett 2018) In the 2018 study, it was concluded that there was not a 
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very significant difference in operational reliability between these alternatives. The addition 

of a battery was seen as giving more flexibility to the system, and in general a solar based 

energy mix was determined to be feasible for Svalbard. It would also be arguably cheaper 

than importing LNG, which increases running costs along with having security of supply 

risks. (Rud, J.N., Hørmann, M., Hammervold, V., et. al.) 

 

As for hydrogen, if not produced locally it would no doubt encounter the same or 

potentially more complex transport logistic issues that LNG presents. Hydrogen could 

however act as a seasonal storage solution for solar/PV in Svalbard, much like a battery 

system could. 

2.2.3 Energy in Greenland 

Greenland is an autonomous territory under the Kingdom of Denmark located 

geographically in North America but politically European. It represents Denmark’s Arctic 

portion and has a population of almost 57,000 people. (Naalakkersuisut – Government of 

Greenland) Greenland’s ice sheet contains 10-percent of the world’s fresh water supply. The 

primary industry in Greenland is fisheries, accounting for over 90-percent of exports. Mining 

and offshore oil are also major features of Greenland's economy. (The Arctic Institute) 

 

Not all settlements and communities in Greenland lie above the Arctic Circle, but for 

the purposes of this project those lying below will not be excluded in this investigation. 

Greenland’s unique situation and ecological/geographical characteristics make it important 

for an analysis on energy in the Arctic and therefore the entirety of Greenland will be 

categorized as “the Arctic” throughout this paper. 

 

Greenland’s electricity consumption is around 468 million kWh per year. Fossil fuels 

(oil and natural gas) and hydroelectric power are almost exclusively Greenland’s energy 

sources. (World Data) 

 

As of 2017, hydropower provided between 60 and 70 percent of Greenland’s 

electricity, making it the country’s primary RE source. (Greenland RE Report 2017) 

Approximately 1,427 TJ of electricity was produced by hydropower in Greenland in 2014, 

out of 1,519 TJ produced in total from RE. In general, there has been a significant decrease 

in average energy consumption in Greenland since 2012 due to a variety of external factors, 

including an economic downturn in the island nation. (Greenland RE Report 2017) 

 

Considering the sheer number of remote, isolated communities in Greenland, there are 

around 70 different decentralized standalone power systems (SAPS) in the country, making 

reliability a critical issue for the average Greenlandic town. Hydropower as a RE source is 

not feasible for towns of such small size and great distance from other areas of civilization. 

Furthermore, the expensive upfront capital costs of hydropower are not feasible for many 

Indigenous communities in Greenland. (Herrmann, V. 2017) 

 

In Greenland, what energy demand is not fulfilled by hydropower is almost entirely 

received through the burning of fossil fuels. This means that rural areas which cannot 

accommodate large hydropower installations have no choice but to rely on diesel fuel and 

HFO. Other options, including biomass and geothermal, have been explored in conjunction 

with this issue. While previously wind power was thought to be poorly suited for 
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Greenlandic weather conditions, wind as a renewable energy source has been re-explored 

for the area. (Greenland RE Report 2017) 

 

Solar photovoltaics have been argued to be highly scalable renewable energy systems 

(Greenland RE Report 2017), with companies like LED Greenland seeking a battery for their 

solar technology that can function properly in the extremely cold climate. The country’s 

power utility subsidizes all of the power and heating in Greenland, which results in costs 

being relatively low. 

 

Many of the Arctic communities in Greenland represent an extreme portrayal of 

remote Arctic settlements. Therefore, a profile on Greenland in this way would prove 

beneficial to the research aims of this report, particularly in the ways their energy needs and 

characteristics may be juxtaposed with the more grid-connected and/or populated Arctic 

communities. 

2.2.4 Energy in Canada 

Canada has a population of about 38 million people, with only 142,000 of those 

citizens living within its Arctic region. The Canadian Arctic is made up of three Northern 

territories, the Yukon, Northwest Territories (NWT), and Nunavut, as well as the northern 

parts of Québec and Labrador. It represents over 40-percent of the country’s total landmass 

and 25-percent of the Arctic as a whole. The three largest cities in the Canadian Arctic are 

Whitehorse, Yellowknife, and Iqaluit. (Statistics Canada) 

 

The most important sectors in Canada’s Arctic areas are mining, government, social 

and health services, tourism, and traditional subsistence economies. In terms of the country’s 

energy profile as a whole, 67% of all electricity comes from RE. Canada overall is the 

world’s third-largest producer of hydroelectricity. (NRCAN)  

 
The breakdown of all Canadian Arctic areas’ energy consumption is as follows. In the 

Yukon, the total electricity consumption per capita in 2017 was 11.1 MWh, with demand 

and consumption being largely impacted by the opening and closing of mines in the area. 

Diesel fuel and HFOs accounted for 77% of energy sources used in the Yukon, making it 

the most consumed fuel type in the region. Liquid Natural Gas (LNG) is stored for 

generating electricity during peak wintertime demand. (Canada Energy Regulator – Yukon) 

 
In terms of the Yukon’s electricity generation, the majority of its electricity comes 

from hydropower, with DF and natural gas (NG) needed for peak demand. It should be noted 

that no significant amount of crude oil, refined petroleum products (RPPs), nor LNG is being 

produced in the Yukon. All that is consumed to cover back-up electricity demand comes 

from their reserves. There exists a few diesel SAPS for communities that are not grid-

connected in the Yukon, as well. Meanwhile, only one wind energy facility operates in the 

Yukon. This region also boasts the lowest electricity costs in the territories due to the hydro 

facilities and infrastructure located in the region. (Canada Energy Regulator – Yukon) 

 

 

In the NWT electricity is generated by the Northwest Territories Power Corporation 

(NTPC) from hydro, fossil fuels, and other renewables. Over 75% of NWT’s electricity 



28  CHAPTER 2: LITERATURE REVIEW 

   

comes from hydroelectricity in times of normal precipitation, but relies on diesel fuel during 

dry seasons. In off-grid NWT communities, diesel fuel is the sole energy source for 

generating electricity, however. Wind energy accounts for 4-percent of NWT power 

generation, and solar less than 1-percent. (Canada Energy Regulator – Northwest 

Territories) 

 

In 2017, the NWT total electricity consumption per capita was 7.4 MWh. They have 

among the highest rates in Canada due to incredibly low population density and high 

generation costs. All of the RPPs consumed in the NWT is imported from nearby provinces 

via truck and/or train. They are the largest fuel type consumed in the NWT, followed by 

natural gas and electricity. The NWT also hopes to eventually replace diesel fuel with liquid 

natural gas as a primary fuel source in order to reduce GHG emissions. (Canada Energy 

Regulator – Northwest Territories) 

 

In Nunavut, the Qulliq Energy Corporation (QEC) is responsible for their electricity. 

As all of the communities in Nunavut are isolated and off-grid, and not connected by any 

roads or powerlines, all electricity must come from imported DF. Around 55 million L of 

DF are consumed in Nunavut every year, though many government funded projects in solar 

exist in the region. There are no refineries in Nunavut, but the QEC operates 25 diesel plants 

in 25 different communities in order to utilize the imported fuel they depend on for daily 

life. (Canada Energy Regulator – Nunavut) 

 

In 2017, the total electricity consumption per capita in Nunavut was 6.1 MWh. 

Nunavut has the overall highest rates for electricity in Canada, largely due to the necessity 

of importing all fuel. Therefore, even if the solar resource in Canada is not particularly 

strong, PV may be a more economically viable and scalable solution for its Arctic areas like 

Nunavut. (Canada Energy Regulator – Nunavut) 

 

Many of these areas in the Canadian Arctic have enacted programs, such as NWT’s 

and QEC’s Net Metering Programs, which encourage and allow individual consumers to 

generate their own electricity from RES. They then earn green credits for any excess energy 

produced. There are also a number of pilot projects in wind and/or solar generation in the 

region. (Canada Energy Regulator) 

 

Many of these Arctic communities in Canada represent an extreme portrayal of remote 

Arctic settlements. Therefore, a profile on any or all of them would prove beneficial to the 

research aims of this report, particularly in the ways their energy needs and characteristics 

may be juxtaposed with the more well connected and/or populated Nordic Arctic 

communities. 

2.2.5 Energy in Finland  

Finland is a Scandinavian nation with a population of 5.54 million people. (Statistics 

Finland) About 10,000 members of the indigenous Sámi group live in Finland. The area that 

makes up Arctic Finland is 1/3 of the entire country, and is most commonly referred to as 

Finnish Lapland (or Lappi). Though it is the largest province in Finland it is only home to 

180,000 people living in its 21 different municipalities — in fact, around 5-percent of the 

total population of Finland are living in Lapland.  
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Compared to some of the other Arctic communities detailed in this report, Finland’s 

regions above the Arctic Circle have a considerably high level of infrastructure development. 

There are several roads connecting Northern Finland to the rest of the country, as well as to 

the rest of Scandinavia and Europe. Its largest industries are forestry, mining, tourism, 

renewables, technology, and metals. Many jobs for those living in Lapland come from the 

foresting industry and from the rise in Arctic tourism. (The Arctic Institute) 

 

Finnish Lapland also stands out as having a high degree of accessibility compared to 

the rest of the Arctic. They are also considerably self-sufficient. This makes the region well-

suited for comparison to the energy profiles of areas which fall under the more traditional 

definition of “remote”. 

 

Finland is largely involved in mining, though Northern Finland is growing in interest 

as a destination for potential RE industry growth. Lapland in particular is “well-suited for 

wind power plants.” Current renewable energy sources in Finland account for a quarter of 

the country’s energy use, and largely comes from biomass (i.e., local wood fuels and related 

residuals). (The Arctic Institute) 

 

The electricity consumption in Finnish Lapland is around 5,720 GWh, with the 

majority going towards industry. (International Study of RE Regions – Regional Council of 

Lapland, Finland) The primary energy sources in Lapland are hydropower, thermal power 

(i.e., biomass), and wind power. Lapland is the largest producer of hydroelectricity in 

Finland, making up over 50% of the country’s total hydro production. Again, wind power 

potential is said to be highest in the Lapland region of Finland. (BIN - Business Index North) 

In 2014, Lapland produced a total of 4.4 TWh of electricity from hydro, and 1.4 TWh from 

thermal energy. 0.37 TWh came from wind energy. (Fischer, R., Elfgren, E., and Toffolo, 

A.) 

2.2.6 Energy in Sweden  

Sweden is a Scandinavian nation with a population of around 10.4 million people. 

(Statistics Sweden) The area that makes up Arctic Sweden (or “Norrland”) takes up about 

15-percent of the country’s total land area. The majority of Sweden’s large cities lie at the 

bottom of the country, meaning its Arctic regions are very sparsely populated in comparison. 

Only 5.4% of Sweden’s population lives in the Arctic in fact, with 17,000 to 20,000 being 

indigenous Sámi. (The Arctic Institute) 

 

Norrland has a historically export-focused economy where the primary industries are 

timber, hydropower, and iron. Mining is a considerably large operation in Arctic Sweden, 

as well, with the country as a whole being the EU’s largest mining nation. It accounts for 

7.2% of Norrland’s economy. (The Arctic Institute) 

 

Arctic Sweden however is run entirely on RE, particularly large to medium hydro and 

some wind. Due to the large hydrological resource of Norrland, the region produces 38% of 

the country’s total electricity. In comparison, Norrland only consumes 18% of all the 

electricity produced in Sweden. (Statistics Sweden) Further wind installations are also 

planned for Northern Sweden -- over 750 additional onshore turbines. (Invest in Norrbotten) 

Of the 150 TWh of electricity the country consumes each year, 17.5 TWh was generated 

from wind power, meaning Sweden’s Arctic RE could continue contributing to meeting the 
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country’s demand in a big way. (Swedish Energy Agency) 

 

For example, the Markbygden Wind Park has the potential to be the largest onshore 

wind farm in Europe, and it is being built in the northernmost part of Sweden. Expected to 

be completed by 2022, Markbygden will have over 1,100 turbines and a capacity of up to 

4,000 MW. The project consists of a series of interconnected wind farms in Norrland. 

(Svevind – Projects) Each site will be connected by a series of roads. Following its 

completion, the project will allow Sweden to produce more electricity than what is 

consumed. Economically, the massive wind farm will allow Sweden to begin exporting 

electricity to other European nations. (En:Former) 

 

Beyond the scope of RE technology, Sweden’s Arctic communities have the lowest 

electricity prices in the country compared to many of the financial issues faced by Arctic 

regions in Greenland and Canada. However, this is mostly due to Sweden itself having one 

of the lowest electricity costs in Europe. (Invest in Norrbotten) This will make Arctic 

Sweden an important inclusion in this report’s analysis, as cost as a barrier virtually does 

not exist here. In comparison, the issues faced by areas with extremely high fuel and 

electricity costs will stand out more clearly. 

 Arctic Greenhouse Gas Emissions and Localized Effects 

One of the most heavily researched ways of reducing global GHG is through the 

phasing out of fossil fuels as an energy source. Introducing renewable energy systems as the 

dominant form of power and heat generation, to replace the stronghold of fossil fuel energy 

sources, will require strong, coherent energy policy. This ensures proper planning, 

development, installation, operation, maintenance, and reduced environmental impact of 

renewable power plants. Energy policy can also hold nations and their governments 

accountable for meeting set criteria for renewable energy systems and for a reduction in their 

individual GHG emissions. 

 

In the Arctic, energy policy varies across each nation and region. It can be especially 

complicated to define Arctic energy policy as many Arctic areas are under the same policies 

as their non-Arctic and/or mainland counterparts. In the following section, energy policies 

and their evolutions over time will each be investigated for the different Arctic regions being 

investigated in this study. 

 

These policies must be discussed in conjunction with the energy profiles of these areas, 

as this project’s aim is to ultimately determine the overall current energy situation in the 

Arctic and to then determine what barriers exist for further renewable energy system 

implementation. It is assumed by the author that policymaking will be referenced in expert 

interviews as a potential reason for, or against, RE in the Arctic. 

 

To help contextualize the following policies and targets, the most recent figures on 

each area’s GHG emissions will be briefly listed. According to the Global Carbon Atlas, 

Iceland emitted 3.3 million metric tonnes of CO2 (Mmt CO2) in 2019. Norway as a whole 

emitted 42 Mmt CO2 that year, while in Svalbard 60,000 tons were emitted each year during 

the operation of Mine 7. (Ringkjøb, H., Haugan, P., and Nybø, A.) Greenland emitted just 

0.5 Mmt CO2, Canada emitted 577 Mmt CO2, Finland emitted 42 Mmt CO2, and Sweden 

emitted 43 Mmt CO2 all in 2019.  
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Iceland has the highest CO2 emissions per capita at almost 17 tons in 2016, and is 

distinctive for showing a trend towards increasing this statistic as compared to other Nordic 

countries. This figure comes exclusively from emissions as a result of economy, with air 

travel and industry being the main contributors in Iceland. Household CO2 emissions per 

capita were in comparison 1.73 tons the same year. (Statistics Iceland 2018) 

 

In 2016, Norway emitted 7.8 metric tons (Mt) of CO2 per capita. (The World Bank) 

This has gone down from 11 tons per capita in 2009, whereas Svalbard emitted as much as 

68 tons per capita that same year. (The University Centre in Svalbard) Greenland’s CO2 

emissions per capita for 2016 came out higher than Norway’s overall profile, at 9.1 metric 

tons. (The World Bank) 

 

As a whole, Canada emitted 15.7 tons of CO2 per capita in 2019. (Knoema) Finland 

and Sweden’s emissions per capita are both much lower than that of Canada’s as of 2016, at 

8.3 metric tons and 4.4 metric tons respectively. (The World Bank) 

 

Overall effects of climate change and increased GHG emissions on the Arctic, such as 

general sea-ice reduction and changes in landscape (melting terrain, permafrost, etc.) has 

been detailed in Chapter 1. The more localized effects of GHG emissions in each of the 

regions investigated in this research paper will now be discussed. 

