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ABSTRACT 

This master’s thesis investigated the solar energy potential of future plots in three different 

village groups in Lapland using existing provisional master plans. The investigation was 

conducted as part of the SINNI project. The project explores the potential of virtual power 

plants in the villages of Lapland. The target area of this research was three village groups in 

the Rovaniemi region around Sinetta, Vikajärvi and Vanttauskoski. The village groups were 

selected because the buildings form relatively cohesive groups from the point of view of energy 

generation, and the proximity of the areas to power lines and main roads. The project aims to 

characterize “SINNI villages”, which are to be defined by indicators such as their energy 

production potential, as well as geographical features such as location, land use patterns, and 

suitability of building stock. The expectation is that when defining the economic feasibility of 

solar power generation in SINNI villages, these criteria could be used as a basis to assess the 

techno-economic feasibility of similar sites in the future. The solar energy potential was first 

assessed considering future buildings on the best oriented building plots in the master plans. 

The hypothetical range of 120-180 from the true north was selected for the analysis as 

potentially feasible orientations for solar energy generation. The estimated solar energy 

potential for the future plots in the three village groups, considering this range of azimuths 

were 1.07GWh/year for Sinetta, 0.57GWh/year for Vikajärvi and 1.04GWh/year for 

Vanttauskoski. Secondly, the solar energy potential of all building plots in the 3 village groups 

were calculated to observe the difference in output. It was found that the solar energy potential 

of all future plots in the three Village Groups were 1.20GWh/year, 0.71GWh/year, 

1.47GWh/year respectively. The small differences observed were due to the fact that the 

majority of the future buildings in the master plans were adjusted well enough to support solar 

energy generation. Due to the Northern location of the villages, the issue of snow on the panels 

were also investigated, to ascertain missed solar energy generation potential attributed to snow 

covering the panels. The results show that 28.3% of the solar energy generation in Spring could 

be lost due to snow, if effective mitigation strategies are not implemented. The profitability of 

the solar investments was also analysed using Finsolar Profitability Calculator, from the 

perspective of homeowners. The results of this research indicate that deploying rooftop solar 

panels makes economic sense, if the roofs are in the 120-210 azimuth range, as this would 

provide a relatively fair payback period in the range of 19-23 years. Azimuths out of this range 



 

 

3 

typically result in significantly higher payback period. The use of self-generated energy was 

also assessed and the consumption profiles for the village groups were analysed in juxtaposit ion 

with the self-produced energy under the framework of energy communities. The results show 

that solar power investments could be economically profitable even in Lapland, if the houses 

and roofs are sited optimally. The research also indicates that the energy community concept 

which have been brought into limelight in recent EU directives could potentially enhance the 

profitability of solar investments by facilitating energy sharing within the community which 

maximises the value of solar energy produced. They also potentially enhance customer 

participation, energy security, independence, efficiency, and sustainability which could be 

regarded as some of the most crucial goals in the energy sector for EU Member States.  
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1 INTRODUCTION 

There has been a general consensus amongst the scientist community about the significance of 

anthropogenic contributions to current global climate change issues (Cook et al., 2013). Several 

recorded non-trivial climatic events such as 1.0 °C temperature increase from pre-industria l 

levels, rise in sea-levels from melting glaciers, variations in precipitation, natural disasters 

which have led to huge economic losses in the billions have all have been attributed to the 

consequences of climate change, a term used to describe significant and holistic alterations in 

climatic conditions of the earth (Fawzy et al., 2020) (Church & Gregory, 2019). Human-

induced imbalances in GHG emissions have been evaluated to be a major driver of the earth’s 

increasing temperatures since additional anthropogenic emissions approximately doubles the 

annual amount of current natural emissions exerting additional pressure on the global balance 

(Yue & Gao, 2018). Sources of naturally occurring GHG emissions include mainly forest fires,  

ocean  wetlands,  permafrost, volcanoes and earthquakes while the human-caused sources are 

mainly from consumption of fossil fuel energy (Yue & Gao, 2018). Environmental impacts of 

energy consumption have also been enervated by European socio-economic challenges such as 

that of the issue of energy poverty, as at 2019, 50 million Europeans were affected by the issue 

of energy poverty (Lutsch, 2017). Considering these issues, several dedications have been 

expressed by most countries of the world in form of international treaties, nationwide 

directives, national plans, policies, roadmaps, goals, and objectives and they have all been 

initiated to address global environmental concerns. The most recent and popular treaty being 

the Paris Agreement in 2015 which requires every participating nation to contribute efforts 

towards limiting the temperature rise of the earth by 1.5°- 2C above pre-industrial levels in the 

21st Century. The agreement mentions that countries hold the responsibilities for setting 

ambitious national targets and making appropriate investments towards cutting national GHG 

emissions. It further outlines how participants are to achieve this through internationa l 

cooperation, innovation, capacity building and education. (Erickson & Brase, 2019).  However, 

solving GHG related issues without addressing energy efficiency exacerbates energy poverty 

(Tromop & Tinschert, 2017). Ensuring the universal access of energy requires decentralised 

solutions particularly for remote rural areas (Tromop & Tinschert, 2017). Considering this 

directly related socio-economic and environmental goals such as mitigating energy poverty, 

increasing share renewables and ramping up improvements in energy efficiency have all also 

been emphasized as part of the 2030 SDGs under the energy related SDGs in 2015.  Specifica lly 
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relating to the EU, the European Commission has followed through on its environmenta l 

commitments as by 2019, it had reduced GHG emissions by 24% compared to 1990 levels. As 

of 2019-2021, the EU parliament has set in motion further ambitious energy and climate related 

targets for a net domestic reduction of not less than 55% of  GHG emissions by 2030 when 

compared with 1990 (The European Parliament & Council of the European Union, 2021). This 

has been placed as an objective under the European Green Deal with a primary objective to be 

the first continent to achieve climate neutrality by 2050 (European Parliament & Council of 

the European Union, 2018). This new objective revises the earlier drawn up objectives for the 

EU in 2018 of achieving 32% GHG reductions in the same time frame. (EU, 2018) (Frieden et 

al., 2019) (Lutsch, 2017).  Considering environmental concerns in sync with socio-economic 

challenges, the Clean Energy Package has been adopted by the EU and it set in place specific 

targets to increase share renewables, improve energy efficiency, provide enabling environment 

for prosumer participation, and strengthen energy security. (Lutsch, 2017). As part of the Clean 

Energy Package, the regulation on the Governance of the Energy Union and Climate action, 

(EU) 2018/1999 emphasizes the importance of international cooperation amongst EU Member 

States and Integrated National Energy and Climate plans as tools for Member States to achieve 

European Union energy and climate targets (European Commission, 2018). Pertaining to the 

Finnish Energy Sector, The Finland’s Integrated Energy and Climate Plan highlights the needs 

and actions to be taken in order to contribute to limiting the global average rise in temperature 

to 1.5C. The National Plan highlights Finland’s overall 2035 climate neutrality objective and 

ambition to be the world’s first fossil free welfare society. It also lays out actions to be taken 

to achieve this objective (Ministry of Economic Affairs and Employment, 2019).  The 

emissions reduction obligations are to be strengthened to 55% from 1990 levels and specific 

actions to ban the use of coal for energy generation by 2029, cut the use of oil by 50%, increase 

the use of biofuels in transport sector by 30%, ramp up electrification of the transport sector 

and increase share renewables in gross energy consumed to 51% by 2030 are identified as 

major steps to achieve the 2035 climate neutrality objective (Ministry of Economic Affairs and 

Employment, 2019). The diversification of energy resources and small-scale decentralised 

energy production are also to be promoted as means to increase share renewables and 

strengthen local energy security (Ministry of Economic Affairs and Employment, 2019) 

(Pahkala et al., 2018).  

This thesis investigates the applicability of energy communities in the villages of Lapland. 

Energy communities have been assessed to facilitate the deployment of small-scale energy 
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production and low-carbon transition in the Finnish energy system (Ministry of Economic 

Affairs and Employment, 2019) (Pahkala et al., 2018). The work was done in frames of the 

SINNI project, which is realized at the University of Oulu and funded by the ERDF. The SINNI 

project investigates whether current and existing building stock in sparsely populated regions 

in Lapland could be suitable for the decentralized solar energy production. The research 

questions that would be investigated in both the theoretical and experimental parts of this thesis 

are as follows: 

 

1. What is the solar energy potential of all future plots in the target areas of the SINNI 

Project? 

2. Particularly in the spring Months of April and May, what is the quantitative impact of 

snow on solar energy production in these locations? 

3. What is the profitability of solar investments from a detached homeowner’s perspective 

and how can energy communities enhance the profitability and use of self-genera ted 

electricity in these regions? 
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THEORY SECTION 
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 2 POLITICAL FRAMEWORK REGARDING ENERGY 

COMMUNITIES 

Development and implementation of coherent polices both on a national and sub-nationa l 

levels are important to facilitate the green transition (OECD, 2016). The concept of energy 

communities recently brought into limelight by the EU Clean Energy Package have been 

recognized as tools to allow for increased citizen participation in electricity markets and 

help mitigate energy poverty. The clean energy package offers a detailed energy policy 

framework to facilitate the energy transition, part of this includes a legislative framework for 

both citizens and renewable energy communities (Caramizaru & Uihlein, 2019). Its objectives 

are to strengthen the rights of energy users and also make users aware of their obligations as 

self-consumers/collective self-consumers in the energy transition (Council of European Energy 

Regulators, 2019).  

The Clean Energy Package comprises of 8 legislative acts which includes 4 directives and 4 

regulations (Nouicer et al., 2020): 

 Energy Performance in Buildings Directive (EU) 2018/844 (EPBDII) 

 Renewable Energy Directive (EU) 2018/2001 (REDII) 

 Energy Effeciency Directive (EU) 2018/2002 (EEDII) 

 Electricity Market Directive (EU) 2019/944 (EMD II) 

 Governance of the Energy Union Regulation (EU) 2018/1999 

 Electricity Regulation (EU) 2019/943 

 Risk Preparedness Regulation (EU) 2019/941 

 ACER Regulation (EU) 2019/942 

The Directives establish common regulatory frameworks which could include targets for 

Member States to further utilise in establishing national policies however may not be directly 

binding while the regulations are more legally binding and restrictive to transposition by 

Member States (Nouicer et al., 2020). The Clean Energy Package further develops the 

preceding Third Energy Package on energy policy framework and sets the way for progressive 

transition to clean energy (Florence School of Regulation, 2020). There have been three energy 

packages which precede the Clean Energy Package and they have been mainly focused on the 

liberalisation of the internal market for power and gas (Florence School of Regulation, 2020). 
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The Clean Energy Package updates specific 2030 targets relating to the use of renewable 

energy resources, energy efficiency and GHG emissions. The Effort Sharing Regulation gives 

explicit instructions for Member States to cut green house gas emissions by 30% by 2030 

compared to 2005 levels includes amendments to the Renewable Directive 2018/2001 (EU) 

which sets a target of at least 32 % share renewables of gross final consumption in the EU by 

2030 and also the Energy Efficiency Directive 2018/2002 which requires that Member States 

ramp up energy efficiency of the EU to 32.5 % by 2030 (Nouicer et al., 2020).  In order to 

achieve this, The Clean Energy Package recognises the need for consumers to be central to the 

energy transition (Lutsch, 2017).  The Clean Energy Package  also recognises the potential 

value of certain energy community concepts as cost-effective strategies to support the energy 

transition and contribute towards providing cost efficient energy for end-users, fostering the 

uptake of renewable energy, achieving energy efficiency savings while also providing a support 

structure to share the benefits of decentralisation for energy users who are unable to participate  

(Caramizaru & Uihlein, 2019) (Lutsch, 2017) (European Parliament & Council of the European 

Union, 2019). 

2.1 EU Legislation on Energy Communities 

The recast Renewable Energy Directive (RED II) published in 2018 gives regulatory guidelines 

for Renewable Energy Communities (RECs). RED II defines the terminology and provides an 

initial legislative framework for the establishment of renewable energy communities in 

European Member States. It also describes the overall objective for renewable energy 

communities as a platform mainly for energy generation and sharing amongst members of the 

communities and classifies the participating entities in RECs as natural persons, SMEs, and 

local authorities including municipalities. The directive gives a provisional framework 

regarding the rights and obligations of members of RECs while also allowing room for Member 

States to contribute to building further enabling national frameworks to fully realise its 

potential (European Parliament & Council of the European Union, 2018).  

 

The EMDII published in 2019 delves into the rights, roles, and responsibilities of Citizen 

energy communities (CECs). A terminology which is used to refer to a similar but slightly 

different concept to RECs In the context of energy communities, the directive also emphasizes 

the use of community generated energy to cater for the energy demand of each participant in 
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the energy community as opposed to the use of it for profits, it also promotes the non-

discriminatory treatment of each member of the community. It however establishes a difference 

implicitly between RECs and CECs when the details regarding both legislative frameworks 

and guidelines are studied carefully. These differences tend to exist in the aspects of 

geographical scope, activities, participants, autonomy and effective control (Caramizaru & 

Uihlein, 2019).  

