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Abstract

The state of biodiversity is critical at the global, regional, and national levels. With a growing world

population and many being lifted out of poverty, the global energy demand is increasing. Geopolitical

unrest also pushes states to secure increased domestic energy production. Over the past couple of decades,

photovoltaic (PV) solar technology has become more efficient and affordable, with a price reduction of

over 90%. Large-scale solar parks have thus recently developed into a viable option in Norway, where the

first concession was granted in 2022. Due to the great potential for development and the critical state

of biodiversity, it is important to map the environmental consequences of PV solar park development

in Norway. In this thesis, the impact of the PV solar parks on biodiversity is calculated using species

distribution maps and spatial data on planned PV solar parks in Norway. The biggest threat to global

biodiversity is habitat loss. Therefore, this thesis examined the impact of solar parks on mammals

through habitat loss. Additionally, the impact on birds due to collision risk was investigated. PV solar

power was found to require roughly twice the amount of land occupation per GWh produced compared

to hydropower reservoirs. The bird species investigated were more severely impacted by PV solar parks

than wind turbines regarding collision risk. These results provide increased insight in renewable energy

technologies impact on biodiversity and therefore strengthen the basis for decision-makers facing the

present growing energy demands. The applicability of modelling habitat loss and collision risk for future

PV park installations was demonstrated.
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Sammendrag

Tilstanden til biologisk mangfold er kritisk p̊a globalt, regionalt og nasjonalt niv̊a. Med en økende

verdensbefolkning, samtidig som mange løftes ut av fattigdom, vokser verdens energibehov. Geopolitisk

uro fører ogs̊a til at stater ønsker å øke energiproudksjonen innenfor egne landegrenser. I løpet av

de siste ti̊arene har solcelle-teknologi blitt mer effektivt og rimelig, med en prisreduksjon p̊a over 90%.

Solcelleparker i storskala har derfor nylig blitt et reelt alternativ i Norge, og første konsesjon for utbygging

ble gitt i 2022. Grunnet det store potensialet for utbygging, samt den kritiske statusen for biologisk

mangfold, er det viktig å kartlegge de miljømessige konsekvensene av solcellepark-utbygging i Norge.

I denne oppgaven beregnes p̊avirkningen fra solcelleparker ved hjelp av artsfordelingskart og data om

planlagte solcelleparker i Norge. Den største trusselen globalt mot biologisk mangfold er tap av habitat.

Solcelleparkers p̊avirkning p̊a pattedyr gjennom tap av habitat blir derfor undersøkt i denne avhandlingen.

I tillegg er p̊avirkngen p̊a fugler grunnet kollisjonsrisiko undersøkt. Det ble estimert at solcelleparker

krever omtrent dobbelt areal sammenliknet med vannkraft-reservoar, per GWh produsert. P̊avirkningen

p̊a fugler grunnet kollisjonsrisiko var større for solcelleparkene enn vindturbinene. Disse resultatene

gir økt innsikt tilknyttet p̊avirkning p̊a biologisk mangfold fra forskjellige typer fornybar energi, og

styrker dermed grunnlaget for beslutningstakere i møtet med dagens økende krav til energi. Oppgaven

demonsterer den praktiske muligheten for å modellere av tap av habitat og kollisjonsrisiko for fremtidige

solcelleprosjekter.
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1 INTRODUCTION

1 Introduction

Shifting towards sustainable energy production is a pivotal challenge for mankind, further complicated

by a growing population and increasing energy demands (IEA, 2020; Ritchie et al., 2023). While the

installed capacity of renewable energy is increasing, this growth must be further accelerated by another

60% to achieve an energy sector with net zero carbon emissions by 2050 (IEA, 2022). Solar power is

the fastest growing energy source globally, which has evolved from being a minuscule contributor in the

global energy market to a major one over the course of a few decades. The global installed capacity of

photovoltaic (PV) solar power was 600 GW in 2020, and is expected to grow by almost 1500 GW between

2022 and 2027 (IEA, 2022; World Bank, 2020). With this projected growth, PV solar power overtakes

all fossil and renewable energy sources in installed power capacity, though not in energy production due

to the fluctuating nature of PV solar power.

PV solar power is in rapid growth, both on a global scale and in Norway specifically. In Norway, PV

usage was typically tied to off-grid locations such as cabins and lighthouses (Hofstad, 2023). However, the

installed capacity connected to the national grid grew by more than 300% over the last four years (NVE,

2023). Approximately three quarters of the current installed capacity are tied to private households or

other industry, and there are no completed utility-scale PV solar parks in Norway. Several are planned for

the near future, with the first concession for a large-scale ground-mounted PV solar power plant granted

in 2022 (NVE, 2022b). Scaling up national solar PV production with 5-10 TWh between 2022 and 2030 is

considered realistic, with the total national potential estimated at 199.0 TWh/year (Multiconsult, 2022).

While solar power is carbon neutral during the operational phase, it requires large land areas. The

construction can also lead to emissions of greenhouse gases through the destruction of carbon sinks.

Therefore, solar power parks may directly or indirectly harm wildlife and ecosystems. Biodiversity is

under threat on a global scale, thoroughly illustrated by the 68% average population decline across

mammals, birds, amphibians, fish, and reptiles between 1970 and 2016 (WWF, 2020). Besides the

intrinsic value of healthy biomes and thriving ecosystems, functional biodiversity is vital to human life

on Earth. Through intricate and complex pathways, biodiversity enables human survival and well-being

by providing provisioning, regulating, supporting, and cultural ecosystem services, e.g., pollination and

nutrient cycling (Mace et al., 2012; WWF, 2020). The largest driver of biodiversity loss is the loss of

habitat (WWF, 2020), which the construction of solar power parks undoubtedly contributes to. In light of

the expected growth of the solar power sector in Norway, it is of high interest to investigate the connection

between biodiversity impacts and solar park installations. Furthermore, quantification of these impacts

and comparison to other alternatives for renewable energy production is of paramount importance. An

improved understanding of the impacts on biodiversity from alternative energy production in Norway

further empowers decision-makers to make well-informed choices in the face of growing energy demands.

This thesis investigates the impact on mammals and birds from seven planned PV solar power parks in

southeastern Norway. For mammals, the impact due to habitat loss is quantified, whereas for bird the

impact pathway investigated is collision. The impacts are measured in potentially disappeared fraction

(PDF) per unit of production for each park and species group. The land occupation per unit of production

is calculated, and compared to the average land occupation from hydropower reservoirs in Norway. The

average impact from PV solar power on birds due to collision is compared with a similar study on wind

turbines.
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2 BACKGROUND

2 Background

2.1 Photovoltaic solar power

Utilization of solar power is done in various ways, but can be generalized into two main categories: us-

ing the sun as a source of heat (thermal) or generating electricity (photovoltaic, PV) (Lachner, 2019).

Thermal usage, such as housing design with thermal absorption in mind, is the older of the two, but

photovoltaic technology is not a novelty either (Jones & Bouamane, 2012). The French scientist Edmond

Becquerel discovered that illuminating two electrodes immersed in an electrolyte produced an electromo-

tive force in 1839 (Fink & Adler, 1941).

PV solar power saw limited use after its discovery in the 1800s, and well into the 20th century. The

technology was not economically competitive with other energy sources such as oil and coal. However,

PV solar power had a noteworthy advantage in being operational with minimal maintenance. Thus, PV

solar power became a crucial technology for remote off-grid structures such as lighthouses and satellites

(Hofstad, 2023; Roser, 2023).

In recent decades, solar power has grown at an accelerating rate. This is due to several key factors. The

most important one is the price reduction of the technology itself, coupled with reductions in related

material sectors such as the semiconductor sector (U.S. Bureau of Labor Statistics, 1976, 1984). Conse-

quently, the prices for utility-scale PV solar power decreased by 89% between 2009 and 2019 in the United

States (Roser, 2023). Initially reserved mainly for off-grid, this massive price drop made the technology

more appealing for installations at large and small scales and in a multitude of applications (Fraas &

Partain, 2010). Current state-of-the-art PV cells have an efficiency of 18-20% at optimal conditions,

however the overall efficiency of a PV cell in use is often reduced by factors such as dust, overheating, or

imperfect cell angle (Chandrasekar et al., 2022; Lachner, 2019; Paul, 2022). The electricity generated by

the PV cell must either be stored in a battery, transmitted to the power grid, or be used by a connected

load.