 

Impacts on glaciers in the Arctic remains among the most studied and clear indication 

of increased GHG effects on the world’s climate. In Iceland, Arctic Canada, Greenland there 

has been a retreat of their major glaciers. Norway and Sweden have also experienced this 

phenomenon on a somewhat smaller scale. (Climate Change Post) Finland as an Arctic 

country does not have any glaciers.  

 

In Iceland, the SE outlet glaciers of Vatnajökull have been experiencing the most mass 

loss per unit among the world’s glaciers, for example. (Climate Change Post) Increased 

runoff from glaciers like Vatnajökull is expected to also impact hydroelectric plant 

operations throughout the country. This runoff is “expected to increase by about 30% with 

respect to current runoff by 2030”. Precipitation in Iceland has meanwhile been projected to 

increase by 5% at the end of the 21st century. (Climate Change Post) In regards to the 

Icelandic terrain, the land has been found to be rising as much as 1.4 inches annually, as 

glacial melt reduces the pressure on the land below. (Worland, J.) 

 

In Norway, coastal glaciers have been steadily retreating and all of the country’s 

smaller glaciers are likely to have disappeared by 2100. (Climate Change Post) Annual 

precipitation in Norway’s mainland is expected to increase by 18% leading up to the year 

2100 as well, with the snowy season being much shorter each year.  

 

The Greenland Ice Sheet has been rapidly melting since 1992, as mentioned in this 

paper’s Introduction. Between then and 2018, the Greenland Ice Sheet had lost as much as 

3.8 trillion tons of ice and climate change will continue to accelerate Greenland’s ice mass 

loss to an average of 234 billion tons per year. (NASA News) Aside from Antarctica, 

Greenland holds the only permanent ice sheet, making Greenland’s localized effects in a 

way globalized effects. 
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The Government of Canada reports that the impacts of increased GHGs in the area 

include: overall annual temperatures increasing, coastal-erosion rates increasing in most 

areas, country-wide precipitation rates increasing in all areas except the South, higher risk 

of flooding as a result of increased precipitation, heat waves and an associated rise in forest 

fires, and greater stress on endemic flora and fauna from unfamiliar climate conditions. 

(Government of Canada) 

 

In Finland annual precipitation has increased (Climate Change Post) while the ice 

cover on rivers and lakes has decreased. Freezing times have also been extremely delayed 

for these bodies of water. (Climate Change Post) In the Lapland of Finland, the reported and 

measured changes in climate have been relatively small with the exception of record high 

snow accumulation. 

 

In Sweden, snow cover in the mountains has been melting and thinning at an increased 

rate in the wintertime. (Climate Change Post) “Short-lived climate forcers,” particularly soot 

and methane, make up large portion of emissions leading to ice and snow melt in Sweden. 

These forcers come primarily transport, wood-burning, and agricultural burning. (Radio 

Sweden) 

 

These statistics on the CO2 emissions and localized effects of GHGs in the countries 

investigated in this study can be found in Table  below for more clear reading. 

 

COUNTRY 
Total CO2 Emissions 

(Mmt CO2) in 2019 

CO2 

Emissions per 

Capita (Mt) 

Primary Localized Effects 

Iceland 3.3 17 (2016) 

Glacier mass loss and retreat, 

increased glacial runoff, rising land, 

changes in precipitation 

Norway 42 7.8 (2016) 

Retreat of coastal glaciers, changes in 

precipitation and duration of snowy 

season 

Svalbard *60,000 tonnes 68 (2016) −−−−−−−− 

Greenland 0.5 9.1 (2016) 
Massive mass loss and melting of 

Greenland Ice Sheet 

Canada 577 15.7 

Annual temperature increase, 

increased coastal erosion and 

flooding, heat waves, forest fires, 

stress on flora and fauna 

Finland 42 8.3 

Annual precipitation increase, 

decrease in ice cover over and delayed 

freezing of large bodies of water, 

increased snow accumulation in 

Lapland 
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Sweden 43 4.4 
Increased melting of mountain snow 

cover 

Table 1. CO2 Emissions, CO2 Emissions per Capita, and Localized Effects of GHG 

2.3.1 Climate Goals and Policies 

A In June of 2019, Iceland announced an updated version of its Climate Action Plan 

that would even surpass the nation’s requirements under the Paris Agreement. Iceland had a 

prior joint commitment to match the Agreement’s 2030 GHG reduction goals set for the EU, 

a reduction of 29% for the island nation. This new Climate Action Plan brings Iceland to a 

total of 48 measures, or actions, adding 15 new ones (described in Figure 2.3 as “measures 

in preparation”). 

 

 

Figure 2.3 Projected Emissions for Iceland with and Without the Action Plan 

(Government of Iceland) 

With the pre-existing measures alone, Iceland is on track to achieve 35% reduction in 

GHG by 2030. The updated version of the Plan is expected to then add a “further decrease 

of 5 – 11%, bringing the total reduction in emissions to 40 – 46% levels”. (Government of 

Iceland) 

 

Overall, Iceland has maintained a steady target of total carbon neutrality by 2040. 

Although the greatest amount of carbon sequestration is estimated to come from better land 

use, the energy production sector will account for a reduction of almost 70% out of all Effort 

Sharing Regulation (ESR) emissions. (Figure 2.4) This particular emissions sector of course 

includes emissions that come from domestic renewable fuels. 
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Figure 2.4 Annual GHG Emissions in Iceland by Category (Government of Iceland) 

 

Between 2020 and 2024, a minimum of 46 billion ISK is expected to be spent on fulfilling 

the parameters of the updated Climate Action Plan in Iceland. As of the update announcement 

in June 2020, a total of 28 of the 48 measures have already been put in place. (Government 

of Iceland) It is expected that as clean energy and RE technology continue to develop and 

evolve, so will the measures of the Plan. 

 

Norway also committed to joint fulfillment of the Paris Agreement 2030 EU targets, including 

the ESR. (European Free Trade Association) Joint fulfillment, or joint implementation, means 

that a country can invest in emission reduction projects in another country as an alternative 

to reducing emissions domestically. (United Nations Climate Change) Like Iceland, they 

were interested in the flexibility afforded by joint policy implementation for achieving their 

targets that joint fulfillment with the EU would result in. (European Free Trade Association) 

It is also logical for both nations to adopt this treaty into law, as they share internal market 

legislation with the EU as members of the EEA. 

 

Although “improvements in energy efficiency to reduce GHG emissions help less in low-

carbon" countries like Norway (IEA 2017), they will still adhere to 40% emissions reduction 

from 1990 levels. However, as of 2017 over 80% of GHG emissions in Norway are covered 

by carbon taxes and/or the EU Emissions Trading System (EU ETS). Their power sector is 

nearly emissions free and based on RES, meaning there is much less urgency for these strict 

GHG targets. Norway aims to reach carbon neutrality by 2030. (IEA 2017) 

 

In 2012 Norway joined Sweden’s electricity certificate market to better facilitate meeting its 

2020 renewable energy systems target -- 67.5% share of RE in final energy consumption. In 

2018 electricity was the dominant source for total final energy consumption, for example. 

(Figure 2.5) It was decided that after 2020 new targets in the electricity sector would not be 

set in Norway, however. (IEA 2017) 
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Figure 2.5 Representation of Electricity as the Dominant Energy Source for TFC in 

Norwegian Industry  

(IEA Total Final Consumption by Source 2018) 

 

In 2016, the Government of Greenland tasked the national energy company 

Nukissiorfiit with transforming the country’s energy supply. 90 percent of the energy 

produced should come from renewable energy systems by 2030 under this mandate, along 

with a required construction of new hydropower stations in 5 different communities. 

However, the most recent coalition in Greenland has effectively erased this 2030 target. 

Instead, it has focused on developing hydropower specifically, rather than just a broad 

expansion of all renewable technologies (wind, solar, etc.). Most notably, the new clean 

energy goals for Greenland include an investment in RE for small, isolated communities. 

(Greenland RE Report 2017) 

 

In Canada, climate policy has been varied. Canada’s government withdrew from the 

Kyoto Protocol in 2011, scaled back their climate change goals, and instead made a move 

towards developing Alberta’s oil sands – all occurring within the past decade. Successful 

policies within the provinces, such as green credit programs, has in turn begun to influence 

the federal government, however. In 2019, the government of Canada enacted a momentary 

freeze on new offshore oil and gas exploration. It is set to expire this year. 

 

Regarding the Canadian Arctic specifically, many of the Arctic provinces have more 

recently become legislatively separate from the federal government. This can be seen in 

2003 when the Yukon became the first territory to “take over land and resource management 

responsibilities from the federal government.” The NWT followed with similar 

decentralization in 2013. In other words, policy mandates and decision-making can now be 

more suited to the particular needs of the region. There also exists several forms of 

Indigenous self-governance. (The Arctic Institute) 

 

Greater investment in RE has helped alter the energy and economic landscape of 

Canada, as well. This has especially affected smaller, remote areas. For example, the 

Canadian government invested in a battery energy storage system (ESS) in the Yukon in 

2019. (Canada Energy Regulator – Yukon) Microgeneration projects in regions like the 

Yukon further incentivize communities to use RE in Canada. In fact, community-owned 
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renewable generation is a significant part of the NWT 2030 Energy Strategy. 

 

In 2017, the NWT 2030 Energy Strategy stated that the region’s goals were to reduce 

GHG emissions from electricity generation in diesel fuel-powered communities by 25-

percent, and to develop the NWT energy potential to help meet national climate change 

objectives. (Government of Northwest Territories) 

 

The Yukon Government describes their climate change goals as taking action to 

reduce GHG emissions by 30-percent by 2030, and to generate 97-percent of the on-grid 

electricity from renewable energy sources by 2030. They also aim to build a stronger green 

economy in the region. Their GHG emissions are only 0.1-percent of Canada’s as a whole – 

yet are the 6th highest emissions per person in the country. The official strategy outlining 

all of the Yukon’s energy targets is in their ‘Our Clean Future’ policy plan published last 

year. (Government of Yukon) 

 

A 2018 report from the Auditor General of Canada found that Nunavut’s government 

had unofficial strategies for combating climate change, though there did not exist any 

defined timelines or targets. It was recommended that the Department of Environment create 

and implement both a climate action plan and an energy plan for Nunavut. (Office of the 

Auditor General of Canada) For the time being, Nunavut has energy efficiency targets for 

buildings and for its government in place. Nunavut’s GHG emissions per capita are 17.9 

tons for all its territories, and owes most of its emissions to transportation. (Nunavut Energy 

Profile - Government of Canada) 

 

In Finland, the Lapland region emitted 2.8 MtCO2 in 2009, which was much more 

than the average for the rest of the country in relation to population density. The Lapland 

regional council created a climate action plan for 2030 to set about remedying this. As a 

whole, Finland has more firmly committed to updating its strategy for the Arctic, as well. 

(The Arctic Institute) 

 

Sweden “accounts for less than 0.2-percent total global emissions” and has set a target 

of being entirely carbon neutral by 2050. Arctic research makes up a significant part of their 

climate action strategy, as does strengthening the capacities of their Indigenous Sámi 

communities which are more impacted by climate change. Overall, Sweden’s Arctic policy 

is made up of domestic, EU, regional, and Indigenous issues. (The Arctic Institute) 

 Characteristics of Technologies 

Certain alternative energy technologies will be discussed in the sections of Chapter 

2.4. They will be compared to more traditional energy sources (diesel fuel), which will also 

be briefly defined. As this paper will not have an immense reliance on technology or 

engineering for its methodology nor its results, these summaries surrounding each 

technology type will consist of a basic overview on both specs and application. 

2.4.1 Energy Technology and Arctic Energy Security 

Aside from creating a comprehensive register of the Arctic’s energy landscape, this 

project ultimately aims to contribute towards the research for reducing GHG emissions in 
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the Arctic and increasing the energy security of Arctic communities. This is especially true 

for those which must rely on diesel fuel import and delivery, despite limited access by road 

or waterway.  

 

Locations in the Arctic also have a high demand for heat and electricity due to 

inclement and extreme cold conditions. This reality of extreme weather makes security of 

supply an issue of survivability. This project aims to outline the current situation in Arctic 

energy and define the challenges and needs related to potential RE utilization. This project 

argues that both of these future goals can be met through further renewable energy system 

integration. 

 

GHG reductions as an international energy policy priority was discussed in Chapter 

2.3, and energy security is deserving of a similar emphasis in this project. The alternatives 

to traditional fossil fuels discussed in the following sections all have the ability and potential 

to dramatically increase the energy security of the Arctic. 

 

Many of the areas listed in regions like Greenland and the Canadian Arctic are 

extremely limited in access, for example, and face challenges related to fuel imports. 

Consider a community which can only be reached by a winter ice road that is only traversable 

when frozen. So, when climate change leads to late or even nonexistent freezing of an ice 

road or land bridge, there will not be sufficient fuel to last through the winter. Waterways 

will likely be too icy, if said community has access by water, and fuel import via air will be 

equally hazardous and even more expensive. Examples of these scenarios are referenced 

below. 

 

For example, Dawson City, a community in the Yukon, has spent around 200,000 

USD as of January 2019 on “force-freezing” (manually freezing a body of water, typically 

via flooding or spray ice – where water is sprayed into the cold air in order to precipitate ice 

crystals onto the water’s surface) the Yukon River when the ice bridge they depend on each 

winter failed to freeze. (Barrette, et. al. 2018) The town holds less than 2,000 people who 

have seen the river freezing less and less with the passing years. (CBC News) When this 

scenario is applied to even more remote and less developed areas in the rural areas of the 

Arctic, the situation is assumed to have the potential to become even more dire in regards to 

human lives and to economy. 

