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Abstract

This thesis examines the feasibility of solar energy playing a more significant role in the
Norwegian energy mix. In Norway, more than 98% of electricity is generated from either
water, wind, solar or biofuels, with water being the most dominant source for hydropower

generation. Additionally, about 9TWh of electricity is imported each year.

The use of solar energy for electricity generation is only a minor component of the electricity
mix in Norway. This is because the optimal production is limited to approximately six months
of the year and the previously high investment / startup costs were seen as barriers to the

feasibility of solar PV in Norway.

This thesis will calculate the electricity output from six locations, mostly in the south of the
country, to determine what component of imported electricity could be met from this source.
This would enable water saved from reduced hydropower generation during the summer
months to be used during an alternative period, or to provide for other electricity options such

as increased export.

With a combined installed capacity of 600MW, six solar PV farms produce 11,6 % of
Norway’s imported electricity of 3 810GWh during the summer period, requiring a land area
of more than 840 acres. While this would be a difficult policy issue and further research is
needed on the cost versus benefits of such an investment, including the concept of dual
utilization of these land areas, for example, combined agriculture and renewable energy

projects such as animal grazing.

In addition, there are benefits from having an additional electricity generation element in the
Norwegian electricity mix that increases its flexibility and security, especially during times of

unexpected disturbances or changes in weather patterns.
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1.0 Introduction

1.1 Background

Future global energy sources and methods of producing electricity will be drastically different
to current sources and methods. In 2022, the global energy resources used for electricity
generation were fossil fuels (crude oil, coal, and natural gas) with 63,3% of installed global
capacity, nuclear energy 10,4%, hydropower 15,8%, solar and wind energy 8% and other
sources 2,5%. (Ritchie, Roser and Rosado, 2022) Due to the impacts of climate change,
environmental concerns, natural and regional energy security related issues, adoption of
renewable energy sources, the national and global transition away from fossil fuels was
inevitable and continues to accelerate. This is leading to a significant change in the energy
mix of many countries, especially those that depend on fossil fuels for their energy needs,

including their electricity generation.

When discussing the issue of energy usage, the terms energy and electricity are sometimes
used interchangeably. Energy is derived from sources such as oil and gas (known as fossil
fuels) in the form of petroleum products through processing oil and gas, to power vehicles or
for heat generation. Oil and gas, as well as coal, are also used to generate electricity to power
domestic and commercial operations, to increasingly power vehicles and for heating and
cooling. Importantly, electricity can also be generated from renewable sources such as water,
wind, and the sun. As the world becomes more aware of the effects of consuming fossil fuels,
renewable sources of energy and the importance of electricity as a form of energy, continue to

grow.

Unlike any other country, Norway produces almost all its electricity from renewable sources,
principally water and to a lesser extent wind. However, Norway still imports, on average,
around 9TWh each year from countries within Europe (SSB, 2023) and, while Norway has
considerable flexibility with its electricity production, recent events have shown there can
never be too much flexibility regarding energy supply. The current flexibility in the
Norwegian energy mix is provided through hydropower which can be quickly altered to meet
changes in daily demand while the extensive reservoir network enables storage of large

amounts of water for use as required on a monthly and seasonal scale.



The firstwind farm was installed in Norway in 2002 and energy produced by wind has grown
substantially in the past twenty years. Today wind is responsible for approximately 10% of
electricity production. (SSB, 2023) However, there has been a backlash against onshore wind

farms in recent years due to their perceived environmental impacts.

Historically solar energy has not been embraced in Norway since it is only available for any
significant electricity production during the warmer months, along with the high investment
and startup costs. Solar photovoltaic (PV) generation is currently a very small component of
the Norwegian electricity mix, with production in Norway for 2022 being only 0,225TWh.
(NVE, 2023) However, the views on solar energy could be changing as the costs of solar
generation fall, the efficiency of the technology increases and the realisationthat an additional
generating resource would further enhance the flexibility of the Norwegian system by saving
water from reduced hydropower production in summer, for use at a later date.

Global energy demands, especially for electricity, have been increasing steadily for the past
20 years and are still dominated by fossil fuels. Figure 1 shows global electricity production
by energy source from 1985 — 2021. Global demand for electricity continues to grow but that
demand is still mostly met by traditional fossil fuel sources, especially gas. There is a clear
increase in the use of renewable sources, yet they are making only a small impact on the

overall use of fossil fuels.

Electricity production by source, World
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Source: Our World in Data based on BP Statistical Review of Worid Energy (2022): Ember (2023, OurWorldinData.org/energy * CC BY
Note: ‘Other renewables' includes waste, geothermal, wave and tidai

Figure 1: Global electricity production by source in TWh per year. (Ritchie, Roser and Rosado, 2022)
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To reduce greenhouse gas (GHG) emissions, many national governments have adopted
policies and set targets to significantly reduce Carbon Dioxide (CO;) output compared with
1990 levels. In addition, most countries are signatories to international agreements, such as
Paris - 2015, that have set targets to cap the global temperature rise to less than 2°C above
pre-industrialisation levels, by agreeing that GHG emissions peak in 2025 and reduce by 43%
within 10 years. (United Nations, 2023) To reach these goals and targets, a combination of
several factors needs to change. These include the transition from using fossil fuels to
renewable energy sources, flexibility and diversity in energy systems and government policies
which will, in combination, hopefully see GHG emissions fall and global temperatures
plateau. To meet international greenhouse gas reduction targets and the growing
electrification of sectors such as transport, there is an increasing demand across Europe for

electricity from renewable sources. (Spilde et.al., 2018)

Electricity production in Norway varies from year to year, but over the past 20 years there
continues to be an upward trend in electricity production, as shown in figure 2. Although the
Norwegian electricity mixis primarily based on hydropower, there are both the resources and
available sites on land and at sea, to increase production from other renewable sources,
namely wind and solar. While the use of wind power has been growing steadily over the past
twenty years, there has been a much slower uptake of solar as a source of electricity. It has
been emphasised in the Norwegian Governments climate plan, that solar energy is an
important energy source in Norway. (Meld. St. 13, 2020-2021)

L L A S

Figure 2: Total Electricity Production in Norway (2001 — 2022) (Statista, 2023)
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Energy security has proven to be more important in recent times, with the war in Ukraine
causing variations in gas and oil prices as well as the apparent need to transition to greener
energy sources. As stated in Statkrafts Low Emission Scenario, energy security is the
availability of energy sources at a reasonable price. Rynning -Tgnnesen states that by
diversifying the supply and dependence on different energy sources, a country can increase its

energy security by reducing the need to import electricity.

1.2 Aims and objectives of the thesis.

This thesis focuses on the feasibility of increasing the use of solar PV in Norway in the
warmer months that will:
e Leadto areduction in the import of electricity
e Save water from the resultant reduction in hydropower production to be used during
high demand periods in winter.
e Increase the flexibility and diversity of the Norwegian energy mix.
e Assist in meeting the growing domestic demand for electricity.

e Assist Norway and other countries to meet national and international agreements.

1.3 Structure of the document

Chapter 2: explains the methodology used in the thesis and theoretical approach to the
calculations.

Chapter 3: presents the calculations and results of prosed solar PV in Norway

Chapter 4: presents discussions orientated around the results in chapter 3

Chapter 5: conclusions

Chapter 6: recommendations to further study

12



2.0 Literature Review

The aim of this chapter is to summarise the research and conclusions found in the literature
that discuss aspects of the research question for this thesis. This will involve looking
specifically at solar PV electricity production, electricity demand, comparisons with existing
renewable energy sources in Norway and Norway’s import and export policies. The findings
in this literature review are based on research conducted by accessing various peer reviewed

articles and websites of relevant government agencies.

