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Abstract
Data from a solar photovoltaic (PV) installation on Svalbard Airport Longyear has been
analyzed to investigate performance of solar photovoltaics in the Arctic. Results show that the
average capacity factor at the facility is 5.6 % after its first two full years of production. While
the production in the winter is zero, monthly capacity factors are observed to be as high as 16
% in the summer. On peak days, capacity factors of more than 30 % are observed. Predictions
show that the installation will save around 800 000 NOK during its 25-year lifetime, while
also reducing emissions by 1064 tons CO2 equivalents.
The data from Svalbard Airport Longyear was paired with energy consumption data from
Longyearbyen, to design systems with different levels of reliance on solar energy.
Simulations show that full solar reliance in the summer-season is feasible. It requires an
installation of 86.3 MWp solar PV, and 2.76 GWh of storage with 60 % round-trip efficiency.
Estimations show a potential return on investment of 7.71 % after 25 years, saving 163
Million NOK. The emission reduction from the system would be 20 365 tons CO2
equivalents.
The fragile power grids of arctic settlements have few links in the system that can equalize
load fluctuations. Introduction of intermittent solar PV on even a private scale is therefore
advised against until energy storage capacity is developed. Compressed air energy storage is
suggested as an option for settlements on Svalbard because the required infrastructure already
exists.
Because of the high heat demand in arctic settlements, efficiency of the fossil generators is
higher than global average. Longyearbyen sees efficiencies of 50.1 % in the coal power plant,
and Ny-Ålesund up to 76 % for its diesel generator. Paired with low solar utilization, the
climate impact from installing PV in the Arctic is lower than in areas with low fossil
efficiency and high solar utilization.
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1 Introduction
Global climate change is one of the greatest challenges that mankind faces. A global warming
of 1.5 °C to 2 °C will lead to risks to health, livelihoods, food security, water supply, and
economic growth [1]. Global mean temperatures are already 0.99 °C above the pre-industrial
temperatures [2], and action must be made to limit the temperature increase. The Paris
agreement just passed 5 years this December 12th, and to reach its goal of limiting the global
warming to maximum 2 °C [3], urgent measures must be made.
The place on earth that experiences most global warming, is the arctic [4]. As seen in figure 1,
temperatures have increased by well over 2 °C since the industrial revolution. The irony for
arctic settlements, is that their energy supply is almost fully diesel and coal based, wellknown contributors to the global climate change. For arctic settlements, replacing the fossil
energy with renewable appears to be the obvious option to resolve this.

Figure 1: Global temperature increase since the industrial revolution [2]
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1.1 Idea Behind Project
In the initial stages of the project, supervisor Matteo Chiesa presented a thought: The seasonal
variation of occupants at polar research stations and settlement correlates well with the
availability of the solar resource. Research stations have fewer occupants in the winter season,
and larger settlements, like Longyearbyen see an influx of tourists in the summer season.
Because of this correlation between the number of inhabitants, and the availability of the solar
resource, groundworks began to explore whether this could make solar photovoltaics a viable
option for energy supply at the settlements in question. It was quickly found that the energy
demand of year-round manned settlements and research stations does not fluctuate as much as
the population.
After this small set back, access to the production data from the fully operational, 138 kW,
solar PV facilities of Svalbard Airport Longyear was granted by the manager, Carl Ivar
Ianssen. This data is valuable as it is the first large-scale production data from solar PV in
high-arctic conditions, just 1300 km from the North Pole. An interest was sparked to analyze
this data and see how solar PV in the Arctic performs, and compare it to other locations. In
addition, this analyzed data could be used to explore the possibilities of further developing
larger scale PV projects in the Arctic.

1.2 Objective
The objective of the thesis is to establish how solar photovoltaics perform in arctic conditions,
and how and if it can be integrated in the future arctic energy supply. The analyzing of future
potential for solar photovoltaics in the arctic will include estimation of economic and climatic
impact. Longyearbyen is the main focus of the thesis, because it is source of the data. The
intent is, however, that the research will be applicable for other arctic settlements when
transitioning to renewable energy.
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2 Theory
2.1 The Arctic
The Arctic is the oceans and land masses surrounding the north pole [5]. There is no
universally agreed definition of the Arctic, however there are definitions such as political,
geographic, climatic, and geologic to name a few. From a solar photovoltaic perspective, it is
natural to define the Arctic as the areas north of the polar circle. This frigid zone of the planet
is one of two areas where midnight sun occurs in the summer, and the polar night in winter.
The other area is inside the Antarctic Circle, at the opposite side of the planet, surrounding the
South Pole. The polar circles are located at 66 degrees, 33 minutes, and 48 seconds north and
south [6].

2.1.1 Climate
The climate of the Arctic varies enormously. Some regions in northern Scandinavia, like
Lofoten in Northern Norway, experience annual median temperatures 5 °C [7]. Meanwhile,
annual mean temperatures around the North Pole are observed to be as low as -20 °C [4].
Some of the huge differences in the arctic climate, can be attributed to ocean currents, in a
region dominated by oceans [4]. Energy and water is transported to the Arctic through ocean
currents and weather systems [4]. Both clouds and water vapor in the atmosphere in the Arctic
traps heat. These effects make the Arctic, on average, more than 10 °C warmer than its
southern counterpart, Antarctica [4].

2.1.2 Axial Tilt
The Earth’s rotational plane around its own axis is tilted between 22.1 and 24.5 degrees from
the rotational plane around the sun [8]. This obliquity variation changes over a 41000-year
cycle and is one of the three Milankovitch cycles. The axial tilt of the Earth is now
approximately 23.4 degrees and decreasing [8]. This tilt is the main reason the earth
experiences seasons. The pole of the Earth facing away from the sun experience winter
season, and the pole facing towards the sun has summer season, illustrated in figure 2.

3

Figure 2: The axial tilt and seasons of the earth [9]
The polar circles are the approximate borders where the sun does not set at summer solstice
and does not rise above the horizon at winter solstice Their latitude can be easily
approximated by subtracting the axial tilt from the total angle between the equator and the
poles [6]:
∠𝑃𝑜𝑙𝑎𝑟 𝑐𝑖𝑟𝑐𝑙𝑒 = ∠𝑃𝑜𝑙𝑒 − ∠𝑇𝑖𝑙𝑡 = 90 ° − 23.4 ° = 66.6 °
Meaning that the polar circles are located at approximately 66.6 degrees north and south.
Figure 3 is a visualization of the amount of daily hours of sun at different latitudes at certain
days of the year. A symmetry can be observed between the start of the year and the end of the
year, as well as in the north and south. The summer and winter season is opposite for the
northern and southern hemisphere – When there is summer in the northern hemisphere, the
southern has winter and vice versa. Also notable is the fact that the poles and equator have the
same amount of annual sun hours. While the equator has 12 hours of sun each day, the poles
have 24 hours for half the year, and zero hours the for rest of the year.
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Figure 3: Daily hours of sun per day, based on latitude and date [10]

2.1.3 Svalbard
Svalbard is an archipelago under Norwegian Supremacy, as of the Svalbard Treaty signed in
1920 in the aftermath of World War 1 [11]. The archipelago consists of several islands, with
Spitsbergen being the largest. Almost all inhabitants of Svalbard live in one of the two larger
settlements on Spitsbergen; the mainly Russian/Ukrainian current mining settlement of
Barentsburg, and the former miner settlement of Longyearbyen, which now has become a
thriving tourism and research hotspot [5]. In addition, several small research stations like NyÅlesund, Hornsund and Bjørnøya has some inhabitants, mostly seasonal.
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Figure 4: Svalbard’s location in the Barents Sea north of Scandinavia [12] [13]
The remoteness of the Arctic Svalbard is illustrated in figure 4. It is located in the middle
between mainland Norway and the North Pole. Stretching from 74 to 81 degrees north [14],
the archipelago is well inside the Arctic Circle, and experience both midnight sun and polar
night.

2.2 Energy in the Arctic
The harsh and inhospitable climate of the Arctic introduces many challenges in the energy
sector that are specific to the region. The remoteness of most of the settlements in the Arctic
means the settlements are reliant on off-grid energy solutions and are self-supplied with
energy. In addition, the cold climate, especially winters, creates a substantial heat demand in
the settlements.
Most polar settlements are supplied with energy from diesel generators and/or coal power
plants. Barentsburg and Longyearbyen on Svalbard have coal power plants, supplied with
locally mined coal. In addition, emergency diesel generators are present if needed. Smaller
6

settlements like Sveagruva and Ny-Ålesund have diesel generators. In Antarctica, diesel is the
main fuel source, although a nuclear power plant powered the McMurdo Station in the 1960’s
and 1970’s. It had to be shut down due to complications in the harsh climate [15].
Because the power grids in arctic settlements relies on few energy sources, they are
vulnerable to rapid fluctuations in load. The energy production has few ways to regulate the
load. Heavy load regulation damages the system in Longyearbyen, and Longyearbyen
Lokalstyre is looking to expand the system with energy storage to help regulate this issue
[16]. In the meantime, a ban on unregulated energy sources, like private wind and solar
energy, has been suggested [16].
The efficiency of diesel generators is dependent on the load. The efficiency is best at 100%
load and drops towards zero for 0% load [17]. Figure 5 illustrates this for generators from 5 to
200 kW. Operating diesel generators at low load levels for extended periods of time is
damaging to the units, and generators are generally designed to operate at 70-100% load [18].

Figure 5: Efficiency vs. Load for diesel generators [17]
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2.2.1 Longyearbyen
Longyearbyen is the largest settlement in the archipelago of Svalbard in the Barents Sea. The
population is around 1600 [5]. The energy in Longyearbyen is mainly provided by a coal
power plant operated by Longyearbyen Lokalstyre. It consists of two steam turbines with a
theoretical power of 5.5 MW each, giving a total of 11 MW. In addition, a district heat
generator is connected to one of the turbines, with a power of 22 MW [19 p. 20]. A treatment
system that cleans the exhaust sets limitations to maximum production rate. The rated power
of the power plant is therefore 7.5 MW in electricity and 16 MW for district heating [19 p.
20]. Annual energy production is around 110 000 MWh, 40 000 MWh of electricity and
70 000 MWh of district heating [19 p. 13]. In addition to the coal power plant, there are
several backup generators. The reserve power near the city center has an installed effect of
5400 kW, with 3 1800 kW generators. They supply a stable power of 1500 kW each when
operated [19 p. 22]. The backup generators were operational approximately 6 hours every day
of the winter 2020. Not for backup purposes, but to meet the peak loads where the coal power
plant did not supply sufficient energy [20].