 

Indigenous circumpolar people in the relevant countries being researched have a 

cultural right to self-sufficiency. Many of the issues related to a dependence on the outside 

import of diesel fuel come from this right. As previously mentioned, importing fuel when 

climate change impacts access, and therefore an area’s energy security, can be costly – or at 

times even impossible. Indigenous communities, whom as previously discussed should be 

referenced in this literature review where applicable, often have low levels of development 

due to social and economic injustices. High costs for shipping and/or flying in diesel fuel 

may force these individuals to have to leave ancestral homes, as they can no longer afford 

to live there. (Hochstein, A. 2015) 

 

Many studies have explored microgrid technology and renewable energy systems as 

the emerging answer to the crisis of poor energy security in more isolated Arctic regions. In 

the aforementioned 2018 case study performed on Svalbard, RE alternatives as a 

replacement for coal power scored highest regarding security of supply criterion as 
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compared to coal, for example. (Statnett 2018) 

 

Displacing diesel consumption can immensely improve security of supply, as it 

safeguards against future weather events and fluctuating diesel fuel prices. (PWC and 

ARENA) Then when unprecedented incidents happen, like the ice bridge melting due to 

climate change, these communities they can be better prepared. Or rather, they will not be 

impacted at all in terms of energy source availability. Exposure to the high degree of price 

variability in fuel due to the necessity to import will no longer be a major issue for 

Indigenous ways of life, as well. 

2.4.2 Diesel Fuel 

Diesel fuel is a fossil fuel used to power generators. A diesel generator utilizes a diesel 

engine and an electric generator in order to generate electrical energy. They typically work 

based on air compression and diesel fuel – the combination of compression and injection of 

the fuel causes combustion and ultimately for the generator to start up. They then begin to 

produce energy in relation to the demand of the grid or microgrid (the load) they are 

connected to. (Shayeghi, H. and Alilou, M.) 

 

This type of technology is extremely useful for off-grid or remote areas which must 

rely on themselves for the most part for the production of power. It is also ideal for areas of 

the world which may lack reliable or non-variable resources which can produce other kinds 

of power (ex: extensive waterways for hydro, or sufficient sunlight for solar). However, it is 

still necessary to have large enough reserves or supply of diesel fuel to sufficiently run these 

generators when there is demand – if the fuel is not a naturally occurring resource in the 

area. 

 

For example, Old Crow is a highly remote, small indigenous community in the Yukon, 

80 miles above the Arctic Circle. The population currently stands at 300 to 380 individuals 

and in the past their community had been burning as much as 200,000 gallons (757082.4 

liters) of diesel fuel per year. A 2018 publication by HOMER Energy reports that following 

a fuel shortage in 2017, fuel had to then be flown into the community from an even further 

away location and resource. That same year, the Vuntut Gwitchin First Nation community, 

along with the ATCO Electric utility and Yukon University, set about preventing this kind 

of event by putting in place a solar/PV plant in Old Crow.  

 

In Chapter 2.3, this report outlined the localized effects of climate change faced by 

rural Arctic communities, which included the possibility of roadways or bridges being 

impacted by lack of freezing. The catalyst to the fuel shortage in Old Crow that year was an 

important ice bridge failing to freeze “early enough to bear traffic.” The diesel fuel that had 

to be then flown into the isolated community incurred record-high costs. To give an estimate 

of the cost to fly in enough diesel fuel for less than 300 people in a remote Canadian Arctic 

community, the NWT community Paulatak (more recently in 2019) needed to fly in fuel by 

air when the annual supply did not arrive by ship. For Paulatak (265 inhabitants), this crucial 

import amounted to 1.75 MUSD and needed to be completed over multiple flights. 

(Thomson, J. 2019) Again, for context, Old Crow has between 300 and 380 residents.  

 

In July of 2018, the new solar project began construction primarily in order to tackle 

such energy security problems, as well as the persisting issue of the diesel emissions and 
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noise pollution from Old Crow’s primary fuel source. As per an agreement with ATCO, the 

Vuntut Gwitchin government was set to fully own and operate the new solar/PV system for 

the 25 years it was contracted for. (Francklyn, L.) 

 

More recently, the Arctic Council published an interview with Vuntut Gwitchin First 

Nations Chief Dana Tizya-Tramm last December, discussing the completed Arctic 

solar/PV+battery installation (the specifications of this type of technology being discussed 

later in this section). Old Crow’s renewable energy system is said to save 190,000 liters of 

diesel fuel annually, which amounts to a reduction of 680 tons of CO2 each year. (Arctic 

Council News 2020) 

 

Earlier in the summer of 2020, the University of the Arctic (UArctic) published an 

update on the project and the power systems impact study performed by Yukon University’s 

Northern Energy Innovation (NEI) team. This was done to determine the amount of energy 

from the sun that could be integrated into the new system at Old Crow without impacting 

the reliability of power in the community. This university study, as well as the NEI team 

taking the time to train Vuntut Gwitchin community members on how to maintain and 

operate their system, was immensely beneficial. Above all things, it meant that the Old Crow 

solar/PV system would be able to run without its diesel fuel generators for a non-consecutive 

> 100 days of the year. (Hallett, K.) 

 

This example shows the kind of logistical and economic complications that may arise 

when utilizing diesel fuel as a primary energy technology, and how RE like solar can 

overcome these challenges. 

2.4.3 Hydropower 

With the exception of the Nunavut region in Canada, Grímsey, and Svalbard, the 

majority of the Arctic locations discussed within this report use hydroelectric energy 

systems. Therefore, this more prevalent technology type should be investigated further in 

this report, as this will greatly assist in answering the questions posed by this paper in 

Chapter 1. In the later chapters of this paper, hydropower will be a useful point of 

comparison in regards to which technologies are chosen over others and why, depending on 

the area.  

 

This overall helps inform the findings of this report, as well. For example, hydropower 

is often an unrealistic choice for implementation in most off-grid, traditionally isolated 

communities. This can come as a result of traditional hydropower resources being 

unavailable, ice buildup from extremely low temperatures, or even the lack of grid 

connection. 

 

Hydroelectric plants convert the energy from flowing water into electricity. As the 

water cycle is considered to be constantly replenishing, hydro is a renewable power source. 

It is the most widely used RE source for electricity generation in the world (IEA 

Renewables), and can be combined with other RE technologies to create greater reliability 

and output potentials. (Gabbatiss, J. 2021) 
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Figure 2.6 World RE Generation by Source (Ritchie, H., and Roser, M.) 

 

In 2019, there was 15.6 GW added installed hydropower capacity in the world, with a 

total 1,308 GW in total hydropower capacity. Electrical generation from hydro reached 

4,306 TWh in 2019. (Figure 1.1) China, Brazil, and the United States lead in installed hydro. 

Norway ranked 15th in added global hydropower capacity. Sweden was 34th and Finland 

36th according to the International Hydropower Association’s 2020 status report. (IHA) 

 

In the Arctic, as of 2013 there was over 80 GW of power in the Arctic generated by 

hydro (AMAP) with many existing untapped potential areas and sources for hydroelectricity. 

The challenges unique to the Arctic in terms of new hydro facilities includes difficulty in 

building hydro infrastructure in the harsh environment, constraints in hydroelectric 

operation from ice in reservoirs (or in rivers depending on the type of power plant), and 

transmission infrastructure. (Alfredsen, K. Killingtveit, Å., and Hamududu, B.) 

 

Although used much more frequently than VRES like solar and wind in the Arctic, 

and in the world at large, hydropower is not exempt from certain issues related to seasonality 

and variability. This is of course referring to years with large amounts of precipitation vs 

years with long dry spells. Climate change will also add additional challenges, making the 

amount of power generated from hydro less predictable as time goes on. 

2.4.4 Wind Energy 

Wind energy facilities utilize the wind to provide mechanical power via turbines in 

order to turn electrical generators. Wind turbines can be clustered in “farms” onshore, or 

offshore on deep ocean platforms. When the wind blows past the turbine, its blades capture 

the kinetic energy of the wind and rotate, transforming it into mechanical energy. An internal 

shaft is activated, and spins a generator which then produces the electricity. 

 

Like solar/PV, wind energy is a VRES similar to what is seen below in Figure 2.7. 

Wind resources are typically weaker in summer months, when electricity demand is highest. 

Wind VRE then reaches its highest peak in the wintertime, when demand is typically at its 

lowest. (Clayton, M.E., et. al.) These characteristics can prove to be both a major issue and 
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a benefit where Arctic wind installations are concerned, as the Arctic sees a major rise in 

demand during the long, cold winters. However, any amount of seasonality may not be ideal 

at first glance in an area with such specific needs.  

 

As discussed in earlier sections, wind energy has already made up a significant portion 

of the energy landscape in Arctic Finland (Lapland) and in parts of the Canadian Arctic – 

with further capacity to come in the former. Combining wind with solar is also a topic of 

discussion in the Arctic, as wind is more frequent in the winter and sun endless in certain 

summer months. A combination of these two sources may offer opportunities for Arctic 

communities. 

 

In NW Alaska, such a system has been in place since 2019 at the Inupiat village 

Deering. The generators at this installation are then able to be completely shut down for 

longer periods than is possible in other parts of the Arctic. Then in 2014, Kodiak, Alaska 

successfully combined wind turbines with hydropower and became virtually carbon neutral 

in its power generation. (Rosen, Y.) 

 

Certain hazards related to wind energy in the Arctic still exist, such as the potential 

icing or rusting of turbine blades and high upfront costs. When installing large wind turbines, 

for example, a sizable enough crane is required. (Rosen, Y.) These kinds of large 

construction equipment may not be realistic pricewise for certain remote regions. However, 

just as with solar, advancements in wind energy technology have resulted in a much more 

realistic figure for their cost of installation and operation. 

 

For example, the QEC has focused in on wind energy for powering Nunavut following 

improvements in wind technology. They and other Arctic communities, including the NWT 

in Canada, have used projects in Alaska as a point of reference as well as research for the 

implementation potential in their areas. (Rosen, Y.) 

2.4.5 Solar Energy 

Solar/PV involves the conversion of light from the sun into electricity using the 

photovoltaic effect. It most commonly comes in the form of solar panels which can be placed 

on rooftops both at individual households and businesses, or in larger solar parks for industry 

use. It is a type of variable renewable energy source (VRES). 

 

Generation of solar is often seen as a bell curve, with levels naturally rising and then 

falling again depending on time of day. In Figure 2.7, you can see that solar insolation (in 

Wm-2) throughout the season is extremely limited in the higher latitudes (60-degrees North 

and greater). If we focus on the red and yellow bell curves, significant daylight hours appear 

to be restricted to between the March and September equinoxes. Solar generation is of course 

not possible outside of daylight hours – making Arctic installations more complicated than 

most.  

 

The full magnitude and duration of solar variability can be seen more clearly in these 

month-to-month models, where massive peaks can be seen in summer and massive lows in 

winter. 
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Figure 2.7 Intermittency of Solar Insolation by Season and Geographic Location 

(Arctic News) 

 

Solar/PV is a cheaper technology option, as well. It has a lower capital cost than wind 

energy. Additional solar has seen faster cost reductions than wind energy over the previous 

decades. (Ringkjøb, HK., Haugan, P., and Nybø, A.) However as discussed in previous 

sections, solar exhibits variable generation. Solar plants in the Arctic will require the 

inclusion supplementary technologies such as storage or alternative generation sources. 

Storage technologies such as battery technology has seen performance gains in colder 

climates and costs continue to fall. 

 

This solar installation at the Svalbard airport in Longyearbyen is grid-connected and 

was intended to counter-balance the relatively high emissions of the air traffic. Out of the 

44 airports owned by Avinor (Avinor – The Avinor Group), 18% of the company’s total 

airport emissions come from the Svalbard site. It was therefore a priority to develop some 

manner of RE system here. Although this project is not solely responsible for serving an 

Arctic community, it indicates very clearly how photovoltaic system production can be an 

interesting option for high-arctic communities such as Svalbard.  

 

The initial development phase of the project in Svalbard Airport involved the 

installation of rooftop panels, as well as a system in the exterior wall of the main terminal. 

In 2017, it was fully completed by means of a massive expansive of the wall-mounted 

installation and an additional setup in hangar 1. (Power Controls AS)  

 

Now, the northernmost commercial airport in the world is capable of producing around 

75,000 kWh of electricity each year from solar energy alone. The Svalbard system is 140 

kW in total, and has been able to remove about “70 metric tonnes” of CO2 from the Arctic 

atmosphere annually. 10% of the airport’s electricity usage is offset by the solar/PV system, 

as well. (SunPower) 

 

For example, the solar panels used at the Svalbard airport installation are SunPower 

Maxeon panels. They have lower degradation rates and can generate 35% more energy from 

the same amount of space as conventional solar panels. Due to this performance, the system 
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was actually said to be “overproducing”. This is an example of the ways in which solar 

technology as a whole is advancing and how many companies are able to now broaden the 

application of solar energy worldwide. (SunPower – Maxeon Solar Panels)  

 

The operations manager at Svalbard airport was cited as describing the colder Arctic 

temperatures, and the reflection from the snow, as being extremely ideal for photovoltaic 

performance. Mounting the panels on rooftops and walls solves the issue of constructing on 

top of permafrost, as Svalbard airport is built entirely on Arctic permafrost. The remaining 

main challenges of the airport installation, as well as for current and future solar/PV in 

Svalbard, are of course the long periods of time without sun (i.e., the four months of polar 

winter). The fourth phase of the Svalbard airport solar project was originally projected for 

2020/2021 and was expected to involve a quadrupling of the installed solar power, which 

could then be fed back into the grid. (SunPower) 

2.4.6 Microgrids and HRES 

As previously stated, this report includes isolated, remote off-grid locations and will 

not be a sole focus on the more well-connected regions of the Arctic. This means that the 

technology put in place in these more uniquely located Arctic communities will need to 

involve a decentralized system of some kind. These include SAPS or remote area power 

suppliers (RAPS) -- off-grid electrical systems for locations lacking an electricity 

distribution system. 

 

Microgrid systems that include energy storage systems (ESS) have been argued to be 

efficient solutions for extremely spread-out communities that are too remote to be practically 

considered to be connected to a centralized grid. As the world moves towards more 

sustainable energy forms, the concept of microgrids has been brought up as a means of 

integrating distributed generation (DG) systems like solar/PV in order to reduce GHG 

emissions and provide greater reliability. (Sood, V. K., and Abdelgawad, H.) 

 

This paper defines microgrids as an interconnection of DGs integrated with ESS, 

operating autonomously as a single system on the small-scale to meet customer’s local 

energy needs. A control system is a key feature that mark microgrids as unique. (Sood, V. 

K., and Abdelgawad, H.) 

 

When it comes to microgrids, smaller-scale DGs are typically utilized, with installed 

capacities of kilowatts (ex: solar/PV arrays). The inclusion of ESS helps mitigate power 

quality issues and overall efficiency. These ESS must be able to provide the needed power 

to balance system disturbances and RE intermittency -- therefore they could be the ideal 

devices for solving reliability problems in hybrid energy systems. (Sood, V. K., and 

Abdelgawad, H.) 

2.4.6.1 Solar+wind+battery+diesel generator HRES 

As many of the traditionally remote Arctic locations detailed in earlier sections 

(particularly those in Arctic Canada and Greenland) have experimented in using 

solar+battery+diesel components, this type of HRES should be included separately in this 

chapter. While there has been countless research on renewables like solar/PV, wind, and 
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HRES as a means of providing clean and convenient energy to isolated or rural communities, 

research specifically looking at their application in the Arctic has somewhat lagged behind 

the RE industry. Existing studies on established isolated and grid-connected systems in the 

Arctic helped inform this report’s investigation into RE technology. 