The intention of introducing a greater portion of renewable energy technologies, such as wind
and solar power into the Norwegian electricity mix was to increase its diversity, increase
energy security in Norway, meet growing demand, increase flexibility, and meet targets set in
national and international agreements. The current energy system in Norway consists of

approximately 98 percent renewable energy. (IEA, 2022)

2.1 History of electricity in Norway

The Norwegian landscape with its high mountains, fjords and river systems is ideal for
hydropower. The Norwegian energy mix has been dominated by hydropower from the early
1900’s. From 1906 a legal framework was established to secure national control of
hydropower resources through the facilitation and organization of municipal ownership and
electrification in general. (NVE NORAD, 2016)

Electricity has been available to approximately 70% of the population since 1930 and 100%
by 1960. Electricity has always been an important part of the Norwegian economy and
culture, shaping the way for industrialisation, from the use of electricity to power electricity-
intensive industries such as aluminium, ferro-silica, and pulp and paper, which were often
owned by foreign investors (NVE NORAD, 2016)

13



2.2 Increased demand for electricity in Norway and Europe

Demand for electricity grew steadily throughout the last century but despite almost universal
availability of electricity across the country, there continues to be increasing demand for
electricity in Norway. Energy consumption in Norway has increased by 70% since the 1970’s
(NVE, 2021) and will continue to increase as the population increases and a greater number of
goods and services become electrified. The demand for electricity has increased due to the
expansion of industry generally in Norway and other existing sectors converting from fossil
fuels to electricity. For example, the transport sector in Norway is currently 21.5% electric.
(Elbilforeningen, 2023) This sector is an example of how demand will most likely increase for
both public transport, light transport, and increasingly heavy vehicles. Spilde et al.
emphasised further growth of the metal industry and continuing electrification of the
petroleum sector will add to the demand while an emerging sector in Norway with significant
electricity needs, is large data centres. Annual electricity consumption is expected to increase
drastically from 136 TWh in 2018 to 159TWh in 2040. (Spilde et.al., 2019)

With other countries aiming to reduce fossil fuel consumption in all sectors it is likely that an
increased uptake of electric vehicles will occur in other European countries. Also, with the
price of battery production decreasing (down 70% since 2010) electric cars will become more
affordable and the increase in the range in which electric cars can drive is increasing, further
driving that demand. (Spilde et.al., 2019)

There is no doubt that there will continue to be an increase in power intensive industries in

Norway, with strong growth in that sector over the past 10 years. (Spilde et.al., 2018)

The Norwegian government has been pushing for decreased energy usage, with a ban on
fossil fuel heating systems in new buildings since 2016. While there is a target to reduce
building energy use by 10TWh by the year 2030, the overall demand for electricity will still
exceed that in 2020, as most of the sector heating requirements will have been electrified with
little or no fossil fuel systems. (IEA, 2022). Figure 3 shows the break down the of energy

demand per sector in Norway.

14
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Figure 3: Energy demand per sector, 2020. (Energy Factors, 2017)

Although the estimated increase in electricity consumption from growth in some sectors, and
transition from petroleum-based energy to electricity within Norway will contribute to an
increased demand, the same transition in other countries can contribute to increased demand
for Norwegian green energy. Spilde et al. emphasised across Europe in countries such as
Germany, France and Great Britain, the transition from fossil fuels to electricity has
contributed to increased electricity demand. These and other countries are expected to
continue that transition with further reduction in domestic use of gas for cooking and heating.
Germany, France and the United Kingdom are already the largest users of electricity in
Europe. (Spilde et.al., 2019) To meet this growing demand and satisfy emission reduction
targets, they will have to import green electricity. This is a potential export market that

Norway could well satisfy.

The increase in demand for electricity from renewable sources has come at a time when two
variables in the energy mix of countries will come in to play at the same time. As power
intensive industry will see a growth in Norway, it will happen at a time when a shift from

fossil fuels to greener energy resources will be paramount. (Spilde et.al., 2019)
With the increased demand for electricity in the future, it will be of great importance for

Norway to diversify its energy mix to ensure greater energy security throughout all months of

the year and within the five different energy regions.
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2.3 Flexibility of the Norwegian Energy System

The importance of having a flexible and diverse energy system is because the demand for
electricity is not constant, but rather has both peaks and valleys through days, weeks, months,
and seasons. There is both short term flexibility i.e., being able to meet short term fluctuations
in demand and then long-term flexibility, where there are several different components of the
energy mix that allow the overall system to withstand unexpected shocks such as drought or

global political events.

Electrification, combined with the new power demanding industries — such as battery factories
and hydrogen production — will lead to a higher electricity consumption across Norway. NVE
has calculated that could raise the annual electricity consumption by 23TWh. NVE estimates
this is the equivalent of building forty-six new wind power plants, five hundred and seventy-
five large new scale solar systems on commercial buildings or thirty-three medium sized
hydro power plants. (IFE, 2021)

This growth will require an increase in the flexibility of the electricity system’s ability to
adapt to variations and insecurities in connection with production and consumption of
electricity. Historically Norway has used the large water storage reservoirs to provide that

flexibility against unexpected variations in demand. (IFE, 2021)

Renewable energy, apart from storage hydropower, does not currently have the option for
large storage units, meaning that all electricity produced must be used immediately. This is a
disadvantage with renewables. Being able to introduce different types of renewable energy
into the energy mix in Norway would be one way to ensure that there is more flexibility in the
system. Currently battery storage for solar energy is expensive and requires large areas to
install, while not having the capacity to make a significant impact on a country’s energy
system. As Norway has the advantage of having large reservoirs for hydropower, these
reservoirs could be used as “batteries” for solar PV. This would be achieved by “saving” the
water that would normally be used in the summer months to generate electricity, the need to
import electricity in the summer months or use it in the winter months when the possibility for

production is lower.

16



Increasing the capacity of Solar PV in Norway will further increase its flexibility and harness
another energy source that can be converted into electricity that is not currently utilised on a
large scale. If a country is too reliant on one type of renewable energy, problems can occur if
there is not enough “fuel” required, for example water, wind, or sun to generate the electricity

requirements.

2.4 International Agreements

The move towards agreed reduction targets has been a slow process, commencing with the
Montreal Protocol 1987. This agreement was not about climate change or greenhouse gases,
but rather about countries agreeing to limit the production and emission of
chlorofluorocarbons that it was universally agreed were damaging the ozone layer. The
model of achieving this treaty would be the basis for future agreements around climate
change. However, while the Montreal Protocol has resulted in almost the complete

elimination of CFCs, climate change agreements have yet to be so successful.

The next significant conference was the UN Framework Convention on Climate Change
(UNFCCCQC), 1992. This was the first global treaty to address climate change and was signed
by almost 200 countries. It established amongst other things, the concept of an annual
Conference of the Parties (COP) to address different aspects of the greenhouse gas issue.
(Untied Nations, 2023)

This led to the Kyoto Protocol, 2005. The protocol was first established in 1997 but not
ratified until 2005, demonstrating how difficult were the issues around compelling developed
countries and not developing countries, to reduce their greenhouse gas emissions by 5%
compared with 1990 levels. China and India for example, were classified as developing
countries and yet were major emitters of greenhouse gases. (Untied Nations, 2023)

However, the Paris Agreement, 2015 was the most significant of the COP meetings to date.

After the Paris agreement countries are required to set individual emission reduction targets

that will collectively keep global average temperatures from rising more than 2 deg C above

pre-industrial levels. The Agreement also aims for the world to reach a carbon neutral state by
the middle of this century i.e, where greenhouse gas emissions are equal to the amount

removed from the atmosphere. (Untied Nations, 2023)
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As a result, countries have agreed to certain goals to achieve before 2030 and 2050, so that
total emissions worldwide can be reduced, thus helping to slow the warming of the oceans

and the atmosphere.

2.5 Cost of Solar PV’s

The cost of solar PV panels has fallen steadily since the 1970’s as shown in figure 4, but quite
dramatically in the last 12 years, to now be less than $US1 per watt. At the same time solar
PV panels have become more efficient. In 2012, cells typically achieved 18% efficiency but
in 2020 that figure has risen to 44%. (energysage, 2021)

The price of solar modules declined by 99.6% since 1976 [t

Price per Watt of solar photovoltaics (PV) modules (logarithmic axis)
The prices are adjusted for inflation and presented in 2019 US-$

$100 "{976
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~ “\1978
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Njont ™ of solar modules dropped on average by 20.2%.
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Figure 4: Solar PV Panel Prices 1975-2021 (Roser, 2020)
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2.6 Export Potential

Norway is already the largest exporter of electricity in Europe and although there is some
variability in the amount exported, it has been as much as 20% of the total quantity of

electricity generated annually. (Baker, J, 2021)

Europe already imports 50% of its energy requirements (Energy Facts Norway, 2019) and as
Russian energy resources diminish along with increasing targets for renewably sourced
electricity, that demand will grow even though there are some efforts to increase home-grown
renewable energy generation capacity. Given that almost all of Norway’s energy is produced
from renewable energy, the country has the potential to possibly export larger quantities of

renewable energy to parts of Europe.

For Norway to achieve the goal of having greater flexibility and security in its electricity
system, as well as reducing a portion of the electricity imported, there are several factors that
must be considered. Flexibility, policies, technology, and politics are all paramount in
achieving this goal. If there is a goal of altering the rate in which the climate is changing and
meeting the requirements to policy goals, and Norway wants to be a part of that change, it
needs to increase its production and export of green electricity. This can be achieved through
diversifying the electricity mix, thus increasing its flexibility. Flexibility and variability of the
electricity production is going to be the most important aspect of the transition. Most
renewable energy sources, except for dammed hydropower, have the disadvantage that they
can only produce electricity when the weather is suitable. A key to future energy systems that
are fully renewable is having a mix of different types of renewables. Finding the right mix
will be different for all countries due to geographical differences, however Norway has a
distinct advantage, as they have the possibility of harnessing energy from several different

energy sources.
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After significant research, it was concluded that there was no similar research conducted on
the feasibility of solar PV in Norway to cover the imported electricity during the summer
months. Similar research has been conducted in Norway; however, the research was
addressing the combination of solar and wind. There were also no research articles conducted
on solar PV farms of the size that is addressed in this report. This report addresses industrial
size solar PV farms of 200MW per location. These solar PV farms are of considerable size,

while other reports address the possibility of solar PV on a significantly smaller scale.
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3.0 Methods

The sun as an energy source, is not widely used in Norway. While there are long days during
late spring, summer, and early autumn, (primarily April to September), the days are much
shorter during the winter months, with limited light availability. As a result, there has been a
long-held view that solar PV is not a useful electricity source in Norway. However, improving
solar panel and inverter technologies are making solar a more viable option resulting in a
rapid uptake in solar PV in recent years, albeit at low levels compared with total electricity
production in Norway, as shown in figure 5. The research question for this feasibility study is
“the feasibility of solar PV to increase the flexibility and security of the Norwegian energy

system and reduce import during the summer months.”