2.2.2 Ny-Ålesund
Ny-Ålesund is an old coal miner’s settlement in the northern parts of Spitsbergen, which was
populated over 100 years ago. It is now a thriving research settlement, and by many
considered the world’s northernmost settlement. The population of Ny-Ålesund depends on
the season. In 2007, the population approximately quintupled from the winter to the summer,
from 30 to 150 [21]. It is reasonable to assume that this is because of favorable conditions for
scientific research in the summer season. The energy in Ny-Ålesund is supplied by three
identical Mitsubishi engines connected to a Stamford generator. The maximum load is 470
kW [22 p. 5]. Around 1000 m3, or 1 000 000 liters of fuel is consumed annually by the
research settlement [22 p. 6]. The total efficiency of the diesel generator in Ny-Ålesund is
76% [22 p. 6], when including waste heat utilization. Diesel has a specific density of 0.85 kg/l
[23], an energy density of 12 667 Wh/kg [24]. Total energy consumption can be calculated:
𝐸𝑎𝑛𝑛𝑢𝑎𝑙 = 1 000 000 𝑙 ∙ 0.85 𝑘𝑔/𝑙 ∙ 12 667 𝑊ℎ/𝑙 = 8.183 𝐺𝑊ℎ
8.183 GWh of energy is consumed at the settlement each year.
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2.3 Solar Photovoltaics
Solar photovoltaics (PV), converts incoming solar electromagnetic radiation into electric
current, utilizing the photovoltaic effect. The photovoltaic effect is a physical and chemical
phenomenon. When a surface with certain properties is exposed to electromagnetic radiation
with sufficient energy, electrons of the atoms in the surface can be excited to an excited state.
This excited state electron has gained an electric potential, which can be utilized in an electric
circuit.

2.3.1 The Photovoltaic Effect
In the case of solar PV, two semiconductor materials are configured in a positive-negative
junction, a p-n junction. The positive and negative properties of the materials are achieved
through doping – artificially introducing a charge bias in the two materials. When configured
in a p-n junction, a depletion region is formed between the two materials in the junction. This
electromagnetic field creates a voltage disparity between the two materials. By connecting the
two materials in an electric circuit, electrons will be transported through the circuit in a direct
current, performing work while returning to the PN-junction to fill one of the electron “holes”
created as another electron gets excited [25]. Figure 6 shows a cross-section of a PV cell.

Figure 6: Structure of a solar PV cell. The emitter is negatively doped, while the base is
positively doped. The two form a PN-junction. [25]
9

2.3.2 Solar Radiation
The Sun is the central star of the solar system. Constant nuclear fusion caused by the
enormous gravitational forces creates an electromagnetic radiation of immense magnitude.
With the surface temperature of the black body of the sun known, Stefan-Boltzmann Law can
be used to calculate the magnitude of the electromagnetic radiation. Using the following
parameters:
𝑅𝑎𝑑𝑖𝑢𝑠 𝑅 = 696000000 𝑚 [26],
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑆 = 4𝜋𝑅2 = 6.08 ∙ 1018 𝑚2 [26],
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑇 = 5778 𝐾 [26]
And the Stefan-Boltzmann constant:
𝜎 = 5.67 ∗ 10−8 𝑊𝑚−2 𝐾 −4 [28]
The energy radiating from the sun can be calculated:
𝐸𝑠𝑢𝑛 = 𝑆 ∙ σ ∙ 𝑇 4
= 6.08 ∙ 1018 𝑚2 ∙ 5.67 ∙ 10−8 W𝑚−2 𝐾 −4 ∙ (5778K)4
= 3.84 ∙ 1026 W
Meaning that the sun radiates 384 Yottajoules per second. The earth being a comfortable
149600000 km, 1 AU, from this nuclear reactor [27], the solar constant at the earth’s distance
from the sun, G, can be calculated:
𝐺 =

=

𝐸𝑠𝑢𝑛
4𝜋𝐴𝑈 2

3.84 ∙ 1026 𝑊
4𝜋 ∙ (1.496 ∙ 1011 𝑚)2
= 1365 𝑊𝑚−2

1365 Wm-2 is the solar radiation per square meter on a surface perpendicular to the sun
without an atmosphere at the earth’s distance from the sun. What this equation does not
account for, is the distance that the sunlight must travel through the atmosphere.
10

2.3.3 Atmospheric Effects
As the electromagnetic radiation travels through the gases of the atmosphere, some of the
radiation is absorbed, while some is reflected. This means that the radiation that hits the
surface of the earth, is not a perfect spectrum that can be expected from a black body at 5778
K. In figure 7, the atmospheric effects on incoming solar radiation are accounted for. The red
line shows the solar spectrum above the atmosphere, which is the 1365 Wm-2 discussed
previously. The green line shows the spectrum below 1.5 atmospheres, or an angle of
incidence of 48.2°. AM is short for Air Mass and is the amount of atmosphere the radiation
must travel through. A lower angle of incidence means a higher Air Mass value.

Figure 7: Spectral irradiance for AM 0, AM 1.5 Direct and AM 1.5 GHI [29]
A quick way to approximate the AM value for incoming solar radiation, is to simply divide 1
by the cosine of the angle of incidence, θ, measured from the vertical line [30]:
𝐴𝑀 =

1
cos 𝜃
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This approximation works well for most lower angles but does not account for the curvature
of the earth. When the sun gets closer to the horizon, as it often does in the Arctic, the
equation gets more complicated [31]:
𝐴𝑀 =

1
cos 𝜃 + 0.50572(96.07995 − 𝜃)−1.6364

For 90 °, or at the horizon, this yields AM 37.92. The simplified approximation would be
dividing by zero for 90 °, and AM approaches infinity as the angle approaches 90 °. Figure 8
illustrates how the approximation works well until approximately 80 degrees, where it quickly
deteriorates from the accurate equation for AM.

Approximate and exact AM
75
65
55

AM

45
35
25
15
5
-5 1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91

Angle from vertical
Simplified approximation

Exact

Figure 8: Air Mass with the simplified and exact method

2.3.4 Global Horizontal Irradiance and Albedo
Global Horizontal Irradiance (GHI) is the sum of all radiation that hits a horizontal surface of
the earth. This includes reflected radiation from the surface of the earth, diffuse radiation, and
the direct radiation from the sun [32]. The blue line in figure 7 represents average GHI with
an AM of 1.5. The reflected radiation is highly dependent on the albedo of a surface.
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The albedo of a surface describes its ability to reflect radiation as a number between 0 and 1.
A surface with an albedo of 1 reflects all radiation, while a surface with an albedo of 0
absorbs all radiation [33]. While soil, forests, and cropland have albedos ranging from 0.10 to
0.35, fresh snow has an albedo of up to 0.90 [33]. This means that 90% of incoming radiation
is reflected. The high albedo of snow increases GHI significantly in snowy conditions,
suggesting increased potential for solar power production.

2.3.5 Standard Testing Conditions
The standard testing conditions, STC for short, are industry standard testing conditions that
most solar PV cells are tested at. The conditions are 25 °C, or approximately 300 K, 1000
W/m2 solar spectrum, and Air Mass 1.5 [34]. The rated efficiency of a solar panel is the
efficiency under STC. The rated power output of a solar panel is the power output under STC,
and is given in Wp, Watt Peak.

2.3.6 Effect of Temperature
The efficiency of silicone PV cells is temperature dependent. High temperatures will lead to a
decrease in efficiency, while low temperatures lead to increased efficiency. For silicone cells,
the Open Circuit Voltage Voc will decrease by about 0.4-0.5% per °C [35], while the Short
Circuit Current Isc will increase slightly by about 0.06% per °C [35]. As the maximum power
output is the product of Voc and Isc, the efficiency will decrease as temperature increases. The
effect is approximately 0.5% per °C [35].

2.3.7 Bifacial Solar Panels
Bifacial solar panels have technology that allows both sides of the panels to carry out the
photovoltaic effect. Panels that have an unobstructed backside will often benefit from bifacial
technology, in the form of increased efficiency. This allows the panel to absorb reflected
radiation from behind, and also the sun if it passes both in front and behind the panel during a
day. Bifacial technology has been proven to be up to 11 % more effective than traditional
panels [36].
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2.3.8 Solar Tracker Systems
Solar tracker systems are systems that rotate the solar panel, tracking the sun. The idea is to
maximize the amount of solar radiation that hits the solar panel. In theory, two axis rotation
on a solar panel allows for an optimal angle of incidence, 90°, at all times. Combining tracker
systems and bifacial panels, have shown an efficiency increase of up to 27 % [36], compared
to non-bifacial static panels.

2.3.9 Global Market
The global market for solar PV has seen exponential growth in the later years, with the Asia
Pacific region leading the charge. In 2019, at least 114.9 GWp of solar PV was installed
globally, and the global capacity passed 627 GWp [37 p. 6], as shown in figure 9. China has
been the leading actor for several years, while Germany has the most installed capacity per
capita at 595 Wp / capita [37 p. 7].

Figure 9: Global solar PV capacity from 2000 to 2019 [37]
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2.4 Energy Storage
Energy storage is crucial to provide a stable and reliable energy supply from renewable
energy sources. The intermittent nature of many renewable energy sources, like wind and
solar, creates a supply which rarely matches the demand. An energy storage system allows
surplus energy to be stored in times of over-production, and the stored energy can be depleted
in times of production shortage. In stand-alone and off-grid energy systems, like most energy
systems in the arctic region, energy storage would be required to provide a reliable energy
supply with renewable energy. Additionally, energy storage is useful to limit the changes in
load from existing energy systems due to intermittency.
In smaller systems connected to a larger energy grid, a storage unit is not required for
providing stable energy unless there is an outage on the grid. It can, however, help reduce the
price of electricity for the owner. This can be done by consuming stored energy when the grid
electricity is expensive and charge the storage when the grid electricity is cheap.
Several energy storage technologies exist, most of them with drawbacks and advantages.
There will always be compromises between storage capacity, discharge time, cost and many
more factors. It is important to choose the right storage technology for the system that it will
serve.

2.4.1 Round-Trip Efficiency
In all stages of an energy storage process, some of the energy will be lost to the surroundings.
The first law of thermodynamics states that energy can never be created, only transform into
another form of energy [38]. In every energy conversion process, some energy will be lost to
friction, self-discharge, chemical processes, and other loss effects. In energy storage systems
with many steps of energy conversion, the term round-trip efficiency is used to express the
total energy loss, from the energy is stored until it is being consumed. This figure is the ratio
between energy that is put into the system and the useful energy that is available after the
storage process.
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2.4.2 Batteries
Batteries store energy as electro-chemical potential. There are several battery technologies
available, both large and small scale. The high energy density of li-ion technology is valuable
for portability, for example in mobile phones and electric vehicles. The energy density of liion batteries ranges from 100 to 300 Wh/kg, or 360 to 1080 kW/kg [39]. Expected lifetime
can be up to 2000 cycles or more. The round-trip efficiency of li-ion batteries can be over
90%. [40]. Other battery technologies include lead-acid batteries, which has a lower cost than
li-ion in exchange for lower energy density.

2.4.3 Heat Storage
Heat storage is an energy storage technique with many technologies [41]. In short, it works by
producing heat during energy production surplus, and store it in long-term storage reservoirs.
Boreholes are often used to store the energy deep underground. In the Arctic, this introduces
many challenges, especially because it interferes with the permafrost that is present in the
ground. Thawing of permafrost leads to unpredictable and serious manipulation of the soil.
There are, however, potential in the bedrock. Longyearbyen Lokalstyre is interested in
exploring this potential [16].