The potential for PV solar power production is dependent on the geographic location of the park. Solar

irradiance is the singular most important factor, which in turn is determined by secondary factors such

as latitude, elevation, cloud formation and atmospheric aerosol concentrations (World Bank, 2020). The

second most important factor is air temperature, which often is inversely correlated with solar irradiance

(World Bank, 2020). PV power production is negatively impacted by increased module temperature

(Alonso-Marroquin & Qadir, 2023; Rahman et al., 2015; Shan et al., 2014). Due to these two factors,

irradiance and air temperature, the difference between the countries with the highest expected output

per PV surface area (Namibia) and the lowest (Ireland) is roughly a factor of two (World Bank, 2020).

Due to PV solar powers nature of fluctuating power production, energy security has historically been an

argument for other energy sources than PV solar power. The development of PV solar energy might be

accelerated by geopolitical unrest in fossil fuel producing regions, as was the case during the oil crisis of

the 1970s (Aklin & Urpelainen, 2018). The ongoing war between Ukraine and Russia, and the affiliated

sanctions of Russia, has presented European nations with challenges in terms of energy security. While

the war has affected the energy policy of European countries, the long-term effects on the development

of PV solar power is unclear (Osička & Černoch, 2022; Umar et al., 2022; Zakeri et al., 2022).

2.2 Global biodiversity crisis and ecosystem services

The term biodiversity is a rather recent addition to scientific literature, first used by biologist Elliot Norse

in the 1980s (Dyke, 2008). To the public, as well as the law, equating the number of species to biodiversity

can be quite useful in effectively getting the point across (Dyke, 2008; Mace et al., 2012). However, a

more precise term would be ”the structural and functional variety of life forms at genetic, population,

community, and ecosystem levels” (Sandlund et al., 1992). This definition captures the importance of the

inter-linkages between the species, as opposed to just a cluster of unrelated, individual species, as well as

2



2.3 Biodiversity impacts from PV solar power 2 BACKGROUND

that the concept of biodiversity applies to multiple biological levels. A species population that with a high

level of genetic diversity is more resilient to outside pressures such as climate change (Sgrò et al., 2011;

Thompson et al., 2009). This in turn strengthens the resilience of the ecosystem as a whole. Furthermore,

biodiversity, ecosystem resilience, and ecosystem functioning and production are fundamentally related

(Cardinale et al., 2012; Thompson et al., 2009).

Biodiversity is threatened both globally and locally. The Living Planet Index (LPI) tracks the abundance

of 20 811 populations of 4392 different species. The LPI shows a global population decline of 68%

between 1970 and 2016 (WWF, 2020). While some regions were more severely impacted than others,

the same general trend of declining overall populations was found in all regions examined. The single

most important driver of these impacts is changes in land and sea use, followed by over-exploitation of

species, invasive species and diseases, pollution, and climate change (WWF, 2020). Changes in land and

sea use includes loss of habitat or degradation of habitat quality. In Norway specifically, ecosystems are

under serious pressure due to human-driven land use changes. On a national scale, 2166 km2 is planned

for development for residential buildings, vacation homes, or commercial use (Simensen et al., 2023).

Expanding the scope to include other municipal uses, energy production, and road network, the figure

grows to approximately 4000km2 (Miljødirektoratet, 2024).

While some will argue that biodiversity has an intrinsic value, it is also essential to human life on Earth.

This is due to a myriad of ecosystem services, which are sorted into four categories: provisioning, cultural,

regulating, and supporting ecosystem services (Millennium Ecosystem Assessment, 2005). Provisioning

services are the products obtained directly from the ecosystems, such as freshwater, medicinal plants,

firewood or fibres (UNEP, 2009). Regulating services include flood protection, climate regulation and

disease control (Millennium Ecosystem Assessment, 2005). Photosynthesis and soil formation are ex-

amples of supporting ecosystem services, and recreation, aesthetic and spiritual benefits are categorized

as cultural services (Millennium Ecosystem Assessment, 2005; UNEP, 2009). Ecosystem services are

therefore essential to human survival, in a multilayered relationship. For example, our food production

relies on the primary production of the ecosystems. To uphold this primary production over time, the

ecosystem depends on removal of toxins and protection from disease, potentially also assisted pollination

by supporting species. It is therefore adequate to say that the quality, quantity, and reliability of the

ecosystem services, which are vital for human life, depends on interactions between the biotic and abiotic

components of the ecosystem (Mace et al., 2012).

2.3 Biodiversity impacts from PV solar power

While PV solar power is an energy source without greenhouse gas emissions during operation, it is not

without environmental impact. There are many pathways that connect PV solar power with biodiversity

impacts. Not all of the impacts are negative, thought the majority and the most severe are. PV solar

power contributes to land use changes, the dominating driver of biodiversity losses globally, through

habitat loss, habitat degradation and fragmentation (Leskova et al., 2022; Tinsley et al., 2023). For

bird species, the panels represent a collision risk (Kosciuch et al., 2020). For some polarotactic insects,

the reflection of horizontally polarized light is similar to that of water surfaces, which in turn allures the

insects to attempt to lay eggs in the PV panels (Black & Robertson, 2020; Horvath et al., 2010). The solar

panels thus act as ecological traps. The panels also alter factors such as temperature amplitude, average

temperature, soil temperature, moisture and quality, and shade (Armstrong et al., 2016; Barron-Gafford

et al., 2016; Lambert et al., 2021; Schindler et al., 2018; Suuronen et al., 2017). All of these factors lead to

complicated impacts on flora and fauna, which may vary greatly from region to region and ecosystem to

ecosystem. On vascular plants specifically, studies in different regions comes to completely contradictory

conclusions. Hampered succession, increased stress and mortality, and decreased abundance was all found

in studies conducted in France (Lambert et al., 2021, 2022), while in arid, desert-like conditions in China,

positive impacts such as increased species richness and biomass was found (Liu et al., 2019). Extended

blooming window was found in a study conducted in Oregon, US (Graham et al., 2021). Given the

large variance in results from studies from different regions, the lack of research conducted in Norway

3
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on biodiversity impacts from PV solar power represents a major knowledge gap. This knowledge gap is

especially problematic as solar power plants are subjects to the requirements for environmental impact

assessment by Norwegian law (Forskrift om konsekvensutredninger, 2017). Several strategies can be

deployed in order to mitigate the impact, such as combined area usage with agriculture or pastures.

Design choices for the PV cells can have a positive impact, such as including white lines to reduce the

maladaptiveness for polarotactic insects. The structure of the park can also be tailored to reduce impact

on nearby ecosystems of particularly high value.

4
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3 Method

3.1 Data

3.1.1 PV solar power shapefiles

The shapefiles containing the physical extension, peak power output, and expected annual production of

seven planned solar parks in Norway was retrieved from Kenawi et al. (in prep.). The parks were named

Bark̊aker, Bronkemoen, Buer, Løvbergsmoen sør, Presteg̊ardskogen, Sem, and Simonstad. The peak

power and expected production values were cross-checked with their individual concession applications

at the Norwegian Energy and Water Directorate (NVE). In the case of discrepancies between the values

retrieved from Kenawi et al. (in prep.) and NVE, the latter was chosen, which led to one major and three

small alterations. For three parks (Bronkemoen, Presteg̊ardskogen, and Sem) the expected annual energy

production was slightly increased. Additionally, the peak power capacity of Sem was marginally decreased.

Both peak power and expected annual energy production was approximately halved for Bark̊aker. The

final specifications of each individual solar park can be observed in Table 1. The concessions were also

used to document strategies deployed, if any, by the developers to reduce the impact on biodiversity from

the PV solar parks. While Bark̊aker park’s application for concession was withdrawn, this was done due

to local resistance and not ecological concerns. The park was therefore included for the calculations, as

it was still a valid representation of potential PV solar parks from an ecological point-of-view.

Table 1: Peak power output and expected annual energy production for the planned PV solar parks.

Peak power Expected annual prod.