2.2  Energy Communities, Benefits and Types 

Energy Communities generally refer to communal energy initiatives taken by citizens in the 

energy system (Caramizaru & Uihlein, 2019). They are seen as a form of sharing economy 

where members partake of energy produced and buy power from one another (Pahkala et al., 

2018). They are not to be confused with renewable self-consumers or jointly acting self 

donsumers which operate within more specific boundary limitations (European Parliament & 

Council of the European Union, 2018). Energy communities provide an opportunity for 

increased flexibility in the energy system as well as reduced energy prices for end-users 

(Caramizaru & Uihlein, 2019). Increased resilience and responsiveness are additional benefits 

for customers that come along with energy communities (Smart Energy Europe, 2022), This 

could address key challenges in local security of supply particularly in remote locat ions 

with existing difficulties in setting up connections to the main grid (Caramizaru & Uihle in, 

2019), Energy communities are to offer better local security of supply by mitigating against 

power outages during times of disturbances in the distribution grid (Pahkala et al., 2018). 

Energy poverty mitigation has also been identified as a socio-economic benefit of energy 

communities since energy communities promote energy efficiency in households and reduce 

power consumption and supply tariffs since energy communities optimise the efficiency of the 

local energy system and avoids grid expansion and self-consumption generally leads to lesser 

purchase of power from the grid which reduces the taxes and charges that come along with 

power purchases (Smart Energy Europe, 2022). Energy communities in general allow for 

increased customer participation (Smart Energy Europe, 2022) and presents customers with 

more alternatives  (Pahkala et al., 2018) and opportunities to benefit from incentives 

(Caramizaru & Uihlein, 2019).  
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RECs have been instrumental in facilitating the energy transition in Europe, they have 

increased social acceptance for renewable energy projects in Europe, they have contributed to 

increased renewable shares as well as lowered costs of renewable energy deployment 

(European Commission, 2016). They facilitate social acceptance, inclusion and cohesion 

(Smart Energy Europe, 2022). They are expected to facilitate the low-carbon transition and 

lead to change the structure of tariffs from mainly energy provisions to capacity provisions 

(Ministry of Economic Affairs and Employment, 2019). The benefits of energy communit ies 

to the energy system are not only limited to the electricity sector but could also be attractive to 

the heating and transportation sectors (Walsh et al., 2020) (Caramizaru & Uihlein, 2019). 

Although currently small in number, community energy initiatives could however  feature 

small scale heating projects/networks  which rely on wood fuels, heat pumps or solar heating 

technologies (Caramizaru & Uihlein, 2019). There are several community energy initiat ives 

offering mobility services in form of car sharing and car charging infrastructure (Lowitzsch et 

al., 2020). In EU Member States, they’ve been solutions to increase the social acceptance of 

renewables locally (European Commission, 2016) but the overall contribution of energy 

communities to the energy transition at local, regional, and national levels yet still needs to be 

clearly clarified to analyse all potential environmental, economic, and social benefits 

(Caramizaru & Uihlein, 2019) however key identified potential benefits attainable from the 

growth of energy communities include local economy growth, job generation, emission 

reductions, cost reductions,  energy poverty mitigation, education, democratization and social 

cohesion (Caramizaru & Uihlein, 2019). Most services offered in Energy Communities are 

generation related but the roles are currently expanding to Energy Supply, Energy Efficiency 

and Mobility (Caramizaru & Uihlein, 2019). The general activities held in Energy communit ies 

have been classified by JRC into major categories Generation, Supply, Consumption, Sharing, 

Distribution, Energy Services, Electro-Mobility, and other related activities such as 

Consultation, public awareness, and other community initiatives. These activities feature 

within themselves both traditional and novel business models (Caramizaru & Uihlein, 2019). 

Energy Communities are not to be confused with Renewable Self-Consumers or Jointly Acting 

Self Consumers which operate within more specific boundary limitations (European 

Parliament & Council of the European Union, 2018). The Clean Energy Package provides 

official definitions from the EU for 2 major types of Energy Communities which include 

Renewable Energy Communities and Citizen Energy Communities (European Parliament & 
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Council of the European Union, 2018) (European Parliament & Council of the European 

Union, 2019).  

 

RED II defines Renewable Energy Communities (RECs) in Article 2 as ((EU) 2018/2001): “a 

legal entity which, in accordance with the applicable national law, is  based on open and 

voluntary participation, is autonomous, and is effectively controlled by shareholders/members 

which are located in the proximity renewable energy projects that are owned and developed 

by that legal entity” (European Parliament & Council of the European Union, 2018). RECs are 

seen as “non-discriminatory platforms to promote accessibility and participation from all 

income level households” its participating entities include individuals, SMEs or local 

authorities including municipalities which all unite for the main purpose of environmenta l, 

economic or social benefits for the community rather than financial profits. (European 

Parliament & Council of the European Union, 2018).  

 

Further, the conditions of RECs are set in Article 22 of RED II, which mandates that Member 

States shall ensure that renewable energy communities are entitled to ((EU) 2018/2001): 

- produce, consume, store and sell renewable energy; 

- share, within the renewable energy community, renewable energy that is produced by 

the production units owned by that renewable energy community; and 

- access all suitable energy markets both directly or through aggregation in a non-

discriminatory manner. 

 

The REDII directive also allows room for EU member states to provide further nationa l 

enabling framework to facilitate the development of the concept in the EU (European 

Parliament & Council of the European Union, 2018).  Member states are also allowed the 

autonomy to include into the renewable energy community any other form of suitable entity 

which exercises rights and is subject to obligations but emphasizes the need for renewable 

energy communities to remain autonomous, non-discriminatory, goal-oriented, and 

transparent. The EU also gives member states the opportunity to allow renewable energy 

communities to be open for cross-border participation in their operation. The directive 

enumerates several rights for renewable energy communities which includes their rights to 

produce, use, store, trade renewable energy, rights to share renewable energy within the energy 

community, rights to just & non-discriminatory treatment in registrational and operational 
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procedures in the energy system (European Parliament & Council of the European Union, 

2018). Participants of the renewable energy communities are allowed to retain their rights as 

final consumers of energy unless one’s participation in the community does constitute a 

primary commercial or professional activity. (European Parliament & Council of the European 

Union, 2018).  

 

The term Citizen Energy Communities (CECs) is defined in the Electricity Directive ((EU) 

2019/944) as “a legal entity that: 

- is based on voluntary and open participation  

- controlled by members or shareholders that are natural persons, local authorities, 

including municipalities, or small enterprises 

- has for its primary purpose to provide environmental, economic or social community 

benefits to its members or shareholders or to the local areas where it operates rather 

than to generate financial profits 

- may engage in generation, including from renewable sources, distribution, supply, 

consumption, aggregation, energy storage, energy efficiency services or charging 

services for electric vehicles or provide other energy services to its members or 

shareholders” 

These are novel concepts because of their distinct purpose, structure, and governance 

requirements (European Parliament & Council of the European Union, 2019).  

 

The EMDII explicitly allows the right for citizen energy communities to produce, distribute, 

store, aggregate including but not limited to renewable energy and also provide energy 

efficiency or EV charging services for its members (European Parliament & Council of the 

European Union, 2019). EU member states are allowed to provide further national-spec ific 

guidelines for citizen energy communities to ensure that the fair treatment of 

shareholders/members in the community (European Parliament & Council of the European 

Union, 2019). The EMDII allows for citizen energy communities to be treated non-

discriminatingly in registration, licensing, and operational procedures. (European Parliament 

& Council of the European Union, 2019). It enables Citizen energy communities to procure 

and manage closed distribution networks and have access to all electricity markets. It also 

makes room for Citizen Energy communities to partner with DSOs, TSOs, BRPs, Aggregators 

while still maintaining obligations to be financially responsible for network charges, tariffs, 
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levies, imbalances caused while using the electric system. (European Parliament & Council of 

the European Union, 2019).  

 

Article 16 of the Electricity Directive establishes the relation of CECs and Distribution System 

Operators ((EU) 2019/944):  

- CECs are entitled to own, establish, purchase or lease distribution networks and to 

autonomously manage them; 

- CECs have the right to be final customers, producers, suppliers or distribution system 

operators; 

- CECs however are also financially responsible for the imbalances they cause in the 

electricity system; 

- CECs are subject to appropriate network charges at the connection points between their 

network and the distribution network. 

 

Members of the energy community are able to participate in electricity transfers within the 

citizen energy communities while maintaining their rights as consumers and are also entitled 

to consumer protective rights such as being free to leave the community after a 21 days’ notice 

period and being treated non-discriminatingly (European Parliament & Council of the 

European Union, 2019). The Directive does not provide geographical constrictions to decision 

making or participation in citizen energy communities amongst participants but limits the 

decision-making powers to only members who aren’t engaged in large-scale commercia l 

operations and to those who do not have the energy industry as their main source of economic 

activity. 

 

2.2.1 Distinctions Between RECs and CECs 

Both the REDII and EMDII made it quite clear by explicitly mentioning that the primary 

purpose of both energy community concepts is to produce environmental, social, and 

environmental benefits for its shareholders and members rather than for financial profits. 

Another similarity between both concepts is that they both allow room for open and voluntary 

participation and they both support the idea that decision making is to be made by members 

with non-conflicting interests (European Parliament & Council of the European Union, 2018), 

(European Parliament & Council of the European Union, 2019) however some specific 
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differences exists between the 2 concepts regarding their geographical boundaries, energy 

related activities, participants, control & autonomy (Caramizaru & Uihlein, 2019).  

 

RECs could be viewed as a subset of CECs from the perspective of their geographical scope 

(Roberts et al., 2019). The REDII limits the control and decision making involved in RECs to 

members in proximity to community projects/operations while the EMDII offers no spatial 

limitations to the control and decision-making involved in CECs (European Parliament & 

Council of the European Union, 2018) (European Parliament & Council of the European 

Union, 2019). CECs as opposed to RECs are not limited to the use of renewables in their 

energetic operations which render them technologically neutral and grant them the possibility 

of using fossil fuel based energy resources (Caramizaru & Uihlein, 2019). The REDII makes 

mention of the capability for autonomy of RECs from potential participants, but the EMDII 

does not make use of the term in defining CECs rather limits the decision making to 

participants/shareholders who do not run large-scale commercial operations and whose primary 

economic activity is not energy related (Caramizaru & Uihlein, 2019). Also, CECs by 

definition may include small enterprises however RECs may include SMEs. Table 1 

summarizes the differences between RECs and CECs. 

 

Table 1: Key Distinctions between RECs and CECs based on (Caramizaru & Uihlein, 2019). 

  Renewable Energy Community Citizen Energy Community 

Spatial scope Organization limited to members 

in proximity to community 

renewable energy projects 

No geographical limitations for 

participation or decision-

making 

Energetic activities Renewable Energy Technology-neutral 

Members Natural persons, SMEs, local 

authorities & municipalities 

Natural persons, small 

enterprises, local authorities & 

municipalities 

Autonomy & control Autonomous but controlled by 

members in proximity 

May not be autonomous 

however are not to be 

controlled by medium/large-

scale enterprises or players in 

the energy sector 
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2.2.2 Current Trends and Regulatory Challenges Regarding Energy Communities in Europe 

 

Driven by factors such as self-sufficiency, sustainability, economic motivations, energy 

efficiency and many others (Caramizaru & Uihlein, 2019), Community energy initiatives have 

been on the rapid rise and this has been facilitated by increased support schemes and increased 

awareness of community initiatives (Caramizaru & Uihlein, 2019). Though this is not fully 

actualised throughout EU, there have been significant improvements especially in countries 

with higher economic status and strong emphasis on community ownership (Caramizaru & 

Uihlein, 2019) nevertheless research has shown that 50% of EU citizens could be self-

producing their energy by 2050 and more than 33% of this energy could come from energy 

communities (Caramizaru et al., 2016). It is noteworthy that some researched energy 

community concepts may right now not be reflective of provided definitions of energy 

communities by the European Commission under the Clean Energy Package (Caramizaru & 

Uihlein, 2019) however further adoption on a national level in the EU may result in a 

production of several variations of the concept of energy communities (Council of European 

Energy Regulators, 2019). 

 

Energy communities are of diverse forms & legal structures in Europe,  energy community 

initiatives in Europe currently exists mainly as energy cooperatives however other forms of 

community energy may exists in different member states and these include partnerships, 

associations, trusts, foundations, non-profits etc. (Caramizaru & Uihlein, 2019). Cooperatives 

allow for the collective ownership and management of renewable energy projects (Yildiz et al., 

2018), they are based on democratic governance where community members have equal 

decision-making powers (Caramizaru & Uihlein, 2019). Profits in a community are reinvested 

to support the community/members, the revenues are sometimes distributed among members 

through capped dividends and may also be in form of other energy benefits such as lower 

energy prices (Caramizaru & Uihlein, 2019). Energy cooperatives could also exist as a coalition 

of several energy cooperatives united under a single scheme (Caramizaru & Uihlein, 2019). 

Limited partnerships could be applicable to big projects with larger investment volume 

(Caramizaru & Uihlein, 2019), they could be less democratic as in the case of Sprakebüll, an 

energy community in Germany where voting rights are proportional to capital investments 

(CO2mmunity, 2019). Particularly common in Scotland is the development trust approach to 

energy communities and in this form, community groups maintain exclusive ownership of 
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infrastructure and funds are made available through support schemes such as grants and loans. 