 

Hybrid systems are a combination of energy sources, as described above, and are 

intended for back-up power during shortages or during peak demand. All components in the 

HRES are used as efficiently as possible to reduce downtime. (EAI) Three basic elements 

are needed in HRES: the power source (or sources), the battery, and the power management 

system (or inverter). Examples of types of power sources and battery banks can be seen 

below in Figure 2.8 Power management regulates energy production from each source, 

controls energy use, and protects the battery from service extremes. 

 

 

Figure 2.8 Diagram of Hybrid Renewable Energy Systems (Department of Energy) 

 

A solar+battery+diesel generator HRES combines the power source, solar/PV and 

diesel generator, with a battery (the ESS).  (EAI) 

 

Wind power can also be integrated into such a system to better account for 

intermittency. The case studies presented in the Nordic Council’s 2018 publication on 

Energy in the West Nordics and the Arctic included a pilot project with such a system in 

southern Greenland, set up the previous year by the energy company Nukissiorfiit. The 

chosen site was in Igaliku, where the annual electricity consumption of its 23 residents 

totaled 170,000 kWh, or 55,000 liters of diesel fuel. Intended to determine the future success 

of Arctic renewable energy systems in locations with similar conditions, the introduced 

system was intended to provide energy to Igaliku for at least half of the year. Traditional 

diesel fuel generators were thus expected to take over in the harsh winter months. The 

Igaliku project involved solar panels, wind turbines, a battery bank, and diesel generator 

backup. 

 

At the time of the 2018 paper, the 20 kW capacity wind turbines were mounted onto 

the solar panels, but these were removed from the site in 2019 due to technical issues. 
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Barriers to construction and operation at the site due to the harsh weather conditions were 

overcome by securing solar panels to concrete blocks and performing construction during 

the summer months. This report by the Nordic Council concludes by stating that this hybrid 

system model could be replicated across the Arctic should it prove successful, and lists 

settlements with similar characteristics as Igaliku.  

 

When supplied with green electricity, these extremely remote settlements could in 

effect save between 50 and 60 percent annual diesel consumption -- drastically reducing CO2 

emissions in the Greenlandic Arctic. As of today, the Igaliku pilot project cannot be called 

a success, but it exists as a helpful look into how research into renewables in the Arctic have 

been tested over the past couple years. (Rud, J.N., Hørmann, M., Hammervold, V., et. al.) 

2.4.6.2 ESS/Battery Back-up 

In general, battery storage technology has flexibility of scale, making it well-suited 

for implementation in smaller systems. (IRENA 2019) As the sun in circumpolar areas does 

not shine at all during varying degrees in the winter months, long-term or back-up storage 

of some kind will be important to make many of these above systems feasible. 

 

In Arctic environments the battery needs to be located indoors or inside a very acidic 

container in order to protect its integrity against the harsh elements. This remains the primary 

roadblock of battery technology implementation in Arctic HRES. 

 

Many developments in containerized ESS will improve the ability of HRES to operate 

in Arctic environments. The inverter component is what gives the system the ability to utilize 

generated solar energy, as well as allows for higher output to be generated from the solar/PV 

source. (Najafi, E. and Prabaharan, N.) This is important when in areas with low solar 

energy. 

 Reliability and Cost Concern for Arctic Energy 

Transition 

In previous sections, the reliability of diesel fuel as an issue of security of supply was 

discussed. The high cost and unpredictable nature of prices was also referenced as a diesel 

fuel reliability issue. As this report is assuming that concerns related to reliability of RE and 

their associated costs are the primary roadblocks for their implementation in the Arctic, this 

must be briefly explored and contextualized as well. 

 

By definition, the reliability of a system covers its ability to supply the energy required 

by the customers at all times, and to withstand sudden disturbances (Rausand, M. and 

Høyland, A.) The variability of RE like wind and solar often bring this ability into question. 

 

When discussing the cost of renewable energy systems, factors like construction, 

operation, and maintenance of systems should all be considered and factored in. Without 

subsidies or government funding/programs, it can be assumed that many of these smaller, 

more traditionally isolated communities may not be able to afford the initial costs alone. 

 

As this paper will not be performing an economic analysis of renewable power systems 
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in the Arctic, but will rather be investigating whether or not it stands as a primary barrier 

along with reliability, the discussions about RE cost will be limited. This includes the 

following costs related to renewable energy systems in Chapter 2.5.2, as well as the 

previously mentioned cost of electricity in certain remote areas. 

2.5.1 Energy Transition and Reliability 

As seen in Figure 2.7 earlier in this chapter, solar and wind energy both produce 

variable amounts of power. This is an unavoidable result of phenomena such as the day-and-

night cycle and the weather. In the context of the Arctic, there is of course the added polar 

night between mid-November and end of January. This can even extend as long as late-

October to mid-February. (Spitsbergen – Svalbard 2018) Then during the summer months, 

typically during the months of April through July, there will be constant solar energy 

available under optimal conditions. 

 

These external factors are what make VRES “intermittent”, meaning the amount of 

energy produced can be very high and exceed the current power demand -- or it can be 

nonexistent and fail to meet demand. Therefore, when utilizing certain RE types like solar 

for electrical generation there can easily be either an excess/surplus or insufficient amount 

of power generated. 

 

ESS comes again as a potential solution, accounting for the natural variations in solar 

irradiance. For example, it was found that the “storing of energy would be necessary in 

Svalbard if the primary energy sources to be installed [were] fluctuating.” (Rud, J.N., 

Hørmann, M., Hammervold, V., et. al.)  

 

A 2018 study condensed the findings of 16 different papers on the topic of renewables 

and reliability into a complete look at the current state of the debate. It found that most 

papers spent time questioning the reliability of RE compared to those who focused more on 

supporting RE reliability – seen below in Figure 2.9. (Ahmed, S.U., Ali, A., and Memon, 

A.) This points towards the current report’s assumption that reliability stands as a primary 

roadblock for renewable energy system implementation. 

 

 

Figure 2.9 Difference Between Number of Studies Which Provide Evidence Against 

RE Reliability 

(Ahmed, S.U., Ali, A., and Memon, A.) 
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The various solutions proposed by each paper were then similarly collated in the 2018 

reliability study. (Figure 2.10) It was found that the majority of researchers recommended 

grid-related or storage solutions to make up for RE reliability issues. Hybrid systems were 

included among the most often proposed solutions, as well. The determination made 

separately from the findings of the reviewed papers was that forecasting and storage solution, 

along with smart or hybrid grids, were the most likely to succeed in making renewables more 

reliable. In general, the study concluded by stating 15 out of the 16 papers that were used to 

form their argument believed renewables to be unreliable until specifically grid instability 

and fluctuations in production were addressed. (Ahmed, S.U., Ali, A., and Memon, A.) 

 

 

Figure 2.10 Solutions to Increase RE Reliability from Chosen Studies 

(Ahmed, S.U., Ali, A., and Memon, A.) 

 

The methods suggested to enhance reliability indicate where most of the industry and 

consumer concern comes from. Only through an investigation of the target area, and through 

interviews with industry experts, can it be determined if reliability is truly the primary barrier 

to implementation. 

2.5.2 Cost of Energy Transition 

Construction, operation, and necessary maintenance of renewable installations like 

solar farms or wind turbines is a factor for any RE infrastructure. When these projects are 

being considered for the Arctic, there is also a need for factoring in the cost of transporting 

building materials to these areas. The harsh conditions, remote nature of certain 

communities, and infrastructure challenges due to land characteristics all add up. 

 

The Office of Indian Energy Policy and Programs at the US Department of Energy 

(DOE) has published several papers and reports on their RE projects in Alaska. The focus 

has been to emphasize the use of renewables like solar and wind in remote Alaskan villages 

in order to displace the use of diesel fuel. In September 2020, the DOE and US 

Environmental Protection Agency (EPA) prepared a report on “Affordable and Reliable 

Options for Meeting Energy Needs and Reducing Emissions” in remote Alaska for 

Congress. Several cases and papers from the Office of Indian Energy Policy and Programs 

were cited in the recent report to further support their overview of potential energy-saving 
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measures in the area. 

 

The report maintains that the energy diversification efforts in Alaska have been mainly 

driven by: fluctuations in oil prices, technological advancements and cost reductions in RE 

infrastructure, and the need for self-sufficiency in remote Alaskan communities. This comes 

directly from a 2016 paper on remote Alaska’s solar energy prospects by the DOE Office of 

Indian Energy, which also emphasizes the price of diesel fuel electricity generation in rural 

Alaskan villages being 8-times the national average. 

 

The Fort Yukon and the Hughes installations are referenced in the 2020 EPA/DOE 

report and stand as functional examples to back up their discussion. In Fort Yukon, which 

has a predominantly Gwich'in native population, an 18 kW solar array helps save “more than 

780 gallons [almost 3,000 liters] of diesel per year”. In the more recent Hughes, Alaska 

installation there exists a 120 kW solar/PV system that is expected to save the village 25% 

diesel fuel use and $1 MUSD. Following their assessments of the best uses of RE in remote 

Alaska, the report concludes with various options for funding to assist the region in meeting 

its energy needs. (Schwabe, Paul) (US Environmental Protection Agency) 

 

However, as discussed earlier there have been many advancements in technologies 

like solar which allow it to be a much cheaper option. Solar has a lower initial investment 

cost than wind energy, and its increased presence in the world’s renewable mix make its 

technology price lower each year. (Ringkjøb, HK., Haugan, P., and Nybø, A.) 

 People and Community Perspective 

The findings of this paper’s literature review all contribute towards the ultimate goal 

of creating a profile on and analyzing the energy systems of the Arctic, and of identifying 

barriers to renewable energy systems therein. As the needs and concerns of these Arctic 

communities play a significant role in this investigation, the findings of the literature review 

will now be put into the context of people and community perspectives. 

 

These perspectives range from individuals within the highlighted Arctic communities 

to government and/or local governments. The general sentiment on the previously discussed 

alternative technologies remained mostly unchanged across the Arctic region, with a couple 

standout cases related to country or demographic-specific concerns.  

 

Perspectives of local stakeholders as well as governing bodies (both national and local) 

should not be overlooked when exploring the reasons behind the utilization of one energy 

resource over another. When Iceland transformed its primary energy system, for example, 

the move to geothermal was massively due to the Icelandic government’s drive to escape 

the hardships of the fluctuating oil prices of the era. (Logadóttir, H. H.) 

 

Historically more disputed than geothermal, hydroelectric power stations have been a 

particular source of discussion among local and government stakeholders in regards to 

disruption of landscape and therefore local economies and/or cultural significance.  

 

For example, in Iceland hydropower dams have been a hot topic for the past couple 

decades. For example, Kárahnjúkar dam (690 MW) initially faced opposition from Iceland’s 

National Planning Agency eight years prior to its opening in 2009. (Jakobsdóttir, S.)  
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The Agency ruled against the project, with the National Power Company and 100 

residents of East Iceland appealing the decision. Many environmental non-profits and 

conservation groups were also in opposition of the dam. However, later that same year the 

Minister for the Environment at the time reversed the Agency’s verdict and agreed to the 

plant. This was decided based on the condition that “20 conditions on environmental 

protection [were] met.” (Jakobsdóttir, S.) This shows the back-and-forth that comes with 

public perception vs that of the government regarding energy systems in Iceland – or at times 

even different governing bodies against one another. 

 

A study from 2021 on the Hvammsvirkjun project (95 MW installed capacity) used 

semi-structured interviews to investigate stakeholder perspectives, with social acceptance 

being among the criteria. The results of this study showed a belief that the new run-of-the-

river plant would result in an increase of short-term job growth while also potentially 

reducing the value of farmland and recreational fishing activity. (Voegeli, G., et. al.)  

 

Most importantly, it was found that the planning phase alone of the Hvammsvirkjun 

hydro project created “tensions and conflicts within local communities” who saw the dam 

as a disruption of their culture (by altering the familiar landscape they grew up around, for 

example). (Voegeli, G., et. al.) This is an indicative example of how the sizeable and 

typically very construction-intensive hydroelectric projects are perceived across the Arctic 

region, where many landscapes are dramatic and potentially preserved either for cultural or 

ecological significance.  

  

It’s equally important to explore public perceptions, if any, surrounding the less-

explored Arctic renewable energy sources like wind and solar/PV. Wind energy in particular 

suffers from the “NIMBY” phenomenon, or “not in my backyard.” A 2021 study on the 

tourist industry’s attitudes towards wind energy development found that, in general, the 

opinion on wind energy itself (as a technology) was considerably positive. (Sæþórsdóttir, A. 

D, Wendt, M., and Tverijonaite, E.) 

 

However, when surveyed about “specific proposed wind farms” opinions and attitudes 

were markedly different. The primary concerns that surface when wind turbines come up as 

a regional prospect are typically potential: noise pollution, health impacts, visual impacts, 

and type of landscape where proposed wind farms will be located. (Sæþórsdóttir, A. D, 

Wendt, M., and Tverijonaite, E.)  

 

Outside the overarching concerns, some region and community-specific issues related 

to the implementation of wind energy in the Arctic come into play in both Arctic Finland 

and Sweden. As mentioned previously in Chapter 2, the Lapland (Arctic) region of Finland 

is extremely ideal for wind energy. However, local communities have often resisted, due to 

the impact on land use. (The Arctic Institute) 

 

As Norrland (Arctic Sweden) takes on ambitious new wind power projects, such as 

Markbygden wind park, it should be noted that many community members, particularly 

Arctic Sweden’s Sámi population, do not view the installation of wind turbines as beneficial. 

Reindeer herding in particular stands to be potentially heavily disrupted by the construction 

and operation of wind farms in Norrland. Migration routes and grazing areas are under threat 

by climate change, as previously discussed, but can also be extremely threatened by wind 
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farms. (McGwin, K.) 

The increased sustainability and energy efficiency are not an issue with these 

indigenous groups, but instead it is the threat to their way of living that causes these concerns 

to surface when RE is being considered in these regions. (McGwin, K.) 

Solar/PV is an especially tricky energy resource to introduce conceptually in the Arctic 

region, especially when existing installations in the area may not have as much exposure as 

other technologies. It may not translate to being very feasible at first glance, for example, 

due to the reliability and insolation issues discussed earlier in this chapter. 

There are also bureaucratic challenges of implementing solar in these regions, 

naturally, as is with any newly introduced industry in an area. (Martin, D.) However, in the 

extremely remote areas there may be a government push for renewable energy sources like 

solar to fight high diesel fuel prices. As the solar industry burgeons in the Arctic, so will 

greater data on public perceptions surrounding the resource. Then better comparison can be 

made in regards to this. (Rosen, Y.) 

However, as early as 2011 solar was being defended by researchers from Sweden, 

Norway, and Finland who were working towards addressing misconceptions about the 

renewable energy source. (Nordic Energy Research) Their pilot installation back then, along 

with the other test sites for solar already discussed in this paper, stand to sway public 

perception as technology advances and numbers on its capability in polar regions become 

more available. 
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Chapter 3 

3Methodology 

 Prefeasibility Study 

Out of the regions investigated in the previous sections, Longyearbyen, Svalbard and 

Grímsey were chosen for the models of two different off-grid hybrid renewable systems. 