Solar park [MW] [GWh] Source

Bark̊aker 15.85 16.384 (Solgrid AS, 2023)

Bronkemoen 10 10.93 (NØK Fornybar AS, 2023)

Buer 1.1 1.2 (NVE, 2022a)

Løvbergsmoen sør 50 50 (ANEO AS, 2023)

Presteg̊ardskogen 33 35 (Hafslund Magnora Sol, 2023)

Sem 59 62 (Fred. Olsen Renewables, 2023b)

Simonstad 50 50 (Fred. Olsen Renewables, 2023a)

3.1.2 Species distribution maps

The species distribution maps for mammals and birds originated from two different studies. The data

regarding birds was derived from a study on life-cycle impacts of wind turbines on birds in Norway (May

et al., 2021), whereas the mammals data originated from a study on habitat fragmentation impacts of

electricity transmission and distribution lines (Gilad et al., in prep). Both datasets were composed of

a single raster for each individual species. The data was geographically limited to mainland Norway,

and each pixel in the rasters had the spatial extent of 1 km2. The value of the pixel represented the

probability of the species being present within the area. The datasets included a total of 251 bird species

and 28 mammal species, which were sorted into 13 bird groups based on taxonomy and 4 mammal groups

based on taxonomy and species functionality respectively (May et al., 2021)(Gilad et al., in prep.).

3.1.3 Birds - collision risk

Collision risk for birds was estimated from data measured in Kosciuch et al. (2020). The article observed

a total of 10 PV solar facilities across 13 cite-years in California and Nevada. Seven of the parks were

monitored over one year, and three were monitored over two. Notably, the studies included only data

from inside the PV facilities, which excluded impacts due to associated infrastructure such as power lines

and fences (Kosciuch et al., 2020).

Kosciuch et al. (2020) provide both the total number of carcass detections as well as a figure for ”adjusted

composition”. A carcass might not be detected due to several cases, such as being removed pre-detection

5



3.2 Calculation - Loss of Habitat for Mammals 3 METHOD

by scavengers or strong winds, or missed by the searcher due to human error. The calculation of adjusted

composition is displayed in Equation 1. F represents the adjusted total number of fatalities, c is the

number of detections, r is the probability of the carcass being available for detection, p represents the

probability of detecting an available carcass, and a is the proportion of the PV field surveyed (Kosciuch

et al., 2020). In this thesis, the figure for adjusted composition was preferred over total detections, which

was disregarded.

F =
c

r ∗ p ∗ a
(1)

3.2 Calculation - Loss of Habitat for Mammals

The PV solar power shapefiles from Kenawi et al. (in prep) and the mammal raster maps from Gilad

et al. (in prep) were loaded in ArcGIS Pro. The 28 mammal species rasters were sorted into the

predetermined categories (Gilad et al., in prep.). The categories were carnivores, rodents, ungulates and

”other mammals”, and contained 10, 11, four and three species respectively. Aggregated rasters for the

four categories were produced with the ”raster calculations” tool in ArcGIS Pro. Furthermore, a grid

with the exact same geographical extensions as the rasters was created. This was performed with the

tools ”raster to polygon”, notably with the ”simplify polygon box” not ticked, and ”grid index features”

(with specified polygon width and height of one kilometer). With the ”tabulate intersection tool”, a table

was generated displaying all pixels in the grid partially intersected by the planned solar parks, as well

as the extend of the intersection in square meters. This table was exported to Excel and expanded by

adding the value from the four aggregated mammals rasters in all relevant pixels. By utilising ArcGIS

Pro’s inbuilt Python notebook, the value of all pixels summarized was produced individually for the four

mammal group rasters. The python code can be found in Appendix A.

The PDF due to habitat loss for each category of mammals was calculated for each impacted pixel in the

grid. The entirety of the PV parks were considered to be lost habitat for this calculation. Furthermore,

the impact was summarized for each of the seven solar parks, which could then be ranked both based

on total impact and impact per expected annual energy production. The PDF value for each pixel was

calculated following the equation deveolped by May et al., Equation 2. Sk · Pk,i is the total number of

species in group k, Aorg is the habitat before alteration, Alost is the habitat lost due to the PV park,

and z is the species-area relationship (SAR) slope coefficient. The lower-half SAR slope coefficient was

by Storch et al. (2012) found to be 0.26 for mammals in Eurasia (Storch et al., 2012).

PDF (H)k,w =
Sk · Pk,i · (1− (

Aorg−Alost

Aorg
)z)

ΣI
iSk · Pk,i

(2)

The average impact of the seven parks was calculated to compare the number with other alternatives of

energy production relevant in the Norwegian context. Additionally, the average of all parks but Buer

was calculated. Buer, having roughly 10% of the production capacity of the second smallest park, was

arguably too small to be considered a large-scale PV solar plant. Consequently, Buer was also an outlier

in expected annual electricity production and spatial extent.

3.3 Calculation - Impact from Collision for Birds

The species distribution data for birds originated from a study investigating life cycle impacts from

wind turbines on birds, specifically investigating impact from habitat loss, collision, and disturbance

(May et al., 2021). The data was loaded in ArcGIS Pro, and the 251 bird species were grouped in

the 11 categories. These were the categories specified by May et al. (2021), with the alternation that

the categories ”herbivorous songbirds, ”insectivorous songbirds”, ”and ”polyphagous songbirds” were

combined into a single category for songbirds. The final categories were corvids, gallinaceous birds, gulls,

owls, raptors, seabirds, songbirds, waders, waterbirds, waterfoul, and ”other species”. Similar to the

calculation performed in section 3.2, the generated table displaying all pixels partially intersected by

the planned solar parks was utilized. This could be reused as the spatial extent and geometry of the

6



3.3 Calculation - Impact from Collision for Birds 3 METHOD

species distribution maps for mammals and birds were identical. Additionally, the same python script

was utilized to calculate the sum of all pixels within the raster of the individual bird groups.

As May et al. (2021) investigated the impact from wind turbines, the equation for calculating impact on

birds due to collision had to be altered to reflect that the impact is due to land coverage, not vertical

surface area. The impact was quantified as the PDF for each species group in the dataset, i.e., the fraction

of the species groups population that is lost due to the impact. This adjusted equation can be observed

in Equation 3. Sk · Pk,i is the total number of species in group k in the cell, Aorg is the cell area, Apv is

the area of the cell to be within the PV solar park, Rk is probability of annual per-farm collision within

group k, and z is the SAR slope coefficient. The lower half SAR slope coefficient of 0.21 found by Storch

et al. (2012) for birds in Eurasia was used (Storch et al., 2012).

PDF (C)k,w =
Sk · Pk,i · (1− (

Aorg−Rk·Apv

Aorg
)z)

ΣI
iSk · Pk,i

(3)

The probability coefficient for group k, RK , was found by converting the per-species average mortality

rate of the individual farm, ratek, within a group (May et al., 2020). This conversion is shown in Equation

4. ratek is the average number of mortalities due to collisions for the species within group k, retrieved

from Kosciuch et al.(2020). This figure is given in mortalities per MW per year. RK represents the

probability of at least one collision occurring per year, for each species in the local population. Rk is

calculated for each bird group and each individual PV solar park.

Rk = 1− e−ratek (4)

Data from an American study on bird mortalities due to collision with utility-scale solar energy (USSE)

PV facilities was used to calculate the Rk for each group (Kosciuch et al., 2020). As the composition of

species present in the two regions surveyed (Southwestern US and Norway) were quite dissimilar, as well

as structural differences in their method of species grouping, a framework was designed to reclassify all

species found in the American study to fit with the categorizing in the research by May et al (2021):

1. If a species was present in both studies, its category in May et al. (2021) remained unchanged.
2. If a species from Kosciuch et al. (2020) was not present in May et al. (2021), but another species

from the same taxonomic family was, the species was placed in the same category as its taxonomic

relative.
3. If a species was within the suborder Passeri, it was placed in songbirds, unless the species was

part of the corvidae family, in which case it was classified as corvids.
4. Apodidae, Caprimulgidae, Columbidae, Cuculidae, Picidae, and Upupidae species were placed in

Other species as per described in May et al. (2021). Species in the Trochilidae family is closely

related to species in the Apodidae family, and were therefore also placed in the Other species

category.
5. Species in the Stringidae family were placed in the Owls category.
6. Species in the Galliformes order were placed in Gallinaceous birds.
7. Species in the Podicipediformes were placed in Waterbirds. This was supported by pretext from

May et al. (2021), with three species in the podiceps family and one in the tachybaptus family.
8. Species in the Pelecaniformes order were placed in Seabirds, due to being within the same clade

as suliformes, of which there were two species in May et al. (2021).
9. Species in the anatidae family were placed in the Waterfoul category.