Revenues generated from the operations are typically reinvested to community projects.  

Energy Communities could also exist in the form of a non-profit customer owned enterprise 

and in this model, profits generated are channelled towards energy price reductions for the 

members of the community however members who own properties may freely choose to invest 

or purchase shares in the network. (Caramizaru & Uihlein, 2019).  

 

Regulations are important in creating structures for the energy transition (Inês et al., 2020) and 

several countries in Europe have established regulatory frameworks for renewable energy and 

citizen energy concepts including amendments of these concepts to suit specific requirements 

and some of the identified countries from research include the Netherlands, Belgium, Germany, 

Portugal, Spain, UK, Croatia, etc (Inês et al., 2020). Most of the RECs and CECs established 

in these countries take the form of energy cooperatives and may not necessarily give pre-

defined specific guidleines/definitions as to their operations which energy communities require 

however a lot of initiatives have been created to support the concept (Inês et al., 2020).  It is 

observed from researched frameworks described in national legislation of EU Member States 

that existing collective energy initaitives combine characteristics of both the renewable energy 

and citizen energy concepts described in the clean energy package (Inês et al., 2020).  There 

are more adaptations to the concept of CECs compared to RECs which are much more 

technologically-specific and have strict spatial guidelines. CECs mainly exist in the form of 

energy cooperatives and RECs really do not have specific supporting frameworks.  Relating to 

the energetic activities within the energy communities both the REDII and EMDII seek to 

provide enabling guidelines for RECs and CECs to carry out operations such as energy 

distribution,  aggregation, participaton in energy markets including cross-border operations 

however the rights to engage in these activities come with certain degree of limitations from 

country to country. The qualifications for support schemes in form of net-metering. Premium 

Feed-In-Tarrifs, Tax reductions/exemptions are also limited to certain guidelines from country 

to country. (Inês et al., 2020). For example, In countries such as Germany, Croatia, Spain, 

Portugal, Spatial limitations may not exist to the formation of energy communities which 

favors the idea of the citizen energy community but most among 9 studied legislation restrict 

the formation of energy communities to neighborhoods in proximity. (Inês et al., 2020). Studied 

country legislations such as those of Belgium, Croatia, Italy do not permit electricity transfers 

between neighbors using the existing Distribution system (Inês et al., 2020) limiting intra-
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community transfers of electricity to industrial and commercial self-consumers who have 

greater capabilities of forming private grids. Countries such as Belgium, France and Germany 

also apply certain regulations such as prosumption tarrifs/surcharges which incentivizes self-

consumption of produced energy as opposed to the use of energy produced for trading 

activities, UK. Other limitations to energy trading may also exist in form of strict administrat ive 

procedures, capacity and licensing requirements which may serve as a road-block to the roll-

out of energy communities (Inês et al., 2020).   

 

The major regulatory challenges regarding collective prosumption are the inabilities to provide 

specific legal framework for energy communities, the general  lack of incentives and favorable 

frameworks (Inês et al., 2020). Regulations need to clarify market entry and exit, set quality 

requirements, subsidies and duty exemptions so as to allow countries to take advantage of 

falling costs of decntralised solutions (Foster et al., 2015). The use of schemes such as Virtual 

net-metering, FITs, P2P Exchanges could actualise a range of potential benefits for energy 

communities. Virtual net-metering has been investigated as a more cost effective option to 

physical or virtual batteries (Puranen et al., 2021). It also allows for those lacking access to 

generation sites to share production from a single facility.  FITs are being used by a lot of EU 

Member States however transparent pricing systems could further incentivize self-

consumption/production (Inês et al., 2020) and P2P schemes may also facilitate the ease of 

energy community operations. (Sousa et al., 2018). EU Member States may need to reform 

their current restrcitive legislations in order to support the increased rate of roll out of these 

electricity initatives since energy communities may support the transition to clean energy and 

also may address enegy poverty concerns (Inês et al., 2020).  
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3 SOLAR ENERGY IN ENERGY COMMUNITIES 

Solar energy is radiated from the sun as a result of nuclear fusion reactions (Zaidi, 2018). 

Sunlight energy incident on the earth’s atmosphere amounts to 10,000 times the total energy 

consumption by humans and the scarcity of clean energy could be totally avoided if solar 

energy can be harvested efficiently (Rhodes, 2010). Solar energy is mainly captured naturally 

through photosynthesis or artificially through direct heating systems for heat energy or 

photovoltaics for electrical energy. They could also be categorized into passive and active 

systems considering the way they are harvested, converted and distributed (Rhodes, 2010). 

Passive solar techniques mainly reduce the demand for alternative energy sources which active 

solar techniques convert sunlight into power or heat. 

 

PV power generation converts sunlight to electrical power, this happens through the 

photovoltaic effect which was discovered by Alexandre Becquerel in 1839; experiments with 

metal electrodes and electrolytes showed that conductance increases with illuminance. (Zaidi, 

2018). Photon energy of incident sunlight is converted to DC electricity when solar cell is 

illuminated. Solar cells are made of semiconductors such as silicon (Rhodes, 2010)  and 

incident lights increases the amount of electrons and holes on opposing sides of the semi-

conductor which facilitates the flow of current. This photo-generated electricity is tapped by 

connecting loads  between electrons of illuminated P-N junctions and this causes a voltage drop 

between the N and P-type regions (Zaidi, 2018).   Solar thermal systems  convert solar radiation 

to heat (IEA-ETSAP & IRENA, 2015), the principle works on raising the temperature of a heat 

transfer medium such as air, water and heated fluid can be used directly to attend to 

heating/cooling energy requirements or indirectly using heat exchangers (IEA-ETSAP & 

IRENA, 2015). Solar thermal technologies or reliant on solar collectors which uses solar energy 

to heat up the medium, Natural, or forced convection mechanisms are then used to transfer the 

heated medium to storage tanks. Thermal technologies include hot water systems, space 

heaters, district heating systems, solar hybrid heating systems and solar cooling systems. (IEA-

ETSAP & IRENA, 2015). Solar cooling systems may however integrate additional central 

components such as adsorption or absorption chillers, desiccant cooling systems which are 

necessary for cooling operations (IEA-ETSAP & IRENA, 2015). 
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3.1 Solar Energy Supporting Energy Communities  

The EU policy framework recognizes renewable energy technologies such as solar and onshore 

wind as key players in the power sector. Renewable energy developments have been the most 

significant in large wind and solar farms (Tromop & Tinschert, 2017).  Both technologies also 

make the most common technologies currently being used in community energy projects 

(Tromop & Tinschert, 2017). Renewable energy technologies such as solar and wind have 

shorter lead times and can attract investments easily since their costs are now comparable to 

conventional power plants (Foster et al., 2015). Solar cooperatives are more than wind 

cooperatives in the EU (Verde & Rossetto, 2020), most community energy projects being 

developed in Europe are solar since its cheaper compared to wind and requires less strenuous 

planning processes (Walsh et al., 2020). The falling costs of PV technologies also facilitate the 

economic viability of solar projects in low resource locations, this has been attributed to fast 

paced technical advancements in the field (Hayat et al., 2019). Solar heating also remains one 

of the most competitive heating options for buildings (Foster et al., 2015). Further price 

reductions are expected with the continued growth of solar installations (Foster et al., 2015). 

Incentives and opportunities through schemes such as FITs,  net-metering supports the growth 

of PV installations (Bauwens et al., 2016). Solar PV also remains a key employer in the 

renewable energy sector providing millions of jobs globally on an annual basis (Foster et al., 

2015). Further framework improvements could create tens of thousands of additional jobs in 

rooftop solar by 2030 compared to baseline scenario (European Commission, 2016).  

 

Prosumerism is also believed to be the major driver for the rollout of rooftop PV systems 

(European Commission, 2016) and  energy communities can support the emergence of the 

EU’s PV industry (Walsh et al., 2020). By 2030, 21% of installed solar capacity could be owned 

by energy communities (European Commission, 2016). Investments in solar energy systems 

are mainly driven by lower costs and support schemes (European Commission, 2016). 

Integrating lots of variable renewable energy into the grid however requires flexibility to 

accommodate uncertainty (Tromop & Tinschert, 2017).  Integrated packages such as solar 

hybrid systems or solar technology integrated with demand response helps to improve system 

flexibility. Demand response, a solution offered by energy communities could aid the 

accommodation of variations in output based on natural resources (Faria et al., 2019). Solar 

technology presents some issues in cold climate regions such as the variation of insolat ion 
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levels and snow (Mussard, 2017) (Townsend & Powers, 2011) however low insolation levels 

may not necessarily hamper the possibility for large scale solar installations (Tromop & 

Tinschert, 2017).  Summer benefits of using solar also tend to outweigh the winter energy 

generation losses (Mussard, 2017).  

 3.2  The Impact of Zoning on Solar Energy Generation 

The azimuth of photovoltaic panels affect the amount of solar energy generation it produces.  

The profitability of solar panels depends on its orientation (Walsh et al., 2020). When siting a 

solar energy generation system, it is important to design the system in such a way that it is 

oriented at optimal azimuths to fully maximise its solar potential. Optimal azimuths of a solar 

system depend on its location (Figure 1). As a rule of thumb, optimal azimuths for solar energy 

generation point towards the south if system is located in the northern hemisphere and towards 

the north if located in the southern hemisphere (Jacobson & Jadhav, 2018) (Hartner et al., 

2015). 

 

 

 

Figure 1. Illustration of Azimuths by TW Carlson  
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3.2  Solar PV Sizing and Simulations with Sketchup and Skelion 

Models, simulations and analysis are necessary phases before installing solar PV systems at 

any location since they help us understand the behaviours and characteristics specific to a 

considered region (Vinod et al., 2018). Sketchup is a computer-aided 3D modelling program 

used to create 3D objects in a 2D environment. (Bowling Green State University, 2020). It is 

applied in architecture, engineering, industrial design, video games (Carrobé, 2017) and is also 

useful in the design of the geometry and orientations of buildings for solar energy generation. 

(Calsina, 2021). Sketchup presents features such as geo-location and shadow-analysis which 

helps to locate a solar power plant at any chosen site. The azimuth of the buildings and sun’s 

positions also need to also be considered when designing a solar power system. (Abdul Kader 

et al., 2021).  

Sketchup integrates an extension called Skelion which aids in the design of solar PV and 

thermal systems  on top of modelled buildings or ground mounted installations (Skelion, 2022). 

It allows users to add solar power components unto any surface with a  desired precision in 

terms of preferred dimensions and inclinations and also PV module specification. (Abdul Kader 

et al., 2021). The software helps to compute solar energy potential from a set of installat ions 

as well as potential energy losses as a result of shading by region-specific characterist ics. 

(Freitas et al., 2015) (Abdul Kader et al., 2021). Through Skelion, geo-located buildings may 

be imported from google earth and solar radiation and production estimates are made 

leveraging PVGIS or PVWatts Databases. PVGIS (Photovoltaic Geographical Information 

System) is an instrument which provides information on solar radiation and performance of 

photovoltaic systems for regions in Europe, Africa, Asia and America. It utilizes high quality 

data from satellite images including climatic data such as temperature and wind speeds to 

compute solar radiation estimates for modules installed either on horizontal or inclined planes 

(EU Science Hub, 2021a). The program is also able to account for the influence of shadows 

from terrains when solar radiation is calculated for a geographical location. (EU Science Hub, 

2021a). The user interface allows users to input key solar PV information such as the nomina l 

peak power rating, mounting type, technology, potential system losses and the system outputs 

optimal panel inclinations and solar power potential for a geographical location considering 

solar radiation and climatic information. (Freitas et al., 2015) (EU Science Hub, 2021a). PVGIS 

also calculates the impacts of certain parameters such as module temperature, irradiance, 

sunlight spectrum and amount of light reflected by PV modules when computing the power 
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output of PV modules. (EU Science Hub, 2021a). Some effects which may influence solar PV 

output such as snow, dust, dirt and partial shadowing may not be included in the PVGIS 

Calculations (EU Science Hub, 2021a). Figure 2 shows monthly estimations of performance 

of PV systems oriented at optimal azimuths in Lapland  

 

Figure 2. PVGIS Simulation Estimates for PV Installations on optimally oriented 

Detached Houses in Rovaniemi (PVGIS, 2012) 

3.3  The Impact of Snow on Solar Panels 

Energy generation from variable renewable energy resources could be intermittent because of 

weather related factors and this is one of the problems that solutions such as storage seek to 

mitigate (Kandasamy et al., 2017). However, it is essential to be aware of the differences on 

solar generation on a periodic basis for accurate forecast of solar energy generation, 

management, and planning of energy dispatch. Energy generation potential from PV systems 

is highly dependent on several weather factors and snow is one of them especially in the case 

of low temperature climate regions. In countries such as Finland, snow is prominent and it 

being on the panels for extended periods of time could impede both direct and diffuse 

irradiation that is reflected on the panels thereby reducing their overall power output. The 

accumulation of snow on PV modules depends on the ambient temperature, wind velocity, 

inclination of panels from the horizontal as well as surface characteristics (Brench, 1979). 
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As shown in Figure 3, panels on horizontal roofs are likely to be entirely covered by snow in 

Finland. 