2.4.4 Compressed Air Energy Storage
Compressed Air Energy Storage (CAES) is an energy storage technology where air is
compressed in a sealed container during energy production, and then decompressed through a
turbine during energy discharge. The system consists of an energy source, a compressor, a
container for pressurized air, a turbine, and the electricity generator (a). Round-trip efficiency
for existing plants in Germany is 42% [42 p. 4]. More advanced renditions of the system (b),
which stores and make use of the waste heat from the compressor and generator, are estimated
to be able to produce efficiencies of 60-80% [43 p. 12-13].

16

Figure 10: Compressed Air Energy Storage systems, simplified (a) and more efficient with
heat storage (b) [42]
One of the challenges with CAES, is the low energy density. Figures range from 2-6 Wh per
liter [43 p. 2]. The cause of the low energy density is the high demand for space to store the
compressed air. Suggested designs often utilize existing infrastructure, such as abandoned
mines. Pilot projects with storage in huge bags at the seabed also exist. The Spitsbergen
settlements are in a unique position, where the major settlements were all formed around the
coal mining industry. In the record year 2007, around 4.1 million tons of coal were extracted
on the island [44 p. 8]. A coal density of 1.5 kg/m3[45] will mean that over 2.7 million cubic
meters of potential storage volume was created in 2007 alone. Transformed to CAES, that is
approximately 5.4 – 16.2 GWh of energy storage.

2.4.5 Hydro and Pumped Hydro Storage
Hydro and pumped hydro storage works by increasing the potential energy of water with
surplus energy. In normal hydro dams, this is done by stopping the water flow when the
energy is not needed, allowing the reservoir to fill up with rainwater transported there through
the natural water cycle. In pumped hydro, pumps are installed to reverse the operation during
energy surplus, aiding the natural water cycle.
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Hydro and pumped hydro storage are two very efficient storage options. Pumped storage, the
least effective of the two because of the reverse operation introducing an extra step of energy
loss, sees efficiencies between 70 and 84 % [46 p. 51]. Hydro storage has geographical and
climatic limitations. The problem in the Arctic is mainly climatic. Permafrost in the ground
means that hydro storage systems are unfeasible because of freezing.

2.5 Capacity Factor
Capacity Factor (CF) is the ratio between net energy production, and theoretical production at
maximum capacity in the same time span [47]. It is calculated in a set time span, often a year
or a month, and gives an insight on the performance of an energy source. The equation for
capacity factor is given as:
𝐶𝐹 =

𝑃
𝑃𝑚𝑎𝑥

Where P is generated energy, and Pmax is theoretic energy generated at full capacity. For solar
PV, the capacity Factor is given as the energy produced over a given time frame, divided by
the theoretical maximum production in the same time frame. The maximum production rate is
given under STC, and the equation for a given time frame of n days is:
𝐶𝐹 =

𝑃(𝑛)
24 ℎ/𝑑𝑎𝑦 ∗ 𝑛 𝑑𝑎𝑦𝑠 ∗ 𝑃𝑚𝑎𝑥

This is usually done for monthly and yearly figures, giving n = 28/29/30/31 depending on
month, or 365/366 for yearly figures, and then the produced energy, P(n), for that given time
frame.
Capacity factor varies considerably across different energy sources. While nuclear energy can
reach as high as 90% [48], most fossil sources hovers around 50 % [48]. Typical values for
the renewable sources range from 11 % for the worst performing large scale solar [47], to 40
% for hydro and wind. Some typical capacity factors for different technologies are listed in
table 1 [48][50][47].
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Table 1: Average capacity factor of some energy sources [48][50][47]
Technology

Location

Average Capacity Factor

Britain

11.7 % [47]

USA

25 % [50

Germany

11.2 % [51 p. 44]

Britain, offshore

39.6 % [47]

Britain, onshore

26.2 % [47]

USA

34 % [50]

Nuclear

USA

92.6 % [48]

Hydro

USA

40 % [48]

Coal

USA

54 % [48]

Natural Gas, CC

USA

57 % [48]

Solar PV

Wind

Calculating capacity factor the renewable energy sources is often more valuable than for the
fossil sources. For fossil energy, capacity factor is not location specific, and since the energy
resource is readily available, capacity factor mostly says something about what efficiency and
load the power plants operate at. For renewables, capacity factor says more about the
availability of the energy source and how well the resource is being utilized. In solar PV,
100% capacity factor would occur if the solar cells operated under STC at all time.
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3 Method

3.1 Svalbard Airport Solar Facility
Situated at 78 degrees, 14 minutes, and 46 seconds north, is Svalbard Airport, Longyear. It
operates daily flights to and from mainland Norway and is the world’s northernmost
commercial airport. Avinor is responsible for the operations at the airport [52].
Avinor has a goal of halving their total CO2 emissions from operations from 2012 until 2022
[53]. Svalbard airport, in particular, has been targeted by Avinor to meet this goal [54 p. 35],
stating that:
“Svalbard Airport in particular stands out in Avinor’s climate accounts as the
airport’s heating and electricity are both provided by a coal-fired power plant.” [54 p.
35]
In their own calculations, Svalbard Airport is third on the list over sources of greenhouse gas
emissions, producing more than 2000 tons of CO2 equivalents annually, as illustrated in figure
11. Looking to reduce the produced CO2 equivalents at Svalbard Airport is therefore a
reasonable measure to meet that target.

Figure 11: Avinor’s Greenhouse Gas Emissions Related To Airport Operations For Each
Emission Source [54]
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3.1.1 Sun Conditions
Svalbard Airport is around half-way between the North Pole and the Arctic Circle, and
experiences both the polar winter and the midnight sun. From October 26th to February 15th,
the sun is below the horizon throughout the day, and from April 19th to August 23rd, the sun
will not set [55]. In addition, the sun does not rise very high above the horizon, peaking at 35
° above the horizon at mid-day on summer solstice, June 21st [56].
The Airport is situated directly north of the Platåfjellet plateau, which obstructs parts of the
incoming solar radiation (figure 12). At a distance of 1.8 km from the airport, and an
elevation of 450 meters above sea level, the angle created towards the airport is around 14 °
from the horizontal. This reduces the available solar radiation by quite a bit. Illustrated in
figure 12, is the path of the sun at summer solstice (upper path), and spring/autumn equinox
(lower path). It is noticeable that Platåfjellet interferes with the sun at the equinoxes.
However, between March 28th and September 15th, the Platåfjellet does not interfere with the
incoming solar radiation from south [57], as the sun’s path is higher than the plateau.
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Figure 12: 360 degree horizon as seen from Svalbard Airport. Included are the sun’s path at
summer solstice, and spring and autumn equinox. Winter solstice is below the horizon [57]
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3.1.2 Weather
The historic weather data from Longyearbyen Airport is very detailed, due to a weather
station at the airport. It has been operational since 1980 [58]. Most relevant for solar PV
production, is data on cloud cover, temperature, and precipitation. Figure 13 shows an
average cloud coverage throughout the year. It is observed that the months between April and
October sees a higher chance of clearer skies, while the months from November to December
have as high as 70% chance of being overcast. Fortunately for solar PV, that means that the
highest chance of overcast, happens when the sun is below the horizon.

Figure 13: Average cloud cover at Svalbard Airport since 1980 [58]
Average temperature in the winter months is between -6 and -16 °C [58]. The red line in
figure 14 shows the highest average temperature, while the blue shows the lowest.
Temperatures can drop towards -30 °C in winter. Summer temperatures rarely exceed 15 °C,
but in 2020 a new temperature record was set. July 25th, the temperature at Svalbard Airport
reached 21.7 °C, the highest ever recorded on Spitsbergen [59].
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Figure 14: Highest and Lowest Average Temperatures at Svalbard Airport since 1980.
The later years have seen a drastic increase in temperature and precipitation in Longyearbyen,
contributed to the ongoing climate change [4]. Historic data might therefore not reflect the
future weather in the best way. It is, however, an indicator that is valuable if used with
caution.

3.1.3 Solar Panels
As part of the goal to halve the CO2 emissions by 2022, Avinor began installation of a Solar
PV system on Svalbard Airport in 2016. It was initially a pilot project, but it performed better
than expected due to reflection [60 p. 41]. It was therefore decided to expand the facility in
2017, and it was further expanded in 2018. It now consists of 450 PV modules, 32 of which
are roof mounted, and 418 wall mounted [61 p. 15-16]. Since installation of the latest
modules in 2018, it has produced at full capacity for the entirety of 2019 and 2020.
The solar PV installation on Svalbard Airport consists of a mix of two brands of solar panels,
with varying specifications. There are 150 Jinko JKM265P and 300 Sunpower E20-327
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panels [61 p. 15-16]. The key characteristics of each of the panels are listed in table 2. Most
notable is the different cell type, mono- and polycrystalline. Monocrystalline is known to
have a higher efficiency than polycrystalline, as they are created from a single silicone crystal.
Consequently, the price is also higher [62].
Table 2: Specifications of the solar PV panels installed at Svalbard Airport
Sunpower E20-327 [63]

Jinko JKM265P [64]

Cell type

Mono Crystalline

Poly Crystalline

No. of cells

96

60

Avg. efficiency

20.4 %

16.19 %

Peak Power

327 Wp

265 Wp

Degradation (Warranty)

5% first 5 years, 0.4%

2.5% first year, 0.7% annual

annual next 20

next 24

-0.35 % / °C

-0.41 % / °C

Temperature coeff., Pmax

The total installed PV capacity of Svalbard Airport as of December 2020 is:
𝑘𝑊𝑝 = 300 ∙ 327 𝑊𝑝 + 150 ∙ 265 𝑊𝑝 = 137.9 𝑘𝑊𝑝

3.1.4 Degradation
The two types of panels on Longyearbyen Airport are rated with a degradation rate of 5% for
the first 5 years, then 0.4% annually for the monocrystalline Sunpower E20-327 [63]. The
Jinko JKM265P has a degradation rate of 2.5% the first year, then 0.7% annually after that
[64]. Illustrated in figure 15, the monocrystalline panels generally have a lower degradation
except for after 5 years, where it for a short time has a higher degradation than the
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polycrystalline panel. It must be noted that these degradation rates are worst case, as the
provider guarantees higher efficiency than the rated degradation.