10. Tyrannidae species and the domesticated chicken were disregarded as there were no similar species

in May et al. (2021).
11. Mortalities of birds where species could not be precisely determined were disregarded.

With this method, all the species documented in Kosciuch et al. (2020) were either confirmed in its

category, reclassified, or disregarded. The full list of the species present in Koscuich et al. (2020), their

status as reclassified, confirmed, or discarded, as well as the reasoning for the sorting can be observed in

Supporting Document (S1).
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3.3 Calculation - Impact from Collision for Birds 3 METHOD

Kosciuch et al. (2020) provided a figure for the ”adjusted composition” value for each species. This

figure represented what fraction of the total number of collision-related bird fatalities (2.49 mortali-

ties/MW/year) can be attributed to each specific species. Each category was summarized and averaged

to find the average mortality rate per MW per year for each species group, which in turn was used to

calculate the Rk. Having now obtained the area impacted and number of species present in each species

group for all pixels, as well as the risk coefficient for each species group and PV park combination, the

impact form collisions could now be calculated.
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4 RESULTS

4 Results

4.1 Habitat loss for mammals

The impact of habitat loss for carnivores, rodents, ungulates, and ”other mammals” can be observed in

Table 2. All mammal groups were impacted by habitat loss from each of the planned PV solar parks.

Buer was an outlier in these results, being almost a factor of 10 smaller than the second smallest park,

Bronkemoen, at 10.92 GWh expected annual production. Buer park had the highest impact per unit of

production for all mammal groups, with its impact on rodents being the single largest impact from any

park on any species group. The smallest impact per GWh found was from Sem park on carnivores, which

was a factor of 12.1 smaller than Buer parks impact on rodents.

Table 2: The impact on mammals due to habitat loss per unit of production. The parks are

Bark̊aker, Bronkemoen, Buer, Løvbergsmoen sør, Presteg̊ardskogen, Sem, and Simonstad, and the unit

is PDF/GWh. Buer* is accented due to being an outlier in size and production, and therefore potentially

not representative for future PV solar parks. Bark̊aker** is also accented, as local resistance led to the

withdrawal of the concession application.

Mammal group Bark.** Bronk. Buer* L. sør Prest. Sem Simon.

Carnivores 7.62E-09 7.59E-09 1.03E-08 8.13E-09 5.27E-09 4.71E-09 6.93E-09

Rodent 4.40E-08 2.95E-08 5.68E-08 2.94E-08 2.33E-08 2.83E-08 2.70E-08

Ungulates 2.78E-08 2.02E-08 3.80E-08 1.97E-08 1.81E-08 1.74E-08 2.97E-08

”Other mammals” 2.87E-08 1.22E-08 3.28E-08 1.12E-08 1.25E-08 1.97E-08 1.61E-08

In general, habitat loss had the greatest impact on rodents, followed by ungulates, ”other mammals”,

and ultimately carnivores. Rodents were the most severely impacted species group for all parks except

Simonstad, where ungulates instead was the most impacted group. Figure 1 displays the location of the

parks, as well as the species distribution raster for the group rodents.

Figure 1: Locations of the seven planned solar parks and the species distribution raster for rodents, which

was the mammal group most severely impacted by habitat loss.

9



4.1 Habitat loss for mammals 4 RESULTS

Ungulates was the species group with the second highest impact for Løvbergsmoen sør, Bronkemoen,

Presteg̊ardskogen, and Buer. Carnivores was found to be impacted the least by habitat loss for each of

the seven parks. The impacts from all parks on all mammal groups are visualized in figure 2.

Figure 2: PDF/GWh from habitat loss for each PV park and mammal group. All values are relative

to the highest calculated PDF/GWh for that particular group of mammals, e.g., all bars representing

impact on carnivores is reflecting the park’s value compared to Buer’s value for carnivores.

The expected annual production from the planned parks varied from 1.2 GWh (Buer) to 62 GWh (Sem).

Table 3 displays the average impact per GWh, as well as the average if Buer were to be excluded due to

its difference in characteristics.

Table 3: Average impact from PV solar parks on mammal groups due to habitat loss, per unit of

production.

Average impact Average impact w/o Buer

Mammal group [PDF/GWh] [PDF/GWh]

Carnivores 7.22E-09 6.71E-09

Rodent 3.41E-08 3.03E-08

Ungulates 2.44E-08 2.22E-08

”Other mammals” 1.90E-08 1.67E-08

The results of Bark̊aker, Presteg̊ardskogen and Sem were particularly interesting due to their geograph-

ical proximity. The three PV parks were spaced no more than 15 kilometers apart as the crow flies.

Nevertheless, the PDF per GWh from habitat loss was substantially greater for Bark̊aker than the other

two, for all four mammal categories. The impact on carnivores for Presteg̊ardskogen and ”other mam-

mals” for Sem were comparable, at 69.2 and 68.5% of Bark̊aker’s values respectively. The PDF per unit

of production for ”other mammals” due to Presteg̊ardskogen PV park was as low as 43% of the figure

for Bark̊aker. The location of the parks and the species raster for the ”other mammals” group can be

observed in Figure 3. Based on the figure, it would be reasonable to assume that Sem park has the

highest impact on ”other mammals”. However, as Sem park had almost four times the expected annual

production of Bark̊aker, the impact per unit of production from Sem was 68.5% of Bark̊aker’s value for

the ”other mammals” group.
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4.2 Bird group mortality rates and Rk values 4 RESULTS

Figure 3: The PV solar parks of Bark̊aker, Presteg̊ardskogen, and Sem, as well as the relative species dis-

tribution map for the ”other mammals” group. Bark̊aker is located in the north-east, Presteg̊ardskogen in

north-west, and Sem in the south. The white pixels in are cells with NaN-value in the species distribution

data.

4.2 Bird group mortality rates and Rk values

As there were no finished PV solar parks in Norway, no figures were available for the collision risk in

this region. Therefore, the data had to be retrieved from studies performed in other regions, and then

analyzed to identify how the results should be implemented in the Norwegian context. Kosciuch et al.

(2020) reported an average figure (adjusted composition, not total detections) of 2.49 bird mortalities

per MW per year (Kosciuch et al., 2020). This figure was converted to a group-specific mortality rate,

following the species groups defined by May et al. (2021) Table 4 displays the mortality rate for each

group of birds, as well as the fraction of the adjusted composition from Kosciuch et al. (2020) attributed

to this group. Songbirds were the most impacted group, followed by ”other species” and waterbirds.

24.3% of the adjusted composition was disregarded, either due to the species’ taxonomy or uncertainty

regarding the species of the carcass found.

Table 4: Mortality rates for the bird groups defined by May et al., after reclassifying the species observed

by Koscuich et al. (2020). The rates correspond to a fraction of the ”adjusted composition” from Koscuich

et al. (2020).

Bird group Mortalities/MW/year Percentage

Corvids 4.38E-02 1.8%

Gallinaceous birds 1.32E-02 0.5%

Gulls 9.71E-03 0.4%

Owls 2.37E-02 1.0%

Raptors 2.37E-02 1.0%

Seabirds 1.39E-02 0.6%

Songbirds 1.12E+00 45.1%

Waders 2.24E-03 0.1%

Waterbirds 1.63E-01 6.5%

Waterfoul 2.61E-02 1.1%

”Other species” 4.42E-01 17.8%

Not included 6.06E-01 24.3%
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Displayed in table 5Rk, the probability of at least one collision per year for each species within species

group k, was calculated for each individual park.

Table 5: Rk, the probability of at least one annual collision for each species in bird group k, for the

parks Bark̊aker, Bronkemoen, Buer, Løvbergsmoen sør, Presteg̊ardskogen, Sem, and Simonstad. The

birds groups are corvids, gallinaceous birds, gulls, owls, raptors, seabirds, songbirds, waders, waterbirds,

waterfoul, and ”other species”. Buer* is accented, as the park is an outlier in terms of size and annual

production. Bark̊aker** is accented as the parks concession application was withdrawn due to local

resistance.

Bird group Bark.** Bronk. Buer* L. sør Prest. Sem Simon.