 

 
 
Figure 3. Snow covering the solar panels on the roof of the University of Oulu (Shekar, 2021) 

 

At temperatures typically below -3C, incident snow crystals bounce on the surface but at 

temperatures above -3C, snow crystals tend to adhere to the surface which in turn facilita tes 

cohesion between snow crystals leading to increments of snow masses on the PV systems 

(Pfister & Schneebeli, 1999). More hydrophobic surfaces from the horizontal tend to favour 

the increase the tendency of snow sliding off the surface (Kako et al., 2004). Also from similar 

studies, the number of energy losses attributable to snow typically vary with roof inclinat ions 

as well as amount of snowfall. Studies predict that after snowfalls of 2cm, incident radiation 

on solar panels could be reduced by 80% but 96-97% in the case of snowfalls reaching 10cm. 

Study by Brench estimates that for panels inclined at 30-degree, losses could be up to 45% at 

snowfalls of over an inch and 11% at snowfalls lower than an inch. However, for panels 

inclined at 40 degrees, losses could be 26% at snowfalls of over an inch and 5% at snowfalls 
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lower than an inch (Brench, 1979). However, these do not compare the potential losses across 

different temperatures.  Studies have shown that the most significant factor that affects energy 

loss from snow is the inclination angle of the panels since it typically impacts the amount of 

time it takes snow to shed from the roofs. Other affecting parameters that have been analysed 

include cell and ambient temperature, snow density, wind speed, duration of snow shedding, 

snow density etc. (Brench, 1979). Typically for panels on an inclined plane, studies have shown 

that for panels inclined at 30-degree, losses could be up to 45% at snowfalls of over an inch 

and 11% at snowfalls lower than an inch. However, for panels inclined at 40 degrees, losses 

could be 26% at snowfalls of over an inch and 5% at snowfalls lower than an inch. It has been 

also observed that losses could be further increased to 70% when snow and rain are mixed 

which increases the bulk density by forming extra layer of ice which blocks the cells from solar 

irradiation. Table 2  shows the summary of a study which calculates energy losses from snow 

at different following weather conditions. Sunny winter days were defined as those which had 

accumulated over 2.5KWh/m2 of integrated solar radiation and lower considered cloudy days. 

Although the bulk density of snow used for studies (50-100kg/m3) may be a bit different from 

the mean bulk density for regions in Lapland (150 to 250kg/m3) (Brench, 1979) the amount of 

sunlight penetrating the snow layers is not a direct effect of the density and may not have a 

direct effect on the PV power output (Brench, 1979). Based on monthly average values from 

1991-2020 analysed during the SINNI project, Rovaniemi has an average snow depth of 24cm 

from January to December and 65cm of snow on average between the months of February and 

April. Data values also show that the average snow depth on the ground goes below 1cm 

typically during the last week of May. 

 

Table 2. Energy Losses due to Heavy Snowfall studied at different following conditions in 

Utah, United States (Brench, 1979) 

Panel Angle 30° 40° 

Snowfall > 1 inch < 1 inch  < 1 inch < 1 inch  

Average Energy Loss/Snow Fall 45% 11% 26% 5% 

Cloudy Weather, Average 

Energy Loss/Snow Fall 

56% 14% 33% 4% 

Sunny Weather, Average Energy 

Loss/Snow Fall 

27% 10% 15% 5% 
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More recent related studies verify that losses due to snowfall tend to decrease as module angle 

from the horizontal increases due to better sliding of snow sheets. Installations may 

notwithstanding be made on flat roof surfaces which are not able to shed snow as tilted 

counterparts, snow load reduction in this case may be reliant on melting or tilting the solar 

panels in order to facilitate snow sliding ( Frimannslund & Thiis, 2019) However, increasing 

temperatures may also lead to shedding of snows but because of melting off rather than sliding.  

The study identifies melting of snow as the most means by which snow goes off the panels 

however estimating snow shedding times didn’t still seem to be a straightforward task since 

the snow shedding times and atmospheric variables such as daily average temperature and 

relative humidity aren’t strongly correlated, and snow shedding may in fact occur at 

temperatures below -15C (Andrews et al., 2013). Other empirical studies related to impact of 

snow on PV generation include studies by the Sandia National Laboratories which find energy 

losses due to snow to be typically about 10% and suggesting that having frameless PV systems 

may enhance the abilities of solar panels to shed snow off their surfaces. A more multivar ia te 

approach was done at a BEW test station in the Truckee, California and out of this work, a 

model was developed to predict periodic energy losses from snowfall. The model was 

calibrated by empirical observations for a total of 4 pairs of panels inclined at varying angles 

of 0, 24, 39 and 35 degrees each. One of each pair was cleaned to prevent energy losses from 

snow and the other panel was left to shed snow naturally so attain estimates on the impact of 

snow on the panel (Townsend & Powers, 2011). Parameters recorded include hourly data on 

irradiance, short-circuit current, panel temperature, air temperature and relative humidity and 

snow losses were estimated based on difference in monthly amp-hours between the constantly 

cleaned panels and the panels which were left to shed snow on a natural basis. It was discovered 

that the snow loss from energy had weak correlations with popular parameters from literature 

such as Snowfall, or Snowfall including tilt angle component (Figure 4).   

https://www.researchgate.net/profile/Iver-Frimannslund?utm_content=businessCard&utm_source=publicationDetail&rgutm_meta1=AC%3A23600871
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Figure 4. Poor Correlations observed between energy losses from snow and snowfall with 

Tilt Angle Component (Townsend & Powers, 2011) 

 

However, after repeated trials, a fit was finally generated which accounted for other parameters 

such as air temperature, plane of array insolation including atypical parameters such a ground 

interference and relative humidity. The final fitted equation for snow loss turned out to have 

an r2 value of almost 0.7 which wasn’t the most accurate at predicting snow losses but provided 

satisfactory estimates especially at estimating energy losses from snow in longer time horizons 

i.e., annually. The final fitting equation developed can be expressed below:  

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐿𝑜𝑠𝑠 𝑓𝑟𝑜𝑚 𝑆𝑛𝑜𝑤 =

(𝐶1 ∗ 𝑆𝑒′ ∗ cos2(𝑡𝑖𝑙𝑡 𝑎𝑛𝑔𝑙𝑒) ∗ 𝐺𝐼𝑇 ∗ 𝑅𝐻)
𝑇𝑎𝑖𝑟2

𝑃𝑂𝐴0.67
 

 

Where,  

 𝐶1 is first fitted coefficient 

 𝑆𝑒′ signifies effective snow in inches which is represented as weighted 6 week rolling 

average of  

 Snowfall (𝑆𝑒) 

 

𝑆𝑒 for one month could be expressed mathematically as: 

𝑆𝑒 =
1

2
∗ 𝑆 ∗ (1 +

1

𝑁
) 

Where 𝑆 represents snowfall and 𝑁 represents number of snow events per month 
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 𝑡𝑖𝑙𝑡 𝑎𝑛𝑔𝑙𝑒 signifies the angle of inclination of the panels from the horizontal in degrees  

 𝐺𝐼𝑇 represents ground interference term and could be estimated using the formula 

below:  

 

𝐺𝐼𝑇 = (1 − 𝐶2 ∗ exp(𝛾)) 

Where 𝐶2 is second fitted coefficient and 

𝛾 represents ratio of snow received to ratio of snow dissipated expressed mathematically as: 

 

𝛾 =  
(𝑅∗𝑆𝑒′ ∗ cos(𝑡𝑖𝑙𝑡 𝑎𝑛𝑔𝑙𝑒))

(𝐻2 −𝑆𝑒′2 )/(2∗tan (𝑃))
   

 

With 𝑅 being row length in slanted plane of array dimension in inches  

𝐻 being drop height from array edge to the ground in inches 

𝑃 being piled snow angle assumed to stabilize at 40° 

 𝑅𝐻 signifies Relative Humidity  

 𝑇𝑎𝑖𝑟 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑛𝑡ℎ𝑙𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝐾𝑒𝑙𝑣𝑖𝑛  

 𝑃𝑂𝐴0.67  represents monthly plane of array insolation in KWh/m2 

 

The calculated fitted coefficients from the equations were estimated to be 5.7E04 for 𝐶1 and 

0.51 for 𝐶2 making the final equations for calculating energy losses from snow to be:  

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐿𝑜𝑠𝑠 𝑓𝑟𝑜𝑚 𝑆𝑛𝑜𝑤 =

(5.7𝐸04 ∗ 𝑆𝑒′ ∗ cos2(𝑡𝑖𝑙𝑡 𝑎𝑛𝑔𝑙𝑒) ∗ 𝐺𝐼𝑇 ∗ 𝑅𝐻)
𝑇𝑎𝑖𝑟2

𝑃𝑂𝐴0.67
 

and  𝐺𝐼𝑇 = (1 − 0.51 ∗ exp(𝛾)) 
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Figure 5. Final fit from final snow loss predictor model  (Townsend & Powers, 2011) 

 

The tested model was found to be satisfactory in providing predictions for energy losses 

attributable to snow, it had an average root mean square of 2% for annual energy loss 

estimations. 
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4   ENERGY COMMUNITIES FOR A SMARTER AND 

SUSTAINABLE FINNISH ENERGY SYSTEM 

4.1 The Finnish Energy System  

Finland’s energy sector is highly decarbonised as the share of fossil fuels has declined 

considerably over the years  (IEA - International Energy Agency, 2018) even though energy 

consumption has increased by 103% in the past 40 years. (Statistics Finland, 2021). In 2020, 

the total energy consumption in Finland was 1281PJ, this was primarily made up of wood fuels 

(28%), Oil (22%) and Nuclear Energy (19%). Both natural gas and coal contributed 6% each 

to energy consumed, coal is however to be phased out in 2029 (Ministry of Economic Affairs 

and Employment, 2019).  hydro, wind power and peat all amounted to 10% of the total energy 

consumed and net imports amount to 4% (Statistics Finland, 2021). Ambitious climate goals 

and actions have been set by the Finnish government to mitigate against climate change and 

further transition towards a low-carbon economy while also boosting economic development 

and innovation (IEA - International Energy Agency, 2018); These in summary include an 

overarching climate neutrality objective by 2035, plans to reduce GHG emissions by 80% by 

2050 compared to 1990 levels, reduce emissions in the non-ETS sector by 39% and phase out 

coal in 2030, boost share of renewables to at least 51% and increase share of biofuels in road 

transport to 30% all by 2030  (IEA - International Energy Agency, 2018) (Ministry of 

Economic Affairs and Employment, 2019).  

 

Renewable energy is considered as one of the most significant means by which Finland’s 

energy and climate objectives could be reached (Figure 6) and its share in total energy 

consumption in Finland increased from 27% to above 40% in the last decade (Ministry of 

Economic Affairs and Employment, 2019). Renewable energy represented about 40% of end 

energy consumption in 2021. The renewable energy sector in Finland is primarily composed 

of Black liquor (31%), Wood (39%), Hydropower (11%), Wind at 5.6% and Heat Pumps at 

5.2% and Biofuels at 7%. Solar energy only makes less than 0.2% of the renewable energy 

sector.  
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Figure 6. Renewable Energy in Finland (Statistics Finland, 2021). 

 

Even with current high share renewables in Finland and strong commitments to the energy 

transition compared to other member states, there are still few social and environmenta l 

challenges related to its energy sector. One is its emission intensity as Finland emitted 53.1Mt 

of C02eq in 2019 which made up about 1.3% of EU28’s emissions however in terms of 

emissions per capita. Finland emits 21% more than the EU 21 average (Figure 7), The energy 

sector also produces  about 72% of total emissions in Finland (Statistics Finland, 2021). Energy 

consumption per capita in Finland is almost twice the EU27 average value  and well over 82% 

of energy spent in Finnish homes is on space and water heating (Statistics Finland, 2021).  

 

 

 

Figure 7. Finland’s emission per capita compared with EU28 Average (Statistics Finland, 

2021). 
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There have also been concerns expressed regarding Finland’s dependence on imported fuels 

such as petroleum and natural gas from key locations which undermines energy security; 

Finland’s current energy dependence is 42% (Statistics Finland, 2021) and more than 75% of 

Finnish petroleum and natural gas imports came from Russia (Commission, 2020). The 

transport sector is currently highly oil dependent and there exists plans to keep this to a 

minimum by deploying alternative fuels, use of renewable energy sources and increasing the 

amount of electric vehicles to 250,0000 by 2030 (Ministry of Economic Affairs and 

Employment, 2019). Additionally, energy poverty may also be another problem not 

particularly common to most households in Finland but however could potentially pose a 

challenge especially to low-income households which live in rural dwellings low on energy 

efficiency (Ministry of Economic Affairs and Employment, 2019). 