Degradation of solar panels at Svalbard Airport

Remaining efficiecy

1
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0,8
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9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Year
Sunpower E20-327

Jinko JKM265P

Figure 15: Expected degradation of the solar PV panels at Svalbard Airport

3.1.5 Inverters
There are 11 inverters that converts the direct current generated by the solar panels to
alternating current that can be consumed by the power grid. They are all Fronius Symo
inverters, with varying capacities. The Fronius Symo inverter are delivered in 15
configurations from 3 kW to 20 kW [65]. In the Svalbard Airport facility, there are four 10
kW, two 12.5 kW, two 15 kW and three 20 kW inverters [61 p. 16-17], totaling a maximum
capacity of 155 kW. They have the following panels connected to them:

27

Table 3: Inverters at Svalbard Airport and the connected solar panel arrays, Panel
configuration and installation year
Inverter

Panel model

capacity

Panel

Total

amount

capacity orientation

[kW]

Panel

Panel tilt

Installation
year

[kWp]

10

Jinko
JKM265P

20

5.3

15
°south/west

Vertical

2018

10

Jinko
JKM265P

25

6.26

15
°south/west

Vertical

2018

10

Jinko
JKM265P

25

6.26

15
°south/west

Vertical

2018

10

Sunpower
E20-327

24

7.85

15
°south/west

Vertical

2018

12.5

Sunpower
E20-327

40

13.08

15
°south/west

Vertical

2017

12.5

Sunpower
E20-327

40

13.08

15
°south/west

Vertical

2017

15

Sunpower
E20-327

40

13.08

105
°west/north

Vertical

2018

15

Sunpower
E20-327

40

13.08

105 °
west/north

Vertical

2018

20

Sunpower
E20-327

24,

18.31

15
°south/west,
-75 °
east/south,
105 °
west/north

15 ° from
horizon,
Vertical,

2016

16,
16
(56 total)

Vertical

20

Jinko
JKM265P

80

21.20

15
°south/west

Verical

2017

20

Sunpower
E20-327

60

19.62

15
°south/west

Vertical

2018
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3.1.6 Orientation of Panels
The panels are placed on the buildings of the terminal, the control tower, and hangars. Most
of the panels are mounted on the south-west facing wall, but some are roof mounted and
mounted on a west-north facing wall.

Figure 16: Calculation of the orientation of wall mounted solar panels [13]
To find the direction of the panels, the detailed Svalbard map from Norsk Polarinstitutt [13]
was used. Referencing figure 16, the method was as follows: Line c was drawn 500 meters
parallel to the south-west facing walls of the airport. From the end of c, line a was drawn in
longitudinal direction, also 500 meters. Lastly, line a was drawn from the end of a back to the
beginning of c, measured to 610 meters long. Basic trigonometry can be applied to find the
angles. The Pythagorean Theorem finds the length of d:
𝑏 2
( ) + 𝑑 2 = 𝑎2
2
𝑏 2
610 2
) = 396 𝑚
𝑑 = √𝑎2 − ( ) = √5002 − (
2
2
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Knowing the lengths of all the sides in a right triangle, any of the three trigonometric
functions can be used to find an angle. To find α, the cosine function was used:
𝑐𝑜𝑠 (𝛼) =

𝑑
𝑎

𝑑
396
) = 37.6°
𝛼 = 𝑐𝑜𝑠 −1 ( ) = 𝑐𝑜𝑠 −1 (
𝑎
500
Ultimately, the angle β is the one that is interesting, as it is the angle that the south walls of
the airport buildings differ from the latitudinal parallel:
𝛽 = 90° − 2𝛼 = 90° − 75.25° = 14.75 °
This means that the south-west walls of the airport are facing 15 ° south-west from the
latitudinal parallel. This differs slightly from the 20 ° stated by Enoksen [61 p. 15-16].

3.1.7 Production Data
The production data from the facility at Svalbard Airport is available for the system
administrators through the Fronius International owned “Solarweb”. In addition, guests can be
granted viewing access from the administrator. For the current project, permission for data
insight was granted by the previous airport manager, Carl Einar Ianssen.
Each of the 11 inverters provides detailed production data, with a sampling interval of 5
minutes. This data is converted to daily, monthly, and yearly production figures. More
specific data, like current and voltage, are also available. Daily power production from every
one of the 11 inverters is what will be used as the data base of this thesis.
From the 11 inverters, a daily energy production is logged on Solarweb. That means that
yearly, over 4000 data entries are logged. Without a download option, or the capability to
automate the data logging, each entry had to be manually logged for data processing. The
work is tedious, and prone to mistakes. After careful review, and matching the monthly totals
for each channel with the monthly totals of Solarweb, the confidence in the accuracy of the
manually recorded values is high. No transcription mistakes were found in the final, careful,
review.
30

The daily production data for every channel, is plotted in figure 17. The name of the channels
in the legend are the same as they are on Solarweb. All production from the different channels
is stacked, so the total daily production of the system is illustrated. It is easy to see the two
expansions, in the beginning of 2017 and towards the end of 2018. The best production days
after the last expansion in 2018 is shown to be over 900 kWh. The seasonal behavior of the
solar resource is clearly demonstrated, also the huge day-to-day variation in production during
the summer season.

Energy production
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25.08.2019

Date
Symo 10.0-3-M Hangar1_center

Symo 10.0-3-M Hangar1_upright

Symo 10.0-3-M Hangar1upperleft

Symo 10.0-3-M Tower

Symo 12.5-3-M (1) BOTTOM (# 1)

Symo 12.5-3-M (1) TOP (# 1)

Symo 15.0-3-M Hangar3a

Symo 15.0-3-M Hangar3b

Symo 20.03-3-M (1) (# 1)

Symo 20.03-3-M HANGAR1_lower (# 1)

Symo 20.03-3-M Terminal West

Figure 17: Energy production for each of the 11 arrays at Svalbard Airport.
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25.08.2020

The channels in Solarweb are not intuitively named and lack consistency. It therefore required
some work to identify what channels relate to what solar panel array. The names of the
channels start with what size inverter it is connected to. For example, the “Symo 10.0-3-M
Hangar1_center” is connected to a Fronius Symo 10 kW inverter. Then, using what year they
started producing, combined with Enoksen’s previous work [61 p. 15-17], specific
identification could commence. Five of the channels are identified in figure 18, all wall
mounted and facing 15 ° south-west. “Symo 15.0-3-M Hangar 3a” and Symo “15.0-3-M
Hangar3b” are the two arrays that are wall-mounted in a 105 ° northwestern direction. “Symo
12.5-3-M (1) BOTTOM (# 1)”, “SYMO 12.5-3-M (1) TOP(# 1)” and “Symo 20.03-3-M
Terminal West” are all wall mounted on the terminal, 15 ° south-west. In relation to figure 18,
they start at the left ending of the figure. Lastly, “Symo 20.03-3-M (1) (# 1)” is the pilot
installation, with 32 panels roof mounted, and 24 panels wall mounted. The roof-mounted
panels are mounted on the terminal building in an A-shape, with 15 ° inclination. They face
110 ° north-west and -70 ° east-south. The last 24 panels are mounted on the 15 ° southwestern wall.

Figure 18: Location of five of the arrays that track production data
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3.2 Previous Work
As a baseline for the thesis, existing literature was utilized to gather data and information. The
literature is a mix between academic research and private reports conducted by request from
the administrating organs of the settlements. What separates this thesis from the reports that
are used as baseline, is that actual production data from an arctic PV installation is used in
this thesis. The reports from Multiconsult for Longyearbyen [19] and Ny-Ålesund [22], both
rely on weather data to estimate PV production. Enoksen’s Master Thesis [61] from earlier in
2020 provided great insight in the PV system at Svalbard Airport, and clarified the provided
production data from the airport.

3.3 Simulation
To investigate how a solar PV power plant can facilitate an arctic settlement in the future,
simulations will be conducted to examine what system sizes are required for different
scenarios. Energy consumption data from Multiconsult [19] will be paired with estimated
production data, calculated based on the production data from the existing solar PV power
plant in Longyearbyen. Storage technology will be included to simulate performances of fullscale system designs.

3.4 Analysis Tool
The initial plan was to use the programming language Python to analyze the data. Python is a
relatively intuitive programming language and is great for mathematical operations on lists
and other data structures. After discovering that the data from Solarweb was not available for
download, a natural choice to use Excel for data entry was made. While copying over 16000
data entries to Excel, a fluid transition to also perform the data manipulation in Excel
occurred. Excel is great for visualization of the datasets, and the visual and intuitive handling
of data that Excel provides was valued over the, in many ways, more advanced Python. In
addition, the mathematical operations and visualization of the results of the analysis did not
require the flexibility and computing power that Python provides. The decision was therefore
made to use Excel for analysis of the data, scrapping the original plan of using Python.
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4 Findings

4.1 Performance of PV in the Arctic
The solar PV facility at Svalbard Airport has been operating at full capacity for the entirety of
2019 and 2020, after the last new expansion was made towards the end of 2018. Two years of
data from an installation with a minimum lifetime of 25 years will unfortunately not provide a
full representation of the expected yearly energy production. It will, however, provide a
valuable indication of what can be expected for future installations in the polar regions,
especially if climate and latitude is similar.

4.1.1 Capacity Factor
In 2019, the solar installation in Longyearbyen produced 68.25 MWh, and 67.05 MWh in
2020. The average comes out to be 67.65 MWh. This value inserted to the equation from
section 2.5 calculates the average capacity factor for the last two years:
𝐶𝐹 =

67 650 000 𝑊ℎ
= 0.0560 = 5.60 %
365 𝑑 ∙ 24 ℎ/𝑑 ∙ 137 900 𝑊

A capacity factor of 5.60 % is in the lower end for a solar PV facility, considering that
facilities are observed to reach capacity factors of up to 20% as discussed in section 2.5.
Knowing that the solar resource is only available in the summer season, it is expected that the
capacity factor will vary a lot throughout the year. The 128 days from October 15th to March
20th are without any production at all. Removing these from the annual capacity factor
calculation:
𝐶𝐹𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

67 650 000 𝑊ℎ
= 0.0860 = 8.60 %
(365 − 128) 𝑑 ∙ 24 ℎ/𝑑 ∙ 137 900 𝑊

A capacity factor of 8.6 % is found for the days with energy production. This is almost
comparable with numbers seen in Germany and UK, where the CF hovers around 11%.
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To visualize the seasonal variation in solar PV performance, it is helpful to plot the monthly
capacity factor to see what role this variation in insolation plays. Monthly capacity factor was
found by using the same equation as above, replacing the total energy with monthly energy,
Emonth, and the days with number of days in the month, dmonth:
𝐶𝐹𝑚𝑜𝑛𝑡ℎ𝑙𝑦 =

𝐸𝑚𝑜𝑛𝑡ℎ
(𝑑𝑚𝑜𝑛𝑡ℎ ) ∗ 24ℎ/𝑑 ∗ 137900𝑊

In figure 19, the calculated monthly capacity factor in 2019 and 2020 is plotted. As expected,
October to February has virtually zero production, and all the production happens in the
months from March to September. The best performing months are April through August.
Monthly capacity factor is seen to peak at over 16%, a very competitive value, beating
German and British averages as seen in table 1.
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Figure 19: Average monthly capacity factor for the 11 arrays in 2019 and 2020
It is interesting to observe that there seems to be a bias towards better production in the first
production months of the year. Several factors can play a role in this, for example better
weather in the spring, as seen in section 3.1.2. It is also in line with theory, considering the
increased efficiency at lower temperatures, and increased albedo because of the snow cover,
that is experienced in the spring months.
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When the monthly capacity factor from each of the 11 arrays of solar panels connected to the
11 inverters are plotted, a similar, but more detailed outlook is given. Individual data from
each of the arrays provides valuable information for the different configurations. It is
surprising that the three different installment configurations at the airport performs similarly.