The aim of this feasibility study is to assess the electricity that solar PV can provide across
various specified locations in Norway, with the view of adding solar PV to the Norwegian
electricity mix in a reasonably significant way. Not only would this increase the flexibility of
electricity generationas a mitigation against risk but enhance the capability and reliability of
the hydropower generating component by saving water during the summer months for use in
the winter, or as other opportunities such as increased export markets arise.

While Norway is in the envious position of having multiple sources of energy available for
electricity generation, the recent Ukraine war and increasing variability in rainfall, as well as
ongoing pressure on the utilisation of fossil fuels, demonstrate that seeking even further

flexibility in the energy mix is a sound strategy.

Ny installert effekt sammenlignet med arene fer [MW]
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Figure 5: New installed effect of solar PV capacity in Norway (2021-2023). (NVE, 2023)
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3.1 Factors affecting solar PV performance

There are several factors that affect the performance of solar PV panels. These factors include
ambient temperature, wind speed, solar radiation and the tilt and angle of panel installation.
The sun’s position in the sky and the resultant solar radiation at a location, can be defined at
any given time on any day and is paramount in the calculation of how much electricity can be

produced per square meter of solar panel.

3.1.1 Solar Radiation:

As the earth rotates around the sun the amount of solar radiation reaching any location varies
from season to season due to the tilt of the earth’s axis and time of day, with maximum

radiation occurring around the middle of the day. The radiation is also affected by the earth’s
atmosphere due to scattering, absorption, and reflection. Figure 6 illustrates the three different

types of solar radiation.

Figure 6: Solar radiation showing reflected, direct and diffuse radiation. (esri, 2019)
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3.1.2 Azimuth (¢) and Altitude Angle (B)

The location of the sun at any time of the day can be described by altitude angle () and
azimuthangle (¢). These angles are dependent on latitude, number of day and time of the day.
From figure 8, the altitude is the sun’s height in the sky at a given time while the azimuth
angle is the compass direction from where the solar radiation arrives. For the northern
hemisphere, the sun is at a position in a southward direction and the best orientation will

therefore be facing south.

The position of the sun on any day is defined by its azimuth angle and its altitude angle. These

angles vary across the planet and are a function of:
- Latitude of the location
- Time of day

- Day of the year

The solar resource is shown in figure 7.

sunset

Figure 7: The solar resource (Masters, 2004)
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Altitude Angle (B)

The altitude angle refers to how high the sun is in the sky as shown in figure 8.

At sunrise and sunset. the elevation angle is 0.

Click to Start

Figure 8: Altitude Angle (Honsberg, Bowden, 2019)

Azimuth Angle (¢)
The azimuth angle describes the compass direction from which the sun’s rays originate as

shown in figure 9.

At sunrise on the spring and fall equinox, Click to §
the azimuth angle is 90°

Azimuth

S
180°

:2 The azimuth angle is like a compass direction with North = 0° and South = 180°. Other authors
use a variety of slightly different definitions (i.e , angles of + 180° and South = 0°).

Figure 9: Azimuth Angle (Honsberg, Bowden, 2019)
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The formulae for calculating the altitude () and azimuth (¢) angles are:

sin§ = cosL cos 6 cos H+ sinlL siné [3.1]
And
. __cos&sinH
sing = ——— ; [3.2]

(Masters, 2004)

Where L is the latitude, H is the hour angle and ¢ is the declination angle.

The hour angle (H) is calculated by using the following formula (Masters, 2004):

H = ( 1::;9) hours before solar noon [3.3]

3.1.3 Declination Angle (8)

This information about the solar angles giving the position of the sun in the sky is used for
determining the best tilt angle for the solar PV modules that would expose them to the
greatest amount of solar radiation. As shown in figure 10, the declination angle is the angle
formed between a line from the equator and a line drawn from the centre of the sun to the
centre of the earth, also known as solar declination.

Figure 10: Declination Angle (Honsberg, Bowden, 2019)

The Declination Angle is calculated using the following equation:

Q = 23,45sin (360/365 (n - 81)) [3.4]
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Calculating the day in the month (n)

Table 1: Day numbers for the first day of each month. (Masters, 2004)

January n=1 July n=182
February n=232 August n=213
March n==60 September n=244
April n=91 October n=274
May n=121 November n =305
June n =152 December n=2335

3.1.4 Optimum tilt angle ()

The tiltangle (0) is the angle of the solar panels with reference to the sun and optimizing that
angle will lead to maximum output from the panels. The optimum tilt angle varies between
summer and winter and tracking systems are sometimes used to alter the angle of the solar
panels. The difference in power output from changing the tilt once every month and a fixed
system is less than 4% (Stanciu & Stanciu 2014) and the cost of the system can outweigh the
benefit.

The optimum tilt angle is calculated by using the following equation.

0=90-pfn—L—-6 [3.5]
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3.1.5 Solar radiation window

Considering all these factors we can determine the optimum solar radiation window, which
unsurprisingly is focused around the middle of the day and tapers off to sunrise and sunset.

Figure 11 demonstrates this particularly well in particular the variation by month.

Altitude angle

-150 -135 -120 -105 -90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90 105 120 135 150

Azimuth angle

Figure 11: Solar radiation window (Masters, 2004)

3.2. Locations

Six reference points (locations) for solar PV assessment have been selected across 3 of the 5
energy regions that make up the Norwegian energy system; they are NO1, NO2 and NO5.
These regions were selected as they currently produce large amounts of hydropower, therefore
we can assume there would be no need for upgrading or extending the current grid system.

This means that the current electricity production in these areas would be able to
accommodate the same amount of electricity produced from solar PV as the electricity usually
produced from hydro. Another factor for the decision to focus on these three regions is that
they are in the southern half of the country where solar production would be more productive.
Demand for electricity is also greatest in the southern part of the country, as that is where the
largest portion of the Norwegian population reside. The areas and locations that were chosen

are as follows:
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- Location 1: Sarpsborg: Latitude: 59° 17' 2.08" N, Longitude: 11° 06' 34.63" E
- Location 2: Minnsuend: Latitude: 60° 23' 38.60" N, Longitude: 11° 13' 14.80" E

- Location 3: Kristiandsand: Latitude: 58° 08' 48.16" N, Longitude: 7° 59' 44.16" E
- Location 4: Stavanger: Latitude: 58° 58' 12.18" N, Longitude: 5° 43' 59.95" E

- Location 5: Bergen: Latitude: 60° 23' 49.47" N, Longitude: 5° 19' 27.78" E
- Location 6: Vaksdal: Latitude: 60° 28" 42.79" N, Longitude: 5° 44' 7.85" E

Figure 12 shows the different electricity regions in Norway. Of the six locations used for the
calculations, two solar farms are situated in each of the regions NO1 (light blue). NO2
(purple) and NO5 (green).

NO4

NO3

NO5
NO1

NO2

Figure 12: The 5 regions of the energy system in Norway (NVE)
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3.2.1 Oslo (NO1)

Table 2: Weather information for NO1 (Climates To Travel) og (Travelchime Inc, 2023)

April May June July August September
Sun light 14.5 17.1 18.7 18.0 15.7 13.0
hours
Temperature | 2.1 -11.0 | 6.8-16.7 | 10.8 - 13.4 - 12.5 - 8.6-16.4
(°c) 20.4 22.7 21.3
Wind 9.3 9.0 8.7 8.4 8.6 9.7
speeds
(mph)
Rain days 14 15 17 16 18 15
Humidity 78 76 75 77 82 86
(%)

3.2.2 Kristiansand (NO2)

Table 3: Weather information for NO2 (Climates To Travel) og (Travelchime Inc, 2023)

April May June July August September
Sun light 14.3 16.7 18.1 17.5 15.4 12.9
hours (hrs)
Temperature | 1.9-10.5 | 59-154 | 9.6-188 | 12.1- 11.6 - 8.8-16.5
(°c) 21.2 20.4
Wind 14.1 13.3 13.1 12.9 13.1 14.8
speeds
(mph)
Rain days 9 9 9 8 11 12
Humidity 79 78 77 80 83 85
(%)
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3.2.3 Bergen (NO5)

Table 4: Weather information for NO5(Climates To Travel) og (Travelchime Inc, 2023)

April May June July August September
Sun light 14.5 17.2 18.8 18.1 15.7 13.0
hours (hrs)
Temperature | 3.9-11.1 | 7-15 10-175 | 125- 12.4 - 9.9-16.2
(°c) 19.7 19.3
Wind 11.7 11.2 10.3 10.1 10.8 12.5
speeds
(mph)
Rain days 14 13 13 15 17 16
Humidity 79 78 80 82 82 84
(%)

3.3 Grid:

Norway currently has in place a grid system that has the capacity to transport electricity from
areas in which hydropower production already exists to other parts of the country. It would be
most beneficial and practical that new solar farms for solar PV be constructed, if possible, in

the same areas that the storage hydropower plants are located.