4.2 The role of Energy Communities in the Finnish Energy System 

Customers are at the heart of the Finnish smart grid vision, the participation of customers in 

the electricity market has been identified as means to promote security of supply and reduce 

emissions in the Finnish Energy System (Pahkala et al., 2018). Decarbonisation and promoting 

local security of supply could be viewed as two of key strategies to enhance the sustainability 

of the Finnish Energy System (Ministry of Economic Affairs and Employment, 2019). The 

integration of competitive business activities offered by customers such as demand flexibi lity 

services, energy production and storage are expected to drive a positive change in products, 

services and efficiency (Pahkala et al., 2018). Energy communities are recognized as a useful 

approach to facilitate this since they help combine small scale demand and production into 

larger flexible units (Pahkala et al., 2018).They are seen as tools to provide energy users with 

more alternatives to participate in the electricity market and also offer users an improved local 

security of supply. The growth of prosumer base in Finland is expected to yield benefits such 

as growth in the renewable energy sector, increase in distributed generation and business 

opportunities (Kotilainen et al., 2021) 

 

Energy communities have been distinguished into Local and Distributed energy communit ies 

by the Smart Working Group, a group appointed by the Ministry of Economic Affairs and 

Environment to seek methods by which customer participation and resource adequacy in the 
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electricity markets may be promoted (Ministry of Economic Affairs and Employment, 2019). 

Both concepts are to cater to the specific requirements of different forms of cooperations 

amongst customers which may either share similar geographical locations or decide to be 

connected virtually (Pahkala et al., 2018). Local energy communities apply to communities in 

geographical proximity, they could further be classified into energy communities within a 

housing company (Figure 8) and energy communities crossing housing boundaries (Figure 9),. 

The former is a term used to describe customers living in the same property and sharing 

common energy interests i.e. energy generation which is carried out within the property itself 

while the latter describes customers who decide to utilise more convenient locations for 

energetic activities and construct power networks in order to make use of power generated. 

Since a lot of people in Finland live in housing associations, they are important decision makers 

on the energy transition and household sustainability commitments (Kojo et al., 2022). 

Distributed energy communities (Figure 10) on the other hand apply to customers who utilise 

both distribution and transmission networks to transfer power to consumption sites (Pahkala et 

al., 2018).  

 

 

 

Figure 8. Energy communities within housing companies (Pahkala et al., 2018) 
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Figure 9. Energy communities crossing property boundaries (Pahkala et al., 2018) 

 

 

Figure 10. Distributed energy communities (Pahkala et al., 2018) 

4.3  Key Enablers for the Growth of Energy Communities   

Solar power is currently gaining attractiveness for commercial and residential customers due 

to tariff and tax incentives (AFRY, 2020) but the profitability of solar panels and business 

models of energy communities are very reliant on support schemes such as subsidies and feed 

in tariffs (Laybourn-langton, 2016) (Smart Energy Europe, 2022). Financing services either 
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from ESCOs or third party sources help faciliate procurement of renewable energy assets for 

members of the energy communities (Smart Energy Europe, 2022). Aggregation Services 

provided by energy communities such as leveraging DERs for demand response, energy 

visualisation and efficiency helps improve on existing business models for DERs and enhance 

their value propositions (Smart Energy Europe, 2022). Collaboration with third party services 

such as external consultancy or even in-house expertise if existing goes a long way to 

improve/optimise its operations of existing energy communities and enhance custiomer 

participation (Smart Energy Europe, 2022). It does this by providing information of energy 

activities within the energy communities to the end users such as how energy is produced, used 

and traded and also information on possible areas for resource optimization (Smart Energy 

Europe, 2022). Harmonising rules and regulations for energy communities and their due 

implementation  in EU member states would also serve to improve the efficiency and 

effectiveness of energy communities (Smart Energy Europe, 2022). Geographical and Plant 

size limitations in energy communities has been pointed out as a barrier that if addressed could 

also improve the effectiveness in community energy initiatives in creating a positive impact on 

the local grid. More consumers could benefit from lower energy prices and self-consumption 

by simply doing this. The participation of commercial and industrial actors could help balance 

out surplus electricity and further support self-consumption since they have different load 

profiles from residential consumers. Current tarrif structures in EU Member States may also 

need to be revised in order to make them for cost reflective of the use of grid infrastructure by 

energy communities in power exchanges. (Smart Energy Europe, 2022). 
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5 VIRTUAL POWER PLANTS 

Virtual power plants (VPPs) could be conceptualised as a portfolio of aggregated web-

connected demand response and renewable distributed energy generation resources that utilise 

existing grid networks and software solutions to deliver automated energy solutions to its users 

(Asmus, 2010) however they may not necessarily be limited to the use of renewable energy 

sources since they may also include generators which use fossil fuel resources. VPPs were 

created to promote the participation of Distributed Energy Resources (DERs) in the wholesale 

market through enhancing their reliability, controllability, and efficiency by aggregating them 

virtually into a large power station (Saboori et al, 2011) (Pudjianto et al, 2008). 

VPPs are believed to improve on reliability of existing grids and provide better economic value 

to its participating entities in terms of lower infrastructural requirements for Distribution 

System Operators (DSOs) and Transmission System Operators (TSOs) as well as lower costs 

and new income streams for energy users. They also maximise the use of demand response 

resources which potentially mitigates against the intermittency challenges faced using solar 

and wind power. VPPs could maximise the use of other grid reliability enhancers such as 

customer-owned generating resources and real-time-pricing systems (Asmus, 2010). 

5.1 Distinctions Between VPPs and Microgrids  

Both microgrids and VPPs are similar aggregation options for DERs, demand response and 

storage but the main distinction between them is that VPPs significantly leverage software 

solutions to deliver more reliability and flexibility, microgrids on the other hand rely on more 

of hardware solutions such as inverters and smart switches to function. Another term used to 

refer to this software solution is the Energy Management System (EMS) which carries along a 

variety of optimisation functions such as cost minimization, profit maximisation or GHG 

reductions (Saboori et al, 2011). 

Another distinction is that VPPs are not fundamentally limited by locational constraints and 

specific type of energy generation resources as in the case of typical microgrids. VPPs are also 

not known to operate islanded from the grid and may in fact not require the need of storage as 

do microgrids. VPPs could also encompass higher levels other than the distribution system 

such as the transmission level, they may also have more backing existing regulatory 
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frameworks compared to microgrids. Microgrids could be seen as bottom-up solutions to 

develop existing energy systems and maximise business (Transmission and Distribution 

System Operators) and customer value through a focus on the strengthening the support of the 

distribution energy system while VPPs could be seen as a bottom-up approach to achieve the 

same goal but this time through leveraging and optimising a broader range of internet -

connected pool of generating technologies not bound by geographical constraints (Asmus, 

2010). Figure 11 illustrates the spatial distinctions between VPPs and microgrids using the map 

of Finland; VPPs tend to span more extended areas compared to microgrids.  

 

Figure 11. Illustration for a concept showing the differences between VPPs and 

microgrids from a spatial perspective 

5.2  Benefits Offered and Service Provided by VPPs 

VPPs through aggregating a large amount of variety of DER, controllable loads and storage 

infrastructure if needed could combine the benefits of each bringing altogether a high value 

pool of services for energy players both on the demand and supply side.  This may come in 

form of GHG savings, better financial opportunities for prosumers through enhanced market 

participation, more flexibility and stability for the grid, peak load shavings, ancillary services 

for distribution and transmission systems etc.  

On the aspect of financial opportunities, VPPs provide novel means of exposing distributed 

generation owners to the competitive wholesale markets (Ullah et al, 2019). The intermittency 

and small size of individual DER units often limits their participation towards grid operations 

and also negatively impacts their economic feasibility, but the aggregation of multiple DER 
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units is seen as a way to improve the overall visibility and controllability of the pool of units 

simultaneously (Saboori et al, 2011). Apart from financial opportunities from Distributed 

Generation, DER also brings potential opportunities through schemes such as demand response 

and this serves both utilities and distributed energy owners to reduce peak loads and benefit 

from incentives in doing so. (Zuurborg, 2010). This is to be enabled by more accurate 

forecasting achieved by the VPP through a deeper understanding of technical constraints, 

customer responsiveness to price, geo-segmented data etc. compared to utilities (Zuurborg, 

2010). VPPs also facilitate the participation and integration of electric vehicles (EVs) in the 

energy system which could help contribute to significant emission reductions and optimal 

solutions relating to operational scheduling of distributed generation. VPPs also help turn EVs 

to distributed energy storage units and this improves the general accessibility to renewable 

energy (Yang, 2021). VPPs stand to offer potential ancillary services through the use of DERs, 

controllable loads and other infrastructure such as EVs to DSOs and TSOs such as reactive 

power, voltage and frequency control, balancing and reserves which supports their energetic 

operations (Kolenc et al, 2017) 

In addition, they bring forth optimisation benefits for DERs and loads under its portfolio (Ullah, 

et al, 2019). From a consumer perspective, this allows for optimization and appropriate 

schedule of generation. From a producer perspective, it helps minimize financial risks and 

enable economies of scale of power production through software which provides attractive 

benefits such as modularity, flexibility, environmental sustainability etc. 

Apart from producers and energy users, it also helps maximise the value of DER units to other 

energy market participants. Different actors in a distributed energy system stand to benefit from 

the concept of VPPs and they include not just the DER asset owners and grid operators but also 

other entities such as policy makers as well as capacity suppliers and sggregators which are 

also important entities to the energy system.  

In Figure 12, we see an illustration of the benefits of VPPs to different actors in the energy 

system. 
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Figure 12. Benefits of VPPs to key actors in the energy system ( Adapted from Saboori et 

al, 2011) 

 5.3  Classification of Virtual Power Plants 

There is no unified system of classifying VPPs, yet as different literature adopts different 

classification systems for VPPs. They could also be classified based on their focus of 

optimisation i.e., economical, or technical (Malahat et al, 2013) (Saboori et al, 2011). VPPs 

could be classified by level of operation on the distribution network, by program type or by the 

category of energy generation resources (Asmus, 2010). They could also be classified 

hierarchically based on the level at which they operate and DERs (Asmus, 2010). 
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5.3.1 Classification of VPPs Based on the Level of Optimisation 

Classifying VPPs based on their level of optimisation distinguishes VPPs into two major 

types, commercial and technical VPPs 

Commercial VPPs seek to obtain the maximum economic benefit possible using a given 

portfolio of energy assets (Herferh et al, 2013). Commercial VPPs do this by enhancing the 

visibility and participation of DER in the energy markets and reduces imbalance risks through 

leveraging its large portfolio of capacity (Saboori et al, 2011). Commercial VPPs optimize 

relation between generation and demand oriented more towards economic competitiveness 

without focus on technical limitations. Commercial VPPs however may have different sub-

objectives when it comes to achieving profitability as some may optimise to minimise cost of 

supplying energy and some may be more focused on maximising profit for asset owners. 

Typical functionalities and services offered by a commercial VPPs to both grid and DERs 

include trading in wholesale energy market, balancing services, bid submissions, demand 

response and management services, maintenance, forecasting, daily optimisation, and 

scheduling etc (Saboori et al, 2011). 

 

Technical VPPs are more oriented towards the optimisation of control, coordination, and 

operation within the system (Herferh et al, 2013). Technical VPPs strengthen the visibility and 

contribution of DERs to the system operator and allows or the provision of ancillary services 

taking into consideration local network constraints. Technical VPPs could come along with 

beneficial services offered to both TSOs and DSOs. Services offered by technical VPPs could 

include those such as local system management for DSOs as well as balancing and ancillary 

services to TSOs. They also include monitoring services, asset management and maintenance 

services, fault detection and statistical analysis of overall performance which could be 

advantageous to both asset owners as well as the grid. Both tend to operate together where 

CVPPs optimise for economic profitability in relation with the wholesale electricity markets 

while passing across information to technical VPPs operating in the same grid area which then 

use this information to optimise local network characteristics (Herferh et al, 2013).   

 

 

Regardless of the type of objective, it is recommended that the strategy for DERs be 

incorporated with multi-objective functions e.g. economic, environmental, social and technica l 
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optimisation rather than single-objective functions which could include exclusively cost-

optimisation, reliability, pollution, power quality or an energy dispatch objective function as 

this provides for more efficient management of energy to ensure availability of power while 

taking into consideration other key system constraints for more sustainable solutions. Internet 

of things (IOT) and big-data technologies such as data analysis, monitoring and machine 

learning serve as key enablers to bring into actualisation an efficient renewable energy system 

management using VPPs. (Elmouatamid et al., 2021) 

5.3.2 Classification of VPPs Based on the Energy Resource Type 

VPPs could also be classified based on the category of energy assets contained within the 

system and this could include energy assets oriented towards providing demand response 

services, energy supply or even both. 

Demand Response Based Virtual Power Plants:  

Demand Response Based VPPs could be considered as VPPs with a primary focus on demand-

side-management. The actions taken to do this by the system could be motivated either by 

incentive-based or price-based schemes. In incentive-based programs, contracts could be 

signed with utilities to be financially compensated for offering grid stability services such as 

load control, curtailment, demand bid/buy-back, capacity programs but price-based programs 

are more of a voluntary approach by demand response participants to reduce consumption 

during peak price periods (Asmus, 2010) (Cui et al, 2016). 

 

Supply Side Virtual Power Plants  

Supply Side VPPs  applies to VPPs primarily focused on delivering energy to the grid. They 

could be conceptualised as aggregated power producing DERs that coalesce for profit 

generation. (Georgios et al, 2011). Typical energy generation technologies used in VPPs 

include Combined Heat and Power (CHP) Plants, Biofuel, small scale gas/diesel /Hydro power 

plants, wind and solar energy generation assets (Saboori et al, 2011). 