Monthly capacity factor for each array, 2016 - 2020
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Figure 20: Monthly capacity factor for each of the arrays
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The most notable outliers are “10.0-3-M Hangar1_upperleft” and “10.0-3-M
Hangar1_upright”. They are observed to perform considerably worse than the rest of the
arrays. Initially, it was assumed that this was caused by poor selection of inverter. However,
Fronius states that the 10 kW inverters only will have a drop off in adaptation efficiency of
around 5% when the scaling is in the magnitude of the system in question [65]. Additionally,
“10.0-3-M Hangar1_center” is one of the best performing arrays when it comes to capacity
factor, while filling even less of the inverter’s capacity.
A suspicion of what the cause of the bad performance of the two arrays arose as pictures of
the facility were carefully studied. An extension of the wall of the hangar, which the center
array is placed on, creates a shadow on the western array, “10.0-3-M Hangar1_upperleft” in
the morning, and eastern array, “10.0-3-M Hangar1_upright” in the evening. In figure 18, the
source of this shadow is the part of the building where “10.0-3-M Hangar1_center” is
installed.
The suspicion was confirmed when analyzing the daily production data from the arrays. The
two arrays have a symmetric, but shifted, pattern, where the eastern panels have their peak
approximately 1h20m before the western panels have their peak. In figure 21, this effect is
shown. April 8th, 2020 was clearly a day of high production. In the morning, the “10.0-3-M
Hangar1_upperleft” is shaded while “10.0-3-M Hangar1_upright” produces at full capacity.
After mid-day, it shifts, and “10.0-3-M Hangar1_upperleft” produces more than “10.0-3-M
Hangar1_upright”. For some reason, the legend in Solarweb is wrong. “10.0-3-M
Hangar1_upright” and “10.0-3-M Hangar1_upperleft” have the same installed capacity, 6.26
kW, while the center installation has 5.3 kW. This can be confirmed by counting the panels in
figure 18. The legend in figure 21 should be swapped between “Symo 10.0-3-M
Hangar1upperleft” and “Symo 10.0-3-M Hangar1_center”. This is corrected in the rest of the
project.
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Figure 21: Demonstrating the shifted symmetry of the “10.0-3-M Hangar1_upperleft” and
“10.0-3-M Hangar1_upright” arrays, compared to the “10.0-3-M Hangar1_center” array.
Legend is wrong from the provider, and corrected in thesis
Peak daily capacity factor from the panels of the airport was also found. Figure 21 shows that
the roof-mounted panels have a lower peak CF than the rest of the panels. Additionally, the
two shaded panels are experiencing low maximum CF. Meanwhile, the panels on the part of
the building that shades these panels have the highest peak CF. The panels that are shaded
have their capacity factor reduced by up to 25% on peak days, compared to the center array
between the two. The fact that the eastern array of the two shaded arrays have a higher peak
CF than the western, might indicate that the early morning production potential is higher than
in the evening, because the two installations are perfectly symmetric (figure 18). Maximum
capacity factor seems to be in the same range for both the panel brands, and both the southwestern and west-northern orientation.
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Figure 22: Maximum daily capacity factor since installation for all 11 arrays

4.1.2 Optimal Installation Configuration
With only three different installation orientations, it is challenging to decide a perfect
installation configuration. What is possible, is to find out which of the existing configurations
performs best. To find an answer to this, three arrays with identical panels and similar size in
the three directions were compared. The Sunpower E20-327 panel is installed in all three
configurations. Performance of the three panels can be seen in table 2.

40

Table 2: Capacity factor of three different panel configurations
12.5-3-M (1) TOP (# 15.0-3-M Hangar3a

20.0-3-M (1) (# 1)

1)

(# 1)

Number of panels

40

40

56

Pmax [kWp]

13.08

13.08

18.31

Inverter size [kW]

12.5

15

20

Installation config.

Vertical, 15 ° south-

Vertical, 105 ° west-

Roof-mounted and

west

north

vertical 15 ° southwest

Capacity factor

6.03%

4.97 %

5.56 %

South-western oriented panels are expected to have a higher capacity factor, than the westnorthern oriented. This is in line with expectations. The difference is, however, not very big.
A theory for why this is the case, is that during the 360 ° sun from April 20th to August 23rd,
daily hours of insolation is unaffected by the orientation of the panel. In a 90 ° orientation to
the horizon, west-northern panels are even expected to perform better under these conditions,
as the sun will be lower on the sky in the evening. The effect is also reflected in the peak daily
CF, shown in figure 22, where the peak CF of the two arrays of northwestern facing panels
“Symo 15.0-3-M Hangar 3a” and Symo “15.0-3-M Hangar3b”, are at the same level as the
unshaded 15 ° south-west oriented. This can be exploited in areas where weather varies a lot
from hour to hour because of local effects. If the evenings tend to have more cloud cover,
maybe a more eastern orientation of the panels is advantageous. In addition, it can be useful to
avoid shading from surrounding mountains in the same way. For Svalbard Airport, with the
Platåfjellet directly to the south (figure 12), the 15 ° south-western orientation is probably not
optimal because of shading from the plateau.
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A similar comparison between mono-crystalline and poly-crystalline panels was also made.
Some of the 2017 installations were chosen for this assessment. They are all wall mounted,
facing 15 ° south-west. The three-year average capacity factor was calculated and can be seen
in table 3. This might indicate that monocrystalline solar cells will have a higher capacity
factor than polycrystalline. However, monocrystalline panels are more expensive, and costeffectiveness must be considered when choosing cell-technology for a system.
Table 3: Capacity factor of monocrystalline and polycrystalline panels
12.5-3-M (1) TOP (# 12.5-3-M (1)

20.0-3-M

1)

HANGAR1_lower

BOTTOM (# 1)

(# 1)
Number of panels

40

40

80

Pmax [kWp]

13.08

13.08

21.2

Inverter size [kW]

12.5

12.5

20

Installation config.

Vertical, 15 ° south-

Vertical, 15 ° south-

Vertical, 15 ° south-

west

west

west

Cell type

Mono

Mono

Poly

Capacity factor

6.03 %

6.03 %

5.65 %

4.2 Improvement Suggestions
There are several ways to improve a new solar PV installation in the arctic region. Enoksen
[61] estimated a potential efficiency gain of almost 10% at the airport in Svalbard. The most
important contributor to solar PV is the sun. To maximize the efficiency of solar PV it is
therefore crucial to maximize incoming solar radiation on the installed panels. The static, 90
°, wall-mounted panels, while simple to install and maintain, have lots of room for
improvements.
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4.2.1 Tilt
The tilt of most of the panels in the Svalbard Airport PV system is 90 ° from the horizon,
perpendicular to the horizon. As the sun spends all its visible hours above the horizon, it is
obvious that even the slightest tilt would increase efficiency. A simplified suggestion that
would increase annual incoming radiation, is to tilt the panels to the angle in between the
horizon, and the highest angle of the sun at summer solstice. This would, in Longyearbyen’s
case, be:
∠𝑇𝑖𝑙𝑡 = 90° −

∠𝐻𝑜𝑟𝑖𝑧𝑜𝑛 + ∠𝑆𝑢𝑛𝑆𝑜𝑙𝑠𝑡𝑖𝑐𝑒
0° + (90° − 78°) + 23.4°
= 90° −
= 72.3°
2
2

This would, compared to the 90 ° panels, increase the efficiency of the installed solar panels
any time the sun is 9 ° or above on the horizon. Keeping in mind the increased horizon angle
from Platåfjellet just south of the airport would further increase the benefits of this tilt. More
sophisticated methods can be used to find the perfect angle of tilt in relation to the direction of
the panel. It would also be useful to include local weather conditions and shading in the
calculations. AM value also increases rapidly at angles closer to 90 ° and must be considered.
One big benefit that vertical tilted solar panels have in the Arctic, is that they are less
susceptible to snow cover. Snow cover on solar panels is a known challenge in areas where
snow occurs. This is also experienced at Svalbard Airport, where the roof-mounted solar
panels with a tilt of 15 ° to the horizon experience efficiency losses after snow fall [61 p. 48].
Tilting the panels introduces snow cover challenges to the system.

4.2.2 Bifacial Technology
To further utilize the high reflection rates from the snow in the polar regions, bifacial solar
panels is a promising option. They will benefit both from the 24-hour sun, as well as the
ground reflected solar insolation, especially when reflected from snow. Wall mounted bifacial
panels will, as expected, not benefit a lot of being bifacial. Because no radiation, neither
reflected or direct, will hit the backside of the panel, rendering the bifacial technology useless.
This is confirmed in practice, with wall-mounted bifacial panels in Tromsø [61 p. 57]. With a
clear backside, simulations show that the efficiency of bifacial modules are more beneficial in
an arctic climate compared to a Munich climate [61 p. III].
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4.2.3 Tracking Systems
Some of the biggest potential production losses in the Arctic, comes from the static nature of
the installed panels. While wall-mounting is very simple and low maintenance, the
advantages of the midnight sun are almost completely lost. The exception being some
reflected light from the surroundings.
The high latitudes, like the Arctic and Antarctic, will see the highest gains in efficiency when
installing two-axis tracker systems [66]. Simulations with two-axis tracking in Narvik, at 68 °
north, shows that the efficiency can increase by 40-45 %, and the increase is most prominent
in the summer months [66]. With the variation of angle of the sun decreasing the further from
equator one is, the need for two-axis tracking decreases. A single axis tracking system, with
static tilt, reduces the complexity of the system, while gaining more hours of production.
Being in the Arctic climate, tracking systems will be high maintenance, because of snow and
ice. However, if a stand-alone solar PV system was to be designed, it certainly must be
explored. An additional challenge introduced by rotating panels is the shading, and spacing
between the installations must be increased to maintain high production.

4.3 Simulation of Solar PV Systems
Using the production data from Longyearbyen Airport, it has been possible to simulate a
couple of scenarios of varying degree of solar dependency. With weather being such an
important factor in solar energy, data from Longyearbyen is mostly relevant in the Svalbard
area. However, most of the other factors are common for the arctic region and can therefore
be translated to other locations.

4.3.1 Energy Profile
In a year-round arctic settlement, the energy consumption varies significantly with season.
Multiconsult conducted a survey in Longyearbyen in 2018 [19] which found that 40 000
MWh of electricity and 70 000 MWh of district heating were consumed annually by the 1850
customers on the grid [19 p. 13]. The maximum and minimum daily load of district heating
and electricity for the year of 2018 are illustrated in figures 23 and 24. It can be observed that
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the production of district heating almost doubles in the winter season. Electricity consumption
also increases in the winter, but not nearly with the same magnitude.

