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This master's thesis examines the generation potential of solar and small-scale wind power 

in the Mussalo port area and the impact of renewable electricity production and storage 

capacity on the system's economic value. By utilizing renewable electricity, the companies 

in the area could increase their energy self-sufficiency. The annual generation potential of 

solar and wind power is simulated using weather data from the Finnish Meteorological 

Institute for the year 2023 with PVsyst and HOMER Pro software. The impact of generation 

and storage capacity is analyzed using a MATLAB simulation model, which utilizes 

production data, an industrial building's load profile, and electricity spot price data from 

2023. 

The results indicated that the Mussalo port area has the potential to generate 33—55 GWh 

of solar electricity annually, with an average specific production of approximately 

1002 MWh/MWp. The specific production of a vertical-axis wind turbine would be nearly 

as good as that of a solar PV system, but the investment costs of small-scale wind power are 

significantly higher. Combining a small-scale wind turbine and a battery energy storage 

system with a solar power system would improve energy self-sufficiency by up to 15%. With 

2023 electricity prices, the annual monetary benefit of a 100 kWp solar power system alone 

would be €8,500. A 10-kW small-scale wind turbine would increase the system's value by 

€800 per year, and a 100-kWh battery energy storage system by €400 per year. The study 

found that electricity prices significantly impact the profitability of renewable energy 

investments. The results of the study can be utilized to develop energy self-sufficiency in 

the Mussalo port area and to plan renewable energy investments. 
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Tässä diplomityössä tutkitaan Mussalon satama-alueen aurinko- ja pientuulivoiman 

tuotantopotentiaalia sekä uusiutuvan energian tuotanto- ja varastointikapasiteetin vaikutusta 

järjestelmän taloudelliseen arvoon. Uusiutuvan sähköenergian avulla alueen yritykset 

voisivat lisätä energiaomavaraisuuttaan. Aurinko- ja tuulivoiman vuosittainen 

tuotantopotentiaali arvioidaan Ilmatieteen laitoksen vuoden 2023 säädatan avulla, käyttäen 

PVsyst- ja HOMER Pro -ohjelmistoja. Tuotanto- ja varastointikapasiteetin vaikutusta 

tutkitaan MATLAB-simulaatiomallilla, jossa hyödynnetään tuotantodataa, 

teollisuusrakennuksen kulutusprofiilia sekä vuoden 2023 sähkön spot-hintatietoja. 

Tulokset osoittivat, että Mussalon satama-alueella olisi mahdollista tuottaa vuosittain 33—

55 GWh aurinkosähköä ja keskimäärinen ominaistuotanto olisi noin 1002 MWh/MWp. 

Pystyakselisen tuuliturbiinin ominaistuotanto olisi alueella lähes yhtä hyvä kuin 

aurinkovoimalan, mutta pientuulivoimalan investointikustannukset ovat merkittävästi 

suuremmat. Pientuulivoimalan ja akkuenergiavaraston yhdistäminen aurinkovoimalaan 

parantaisi energiaomavaraisuutta jopa 15 %. Vuoden 2023 sähkön hinnoilla pelkän 100 kWp 

aurinkovoimalan vuosittainen rahallinen hyöty olisi 8500 €. 10 kW:n pientuulivoimala 

kasvattaisi järjestelmän rahallista hyötyä vuodessa 800 €, ja 100 kWh:n akkuenergiavarasto 

lisäisi arvoa 400 €. Työssä havaittiin, että sähkön hinnalla on merkittävä vaikutus uusiutuvan 

energian investointien kannattavuuteen. Tutkimuksen tuloksia voidaan hyödyntää Mussalon 

satama-alueen energiaomavaraisuuden kehittämisessä ja uusiutuvan energian investointien 

suunnittelussa. 

  



 
 

ACKNOWLEDGEMENTS 

 

This thesis is part of the Smart Grid and Energy Community Pilot in Mussalo, Kotka project, 

funded by the Regional Council of Kymenlaakso and co-funded by the European Union. I 

would like to thank Professor Pertti Kauranen for trusting me and giving me the opportunity 

to be part of this project. I also extend my gratitude to Professor Antti Kosonen and M.Sc. 

Joonas Sorjamäki for their professional supervision. 

Special thanks to my family and friends for their support during my studies. 

  

In Lappeenranta, March 2025 

Sara Moilanen 

  



 
 

SYMBOLS AND ABBREVIATIONS  

Roman characters 

A surface  m2 

C battery charge and discharge cycles 

E energy  Wh  

L length   m 

t time  h 

p price of electrical energy €/kWh 

U wind speed  m/s 

W width  m 

z height  m 

 

Greek characters 

α the power law exponent 

𝛽 roof slope angle  

 

Subscripts  

0 surface roughness 

anem anemometer 

B2L from battery energy storage system to load 

BESS battery energy storage system 

CON annual electricity consumption 

distribution electricity distribution fee 

energy,fee production feed-in fee 



 
 

export exported electricity 

G2L from grid to load 

hub wind turbine hub 

margin electricity seller’s margin 

MAX maximum capacity 

NET difference between consumption and generation 

purchase purchase electricity 

PV solar photovoltaics 

spot electricity spot price 

SUR surplus electricity 

PV&W  annual electricity generation 

PV&W2B surplus electricity to battery energy storage system 

PV&W2G surplus electricity to electricity grid 

PV&W2L  solar PV and wind power generation directly to load 

tax electricity taxes 

 

Abbreviations 

AISR array-to-inverter sizing ratio 

BESS battery energy storage system 

FMI Finnish Meteorological Institute 

HAWT horizontal-axis wind turbine 

HRES hybrid renewable energy system 

KSOY Kymenlaakson Sähköverkko Oy 

PV photovoltaics 



 
 

S south 

SE southeast 

SW southwest 

VAWT vertical-axis wind turbine 
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1  Introduction 

Finland aims to reduce its dependence on fossil fuels and achieve carbon neutrality by 2035 

(Ministry of the Environment, 2025). Renewable energy plays a crucial role in transitioning 

to a sustainable energy system.  Each year, more solar and wind power systems are installed 

in Finland. Already in 2023, solar and wind power accounted for nearly 20% of Finland’s 

electricity consumption (Tilastokeskus, 2024a). According to Finland’s national grid 

operator, Fingrid, the combined generation of solar and wind power is expected to account 

for nearly 50% of Finland’s electricity production by 2030 (Fingrid, 2024a). The growing 

investments are driven by improvements in turbine and solar panel efficiency and decreasing 

investment costs. 

As weather-dependent electricity generation increases, electricity price fluctuations in 

Finland have increased. The fluctuation of electricity prices encourages customers to 

increase their renewable energy self-generation or improve demand flexibility, which can 

help reduce dependence on the electricity grid. Surplus electricity can be sold to the grid, but 

a battery energy storage system (BESS) allows electricity to be stored for use when 

electricity prices are high. Implementing demand flexibility in the industry can be more 

challenging, but significant cost savings can be achieved by investing in self-generation or 

replacing old technology with more energy-efficient ones. 

This study investigates the potential for solar photovoltaic (PV) and small-scale wind power 

generation at the Mussalo port in Kotka, Finland. This study determines the maximum 

capacity and potential solar energy generation of rooftop solar PV systems in the Mussalo 

port area. The wind power potential is simulated using a small-scale vertical-axis wind 

turbine (VAWT) using actual weather data. In southern and eastern Finland, the installation 

of large horizontal-axis wind turbines has been restricted due to important radar zones of the 

Finnish Defence Forces. Therefore, small-scale wind turbines could be used to utilize the 

coastal wind for electricity production in the port area. Additionally, the study analyzes the 

impact of battery energy storage systems or increased generation capacity on self-

consumption and cost savings. The analysis considers the annual renewable energy 

production potential of the Mussalo port and the typical electricity consumption profile of a 

small-scale industrial building. The research results support the Port of Mussalo and regional 
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companies' green transition, particularly in planning renewable energy investments. 

Additionally, the research methods used in this study can be applied to other research 

locations. 

1.1  Previous studies 

According to the Finnish Energy Attitudes survey conducted in 2024, Finns want energy and 

climate policy decisions to primarily aim for reasonable energy prices and increased energy 

self-sufficiency (Energiateollisuus, 2024). According to the study, affordable energy prices 

became a top priority after the historically expensive year of 2022. In addition, 78% of the 

respondents said solar power generation should be increased. The willingness to increase 

wind power has dropped by 11% since 2023. 

A few studies have been conducted on Finland's solar PV generation potential, mainly 

focusing on Southeast Finland. Karjunen et al. (2022) studied the maximum wind and solar 

power potentials in Southeast Finland. According to the study, the wind power potential in 

the area is significant, and solar PV generation could balance the variability of renewable 

electricity generation. Peatland areas were identified as promising sites for large-scale solar 

power plants. The study also concluded that increasing energy generation in Eastern Finland 

would create new opportunities for the region’s industries and generate more jobs. However, 

the growth in energy generation would also require investments in the region’s power grid 

infrastructure.  

The profitability of a rooftop solar PV system is influenced by factors such as the building’s 

load profile, the orientation of the solar PV modules, and the retail price of electricity. 