 

Mixed Asset Virtual Power Plants  

Mixed-asset VPPs could be seen as VPPs which combine distributed generation and demand 

response services together in order to provide more value to the participating entities. Through 
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combining both services, they could also reduce their capital costs. Supply Side VPPs are also 

expected to transition towards more of mixed asset VPPs in the future (Asmus, 2010). 

5.3.3 Classification of VPPs Based on Control Structure 

This applies to classifying VPPs based on how the control is structured within the system. 

They typically vary from high degree of centralized operations to fully decentralized control 

systems integrated: 

Centralized Controlled VPPs (CCVPP):  

This applies to an architecture where VPPs act as an autonomous entity which controls the 

operations regarding production planning and market optimisation of the DERs. The VPP stays 

separated from the DER while maintaining bidirectional communication with them (Figure 

13).  

 

 

 

Figure 13. Centralized Controlled VPPs (Adapted from Nikonowicz, L. Milewski, 2012) 

 

Distributed Controlled VPPs (DCVPP):  

In this system architecture, aggregated resources are controlled in a hierarchy of VPPs. The 

control functions are split into layers of control i.e., high and lower level of control where 

different VPPs could be assigned the responsibility of each of the layers. The local VPP 

essentially manages and coordinates a set number of resources while it delegates some other 

decisions to a higher level VPP. The concept could be illustrated in Figure 14 below. 

 



 

 

48 

 

Figure 14. Distributed Controlled VPPs (Adapted from Nikonowicz, L. Milewski, 2012) 

 

Fully Distributed Controlled VPPs (FDCVPP):  

In this model, VPPs are integrated within DERs as each DERs under the whole portfolio of 

energy assets operates as an independent smart entity which participates to optimise activit ies 

based on power system and market conditions (Figure 15). It is regarded as a more dynamic 

and optimised system. 

 

Figure 15. Fully Distributed Controlled VPPs (Adapted from Nikonowicz, L. Milewski, 

2012) 

5.3.4 Pros and Cons of Different Types of Control System Architectures in Microgrids and 

VPPs 

Classification of VPPs based on control structure also has similarities with microgr id 

classification of its supervisory architecture.  The microgrid central controller (MGCC) poses 

as an interface between the grid and microgrids. It also coordinates the activities of Local 

Controllers (LCs) associated with each entity in the system (EV, DER, Storage, Loads). In 

cases of a centralized control architecture, the energy systems and loads are monitored by the 

MGCC. It optimises real time control strategy and regulates microgrids by adjusting distributed 

generation and load consumption to ensure seamless changes between grid connections, 

islanding, and shutdown procedures. In a centralized control, LCs obtain set points and 

implement commands from the DSO or MGCC which carries out the unit commitment, 
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economic dispatch and related optimisation calculations using data collected such as renewable 

energy production, weather information, energy consumption profiles, prices etc. (Nikonowicz 

& Milewski, 2012). This kind of architecture is suitable for microgrids where players have 

common objectives. Centralized control systems however have a major disadvantage that 

undermines the reliability of the entire energy system; in the event of failure of the central 

controller, the entire energy system network is likely to fail (Nikonowicz & Milewski, 2012). 

It is subject to single point failures because when a central controller is damaged, the entirety 

of operations of the grid could be affected. They also require a high- level communica t ion 

requirement in the central controller which comes with increased cost impacts on the system. 

(Nikonowicz & Milewski, 2012). Another disadvantage that comes with the centralized control 

is the inherent communication delays which may lead to lower system performance  (Bani-

Ahmed & Abedalsalam, 2017). It requires a lot of time for the central controller to run and 

optimize operations considering numerous data of distributed generation and storage. It may 

also lack flexibility, reliability, and scalability (Nikonowicz & Milewski, 2012), those which 

are necessary attributes of an ideal VPP. 

In a decentralized/distributed control systems on the other hand, the internal microgrid control 

occurs at each controllable element in the grid. Here, LCs have the autonomy to make decisions 

to adapt demand based on market price negotiations and resource capacity to ensure reliable 

operations of the system. These LCs work together as they transfer between each other local 

measurements such as frequency and voltage readings in order to make control decisions. 

(Nikonowicz & Milewski, 2012). Decentralized control allows the various active elements in 

the system to operate in coordination with each other making it able to operate with the loss of 

communication links or an individual component in the system. It enhances the reliability of 

the system by the removal of the single point failure constraint in centralized modes which 

makes them less susceptible to overall system failure (Ahmed Bani-Ahmed, 2017). This sort 

of system architecture can be recommended when the individual players have different goals 

which may be the case most of the times. Decentralized control systems offer various 

advantages in terms of flexibility and scalability of the system and increased overall energy 

security of the grid (Ahmed Bani-Ahmed, 2017). However due to the decreased response time 

and absence of complete system information in each LC, decentralised control may result in 

low performance compared to centralized control. Global optimal solutions may also not be 

guaranteed in decentralised control system architecture (Ahmed Bani-Ahmed, 2017) 
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Another type of control architecture mainly recommended for smart grid systems is the 

hierarchical control structure which may offer and incorporate extensive communication and 

coordination amongst energy resources located in extended geographical areas (Ahmed Bani-

Ahmed, 2017) as in the case of the villages studied in this report. It combines the potentials of 

centralized and decentralized control strategies and may present more optimal decisions and 

may experience fewer computational burdens (Ahmed Bani-Ahmed, 2017). The three control 

levels include the primary, secondary and tertiary control levels. The primary control level’s 

function is mainly to navigate between grid-connected and islanded-mode of operations 

(Prabaharan et al, 2018), the secondary control level regulates voltage and frequency levels for 

better power quality within the network (Romera et al , 2020) while the tertiary control level 

controls the flow of power within the system. (Guerrero et al, 2013). The primary control layers 

must be reinforced since a communication fault in the upper layer may result in the stoppage 

of power and information transfer in the system (Ahmed Bani-Ahmed, 2017). 

5.4  Main Components of Virtual Power Plants 

The main components of an ideal virtual power plants, illustrated in Figure 16, include (Saboori 

et al, 2012): 

 Distributed Generators 

 Controllable Loads  

 Energy Storage Technology 

 Information Communication Technology 
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Figure 16. VPPs including internet-conncected dispatchable energy generation assets and 

controllable loads  

Distributed generators as itself implies encompasses distributed energy production assets used 

in the supply of energy and this may include renewable energy technologies as well as non-

renewable technologies (Saboori et al, 2012): Distributed generators may also be further 

classified into domestic and public distributed generation. domestic distributed generators 

typically refer to small scale generation, load and sometimes storage facilities connected to a 

low voltage network.  It serves the owner for residential purposes and for commercial and 

industrial purposes. Public distributed generators operate more as power producing assets 

which do not belong to a single owner. They could include storage facilities just like domestic 

distributed generators but rather connected to the medium voltage distributed network(Saboori 

et al, 2012): Domestic distributed generators could be compared in parallel to renewable and 

citizen energy communities since the primary concern is not necessarily profit but the 

satisfaction of the energy requirements of the asset owners while public domestic distributed 

generation may most likely apply to the concept of energy cooperatives since the primary focus 

is to be economically profitable. (Ines et al, 2020) 

 

Controllable loads apply to energy consuming infrastructure as well as storage assets that have 

the ability to  be controlled by load management programs in an active distribution system. 

(Ines et al, 2020) and these are illustrated in the figure as internet connected homes with 
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controllable appliances. Controllable loads could be passive controllable loads such as typical 

residential equipment e.g., fridges, air conditioning systems, heat pumps. These may be 

controlled by load utilities to reduce demand and may not be able to transfer energy to grid at 

any time. Controllable loads could also exist in the form of active controllable loads which 

could receive energy from the grid and supply energy to the grid at any time, they could include 

infrastructure such as battery storage, EVs, trigeneration assets. Controllable loads could also 

refer to VPPs since they could be conceptualised as active controllable loads from the broader 

grid perspective (Ines et al, 2020). Energy Storage is considered as an option to mitigate against 

the deviations between production and demand, it is also applicable as energy buffers for 

intermittent renewable energy generation (Saboori et al, 2012.). They do this by storing excess 

energy at times of off-peak hours and injecting it to the grid during peak hours (Nikonowicz & 

Milewski, 2012). Typical energy storage systems considered for VPP applications include 

hydraulic pumped energy storage, flywheel, compressed air, battery energy storage, 

supercapacitors, fuel Cells (Saboori et al, 2012.). EVs can also be considered as active energy 

storage units, they could facilitate the large-scale integration of intermittent generation in the 

form of power reserves providing greater flexibility as a controllable load (Nikonowicz & 

Milewski, 2012) (Shen et al, 2015). 

 

Apart from electric storage technologies, thermal storage technologies could also be integrated 

with VPPs in the form of combined heating and cooling power plants, smart heat pumps, solar 

collectors in order to provide flexibility to the network  (Nikonowicz & Milewski, 2012). Both 

power and heat storage are recognized as important technologies to facilitate the deployment 

of VPPs (Nikonowicz & Milewski, 2012) but it some cases VPPs may not feature storage 

(Asmus, 2010). Information Communication Technology could be regarded as an integra l 

component of VPPs since VPP are heavily reliant on software and internet communicat ion. 

Typical communication technologies used within the context of VPPs include smart meters, 

AMI, EMS, Supervisory Control and Data Acquisition (SCADA) etc. (Saboori et al, 2012) 

(Mahmuda et al, 2020) 

 

 

 



 

 

53 

5.5   Information and Communication Technologies used in VPPs 

5.5.1 Advanced Metering Infrastructure  

Advanced Metering Infrastructure (AMI) comprises of smart control and communica t ion 

technologies that help automate metering functions which include power meter reading, fault 

diagnostics, service connection/disconnection, outage alters and voltage monitoring. It is not a 

single technology but an integration of a range of technologies to achieve its objective 

(Mohassel et al, 2014). It enables the bi-directional communication between meters/load 

controlling devices and utilities through the aid of smart devices and communication networks. 

They typically comprise of 3 main components which include smart meters which collect 

power consumption data. Enhanced communication networks that facilitate data transfer 

between meters and utilities and data management systems which help store and process data 

received (US Department of Energy, 2009). Typical communication technologies used within 

AMIs could include Programmable Logic Controller (PLC), broadband, optical fibre, cellular, 

bluetooth, internet, satellite etc. Network connections between devices in proximity such as the 

Home Area Network and Utility Area Network have lower requirements in terms of bandwidth 

for the transmission of data within the system. In cases of more geographically distributed 

resources requiring more sophisticated network e.g., Wide Area Network, high-speed and high-

capacity wireless communication such as the Long-Term Evolution (LTE) are desirable.  

 

5.5.2 Energy Management System 

The Energy Management System encompasses the collection of computer-aided technologies 

used by system operators to control, monitor and optimize the operations and controls of 

electro-mechanical infrastructure within the energy system. (Amaral et al, 2013). It allows for 

the central integration of data into the utilities and foresees real-time communication of tariffs 

to end-users. It allows for the collection, storage and analysis of data within the system for the 

purpose of control and optimisation The EMS serves as a communication infrastructure for 

data flow and exchange within the VPP (Lombardi et al, 2009). It is recommended that 

information be sent from these units in clusters instead of individually to minimize against 

overloading of the communication medium. The data exchanged should also be sent using a 

unified format/protocol i.e. IEC 61850 so as to achieve compatible information exchange 

within the system. (Lombardi et al, 2009) 
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5.5.3 Smart Meters 

The collection of data on energy consumption on a regular basis allows for effective 

management of demand (Soma et al, 2012). Smart meters measure real time energy 

consumption, which includes information on voltages and frequencies and communicates the 

data to a receiver as well as execute control commands based on information measured. They 

could run diagnostics and interact with other smart meters in the system and can be 

programmed to control energy consumption scheduling for different loads in an energy system 

while optimising for cost effectiveness (Soma et al, 2012). Smart meters also have integrated 

controllers that aid in managing the metering sensor, they could have a display unit as well as 

communication peripherals such as a wireless transceiver (Mohassel et al, 2014). Data flow 

within a VPP starts off with the smart meter or weather stations that then send data to intelligent 

agents in low-voltage substations through data concentrators (Callejo et al, 2013) and it aids in 

establishing communication between consumers and system operator (Naval, Yusta, 2021). 

 

5.5.4 SCADA 

Supervisory Control and Data Acquisition (SCADA) systems are used to supply utilities with 

data for grid management (Amaral et al, 2013). They consist of hardware and software 

designed to collect and transfer information from sites to a central operating facility for 

graphical or textual display to an operator which permits real time operation/control of the 

system. They are used by utilities to control geographically dispersed assets thousands of 

square kilometres apart which make use of centralized data acquisition and supervisory control. 

These control options could be automatic/manual depending on the setup of the system. 

SCADA control utilise long-range communication network networks to centrally monitor and 

control system operations. Typical enabling infrastructure for SCADA systems include control 

components such as the SCADA server, PLCs which carry out logic functions executed from 

electrical hardware, modems which facilitate long distance communications between SCADA 

servers and remote field devices/ PLCs, communication routers, human machine interface, 

intelligent electronic devices such as smart meters etc. (Stouffer et al,  2006). It also makes use 

of network components within each layer of control which permit the control of system from 

both inside and outside the control system network and they typically include modems, routers, 

remote access points, field bus network, firewall etc. Recent SCADA technologies supporting 

virtual operations are web-based and have significant advantages over previous desktop 
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systems from the standpoint of scalability, data storage, graphical illustration of data and 

enhanced computational abilities (Kovaliuk et al, 2018). 