Figure 23: Min and Max daily load in Longyearbyen in 2017, district heating [19]

Figure 24: Min and Max daily load in Longyearbyen in 2017, electricity [19]
The many peaks in the electricity production graph are attributed to the operations at Mine 7,
which supplies the coal to the power plant [22 p. 17]. They operate from 07:00 to 11:00, five
days every week and is a large consumer of electricity. The reduced activity at the mine in
July is illustrated in smaller peak loads in figure 24.
Based on the heat and electricity load data provided, a monthly approximation of electricity
and heat production was made. Energy production and consumption is assumed to be the
same. The approximation was done by multiplying the number of hours in every month, with
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the average load for both electricity and heat production. The total energy production found
with this method deviated only 3 % from the 110 000 MWh found by Multiconsult and can be
considered a very good approximation. Scaling the whole production down by 3 % in the
model let the total energy consumption match the provided data. The resulting energy
production figure, expressed as watt hours, was then plotted, and can be seen in figure 25.
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Figure 25: Monthly energy production in 2017, Longyearbyen
Having found the energy production profile of Longyearbyen, it was overlayed with the
average monthly capacity factor from the Solar PV at Svalbard Airport in 2019 and 2020. A
very harmonic correlation between energy demand and potential PV production can be
observed from April through August in figure 26. From October through February, however,
energy demand is high while production potential is zero.
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Figure 26: Monthly energy production in 2017 and average capacity factor in 2019-20,
Longyearbyen

4.3.2 Full Solar Dependency
An arctic settlement with full dependency on solar energy will require a large-scale energy
storage, as well as a huge solar PV production plant. Referencing figure 26, it is apparent that
all energy consumed from November to February must be from storage capacity, which must
be charged during the summer months. While seemingly unpractical, a simulation was run to
approximate just how large of a system is required to realize it.
Having documented the energy demand of the settlement, and the capacity factor of a solar
PV installation, a simulation can be run on a complete system. First, a system with 100%
energy storage round-trip efficiency was simulated. The required installed capacity of a solar
facility can be calculated using the energy demand and capacity factor:
𝑊𝑝 =

110 𝐺𝑊ℎ
= 224.2 𝑀𝑊𝑝
(24 ℎ/𝑑𝑎𝑦 ∙ 365 𝑑𝑎𝑦/𝑦) ∙ 0.0560
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Energy production was calculated by multiplying the monthly capacity factor with number of
days in the month, and the kWp of the solar facility found above. The monthly change in
stored energy is calculated by subtracting the monthly consumption from the production. In
months of over-production, energy gets stored, and vice versa. Two years of simulation was
plotted in figure 27, with an initial 15 GWh stored in the storage system.
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Figure 27: Two-year simulation of a fully reliant solar PV Longyearbyen. Round-trip
efficiency in storage 100%
The simulation shows that a storage system with a capacity of 55.7 GWh is required to
provide year-round energy, calculated by subtracting the minimum storage from the
maximum. It has to be partnered with a 224 MWp solar PV installation. This of course
assumes a 100% round-trip efficiency, which is impossible. Introducing a more realistic
round-trip efficiency of 60% to the storage system, which is a reasonable efficiency for
modern CAES systems [43 p. 12-13], the situation changes.
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Figure 28: Two-year simulation of a fully reliant solar PV Longyearbyen. Round-trip
efficiency in storage 60%
To simulate a storage system with a round-trip efficiency of 60%, the produced energy was
first spent to meet the consumption. Any excess production went to storage with 60%
efficiency. If consumption was higher than production, the remaining energy was taken from
the storage system. Required capacity of the solar PV facility was tuned in the simulation
until the system budget was zero. It shows that the required solar PV capacity had to increase
to 295 MWp, from the 224 MWp in the system with 100% round-trip efficiency in the storage
system. Figure 28 shows two years of simulating the system, starting at 15 GWh of energy
stored. The required storage capacity is, surprisingly, slightly reduced to 52.1 GWh,
compared to the last simulation. This is equal to 47.4 % of the total annual energy demand.
295 MWp of solar PV will produce 144.7 GWh of solar energy annually, considering a
capacity factor of 5.6 %. This means that a total of 34.7 GWh, or 24.0 % of the total produced
energy is lost in energy storage processes.
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4.3.3 Peak Load Energy Production and Storage
Having looked at the example with full solar PV dependency, smaller applications of solar
energy had to be explored. Longyearbyen has, in later years, seen capacity at the coal power
plant explode [20]. The energy demand cannot be met by the coal power plant alone, and
therefore emergency back-up must be used to meet the demand. The emergency back-up
consists of three 1.8 MW diesel generators, each delivering around 1.5 MW in stable output
[22 p. 22-24].
2020 had an average of 6 hours of production every day of the winter from the backup
generators near the city center [20]. Winter is assumed to be November through March.
Assuming that, on average, 2 of the 3 generators were producing during these hours, this
means that for 6 hours every day of the winter season, the generators ran at 3000 kW. The
total amount of energy produced will then be:
𝐸𝑒𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑦 = 3000 𝑘𝑊 ∗ 6 ℎ/𝑑 ∗ 150 𝑑 = 2.7 𝐺𝑊ℎ
Meaning that 2.7 GWh of energy is produced annually by the emergency generators of
Longyearbyen.
The provided number is only the average. In reality the generators run only at times with high
energy demand. This is mainly on the coldest days when heat and electricity demand is higher
than on warm days. The simulation assumes a simplified average of 6 hours per day.
Efficiency of the storage system is assumed to be 60%, and the produced energy is consumed
before stored energy. Two years of simulation is plotted in figure 29.
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Figure 29: Peak-Load energy supplied from solar PV. Efficiency of storage 60%
The required capacity of the solar PV facility, assuming the same average monthly capacity
factor as before, is 8.85 MW. In addition, the required energy storage capacity is 2.44 GWh.
The simulation shows that peak energy demands happen at times where the solar resource is
unavailable, and therefore it appears unattractive. With a solar PV installation of 8.85 MWp,
and a capacity factor of 5.6%, a total of 4.34 GWh is produced annually. 1.64 GWh, or 37.8
% is lost in storage processes. This is only slightly less than the 40% that would have been
lost if all produced energy went through the storage system. February and March are the only
months where some of the produced energy goes directly to the cause.

4.3.4 Summer-Only Solar Dependency
The complementary relationship between solar capacity factor and energy demand in the
months from April through August, as demonstrated in figure 26, makes summer-only solar
energy an attractive alternative. The idea behind this simulation, is to rely solely on solar PV
energy in the summer and use the existing energy supply to supply energy in the winter. This
reduces the dependence on fossil fuel in the summer. Life expectancy of installed energy will
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increase, and maintenance on the systems can be performed during downtime. The need to
run the existing system at suboptimal loads and reduced efficiency is also decreased.
To be able to supply a solar dependent system which runs only in the summer months, certain
storage will be required to combat the intermittency. There is the obvious night/day
intermittency, or rather the sun being in front or behind the panels in the arctic summer, as
well as longer periods of bad weather conditions for solar production. The average daily
capacity factor for the months in between April and August in 2020 was found to be 11.97%,
with peaks of over 25% on the best days, and the worst days at around 1%. Figure 30
illustrates the variation in capacity factor in 2020, where longer periods of low capacity factor
can be observed.
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Figure 30: Daily capacity factor from March 1st to September 30th at Svalbard Airport
To supply a stable energy supply, some energy would need to go through a storage process
before consumption. There will always be efficiency losses in the storage process, and
therefore it should be avoided. The simulation assumes that all electricity that is produced
from solar when the production is lower than consumption, is consumed at 100% efficiency.
On days with a surplus production, the energy first meets the consumption. Then, the surplus
energy is sent to storage, with efficiency losses in compliance with the chosen storage
technology.
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With the daily consumption figure in mind, a model was made where all production which
exceeded daily consumption would undergo an efficiency loss of 60%. This is to simulate a
realistic scenario with CAES technology. The installed solar PV capacity was then tweaked
until the total energy production matched the consumption of the period. Simulation revealed
that this would require a total PV capacity of 86.3 MWp. This is equivalent to 263 914
Sunpower E20-327 panels. The simulation, seen in figure 31, also revealed that the required
storage capacity is 2.76 GWh – Peak stored energy minus the minimum level. To avoid
draining the storage system by the end of April, approximately 1.5 GWh must be stored by
the start of solar-only dependency.

Energy consumption, production and storage simulation
(April - August, 2020)
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Figure 31: Simulation of a fully solar reliant Longyearbyen in 2020. Efficiency of storage
60%
A weakness in this simulation is that the energy demand is assumed to be uniform throughout
the month. Realistically, the tendency is that on days where the solar resource is abundant,
energy demand decreases. This means that days of low solar production also might have a
higher energy demand. It is therefore fair to assume that the capacity of solar PV and storage
must be higher than the simulation suggests, because the intermittency is amplified by the
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inverse correlation. In addition, it does not account for the variation in energy production and
demand throughout the day. The tendency is that during daytime, the energy demand is larger
than in the night.
Total energy loss is calculated similarly to earlier simulations. The total consumed energy
from April 1st to August 31st is 42.61 GWh. A solar installation with a capacity of 86.3 MWp
would, in the same period in 2020, produce 37.94 GWh. 89.04% of the produced solar energy
would be consumed, and only 10.96 % lost in energy storage processes.
An added benefit of the solar system for the summer months is that the energy storage system
can be used to offload the generator at the peaks in the winter months, and possible
emergency-generator running might become unnecessary. The storage capacity required for a
system with 86.3 MWp of solar installed, is 2.76 GWh. This is slightly more than the
simulated storage capacity in sector 4.3.3.