The basis for this recommendation is that the avoidance of constructing new grid systems
should be prioritised where possible to reduce the negative impacts on the environment,
reduce installation costs and reduce the time frame in which these new solar farms could

come into operation.

If new grid networks need to be built, both costs incurred, and environmental factors need to
be considered. The extra costs involved in constructing new solar farms, as well as a grid
system that could accommodate the extra capacity, could outweigh the benefits of increasing
solar energy in the Norwegian energy mix. With the construction of the new solar farms,
changes to the environment will no doubt be necessary. When introducing new technologies

into an energy mix and constructing new renewable energy facilities, it is important to
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minimise the environmental impacts. If grid networks must be erected as well as new solar
farms, this would increase the possible negative impact on the environment. This may result
in resistance from lobby groups or the government, when attempting to gain the necessary

approval for both installation and applications of any new solar farms.

As stated earlier, Norway is divided into five different energy regions as shown in figure 12.
NOL1 (east), NO2 (south), NO3 (middle), NO4 (north) and NO5 (west). A barrier with the
current situation of the Norwegian grid system is that there is a bottle neck with the flow of
electricity from the North of the country to the south. A bottleneck in the energy grid system
arises when there is a deficit of electricity in one region and a surplus in another region
without the grid system having the capacity or infrastructure to transport electricity from one
region to the other. (Daloub et.al., 2016)

To overcome the problem of this bottleneck there is strong connectivity between the
Norwegian and Swedish electricity networks. Electricity is transported from the northern parts
of Norway into Sweden and then back across the border into Norway in the southern part of

the country.

3.4 Technology

Solar PV converts solar energy into electricity by absorbing sunlight and utilising the
photoelectric effect. This process occurs when semiconductors release electrons when
exposed to light, causing an electricity to flow. (energy.gov) The assumed construction of the
solar panels for this thesis are mounted on the ground using frames as supports that the solar

panels are fixed to.
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3.4.1 Solar PV cells

There are several varieties of solar PV cells available however, the solar PV that we used in
this study was the REC Solar REC280TP: The REC Solar REC280TP has a nominal
efficiency of 17,65% and a maximum power of 280W. This solar PV panel is made of
polycrystalline and is not a bifacial solar panel. Figure 13 shows the picture of the solar panel
(REC Solar REC280TP) chosen in this feasibility study. Refer to appendix A for further

information on the solar PV module.

|

Figure 13: REC Solar REC280TP (Solar Electric Supply, 2023)

3.4.2 Inverter

The inverter that was used in this thesis is an inverter produced by SMA America
technologies, the model number SMA America: SB5,0-1SP-US-41 [240V] (energysage,

2023) Refer to appendix B for further information on the inverter.

3.4.3 DC AC ratio

Direct current (DC) is flow of current in one direction and comes from different sources like
batteries or solar cells. Alternating current (AC) is when the current inverts direction. AC is
the method in which electricity is delivered through grid systems to the final user, such as
households. The desired DC to AC ratio that was used is 1,34. The optimal DC to AC ratio
for low efficiency invertersand medium efficiency inverters in northern Europe are, 1.3t0 1.8
and 1.2 to 1.5 respectively. (Mondol, Yohanis and Norton, 2006)
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3.5 Data Sources

The data that was collected to undertake this thesis was collected from a variety of different
sources. All data collected is data that is available to the public, is from reliable and credible

sources, and mostly obtained from Norwegian government agencies.

The weather data used to perform the calculations was obtained from the National Solar
Radiation Database (NSRDB). This database is compatible with the system advisor model
that was used to calculate the total energy production per location. The weather parameters
used were:

- Temperature

- DHI — Diffuse Horizontal Irradiance

- DNI — Direct Nominal Irradiance

- Clear sky DHI

- Clear sky DNI

- Relative Humidity

- Solar Zenith Angle

- Surface Albedo

- Precipitable Water

- Wind Direction

- Wind Speed

3.6 Method of calculation

The average level of imported electricity over the past five years, across the warmer months,
as a target for solar PV to match and potentially exceed. This would be achieved in two ways.
The electricity generated would firstly directly replace the imported electricity per month, for
every month during the warmer months. The second would be to generate enough electricity
throughout the summer months (as a total period), to meet the total imported electricity during
the same period, not directly replacing all hydropower production during the summer. This
electricity would be used as an alternative to electricity normally generated from hydropower
during this period, saving the water normally used for that component to then be used in
winter to increase hydro power production and thus replace energy normally imported at that

time.
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Water as an energy source is the dominant resource in the Norwegian electricity mix. There
are two different types of hydro power production in Norway. Storage hydropower and run-
of-river hydropower. Storage hydropower utilises reservoirs in catchment areas to hold large
volumes of water that can be stored and used to produce electricity as needed. Run-of-river
hydropower is installed in smaller areas such as rivers or streams and has no storage system.
The water continuously flows through the turbines generating electricity which must be used
at the same time. (iha, 2022)

For the purpose of this thesis an assumption has been made that Norway has the potential to
store all water in storage hydropower reservoirs that would be saved during the summer

months to be used at a later date.

3.7 System Advisor Model

The calculations of energy output at the different locations were obtained using the System
Advisor Model (SAM). SAM is a program used to calculate the power generated from solar
PV sites.

SAM is a software program that has all the data that is required for the different variables,
which are used when calculating the energy output from solar PV at different locations. By
using such a software program, it is easier to get an accurate calculation of the energy output
rather than calculating the different parameters manually. The ease in which it is possible to
access reliable weather data from the NSRDB website (NRSDB, 2022) and that SAM can
calculate largescale solar PV systems was a deciding factor in SAM being chosen as the
preferred software for this thesis. Another advantage of SAM is that by simply adjusting one

or more of the variables, it is quick and easy to compare the results of the simulations.

There are a several variables that can be adjusted, however the main variables that were
adjusted for this thesis were:

e Location (weather data)

e Solar panel (type)

e Inverter

e Size of installed capacity

e AC-DC ratio
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SAM has the option to calculate economical outcomes, however, this service is not used in
this thesis as no economical calculations will be addressed.

The interface that SAM uses, is simple and easy to learn and use. This advantage makes the

software perfect for designing solar PV projects and calculating outcomes from different
variables associated with solar PV production.

The first step when commencing a project in SAM, is to choose the option Photovoltaic,
detailed PV model, power purchase agreement single owner option. This gives the user the
option to start modelling their desired Solar PV model. The Location and Resource tab is

where the weather data is uploaded. The weather data is collected from NREL: National Solar
Radiance Database.

Flev (®Add untitled v

Photovoltaic, Single owner .
Solar Resource Library

Location and Resource The Solar Resource library is a list of weather files on your computer. Choose a file from the library and verify the weather data information below.

The default ibrary comes with orly a few weather files to help you get started. Use the download tools below to buld a library of locations you frequently model. Once you buid
Module your library, it is available for all of your work in SAM

: Name Latitude Longitude Time zone Elevation StationID Source &
System Design tucson_az_32.116521_-110.933042_psmv3_60_tmy 3213  -11094 -7 773 67345 NSRDB
X 671671.59.37_11.26_2017 5937 1126 1 147 671671 NSRDB
Shading and Layout 671671_59.37_11.26_2018 5937 11.26 1 147 671671  NSRDB
671671.59.37_11.26_2019 5937 1126 1 147 671671 NSRDB
Losses 556335 58.17_7.94_2019 5817 794 0 102 556335  NSRDB

v

Grid Limits SAM scans the following folders on your computer for valid weather files and adds them to your Solar Resource library. To use weather files stored on your computer, click

‘Add/remove Weather File Folders and add folders containing valid weather files.

Lifetime and DeQradat‘O” C\Users\marcu\OneDrive\Skrivebord\Uni\Master\Var 2023\Master Thesis\SAM

\Ted3cc002634095336b1 1b4ed4c38dTa
Installation Costs CA\Users\marcu\OneDrive\Skrivebord\Uni\Master\Var 2023\Master Thesis\SAM\Kiistiansand

Add/remove weather file folders..