Kosonen et al. (2014) studied and simulated the solar power generation potential in Nordic 

conditions. In the study, they simulated the generation potential of a solar power plant to be 

installed on the campus of Lappeenranta University of Technology. The results showed that, 

when considering the entire year’s generation, a south-oriented system with a 45-degree tilt 

angle would be optimal for solar panels in Finland. However, solar panels installed at a 15-

degree tilt angle generate more electricity than those installed at a 45-degree angle from May 

to July. 
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Meriläinen et al. (2022) considered the orientation of solar PV modules based on 

profitability. According to the study, a single-azimuth system is more profitable than a dual-

azimuth system if compensation is paid for surplus electricity. In Finnish weather conditions, 

the optimal orientations are at azimuth angles of −15° to 5° and tilt angles of 35° to 45°. The 

study analyzed 14 different statistical customer class load profiles, as the results may vary 

slightly depending on them. The solar PV system power generation data used in this study 

was simulated for a small-scale installation in Lappeenranta using PVsyst software. Mubarak 

et al. (2019) studied the optimal orientation of solar panels. They found that a solar PV 

system oriented directly south had the highest total generation. When comparing the solar 

PV generation to household load profiles, the degree of autarky was highest for systems 

facing southeast and southwest. As solar PV capacity increases, orienting panels in different 

directions can help avoid high afternoon generation peaks, which could become a challenge 

for the grid if more solar power is installed. Additionally, the owner can avoid expensive 

energy storage costs when the total generation is spread over several hours. The profitability 

of a south-facing system is significantly affected by whether surplus electricity can be sold 

back to the grid and at what price. 

Simola et al. (2018) studied the sizing and orientation of solar power plants based on 

measured consumption data in the conditions of southern Finland. According to the study, 

the optimal direction for the solar panels of a grocery store and a residential house is towards 

the south. On a dairy farm, 50% of the panels should be oriented west and 50% east, as 

consumption is higher in the morning and evening. The profitability of the PV power system 

was analyzed using a discounted payback period, net present value, and internal rate of 

return. They also noted that sizing solar PV systems based only on self-consumption could 

lead to under-sizing and lower profitability. Solar PV system sizing for Finnish irradiation 

conditions was also discussed in the study by Väisänen et al. (2019). They aimed to minimize 

the levelized cost of electricity by investigating the optimal sizing ratio of a solar PV inverter. 

Since solar panels do not continuously generate their rated power, cost savings can be 

achieved by oversizing the solar panel generation relative to the inverter size. The study 

indicates that, under Finland’s climate and irradiation conditions, the optimal array-to-

inverter sizing ratio (AISR) for southwest-southeast facing systems ranges from 1.8 to 2.17, 

utilizing inverters between 3 and 10 kW. The study also notes that, due to Finland’s 

geographical location, the amount of irradiance above the Standard Test Conditions is lower 

than in Central Europe, resulting in a higher AISR. 
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Yang et al. (2020) and Ordóñez et al. (2010) studied the solar PV generation potential of 

specific research locations in their respective studies. Yang et al. studied the potential solar 

PV capacity and annual generation in Västerås municipality in Sweden. In the study, the roof 

area of the buildings was calculated based on the base area of the buildings. The annual solar 

PV generation was simulated using PVsyst software. They found that Västerås has an 

estimated roof area of 5.74 km2, a potential solar PV capacity of 727—956 MWp and the 

annual generation would be 626—801 GWh. Ordóñez et al. (2010) studied the potential 

solar PV capacity of residential rooftops in Andalusia, Spain. The available total roof surface 

in Andalusia is 256.5 km², with an annual generation of approximately 9,730 GWh. 

However, the study did not specify the total capacity in MWp for the area. The study also 

emphasized the importance of designing the roof-mounted elements to optimize energy 

generation. 

Electricity prices in Finland are among the lowest in Europe, making it not always 

economically viable for private individuals to invest in solar PV systems. Hirvonen et al. 

(2015) studied how to reduce the payback time of solar PV systems in Finland. The study 

proposed various subsidies or agreements to improve the profitability of selling surplus 

electricity. They also suggested that solar PV systems in Finland should be sold as shared 

installations for neighborhoods, allowing access to solar electricity with lower investment 

costs. In 2020, the Finnish government approved a regulatory change enabling the 

establishment of energy communities (Työ- ja elinkeinoministeriö, 2020). Within an energy 

community, net metering allows the sharing of generated or stored electricity among its 

members when the sharing occurs within the same property or group of properties. 

Li et al. (2023) compared different battery energy storage system models in their study. They 

presented a comprehensive review and analyzed the advantages and disadvantages of various 

optimization methods for PV-BESS systems. The study compared four different PV-BESS 

structures in an energy-sharing community: private, interconnected, common, and 

independent energy storage. The results showed that a community-owned shared energy 

storage system can achieve lower initial investment costs than privately owned energy 

storage. High investment and maintenance costs are the weaknesses of privately owned 

energy storage. 

Puranen et al. (2021) compared different battery applications for prosumer households in 

Finland. They analyzed physical energy storage, network storage, and virtual battery storage. 
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They concluded that for physical batteries to be profitable, their costs would need to be 

halved, or the electricity purchasing margins would need to be two to five times greater than 

the current ones. Physical batteries would significantly increase the self-consumption of 

households. Child et al. (2017) studied the role of batteries in Finland’s energy system based 

on 100% renewable resources. They found that developments in storage solutions, other 

flexible demand solutions, and smart charging of electric vehicles are essential for the energy 

system to be able to rely on solar and wind power. Batteries will be key in short-term storage, 

while power-to-gas technology will provide long-term solutions. The benefits of integrating 

a battery energy storage system with a grid-connected solar PV system were studied by 

Deshmukh et al. (2023). The increasing number of grid-connected solar PV systems has 

introduced challenges such as maintaining grid stability, voltage regulation, and system 

flexibility. According to the study, integrating BESS with a solar PV system could help 

address these issues. Additionally, BESS would enable more efficient solar energy 

utilization, provide backup power during outages, and offer cost savings for consumers and 

grid operators.  

Hybrid renewable energy systems (HRES) combine multiple renewable energy sources and 

possibly energy storage systems. This study investigates HRES, which combines wind and 

solar energy technologies. Wind power generation can be implemented with either 

horizontal or vertical-axis wind turbines. The Mussalo port area has three 2.35 MW 

horizontal axis wind turbines installed at a height of 98 meters (Kotkan energia, 2025). 

Installing large horizontal-axis wind turbines in Eastern Finland is challenging due to 

restrictions imposed by the Finnish Defence Forces' area surveillance systems, so lower-

installed VAWTs are one possibility to increase renewable electricity generation in the area. 

Irshad et al. (2024) compared in their study whether a renewable energy hybrid system with 

a horizontal-axis wind turbine (HAWT) or a VAWT is more efficient and cost-effective in 

terms of energy, economics, and environmental performance. The results showed that using 

weather data from Herat, Afghanistan, the energy cost was $0.02 /kWh when HAWT, solar 

photovoltaic, and grid connection formed the hybrid energy system. Using VAWT, the cost 

of energy was $0.06 /kWh. The study demonstrated that HAWT-based HRESs are more 

cost-effective. Al-Rawajfeh and Gomaa (2023) compared large-scale horizontal and 

vertical-axis wind turbines in their research. According to their findings, HAWTs have 
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higher efficiency, but VAWTs are more suitable in cities. VAWTs produce less noise and 

do not require yaw control, enabling them to capture wind from any direction.  

Small-scale VAWTs can also be installed on building rooftops. Rezaei and Paraschivoiu 

(2023) studied the effects of building height on wind turbine generation. The results showed 

that the power coefficient increased by 36% when a VAWT was installed on the rooftop of 

a building approximately 30 meters high compared to installing the turbine on the ground. 

If the turbine were installed at roughly 91 meters, the power coefficient would be 86% higher 

than a ground-installed turbine operating in a uniform flow. Casini (2016) presented in his 

article various small-scale vertical axis turbines available on the market. According to the 

study, for example, a 4-kW Darrieus turbine can generate about 13,000 kWh annually at a 

wind speed of 8 m/s, which is equivalent to the output of over 90 m2of solar panels exposed 

to solar irradiance of 1250 kWh/m2. Casini concluded that VAWTs are better suited than 

solar power systems for locations with limited space or restricted sunlight access. 

1.2  Structure of the study 

The first section of this thesis discusses the current state and prospects of solar and wind 

power generation in Finland. Additionally, the benefits and drawbacks of small-scale 

vertical-axis wind turbines are discussed. The method section introduces the weather data 

required for simulations and the simulation tools for solar and wind power and explains how 

the simulations are conducted. The simulations are performed using PVsyst and HOMER 

pro software, while Excel and MATLAB are utilized to analyze the results. The results 

obtained from the study are presented and analyzed in Chapters 4 and 5. The conclusions of 

the study are provided in Chapter 6. 
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2  Solar and wind power generation in Finland 

In 2023, domestic electricity generation covered approximately 98% of Finland’s electricity 

demand (Tilastokeskus, 2024b). Although Finland’s solar power capacity has grown 

significantly during the 2020s, solar power still accounts for only one percent of Finland’s 

total electricity consumption. Wind power produced approximately 14.1 TWh of electricity 

in 2023, which was approximately 18% of Finland's total electricity consumption. According 

to a forecast published by Fingrid, solar power could cover up to 8% of Finland’s electricity 

generation by 2030, with total generation rising to nearly 130 TWh (Fingrid, 2024a). At the 

same time, wind power generation could reach up to 68 TWh, covering approximately half 

of Finland’s electricity generation. With nuclear power capacity remaining constant, wind 

power is projected to generate twice as much electricity as nuclear power. For domestic 

electricity generation to increase by nearly 70%, domestic electricity consumption must also 

grow significantly.   