This was largely due to the fact they are both extreme examples of diesel fuel-dependent 

locations in remote locations. They rely primarily on diesel and/or HFO for their electricity 

production, and require a reliable source of energy due to their location and circumstance. 

 

This study was primarily intended to answer the following questions: 

1. Are HRES a reliable means of reducing diesel dependence in the Arctic? Is 

there enough production capacity to satisfy demand reliably at all times? 

a. Can the high variability of solar/PV be managed by battery back-up 

alone in the high Arctic? 

b. Are additional diesel generators necessary for fulfilling the energy 

needs of high Arctic communities? 

2. Will these hybrid RE systems still sufficiently displace a significant amount of 

fossil fuels in order to reduce emissions when back-up diesel generators are 

used? 

3. If proven successful in terms of both reliability and reducing GHG emissions, 

can solar+battery storage+diesel generator systems be implemented in other 

locations of similar geographic and climatic characteristics, and to a similar 

degree of success? 

 

In order to answer the above research questions, a preliminary simulation model of an 

HRES using a modelling software was performed in both Longyearbyen and on Grímsey. 

Based on the information generated by these preliminary simulations, particularly from the 

pre-sizing functionality, important parameters for the final full-scale simulation models for 

both locations could be better informed. These final simulations were performed, and project 

results obtained. However, these final models for Longyearbyen and Grímsey were unable 

to account for crucial aspects which lead to the conclusion that the modelled systems were 

inefficient means for testing performance in these Arctic locations, or impossible without 

pilot project data. 

 

In order to determine the actual performance and feasibility of solar/PV installations 

in the Arctic, researchers would instead need to perform a real-world trial. Such experiments 

would need to involve the construction of a solar plant in the desired high Arctic location. 

Then authentic data could be extracted from a realistic setting and solar performance. 
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The final models for Longyearbyen and Grímsey were primarily unable to account for 

shed, unique panel tilt angle, and panel distance – which was found to be overall indicative 

of not ideal system for high Arctic locations. 

 

The number of sheds is the number of rows in a solar installation, and is needed when 

designing a system to ensure that the first row (and any subsequent rows) is/are not being 

shaded by the others. The issue comes into play when solar power plants are set up in higher 

latitudes, as there is much more shading present when the sun is lowest on the horizon. 

Therefore, shed is a major issue within the Arctic. Hence why the installation at the Svalbard 

airport had its panels mounted on the exterior of the building. PVsyst does not have the 

capabilities of completely accounting for this geographically specific issue on a precise 

enough level. 

 

It was discovered that the necessary, dramatic increase in the tilt angle required an 

equally dramatic distance between the rows to prevent inter-row shading. PVsyst has the 

ability of giving you the results and performance of a system with such steep panel tilt angles 

under normal circumstances, without factoring in the real-world implications of how far 

spaced out the actual, constructed solar field would need to be. 

 

One such pilot solar project is being undertaken by a PhD student from the Norwegian 

University of Life Sciences (NMBU) on the performance of solar technology in Svalbard 

(more specifically, at Adventdalen). His research will ideally contribute to the future 

knowledge of ground-mounted solar power plants and the full potential of their performance 

in such harsh climates. (Frimannslund, I., Thiis, T., Aalberg, A., and Thorud, B.) 

 

This is not to say that PVsyst cannot be a useful tool for the future of Arctic solar 

and/or HRES feasibility and reliability studies, however. The pre-sizing feature on the 

software allows researchers to gain an initial understanding of how a system may perform, 

or what parameters are needed to determine the specifications of a real system. Crucial 

roadblocks can be identified as well, just like what occurred during this study. 

 

Ultimately, HRES modelling was deemed not suitable for this research project’s aim, 

and the final research questions were re-framed in the context of the investigation into Arctic 

energy systems and on potential, successful renewable systems in the area. 

 Expert Interviews 

In order to determine why renewables, such as the renewable energy systems modelled 

earlier in the prefeasibility study, might not suit the needs of these areas it became helpful 

to refer to the industry experts themselves. RE might not work for experts operating and 

working in the remote Arctic – this study assumes due to issues of reliability and/or cost. 

The responses to these interviews may confirm or deny this, but will above all elaborate on 

the investigation into Arctic energy systems to help identify the region-specific challenges 

and barriers to RE implementation. The catalog itself can be used for reference in the 

following interviews. 

 

The following questionnaire will be in the style of a structured interview, meaning it 

will follow a set of specific questions. This interviewing style is best suited for the aims of 

this project as it is used when the interviewer seeks information where all responses are 
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“directly comparable”. The questionnaire will consist of queries that are a combination of 

fact finder, exploratory, and experiential interview types. (The Centre for Local Economic 

Strategies) 

 

All of the interviews were performed via Google Forms survey following an 

introductory email with the intended contact, which presented an overview of the research 

project and asked if there was interest and willingness to fill out the survey. Data from the 

interviews will be analyzed and used via citation, or by directly quoting segments of each 

interview in the main body of this report’s Results section. Before beginning each interview, 

ideally during the initial or follow-up emails, an inquiry will be made on whether or not 

provided information is not confidential.  

 

Each Google Forms survey is identical per targeted country (Iceland, Norway, 

Greenland, Canada, Finland, and Sweden) with the exception of Question 6 where the 

primary energy system known to be there (based on the previous literature review) was filled 

in. There also exists an added comment regarding Grímsey in the Google Forms survey for 

Iceland, in the optional supplementary question section of the form. 

3.2.1 Questions List 

The queries on the individual Google Forms surveys were developed according to the 

information sought to help in answering the research questions posed by this project. 

 

Discovering the background on the individual expert or specialist is the first priority, 

along with determining which particular Arctic systems they are responsible for and/or most 

knowledgeable about geographically and technologically. 

 

Following the introductory questions, it was then necessary to develop questions 

which help determine the existing energy systems and the potential, or status of, renewables 

in the area or areas of interest. 

 

Supplementary questions were developed which allowed for more specific 

information to be given regarding off-grid systems if applicable. These final questions were 

written to be optional. They should also serve as an addition to the prefeasibility study 

discussed above using PVsyst for modelling the feasibility of extreme-case remote locations. 

 

The stakeholders targeted for this questionnaire were industry and/or power systems 

experts or specialists with knowledge pertaining to the Arctic regions of Iceland, Norway, 

Greenland, Canada, Finland, and/or Sweden discussed in this paper’s Literature Review. 

These surveyed individuals were chosen due to the assumption that they would possess the 

greatest ability to determine why RE might not suit the needs of these Arctic regions. They 

could also provide an accurate and well-informed idea of the current state of energy in the 

Arctic, overall. 

 

Before the final surveyed individuals could be found and sent the survey, upon 

agreement of filling out the survey, a wide net was cast within applicable departments, 

agencies, etc. In this initial investigation inquiries and requests for leads were made 

concerning any potential contacts to send the questionnaire to. Following this, a shortlist 

could be made for whom to request a completed questionnaire from. More project-specific 
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individuals from the most applicable backgrounds and experiences could then be more easily 

identified. 

 

The questions used in the final list sent out to potential experts and/or specialists are 

listed in their complete structure below. 

 

Again, for Question 6 the blanks were filled with the information supplied from this 

paper’s Literature Review. For example, in the Google Forms survey for Iceland, Question 

6 reads “To the best of your knowledge, why were hydropower and geothermal primarily 

chosen for Iceland's electricity generation?” 

 

Screenshots to all of the individual country questionnaires have been included below 

in this paper’s Appendices for further reference. 

3.2.1.1 General Questions 

1. What is your job title? 

2. What operations and/or functions do you typically oversee? 

3. Are you responsible for, or a specialist in, any energy systems in remote high 

Arctic regions? If yes, which one or ones? If not, are you familiar with the types 

of energy systems in these areas? 

4. What are the issues, if any, that you think exist within the Arctic region related to 

these power and energy sources/systems? If you are not familiar with these, please 

answer N/A. 

5. What are your long-term development plans for the current energy system in your 

location(s) of expertise? 

6. To the best of your knowledge, why was [their current energy source and/or 

system] chosen for [location]’s electricity generation? 

7. Do you believe this energy system or source to be well-suited for this area as the 

situation stands today? Why or why not? 

8. Are there any specific local issues you wish to elaborate on? 

9. If the Arctic region you are most familiar with does not currently have an energy 

profile that includes renewables, can you elaborate on why this might be? For 

example: 

a. What are the challenges of implementing renewables in this area? 

b. Why has renewable energy not been used on a wider scale in this area? 

c. If not applicable, and renewable energy sources make up a significant part 

of this region’s energy profile, please answer N/A. 

10. If the Arctic region you are most familiar with has an energy profile that currently 

includes renewables, can you elaborate on their performance? For example: 

a. How have they been able to meet the local energy needs and demands? 

b. What were the challenges, if any, when implementing renewables in this 

area? 

c. In your opinion, what are the primary roadblocks to a more widespread use 

of renewables like solar or wind in this region? 

d. What aspects would you consider having the greatest influence on the use 

of solar or wind in this area? 

11. Is there anything more you would like to add about the state of renewable energy 

in your region and your perceptions about this as a means for meeting demand? 
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3.2.1.2 Additional Questions for Off-Grid Locations Under 1,000 People 

12. To the best of your knowledge, how close is the nearest power grid or grid-

connected area? If applicable, what makes grid connection impossible for your 

community? 

13. What is the primary energy mix and type of system used in the area you are 

responsible for? 
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Chapter 4 

4Results 

 Expert Interview Responses 

Of those contacted, a total of twelve experts and/or specialists agreed to being sent and 

were sent the survey. Out of this group, six of the stakeholders who were targeted for this 

questionnaire agreed to complete it. These individuals filled out and returned their respective 

country-specific surveys for the project. All those sent the survey completed and sent back 

their answers by means of the provided Google Forms document(s). 

 

Although the questions were developed for the previously discussed Arctic regions of 

Iceland, Norway, Greenland, Canada (distinguished separately by territory as: the Yukon, 

NWT, and Nunavut), Finland, and Sweden -- feedback only came from Iceland, Greenland, 

the Nunavut region in Canada, Finland, Sweden, and Svalbard (Norway). Those interviewed 

(surveyed) were industry and/or power systems experts, specialists, and/or government 

representatives with knowledge pertaining to these Arctic regions alone. 

 

Respondents included: the retired Senior Energy Advisor of an Icelandic engineering 

consulting firm responsible for many renewable and/or transmission projects in Iceland, 

Norway, and Greenland, the Deputy Director General of the Finnish Government’s Energy 

Department, the Head of Executive Secretariat at Greenland’s national energy company, an 

Arctic RE specialist with WWF Canada, a renewable electricity analyst in Sweden, and Head 

of the Energy Department at Store Norske. 

 

All those surveyed confirmed via email response that their answers (responses) 

specifically would not be confidential. One respondent requested that their personal 

information, in particular information related to their professional background, remain 

anonymous. As previously mentioned, the data obtained from their completed 

questionnaires will be reported via citation. Any and all external information respondents 

chose to give outside of the format of the Google Forms questions will be included and 

described as such. 

 

Complete copies/screenshots of all individual, filled-out questionnaires have been 

included below in this paper’s Appendices for further reference. 
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4.1.1 Iceland, Former Senior Energy Advisor/Director of Energy at 

Mannvit Sigurður Arnalds 

The survey for Iceland was sent to one person and received one response, from 

Sigurður Arnalds. The respondent was Mannvit’s retired Senior Energy Advisor working in 

Iceland, who also had knowledge and experience in Norway and Greenland. In Iceland, 

Mannvit is an engineering consulting firm whose primary projects were “hydro, geothermal, 

and transmission”. Mannvit ran a majority of “hydropower and electric transmission” 

projects in Norway and Greenland. 

 

Sigurður Arnalds described his primary, previous job title as Senior Energy Advisor, 

and listed other last held positions as being the Director of the Energy Division and 

Chairman of the Board at Mannvit. His most applicable responsibilities while employed at 

Mannvit involved “leading the engineering division for energy production projects” which 

were within the aforementioned field (hydroelectric, etc.). The work for all regions involved: 

overall preparations and research, EIA, design, cost estimations, technical specs, creating 

contracts, and project management. 

 

He identified the basic power and energy issue of the Arctic region as being the 

availability (i.e., reliability) of RE resources. This refers more specifically to whether or not 

hydrological or geothermal resources exist in a particular area, and if they do, whether or 

not they can then be harnessed. The remote nature of certain locations also restricts greater 

amounts of interconnection, and as a result the reliability of systems in the Arctic. There can 

also be constraints related to the development of protected land. In regards to the systems 

and locations he was most familiar with, freezing conditions, high winds, and snowstorms 

with icing were all identified as the primary restricting conditions for the execution and 

operation of transmission lines. For hydroelectric plants, it was ice drift. 

 

The long-term development plants for Iceland, as described by Sigurður Arnalds, will 

involve increased development into geothermal energy and hydropower resources – as he 

identifies geothermal as the most economic energy solution for the country. He described an 

increased emphasis on wind energy, as well, “as wind power generally has now become 

economically as feasible as hydro and geothermal.” To increase overall national energy 

reliability, transmission will need additional reinforcing. 

 

An important note from his responses on why hydropower became a primary system 

for Iceland was that its development was largely driven by the fact that the sites for its 

development were extremely “economical”. This better informs the criteria scoring for 

economics/cost should future projects further explore this as a barrier to RE implementation 

in the Arctic. 

 

Another key point in regards to localized issues in Iceland is that “[T]he limiting factor 

for future development of the renewable Icelandic energy resources, apart from the limit that 

is defined by economic viability, is the concern for disturbance of natural features.” Which 

areas and features can be harnessed and developed is then determined by laws and 

regulations, the conducting of EIA, and permitting. 

 

The status of Grímsey was discussed, and it was stated that neither hydrological nor 

geothermal energy resources are available there, as was also discovered by this paper’s 

literature review. Fossil fuels, i.e., diesel fuel generators, were always the most economically 

viable solution for Grímsey -- however wind and solar/PV energy has become cost-efficient 

enough to be explored as a new option. He stated that these renewable energy sources are in 



58    

 

fact being “look[ed] at seriously” for the island and “for remote villages in Greenland”. 

Again, economics are the driving and limiting factors in these scenarios. 

 

As a whole, “primary roadblocks up to now are costs, which now have become 

comparable,” for solar/PV and wind in Iceland. One barrier unique to wind energy is also 

wildlife concerns from the public, especially in regards to the endangered Icelandic white-

tailed eagle. A complete implementation of solar/PV and wind on a national level would 

require: costs to be more competitive with hydropower and geothermal electricity, improved 

energy solutions for remote areas (i.e., Grímsey), and a decrease in the availability of 

feasible hydrological and/or geothermal resources/options which have not yet been 

harnessed. 

 

It is also important to note that the respondent described the current energy system of 

Iceland as ideally suited for meeting the electricity demands of the country. Furthermore, 

emissions as a result of meeting the nation’s electricity demand are “very low”. 

 

4.1.2 Finland, Current Deputy Director of Government of Finland Energy 

Department Timo Ritonummi 

The survey for Finland was sent to one person and received one response, from Timo 

Ritonummi. The respondent works with the Government of Finland, as the Deputy Director 

General of the Energy Department at the Ministry of Economic Affairs. He is not currently 

responsible for any energy system(s) but is a specialist in the types of systems in the country 

as whole, as well as in high Arctic regions. 