Corvids 0.293 0.197 0.024 0.666 0.515 0.726 0.666

Galli. 0.099 0.064 0.007 0.281 0.196 0.322 0.281

Gulls 0.143 0.093 0.011 0.385 0.274 0.436 0.385

Owls 0.171 0.112 0.013 0.446 0.323 0.502 0.446

Raptors 0.072 0.046 0.005 0.211 0.145 0.244 0.211

Seabirds 0.054 0.034 0.004 0.160 0.109 0.186 0.160

Songbirds 0.352 0.239 0.030 0.746 0.595 0.801 0.746

Waders 0.035 0.022 0.002 0.106 0.071 0.124 0.106

Waterbirds 0.276 0.184 0.022 0.639 0.489 0.699 0.639

Waterfoul 0.050 0.032 0.004 0.151 0.102 0.175 0.151

”Other sp.” 0.583 0.424 0.059 0.937 0.838 0.962 0.937

4.3 Impact on birds due to collision

Collision risk was estimated from data measured in Kosciuch et al. (2020). For most parks, the potentially

disappeared fraction due to collision was calculated to be highest for the ”other species” group. Sem was

the only exception, where the impact on waterbirds was larger. Sem and Simonstad parks had the highest

impact on the individual species groups, with the former impacting waterbirds, raptors, gulls, seabirds,

waterfoul, and waders the most, whereas the latter had the highest impacts for the groups songbirds,

”other species”, corvids, owls, and gallinaceous birds. Buer park had the lowest impact per unit of

production for all bird groups. Table 6 displays the values for the individual parks and bird group, and

a visual comparison is provided in Figure 4.

Table 6: PDF/GWh from each park for the various bird groups due to collision, for the parks Bark̊aker,

Bronkemoen, Buer, Løvbergsmoen sør, Presteg̊ardskogen, Sem, and Simonstad. Buer* is accented due to

being an outlier in regards to capacity (MW), expected annual production (GWh), and size, and averages

are produced both including and excluding Buer park. Bark̊aker** is also accented, as local resistance led

to the withdrawal of the concession application. The bird groups are corvids, gallinaceous birds, gulls,

owls, raptors, seabirds, songbirds, waders, waterbirds, waterfoul, and ”other species”.

Bird group Bark.** Bronk. Buer* L. sør Prest. Sem Simon.

Corvids 9.36E-09 4.53E-09 9.48E-10 1.47E-08 8.74E-09 1.59E-08 1.85E-08

Galli. 1.99E-09 9.66E-10 2.11E-10 4.01E-09 2.35E-09 3.92E-09 5.62E-09

Gulls 5.36E-09 1.92E-09 4.30E-10 7.18E-09 2.78E-09 1.27E-08 6.38E-09

Owls 5.48E-09 2.86E-09 5.60E-10 1.09E-08 5.41E-09 1.09E-08 1.21E-08

Raptors 2.44E-09 9.18E-10 2.24E-10 3.76E-09 2.01E-09 5.44E-09 5.09E-09

Seabirds 1.23E-09 3.23E-10 7.81E-11 1.18E-09 5.66E-10 4.65E-09 1.51E-09

Songbirds 1.15E-08 4.61E-09 1.20E-09 1.39E-08 9.81E-09 1.83E-08 2.16E-08

Waders 1.07E-09 3.52E-10 8.61E-11 1.59E-09 5.98E-10 2.68E-09 1.57E-09

Waterbirds 1.47E-08 4.66E-09 1.38E-09 1.40E-08 6.93E-09 2.80E-08 1.38E-08

Waterfoul 2.32E-09 7.31E-10 1.90E-10 2.86E-09 1.33E-09 5.81E-09 3.37E-09

”Other sp.” 2.32E-08 1.01E-08 2.91E-09 2.20E-08 1.87E-08 2.60E-08 3.51E-08
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Figure 4: PDF/GWh from collision for each PV park and bird group. All values are relative to the

highest calculated PDF/GWh for that particular group of birds, e.g., all bars representing impact on

songbirds is reflecting the park’s value compared to Simonstad’s value for songbirds.

The non-weighted average impact on the various bird species was calculated, and is displayed in Table 7,

alongside the average if Buer park would be disregarded. Overall, the ”other species” group (including

species such as mourning dove and rock pidgeon) was the most impacted, followed by waterbirds and

songbirds. The least impacted species groups was waders.

Table 7: Average impact per production unit on birds from PV solar parks due to collision. Averages

are provided with and without Buer due to it being an outlier in terms of size and expected annual

production.

Average Average w/o Buer

Bird group [PDF/GWh] [PDF/GWh]

Corvids 1.04E-08 1.19E-08

Gallinaceous birds 2.72E-09 3.14E-09

Gulls 5.25E-09 6.05E-09

Owls 6.89E-09 7.94E-09

Raptors 2.84E-09 3.28E-09

Seabirds 1.36E-09 1.58E-09

Songbirds 1.15E-08 1.33E-08

Waders 1.14E-09 1.31E-09

Waterbirds 1.19E-08 1.37E-08

Waterfoul 2.37E-09 2.74E-09

”Other species” 1.97E-08 2.25E-08
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4.4 Spatial efficiency

As an extension of the solar park data, the production efficiency in terms of area usage was calculated.

The least effective park was Simonstad, with an expected annual energy production per area of 43.26

GWh/km2. Sem was the most efficient, at 107.08 GWh/km2. Figures for all individual parks, as well as

the average with and without Buer park included, can be observed in table 8.

Table 8: Each PV park’s spacial extent in km2, the expected annual energy production and the ratio

of production per area usage. Buer* is accented due to being an outlier in terms of size and expected

production, and therefore potentially being a worse representation of future PV park installments in

Norway. Bark̊aker** is accented as local resistance led to the withdrawal of the concession application.

Area Expected annual prod. Spatial efficiency

Bird group [km2] [GWh] [GWh/km2]

Bark̊aker** 0.252 16.4 64.97

Bronkemoen 0.153 10.9 71.28

Buer* 0.025 1.20 47.90

Løvbergsmoen sør 0.660 50.0 75.78

Presteg̊ardskogen 0.382 35.0 91.64

Sem 0.579 62.0 107.08

Simonstad 1.156 50.0 43.26

Average 0.458 32.2 71.70

Average w/o Buer 0.530 37.4 75.67
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5 Discussion

5.1 Habitat Loss for Mammals

Rodents were the most impacted species group on average, followed by ungulates, ”other mammals”, and

carnivores was the least impacted species group. All of the parks are located in Southern Norway, as well

as east of the Scandinavian Mountains. Figure 1 in the results section displays the park locations on a

backdrop of the rodents species distribution raster. As is demonstrated by the figure, the park location

is of utmost importance regarding the impact of habitat loss for rodents. Obtaining regionalized data

with sufficient resolution is therefore key when analyzing the impact from PV parks.

A key assumption in the habitat loss calculations provided in this thesis was that the area of the PV solar

parks was rendered entirely uninhabitable for the mammal species. In reality, the picture is more nuanced.

Alternative methods exists, such as the countryside SAR which includes the species group’s affinity with

the impacted area (Martins & Pereira, 2017). Utilising this method might more accurately capture the

impact on species that were still able to use the PV solar park as habitat, albeit degraded. However, since

most PV solar parks utilize enclosures, the countryside SAR was generally less valid than the traditional

SAR method. Of the planned parks in Norway, Bark̊aker, Bronkemoen, and Presteg̊ardskogen were

planned to be constructed with a fence, which for the former two parks was specified to include a small

gap at the bottom or channels to allow the passage of smaller animals (Hafslund Magnora Sol, 2023;

NØK Fornybar AS, 2023; Solgrid AS, 2023). Buer, Løvbergsmoen sør, and Sem parks were planned not

to have fences, while Simonstad park was undecided (ANEO AS, 2023; Fred. Olsen Renewables, 2023a,

2023b; NVE, 2022a). These decisions were made specifically with the impact on wildlife in mind. Fences

were the main reason that the park area would be more habitable for species of smaller stature, but the

PV panels also contribute to this through restricting vertical space. The presence of vascular plants can

vary from park to park, potentially providing shelter for small mammals.

While outside the scope of this thesis, the loss of habitat will by definition lead to habitat fragmentation.

On a global scale, approximately 9% of mammal species loss due to habitat loss and fragmentation is

caused by the latter (Kuipers et al., 2021a). The parks also require infrastructure such as power lines

and roads. These barriers will have an unequal impact on the various mammals, rendering the area

completely inaccessible for some and accessible for others, independent on the species affinity for the PV

park area, and further magnify the habitat fragmentation.