Refresh library

: D Files
Operating Costs Weather

The NSRDB is a database of thousands of weather files that you can download and add to your to your solar resource library: Download a default typical-year (TMY) file for most
long-term cash flow analyses, or choose files to download for single-year or PS0/PO0 analyses. See Help for details.

Financial Parameters

@ One location (O Multiple locations [[J Advanced download
Revenue P
i Type a location name, street address, or lat,lon in decimal degrees | Default TMY file ~ Download and add to library.
Incentives For locations not covered by the NSRDB, visit the SAM website Weather Page for links to other data sources.
Depreciation Weather Data Information
Elect ridty Purchases The fcl!owmg lnformatlu[v describes the data in the highlighted weather file from the Solar Resource library above. This is the file
SAM will use when you click Simulate.
Weather file| CASAM\2022.11.21\solar_resource\phoenix_az_33.450495_-111.983688_psmv3_60_tmy.csv View data...

-Header Data from Weather Fil

Latitude 3345 |degrees Location| 78208
Longitude -111.98 |degrees Data Source| NSRDB
Simulate > l‘_ ; 2
Time zone M For NSRDB data, the latitude and longitude shown here from the weather file header are the coordinates
Parametrics Stochastic Elevation 358 |m of the NSRDEB grid cell and may be different from the values in the file name, which are the coordinates of

the reguested location.

Uncertainty Macros Time step 60 |minutes

Figure 14: Interface SAM (Location & Resource)
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Next the module and inverter need to be selected. The interface is shown in figure 15.

file v (®Add

Photovoltaic, Single owner

unt

Location and Resource

iter: [rec | Name v
NissiE Name Manufactwrer  Technology  Bifacial STC  PIC A< Length Width N_s Lscref Vocref Lmpref V.mpref alphasc betaoc T.A
REC Solar REC27STP2  REC Solar Multi-cSi 0 27531 2537 162 168 0997 60 952 382 874 35 00040936 -0.110016 45
TR REC Solar REC275TP2 B REC Solar 0 27531 2537 162 168 0997 60 952 382 874 315 00040936 -0.110016 45
REC Solar REC275TP2 B... REC Solar 0 275236 2477 167 168 0997 60 928 382 8T 36 0005104  -0.12088 46
System Design REC Solar REC275TP2M_. REC Solar 0 2752 2502 167 1675 0997 60 911 384 86 2 0004555  -0.118656 47
REC Solar REC280E Z-.. REC Solar 0 280228 2552 1647 166 0992 60 934 383 884 317 00043898 -0.115283 46
Shading and Layout REC Solar REC280TP  REC Solar 0 280082 2594 1587 1641 0967 60 944 392 878 319 000385851 0112588 44
e REC Solar REC280TP2  REC Solar 0 280228 2584 162 168 0997 60 961 384 884 317 00041323  -0.110592 45
REC Solar REC280TP2 B REC Solar 0 280228 2584 162 168 0%7 60 961 384 & 317 00041323 -0.110592 45
Losses
S . SEE w < & 5
Grid Limits Module Characteristics at Reference Conditions.
Lifetime and Degradation Reference conditions:| Total Irradiance = 1000 W/m2, Cel temp = 25 C
REC Solar REC280TP Nominal efficiency Temperature coefficients
Installation Costs — Maximum power (Pmp)| 280,082 |wdc 0379 |%/C 1062 wrc
Operating Costs Max power voitage (Vmp) 319 |vdc
Max power current (Imp) 88 |Adc
i tel r i
Financial Parameters Open circuit voltage (Voc) 392 |vde 0287 0113 vc
Revenue Short circut current (isc)|_ 94 |Ade 0041 [srrc 0004 |Ar"C
Bifacial
Incentives 0 5 015 25 30 35 40  [JModuleis bifacial
Module Voltage (Volts)
Dep(ec;anon Transmission fraction ¢ 0-1
Bifaciality 17 0-1
Electricity Purchases Ground clearance height Im
Temperature Correction
Nominal operating cell temperature (NOCT) method NOCT Method Parameters
O Heat transfer method Mounting standoft ‘Ground of rack mounted v
See Help for more information about CEC cell temperature models. Array height One story building height or lower v

Simulate > Transient Thermal Model Correction

F

Module unit mass is for the transient thermal model, which automatically applies when the weather file time step is 20 minutes

Parametrics Stochastic Module unit mass 11.092 kg/m* or less. The default value is 11 kg/m’

Figure 15: Interface SAM (Module & Inverter)

The system design section as shown in figure 16, is an important function as this is where the
desired array size is chosen, as well as the desired DC to AC ratio. After determining these

two parameters, SAM will calculate the number of inverters and modules that are required.

File v (Dadd

untit

Photovoltaic, Single owner AC Sizing Sizing Summary

Location and Resource Number of inverters 9 Nameplate DC capacity| 100000477 |wac Number of modules| 357,040 |
DC to AC ratio, 134] Total AC capacity 74566800 [kwac Number of strings 17,852
Module Desived aray size 100000 |wac Total inverter DC capacity| 76944384 |uwdc Total module area| 566622480 |m?
Inverter Desired DC to AC Ratio 134
imate Subarray 1 configurati System and subarray capaity and voltage ratings are at module reference conditions shawn on the Module page.
. imate Subarray 1 configuration

System Design v 1 contia

DC Sizing and Configuration

To model a system with one array, specify properties for Subarray 1 and disable Subarrays 2, 3, and 4. To madel a system with up to four subarrays connected in
parallel to a single bank of inverters, for each subarray, check Enable and specify a number of strings and ather properties.

Shading and Layout

Losses

Subarray 1 Subarray 2 Subarray 3 Subarray 4
. Electrical Configuration
Grid Limits

Enable

Enable

Lifetime and Degradation
Installation Costs
Operating Costs
Financial Parameters
Revenue

Incentives

Depreciation

Electricity Purchases

Simulate >

Parametrics

Uncertainty

Modules per string in subarray

Strings in parallel in subarray

Number of madules in subarray
String Voc at reference conditions (V)

String Vimp at reference conditions (V)

~Multiple MPPT Inpu

Set MPPT inputs

Set MPPT inputs when Number of MPPT Inputs on the Inverter page is greater than 1.

~Tracking &
O Fined
@1 Axs
02 Avis
(O Azimuth Axis
O Seasonal Tilt

[ Titt=latitude
Tilt (deg) [
Azimuth (deg) 180
Ground coverage ratio (GCR) | 03
Tracker rotation limit (deg) 45

Racktracking [ Fnahle

Figure 16: Interface SAM (System Design)
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Total Production

The total electricity production from six selected locations in Norway was calculated, to
determine how much electricity could be produced by six locations in three different energy
regions. The monthly production for each location was also calculated to determine how
much combined electricity is produced per month per location, as well as the total combined
production per month from all six locations.

After completing all the inputs stated previously, by clicking “simulate” the total production

is calculated. Production is also displayed in a bar graph, that is dived into production per

month.

Summary Data tables Losses Graphs Cash flow Time series Profiles Statistics Heatmap PDF / CDF Spatial Notices
Morthly AC Energy in Year
Annual AC energy in Year 1 98,549,376 kWh

DC capacity factor in Year 1 11.2%

Energy yield in Year 1 985 kKWh/kKW

Performance ratio in Year 1 085

PPA price in Year 1 400 ¢/kWh Ises07
PPA price escalation 1.00 %/year

LPPA Levelized PPA price nominal 432 ¢/kWh

LPPA Levelized PPA price real 345 ¢/kWh

LCOE Levelized cost of energy nominal 9.59 ¢/kKWh L~ es07
LCOE Levelized cost of energy real 7.66 ¢/kKWh %

NPV Net present value $-48,048,040

IRR Internal rate of return -840 %

Year IRR is achieved 20

IRR at end of project -451% Se=06
Net capital cost $110,662,808

Equity 96,502,056

Size of debt $14,159,754

Debt percent 12.80%

Jan Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dec

Figure 17: Interface SAM (Production)

To access the data for production and other variables, the data tables tab is selected, where

single, monthly, or annual data can be accessed.

Summary Datatables Losses Graphs Cash flow me series  Profiles Statistics Heat map PDF/CDF Spatial Notices

Copy to clipboard = Save as CSV... Send to Excel Clear all

time Hourly Data

Figure 18: Interface SAM (Data tables)
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Land area

The total land area was calculated to ascertain how much land area would be required for the

construction of the solar farms, to produce the required amount of electricity.

In the system design section, SAM also calculates the total land area that is required to

construction the modules.