 

5.5.5 Cloud Computing 

Cloud computing is a computing concept that provides real-time access to shared facilities over 

the internet. Its main services to distributed energy systems exists in the form of storage 

services for data and information, computational and virtualization services to enhance 

elasticity and speed of services. Energy optimisation services to save energy expenses which 

could also translate to carbon emission savings (Al-Jumaili et al., 2021). Through enhanced 

computational power functionalities and big data storage, they are able to merge heterogenous 

energy assets into one virtual asset (Al-Jumaili et al., 2021). Cloud serves as a form of storage 

for collected information on battery states as well as consumption patterns which could be used 

to provide insights valuable insights and effective, optimal energy management  (Al-Jumaili et 

al., 2021). Cloud serves as the basis by which VPPs operate and manage the activities of DER 

located at different locations. Energy consumption could be aggregated and managed in a VPP 

through the help of a cloud computing software (Sarmiento-Vintimilla et al., 2022). More 

developed interactions however are needed between existing cloud systems and energy 

producers to attain high levels of performance within the system.  

5.6   Optimal operating conditions for VPPs 

Optimisation techniques for demand response, management of power quality are required for 

the achievement of energy management objectives of VPPs considering the impact of external 

constraints. Typical optimisation methods being used include mathematical methods, m ulti-

agent systems, heuristic and meta-heuristic approaches, linear and non-linear programming, 

dynamic programming, robust and stochastic programming, artificial intelligence and 

predictive control. Most control approaches typically make use of single objective functions 

without considering different operating constraints and this makes them easier to be utilised. 

i.e.  However, taking into consideration one constraint i.e., energy availability as opposed to a 

broader range of constraints on the system such as power costs, energy availability, battery 

cycles etc. may impact the profitability of the system. This could lead to finding an optimal 

operating strategy that navigates between different installation sources such as renewable 

energy systems, electric grid or batteries as the case may be. (Elmouatamid et al., 2021)  
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Figure 17. Control Approaches in Energy Management Systems (Elmouatamid et al., 

2021) 

Multi-objective predictive control approaches have been recommended for energy 

management and optimisation control in distributed energy systems since they are reliable, 

robust, and promising. They make use of forecasted input values such as power demand and 

production to output efficient holistic solutions.  These inputs could be generated easily using 

AMI and sensors that integrate facilitating technologies such as machine learning, big data and 

IOT to generate data-driven solutions (Lombardi et al, 2009). 

In optimizing a VPP, accurate input data on consumption, production are indispensable to reach 

a desired objective i.e., cost minimisation, profit maximisation, GHG minimization. Typical 

constraints when optimising an energy dispatch schedule include power prices, demand, 

production and battery state of charge and a multi-objective/ holistic approach could contribute 

to producing more accurate and efficient control corresponding strategies (Elmouatamid et al., 

2020). Options regarding appropriate control actions feature when to charge up storage from 

surplus production and when to discharge to match demand. A model trained with stored data 

i.e. consumption patterns could be used to predict input parameters with which the LC acts 

upon to generate the accurate control approach at the specific point in time. Typically, in a 

Grid-Connected PV Production Distributed Energy System, Batteries are charged during the 

day when PV generation is high, and surplus is injected to the grid. At night-time when PV 

production is low, the charged batteries supply energy to the residents and switches to the grid 

use when batteries have been discharged. The PV assets come first in the order of priority of 
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installed technologies to satisfy demand, the storage then comes next and the use of the grid is 

generally prioritised last.  (Elmouatamid et al., 2020). 

5.7  Vehicle-Grid Integration in VPPs 

As the electrification of the mobility gets more and more established all throughout the 

world due to growing environmental concerns, their role as distributed energy storage and 

ancillary systems in smart grid systems become better defined. Vehicle-Grid Integra t ion 

is a term that highlights potential use of both Grid to Vehicle and Vehicle to Grid systems, 

2 concepts that simply apply to bidirectional processes involved in the use of EVs i.e. 

charging and discharging processes (Elmouatamid et al., 2020), two modes which could be 

navigated based on the optimization schedules of an aggregator/ VPP (Elmouatamid et al., 

2020). EVs provide ancillary services to the grid, and they can be classified in to 

unidirectional and bidirectional services (Elmouatamid et al., 2020).  

Uni-directional Vehicle to Grid Services are known to experience lower battery 

degradation, reduced costs and complexity compared to bi-directional Vehicle to Grid 

Services. Some of the potential ancillary services offered by EVs include frequency and 

voltage regulation, peak shaving, spinning reserves, etc. all which could the considered as 

most of the ancillary benefits provided by VPPs to the energy system itself (Elmouatamid 

et al., 2020). They like VPPs offer potential benefits to different actors in the energy system 

i.e. The EV Owner themselves, the grid operator, policy makers, potential aggregators, 

commercial entities (Elmouatamid et al., 2020). For EV Owners and commercial entit ie s, 

Integrating EVs with the grid reduces cost and maximises its value. For the grid operators 

and aggregators, the integrations help to hedge against intermittencies due to high share 

renewables. EV integration also assists policy makers in boosting energy security and 

facilitating the actualisation of a greener, more sustainable energy system (Elmouatamid et 

al., 2020).  

Aggregators/VPPs play crucial roles in managing and optimizing EVs however 

connectivity between VPPs and EVs is a key enabling factor. EV Owners usually have a 

service contract with VPPs to use energy while considering the Battery State of Charge 

(SoC) during optimization processes. The VPPs also establish contracts with grid operator 

to provide ancillary services through stored EV power or to purchase power for charging 
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EVs (Elmouatamid et al., 2020). In optimizing a fleet of EVs in a VPP, the complexity of 

the decision-making processes increases with the increase in the fleet of EVs. Typica l ly, 

EV Owners stand to gain profit when the charging of EVs are done at low-price periods 

and discharging processes taking place vice versa however when all the decisions are 

customer specific, simultaneous resulting discharging and charging operations could 

impact power rating of a produced power. (Elmouatamid et al., 2020). Optimisation of EV 

operations could also come along with several objectives other than revenue generation of 

cost minimisation such as load profile optimisation, emissions reduction, ramping of 

system reliability etc. (Ravi & Aziz, 2022).  

 

Similarly, Battery SoC typically makes one of several possible constraints involved with 

the use of EVs in VPPs. Some potential constraints could come along from the EV owner 

side in terms of their personal decision-making influence, driving behaviour and charger 

capacity. It could also come along from the power supply side in the form of system power 

balance and electricity rates. Despite the potential advantages, Most Vehicle-Grid (V2G) 

systems are still in preliminary stages due high cost of EVs, consumer insensitivity to 

technological advancements, cybersecurity challenges and battery life span and fast 

charging infrastructure limitations. Fiscal incentives, infrastructural developments and 

motivation from the Government in form of supports have been assessed as potentia l 

solutions which could help in addressing the challenges (Ravi & Aziz, 2022). 
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6 MODELLING ENERGY COMMUNITIES IN LAPLAND 

This thesis work has been conducted as part of the SINNI project and follows up on previous 

work and results. The SINNI Project investigates whether the building stock in sparsely 

populated areas in Lapland can be used for decentralized energy production (Mainly Solar 

Power).  Finnish Lapland is the northernmost part of Finland and occupies about 1/3 of the 

Finland Area (338,000sqkm). The major interest in the project is to use suitable locations i.e. 

coherent building groups in proximity to power lines and main roads to build Virtual Power 

Plants with solar panels catering for the future changing energy consumption in those areas. 

The project serves to assess citizen participation concepts reflected in the EU clean energy 

package i.e., Energy Communities, Virtual Power Plants and review their potential applications 

to typical villages in Lapland to meet their changing energy requirements.  

 

 

Figure 18. Investigated Village clusters in Lapland (Mäkelä, 2021)  

 

The 3 village groups investigated in the SINNI project are illustrated in Figure 15. Village 

group 1 is mainly located along Ounasjoki river and shares proximity with road 79. Its main 

service village is Sinettä which has grocery stores, multipurpose buildings, gas station and a 

primary school located in it.  Sinettä also currently houses about 867 inhabitants. (Statistics 

Finland, 2019b). Village group 2 are located closer to Kemijoki and road 81, It includes the 

villages of Vantauskoski, Pekkala, Tennilä, Viirinkylä, Juotas and Auti with Vantauskoski 

operating as its main service village. Village group 2 houses about 679 inhabitants (Statistics 

Finland, 2019b). Village group 3 includes the Villages of Apukka, Vikajärvi and Olkkajärvi 

Village group 1 

Village group 2 

Village group 3 
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with Vikajärvi operating as its main service village, majority of the clusters in village group 4 

are located along highway 4 (Mäkelä, 2021). It’s important to note that only the service villages 

(Sinettä. Vantauskoski and Vikajarvi were considered in this thesis. 

 

The SINNI project has been broken down into 4 main work packages which are being executed 

by distinct specialized departments. As mentioned earlier, the key is to define SINNI villages 

by their geographical conditions as well as their energy generation potential which include the 

various possibilities in virtual power plant applications.  In a project like this, the first thing 

would be to be aware of the landscape of the areas and then map the areas to be studied in line 

with future master plans for the areas in question. A study of the existing and future 

physiological, economic, and technological framework also comes in handy to understand 

current operations of the area and provide a clear description of how the state of things may 

likely be in the future. A detailed energy production potential also helps to know what amount 

of energy could be realistically generated by each of the studied region. The next in line comes 

a planning of how all the techno-economic, geographical, and architectural information could 

be optimized to function bearing the future in mind.  

The Work Packages have been divided into: 

1. Management- Oulu School of Architecture 

2. SINNI types, Built Cultural, Environmental and Land Use – Oulu School of 

Architecture 

3. Spatial Data Analytics – Geoinformatics Research Group 

4. Virtual Power Plants – Energy and Environmental Engineering Research Group 

 

This work is part of Work Package 4: Virtual Power Plants. The first task (4.1) featured a 

preliminary analysis of village groups in the Lapland region have been done to facilita te 

understanding of their underlying physical, ecological, economic, and legislative framework 

as well as the concept behind virtual power plants and the closely related “local energy 

communities”. The main energy production technologies used in the villages, typical energy 

consumption, carbon profiles, EV charging facilities, main electricity DSOs and power tariff 

structures were also reviewed in the first task.  

In the second task (4.2), The orientation of existing houses in the region were examined from 

a solar energy generation suitability perspective and optimal inclinations and azimuth angles 

for solar energy generation were recommended (Mäkelä 2021).  
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The third task of WP4 (4.3) which is what this thesis is primarily focused on aims to expand 

the base knowledge of the energy community and virtual power plant concepts and assess their 

applications for the SINNI villages. The work also aims to calculate the solar energy production 

potential of future village cluster buildings in the Rovaniemi area and define the boundary 

conditions for the selection of suitable buildings from an azimuthal perspective. The secondary 

objectives were to assess the impact of snow on solar energy generation in the spring months 

using meteorological data and then determine the overall profitability of solar energy 

generation from each home-owners perspective. The final task of the thesis work is to highlight 

how the energy could be used under an energy community framework.  

The programs used for the Task 4.3 work included mainly Sketchup, Skelion for estimation of 

the Solar Energy Generation Potential for Future Building stock in service villages, Sinettä, 

Vantauskoski and Vikäjarvi.  Skelion extension makes use of PVGIS Data to calculate Solar 

Energy Production Potential given a set of modelled data including geographical region, 

inclinations, azimuths, and plugged-in weather data. Weather Data such as Temperature and 

Global Irradiation were collated from the Geographical research unit in estimating the effect 

of Snow on energy generation in the months of Spring. The Finsolar profitability calculator 

was also used in the profitability calculation and standard Finnish and European references 

were used regarding political directives towards solar exploitation in Finland and the EU at 

large. 

6.1 Pre-assessment of Village Group Areas 

The future plots considered in this master’s thesis have been recommended to the School of 

Architecture by the Energy and Environmental Research Group to be positioned as much as 

possible in the south/south-eastward orientations and following those recommendations, about 

70% of the future buildings in Village group 3 were sited with their roofs having an azimuth 

within the range of 120 to 180 degrees. Also, more than 80% of the buildings in Village groups 

1 and 2 have an azimuth in the same range to maximise as much as possible solar energy 

irradiation in the regions. This range was set as the basis for creating a first scenario in which 

only buildings with feasible azimuths from a solar energy generation perspective would be 

considered when calculating the solar energy generation potential. Recent PVGIS Databases 

provides estimates of both global and diffuse horizontal irradiation based on images observed 

from satellites covering a broad range of latitudes and longitudes (0°N to 70°S and 70°W to 
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70°E) as well as a time horizon of at least a decade (Huld et al., 2012). For Rovaniemi and 

locations in proximity, the optimal azimuths for the Rovaniemi region is 172° based on 

estimates from PVGIS Online Web Calculator.  Using this orientation for the solar system in 

Rovaniemi would generate the maximum amount of solar production potential according to 

PVGIS estimates (Version 5.1). This was the basis for establishing a second scenario to find 

out the amount of additional amount of energy that could be generated if all future building 

plots were considered.  