2.1  Solar power in Finland 

According to Fingrid, the solar power generation capacity was approximately 180 MW in 

2020, and in 2025, the generation capacity is already over 1,200 MW (Fingrid, 2025a). There 

are currently 310 solar power plant projects in at least the preliminary planning phase in 

Finland, with a total capacity exceeding 23.5 GW, each being an industrial-scale plant with 

an output of more than 1 MW (Suomen uusiutuvat ry, 2025a). By the end of 2024, of the 

total solar power plant projects, 25 were in operation, and 19 were under construction. If 

these ongoing projects are completed, the number of large solar power plants will multiply 

in the coming years. In 2024, the currently largest operational solar power plant was 

completed in Rauma, with a capacity of  32 MW (FRY, 2025). In 2025, a solar power plant 

with a capacity of 206 MW will be completed in Uusikaupunki (IBV Suomi Oy, 2021). 

Currently, the largest planned project is set to be built in Lappeenranta, and it will have a 

capacity of 600 MW (3Flash Finland, 2024). Figure 1 shows all the solar power plants, at 

least in the pre-feasibility phase.  
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Figure 1. Solar power plants larger than 1 MW that are at least in the preliminary planning phase in Finland (3.3.2025) 
(Suomen uusiutuvat ry, 2025a). 

As seen in Figure 1, large solar power plant projects are located not only in Western Finland 

but also in Southern and Eastern Finland. According to Karjunen et al. (2022), the 

construction of large solar power plants in Eastern Finland is particularly important for 

enhancing the vitality of the region, as it would create new opportunities for industry, mainly 

since wind power plants cannot currently be constructed in Eastern Finland. 

2.1.1  Weather conditions 

Finland’s geographical location and seasonal variations significantly complicate the 

generation possibilities of solar energy. Only a small amount of annual solar irradiation can 

be captured during the dark winter months. The days are longer in the summer, and the solar 

irradiance is higher. Finland also benefits from lower average ambient temperatures 
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compared to leading solar power producers like Germany and China. Higher temperatures 

reduce the voltage and slightly increase the current in a solar panel, but the increase in current 

is smaller than the voltage drop, resulting in a decrease in total power (Väisänen et al., 2019). 

Therefore, the voltage increases when temperatures are below standard test conditions, 

leading to higher solar power generation. 

The total solar irradiation consists of direct and diffuse irradiation, expressed as watts per 

square meter (W/m2). In Finland, a significant part of the total irradiation is diffuse 

irradiation (Motiva, 2024). Diffuse irradiation occurs when irradiation is reflected from the 

atmosphere, clouds, and, for example, the ground. For solar power generation, it makes no 

difference whether the irradiation is direct or diffuse. The orientation and tilt angle of solar 

panels can affect the amount of total irradiation reaching the panels. The total irradiation can 

temporarily increase by up to 20%, as water or snow can reflect diffuse irradiation onto the 

tilted panels. Figure 2 shows the global irradiation and solar electricity potential in European 

countries.  

 

Figure 2. Global irradiation and solar electricity potential in European countries  (Joint Research Centre (JRC), 2022a). 
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As can be seen from Figure 2, the solar power generation potential in Southern Finland is 

comparable to that of Northern Germany. Between 2020 and 2023, the average annual solar 

irradiation in Helsinki was 1025 kWh/m2, while it was 1075 kWh/m2in Hamburg, Northern 

Germany (Joint Research Centre (JRC), 2022b). However, Finland’s current generation 

capacity is significantly smaller than Germany’s. In 2023, Germany’s solar power generation 

capacity was 80.7 GW, and the total generation was about 59.9 TWh (Burger, 2024). Solar 

power accounted for about 12% of total electricity generation in Germany in 2023. Figure 3 

presents the average monthly solar irradiation in Helsinki, Hamburg, and Madrid for 2020—

2023. 

 

Figure 3. Solar irradiation in Helsinki, Hamburg, and Madrid in 2023  (Joint Research Centre (JRC), 2022b). 

 

Although the seasonal variations in Finland are greater than in Germany, solar irradiation is 

slightly stronger during summer, as shown in Figure 3. In Finland, production time is from 

March to the end of September regarding solar irradiation. In March, solar PV generation is 

significantly influenced by snow cover on the panels, so removing the snow or other dirt can 

greatly enhance generation. 
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2.1.2  Strengths and potential of solar power generation in Finland 

As previously mentioned, Finland’s weather conditions benefit solar power generation. Long 

summer days and relatively low average temperatures make solar power highly productive 

during the summer months. According to a report published by the Finnish Ministry of 

Economic Affairs and Employment, solar power has a very high theoretical potential in 

Finland, but the challenges are the costs and potential material limitations 

(Elinkeinoministeriö, 2016). The report also notes that since solar power generation is 

variable and concentrated in the summer, electricity storage technology needs to be 

developed. 

Large solar power projects have increased significantly in Finland in recent years. 

Improvements in solar panel efficiency and decreasing prices have supported investments. 

Between 2010 and 2023, the total installation costs of solar panels have decreased by 

approximately 86%, reaching a global capacity weighted average of USD 758/kW in 2023 

(IRENA, 2024). In 2024, electricity in Finland cost an average of 45.6 €/MWh, making it 

the third-lowest price in Europe, just after Sweden and Norway (Energiateollisuus, 2025). 

From the perspective of solar power generation, low electricity prices mean a longer payback 

period. For this reason, the reduced investment costs of solar panels are particularly 

beneficial for Finland. 

Small-scale solar power plants enable consumers to increase their energy self-sufficiency. 

This reduces the amount of purchased electricity, which brings financial benefits.  However, 

the overall initial investment in the solar power plant must be considered. If the solar power 

system is oversized compared to consumption, the surplus solar electricity can be sold back 

to the grid. Additionally, integrating an energy storage system into solar power systems 

makes it possible to increase energy self-sufficiency and secure energy availability, even 

during power outages. Energy storage systems also allow consumers to help balance peak 

loads on the electricity grid. 

According to a decision by the European Parliament and the Council of the European Union 

(2024), all new buildings in all member states must be designed to optimize solar energy 

generation potential based on solar irradiation. In addition, new non-residential buildings 

over 250 m2 must integrate solar energy systems by the end of 2026, provided it is 

technically, economically, and functionally feasible. The regulation will also gradually apply 



20 

 

to existing public buildings and new residential buildings. Based on this decision of the 

European Parliament and the Council, it can be expected that rooftop solar power plants on 

building roofs will also become more common in Finland. Increasing small-scale generation 

also allows the development of energy communities within a property or across property 

boundaries. Currently, it is only possible to form energy communities within a property in 

Finland (Työ- ja elinkeinoministeriö, 2020). For example, an energy community within a 

property can be formed between apartment shares in an apartment building. This study 

examines the entire port area, which could potentially form an energy community extending 

across property boundaries in the future. 

2.2  Wind power in Finland 

As previously mentioned, in 2023, wind power accounted for approximately 18% of 

Finland’s total electricity generation. By the end of 2024, Finland’s wind power capacity 

was about 8.2 GW (Fingrid, 2024b). Wind power has so far been the most cost-effective way 

to build new electricity generation capacity, with the global weighted average total installed 

cost of onshore wind projects at $1,154/kW (IRENA, 2024). Solar power is expected to 

become a cheaper alternative in the future. Due to Finland’s climatic conditions, electricity 

consumption peaks in winter, and wind power generation is higher during winter. For this 

reason, wind power plays a crucial role in achieving Finland’s carbon neutrality targets.  

 

Figure 4. Average wind speed in February, June, and September at a height of 100 m  (Tammelin, 2010). 
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Figure 4 shows the difference in average wind speed between February, June, and 

September. Wind power has more significant generation potential in winter compared to 

summer. This is due to stronger average winter winds and a higher density of cold winter 

air, which increases generation (Hämäläinen, 2021). However, wind turbine blade icing 

reduced wind power generation during the winter season. Ice on the blades alters their 

aerodynamics and puts additional stress on the structure. In Finland, the windiest locations 

are along the coasts and in sea areas, although there are also some potential high-wind areas 

in the interior of the country. Figure 5a shows the locations of wind turbines in operation in 

Finland, while Figure 5b shows the locations of wind turbines at least in the pre-screening 

phase.  

 

(a)  (b) 

Figure 5. a) Wind turbine plants in operation. b) Wind turbine plants, at least in the preliminary planning phase  (Suomen 
uusiutuvat ry, 2025b). 
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Wind turbines in Finland are primarily located in Western Finland and its coastal areas, as 

shown in Figure 5a. Currently, the wind power generation potential in Eastern and Southern 

Finland cannot be utilized due to the presence of important radar zones of the Finnish 

Defence Forces. Additionally, Southern Finland poses challenges for wind turbine 

placement due to its densely populated regions. According to Fingrid, Finland’s transmission 

grid currently does not enable the grid connection of large-scale electricity generation and 

consumption projects in Eastern Finland (Fingrid, 2023). Planned projects are being delayed 

by restrictions set by the Finnish Defence Forces. Fingrid is planning new 400 kV power 

lines in Eastern Finland, which could be implemented after 2033. 