4.3.5 Combining Summer Solar and Peak Storage
Considering April through August as solar-only, March and September would have had some
wasted solar potential. This was added to the previous model of full solar dependency during
the summer months, where 100% of the produced solar energy in March and September went
to storage with 60% round-trip efficiency. The simulation shows a good potential for
combining full summer solar dependency, and winter peak energy. Starting with empty
storage in March, the production during March was almost enough to cover the lower
production periods in the start of the year. The production in September was enough to almost
fill the storage capacity, and the solar PV season ended with 2.152 GWh in energy storage
(figure 32). This capacity could help cover the peak-production hours during winter season.
2.44 GWh was required to cover the entire winter season of peak-load energy storage, and
avoid running emergency-generators, as shown in figure 29.
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Energy consumption, production and storage simulation
(March - September 2020)
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Figure 32: Simulation of a fully solar reliant Longyearbyen in 2020. Energy produced from
solar in March and September are sent to storage for peak-load supply in winter. Efficiency
of storage 60%
Comparing this simulation to the peak-load only variant, the solar PV capacity is almost 10
times bigger. However, the installed storage capacity is only increased by 0.288 GWh. It
would allow for 153 days of full solar dependency in Longyearbyen, while also supplying
energy at peak production in the winter season to avoid using emergency capacity.
With 153 days of full solar dependency, the existing energy supply would have to run for only
58% of the year. It is therefore assumed that this increases lifetime by 42%. The turbines at
the coal power plant in Longyearbyen have approximately 20 years left of their predicted
lifetime [19 p. 21]. This would increase to more than 28 years. In addition, maintenance could
be performed over the idle period, further increasing lifetime. Realistically, as the simulated
system would take a long time to implement, it is more beneficial to look at the lifetime of the
new system that will be installed as the coal plant is retired.
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4.4 Cost of Energy in the Arctic
The coal power plant in Longyearbyen is entirely supplied with coal from Mine 7 in
Longyearbyen. Mine 7 is the last operating Norwegian coal mine [67]. The power plant has
had a budget of around 112 – 128 Million NOK in 2018 to 2020, and is predicting a budget of
128 Million NOK in the coming years [68 p. 56]. In addition, Mine 7 receives significant
financial support from the Norwegian government to keep the operations running. In 2020,
this figure is 40 Million NOK, but this is an outlier because of maintenance work in relation
to flooding in the mine [67]. However, Longyearbyen Lokalstyre expects the annual deficit to
be around 35-40 Million NOK in the coming years as well [69]. In total, this yields annual
expenses of ~160-170 Million NOK for operation of the coal power plant.
An annual energy production of 110 000 MWh is produced from the coal power plant in
Longyearbyen [22 p. 13]. This results in a cost of approximately 1.5 NOK / kWh. The low
cost of the energy is mainly caused by the high efficiency of the coal power plant when the
heat is being utilized as well as it is. With only 40 000 MWh being electricity, electricity cost
is 4 NOK / kWh.
For private customers in Longyearbyen, electricity prices are decided by Longyearbyen
Lokalstyre. There are several fixed costs related to the electricity meters and grid rent. The
running costs depend on annual consumption. Base price in 2020 is 1.98 NOK/kWh,
increasing to 2.40 NOK/kWh if consumption exceeds 50 000 kWh annually [70 p. 5]. The
price of district heating is 0.47 NOK / kWh [70 p. 5].
As found in section 2.2.2, 8.183 GWh of energy is consumed in Ny-Ålesund annually.
Assuming a diesel price of 12 NOK/l [22 p. 16], this means that the price of diesel energy in
Ny-Ålesund is:
1 000 000 𝑙 ∙ 12 𝑁𝑂𝐾/𝑙
8 183 000 𝑘𝑊ℎ
1.47 NOK/kWh, only accounting for fuel costs.
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4.4.1 Cost of Energy Storage
It is established that storage is an important component in renewable energy systems. Energy
storage is also possible to implement storage in fossil energy systems to maintain consistent
and efficient loads. A 2017 report conducted by The International Renewable Energy Agency,
IRENA, performed a cost and market analysis from now until the year 2030 [46].
The cost of storage systems suggested in this thesis were USD 53/kWh, or around 450-500
NOK/kWh for CAES systems. However, a share of 40% of this estimation is allocated to
excavation of a suitable cavern [46 p. 57]. As these cavers already exist at the Svalbard
settlements, in the form of abandoned coal mines, this cost can be drastically reduced. To
limit leakage, airtight bags can be installed in the chambers to better contained the pressurized
gases [42 p. 2]. Some excavation is to be expected, in addition to sealing off the chambers, so
this cost estimation will reduce chamber excavation costs by 75%. The new estimated price is
then around 350 NOK/kWh of storage.

4.4.2 Cost of Solar Photovoltaics
Solar photovoltaics has seen an aggressive price decline in the later years. Figure 33 shows
the estimated December prices for solar PV in Europe, in EUR/Wp. A sharp decline by up to
18 % for Bifacial modules in 2020 is seen, and a slight decrease since October. The prices are
show before taxes, and relevant taxes for the country that will order the PV panels must be
applied. VAT for electronics to Norway is 25% [71], but Svalbard is exempted from toll
because of the Svalbard Treaty [72]. Euro conversion rate is assumed to be 10.63 EUR/NOK,
as was the case December 1st, 2020 [73]. The calculated prices are shown in table 4.
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Figure 33: Solar PV prices in December 2020. Tax-free prices, and modules only [62]
Table 4: Cost of solar PV per Wp, converted to NOK and accounting for taxes
Base price, and Svalbard

Mainland Norway

Bifacial

3.40

4.25

High efficiency

3.30

4.13

Mainstream

2.34

2.925

Low cost

1.59

1.99

The costs are panels only, and PVexchange estimates that finished solar PV installations in
Germany will be 4-6 times the cost [62]. For this thesis, 6 times the cost of panels for finished
installations is assumed.
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4.5 Economic Impact
4.5.1 Svalbard Airport
Assuming an average linear decrease in efficiency from 100% to 85% after the minimum
lifetime of 25 years, gathered from figure 15, and an annual inflation rate of around 2.25%
[74], it can be calculated approximately how much money the airport in Longyearbyen will
save over the lifetime of the installed solar power plant. The capacity factor has been around
5.65% the first two years of full production. Longyearbyen Airport is a large energy consumer
at 1540 MWh in 2017 [22 p. 17] and pays the full 2.40 NOK/kWh [70 p. 5].
If the inflation is in line with forecasts, the electricity price will increase from 2.4 NOK/kWh
to almost 4.1 NOK/kWh after 25 years. The capacity factor will decrease from 5.65% to
4.80% due to degradation. During the first year of the installation, 163 805 NOK was shaved
of the electricity expenses. This figure will be 237 502 NOK in the 25th year. In total, the
savings are estimated to be around 4 972 269.
Svalbard Airport has 39 750 Wp of “mainstream” solar PV capacity, and 98 100 Wp of “high
efficiency” solar PV capacity. In December 2020 prices, this would equal an initial cost of
416 745 NOK. The investment was made several years ago, though. Assuming the July 2017
price [75], as an average price of the three expansions, the same cost would have been
approximately 700 000. In addition, 11 inverters from 10 to 20 kW, wires, and frames would
have to be installed. Lastly, the labor to install and the system must be accounted for.
Assuming a 6-fold increase in price for the full installation [62], the installation in 2017
would have cost 4.2 million NOK. Lifetime saving from the installation on Svalbard Airport
is, in that case, estimated to be around 800 000 NOK. This is equal to a return on investment
(ROI) of 18.4 % after 25 years.

4.5.2 Private Installations
With the numbers from the airport in mind, similar estimations can be made to assess the
potential for private installations. Smaller customers pay 1.98 NOK/kWh of electricity [70 p.
5]. A simulation like the one made for the airport installation was made, using the capacity
factor from southwest-facing wall-mounted panels, for both monocrystalline and
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polycrystalline. The capacity factor is gathered from table 3. 6.03 % for monocrystalline, and
5.65 % for polycrystalline. Assuming degradation rates in line with figure 15, capacity factor
drops to 5.29 % and 4.69 % respectively after 25 years. Electricity price increases to 3.38
NOK/kWh.

Annual savings per Watt PV installed [NOK]
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Figure 34: Annual savings in NOK per Wp installed in Longyearbyen for private installations
Figure 34 shows the annual savings in NOK per installed watt of solar PV for the
monocrystalline Sunpower E20-327, and the polycrystalline Jinko JKM265P. Accumulated,
this adds up to total savings of 31.8 NOK per W for monocrystalline, and 29.1 NOK for the
polycrystalline panels. For the 327 W Sunpower E20-327 this will equal 10 399 NOK in
savings per panel, while the 265 W Jinko JKM265P will have a lifetime saving of 7712 NOK.
Assuming a December 2020 solar PV price, and the price increasing by 600% for the full
installation [62], Sunpower E20-327 panels will save NOK 3924 per panel Jinko JKM365P
will save around 3991 per panel.
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4.5.3 Full Solar Dependency
Full solar dependency required a total energy storage of 52.1 GWh, and a solar PV
installation of 295 MWp. At 350 NOK/kWh for CAES systems, and 14.04 NOK/Wp for
mainstream solar PV, the cost of fully supplying Longyearbyen with year-round Solar PV is:
52.1 𝐺𝑊ℎ ∙ 350 𝑁𝑂𝐾/𝑘𝑊ℎ + 295 𝑀𝑊𝑝 ∙ 14.04 𝑁𝑂𝐾/𝑊𝑝
= 2.24 ∙ 1010 𝑁𝑂𝐾
Yielding a total price of 22.4 Billion NOK. The installation would remove the need for any
other energy sources on the island, bar some emergency energy. The system would
completely end the need for fossil fuel, and the coal power plant could be shut down.
Assuming annual expenses of 165 MNOK from the coal power plant, and an inflation rate of
2.25 % [74], total savings over 25 years would be 5.47 Billion NOK. The net result is a loss
of 16.94 Billion NOK, a negative ROI of 410 %. A very unattractive option, in other words.

4.5.4 Summer-Only Solar Dependency
For a summer-only solar dependent Longyearbyen, the simulated storage capacity is 2.152
GWh, and the solar PV system 85.3 MWp. Assuming the same prices as before:
2.152 𝐺𝑊ℎ ∙ 350 𝑁𝑂𝐾/𝑘𝑊ℎ + 85.3 𝑀𝑊𝑝 ∙ 14.04 𝑁𝑂𝐾/𝑊𝑝
= 1.951 ∙ 109 𝑁𝑂𝐾
Yielding a total cost of 1.951 Billion NOK. There would still be a need for an energy system
with the same capacity as todays power plant, but it would be running for only 58% of the
year. Emergency generators would still need to be installed, but not used to the extent of
today. 42.61 GWh of the annual 110 GWh produced in Longyearbyen would have been
produced by the solar PV facility. A quick estimation, assuming that the expenses and
production at the coal power plant in Longyearbyen are directly related, finds the annual
savings to be 63 915 000 NOK, considering current annual expenses of 165 000 000 NOK.
This results in savings of 2.114 Billion NOK after the 25-year lifetime of the solar power
plant. Net result is savings of 163 Million NOK, or an ROI of 7.71 % after 25 years.
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4.6 Climate Impact
In addition to being an economically competitive energy source globally, solar PV has
beneficial properties to combat the ongoing global climate changes. After production and
installation, the CO2 footprint of solar PV is practically zero. The 2014 IPCC report estimated
the carbon footprint of several energy sources, as grams of CO2 equivalents per kWh [76 p.
1335]. The median values from relevant technologies are listen in table 5.
Table 5: Carbon footprint from different energy sources [76 p. 1335]
Technology

Carbon Footprint [gCO2 eq. / kWh]