@ Land Area

rLand Area Estimate

SAM uses the total estimated land area in acres to calculate land purchase and/or land lease costs when those costs are specified on the Installation Costs and
Operating Costs pages, respectively. See Help for details.
@ Automatically calculate from module area Total module area 566,622.480 |m?
(O Enter area per capacity in acres/MWe AC capacity 74,567 |MWac
. acres hectares
Land area per system capacity 0.000 acres/MWac
Total module area | 140015 | 56662 |
-Land Area Estimate
Land area multiplier 1.000 Total array area projected onto ground | 700.077 || 283311 |
Additional land area 0.000 | lacres Total estimated land area | 700.077 || 283311 |

Figure 19: Interface SAM (Land area)

3.8 Scenarios:

There are 3 scenarios that were conducted in the calculations.
e Scenario 1: a preliminary calculation to determine the total production of the solar
farms for 6 locations in Norway.
e Scenario 2: to ascertain the minimum number of locations required for solar PV to
cover electricity imported every month from April - September.
e Scenario 3: to ascertain the total number of locations required to cover import during
the period of April — September.

e Scenario 4: do not include September as part of the summer months.

38



3.8.1 Scenario 1

Weather data was collected from NSRDB for the six locations in Norway and uploaded to
SAM where the total production for each location was calculated. Further calculations were

conducted to ascertain the total production per month (April — September).

3.8.2 Scenario 2

Scenario 2 was conducted to ascertain the minimum number of locations required to cover
import every month, thus eliminating the need to import electricity at all during the summer
months (April — September). To determine the minimum number of locations, the month that
required the most locations would be used. This was decided as the volume if electricity

imported in every month would need to be meet.

As the chances of having many locations in scenario 2 was high, it was decided to investigate
the possibility of solar PV not meeting the import demands every month, but rather across the
summer months as a whole. In Scenario 3 this possibility will be addressed.

3.8.3 Scenario 3

Scenario 3 discusses the possibility of solar PV producing enough electricity during the
summer months to cover the total electricity imported during that same period.
To calculate the total number of locations that would be required for this scenario, there were
several steps that needed to be completed.
1. Calculate the total import for the summer months (April — September).
2. Calculate the total number of minimum locations required.
3. Divide the minimum number of locations required by the number of months during the
summer period.
4. Multiply the answer in Step 3 with average electricity production from solar PV for
that month.
5. Determinethe differential for each month, between the import level and the projected
production.
6. Calculate the total of the differential for each month to determine if the total

production would be equal to the import level or greater.
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3.8.4 Scenario 4

Scenario 4 addressed the possibility of solar PV producing enough electricity during the
summer months to cover the total import during that same period, however scenario 4 will
exclude the month of September in the calculations. The same 6 steps were undertaken as in

scenario 3.

3.9 Export

The possibility for Norway exporting electricity was also addressed. The water that is saved
from not using hydropower production from April to September, could not only be used
during other periods to increase flexibility and security in the Norwegian electricity market,

but could be used to produce electricity that could be exported.
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4.0 Results and Discussion

This chapter includes the results and discussion section of the thesis. It was determined that
six locations are evidently not adequate to cover the total imported electricity into Norway
during the summer months. The calculations of the four scenarios will be presented in this
chapter, Scenario 1 identifying the total production of the preliminary six locations, Scenarios
2 and 3, that will identify two different possibilities of solar PV covering average import
during the summer months and Scenario 4, that will exclude September from the calculations.
In addition to the scenarios, export will be discussed as a possible use for the energy resources
saved by the electricity production of solar PV during the summer months as well as issues
that may arise with the construction of new grid connections and possible issues related to
land area.

4.1 Estimation of solar PV energy output to cover imported electricity.

Norway is both an importer and exporter of electricity. With Norway’s proximity to Europe, it
is part of the European Energy system which enables countries to import and export
electricity. (IEA,2022) Norway has an interconnected electricity network with some European
countries and other non-European countries, in particular Sweden, Germany, the United
Kingdom and the Netherlands. (Fasting, 2022) This partnership allows countries to import
and export energy as required, thus allowing a relatively free flow of energy between
countries. A free-flowing energy system is vital for keeping the energy balance both in

Norway and in Europe.

In all months throughout the year, Norway imports a portion of its electricity needs. Several
factors influence the volume of imported electricity to Norway in different months. These
include weather conditions, estimated demand throughout the remaining months of the year,
costs associated with importing electricity and the water level in the reservoirs. Figure 20
shows the variability in total imported electricity into Norway while figure 21 shows the
variability in imports during the summer months in the years 2018-2022. On average, over the
past five years, Norway imported 9TWh of electricity annually. However, this total has varied
from between 4 to 13TWh.
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Figure 21: Electricity import, Norway per year (April — September)

Table 5: Shows the total electricity imported in TWh over the last 5 years™. (SSB, 2023)

Year Total Import (annually)
2018 8,3

2019 12,4

2020 4,5

2021 8,2

2022 13,3

Average for the past 5 years 9,34
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Table 6 shows the monthly imported electricity in TWh over the past five years. The months
that are highlighted in yellow indicate the months with the most potential for generating
electricity from solar PV.

Table 6: Import per month for the last 5 years*. (SSB, 2023)

2018 2019 2020 2021 2022
January 0,8 1,2 1,1 0,4 1,2
February 0,4 1,2 0,9 0,7 1,5
March 1,0 2,1 0,6 1,0 0,9
April 1,2 1,2 0,4 1,0 1,6
May 0,8 1,0 0,3 0,8 1,1
June 0,7 1,0 0,1 0,4 0,5
July 0,6 0,4 0,1 0,4 0,9
August 0,3 0,3 0,01 0,6 0,8
September 0,4 0,2 0,02 0,4 1,7
October 0,3 0,8 0,2 1,0 1,4
November 0,4 1,1 0,5 0,7 0,5
December 1,4 1,8 0,4 0,9 1,4

The average level of electricity imported into Norway for each month was calculated by
taking the average for each month over the past five years and dividing it by the number of

years.

Monthy1 + Monthy2 + Monthy3 + Monthy4+ Monthy5

Average import per month (TWh) = Number of years [4.1]
Table 7: shows the average import of electricity in Norway for the months of April —
September over the last 5 years.
April May June July August September | Total
TWh 1080 800 500 480 400 550 3810
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4.2 Scenarios

4.2.1 Scenario 1:

The total annual electricity production for each site is shown in table 8.

Table 8: shows the total production at each of the 6 locations.

Region Location Total annual production (GWh)
NO1 Sarpsborg 94,4
NO1 Minnesund 90,8
NO2 Kristiansand 98,8
NO2 Stavanger 74,8
NO5 Bergen 79,8
NO5 Vaksdal 73,8

Appendix C: shows the figures of the total production at each of the 6 locations.

The total monthly production of the six locations was calculated using the SAM software

program as can be seen in table 9.

Table 9: Production per month per location (GWh)

April May June July August September
Sarpshorg 15,9 13,2 14,3 16,5 10,8 6,7
Minnesund | 15,8 12,7 13,5 16,3 10,2 6,7
Kristiansand | 14,7 18,1 13,9 17,5 12,2 8,6
Stavanger 13,9 15,2 11,7 147 8,7 5,0
Bergen 13,3 15,2 11,5 15,6 8,6 5,4
Vaksdal 13,1 13,0 10,6 14,6 7,9 5,2

The total monthly production was calculated by combining the total production per month

from each of the six locations. Table 10 shows the total monthly production of the six

locations.
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Table 10: Total monthly production (GWh)

April May June July August September | Total
production
GWh 86,7 87,4 75,5 95,2 58,5 37,6 440,9

The results determined that a total of six solar PV farms, where each have an installed
capacity of 100MW per location, spread across the three electricity regions do not produce
enough electricity during the summer months to cover current levels of imported electricity
during that period. As shown intable 7, the total average importduring April — September is 3
810GWh while the total production from six locations during April — September is
440,9GWh, as shown in table 10.

4.2.2 Analysis of the data

An assumption has been made that by adding additional solar farms within the same
electricity region, no new weather data would need to be collected as the data would be
similar due to the longitude and latitude positioning of the new locations. The average of the
weather data of the six already existing solar farms in this feasibility study will be used as the
data for the additional calculations that will be conducted. Table 10 shows the total monthly

production of the six locations in GWh.
Table 11 compares the total production of the six locations and the total average import per
month to see if the production from only six locations could in fact cover the total imported

electricity into Norway during the summer months.

Table 11: Comparison of total production and average import (GWh)

April May June July August September
Total 86,7 87,4 75,5 95,2 58,5 37,6
Production
Average 1080 800 500 480 400 550
Import
Remaining | -993,3 -712,6 -424.5 -384,8 -341,5 -512,4
Import
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After calculating the data by month, the average production per site was calculated in each
month. The month of September is used as an example to visualise the answers in Table 12.
As there is a total of 37,6GWh produced in September from the six locations, the average

production per location in the month of September is 6,3 GWh.

Table 12: Average production per location per month (GWh)

April May June July August September
Total 86,7 87,4 75,5 95,2 58,5 37,6
Production
Location 6 6 6 6 6 6
Average 14,45 14,57 12,58 15,87 9,75 6,27
production
per
location

4.3 Scenario 2:

Table 13 shows the number of locations that would be required if solar PV would produce

enough electricity to cover the import every month.