Wind power generation has a significant impact on Finland’s electricity prices. As Finland’s 

wind power capacity has grown rapidly, electricity price fluctuations have increased, and in 

2024, the electricity price was negative for up to 725 hours (Energiateollisuus, 2025). 

Electricity price peaks often occur during periods of low wind power generation. These 

fluctuations in electricity prices have created new opportunities for both industries and 

ordinary consumers. The fluctuating generation of renewable energy allows surplus 

electricity to be stored for use when electricity prices are higher or converted into hydrogen 

or other synthetic fuels. Small-scale wind turbines also enable consumers and businesses to 

increase their own renewable energy generation. 

2.2.1  Small-scale vertical-axis wind turbines 

In addition to large, megawatt-scale wind turbines, the market also offers various small-scale 

wind turbines, which are better suited for urban environments. For example, small wind 

turbines can be installed on building rooftops. These turbines range from units with 

capacities of less than one kilowatt to models generating tens of kilowatts. Wind turbines 

are categorized by rotor design into horizontal and vertical axis models. This work focuses 

primarily on vertical-axis wind turbines. Figure 6 illustrates the most common VAWT 

models. 
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Figure 6. Different types of vertical-axis wind turbines (Casini, 2016). 

 

A vertical-axis wind turbine is a turbine with a rotor axis oriented vertically. Due to their 

characteristics, VAWTs are better suited for urban areas and areas with a lot of buildings. 

VAWTs can be classified into four main designs: Savonius, Darrieus, H-blade, and Gorlov. 

Table 1 presents small-scale VAWTs available on the market from a few manufacturers. 

Table 1. Examples of vertical-axis wind turbines available on the market. 

Producer Model Rated 
power 
kW 
(m/s) 

Height 
(m) 

Rotor 
diameter 
(m) 

Start-up 
wind speed 
(m/s) 

Reference 

Engelec 
Energy 

EN-800W-XL  0.8 (13) 1.5 0.37 3.0 (Engelec Energy, 
2025a) 

Engelec 
Energy 

EN-2KW-H  2.0 (12) 3.0 2.3 2.0 (Engelec Energy, 
2025b) 

Engelec 
Energy 

EN-1KW-HQL  1.0 (12) 2.2 1.67 2.0 (Engelec Energy, 
2025c) 

LuvSide LS Double Helix 
1.0  

1.0 (11) 3.0 1.4 3.0 (LuvSide, 2025) 

Aeolos Aeolos-V 1kW 1.0 (10) 2.8 2 1.5 (Aeolos, 2025) 

Zhanfeng ZF-H-1KW 1.0 (12) 2.0 1.28 2.5 (Zhanfeng, 2025) 

Zhanfeng ZF-H-3KW 3.0 (12) 3.0 2.0 2.5 (Zhanfeng, 2025) 

Zhanfeng ZF-H-10KW 10 (12) 6.0 3.6 2.5 (Zhanfeng, 2025) 
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The main advantage of VAWTs is that they do not require a yaw mechanism and they can 

operate efficiently regardless of the wind’s direction, unlike horizontal axis wind turbines 

(Casini, 2016). This makes them particularly suitable on sites with highly variable wind 

direction. Additionally, VAWTs have a lower wind startup speed and are quieter than typical 

HAWTs. They can also be installed closer to the ground or on rooftops, simplifying 

installation and maintenance.  

The main disadvantages of VAWTs include  their generally lower efficiency when compared 

to HAWTs, primarily due to the additional drag that occurs as their blades rotate into the 

wind (Casini, 2016). The efficiency of HAWTs is approximately 25% higher than that of 

VAWTs (Al-Rawajfeh and Gomaa, 2023). However, a VAWT generates more torque than 

a HAWT. Since VAWTs are installed closer to the ground, they cannot take advantage of 

the higher wind speeds available at greater heights. Due to these weaknesses, VAWTs are 

less common, leading to higher capital costs. The total capital costs for VAWTs are 

approximately 3,500 to 6,000 $/kW (Aelos Wind Turbine, 2019; Ayestas and Duke, 2022; 

León Gómez et al., 2024). 
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3  Methods 

This chapter introduces the Mussalo port area and the weather data required for the study. It 

further describes the simulation and calculation of the port area’s solar PV and wind power 

generation potential. The annual solar PV generation is simulated using the PVsyst program. 

The generation potential of the vertical-axis wind turbine is simulated using the HOMER 

Pro program. Excel and MATLAB are used to analyze the results. 

3.1  Mussalo 

Mussalo is an island in Kotka, located on the northern coast of the Gulf of Finland. The Port 

of Mussalo is Finland’s largest container terminal, with an annual capacity of 1.5 million 

TEU units (HaminaKotka, 2025). The Port of Mussalo handles a significant portion of 

Finland’s export and transit containers. The port is operated by HaminaKotka Oy, which is 

jointly owned by the cities of Kotka and Hamina. The total area of the port is approximately 

500 hectares, of which 170 hectares are used for logistics and industrial use. Figure 7 shows 

the port area of Mussalo, with all the buildings considered in this study marked in yellow. 
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Figure 7. Satellite image of Mussalo port. Buildings marked in yellow are considered in solar PV generation potential 
simulation (Google Maps, 2025). 

 

The Mussalo port area is connected to two 110 kV power lines (Fingrid, 2025b). 

Kymenlaakson Sähköverkot Oy and Kotkan Energiaverkot Oy own the power lines. The 

port area features renewable energy generation through three wind turbines with a total 

capacity of 7 MW. Additionally, several companies in the area have existing solar PV 

systems. TMP Logistics Oy, which provides logistics services in the port, has had a solar 

power system on the terminal roof since 2022 (TMP Logistics Oy, 2025). Furthermore, the 

wastewater treatment plant owned by Kymen Vesi has 1120 solar panels on building roofs 

and ground installations (Kymen Vesi, 2021). The solar PV system’s generation accounts 
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for approximately 7% of the plant’s energy needs. Juhani Haavisto Oy has an industrial 

building within the port area with a roof area of approximately 3000 m2 (Kerabit, 2021). In 

2021, a total of 894 PV panels were installed on the roof. Table 2 provides more detailed 

information about the companies' solar PV systems. 

Table 2. Solar PV systems of the companies in the Mussalo port. The calculated annual generation values are based on 
the generation estimates provided by the companies (Kerabit, 2021; Kymen Vesi, 2021; Sähönen Oy, 2024; TMP Logistics 
Oy, 2025) . 

Company Number of solar 

panels 

Capacity (kWp) Calculated annual 

generation (MWh) 

TMP Logistics Oy - 200 215 

Kymen Vesi Oy 1120 308 290 

Juhani Haavisto Oy 894 335 270 

 

Planned projects are expected to increase electricity demand in the Mussalo port area 

significantly. Kotkan Energia Oy and Nordic Ren-Gas Oy are planning a production plant 

for renewable methane, green hydrogen, and district heating in the port area (Ren-Gas Oy, 

2023). The plant aims to produce 35,000 tonnes of renewable synthetic methane annually, 

with production planned to begin in 2027. Additionally, a fast-charging point for electric 

heavy trucks is under construction in the area (Kotkan kaupunki, 2024). The charging station 

will launch with four DC fast chargers, each capable of delivering up to 400 kW of charging 

power. 

3.2  Weather data 

The solar PV and wind power simulations utilized weather data measured by the Finnish 

Meteorological Institute (FMI). FMI operates under Finland’s Ministry of Transport and 

Communication, providing weather services and conducting research. The simulations 

utilize weather data from 2023 measured at the Rankki observation station, located 

approximately 7 kilometers from Mussalo. 

Global irradiation and air temperature data are used to simulate solar PV generation. Global 

irradiation refers to the total amount of solar atmospheric shortwave irradiation received on 

a horizontal surface, measured in watts per square meter (W/m2). As mentioned, global 

horizontal irradiation is the sum of direct and diffuse irradiation. The solar irradiation data 
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have an hourly resolution, with each value representing the average global irradiation for 

that hour. Figure 8 presents the weather data used in the solar PV simulation, showing the 

total solar irradiation for each month and the average temperature. 

 

 

Figure 8. Monthly solar irradiation and the average temperature in Mussalo  (Finnish Meteorological Institute, 2025). 

 

According to the measured weather data, the total solar irradiation in Kotka for 2023 was 

about 1094 kWh/m2. Approximately 2.4% of the solar irradiation data points were missing, 

with gaps occurring between September and November. Missing observation values from 

the weather data were replaced by values measured from Pyhtää Airport, located about 

18 km from the Mussalo port. 

The wind power generation simulation uses wind speed data measured in 2023 with a 10-

minute observation interval. The wind speed is reported in meters per second (m/s). The 

observation station on Rankki is located about 15 meters above sea level, and the 

anemometer is mounted at approximately 20 meters above ground level on the top of the 

tower (Finnish Meteorological Institute, 2025). Figure 9 shows the monthly average wind 

speeds for 2023. 
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Figure 9. Monthly solar irradiation and average wind speed in Mussalo (Finnish Meteorological Institute, 2025). 