 

Mr. Ritonummi did not identify any issues he was aware of which exist within the 

region related to these energy systems. The long-term development plans for Finland’s 

current energy system(s) is to become a completely carbon-neutral system, which reaffirms 

the findings of this project’s literature review on the climate policy goals of Finland. 

 

According to the respondent, hydropower was chosen for Finland as early as the 

1920s. Thermal/biomass energy was introduced following the energy crisis of the 1970s and 

1980s. Mr. Ritonummi believes based on his knowledge and experience that these systems 

will continue to develop and progress over the years, due to their extreme suitability to the 

country and its energy needs. 

 

There were no specific local issues that the respondent wished to elaborate on, but in 

regards to the challenges of implementing renewables in Arctic Finland barriers such as 

“bioenergy availability, wind and solar availability, etc.” were identified. Mr. Ritonummi 

described the RE presence as being “as much as [is] economically feasible”. For solar 

specifically, variability in regards to what can be produced and how much energy is available 

at different times was stated to be the primary roadblock for Finland. 

 

Wind, however, was said to be “picking up quickly”. Mr. Ritonummi described the 

situation for wind energy in Arctic Finland as highly favorable, and that almost all of the 

new power production in the area is from wind power. 

 

Based on the limited responses of the survey from the Finnish Director of Energy, it 
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can be determined at least that the current energy systems identified by this paper’s literature 

review as existing in Arctic Finland are accurate. Furthermore, they are assumed to have the 

ability to support the local electricity demand, and may soon be supplemented by an increase 

in wind power for the area. This would greatly add to the drive towards lower GHG 

emissions in Finland as a whole. 

 

4.1.3 Greenland, Head of Executive Secretariat at Nukissiorfiit National 

Energy Utility Sune Tougaard 

The survey for Greenland was sent to one person and received one response, from 

Sune Tougaard. The respondent is currently Nukissiorfiit’s Head of Executive Secretariat 

working in Greenland. Nukissiorfiit is the government-owned energy utility company which 

is responsible for supplying most of Greenland with electricity (as well as with heating and 

water). 

 

Mr. Tougaard described his primary job functions at Nukissiorfiit as being economic 

and technical analysis, communications, and political stake holding. While not directly 

responsible for any systems in Greenland operated by Nukissiorfiit, the respondent’s 

position and job-based knowledge from working at the energy utility made his insight 

important for the purposes of this project. 

 

The issues identified by Mr. Tougaard regarding energy systems in Greenland, more 

specifically “stand-alone grids”, were those relating to the extreme dependency of the region 

on a reliable supply of power – particularly during the long, harsh winter months. Local 

issues related to the long distances between areas and the associated high costs of 

transmission were another crucial point made by the respondent. 

 

Mr. Tougaard stated that hydropower was primarily chosen to meet Greenland’s 

electricity needs due to it being a “sound long-term" investment which best utilizes the 

country’s local resources and decreases Greenland’s dependency on foreign oil imports. The 

latter note will be an especially helpful aspect for the final informed Arctic energy catalog. 

 

Nukissiorfiit’s future development plans according to the respondent include a 

continued implementation of RE throughout the various grids run and operated by the 

company. However, he emphasized that this plan must also involve the careful consideration 

of “security of supply and [economic] aspects.” This has been a running theme throughout 

the survey responses thus far, and helps support the previous assumptions made by this paper 

in its research questions regarding barriers to RE implementation. 

 

Mr. Tougaard went into further detail on the barriers to RE implementation in question 

9 and in the final two supplementary, optional queries on off-grid systems. He explained 

again that increased renewables in Greenland need a high security of supply which cannot 

always be supplied by the variability of solar/PV. In regards to an expansion of hydropower 

development in the country, the respondent named high cost as the primary roadblock for 

future/new projects. Smaller communities, such as those with “less than 20 inhabitants” 

make opportunities for hydropower less probable, as well. This reaffirms the findings of the 

literature review on extremely isolated communities in Greenland and their inability to 

utilize hydroelectricity like the rest of the nation. 

 

More specifically for wind energy, the respondent stated that it is currently being 
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tested by Nukissiorfiit but that issues exist related to turbine performance in the Arctic 

environments. The greatest influence on the use of solar/PV and/or wind in Greenland 

however was once again identified as being cost (“economy”). 

 

For questions relating specifically to those locations which are off-grid and/or 

extremely remote and under 1,000 individuals, Mr. Tougaard provided further insight. 

“Distance [makes] grid-connection impossible” and in areas such as these “only two cities 

are [connected]”. Nukissiorfiit is currently supplying 17 different cities and 53 different 

settlements, many of which face these issues of connection, etc. For the extreme locations 

highlighted by these supplementary queries, the respondent added that diesel fuel generation 

was highly used. 

 

It is also important to note that the respondent described the current energy system of 

Greenland as being ideally suited for meeting the electricity demands of the country, “given 

the [proper] considerations and calculations.” In Greenland, “[h]ydropower is performing 

very well” but some plants may require future expansion due to a rise in urbanization, he 

added. 

4.1.4 Canada - Nunavut Region, Specialist in Arctic Renewable Energy at 

WWF Canada Martha Lenio 

The survey for Nunavut, Canada was sent to two people and received one response, 

from Martha Lenio. The respondent is currently working as an Arctic RE specialist for the 

Nunavut region in Canada for WWF Canada. At WWF Canada, she is responsible for 

providing key energy policy recommendations and for on-the-ground support for 

community clean energy projects. 

 

Beyond this work, the respondent is a specialist in photovoltaics and serves on the 

Board of Directors for the QEC (Nunavut’s electric utility, as discussed in this paper’s 

Literature Review). She is also familiar with and knowledgeable about the QEC’s entirely 

diesel-based energy systems. 

 

The respondent made it clear that Nunavut has very different energy concerns and 

focuses from community to community. “Nunavut is massive” and 25 of its communities 

are extremely remote and only accessible by air or sea. No transmission lines exist between 

these areas and other populated parts of Nunavut. As each community is its own microgrid, 

they require differing RE solutions (as they also may have very different resources). 

 

Ms. Lenio separated the primary issues related to energy systems in Nunavut by fuel 

type, specifically between diesel (the dominant energy system) and solar (the up-and-coming 

system). The respondent confirmed that communities in Nunavut rely on diesel fuel for all 

of their energy needs. For diesel, she identified environmental, health, cost, and security of 

supply as the primary issues. 

 

She stated that diesel fuel reliance in Nunavut is “increasingly risky to due climate 

change, the risk of diesel spills, health issues from diesel exhaust, cost, energy sovereignty, 

the risk of stranded assets as regulations and carbon divestment increase, and the global 

transition away from fossil fuel reliance.” This data greatly contributes to both the practical 

and environmental factors columns for Table 4. 
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The respondent confirmed that solar, on the other hand, is becoming increasingly 

popular in Nunavut with more than one community having net metered programs in place. 

“The major factors holding up future expansion” are lack of RE policy/regulations and lack 

of funding. The former most specifically refers to the net metering programs – until recently 

the sole system in place for renewables “capped at 10 kW” and was limited in terms of 

access/ability to take part. 

 

Most of those living in Nunavut communities live in public housing, which “does not 

qualify for the net metering program” for example. However, the “Commercial and 

Institutional Power Producers program” recently emerged in Nunavut, “which now allows 

for larger renewable energy installations to move forward”. The respondent stated that, 

following this new program, it is anticipated that there will be many more larger-scale (“up 

to 500 kW”) solar/PV installations within the year of this paper’s publishing. 

 

As for cost (more specifically, the limited funding) as a major roadblock, this may no 

longer be as debilitating to Nunavut’s near-future implementation of renewables as 

expected. Ms. Lenio stated that this is more of a past issue, as federal support for RE has 

increased, leading to more support programs being commissioned. Lower prices over the 

years have made this less of an issue as well. 

 

The long-term development plans for Nunavut as identified by the respondent 

included QEC’s introduction of the full “Independent Power Producers” program. This will 

enable them to build community-scale renewable electricity and then sell the energy back to 

the QEC grid. Further plans for the region include a push by the federal government to get 

the more remote communities in Nunavut off of diesel fuel and towards more renewable 

sources. 

 

Ms. Lenio gave a helpful overview of some of the RE development happening in 

certain Nunavut communities (again, the remote areas each having their own specific needs 

and resource availabilities): 

 

“In the Kivalliq region, many communities have fantastic wind resource, and plans for 

community scale wind turbines in Arviat, Rankin Inlet, Baker Lake, Naujaat, and Coral 

Harbour are at various stages of development. In the Kitikmeot region, solar has the best 

cost-benefit value, but given the dark winters, will only get the communities to about 60% 

off diesel for electricity for now. In all communities, some sort of hybrid solar-wind-diesel-

battery solution is being looked at.” 

 

“Again, I would put down why a nation chooses one resource over another down to 1) 

what resources they have on hand, and 2) are there technologies available to harness them. 

And at what cost. You can see that Alberta, which has lots of coal, oil, and gas, and less 

access to hydro, is more dependent on fossil fuels than B.C., Ontario and Quebec, which 

have abundant hydro resources.” 

 

As opposed to the rest of Canada, Nunavut does not have very adequate hydrological 

resources. Furthermore, what might be utilized for a hydroelectric dam or power plant is 

likely to be a cultural site and/or preserved natural area and therefore unable to be 

transformed in this way. 

 

Solar and wind are among the alternatives to diesel fuel currently being considered for 

Nunavut. As for the potential and overall prospects for solar, Ms. Lenio began by arguing 
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that solar is ideal, as it is: a low maintenance energy source, reliable when sunny, able to 

create local jobs, a way of keeping money within the community (which might have instead 

gone to large fossil fuel companies), and again becoming more affordable over time. 

 

As for wind energy, the respondent referred to it as being “suitable for some of the 

communities” in the Nunavut region. Most importantly, she identified it as having every 

benefit as solar/PV but with significantly more O&M requirements. 

 

Some of the smaller communities in Nunavut are not prepared to take on the 

responsibilities of these new, and potentially more advanced systems, however. Ms. Lenio 

made it clear in her responses that full implementation of renewable energy systems in the 

region may require the local areas partnering with a larger, outside entity. “Partnership with 

either the utility or the regional Inuit Development Organization are likely needed for the 

large, community scale projects to be successful.” Inuit ownership needs to be included in 

these plans, as well. 

 

Cooperation between all levels came up as a common theme in the Nunavut, Canada 

interview – with the respondent emphasizing that for these new renewable systems to be 

fully feasible for the reason, local education and training are a must. “Investment” and 

“demonstration projects” are two of the many ways Ms. Lenio suggested for proper 

community involvement and collaboration. 

 

Previously, the QEC held a monopoly on the generation of electricity and the ability 

to connect to the grid in Nunavut. Now that this is no longer the case, further development 

of RE may be more feasible and can be done with more ease. 

 

One crucial factor identified in the discussion on RE implementation in Nunavut was 

that, economic and policy-based barriers aside, “the [core] challenges are just over-coming 

the perception that renewables don't work in the north”. Public perception here plays a more 

insidious role in Nunavut’s diesel fuel dependence. 

 

It is also important to note overall that the respondent described the current energy 

system of Nunavut as no longer being suitable for their needs. “Diesel has served the needs 

of the North well enough over the past 70 years” but the environmental and economic 

detriments have become too steep to let diesel alone continue to serve their needs. 

 

4.1.5 Sweden, Renewable Electricity Analyst in a Swedish Organization 

The survey for Sweden was sent to four people and received one response, from a 

renewable electricity analyst working within Sweden. The respondent described their 

position title and description as a renewable electricity analyst, and the operations and 

functions they typically oversee as “describing the needs for flexibility in [their] future 

energy system” and “working with scenarios of possible futures” in Sweden. 

 

They describe themselves as being responsible for, or a specialist in, energy systems 

in Sweden. This respondent requested that their organization and personal/company data 

remain anonymous for the purposes of this report.  
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When questioned on the choice for hydropower in Sweden as the primary energy 

source, the respondent stated that from the beginning this was due to the major, large rivers 

located there. They further maintain that hydropower was an established production source 

from the end of the last century.  

 

The respondent confirms that this energy system is well-suited for the area, but that 

there will be a “need for more electricity production as demand increases.”  

 

Through their survey answers, the respondent also identified the primary issue related 

to their region’s power and energy systems. Within Sweden and/or Arctic Sweden this is 

mainly Sweden’s transformation from being a net electricity exporter to now being an 

importer of electricity. This move to imports was made in order to fuel the industrial 

transition occurring within the northern region of the country. This is especially pertinent 

data for the Arctic region in Sweden. 

 

The long-term development plans for Sweden, according to the respondent and their 

field of expertise/position, were a complete transformation of traditional industry (i.e., steel 

and mining), from fossil fuels to [more sustainable] “electricity.” 

 

The specific, local issues the respondent wished to elaborate upon were related to the 

need for installing sufficient amounts of transmission capacity between the North and South 

of the country.  

 

In regards to the current state of renewables in Sweden, and the energy profile as a 

whole, the respondent confirmed there was a good performance and mix of wind power and 

hydropower throughout the region. Most importantly, they clarified that this energy mix has 

been able to meet the local energy needs and demand.  

 

When discussing specific challenges and roadblocks of the implementation and more 

widespread use of renewables in the area, respondent for Sweden cited finding suitable 

locations with “minimal impact on nature and local community” as a particular challenge.  

 

Furthermore, “transmission capacity and NIMBY” (“not in my backyard” syndrome, 

where people oppose nearby development of technology or a service from which they might 

benefit due to its proximity – such as a nearby plant or windmill) are the primary roadblocks 

to a more widespread use of renewable energy sources like solar or wind in Sweden. (Jenden, 

J., Lloyd, E., and Donev, J.) These points echo other Arctic energy interviews which identify 

concerns over the potential disruption of nature and public perception as major barriers in 

the move away from diesel fuel. 

 

As a final comment on the future potential of RE and the motivators of this, the 

respondent from Sweden explained that wind power in the region is in fact expanding 

immensely. This is particularly useful to this report and to future investigations of the state 

of renewable energy systems in Arctic Sweden.  

4.1.6 Svalbard (Norway), Head of Energy at Store Norske Guttorm 

Nygård 

The survey for Norway and/or Svalbard was sent to three people and/or organizations 

and received one response, from Guttorm Nygård. The respondent is Head of Energy at Store 

Norske, an energy company (originally strictly a mining company) based in Longyearbyen. 
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Mr. Nygård is primarily responsible for business development, project development, and the 

building and operating of energy systems. He is currently leading a new business 

development project related to energy systems for Arctic off-grid communities.  

 

 The respondent described himself as being responsible for energy systems in High 

Arctic regions (Svalbard), particularly referring to: a hybrid off-grid energy system 

(diesel+battery storage+thermal storage+solar/PV) on Isfjord Radio (a coast radio station and 

basecamp on Svalbard) and a diesel power plant in Svea. He is also “familiar with many other 

systems in [the] high Arctic.” 