Studies on impacts from other energy sources were valuable reference points, especially if performed in

recent times and in similar regions. One such study was conducted by Dorber et al. (2018), investigating

the land occupation of hydropower reservoirs in Norway. The area inundated by the hydropower reservoirs

led to 7 m2 per MWh (Dorber et al., 2018) land occupation. On average, the direct land occupation from

the investigated PV solar parks was 15.3 m2 per MWh, roughly twice as area-intensive as hydropower.

Disregarding Buer, the average land occupation is reduced to 14.3 m2 per MWh. The study by Dorber

et al. (2018) calculated reservoir-specific land occupation, disregarding land occupation from associated

infrastructure, and was therefore a particularly applicable point of reference. It is worth noting that the

habitat loss from hydropower reservoirs are not final, as the inundated area correlates with the water

level. The water level is in turn dependent on factors such as precipitation and energy demand. However,

reservoirs are generally steep water bodies, which is unlikely to be suitable as habitat for many species

(Dorber et al., 2018). Furthermore, the creation of water reservoirs leads to various impacts in the river

course, such as altering water temperature, sediment transportation, species composition, and creates

migration barriers. The total impacted area is therefore likely much larger for hydropower.

The results of Bark̊aker, Presteg̊ardskogen, and Sem parks highlighted the importance of site selection

and spatial efficiency. Species distribution is a product of ecosystems, and a location discrepancy of a

few kilometers can result in a substantial divergence in affected species, as well as the magnitude of the

impact. Furthermore, the three parks serve as an example of the value of spatial efficiency. As can

be observed in Figure 2, Sem park is located in an area with a higher number of species present than

Bark̊aker in the ”other mammals” group. However, due to the discrepancy in spatial efficiency, Sem has
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a lower impact per unit of production for these species. This suggests that selecting sites with a high

number of species impacted can be justified, given sufficient improvement in spatial efficiency compared

to alternative sites.

In this thesis, the impact of habitat loss was calculated for each individual pixel. The more common

approach in ecology is to apply the calculation for the entirety of the connected habitat at the landscape

level (Kuipers et al., 2021b; Pereira et al., 2014). The method utilized in this thesis allowed for the

calculation to be performed with the species distribution data, but included the simplification that all

area within each pixel was of equal value to the species found. In reality, the suitable habitat might cover

all of the pixel, or just a slight fraction of it. The parks might interfere with suitable habitat to a varying

degree, but this level of detail is not obtained.

For all PV parks, the habitat loss was found to have the least impact per GWh produced on carnivores.

The population of larger carnivore species (wolf, wolverine, lynx, and bear) are in Norway specifically

managed in predatory game regions (Rovviltnemd, n.d.). The topic of the wolf population is a particularly

polarized topic, and a healthy wolf population from an ecological point-of-view is in conflict with the

interests of game hunters and farmers (Skogen & Krange, 2020; Ulset & Nordby, 2024). The current

population of wolves in Norway is small and suffers from extreme levels of inbreeding (Rovdata, n.d.).

As the impact calculation only accounted for current species distribution data, as opposed to suitable

habitat, the impact on current population was low, while this population was caused by other human

activities.

5.2 Impact on Birds due to Collision

Overall, the results highlight a trend where smaller parks had lower impact due to collision per unit of

produced electricity. The highest PDF/GWh for each of the 11 bird groups was related to either Sem

or Simonstad, who at annual productions of 62 and 50 GWh are the largest by some margin. Similarly,

Buer park was by almost a factor of 10 the smallest PV park in terms of peak power and expected annual

electricity production, and was the PV park with the least impact from collision per GWh for every group

of birds.

Revisiting the three parks in close proximity, Bark̊aker, Presteg̊ardskogen, and Sem, the impact of location

and regionalized data was highlighted once again. Local discrepancies in species distribution patterns

between the bird groups were also present, more so than for mammals. The contrast was the most

striking for the bird groups seabirds and ”other species”, displayed in Figure 5. This stark difference was

reflected in the calculated impact per energy production on the two groups. While Sem had the highest

PDF/GWh for both bird groups, Presteg̊ardskogen and Bark̊aker had an impact per GWh of 60% and

51% respectively for gallinaceous birds. For waders, these relative figures shrunk to 22% and 40%, with

Presteg̊ardskogen then having the lowest impact of the three parks.

A point of particular interest was to compare the results with the findings from May et al. (2021)

regarding impact from collision for wind turbines. In this research, it was found that raptors was the

species group most severely impacted by collision with the turbines, followed by gulls, and corvids and

seabirds (May et al., 2021). The least impacted species group was gallinaceous birds. On the contrary,

the species groups ”other species”, waterbirds and songbirds was found to be most impacted by collision

with PV solar parks per unit production. Per unit of production, the impact on each species group was

estimated to be more severe from PV solar parks than the values found for wind turbines by May et al

(2021). Seabirds had the most comparable results, where the impact per production unit was a factor

of 26.2 times larger for PV solar parks. Disregarding Buer, this figure grew to 30.3. The most extreme

difference was found for ”other species”, where the impact was a staggering 533.0 times larger for PV

solar power. This figure grew again if Buer is disregarded, to 608.7.

These results indicated that PV solar power installations led to higher impact on birds compared to pro-

ducing the same amount of energy with wind turbines. However, there were some sources of uncertainty

to consider. Firstly, the data regarding collisions per MW per year originated from a different region
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(a) (b)

Figure 5: The planned PV parks Bronkemoen, Presteg̊ardskogen, and Sem, with the rasters seabirds (a)

and gallinaceous birds (b) rasters as background. Bronkemoen is located in the northwest,

Presteg̊ardskogen in the northeast, and Sem in the south. Each pixel of the raster is one square

kilometer. The white pixels in the southeastern corner are no-data values in the species rasters.

to where it was applied. The relevant biomes of California and Nevada were likely to be different from

the impacted ones in southeastern Norway, with a discrepancy in species composition. While the species

distribution maps implicitly included most of these factors, the presence of lakes might yield an over-

or underestimation of the impacts in the Norwegian context for certain groups. A separate American

study of avian mortalities at solar energy facilities theorized that some bird groups misinterpret PV solar

facilities as lakes, as groups dependent on lakes were over-represented in the casualities due to collision

(Kagan et al., 2014). If PV solar farms are located near important areas for water-dependent birds, this

might lead to higher collision rates for these species.

It is also possible that a higher percentage of the actual collisions are detected for the PV solar parks.

Wind parks are in Norway significantly larger in size, averaging over 9 km2 per park, and usually located

along the coast (NVE, 2022c). Turbine collisions might occur at various elevation levels, and the difficult

terrain and proximity to the sea is likely to reduce the fraction of collisions that are detected. The source

for collision rates used by May et al. (2021) considers detectability, but the majority of the source’s data

came from the landscape types forests (36%), agricultural areas (29%), and grassland (14%) (Thaxter

et al., 2017). May et al. (2021) might therefore have underestimated the detections lost in the sea due

to the turbines coastal locations in Norway.

One could argue that the distance between the locations of the wind turbines examined by May et al.

(2021) and the planned PV solar parks presented another issue of regional disparity. The wind turbines

were mostly located in the coastal regions of Rogaland, Trøndelag, and Northern Norway, whereas the

PV solar parks were all located in southern Norway, east of the Scandinavian Mountains. Both instances

were examples of energy production delivering to the same national grid, albeit to differing regional grids,

located in the regions with the highest potential energy production for its respective technologies. Future

PV solar power and wind turbine installations are likely to be located in the respective areas where they

are already present. The comparison was therefore appropriate in terms of investigating the impact from

potential future energy sources for the Norwegian electricity grid. The location of the PV parks compared

to the wind turbines studied by May et al. (2021) might also party explain the differences in calculated

impacts, as southern Norway was richer in species in general (May et al., 2021)(Gilad et al., in prep).

A total of 24.3% of the mortalities due to collision from Koscuich et al. (2020) was disregarded, and

therefore not placed in a bird group defined by May et al. (2021). 3.1% was disregarded due to taxonomy,

being either tyrannidae species or the domesticated chicken, where as the remaining 21.2% was disregarded

due to the species not being identified. The full list of species from Koscuich et al. (2020), and the

reasoning for the categorization in this thesis, can be found in the supporting document (S1). The
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identification requirement for inclusion was stringent, necessitating a species-level identification to be

included. Therefore, there are examples from Koscuich et al. (2020) such as ”unidentified goose” and

”unidentified tern” that are disregarded, as well as species with higher levels of taxonomic uncertainty

such as ”unidentified large bird”. The identification requirement was set to be so rigorous to eliminate the

risk of re-categorization errors. Including the mortalities of birds which were identified at family or genus

level might more accurately reflect reality, however this comes with a risk of wrongfully categorizing the

casualities. On the other hand, the rigorous identification requirement might have led to some species

not being detected as impacted, as well as an overall underestimation of PV solar power park’s impact

on birds.