 

As can be seen from Figure 9, the average wind speed is lowest in June, when solar 

irradiation is at its highest. The average wind speed is higher during winter than summer. 

About 2% of the wind speed data points were missing, and the missing values were estimated 

by linearly interpolating the wind speed between the preceding and following data points. 

3.3  Simulation 

This section explains the simulation methods used to assess the generation potential of solar 

PV and small-scale vertical-axis wind turbines in the Mussalo port. The simulations utilize 

the weather data from 2023 presented earlier in this study. 

 

3.3.1  Solar PV model and assumptions 

The solar PV generation potential of the Mussalo port is simulated using PVsyst software. 

The simulation considers the generation potential of solar PV systems installed on the 
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building rooftops. The roof areas of all the buildings marked in Figure 7 are calculated 

individually, with certain generalizations applied. The buildings are categorized into flat and 

pitched roofs. Roof slopes are estimated using images found online. In this study, a 15-

degree slope angle is assumed for pitched roofs. The building’s surface area, length, and 

width information are obtained from the South Kymenlaakso map service (Etelä-

Kymenlaakso, 2025). Additionally, the QGIS software is also used to verify the area data. 

The roof area of pitched roof buildings is calculated using the following equation: 

 

𝐴 = 2 ∗ (
𝑊

2 ∗ cos(𝛽)
) ∗ 𝐿, (1) 

where 𝐴 presents the roof area (m2), 𝑊 represents the width of the building (m), 𝐿 represents 

its length (m), and 𝛽 is the roof slope angle (°). The total roof area for all buildings selected 

for the simulation is calculated. Buildings with pitched roofs are divided into groups based 

on their orientation. Flat-roofed buildings are simulated as a separate group. Roof slope and 

orientation are important factors to consider in the simulation as they significantly affect 

solar PV generation. In this study, it is assumed that PV panels can utilize a maximum of 

85% of the roof area with a power density defined as 5 m²/kWp. All obstacles and restrictions 

on the roof affect the usable area for solar panels, which vary by building. Karjalainen et al. 

(2022) estimated in their study that approximately 50% of the roof area of buildings with a 

pitched roof could be utilized for PV panels. Figure 10 shows a pitched-roof building in the 

Mussalo port area, with nearly 80% of the roof area used for solar panels. 
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Figure 10. 355 kWp solar PV system on the roof of the building located in Mussalo port  (Kerabit, 2021). 

 

The capacity, azimuth, and tilt angle of the PV systems are input parameters for the PVsyst 

software. Solar panels with an efficiency of approximately 20% and an inverter efficiency 

of 98% are selected for the simulation. In buildings with pitched roofs, the available surface 

area is evenly divided between two different orientations, which allows for determining the 

building’s maximum generation potential. In the simulation, the solar panels are aligned with 

the roof’s orientation. For flat-roofed buildings, the panels can also be oriented toward the 

direction that generates the most energy throughout the year. In the simulation, the tilt angle 

of the solar panels is set to 15 degrees. The solar PV simulation uses previously presented 

solar irradiation and temperature data. The irradiation data does not account for the potential 

snow coverage of the panels. A monthly soiling loss factor can be added to the simulation 

for snow or other dirt on the solar panels.  

3.3.2  Small-scale wind power model and assumptions 

The small-scale wind power generation simulation is conducted using the HOMER Pro 

simulation software. The simulation models the generation of a 1 kW vertical-axis wind 

turbine using wind speed data measured in 2023. In HOMER Pro, the selected wind turbine 
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is a vertical-axis 1 kW Aeolos-V1kW wind turbine (Aeolos, 2025). Table 3 shows more 

technical specifications about the selected wind turbine. 

Table 3. Technical specifications of Aeolos-11kW  (Aeolos, 2025) (León Gómez et al., 2024). 

Rated power 1 kW 

Maximum output power 1500 W 

Rotor height 2.8 m 

Rotor Diameter 2.0 m 

Start-up Wind speed 1.5 m/s 

Rated wind speed 10 m/s 

Design lifetime 20 

Capital cost 5320 $ 

 

As previously mentioned, the wind speed anemometer is approximately 35 meters above sea 

level. For the simulation, the turbine's hub height is set to 10 meters above ground level. 

Since the port area is about 5 meters above sea level, the wind turbine’s hub is, therefore, at 

15 meters above sea level. The wind speed data must be adjusted to correspond to the 

turbine’s height to ensure an accurate estimation of the wind turbine's generation.  

The actual wind speed at a specific height can be calculated using either the logarithmic or 

power law method. HOMER Pro automatically calculates the correct wind speed for 

simulation when the anemometer height, the site elevation above sea level, and the wind 

turbine height above ground are provided. The user must select which calculation method to 

use. The software assumes that the anemometer and the wind turbine are located on land at 

the same elevation above sea level. In this simulation, the ground is located 5 meters above 

sea level. The wind turbine hub height is 10 meters above the ground, and the anemometer 

is positioned 30 meters above the ground. This setup allows the actual wind speed to be 

calculated for the simulation. Equation (2) presents the equation for the logarithmic method, 

which assumes that the wind speed is proportional to the logarithm of the height above the 

ground (Homer Pro, 2025). Equation (3) represents the equation for the power law method.  

 

𝑈hub

𝑈anem
 =

ln (
𝑧hub

𝑧0
)

ln (
𝑧anem

𝑧0
)

(2) 
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𝑈hub

𝑈anem
= (

𝑧hub

𝑧anem
)

𝛼

(3) 

In both equations, 𝑈hub is the wind speed at the turbine height (m/s), which is to be solved, 

𝑈anem is the wind speed at anemometer height (m/s), 𝑧anem is the anemometer height (m), 

𝑧hub is the hub height of the wind turbine (m). In Equation (2), 𝑧0 represents the surface 

roughness length (m), which can be determined with an accurate description of the terrain. 

In Equation (3), 𝛼 is the power law exponent.  

The power law profile is a more straightforward way to examine wind speed at different 

heights, while the logarithmic profile is more accurate when the terrain roughness is known. 

The surface roughness of the Mussalo port area is highly variable. Buildings and shipping 

containers affect wind speed and direction changes, especially since the turbines are 

simulated at only 10 meters in height. The aim is to compare how the results differ between 

different calculation methods. When using the logarithmic method, the surface roughness 

length (𝑧0) is chosen as 0.5, which represents terrain such as forests or port areas (Floors et 

al., 2021). In the power law method, the power law exponent (𝛼) is set to a constant value 

of 0.143 (Yang et al., 2024). 

3.4  Modeling of renewable energy generation and battery energy storage systems 

The impact of the capacity of a rooftop solar PV system and a potential battery energy 

storage system on self-sufficiency and cost savings is analyzed using a MATLAB-based 

model. The simulation uses the solar PV generation data previously simulated in this study. 

In the Mussalo port area, a third of the roof area is a flat roof. Therefore, this simulation uses 

generation data from the solar PV panels installed on flat roofs. Additionally, the model 

includes simulated generation data from a VAWT to analyze how wintertime energy 

generation affects self-sufficiency. The round-trip efficiency of the BESS is set to 90%, 

corresponding to the average efficiency of a lithium-ion BESS (Kebede et al., 2022). 

Large-scale electricity consumption research in Finland was conducted in the 1980s, creating 

load profiles for different customer classes. In 2019, these decades-old profiles were updated 

to reflect modern electricity usage patterns using data from over 700,000 electricity meters 

with automatic meter reading technology (Mutanen, 2019). The updated load profiles have 

been created for 14 different customer classes. This study uses the load profile of customer 
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class number 11. This load profile represents a small industrial building operating in 1 shift, 

with an annual electricity consumption of 180 MWh. Figure 11 presents the flowchart of the 

MATLAB model. 

 

 

Figure 11. A flowchart representation of the energy balance model for renewable generation and storage. 

 

At first, the model processes and scales solar PV (𝐸PV) and wind power (𝐸W) generation data 

according to the assigned system capacities. The total hourly generation (𝐸PV&W) is then 

calculated and compared to the hourly electricity consumption data (𝐸CON). The model first 

prioritizes solar PV and wind power generation. If additional power is required, energy is 

discharged from the BESS (𝐸B2L), and if more power is needed, electricity is purchased from 

the grid (𝐸G2L). Surplus electricity (𝐸SUR) from generation is used to charge the BESS 

(𝐸PV&W2B), and only once the battery is fully charged is any excess electricity sold to the 

grid (𝐸PV&W2G). In the model, BESS charging is not optimized based on electricity prices, 
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and the storage system cannot be charged with electricity purchased from the grid. In this 

flowchart, the BESS state of charge is represented by 𝐸BESS, and the maximum capacity by 

𝐸BESS,MAX. The amount of self-consumed electricity is represented by 𝐸PV&W2L, and 𝐸NET 

represents the portion that needs to be covered by energy discharged from the BESS or 

electricity purchased from the grid. The model processes energy flow hourly, with ‘t’ 

representing the hour under consideration.  