 

 The issues identified by Mr. Nygård related to the energy systems in the Arctic were 

mainly energy security, high costs, service and maintenance, and the fact that the Arctic 

“environment/ecology is extra vulnerable.”   

 

“Loss of power can be life critical” he maintained in relation to the Arctic’s energy 

security issues. For the high costs he attributed these specifically to fuel transport to/within 

the region and to the expensive nature of recruiting outside experts for operations. He goes 

on to conclude the Arctic energy issues with saying that “many technologies [have] not yet 

been tested properly in the Arctic harsh climactic conditions.”  

 

Mr. Nygård describes Store Norske’s long-term development plans as being “to 

develop ours’ and other Arctic communities’ energy systems to be zero emission.” He says 

that on Isfjord Radio they are working to establish wind turbines and a large solar/PV park. 

“We are also looking into several other technologies through cooperation and development 

projects (deep geothermal wells, hydrogen, and ammonia).”  

 

Hydropower, though chosen for mainland Norway due to “good conditions with high 

mountains and lots of rain”, is not also well-suited for Svalbard according to Mr. Nygård. He 

states that the specific geology of the archipelago means that the ground does not hold water 

very well in elevated areas.  

 

Svalbard’s current energy system consists overwhelmingly of diesel fuel (within his 

areas of responsibility) and coal (not within the areas Mr. Nygård has identified as being 

responsible for).  

 

He then went into the specific local issues of Svalbard and renewables therein. 

Referring back to his statements regarding the Arctic as a whole, Mr. Nygård said that again 

the region has many specific challenges related to implementing RE “which there is little 

knowledge of today.” As Svalbard is extremely remote, by definition and geographically, and 

off-grid, there exists a more extreme scenario for barriers to RE implementation. 

 

The most pressing challenges of RE implementation on Svalbard are: energy security, 

“historically high technology costs”, impact on the vulnerable environment, limited 

knowledge of the actual performance of renewable systems, high investment costs, and the 

government approval process (to a certain extent). Mr. Nygård stated that an energy system 

is needed for Svalbard which “is receptive to distributed energy production.”  

 

Technology-specific challenges on Svalbard were said to be the social acceptance 

(mainly related to environmental impacts) of wind energy and the available space for 
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solar/PV. Furthermore, snow drift poses an ongoing problem for the performance of panels 

in Svalbard. 

 

“On Svalbard today, renewable energy is a very small part of the energy mix.” Mr. 

Nygård refers to the minor installations of solar/PV and “very small wind turbines” which 

have been privately built in the area, but says that besides this renewable energy systems have 

not been utilized on a large-scale (due mainly to the above reasons). In other words, RE does 

and has not been able to support the energy demands of Svalbard as the situation stands today, 

as is supported in this paper’s literature review.  

 

He briefly discussed the performance of these renewable systems, stating that studies 

have found that solar/PV panels perform 20% better than they do at lower latitudes. This can 

be explained “with low temperatures and snow reflection.” Such research is reflected in this 

paper’s literature review, as well. 

 

Despite these challenges, Mr. Nygård confirmed that (at the time of this paper) a new 

energy plan for Longyearbyen is expected this month from the Norwegian government which 

would prominently feature the implementation of renewable energy systems. More recently 

there have also been changes seen in regards to the high technology costs associated with RE. 

Both of these aspects bode well for the future energy profile of Svalbard and for Store 

Norske’s long-term development plans highlighted above. 

 

Looking towards the future, Mr. Nygård concluded by saying solar, wind, and 

potentially geothermal energy have the best potential for functional new energy system(s) on 

Svalbard.  

 

“Solar and wind are variable energy sources which will be dependent on an energy 

system with a technology taking care of the base load (today diesel generators). To be 100 % 

renewable, import of green ammonia shows a promising potential for the future. Local 

production of hydrogen from excess renewable energy production is also interesting (utilizing 

the thermal energy in the process will increase the efficiency).” 

4.1.7 Supplementary Information Given Outside of Formal Interviews 

A geothermal contact beginning work in Greenland was emailed regarding knowledge 

about any energy systems and/or potential contacts, and gave additional insight on the 

current state of geothermal energy there. 

 

The specialist in question stated that the geothermal resource and research on 

geothermal energy in Greenland is still in its very early stages. The primary challenge comes 

from the fact that “all hot springs in Greenland are protected as a national treasure” which 

makes any exploration and/or drilling nearly impossible. There exists a possibility of drilling 

and pumping for district heating purposes if “reinjecting back to the reservoir”. 

 

If these kind of constraints and conditions had been present in Iceland during its energy 

revolution, the industry and pricing today in Iceland would likely look very different. 

 

The respondent from Finland, Timo Ritonummi, also gave external insight on the 

status of new hydropower in Finland (also via email). He maintained that new hydropower 

in Finland, and potentially in Sweden as well, is extremely difficult to put in place as any 

untapped rivers are protected by law. 
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There also exists poor public opinion on any new hydroelectric projects/plans. Overall, 

this means that the focus in Finland is on \utilizing/ the existing hydropower capacity. 

Upgrading these already utilized resources and existing facilities is a very common and on-

going project within the country as a whole. 

 

Lastly, the respondent from Iceland, Sigurður Arnalds, provided supplementary 

knowledge on both Iceland and Norway after completing the questionnaire. This information 

was also given via email. He stated that to better explain the “special features of the 

predominantly hydro-based systems [in] Iceland and Norway” he should discuss reservoirs 

as a type of battery system. 

 

When an energy system exists in the Arctic, where large variations in climate and 

weather also exist, very large reservoirs (i.e., “hydro battery” storage) must then also exist. 

The primary purpose of larger hydropower reservoirs is for seasonal storage, to account for 

greater inflow in the summer for example. Thermal systems, like geothermal, he describes 

as being more suited towards meeting baseload power needs. Hydropower is therefore better 

“to meet the peaks”. 

 

Sigurður Arnalds continues by stating that hydroelectric facilities are ideally suited to 

be combined with VRES like solar/PV and wind, used when the wind and/or solar resource 

is not available. Diesel fuel is typically utilized as backup for smaller systems, but 

hydropower “is more preferrable for environmental and economic reasons”. 

 

The Iceland respondent also gave an example by referencing Norway’s 

interconnection to the rest of Europe. He argues that Norway is presently “a kind of battery 

for Northern Europe through interconnectors” and is able to save money by using power 

during times of high demand from their large reservoir systems. Then they import less 

expensive power back from Europe during times of low demand – during which thermal 

systems “are kept running anyway.” 

 

Additionally, more wind power in Europe requires a backup system, which can easily 

come from hydropower reservoirs. In Iceland, reservoirs are the key component for 

providing the flexibility needed to meet the fluctuations of VRES like wind and solar, and 

to provide backup power for these potential/future renewable energy systems. 

 

4.1.8 Informed Arctic Energy System Catalog Based on Expert Interviews 

 

Score Severity 

1 - 3 Low / Negligible  

3 - 5 Low to Average 

5 - 7 Average to Medium-High 

7 - 9 Medium-High to High 

9 - 10 Very High 

Table 2. Scoring Key for Energy System Catalog Criteria 
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Score Status of Potential RE or New Energy System 

A Planning Phase 

B Early or Early to Mid-Stages 

C Mid to Late Stages 

D In Development / Developed 

Table 3. Scoring Key for Informed Catalog Potential RE / New System Status  

 

GRID 

TYPE 
AREA 

QUALITATIVE EVALUATION OF 

EXISTING ENERGY SYSTEMS 

POTENTIAL RE / NEW 

SYSTEM 

   
Practical Factors Environmental Factors Type Status 

Barriers to 

Implementation 

   
Suitability 

to Region 

Ability to Meet 

Demand 

Security of 

Supply 

Lifetime 

CO2 

Emissions 

Land Use 

Impact 

   

Grid -

Connected 

Iceland 
 

10 

 

10 

 

10 

 

1 

 

7 

Primarily 

Wind Energy 

 

SI 

SI 

Cost and Concern 

Over Potential 

Disturbance of 
Natural Features / 

Wildlife 

Greenland 
 

6 

 

5 

 

3 

 

5 

 

6 

Wind Energy 

and/or 

Solar/PV 

A B / 

B 

 
A 

Security of Supply 

Issues (Variability 

and Distance) and 
Cost 

Grid -

Connected 

Northern 

Finland / 

Lapland 
10 10 8 4 9 

Wind Energy 

 

SI 

C 

Availability and 

Variability 

(Reliability) 

Northern 

Sweden / 

Norrland 

8 8 9 5 7 Wind Energy C D 

Transmission 
Capacity and 

Disturbance of 

Natural Features / 
Public Perception 

Off-Grid 

Grímsey 6 10 

 

8 

 

9 2 
Solar/PV 

and/or Wind 
A B Cost 

Canada: 

Nunavut 

Region 
2 9 

 

4 

 

10 7 
Solar/PV and 

Wind 
B C 

Funding, Policy, 

and Public 

Perception 

Svalbard 4 6 2 9 5 

Solar/PV, 

Wind, 

Geothermal, 

and/or 

Hydrogen 

A B, 
A B, 

A, A  

 

Security of Supply 

Issues (Power 

Loss Potential), 
Disturbance of 

Natural Features / 

Ecology, Cost, 
Social 

Acceptance, 

Policy, 
Knowledge Gaps 
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SI: See Interviews 

Table 4. Informed Catalog on Arctic Energy Systems Based on Expert Interviews 

 

 

This final catalog of Arctic energy systems is based on the previous expert interviews, 

and uses numerical and alphabetical grading scales for its qualitative factors of each 

country’s energy system(s) and the status of any renewable energy systems, respectively.  

 

Qualitative factors for the investigated energy systems from Chapter 4 range from 

scores 1 to 10. Status indicators for RE for the investigated energy systems range from A to 

D. 

 

Lower numerical scores indicate lesser severity, or score, as seen above in Table 2. 

Higher scores indicate higher severity and impact, also seen in Table 2. 

 

For the status, at the time of this report, of a country or region’s renewable energy 

systems, chronologically earlier letters (such as A) indicate similarly earlier stages of 

development and/or planning. Chronologically later letters (such as D) indicate later stages. 

This can be seen in Table 3 above. 

 

Below in Chapter 4.2 a comprehensive summary of the findings in this section can be 

found, including explanations for the above scores in Table 4. 

 Final Summary of Findings 

Practical and environmental factors were determined by the issues targeted by this paper’s 

research questions (reliability as a potential barrier being addressed in the columns “Suitability 

to Region”, “Ability to Meet Demand”, and “Security of Supply”).   

  

Regarding environmental factors, “Lifetime CO2 Emissions” refers to all associated 

emissions related to the construction phase, any and all transport of materials and/or 

fuels, assumed routine and unexpected operations and maintenance, etc. “Land Use Impact” 

on the other hand directly relates to any and all alterations to terrain as a result of the existing 

power system, including that which adversely affects area flora and fauna.   

 

For the (majority) grid-connected areas above in Table 4.3 in Chapter 4.1.8: 

 

Iceland’s hydroelectric and geothermal energy systems were given a score of 10 for 

their suitability as an energy source for the region, their ability to meet regional energy 

demand, and for the security of supply of the systems. This criteria scoring was supported by 

both the insight from the expert interview on Iceland, and is further backed up by the literature 

review. 

 

Lifetime CO2 emissions for hydropower and geothermal energy in Iceland were given 

very low scores, as these energy systems do not emit as much as more traditional resources 
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such as the coal and oil used in the nation’s earlier years. 1 rather than 0 was chosen for this 

criteria as there still logically exists some emissions from the construction phase of a 

hydroelectric dam or power plant. For geothermal, these minor emissions may come from 

what is carried within the fluid being extracted from the earth – this is site dependent, 

however. CO2 emissions from both sources are again extremely low as compared to those 

coming from fossil fuel resources.   

 

It was decided that the estimate for land use impact should be medium-high (7) due to 

the long-standing public opinion on new hydropower and geothermal projects as disruptive 

to the Icelandic landscape, flora and fauna, etc.  

 

Greenland’s mix of hydroelectricity and fossil fuel sources was given a score of 6 for 

suitability to the region as an energy system, a score of 5 for ability to meet demand, and a 

score of 3 for the security of supply of the energy system. These criteria were scored as such 

due to the abundance of hydropower for the larger communities in Greenland which is 

unfortunately not a possible resource for the several smaller, more spread-out 

communities. This aspect is addressed in both the expert interview responses for Greenland 

and in the literature review, along with the use of fossil fuels as an answer to the hydropower 

problem for these more isolated areas. The need for imported fossil fuel sources in remote 

areas also results in Greenland scoring lower in security of supply than Iceland.  

 

When fossil fuel systems and/or SAPs in Greenland are factored in, the number for 

Lifetime CO2 emissions becomes higher -- in this case a 5. This score was kept below the 

medium-high or high ranges, as the communities reliant on fossil fuels in Greenland are 

arguably very small and are low impact (as opposed to major cities in highly populated 

countries which are run on fossil fuels). It was decided that the estimate for land use impact 

should be average as well (6) due to an assumption that the concerns over hydropower 

projects’ disruption of natural and often-protected wilderness in Greenland were founded. 

 

Northern Finland/Lapland’s mix of hydropower, thermal/biomass energy, and wind 

energy was given a score of 10 for suitability to the region as an energy system and for its 

ability to meet the energy demands of the region. Their energy system was given a score of 

8 for security of supply. These first two criteria were scored as such due to the availability 

of hydrological resources and for the large amounts of forest from which bioenergy can be 

extracted. The country’s wind power potential is also said to be highest in the Lapland area, 

as well, according to the literature review performed by this paper.  However, the interviews 

proved that bioenergy in the country is not inexhaustible.  

 

Based on the literature review performed on energy in Northern Finland/Lapland, it 

was decided that for its land use impact a score of 8 was appropriate. This is clearly due to 

the need for clearing large amounts of the forests in Northern Finland in order to utilize 

thermal/biomass energy in the region (and for the country as a whole). Added to this is the 

land impact of hydropower facilities and of the construction of wind turbines, the latter 

which stands as a major public concern over the introduction of wind energy in the region.  

 

Northern Sweden/Norrland’s mix of hydropower and wind was given a score of 8 for 

suitability to the region as an energy system as well as for the ability to meet local demand. 

Their energy system was given a score of 9 for security of supply. The first two criteria were 

scored as such due to the availability of hydrological resources and to the Sweden renewable 

electricity analyst’s maintaining that there is good performance of the current energy mix.  

 

Furthermore, they described large rivers in Arctic Sweden -- which allow for greater 
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security of supply for hydropower. Their declaration that electricity production needs to 

increase along with demand then affects the second score criteria. However, the information 

given by the respondent on the need for greater transmission capacity and efficient electricity 

imports affected the security of supply scoring for Norrland.  

 

Based on the literature review’s data on the large amounts of mining activity in 

Sweden, a score of 5 was given for CO2 emissions for the overall energy profile, though for 

hydropower alone it would have of course been significantly smaller. All aspects of the 

current energy system in Arctic Sweden are being considered, however. Land use impact 

was given a score of 7, again due to long-standing public opinions on the potential impacts 

of hydroelectric facilities on flora and/or fauna. Wind turbines and the fears surrounding 

their landscape-related impacts were similarly considered in the scoring for this criteria.  