Table 13: Number of locations required to cover all import every month (GWh)

April May June July August September
Average 14,45 14,57 12,58 15,87 9,75 6,27
production
per
location
Import 1080 800 500 480 400 550
Number of | 75 55 40 31 42 88
locations
needed
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As seen in Table 14 for solar PV to meet current electricity imports every month, 88 locations
would be required. As import volumes start to increase and production from solar PV is
decreasing in September, the need for more sites is evident. As the need to meet all import for
each month must be covered by the total number of solar farms, the month of September is

used, when determining the minimum number of locations required.

Table 14: Combination of the tables and information provided above.

April May June July August September

NO1 15,9 13,0 13,9 16,4 10,5 6,7
NO2 14,3 16,6 12,8 16,1 10,5 6,8
NO5 13,2 14,1 11,1 15,1 8,3 53
Total 14,5 14,6 12,6 15,9 9,8 6,3
average

Import 1080 800 500 480 400 550
Total sites | 75 55 40 31 41 88
needed

Therefore, there will need to be a minimum of 88 locations for solar farms spread across
regions NO1, NO2 and NOS5 to directly cover average monthly import levels throughout the

summer months without the use of hydropower generation.

4.4 Scenario 3:

The calculations in scenario 2 of average production per month will be used to calculate the
total number of locations required to meet total import for the period April — September. The

calculations will aim to ascertain how many locations would be required to achieve this.
The first step was to ascertain the total import for the six months assessed, calculated in

scenario 2. By combing the average import per month an average of 3 810GWh of electricity

is imported into Norway between the months of April — September, as shown in Table 15.
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Table 15: Total average import April — September.

April

May

June

July

August

September

Total

Import
(GWh)

1080

800

500

480

400

550

3810

The next step was to calculate the total number of sites that would be required to cover the

average import per month as shown in table 16. Results from table 14 which shows the total

number of locations required to cover the total average import per month was calculated was

used in this step.

Table 16: shows the total number of locations required to cover average import per month.

April

May

June

July

August

September

Total

Number

of sites

75

55

40

31

41

88

330

To calculate the new minimum number of locations required if the total average import would

be covered during the months of April — September as a period not per month. A total of 55

sites would be required. See Appendix D for formula.

Steps 4 & 5:

Table 17: shows the calculations of 55 locations (GWh).

April May June July August September | Total
Locations | 55 55 55 55 55 55 55
Average 14,5 14,6 12,6 15,9 9,8 6,3 73,7
production
Total 797,5 803 693 874,5 539 346,5 4 053,5
production
Import 1080 800 500 480 400 550 3810
Difference | -282,5 -3 193 3945 139 -203,5 2435
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Total production from the six locations during the months of April — September from a total
of 55 locations spread across the three electricity regions would be 4 053,5 GWh, as shown in
table 18.

Table 18: is the total production in GWh of 55 solar PV farms in Norway during the months
of April — September.

April May June July August | September | Total
Production | 797,5 803 693 874,5 539 346,5 4053,5

The total production of 4 053,5GWh is greater than the total import for the same period of 3
810GWh. This means that the total production of 55 solar PV farms located in NO1, NO2 and
NOS5 will produce 243,5GWh more of electricity than the average imported electricity in

Norway.

This scenario shows that a total of 55 new locations are required for solar PV is to meet
average import levels during the period April — September. It can be argued that the aim of
solar PV is not to cover the entirety of the import level every month, but rather cover the total
import during the period of April — September. A possible strategy could be to use hydro
power to top up the demand for electricity in the months that demand is greater than
production from solar PV, and then save the water in the months that production is greater
than domestic demand. This method will give the same outcome, as the same volume of water

would be conserved during this summer period.

45 Scenario 4:

In Scenario 4, September was excluded from the calculations. By doing this, the total number
of locations required decreased dramatically. By using the same calculations as in Scenario 2,
the minimum number of locations required for scenario 4 would be 75, to cover the import for
the month of April as shown in table 19. This is a dramatic decrease from 88 that was the

minimum required locations in scenario 2.
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Table 19: shows the total number of locations required to cover average import per month

excluding September.

April May June July August Total
Number | 75 55 40 31 41 242

of sites

When the same calculations were undertaken as were undertaken in Scenario 3 to determine
the minimum locations required to meet average import for the period of April — August, the

total of 242 sites divided by five months requires 49 locations.

Table 20: shows the calculations of 49 locations.

April May June July August Total
Locations | 49 49 49 49 49 49
Average 14,5 14,6 12,6 15,9 9,8 67,4
production
Total 710,5 715,4 617,4 779,1 480,2 3302,6
production
Import 1080 800 500 480 400 3260
Difference | -369,5 -84.6 1174 299.1 80,2 42,6

With 49 locations and the exclusion of September in the calculations, the total average
production from 49 locations over the five-month period exceeds the total average import for

the same period, as shown in table 20.
These calculations did not consider the impact of the total number of locations if the installed

capacity of the solar farms was increased, or additional solar farms being constructed in the

energy regions that have the highest average production per month.
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4.6 Land Area:

Solar PV is land intensive and unless new solutions to develop for example dual use activities
such as, agriculture (sheep grazing) or combined wind and solar farms, issues may arise with
finding suitable and sufficient land for solar PV in Norway. As the average land area required
for each solar PV farm is 140 acres, it is highly unlikely that this amount of land would be
made available for new solar projects. If scenario 4 was to be implemented, 49 locations for
solar PV farms, 6 860 acres of land would be required to produce enough electricity to meet
the average import during the summer months from solar PV.

4.6.1 Different types of technologies and land uses

There are several different types of technologies that could be assessed when looking at
introducing solar PV into the Norwegian electricity mix. Solar PV was the technology that
was focused on in this thesis, but other solar technologies could also be a viable option for the

Norwegian market.

There are also possibilities for combining two different sectors. An option that is currently
being assessed is the combination of agriculture and solar power. The installation of solar
panels on already existing agricultural land is something that should be considered. This
option decreases environmental impacts by reducing the amount of land that needs to be made
available up to construct a solar farm, as well as not having a significant impact on reducing
productivity for farmers. A combination of agriculture and solar PV electricity production can
give already existing land an even higher usage rate, by utilising the land area for two
different sectors. (Maicrosoft Europe, 2021) The combining of already established and new
wind farms and solar farms in one location, could also increase the possibility of providing
enough land area for solar PV. Floating solar farms could potentially be a possibility for
Norway, as Norway has a large coastline and substantial river systems. An advantage of
floating solar farms is that they are dual use and can reduce disputes over land use. (intersolar,
2022)
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4.7 Export

Although the aim of the thesis is to examine the flexibility and security of the Norwegian
energy system, by reducing levels of imported electricity, there is also an opportunity for
Norway to look at increasing its export activities. The water saved from reducing hydropower
production during the summer months could be used to produce electricity for the export
market. Current high prices for electricity across Europe make this an attractive option as seen

in figure 22.

Evolution of household consumers' electricity and gas prices in the EU, 2008-2022
(i € per 100 kwh, all taxes and levies included)
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Figure 22: Electricity and gas prices, Europe (2008-2022). (Eurostat, 2023)

Located in the southern part of Norway have underground electricity cables that connect
Norway’s electricity system to electricity markets of other European countries been installed.
The North Sea Link (NSL) is an interconnector power line that connects the United Kingdom
and Norway’s electricity systems. The cable runs from the southern part of Norway (NO2) to
the mid northwest of England. (North Sea Link, 2023) NordLink is a subsea interconnector

that connects Germany and Norway. (Statnett, 2023)
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Both the United Kingdom and Germany has substantially increased its portion of locally
produced renewable electricity as the countries look to transition to a greener approach
electricity production. (Spilde et.al., 2019) There has also been a move away from fossil fuel
as an energy source of electricity production. In periods of reduced wind capacity, the United
Kingdom and/or Germany may need to importelectricity. With Norway producing electricity
from renewable energy sources and the completion of NSL and NordLink, Norway was an

attractive import provider for both countries.

Figure 23 represents the total export from Norway over the past 5 years.
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Figure 23: Electricity export, Norway per year (TWh)

Figure 24 illustrates electricity export per year for the months of October to March.
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Figure 24: Electricity export, Norway, per year (October - March)
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5.0 Conclusions

This thesis has addressed the feasibility of solar PV in Norway, to increase flexibility and
electricity security, particularly the possibility of solar PV production during the warmer
months to meet the volume of existing imported electricity during the same period. The SAM
software program has been used to assist in the calculation of the total production of 6 solar
PV farms could produce in six different locations located in three of the five electricity
regions in Norway. Based on the calculations and findings in this thesis some conclusions will

be proposed.

It has been shown that electricity from solar PV is viable in Norway, and that a total of
440,9GWH could be produced from six sites that have a combine installed capacity of
600MW. This amount represents 11,6% of the average electricity imported during the warmer
months into the country. However, by increasing the number of sites or the installed capacity

of an individual site, the potential for the sector grows.

Even though solar PV does not meet the target of replacing average import per month, there is
a possibility that solar PV can produce enough electricity during the summer period to

partially replace imported electricity during the same period.