The price of purchased electricity consists of the spot price and a margin determined by the 

electricity contract. The electricity price in the simulation is determined based on the Nord 

Pool day-ahead spot market (Nord Pool, 2025). Additionally, the price includes the charge 

of network services, which typically consists of a distribution fee (€/kWh), taxes (€/kWh), 

and a basic fee (€/month). Since the distribution fee and taxes depend only on consumption, 

they are included in this simulation. The price of purchased electricity can be calculated 

using the following equation: 

𝑝purchase(𝑡) = 𝑝spot (𝑡) + 𝑝distribution (𝑡) + 𝑝margin + 𝑝tax, (4) 

where  𝑝purchase is the price for purchased electricity (€/kWh), 𝑝spot is the spot price 

(€/kWh), 𝑝distribution is the distribution fee (€/kWh), 𝑝margin is the electricity seller’s 

margin, and  𝑝tax is all the taxes (€/kWh). The taxes consist of value-added tax and electricity 

tax. In Finland, taxes are determined based on the type of user. Most of the companies 

operating in the Mussalo port area are logistics companies (Port of HaminaKotka, 2025). 

Therefore, the simulation uses electricity tax class I, which applies to companies such as 

logistics businesses (Finnish Tax Administration, 2025). The value-added tax rate is 0%.  

Kymenlaakson Sähkö Oy (KSOY), the distribution system operator, is responsible for 

delivering electricity to customers in the Kotka area and determining the distribution fee's 

price. Based on the consumption profile used in the simulation, the electricity connection for 

such a building would be 3x160 A (Mutanen, 2019). The electricity distribution fee for a 

company with a 3x 160 A main fuse is divided between winter weekdays and all other times 

(Kymenlaakson Sähkö, 2025). The compensation paid for surplus electricity sold to the grid 

can be calculated using the following formula:  

𝑝export(𝑡) = 𝑝spot(𝑡) − 𝑝margin − 𝑝energy,fee, (5) 
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where 𝑝export is the compensation paid for exported electricity (€/kWh), and 𝑝energy,fee is 

the network service fee for production determined by KSOY (€/kWh). Table 4 details the 

specific values that comprise the total electricity price. 

Table 4 Factors affecting the electricity price (Finnish Tax Administration, 2022; Kymenlaakson Sähkö, 2024) . 

Initial values 

 

 

Price of electrical energy Spot 2023, 2024 

 Value-added tax 0% 

Electricity provider’s margin 2 €/MWh 

Electricity tax 22.53 €/MWh 

Distribution costs 31.23 €/MWh (November -March, Monday to Saturday, 

07:00-22:00) 

10.06 €/MWh (All other times) 

Energy fee/ network service fee 

for production 

0.07 c/kWh 

 

The value of a solar, wind, and battery energy storage system is determined by the cost 

savings from self-consumption of solar and wind power, the additional savings from 

increased self-consumption enabled by BESS, and the income from selling surplus 

electricity to the grid. The total value of the system can be calculated as follows: 

𝑉tot = ∑ (𝐸PV&W2L(𝑡) ∗ 𝑝purchase(𝑡) + 𝐸B2L(𝑡) ∗ 𝑝purchase(𝑡) + 𝐸PV&W2G(𝑡) ∗ 𝑝export(𝑡))
8760

𝑡=1
, (6) 

where 𝑉tot is the total value of the system (€), 𝐸PV&W2L is the self-consumed part of the solar 

PV and wind generation (kWh),  𝐸B2L is the amount of energy discharged from the battery 

and directly consumed by the load (kWh), and 𝐸PV&W2G is the surplus electricity exported to 

the grid (kWh). 

The simulation results demonstrate how increasing renewable energy generation or BESS 

capacity influences the total value of the system and the amount of generated energy used 

for self-consumption. Additionally, the model calculated the extra revenues generated from 

increased capacity. The simulation also yields the number of BESS charge and discharge 

cycles and the peak power delivered to the grid. The cycles can be calculated using the 

following equation: 
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𝐶 =
∑ 𝐸B2L(𝑡)8760

𝑡=1

𝐸BESS,MAX
, (7) 

where 𝐶 is the number of cycles and 𝐸BESS,MAX is the capacity of the battery energy storage 

system. The simulation models a solar PV system with a capacity of up to 140 kWp and a 

small-scale wind power system with a capacity of up to 10 kW. Additionally, the simulation 

models a battery energy storage system with a capacity of up to 100 kWh. Excel is used to 

analyze the simulation results and generate the graphs.  
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4  Results 

The results section discusses the simulated solar PV generation potential of the Mussalo port 

area and how this potential is distributed based on roof orientations. For small-scale wind 

power generation, the potential annual output of a 1 kW vertical-axis wind turbine is 

analyzed. The impact of two different methods for scaling wind speed with height is 

compared. Lastly, the results show the impact of generation and storage capacity on the 

system's value. 

4.1  Solar PV generation potential 

The total roof area of potential buildings suitable for solar PV system installation in the 

Mussalo port area is approximately 32.5 ha. Flat-roofed buildings account for about 33% of 

the total area. A maximum of 85% of the total roof area can be utilized for solar panels. With 

a power density of 5 m2/kWp, the maximum solar PV capacity for the entire port area is 

approximately 55 MWp. Based on the 2023 weather data, the port area's annual solar power 

generation potential is 55.3 GWh. Table 5 shows the solar PV capacity and annual PV 

generation when the roof area utilization is 85% or 50%. 

Table 5. Solar PV generation potential in Mussalo port area. 

Roof area 

utilization 

Capacity (MWp) Annual generation (GWh) 

85% 55.2 55.3 

50% 32.5 32.5 

 

According to the simulation results, approximately 8% of the annual generation would occur 

between October and February, assuming no snow accumulation on the solar panels is 

considered in the simulation. Figure 12 presents the monthly solar power generation 

potential of the Mussalo port area in 2023. The figure shows how strongly the generation is 

concentrated in the summer months. 
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Figure 12. Monthly solar PV generation potential in the Mussalo port area in 2023. 

 

During the summer months, it would be possible to produce solar power up to 9 GWh 

monthly in the Mussalo port area. From April to August, it would be possible to produce at 

least 6 GWh monthly in the area. The orientation of the solar panels has a significant impact 

on productivity. In this study, solar panel generation is also simulated on the less favourable 

side of the roofs of pitched roof buildings. Table 6 shows the simulation results according to 

the orientations of the building roofs. In the results, an azimuth angle of 0 degrees represents 

south, 90 degrees represents west, −90 degrees represents east, and ± 180 degrees represents 

north. Additionally, the table shows the specific yield for each orientation, indicating how 

many MWh per installed MWp a solar power plant can generate. 
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Table 6. The simulation results according to the orientations of the building roofs. 

Roof 
orientation/azimuth 

(°) 

Usable area, 
85% of the 

total area (ha) 

Tilt angle of 
PV modules 

(°) 

Specific yield 
(MWh/MWp) 

Potential 
installed 
capacity 
(MWp) 

Potential 
yearly 

electricity 
generation 

(GWh) 

150 0.2 15 815 0.4 0.3 

135 0.7 15 819 1.4 1.2 

120 2.1 15 873 4.1 3.6 

45 2.3 15 1071 4.6 5,0 

30 3.9 15 1076 7.8 8.4 

0 9.2 15 1114 18.4 20.5 

−30 0.2 15 1098 0.4 0.5 

−45 0.7 15 1052 1.4 1.5 

−60 2.1 15 1038 4.1 4.3 

−135 2.3 15 835 4.6 3.9 

−150 3.9 15 805 7.8 6.3 

Total 27.6 N/A 1002 55.2 55.3 

 

The simulation results show that over 18 MWp of solar PV could be oriented south. In the 

port area, only buildings with flat roofs could have south-oriented solar PV systems. Panels 

facing south (S) also have the highest specific yield. The annual generation potential 

decreases by more than 200 MWh/MWp when solar panels are oriented from east and west 

through north. The weighted average specific yield in the port area is 1002 MW/MWp. The 

study determined that all pitched roofs have a tilt angle of 15 degrees.  

It is possible to orient the panels in the desired direction on flat-roof buildings. Figure 13 

shows how the generation potential of flat-roof buildings would change if half of the panels 

were installed southeast (SE) and the other half southwest (SW). The example day in the 

Figure is June 2, 2023.  
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Figure 13. The impact of solar panel orientation on generation.  

 

As can be seen from Figure 13, the generation of a southwest-southeast-oriented solar PV 

system is lower throughout the day. However, the production is slightly higher in the 

mornings and evenings than in a south-facing system. The southern-facing system has the 

highest production potential, but the direction of the panels can affect the timing of daily 

production. The south-facing system would produce approximately 4 MWh more during this 

example day. The orange and blue lines show how the production timing varies depending 

on whether the solar PV system is oriented southwest or southeast. 

4.2  Small-scale wind power generation potential 

The wind speed has been measured at a different height than where the VAWT is placed in 

the simulation. Two methods can be used to scale the wind speed to the correct height. In 

the logarithmic method, the surface roughness length is set to 0.5. The power law and 

logarithmic methods account for the environmental factors differently when scaling wind 

speed. This is also shown in Figure 14, which presents the measured wind speed and the 

monthly average wind speed scaled using both methods.  
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Figure 14. The wind speed is measured at 35 meters above sea level and scaled to 15 meters using two methods. 

 

Using the logarithmic method, the wind speed is lower than the wind speed calculated using 

the power law method. The Mussalo port area is relatively open, and the estimated surface 

roughness height corresponds to an area with many port infrastructures and buildings. There 

is a clear difference between the two methods, which is why an average wind speed of the 

logarithmic and power law methods is used in the VAWT generation simulation. Figure 15 

shows the monthly generation potential of a 1-kW VAWT in the Mussalo port area. 
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Figure 15. Monthly generation potential of 1 kW vertical axis wind turbine in Mussalo. 