The calculation for the risk coefficient Rk was dependent on data from Kosciuch et al (2020), which

yielded a figure of annual mortalities per MW for each species group. It was not the power generated

by the PV solar panels that represent a collision risk, but rather the surface area of said panels and

other structures such as transformers, power lines, and fences. While only the surface area of the park

itself was within the scope of this thesis, basing the impact calculation of annual mortalities per MW

instead of annual mortalities per area was likely to be a source of inaccuracy. As displayed in Section

4.4, the GWh/km2 for the PV parks in this study varied quite a lot, with Sem park generating almost

150% more energy per surface area than Simonstad. Therefore, the impact due to collision calculated

in Section 4.3 were likely overestimating the impact generated from the more spatially efficient parks

(Sem and Presteg̊ardskogen), and potentially underestimating the impact from the less spatially efficient

ones (Simonstad and Buer). Furthermore, technological advancements in recent years are likely to further

reduce the impact per GWh compared to the figures given in Section 4.3. The PV solar parks investigated

in California and Nevada were monitored between January 1st 2013 and September 1st 2018, with no

park being monitored for more than two years (Kosciuch et al., 2020). PV solar projects commissioned

in present times are likely to incorporate more efficient PV panels, due to technological advancements

and price reductions both.

The calculation for impact due to collision assumes that species abundance is ”relative to the use of area”

(May et al., 2020). The adapted equation from May et al., PDF (C)k,w =
Sk·Pk,i·(1−(

Aorg−Rk·Apv
Aorg

)z)

ΣI
iSk·Pk,i

, is

dependent on Rk, the probability of at least one annual collision for the species within species group k. If

the value of Rk approaches 1, as well as the area of the PV solar park APV completely encompasses one

pixel of the species distribution raster, the equation yields a total loss of species abundance within that

cell for group k. In other terms, if the probability of at least one annual collision equals one, the area

of the solar park leads to a complete loss of species in group k for its area. This is a poor reflection of

reality. Depending on the distance between the rows of PV panels, there will be areas within the park’s

parameter that does not represent a collision risk for the bird species in the area. Furthermore, birds

might take advantage of the PV park for foraging, due to PV panels’ trait of attracting insects. The

threshold of applicable Rk values is unclear. Three parks obtained Rk values above 0.9 for the species

group ”other species”, namely Løvbergsmoen sør, Sem, and Simonstad. Values over 0.7 were obtained

for in several instances, namely the group corvids for Sem park, and the songbirds group for the parks

Løvbergsmoen sør, Sem, and Simonstad.

The non-trivial number and magnitude of potential errors had consequences for the level of confidence

for the results regarding impact on birds due to collision. As the method was consistent across the 11

groups of bird species, the confidence level was high regarding inter-species comparisons, e.g., that the

groups ”other species” and songbirds were impacted more severely than waders. The level of confidence

was lower for comparing different technologies, such as comparing PV solar power with wind turbines.

5.3 Trade-offs between habitat loss for mammals and collision rates for birds

For mammals, higher expected annual production and park size were both negatively correlated with

impact due to habitat loss per GWh. The correlation was the most impactful for rodents, and almost
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negligible for carnivores. For the impact on birds due to collision, the trend is reversed, with all 11 species

groups observing higher PDF per GWh produced with increasing annual energy production or park size.

Visualizations of these trends are shown in Supporting Documents (S1, S2). These conflicting trends

represent a dilemma for decision-makers, as favouring reduced impacts on one group of species leads to

increased impacts on the other. The trend was more potent for birds, suggesting that smaller PV solar

parks might be preferable overall. However, dividing solar projects in smaller and more numerous parks

will lead to increased conflict of interest with other area intensive commercial activities. Fragmentation of

PV parks will also lead to an increase in habitat fragmentation and amplify edge effects on the remaining

habitat in the area. Scattered PV parks is also likely to have increased infrastructure demands.

5.4 Mitigation Strategies and the Future of PV Solar in Norway

The planned parks have employed some strategies for mitigating impact on biodiversity. Some are changes

to the park structure, such as not including fences, reducing the gap between the rows of PV cells to

occupy less area, or tailoring the park layout to not impact valuable types of nature (NØK Fornybar AS,

2023; NVE, 2022a; Solgrid AS, 2023). The most ambitious mitigation strategy was to be employed at

Sem park, where the developers planned to experiment with peatland resurrection in combination with

the PV solar park (Fred. Olsen Renewables, 2023b).

These observations demonstrated that technical modifications to the PV parks to reduce the impact on

wildlife was practically feasible, especially when the cost was low and had no meaningful impact on the

production capacity of the park. Only the developers of Presteg̊ardskogen park had not taken wildlife

habitat preservation into consideration when designing the borders of the park. However, the developers

in general estimated the impact to be ”little to almost negligible” in ecosystems in close proximity to

the park. In the case of Bronkemoen, a beech forest engulfed in the park would be spared as it was a

particularly valuable nature type. The actual habitat quality of this forest would likely be degraded, due

to effects such as habitat fragmentation, edge effects, and disturbance (Fontúrbel et al., 2015; Magrach

et al., 2014). Excluding Sem park’s experiment with peatland restoration, the developers had uninspiring

plans for end-of-life restoration, ranging from reforestation to the very vague statement of ”restoring the

area to as close to their original condition as possible” (ANEO AS, 2023; NØK Fornybar AS, 2023; NVE,

2022a; Solgrid AS, 2023). The former often results in the plantation of mono-cultures, while the latter is

essentially not promising any active effort to restore the habitat.

The concept of combined area usage, and especially agrivoltaics, should have been explored by multiple

of the planned PV solar parks. Buer and Løvbergsmoen sør were both located in the immediate vicinity

of agricultural activities (ANEO AS, 2023; NVE, 2022a). Similarly, Bark̊aker and Presteg̊ardskogen

were located in areas dominated by forests and agricultural land (Hafslund Magnora Sol, 2023; Solgrid

AS, 2023). Given the proximity of agricultural practice for these parks, it is likely that some form

of agricultural practice would be applicable within the parameter of the PV solar parks. This could

materialize as crop production for human consumption or pastures for livestock. PV panels’ impact on

vascular plants are complicated and conflicting, ranging from improved species richness and biomass to

increased plant stress and mortality (Lambert et al., 2022; Liu et al., 2019). Increased soil heterogeneity

and altered soil moisture and temperature have also been documented (Armstrong et al., 2016; Graham

et al., 2021; Liu et al., 2019; Schindler et al., 2018). Specifically in combination with edible crops for

humans, PV solar power was found to negatively impact the early growth of lettuce, durum wheat, and

cucumber growth, but not after the plants’ juvenile stage (Marrou et al., 2013). Alternatively, the area of

the park could be utilized specifically as habitat for pollinators. Insect populations in dramatic decline,

and 87 major food crops globally depend on animal pollination (Hallmann et al., 2017; van der Sluijs

& Vaage, 2016). The current trend will, if unchecked, have massive consequences for food security on a

global level. Urban habitat can be utilized by native pollinators. (Baldock et al., 2015). Furthermore,

PV panels can extend bloom timing (Graham et al., 2021), providing resources in times with limited

sources of nutrition. Given all of these factors, PV solar parks have the potential to provide valuable

habitat for native pollinators.
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Incorporating crops or livestock in the PV park area might lead to increased impact from the park on

certain species. If seen as a food source, the crops might attract birds, which in turn might experience

an increased risk of collision. Protecting the crops from being consumed by animals might require fences

without gaps, rendering the park completely inaccessible for small game. The park will then be a complete

loss of habitat also for the species that previously could utilise the park area.

PV solar power is rapidly growing in Norway, with a total of 53 applications for concession as of late

May 2024 (NVE, n.d.). Moreover, the European Union ruled in April 2024 that solar energy installations

must be installed, if technically suitable and economically and functionally feasible, on all new residential

buildings by 2030 and all existing public and non-residential buildings larger than 750 m2 (Directive

2024/1275, 2024). It is therefore very likely that PV solar power will be developed at an accelerating

pace in Norway, both integrated in buildings and as PV solar parks.