The best option discussed in thisthesis is to replace imported electricity at least partially from
April — August. Of the discussed scenarios in this thesis, Scenario 4 would be the most
suitable scenario for solar PV production in Norway. This scenario requires the fewest
number of locations (49) to eliminate imported electricity during this period, while still being
able to increase flexibility and security. The average import in the period April — August is 3
260GWH, while average production is 3 302,6GWh. This scenario uses a combination of
hydropower and solar PV to meet the domestic demand, and in the months where solar PV
production is greater than import the water stored in the reservoirs can be saved for
production at alternative time periods. This scenario means that during the months of April —
August 3 302,6GWh of electricity can be saved and stored in the reservoirs to be used during

other periods to increase flexibility and electricity security in Norway.

A barrier to increased use of solar PV is the land area required for construction of the solar
farms. The total land area needed for the favoured scenario is 6 860 acres. It would be
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difficult with political standpoint currently in Norway, for these projects to be approved
unless further analysis of the economic benefits or for dual usage opportunities that could
make the concept viable and more appealing.
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6.0 Recommendations

Further research will need to be done to discover the possibilities of investment in solar PV.

This work includes:

e Cost benefit analysis of start-up infrastructure for solar PV versus savings from
imported electricity

e Public and political will, to allow utilisation of land for solar PV parks given the
already strong views against onshore wind production.

e Investigate shared use of land for solar farms.

e Calculate the extra environmental and monetary costs associated with connecting the
solar farms to the grid.

e Assess increasing demand, can solar PV in different forms play a role in meeting that
demand.

e The use of bifacial solar panels
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Appendices

Appendix A: Product description of solar module

REC TwinPeak BLK SERIES
PREMIUM SOLAR PANELS WITH SUPERIOR PERFORMANCE

REC TwinPeak BLK Series solar panels feature an innovative design with high panel efficiency and power output, enabling customers to get the most out of the
space used for the installation. Combined with industry-leading product quality and the reliability of a strong and established European brand, REC TwinPeak BLK
panels are ideal for residential and commercial rooftops worldwide.

General data

Cell type: 120 REC HC multi-crystalline 6 strings of 20 cells (68" x 3")

Glass: 0.12" (3.2 mm) solar glass with anti-reflective surface treatment

Back sheet: Double layer highly resistant polyester (white)

Frame: Anodized aluminum (black)

Junction box: 3-part with bypass diodes, IP67 rated 4 mm? solar cable, 35" + 47"
Connectors: Multi-Contact MC4 (4 mm?®)

Mechanical data

» Dimensions: 1665 x 991 x 38 mm
> Area: 1.65 m*
> Weight: 18 kg

Electrical data

Nominal Power - PMPP (Wp) 205
Nominal Power Voltage - VMPP (V) 29.5
Nominal Power Current - IMPP (A) 6.97
Open Circuit Violtage - VOC (V) 36.1
Short Circuit Current - ISC (A) 7.50

Maximum ratings

Operational Temperature: -40 ... +85°C

Maximum System Voltage: 1000V

Design Load*: 75.2 |bs/ft? (3600 Pa)

33.4 Ibs/ft* (1600 Pa) *Refer to installation manual
Max Series Fuse Rating: 15A

Max Reverse Current: 15 A

Warranty

> 10 year product warranty
» 25 year linear power output warranty (max. degression in performance of 0.7% p.a.)

More information:

REC 280 TP BLK Data Sheet

REC 280 TP BLK Installation Manual

REC 280 TP BLK Packaging Datasheet

REC 280 TP BLK Warranty Conditions (Europe)
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Appendix B: Specification sheet SMA inverter

SUNNY BOY
3.0-US / 3.8-US / 5.0-US / 6.0-US / 7.0-US / 7.7-US

Value-Added Improvements  Reduced Labor Optimized Power Production  Trouble-Free Service
* SunSpec cetified technology * New Instollaion Assistant with « ShadeFix, SMA's propristory shade ~ * SMA Service Mabile App
for cosseffecive moduledeve! direct access via smartph 9 akuton, prodk provides simplfied, expedited
shutdown minimizes Sme in the field move power than abernatives field service
* Advanced AFC compliont 1o UL * Advanced communication * Reduced comg count provid * Equipped wih SMA Smart
16998 for arc foult profection interface with fewer comp system refiabiley Connedted, o proocive service
creates 50% faster setup and solution that is infegrated info
commissicning Sueny Poral

SUNNY BOY 3.0-US / 3.8-US / 5.0.US / 6.0-US / 7.0-US / 7.7-US

Power with a purpose

The residential PV market is changing ropidly. Your bottom line matters more than ever—so we've designed a superior
residential solution to help you decrease costs ot every stage of your business operafions. The Sunny Boy 3.0-US/3.8-
US/5.0-US/6.0-US/7.0-US/7.7-US join the SMA lineup of field-proven soler technology backed by the world’s #1
service team. This improved residential solution features Shadefix, SMA's proprietary technology that optimizes system
performance. Shodefix also provides superior power production with a reduced component count versus competitors,
which provides maximum reliability. No other opfimized solution generates more power or is as easy as systems featuring
SMA ShadeFix and SunSpec cerfified devices. Finally, SMA Smart Connected will automatically detect errors and inifiate
the repair and replacement process so thot installers can reduce service colls and save time and money.

www, SMA-Americo.com
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The SMA Power+ Solution combines legendary SMA inverter
performance and SunSpec cerlified shutdown devices in one
costeffective, comprehensive package. In addition, SMA
ShadeFix technology optimizes power production and provides
greater reliakility than alternafives.

This rapid shutdown solution fulfills UL 1741, NEC 2014, and
MEC 2017 requiremenis and is cerfified to the power line-based
Sun5pec Ropid Shutdown communicotion signal over DC wires,
making it the most simple and costeffective rapid shutdown
solution on the market.

Visit www.SMA-America.com for more infermation.
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SIMPLE, FLEXIBLE DESIGN § .

Speed the completion of customer proposals and maximize the efficiency of your design
teom with the Sunny Boy-US series, which provides a new level of flexibility in system
design by offering:

» Hundreds of stringing configurations and multiple independent MPPTs

» SMA's proprietary Shadefix technology opfimizes power production

» Diverse application opfions including on- and off-grid compatibility

VALUE-DRIVEN SALES ENABLEMENT - ’

SMA wants to enable your scles team by arming them with an abundance of feature/

benefit support. Show your customers the value of the Sunny Boy-US series by ufilizing:

» The opportunity to join the SMA PowerUP network of installers who receive in-depth
training, enhanced service, and prioritized marketing support

» SMA's 35 yeor history and status as the #1 global inverter manufacturer instills homeowners
with peace of mind and the long-term security they demand from @ PV investment

» The most economical solufion for shade mitigation with superior power production

IMPROVED STOCKING AND ORDERING

Ensure that your boack office business operations run smoothly and succinctly while

mitigating potential errors. The Sunny Boy-US series can help achieve cost savings in

these areas by providing:

» An integrated DC disconnect that simplifies equipment stocking and allows for a single
inverter part number

» All communications integrated into the inverter, eliminating the need to order
additional equipment

STREAMLINED INSTALLATION AND COMMISSIONING

Expedite your operations in the field by taking advantage of the new Sunny Boy’s

instoller-friendly feature set including:

» Direct access vio smartphone and ufilization of SMA's Installation Assistant, which
minimizes time/labor spent in the field and speeds the path 1o commissioning

» Simple commissioning and monitoring setup in @ single online portal

» The fastest, easiest installation thanks to SMA ShadeFix and SunSpec certified
shutdown devices

SUPERIOR SERVICE

SMA understonds the factors that contribute to lifetime PV ownership cost, that's why

the Sunny Boy-US series was designed for maximum reliability and backstopped by an

unmatched service offering. Benefit from:

» SMA Smart Connected, a proactive service solufion integrated into Sunny Portal that
automatically detects errors and initiates the repair and replacement process

» The SMA Service Mobile App, which provides simplified, expedited field service
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Appendix C: Graphs showing total production of the 6 preliminary locations.

The graphs were generated using the software program SAM.

Sarpsborg

Total production for the solar park located in the Sarspsborg area.

Monthly AC Energy in Year 1
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Minnesund

Total production for the solar park located in the Minnesund area.

Monthly AC Energy in Year 1
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Kristiansand
Total production for the solar park located in the Kristiansand area.

Monthly AC Energy in Year 1
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Stavanger

Total production for the solar park located in the Stavanger area.

Monthly AC Energy in Year 1
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Bergen
Total production for the solar park located in the Bergen area.

Monthly AC Energy in Year 1
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Vaksdal

Total production for the solar park located in the Vaksdal area.

Monthly AC Energy in Year 1
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Appendix D:
Calculation of the new locations required.

New minimum locations required = Step 1
Step 2
= 330 (total sites)

6 (total months)
=55
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