 

The annual generation of a 1-kW vertical-axis wind turbine would be approximately 

1013 MWh. According to wind-speed data, generation is lower in summer than in the winter. 

In 2023, production was highest in October and lowest in June. 

4.3  Impact of generation and storage capacities on the value of the system 

Based on the analysis conducted with MATLAB, the impact of increasing the capacity of 

solar and wind power systems on the system's value is examined. The simulation compares 

solar PV systems with a peak power of up to 140 kWp. The results also analyze how a small 

5 kW or 10 kW wind turbine affects self-consumption. For BESS, the maximum simulated 

storage capacity is 100 kWh. The annual electricity consumption of the simulated building 

is 180 MWh. Figure 16 shows how electricity consumption and the generation of a 100-kWp 

solar PV system is distributed during the first week of July from Wednesday to Saturday. 
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Figure 16. Industrial building electricity consumption and 100 kWp solar PV system generation during the first week of 
July. 

 

Figure 16 shows how electricity consumption increases during the workday. The building’s 

base consumption in summer is around 7 kW, rising to approximately 35 kW on workdays. 

The 100-kWp solar PV system is oversized relative to consumption, with its generation 

potential reaching 80 kW at midday during summer. In the simulated scenario, a further 

increase in the solar PV system size would not substantially increase self-consumption. This 

is because the existing system already generates excess energy during most summer days, 

meaning additional capacity would have little impact on the amount of solar energy used 

directly. Surplus electricity can be stored in a BESS for later use or sold back to the grid, 

where the electricity is compensated according to the spot price. Figures 17 and 18 show the 

energy flow on a weekday in April when a solar PV system is combined with a BESS or a 

vertical-axis wind turbine. Figure 17 shows simulation results for a scenario with a 100 kWp 

solar PV system and a 100 kWh BESS.  
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Figure 17. Solar PV generation, consumption, and energy flows on an example day in April. The system consists of a 100 
kWp solar PV system and a 100 kWh BESS. 

 

Figure 17 shows the hourly electricity consumption as grey bars and the solar PV system's 

production as a yellow line. The peak of solar PV production occurs around noon at 

approximately 70 kW. The light blue line represents the energy discharged from the battery 

system. In the evening, when solar production ends, consumption can be covered by the 

energy discharged from the battery. During the day, the battery can be fully charged with 

surplus electricity. In the morning, about 165 kWh of electricity must be purchased from the 

grid before solar production becomes available. Figure 18 illustrates the energy flow on a 

weekday in April, showing simulation results for a scenario with a 100 kWp solar PV system 

and a 10-kW VAWT.  
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Figure 18. Solar PV and wind power generation, consumption, and energy flows on an example day in April. The system 
includes a 100 kWp solar PV system and a 10-kW VAWT. 

 

Figure 18 shows the energy flow when a 10-kW VAWT is integrated into the solar PV 

system. The dark blue line represents wind power production during the day, which remains 

steady at around 4–9 kW. In the afternoon, the combined solar and wind power production 

is sufficient to cover the consumption. At night, wind power covers about half of the 

consumption. The red line represents the amount of surplus electricity sold to the grid. The 

figure shows that, without a BESS, all surplus electricity must be sold to the grid. Table 7 

shows how different production and storage capacities affect the system's value at 2023 

electricity prices. Additionally, the table presents the total investment costs for different 

systems. The prices for the solar PV systems are estimates based on system costs for 

commercial and public buildings in Finland. With a value-added tax rate of 0%, the specific 

cost of a solar PV system is approximately €0.77/W (Kivelä, 2023). For the battery energy 

storage system, a specific cost of €600/kWh is used (SolarQuotes, 2025). The specific cost 

of 5 kW and 10 kW vertical-axis wind turbines is approximately €3,385/kW (Ayestas and 

Duke, 2022). 

 

 

0

10

20

30

40

50

60

70

80

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

El
ec

tr
ic

al
 e

n
er

gy
 (

kW
h

)

Time

consumption PV generation Wind power generation

PV&W2L G2L PV&W2G



47 

 

Table 7. Value of the system, total investment costs, electricity purchase, and self-consumption analysis for solar PV, 
BESS, and wind systems, utilizing 2023 electricity prices. 

Capacity Value of the 
system 
(€/a) 

Electricity 
purchase 
(MWh) 

Battery to 
load 

 (MWh) 

Self-
consumption 

(%) 

Self-sufficiency  
(%) 

Total 
investment 

costs (€) 

(kWp) Only solar PV system 

80 7 125 125 - 57 31 61 600 

100 8 517 120 - 49 33 77 000 

120 9 872 117 - 43 35 92 400 

140 11 203 115 - 38 36 107 800 

(kWp) 10 kW wind power system and solar PV system 

80 7 952 116 - 60 36 95 450 

100 9 336 112 - 52 38 110 850 

120 10 687 109 - 45 40 126 250 

140 12 011 106 - 41 41 141 650 

(kWh) 100 kWp solar PV system and BESS 

20 8 654 116 5 53 36 89 000 

40 8 735 111 9 57 38 101 000 

60 8 806 108 13 60 40 113 000 

80 8 880 105 16 63 42 125 000 

100 8 959 102 19 66 43 137 000 

(kW) 100 kWp solar PV system, 100 kWh BESS, and wind power system 

5 9 367 98 18.5 66 46 153 925 

10 9 766 94 18.3 67 48 170 850 

 

Table 7 details the impact of increasing solar PV and wind power capacity and adding a 

BESS on the system's value, purchased electricity, and self-consumption. When only a solar 

PV system is used, increasing the capacity from 80 kWp to 140 kWp raises the system's 

value by approximately €4,000 while reducing the amount of electricity purchased from the 

grid by 10 MWh. However, as the solar PV capacity increases, more surplus electricity must 

be sold to the grid, which reduces self-consumption. Integrating a 10-kW VAWT increases 

the system's value by around €800 and improves self-sufficiency by approximately 5%. Self-

consumption can be further enhanced by integrating a battery energy storage system with 

the solar PV system. Figure 19 illustrates the monthly utilization of solar power generation 

with a 100 kWp solar PV system and a 100 kWh BESS. 

 



48 

 

 

Figure 19. Monthly amounts of self-consumption and electricity sold to the grid for a system with a 100 kWp solar PV 
system and a 100 kWh BESS. 

 

The annual consumption of the load profile used in the simulation is 180 MWh. Figure 19 

shows that the 100 kWp solar PV system is oversized relative to the consumption. During 

summer, surplus electricity of up to over 6 MWh per month is sold to the grid. Solar 

electricity can be directly utilized for consumption during the summer months at 

approximately 6–8 MWh per month. The battery energy storage system increases its self-

consumption during the summer months by approximately 2 MWh per month. Since the 

battery is not charged with electricity purchased from the grid, in a system with no wind 

power production, the battery is used only during the summer season.  

The simulation results indicate that the BESS capacity does not affect the maximum power 

transferable to the grid. The power increases as production increases, reaching a maximum 

of up to 117 kW when a 10-kW wind turbine is added to a 140 kWp solar PV system. With 

a solar PV system capacity of 80 kWp, the peak power transferable to the grid is 

approximately 64 kW. Figure 20 illustrates how the value of a 100 kWp solar PV system is 

formed with different BESS capacities. 
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Figure 20. The impact of BESS capacity integrated into a 100 kWp solar PV system on the system's total value at 2023 
prices. 

 

As shown in Figure 20, as the BESS capacity increases, the total value of the system 

increases, and the income from surplus electricity sold to the grid decreases. The 

compensation paid for the surplus electricity sold to the grid is less than the benefit of 

increased self-consumption. The annual system value is significantly affected by spot 

electricity prices. With 2024 electricity prices, the value of the solar PV and battery energy 

storage system would be approximately 20% lower than with 2023 electricity prices. Figure 

21 shows the monthly share of electricity purchased from the grid and self-consumption as 

a proportion of total consumption. 
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Figure 21. Monthly analysis of energy sources covering building consumption for a 100 kWp solar PV system and a 
100 kWh BESS. 

 

According to the load profile in the simulation, the industrial building's electricity 

consumption is lower in the summer, coinciding with the highest solar power generation 

period. In June and July, combining a 100 kWp solar PV system and a 100 kWh BESS can 

nearly meet the building's entire electricity consumption. In the summer, the BESS capacity 

is sufficient to cover the building’s electricity consumption when the sun is not shining. The 

batteries can be charged with solar electricity during the day when the solar PV system is 

oversized relative to consumption. Winter months are affected by the amount of snow and 

whether the limited solar irradiation can be utilized. Adding a 10-kW small wind turbine to 

the system reduces the electricity purchased from the grid by approximately 9% per year. 

Figure 22 illustrates the change in BESS charge and discharge cycles with varying 

generation and storage capacities. 
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Figure 22. Change in charge and discharge cycles of a battery energy storage system with different generation and 
storage capacities. 

 

Simulation results show that when the BESS capacity increases from 20 kWh to 100 kWh, 

the number of charging and discharging cycles decreases by 60. The number of cycles also 

increases by approximately 40 when the solar PV system capacity increases from 80 kWp 

to 140 kWp. Adding small-scale wind power generation to the system changed the number 

of cycles by less than five.   
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5  Discussion 

Generating renewable electricity energy is a crucial step towards carbon neutrality. 