 

For the off-grid regions above in Table 4 in Chapter 4.1.8: 

 

Grímsey in Iceland scored 6 for suitability to the region, 10 for ability to meet demand, 

and 8 for security of supply. Due to harmful effects of fossil fuel use, the suitability scores 

for all investigated regions were impacted by the presence of any of these fuel types. 

Therefore, this criteria received an average score. It remained close to medium-high, though, 

due to the insight from the Iceland expert interview. The diesel fuel generators 

on Grímsey were assumed to be able to meet the demand of the few individuals living on 

the island, but a medium-high score was still chosen over a higher score, as diesel fuel as a 

fuel type suffers from inherent energy security issues when not available as a 

naturally occurring resource in an area. Cost as well is considered within this practical factor 

criteria.   

 

Not much explanation is needed for the criteria score for lifetime CO2 emissions 

for Grímsey’s current energy system. Diesel fuel is a fossil fuel which when used in 

generators for electricity emits large amounts of GHGs, especially CO2. The land use impact, 

on the other hand, received a score of 2 based on the literature review, because of the small 

size of diesel fuel generators on-site at Grímsey. Nor are they expected to take up much 

space or be very large in order to meet the demands of such a small population.   

 

The more isolated Nunavut region in Canada is run entirely on imported diesel fuel, 

making its score for suitability to the region 2, ability to meet demand 9, and security of 

supply 4. The diesel generators in the communities within Nunavut are assumed to be able 

to meet the local demand. Security of supply is assumed to be very low, however, due to its 

need to be imported into the region. Cost and potentially limited access to the region, which 

may be based on seasonality and/or the remote nature of the area, greatly bring this score 

down. 

  

Not much explanation is needed for the criteria score for lifetime CO2 emissions for 

Nunavut’s current energy system -- even when considering its minor solar projects. The land 

use impact, on the other hand, received a score of 2, as throughout the literature review it was 

never alluded to that the generators had a significant negative impact on the landscape.  

 

Extremely remote Arctic archipelago Svalbard was assigned its scores completely 

separate from mainland Norway, as the respondent was solely responsible for systems within 

this specific area. For this reason, the existing energy systems referred to in Table 4 are diesel 

fuel and coal. These, along with the potential renewable energy sources discussed for Svalbard, 
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were the only systems this paper was informed on via interview. 

 

The diesel fuel and residual coal systems on Svalbard were given a score of 4 for 

suitability to the region, 6 for ability to meet demand, and 2 for security of supply. 

Hydropower, used by mainland Norway, is not suitable for Svalbard making its current energy 

sources more suited. However, they are fossil fuel sources, bringing down this score.  

 

Diesel generators and remaining coal supplies are assumed to be able to meet demand 

– as long as the latter is available. This uncertainty prevented the score from surpassing an 

Average/Medium-High number. The need for energy security, which diesel fuel generators in 

particular provide, is a particularly big issue as identified through the expert interview. These 

generators require high fuel import costs, however. Furthermore, the coal reserves on Svalbard 

are running low, adding to the low security of supply scoring. 

 

The lifetime CO2 emissions need little explanation, as diesel fuel and coal are both 

highly polluting fossil fuel energy sources. Land use impact was given a score of 5 based on 

the literature review and the assumption that diesel generators do not alter the landscape too 

much considering the small population size on Svalbard. However, the land impacts of coal 

plants and of the use of coal (soot, etc.) raised this particular score. 
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Chapter 5 

5Discussion 

  Discussion 

This analysis supports the initial theory that reliability and cost are key roadblocks for 

renewable technologies being fully implemented into Arctic energy systems. The results also 

effectively discovered which energy systems currently exist, as far as this investigation was 

able to determine, within the Arctic regions of Iceland (including Grímsey as a separate 

profile), Greenland, Northern Finland/Lapland, the Nunavut region of Canada, Northern 

Sweden/Norrland, and Svalbard.  

 

To a certain extent, the energy needs and concerns of these Arctic areas and 

communities are also more clearly understood through the details provided throughout the 

interviews in this project. These interviews helped explain why the current technologies in 

each researched country was chosen and/or was most suited for Arctic locations, as well.  

 

This analysis supports the idea that more widespread use of renewable energy sources 

in the Arctic can reduce the dependence on diesel fuel, and more importantly address the 

economic, energy security, etc. issues related to diesel fuel reliance in remote communities 

in harsh climactic environments. 

 

The indications for the scores found in Table 4, in reference to Chapter 4.1.8, are 

detailed below. 

 

 The results from Table 4 indicate that reliability, particularly related to the variability 

of VRES like solar/PV and wind, and economics are the most common concerns from industry 

experts and/or specialists in the Arctic. Security of supply and distance as barriers are being 

considered aspects of reliability, as well. In the case of Arctic Sweden, or Norrland, for 

example, issues related to transmission capacity are assumed to fall underneath these aspects 

of reliability. 

 

However, following the analysis of the results in Chapter 4.2, key roadblocks beyond 

just reliability and cost were found to have equal or near-equal importance. It is the belief of 

this paper that a more comprehensive description of the barriers to RE implementation 

should also include policymaking, public perception / social acceptance, and potential 

disturbance to nature. This is based on both the informed “Barriers to Implementation” 

column and on the details provided in the expert interviews. 
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Therefore, although the initial assumptions made by this paper’s research questions 

are supported, these assumptions should then be expanded upon to include more localized, 

region-specific barriers and issues. The above data contributes to a clearer understanding 

and emphasis of the various needs of the Arctic, and how one single experience of an Arctic 

community is not universal. Much in the same way that simply pointing to reliability and 

cost as barriers to Arctic renewable energy systems alone would be limiting. These energy 

issues should be closely analyzed on a country-by-country basis, much like Table 4 attempts 

to do, but more intensively. This backs up previous research on the unique needs of remote, 

Arctic communities and peoples.  
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Chapter 6 

6Conclusion 

Based on the research conducted in this paper, the existing energy systems for 

generating electricity in the Arctic include: hydroelectricity, geothermal, fossil fuels 

(primarily diesel fuel, oil, and some coal), bioenergy/thermal energy, wind power, and 

(limited) solar/PV. Certain technologies are much more feasible, or not feasible at all, in 

particular Arctic locations over others.  

 

The investigation into these areas’ energy systems (Iceland, Norway, Greenland, 

Canada, Finland, Sweden, Svalbard) revealed that each separate region and community 

therein has its own unique energy needs. It would be inaccurate to define the Arctic as having 

one singular concern when it comes to the existing energy systems and the potential for 

renewable technologies.  

 

For mainland Iceland, the primary energy systems are hydroelectricity and 

geothermal, with some trials in wind energy. Hydropower was originally the ideal form of 

RE besides wind or solar due to its economic viability in Iceland. The barriers to further 

renewable energy system implementation in Iceland are mainly economic concerns and the 

disturbance of often protected natural spaces. For wind and/or solar/PV to be as widely used 

as hydroelectric and geothermal energy, their prices would need to become competitive with 

the latter two types. 

 

For Grímsey in Iceland, energy is exclusively generated from diesel fuel generators 

(fossil fuels). It is just recently being tested for its ability to implement VRES like wind 

and/or solar/PV. Diesel fuel was always the most ideal source, as it is the most cost-efficient 

for Grímsey, while renewable technologies have taken so long to be properly exploited due 

to economics. Now that costs are improving this could become a possibility in the near 

future. 

 

In Finland, the primary energy systems are hydropower and biomass (thermal energy) 

– both of which were determined to be highly suited to the region. The barriers to the 

implementation of renewable energy systems like solar/PV is the variable nature (reliability) 

of the energy source. For wind energy in Finland, the situation is much more promising – 

although there still exists some concerns over variability. The existing bioenergy systems 

also suffer from availability needs and concerns in Finland. New hydropower is very 

difficult to establish as well, due to many “unused” (untapped) water systems being 

protected in the country and to poor public perception of further development. 

 

For Greenland (as the region was defined and generalized in this paper’s literature 

review) the primary energy systems are hydroelectricity and fossil fuels. Hydropower has 

remained the top source for electricity generation in Greenland, as it was able to both utilize 

the existing natural features of the country while reducing its dependence on foreign oil. A 



   75 

 

higher renewable energy presence in Greenland has been most impeded by the immense 

need for security of supply in the region, and by economic concerns. Wind specifically also 

faces weather/climate specific barriers related to turbine performance in the harsh 

environments. 

 

In the Nunavut region of Canada, diesel fuel is almost exclusively the energy source 

for electricity generation. The remote and unconnected nature of Nunavut’s communities 

has made diesel fuel the most logical energy source for years. Solar/PV though is an up-and-

coming source. However, as each community has different available resources, the potential 

for renewable energy systems varies across the region. Overall, lack of policy and regulation, 

as well as funding (economics), remain the primary barrier for RE implementation in 

Nunavut. Local ability to, and knowledge in, maintain(ing) these new projects and 

installations is another region-specific concern. 

 

In Sweden, medium size hydropower and wind power make up the primary energy 

systems of the Arctic region as well as the country as a whole. There is also a significant 

amount of mining activity on a national level. Wind power is greatly expanding and being 

developed in Arctic Sweden as well as nationwide. Very low prices for electricity in the 

country make its barriers related to transmission and the transformation of industry less 

pressing than in other areas (such as extremely remote Arctic areas of Canada or Greenland). 

However, the visual disturbance of wind turbines and concern over damage of natural areas 

remains the largest roadblock here. Indigenous populations appear to play a large role in 

these concerns, according to the findings of the literature review. 

 

For Svalbard, separate from mainland Norway, diesel fuel generators and a remaining 

coal supply make up the primary energy systems. There also exist a few, very small 

privately-owned solar/PV installations and wind turbines. In the rest of Norway, the primary 

energy system is comprised of hydroelectricity, which is vastly ill-suited for Svalbard. 

Further solar and wind systems are being tested for Svalbard and have been undergoing 

planning by the Government of Norway. Hybrid systems, deep-well geothermal, hydrogen, 

and green ammonia are also being considered for Svalbard. As coal reserves run out and 

concerns related to fossil fuels rise, the responsible parties will be more rapidly undertaking 

the energy overhaul of Svalbard (Longyearbyen). In general, there are several barriers which 

may be more specific and pressing (due to the more remote and extreme location) for 

implementation of RE than exist in other researched areas. Overall, security of supply (the 

dangers of potential power losses), disturbance of natural features and the environment, high 

investment and technology costs, social acceptance, policy (government approval), logistics 

(especially for solar panel area needed), and knowledge gaps of the technology are the main 

barriers to large-scale renewable use.  

 

It can be said that the widespread implementation of renewables like solar/PV and 

wind in the Arctic is again very region dependent. Yet based on the findings of this paper it 

could be said that better establishing these technologies can still be an ideal and potentially 

efficient way to displace the diesel fuel used across the region. In regions where diesel fuel, 

and other fossil fuels, are the primary or secondary energy systems there can also be seen 

several pilot projects in wind and/or solar energy to help these communities reduce their 

GHG emissions and to improve their quality of living overall.  

 

In regards to the social perspectives, potential impact on natural spaces and the 

vulnerable Arctic environment (including visual disturbances) and public perception of 

technologies remains an overarching barrier as discussed in the literature review and the 

Discussion in Chapter 5. Social acceptance of certain technologies arose as a related offset 
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of this barrier in the Results in Chapter 4, as well. 

 Recommendations 

 

Following this study on existing Arctic energy systems, and on the potential for 

renewables to reduce the region’s dependence on diesel fuel, future studies should consider 

undertaking the following. It is the belief of this paper that the ensuing recommendations for 

these studies are the best manner for filling in the gaps left by this research and to exist as 

“next steps” for Arctic renewable energy research. 

 

Firstly, the prefeasibility study briefly discussed in this paper’s Methodology and 

Results sections should be addressed. A greater number of pilot solar (or wind) systems 

should be constructed in order to properly test, and anticipate all region-specific issues with, 

renewable technologies in remote Arctic communities. This is also reflected in the Results 

from Svalbard, which specifically list knowledge gaps (referring to the fact that many 

renewable technologies have not yet been tested properly in these harsh conditions) as a 

major issue.  

 

Through a greater number of pilot projects more concrete results can be better obtained 

and analyzed from within the researched Arctic environment itself, and in real time. The 

more accessible renewable energy system software is limited in the ways that they are able 

to model within extreme and unique Arctic conditions. Until these knowledge gaps are 

addressed, building real pilot systems remains the best, albeit more expensive, manner for 

determining real performance. For example, available space for solar/PV panels came up 

during the interview with the Svalbard respondent. This issue was identified earlier as one 

of the major problems encountered during the prefeasibility study. A full modeling using 

photovoltaic software such as PVSyst was ultimately outside the scope of this paper and 

necessitated access to real world production data to manually fill in these “gaps.”  

 

In general, future investigations into Arctic energy systems could also distinguish 

areas better to accommodate the variety in needs and available resources across the region. 

For example, Greenland’s grid-connected areas may instead be separated completely from 

its off-grid, extremely remote communities in regards to energy needs and concerns. Much 

in the same way, obtaining interview data from all the separate and distinct Arctic territories 

of Canada (Nunavut, NWT, and the Yukon) could be a great benefit as again all have unique 

needs and barriers to RE implementation.  
 

This could allow for better means of gaining information and insight. For example, in 

future surveys it can be helpful to ensure the more specific questions for grid-isolated areas 

go more in depth into their own issues, capacities, etc. These separate focuses outside their 

mainland counterparts, like in the case of Grímsey, may be crucial as this study ultimately 

found more general results for areas which may not represent the full needs of the country.  

 

In regards to the expert/specialist surveys themselves, more quantifiable questionnaire 

options with a scale from 1 to 10 may make analysis easier when it comes time to compile 

the research findings from each country. Beyond the structure of the questionnaires 

themselves, Arctic surveys on energy would all benefit where applicable from including key 
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Indigenous community leaders.  

 

Their inclusion would give a greater idea of the current energy situation and needs of 

the Arctic by ensuring there is proper consultation with these target, highly-impacted 

populations. Certain Indigenous groups were reached out to for surveyed contacts and for 

taking the questionnaire, but an entirely separate research project with a sole emphasis and 

focus on native peoples’ experiences in the Arctic would be an asset to Arctic energy 

research.  

 

Further data gaps that would benefit from future investigation are found in this 

project’s interviewee data being almost exclusively from those within technical and/or 

power systems backgrounds. Obtaining data and information from those with more diverse 

and varied backgrounds, and who do not represent a national energy supplier and/or 

operator, would allow for less potentially biased data.  

 

It is instead recommended for future studies of a similar nature, which also rely on 

professional and expert interviews for data, to obtain input from more community and/or 

government-based sources and contacts. This way, a greater emphasis on the people and on 

a local, community perspective on Arctic energy systems – and the potential for renewable 

energy systems – can be discovered and discussed. It can be argued that energy solutions 

can overall be more successfully implemented through collaboration between communities 

and policymakers, making this all the more important. Furthermore, less bias and singularity 

in perspective can aid the overall understanding of how to solve the diverse issues related to 

Arctic energy systems, as this project sought to discover. 
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