5.5 Further work

Habitat loss and collision risk are two significant impact pathways, but as previously discussed, there are

many more. Extending the scope to incorporate more impact pathways is a natural continuation of the

investigation of PV solar parks’ impact on biodiversity. Similarly, the impact due to habitat loss and

habitat degradation for other groups of species such as insects and amphibians should be examined. A

focus shifted towards impact on endangered species would also yield valuable information for decision-

makers. Additionally, recalculating the impact on birds due to collision based on mortalities per surface

area instead of mortalities per MW might improve the accuracy of the results. This could be done by

using the PV parks’ average figure for MW per km2 to convert the annual mortalities per MW to annual

mortalities per km2.

The scope should in the future be expanded beyond the PV park itself. Necessary infrastructure such

as transformers, power lines, and road networks also produce an impact, particularly in the form of

habitat loss and fragmentation. Similarly, expanding the scope to include impacts from the production

of components of the PV park would improve our understanding of the life-cycle impacts from the park.

This would preferably also be performed for alternative energy sources in the Norwegian context, such

as wind turbines and hydropower. Elaborating further on the topic of PV solar power could also be done

by including floating parks. The concept of floating PV solar power is currently in a premature stage,

but is being experimented on in the European context (Statkraft, 2023). Concession was given for a

pilot project in Norway, but the application was later withdrawn, as the construction was not completed

within the deadline (NVE, 2024). Additionally, the impact of incorporating the mitigation strategies

described in Section 5.4 should be investigated. The strategies utilised by the parks were not considered

in the calculations of this thesis, and the quantification of the impact from other mitigation alternatives

would be valuable for future PV park installations.
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6 Conclusion

The global population is growing, and with it comes an increased demand for energy. In Europe, the

Russian invasion of Ukraine has dramatically changed the policies of European countries, with a greater

focus on domestic energy production to achieve energy security and energy sovereignty. Due to recent

technological advancements and dramatic price reductions, PV solar power is likely to grow at an accel-

erating pace globally, in Europe, and in Norway specifically. Given our reliance on ecosystem services

provided by biodiversity, it is urgent to investigate the impact on biodiversity from PV solar power.

Acquiring this knowledge empowers policymakers in identifying suitable locations for future installments,

reducing the impact from already planned projects, and utilising other methods of energy production

where this is more favorable.

Two main impact pathways are investigated: habitat loss for mammals, and collision risk for birds.

Rodents are the most impacted mammal group by habitat loss, followed by ungulates, ”other mammals”,

and carnivores. The park area is assumed to be inhabitable for all species investigated, but in reality, the

park might prove useful habitat for some species, especially for parks without enclosing fences. Building

PV solar parks is more area-intensive than reservoirs for hydropower, yielding approximately half the

energy output per m2 of land occupation. However, the creation of reservoirs are more likely to impact

surrounding areas and the river downstream. While only the PV parks themselves have been considered

for the habitat loss calculations, the impact from habitat loss will inevitably be magnified due to habitat

fragmentation, edge effects, and park-related infrastructure.

Regarding bird collisions, the most impacted groups were ”other species”, waterbirds, and songbirds.

Waders were the least impacted group. Compared to a study of impact from wind-turbines in Norway,

all bird groups were more severely impacted by PV solar power, ranging from 26.2 to 533.0 times higher

PDF per GWh produced. The confidence level is high for the comparison of impact from PV solar parks

on the various groups species. However, due to several sources of uncertainty, the comparison with wind

turbines should be interpreted with caution.

The importance of accurate, regionalized data was highlighted by discrepancies in impact from neigh-

boring PV solar parks. Additionally, a trade-off between migitating impact on mammals and birds was

discovered. Larger parks generally lead to less habitat loss per unit of production for mammals. This

was reversed for bird collisions, where the highest impact per GWh was found for the two largest PV

parks, and the smallest park had the least impact per GWh by a substantial margin for all bird groups.

A growing PV solar power sector in Norway seems all but inevitable, given the willingness to invest and

the external pressure from the European Union. Modelling the impact on biodiversity from PV solar

parks is vital to to avoid impacts already in the planning stage. The goal should not be to maximise PV

energy production, nor to have the most efficient PV parks possible. The focus should rather be to utilise

PV solar parks in the most suitable locations based on production and impacts both, in tandem with

other means of energy production. Incorporating ambitious mitigation strategies such as agrovoltaics and

habitat restoration might prove critical for PV solar power to compete with alternative energy production.
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Horvath, G., Blahó, M., Egri, A., Kriska, G., Seres, I., & Robertson, B. (2010). Reducing the maladaptive

attractiveness of solar panels to polarotactic insects. Conservation biology : the journal of the

Society for Conservation Biology, 24, 1644–53. https://doi.org/10.1111/j.1523-1739.2010.01518.x

IEA. (2020, June). Global Energy Review 2019: The latest trends in energy and emissions in 2019. OECD.

https://doi.org/10.1787/90c8c125-en

IEA. (2022). Renewables 2022 [License: CC BY 4.0]. IEA. https://www.iea.org/reports/renewables-2022

Jones, G., & Bouamane, L. (2012). “Power from Sunshine”: A Business History of Solar Energy.

Kagan, R. A., Viner, T. C., Trail, P. W., & Espinoza, E. O. (2014). Avian mortality at solar energy

facilities in southern california: A preliminary analysis. National Fish and Wildlife Forensic Lab-

oratory, 28.

Kosciuch, K., Riser-Espinoza, D., Gerringer, M., & Erickson, W. (2020). A summary of bird mortality

at photovoltaic utility scale solar facilities in the southwestern u.s. [Publisher: Public Library of

Science]. PLOS ONE, 15 (4), e0232034. https://doi.org/10.1371/journal.pone.0232034

Kuipers, K. J. J., Hilbers, J. P., Garcia-Ulloa, J., Graae, B. J., May, R., Verones, F., Huijbregts, M. A. J.,

& Schipper, A. M. (2021a). Habitat fragmentation amplifies threats from habitat loss to mammal

diversity across the world’s terrestrial ecoregions. One Earth, 4 (10), 1505–1513. https://doi.org/1

0.1016/j.oneear.2021.09.005

Kuipers, K. J. J., May, R., & Verones, F. (2021b). Considering habitat conversion and fragmentation in

characterisation factors for land-use impacts on vertebrate species richness. Science of The Total

Environment, 801, 149737. https://doi.org/10.1016/j.scitotenv.2021.149737

Lachner, E. (2019). Solar Power. Britannica Educational Publishing. Retrieved March 8, 2024, from

https://search.ebscohost.com/login.aspx?direct=true&db=nlebk&AN=1927339&site=ehost-

live&scope=site

Lambert, Q., Bischoff, A., Cueff, S., Cluchier, A., & Gros, R. (2021). Effects of solar park construction and

solar panels on soil quality, microclimate, CO2 effluxes, and vegetation under a mediterranean

climate [ eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/ldr.4101]. Land Degradation &

Development, 32 (18), 5190–5202. https://doi.org/10.1002/ldr.4101

Lambert, Q., Gros, R., & Bischoff, A. (2022). Ecological restoration of solar park plant communities

and the effect of solar panels. Ecological Engineering, 182, 106722. https ://doi .org/10.1016

/j.ecoleng.2022.106722

Leskova, O. V., Frakes, R. A., & Markwith, S. H. (2022). Impacting habitat connectivity of the endangered

florida panther for the transition to utility-scale solar energy. Journal of Applied Ecology, 59 (3),

822–834. https://doi.org/https://doi.org/10.1111/1365-2664.14098
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A APPENDIX

A Appendix

Python code, summarizing raster pixel values

#Import the arcpy s i t e package

import arcpy , numpy

#Your input f l o a t i n g po int r a s t e r

raster mammals other = r ”C:\ Users \ i s aka \Documents\2023\Thes is \ArcGis\
Species map \Species map . gdb\mammals other categor ica l approach ”

#Convert the r a s t e r to a numpy array

array mammals other = arcpy . RasterToNumPyArray ( raster mammals other ,

nodata to va lue = 0)

#Summarize the array and pr in t the r e s u l t

p r i n t ( ’Sum, mammals other : ’ , array mammals other . sum( ) )

I
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