Simultaneously, increased electricity price volatility creates more opportunities for 

renewable electricity producers. In Mussalo Port of Kotka, the annual generation potential 

of rooftop solar PV systems, with 85% of the roof area utilized, is 55 GWh, with a capacity 

of 55 MWp. The study did not account for production losses due to snow. Simulation results 

indicated that 8% of the annual production is generated between October and February. The 

amount of snow in Southern Finland varies annually, and with climate warming, winters 

with less snow are becoming more common (Finland’s environmental administration, 2023). 

It is not feasible to install solar panels on the roofs of all buildings in the port area, and 

various obstacles may exist on the roofs. A more realistic estimate for roof area utilization 

is 50%, resulting in a capacity of 33.5 MWp and an annual generation potential of 

approximately 32.5 GWh. Yang et al. (2020) found in their study that the usability of the 

building roof area for solar panel installation varies between 50% and 80%. Karjunen et al. 

(2022) found in their study that half of the roof area of pitched roof buildings is oriented in 

the east-south-west direction, and half of this area could be used for solar panel installation. 

According to them, installing solar panels in the east-north-west direction is less profitable 

in Finland. In this study, the simulation results supported this claim, as the annual generation 

potential decreases by as much as 200—300 MWh/MWp if the panels are installed in the 

east-north-west orientation. 

The weighted average specific annual yield of solar PV systems in the Mussalo port area 

averages approximately 1002 MWh/MWp. In Finnish weather conditions, south-oriented 

panels have a higher generation potential. In the study, solar power production was simulated 

using a 15 ° tilt angle on the solar panels. Kosonen et al. (2014) found that a 45° tilt angle is 

optimal in Nordic conditions in the viewpoint of annual production. However, during 

summer, 15 ° installation produces more. Meriläinen et al. (2022) stated in their study that 

if compensation is paid for surplus electricity, a single-azimuth system would be more 

profitable, and the panels should be oriented with azimuth angles of −15—5° and at tilt 

angles of 35—45°. In the Mussalo port area, one-third of the available surface area for solar 

panels is on flat-roofed buildings. If solar panels are installed at a steep angle on a flat roof, 
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the wind load increases, and the roof's utilization rate decreases due to shading. A smaller 

installation angle allows better utilization of the roof's surface area.  

By decentralizing renewable energy production, it would be possible to improve self-

sufficiency throughout the year. The study simulated the annual generation potential of a 1 

kW vertical-axis wind turbine. The annual generation of a turbine installed at a height of 

15 m above sea level in the Mussalo port area is approximately 1013 kWh. The low 

installation height affects the wind turbine’s productivity. VAWTs can better utilize the 

variable wind direction compared to horizontal-axis wind turbines. However, the efficiency 

of VAWTs is approximately 25% lower, which is why these turbines are less common, 

which is reflected in their costs (Al-Rawajfeh and Gomaa, 2023). According to a study 

published in 2017, small-scale wind power installed at a height of 10—20 meters becomes 

economically viable only when the average wind speed exceeds 6 m/s (Pöyry Management 

Consulting Oy, 2017). Figure 14 shows that at the turbine height, the average wind speed in 

Mussalo does not exceed 6 m/s in any month. 

As shown in Figures 12 and 15, solar and wind power generation complement each other 

well. Wind power generation is at its lowest in the summer when solar power generation 

peaks. In winter, wind speed increases. Simulation results indicate that solar power plants 

and VAWT have a peak usage time of approximately 1000 hours. However, the investment 

costs of the power plants differ significantly. In 2023, the investment cost of the solar PV 

plant was approximately 800 USD/kW, while the investment cost for a small-scale VAWT 

is approximately 3500—6000 USD/kW (Aelos Wind Turbine, 2019; Ayestas and Duke, 

2022; IRENA, 2024; León Gómez et al., 2024). 

Simulation results showed that the value of an 80 kWp solar PV system installed on the roof 

of an industrial building, at 2023 prices, would be approximately €7100 when the electricity 

consumption is 180 MWh per year. The value of a 140 kWp solar PV system would be 

€11200, and self-consumption would decrease by 19 percent. The annual benefit from the 

system would increase by approximately €70 per installed kWp. The study results showed 

that from a self-consumption perspective, it would be beneficial to have a battery energy 

storage system alongside the solar power system. When the building's annual consumption 

is 180 MWh, without a BESS, self-consumption with a 100 kWp solar PV system is 49%, 

and with a 100 kWh BESS, it increases to 66%. A 100 kWh BESS increases the system's 

value by approximately €400. The system's value increases because the compensation paid 
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for electricity sold to the grid is less than the financial benefit when self-consumption can be 

increased. Combining a 10-kW small-scale wind power plant with a solar power plant 

increases the system's value by approximately €800. A 100 kWh BESS and a 10-kW wind 

power plant would increase the system's value by €1200. A 10-kW vertical-axis wind turbine 

would increase self-sufficiency by 5% and self-consumption by 3%. 

The annual financial benefit brought by the system is significantly affected by the electricity 

spot price. The results showed that with 2024 electricity prices, the profitability of the solar 

PV and battery energy storage system decreased by 20% compared to 2023 electricity prices. 

Kivelä (2023) stated in his study that as the electricity price rises, the profitability of solar 

power investment increases. Additionally, the study shows that the payback period with 

interest of the solar power system designed for the grocery store does not change 

significantly in relation to the power plant's capacity. Finland's low electricity price 

compared to most of the rest of Europe reduces the profitability of investments and lengthens 

payback periods. 

The average annual number of charge and discharge cycles of the simulated battery energy 

storage systems was approximately 220 cycles, depending on the BESS capacity. The cycle 

life of a lithium-ion battery is, on average, 3000–7000 cycles (Brivio, 2017). Operating 

conditions such as temperature and charge and discharge profiles affect the battery's 

durability. Therefore, the BESS's lifetime would be approximately 10–30 years. The lifetime 

of a solar PV system can be considered 30 years, and the lifespan of a vertical-axis wind 

turbine is 20 years (Aeolos, 2025; Ibáñez-Rioja et al., 2023). In the simulation, charging the 

battery with electricity purchased from the grid was impossible, which could increase the 

number of charge and discharge cycles annually. Charging the batteries with grid electricity 

would also bring more intelligence to the system, as the batteries could be charged and 

discharged according to the electricity price. The system's profitability could also be 

improved by timing the discharge of the batteries to the hours with higher electricity prices. 

In this study, the round-trip efficiency of the battery energy storage system is 90%. The 

fluctuation in electricity prices must be sufficiently large for charging the battery with 

electricity purchased from the grid to be profitable. In 2025, the total investment cost of 

BESS is approximately €600/kWh (SolarQuotes, 2025). A 100 kWh BESS brought annual 

savings of approximately €400, so the system's payback period would be significantly longer 

than its lifetime. Puranen et al. (2021) stated in their study that for a physical battery storage 
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to be profitable, the battery prices should be half of the current price, or the electricity price 

purchase margin should be 2–5 times larger than the current margins.  
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6  Conclusions 

This study examined the production potential of solar and small-scale wind power in the Port 

of Mussalo in Kotka. Additionally, it explored how electricity production and battery energy 

storage capacity affect the added value brought by the system, using as an example an 

industrial building with an annual electricity consumption of 180 MWh. The research results 

indicated that the combined production potential of solar power plants installed on the roofs 

of the port area is 33–55 GWh, depending on the utilization possibilities of the building 

roofs. The study estimated that a maximum of 85% of the roof surface areas of the port area 

buildings could be utilized. A realistic estimate of the roof surface utilization rate was 50%, 

resulting in a total solar PV capacity of approximately 34 MWp. Considering the area's 

weather conditions and the orientation and slopes of the building roofs, the peak operating 

hours of the solar power system would be approximately 1002 hours on average. As solar 

PV production is concentrated in the summer, small-scale wind power plants could also 

increase self-sufficiency during the winter. A vertical-axis wind turbine, which better utilizes 

variable wind directions, has peak operating hours of approximately 1013 in the port area's 

wind conditions. 

The research results showed that the annual savings from a 100 kWp solar power plant alone 

are approximately €8500, using 2023 spot prices. A 10-kW vertical-axis wind turbine would 

increase the value by €800, while a 100-kWh battery energy storage system would increase 

the value by approximately €400. The financial benefits from increasing self-consumption 

are more significant than the income from production sold to the grid. With solar PV, wind 

power, and a battery energy storage system, achieving approximately 50% self-sufficiency 

would be possible. The investment costs of a small-scale vertical-axis wind turbine and a 

BESS are significantly higher than the financial benefits they provide. 

This study's results can also be utilized in other research locations. The study results provide 

a reasonable estimate of the production potential and profitability of solar and small-scale 

wind power in the Mussalo port area. The study results can be used in developing the 

Mussalo port area and planning renewable energy investments in the area. Future studies 

could examine the profitability of investments more closely by considering, for example, 

investment interest rates and an estimate of the development of electricity prices in Finland. 
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Additionally, it could be examined how the financial value provided by the BESS could be 

enhanced through intelligent charging and discharging based on electricity price 

fluctuations. 
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