Coal

820

Solar PV – Rooftop

41

Solar PV – Utility Scale

48

Wind onshore

11

To properly calculate the carbon footprint of energy sources in the Arctic, the increased
efficiency from heat utilization must also be factored in. The IPCC report assumes a median
efficiency of 39 % for coal power plants [76 p. 1333]. The efficiency of the coal power plant
in Longyearbyen is complex because there are two turbines, one which is producing
electricity and heat at efficiencies of 19 % and 63 % respectively, while the second turbine
only produces electricity at 27 % efficiency [19 p. 21].
To estimate efficiency, the coal consumption at the power plant was compared to the energy
production. Multiconsult states an energy density of 700 kcal/ton on the coal consumed in
Svalbard [19 p. 21]. It is assumed that this is a prefix error, and that the correct figure is 7
Gcal/ton, which is in line with figures found online [77]. Considering that 1 kcal equals 4184
J, or 1.162 Wh, this equals:
7 𝐺𝑐𝑎𝑙/𝑡𝑜𝑛 ∗ 4184 𝐽/𝑘𝑐𝑎𝑙 ∗
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1
𝑊ℎ/𝐽
3600

= 8.134 MWh/ton. Annual coal consumption is between 25 to 29 000 tons. Assuming an
average of 27 000 tons in 2017, this means that annually, 219 618 MWh of coal is consumed
to produce 110 000 MWh of energy. The total efficiency of the coal power plant in
Longyearbyen is therefore estimated to be 50.1 %.
In Ny-Ålesund, the diesel generators are producing electricity at an efficiency of 41.7 %. If
waste heat utilization is included, the total efficiency is 76 % [22 p. 6]. Diesel has a specific
density of 0.85 kg/l [23], an energy density of 12 667 Wh/kg [24] and a CO2 production of
3.153 kg CO2/kg [78] when combusted. This means that at 100% efficiency, 249 g CO2 eq. /
kWh is released by diesel power. Under normal conditions, this figure is divided by 0.417,
and in Ny-Ålesund by 0.76, yielding 597 and 328 gCO2 eq. / kWh respectively. For coal, the
carbon footprint for improved efficiency was calculated as following:
𝐶𝑂2 𝑒𝑞.𝑎𝑟𝑐𝑡𝑖𝑐 = 𝐶𝑂2 eq.𝑔𝑙𝑜𝑏𝑎𝑙 ∙

= 820 gCO2 eq./ kWh ∙

𝜂𝑔𝑙𝑜𝑏𝑎𝑙
𝜂𝑎𝑟𝑐𝑡𝑖𝑐

0.39
0.501

= 639 𝑔CO2 eq./ kWh
Taking these improved efficiencies into consideration, the carbon footprint of the two energy
sources is reduced. Efficiency of coal is increased by 28.46 % from 0.39 to 0.501, while the
efficiency of diesel is increased by 82.25 % from 0.417 to 0.76. The updated carbon footprints
in table 6 reflects this efficiency increase.
Solar must also be corrected for arctic conditions. IPCC assumes an average FLH of 1750 for
solar PV [76 p. 1333]. FLH is short for Full Load Hour. With every year having 8760 hours,
an FLH of 1750 is equal to a capacity factor of 20%. It is established that solar in the Arctic
has a capacity factor of around 5.6%, translating to an FLH of 491. CO2 equivalents were
calculated similarly to the coal value, by multiplying by the efficiency relation 0.20/0.056, the
ratio between IPCC’s capacity factor and the capacity factor in the Arctic. Results are added
to table 6.
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Table 6: Carbon footprint from different energy sources in arctic conditions
Technology

Carbon Footprint [gCO2 eq.

Carbon Footprint [gCO2 eq. /

/ kWh]

kWh], arctic conditions

Coal

820

639

Diesel

597

328

Solar PV – Rooftop

41

146

Solar PV – Utility Scale

48

171

The results in table 6 are both surprising and interesting. On a global average, replacing coal
and diesel energy with utility scale solar PV reduces emissions by 1700 % and 1240 %
respectively. Under arctic conditions, this is reduced to 374 % and 192 %. The climate impact
from solar PV is reduced immensely under arctic conditions.

4.6.1 Svalbard Airport
The Svalbard Airport solar PV facility can expect to produce around 1 578 332.726 kWh
during its lifetime if accounting for degradation. The solar PV, with a carbon footprint of 146
g CO2 eq. / kWh will directly replace coal electricity, with a carbon footprint of 820 g CO2
eq. / kWh. Total CO2 equivalents saved during the lifetime is therefore:
(820 𝑔𝐶𝑂2 /𝑘𝑊ℎ − 146 𝑔𝐶𝑂2 /𝑘𝑊ℎ) ∙ 1578332.726 kWh
= 1064 𝑡𝑜𝑛𝑠 𝐶𝑂2 𝑒𝑞.
Meaning that a total of 1064 metric tons of CO2 equivalents will not be emitted, thanks to the
solar PV facility at Svalbard Airport alone.
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4.6.2 Private installations
The figure for private installations is similar to the airport figure. In addition, the figure for
replacing diesel generated energy will be included. As many arctic settlements, like NyÅlesund and Sveagruva, are diesel-powered, it is highly relevant.
Assuming degradation and capacity factor in line with the installed solar PV at Svalbard
Airport, monocrystalline solar cells will produce 12.2 kWh per installed watt in its lifetime.
The figure for polycrystalline is 11.19 kWh / W. Applying the same calculations as for the
airport yields the results presented in table 7.
Table 7: Climate impact of installing solar PV in the Arctic to replace electricity
Replacing coal

Replacing diesel

Monocrystalline 8.22 kg CO2 eq. / Wp

5.50 kg CO2 eq. / Wp

Polycrystalline

5.05 kg CO2 eq. / Wp

7.54 kg CO2 eq. / Wp

4.6.3 Full Solar Dependency
Assuming full solar dependency in Longyearbyen, all coal would be replaced by utility-scale
solar power. The calculation is simple:
(639 𝑔𝐶𝑂2 /𝑘𝑊ℎ − 171 gCO2 eq./ kWh) ∗ 110 000 𝑀𝑊ℎ
= 51480 𝑡𝑜𝑛𝑠 𝐶𝑂2 𝑒𝑞.
Meaning that fully supplying the Longyearbyen settlement with solar power will save 51480
tons of CO2 equivalents annually.

4.6.4 Summer-Only Solar Dependency
A summer only solar dependent society in Longyearbyen would save 153 days of energy
production from coal, equaling 42.61 GWh annually. Calculation is similar to the above
calculation:
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(639 𝑔𝐶𝑂2 𝑒𝑞./𝑘𝑊ℎ − 171gCO2 eq./kWh) ∗ 42610𝑀𝑊ℎ
= 19941 𝑡𝑜𝑛𝑠 𝐶𝑂2 𝑒𝑞.
Meaning that the facility would save 19941 tons of CO2 equivalents annually. Considering the
benefit of installing storage capacity to replace spike-load energy production by diesel in the
winter, the following can be added:
2.7 𝐺𝑊ℎ ∙ (328 − 171) gCO2 eq./kWh
= 424 𝑡𝑜𝑛𝑠 𝐶𝑂2 𝑒𝑞.
Giving a total CO2 reduction of 20365 tons for the suggested system.

4.7 Discussion
The research conducted in the thesis has revealed that there is a potential for solar PV
production in arctic conditions. Small, private, installations are proven to be financially
viable, with the potential increasing as PV prices continue to decline. The challenge with solar
PV in small power grids, is that the intermittent nature of solar energy is interfering with the
energy demand of the existing power supply. This damages the existing supply. Energy
storage systems are an integral part of energy systems with renewable energy, and the
importance is even higher in the Arctic.
Compressed Air Energy Storage is suggested as a potential storage system in the thesis. The
infrastructure to install it already exist in the form of abandoned coal mines. Existing systems,
for example in Germany, are proven to have relatively high round-trip efficiencies. For daily
cycles, and maybe up to weekly, CAES has proven potential. However, the optimal discharge
time for CAES is between hours up to days [43 p. 2]. The long-term potential of the storage
system, for example for peak-energy storage, is therefore questionable. When Longyearbyen
Lokalstyre surveys the potential for energy storage to stabilize energy load, CAES is an
option that deserves serious consideration.
From a climatic point of view, solar PV in the Arctic replaces coal and diesel energy, which
are huge contributors to the increasing CO2 concentration in the atmosphere. The system
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suggestions in the thesis, as well as the already existing PV system at Svalbard Airport, are
proven to save tons of CO2 equivalents. Climate change, being a global challenge, requires
global solutions. Compared to the global average, the efficiency of fossil energy is high in the
Arctic because of the heat utilization. Meanwhile, solar PV performs worse in the arctic than
the global average. Table 6 illustrates this in a good way. The carbon footprint is only reduced
by 73.3 % for coal and 47.9 % for diesel in the Arctic. The global mean is 94.2 % for coal and
92.0 % for diesel. It is therefore not in the best global interest to replace fossil energy in the
Arctic with solar PV. That should rather be done in areas with low fossil efficiency and high
solar PV potential.
Studies have shown that wind and solar energy have complimentary benefits in the Arctic [79
p. 5]. An option to reduce both the solar capacity and required energy storage capacity, is to
include some wind energy in the simulations conducted in the thesis. Wind energy in the
Arctic brings a whole new set of challenges and opportunities. This is outside the scope of
this thesis but could prove to be a great contributor to a shift towards green energy in the
Arctic.
The thesis is focused on the global effects on climate of renewable energy in the Arctic. Local
environmental issues are not touched upon. The arctic nature is fragile, and intervention has
long-lasting and unpredictable effects. Solar and wind installations are serious intrusions in
the arctic landscape, and this must be taken into consideration if larger installations are to be
built.
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5 Conclusion
Data from the solar PV installation at Svalbard Lufthavn show that the average capacity factor
at the facility is 5.6 % after its first two full years of production. While the production in the
winter is zero, monthly capacity factors are observed to be as high as 16 % in the summer. On
peak days, capacity factors of more than 30 % are observed. Predictions show that the
installation will save around 800 000 NOK during its 25-year lifetime, while also reducing
CO2 emissions by 1064 tons. Several rooms for improvement are found and should be
considered if bigger installations are to be built. Most notable is the tilt and orientation of
panels, as well as technologies such as bifacial panels and solar tracking systems.
Simulations show that full solar reliance in the summer-season is feasible. It requires an
installation of 86.3 MWp solar PV, and 2.76 GWh of storage with 60 % round-trip efficiency.
Estimations show a potential return on investment of 7.71 % after 25 years, saving 163
Million NOK. The emission reduction from the system would be 20 365 tons CO2
equivalents.
The fragile power grids of arctic settlements have few links in the system that can equalize
load fluctuations. Introduction of intermittent solar PV on even a private scale is therefore
advised against until energy storage capacity is developed. Compressed air energy storage is
suggested as an option for settlements on Svalbard because the required infrastructure already
exists.
Because of the high heat demand in arctic settlements, efficiency of the fossil generators is
higher than the global average. Longyearbyen sees efficiencies of 50.1 % in the coal power
plant, and Ny-Ålesund up to 76 % for its diesel generator. Paired with low solar utilization,
the climate impact of installing PV in the Arctic is lower than in areas with low fossil
efficiency and high solar efficiency. Treating the climate change as the global challenge it is,
it would be more beneficial to install solar PV potent areas, if climate benefit is the target.
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