 

6.2   Choice of Roof Slope and Material 

 

For the techno-economic modelling of the future plots, Roofs were modelled taking into 

consideration recommendations from the School of Architecture on standard housing models 

for Holiday Homes, Detached Houses, Tourist Service and Local Service Areas. Data on the 

length and width of the future buildings’ plots were provided alongside with pictorial 

illustration of the housing models and based on them, the building roof inclinations and their 

heights were estimated and used in the Sketchup and Skelion modelling work. Table 3 

summarizes building dimensions used in the modelling of houses in this study. 

 

Table 3. Summary of Dimensions used in modelling Buildings 

Building Type Length 

(m) 

Width 

(m) 

Height (with 

Roof) 

(m) 

Roof 

Inclination 

Detached House 15.2 8.2 8.2 38.3° 

Holiday Homes 15 6.7 6.7 33.7° 

Local Service 

Area 

25 15 9.7 30° 

Tourist Services 25 15 9.7 30° 
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6.3    Selecting and Sizing Solar Panels for Modelling 

For the modelling, Canadian Solar Panels were used based on the recommendations from prior 

studies in Work Package 4. Canadian Solar Panels (CS6K 285Wp) were selected because of 

relatively good efficiencies (17.41%) lower cost, and great suitability for snow locations due 

to its high snow and wind load resistances. (6,000Pa and 4,000Pa respectively) (SecondSol, 

2022). Panels were placed on roofs to maximise as possible the number of panels on the roof 

while also bearing in mind structural constraints. Most roofs in snowy region are recommended 

to have a snow guard to mitigate against danger from falling snow. This was factored into the 

models and panels were placed at least 1m from the drip edge and at least 0.5m from the roof 

ridges to maximise the number of panels which could be installed while being realistic. 

  

Figure 19. Snapshots of Modelled Detached and Holiday Homes 

 

As Figure 19 illustrates, panels were only placed on the side of the roofs that most closely faced 

southeast since the opposing side of the roof may not generate as much solar energy generation 

due to the positions having unfeasible azimuths for capturing global and diffuse solar 

irradiations. The Table below shows the dimensions of the buildings and roof modelled; 

number of panels installed as well as amount of area occupied by the panels in relation to the 

total roof spaces available. Studies have shown that a percentage of 22-27% of Residentia l 

rooftop areas are ideal number of spaces generally suitable for installing PV installations in 

residential buildings. Later research studies also state an estimate of 30% for typical build ings 

in general (Melius et al., 2013) 
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Table 4. Summary of number of modelled panels in relation to roof areas of modelled 

buildings 

S/N Group Total 

Roof 

Area of 2 

sides 

(sqm) 

Panel 

Size 

(sqm) 

Theoretical 

Maximum 

amount of 

fitting 

Panels 

Number 

of 

Modelled 

Panels 

with 

Skelion 

Area 

Covered 

by panels  

(sqm) 

Nominal 

Peak  

Capacity of 

Solar 

System 

(KWp) 

Panel 

Area% 

of Roof 

Size 

1 Detached 

House 

189.6  

 

 

1.638 

57 32 52.44 9.12 27.65% 

2 Holiday 

Homes 

148.7 45 24 39.33 6.84 26.45% 

3 Local 

Service 

Area 

463.5 141 91 149.13 25.94 32.15% 

4 Tourist 

Services 

463.5 141 91 149.13 25.94 32.15% 

 

It is to be also noted that even though these models have been modelled according to standard 

recommendations from WP2, there may be slight variations in the estimation of the solar 

energy generation of the future building plots since homeowners may build smaller or bigger 

roofs which may lead to an underestimation or an overestimation of the number of solar panels 

which could be installed.  

 

6.4   Solar Energy Potential of Future Building Stock in Village Groups 

 

This section explains the scenarios chosen for research as well as the range of azimuths selected 

for investigations. A total of 4 scenarios were chosen to investigate how the orientations and 

inclinations of Solar PV systems could affect their energy generation potential.  

 

6.4.1   Scenario 1 

Solar energy potential calculations for the first scenario took into considerations only build ings 

that were sited with relatively good azimuths from a solar energy generation perspective, the 

primary reason for doing this was to obtain a realistic amount of solar energy potential possible 

from an existing configuration of buildings in the village groups. This was done considering 

buildings with an azimuth range of 120-180 degrees from the true north. An example is shown 

in Figure 20.  
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  Figure 20.  Holiday homes modelled with azimuths of 172 degrees from the true north 

 

6.4.2   Scenario 2 

The second scenario takes into consideration all future building stocks in the partial master 

plans to estimate their solar energy generation potential for future feasibility studies. The 

azimuths of future buildings ranges from 91° to 180° in Sinettä, 93° to 181° in Vantauskoski 

and 70° to 180° in Vikajarvi. Figure 21 shows the model of Vanttauskoski. 

 

 

Figure 21.  Modelled future solar energy communities in Vanttauskoski 
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The idea behind doing this was to gain insights into how much potential energy generation 

could be ideally extracted from the village groups. This was done in order to compare the 

difference between the use of exclusively optimally oriented buildings in the Rovaniemi region 

and the use of all buildings instead. Each building category maintained their default roof 

inclinations from the horizontal during these investigations. 

 

6.4.3 Consideration of Additional Scenarios (3 & 4) 

Alongside with the azimuth of a solar system, its inclination from the horizontal has been 

researched to contribute to the maximum amount of solar potential it can generate as optimal 

inclinations best maximise the incident solar radiation striking the panels. Based on 

calculations from PVGIS web application using its large datasets the optimal angle of roof 

inclination recommended for each of the 3 villages in Lapland was about 49° so from a purely 

energy generation perspective, the solar energy generation system would produce more energy 

if the roofs were to be constructed at this slope. Relating to the subsequent snow loss 

investigations, steeper also leads to better snow dispersion which may mitigate risks against 

large pieces of snow and ice potentially damaging solar panels as they slide down the roof 

(Andenæs et al., 2018). This made the basis for additional scenarios to compare the differences 

in generation between optimally inclined roofs and roofs at close to standard inclinations.  It is 

to be noted that recommending this slope however may not be justified solely based on solar 

energy generation prospects since choosing steeper roofs may lead to relatively additional costs 

due to its relatively higher material and labour requirements (Mbereyaho et al., 2020). It may 

also be subject to the personal desires of the homeowner. A justification could necessitate 

further feasibility studies that investigate the economic benefits and socio-cultural impacts of 

building steeper roofs through comparing the additional cost expenditure to the net gains in 

energy or revenue.  

 

6.5   Description of Snow Loss Modelling 

Rovaniemi is a region of very high latitudes which brings into the concern the impact of snow 

on solar energy explorations in the region. Part of the work seeks to understand and predict the 

estimated energy loss in solar energy generation resulting from weather variatio ns most 

especially regarding snow related factors such as snow accumulation on the PV panels located 

in surrounding regions. The model earlier discussed in the theoretical section would be applied 

in calculating the percentage energy lost from snow in the spring months for the studied village 
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groups which include the months of April and May. Energy losses from snow would be 

determined using the snow loss model discussed in the theoretical section which are expressed 

mathematically as: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐿𝑜𝑠𝑠 𝑓𝑟𝑜𝑚 𝑆𝑛𝑜𝑤 =

(5.7𝐸04 ∗ 𝑆𝑒′ ∗ cos2(𝑡𝑖𝑙𝑡 𝑎𝑛𝑔𝑙𝑒) ∗ 𝐺𝐼𝑇 ∗ 𝑅𝐻)
𝑇𝑎𝑖𝑟2

𝑃𝑂𝐴0.67
 

 

Data needed for the calculation included modelled data on: 

1. Panel tilt Angle  

2. Drop Height from array edge to ground (H) 

3. Row length in slanted plane of array (R)   

 

Additional data that were needed but had to be extracted from web databases include: 

4. Number of Snowfall Events in a month (N) 

5. Snowfall in inches (S) 

6. Piled Snow Angle (P) 

7. Point of Array Insolation (R) 

 

Required Datasets from modelled houses have been gathered in Table 5. 

 

Table 5. Roof Drop Height and Row Length of Modelled Buildings 

Parameter Tilt Angles 

 Detached 

House 

(38.3) 

Holiday 

Homes 

(33.7) 

Tourist 

Services/Local 

Service Area (30) 

Drop Height from Array Edge 

to Ground (H) in inches 

312 303 285 

Row Length in Slanted Plane 

of Array (R) in inches 

535.16 535.16 1266.43 
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Table 6 summarizes the additional data used in calculations and the information sources 

from where they could be obtained. 

 

Table 6. Weather Data for Months of April and May 

Parameter April May Reference 

Number of Snow 

Events (N) 

18 6 https://www.weather25.com/europe/finlan

d/lapland 

Snowfall in inches 

(S) 

16.81 5.86 https://www.worldweatheronline.com/rov

aniemi-weather-averages/lapland/fi.aspx 

Piled Snow Angle 40 10.1109/PVSC.2011.6186627 

Point of Array 

Insolation in 

KWh/m2 (R) 

2855

3.40 

4114

1.50 

Calculated with SAM (System Advisor 

Model) using Weather files of Rovaniemi 

from EU 

https://re.jrc.ec.europa.eu/pvg_tools/en/#P

VP 

POA0.67 966.7

0 

1234.

72 

Temperature2 (K) 273.2 314.1 WP3 Data 

 

6.6   Profitability of Solar Investments 

 

The profitability of investments could be argued as the major deciding factor for a financier’s 

decision making. loan investors typically prefer to prioritize payback period stability (Sung & 

Jung, 2019). The profitability part of this research is divided into two sections. 

In the first section, the profitability of the energy community will be investigated from the 

perspective of each renewable energy producer assuming they acquire their PV systems 

separately through similar financing means for their optimally oriented detached houses to 

build the energy communities. The first section helps to understand the potential savings on 

energy expenditures due to the use of solar systems to match part of the power demand of the 

homeowner.  Part of the analysis also seeks to illustrate the return on investment of the solar 

investments from the perspective of the value of solar electricity generated and how the surplus 

generation could undermine the true value of solar electricity generated by the prosumer.  

https://www.weather25.com/europe/finland/lapland
https://www.weather25.com/europe/finland/lapland
https://www.worldweatheronline.com/rovaniemi-weather-averages/lapland/fi.aspx
https://www.worldweatheronline.com/rovaniemi-weather-averages/lapland/fi.aspx
http://dx.doi.org/10.1109/PVSC.2011.6186627
https://re.jrc.ec.europa.eu/pvg_tools/en/#PVP
https://re.jrc.ec.europa.eu/pvg_tools/en/#PVP
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In the second section, the relationship between orientation of panels (azimuths) and the 

payback period on solar investments will be investigated for initially modelled detached homes. 

It also helps in understanding the impact of imbibing energy community frameworks as 

opposed to single production and use of energy since this potentially does better to mitiga te 

against surplus electricity generated thereby increasing the return on investment.  

The Finsolar solar energy Profitability and Sizing Calculator was used in the assessment, and 

it could be accessed on: https://finsolar.net/kannattavuus/ 

The Finsolar PV profitability estimator calculates profitability of solar PV installations in 

comparison with a base scenario which is to purchase it from a specific DSO. It assesses the 

return on investment of solar electricity generated from the true value of solar electric ity 

generated. It also integrates typically neglected factors in profitability estimations such as the 

solar depreciation factor and the estimated yearly increase in electricity tariffs. 

6.6.1 Profitability of Maximising Solar Energy Production in Comparison with Exclusive 

Grid Power Purchase 

From interviews with ESCOs in Finland, Contracts for consumers in Lapland are typically 

made for electricity transfer from an electricity transfer company such as Rovakaira and any 

electricity sales company. Rovakaira Oy services Rovaniemi and surrounding regions of 

Rovaniemi and most village groups considered in the study from investigation (Figure 22).  

 

Figure 22. Serviced regions by Rovakaira Oy (Rovakaira Oy, 2021)  

 

https://finsolar.net/kannattavuus/
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Average tarrif/electricity prices for houses in Lapland which reflects the cost of electricity for 

category L2 buildings with annual electricity consumption of about 20,000KWh is about 

5.83cents/KWh (Energiavirasto 2019b). Generally, an Electricity and Security Deposit Tax of 

about 2.79372 cents per is applied to power transferred by Rovakaira (Rovakaira Oy, 2021). 

The transmission charges in Finland are about 2.36cents/KWh and are collected by the 

Distribution company. (Hakkarainen et al., 2015)The standard Finnish VAT of 24% is also 

applied to all services charges which include tarrifs, transmission charges and Electric ity 

Taxes. This brings the total grid cost of electricity to be 13.6 cents per KWh. It has also been 

assumed that electricity prices may increase at an average of 2%/ year following stat.fi 

estimations (Statistics Finland, 2019a). 

6.6.2 Solar PV Information    

The modelled Detached houses have about 32 Modelled Canadian Solar Panels (CS6k-285Wp) 

with a total nominal peak capacity of 9.12KWp. The annual output of a PV systems of the 

modelled detached houses with roof inclinations of 38.3 degrees and optimal azimuths from 

the true north is about 7,036.44KWh according to Skelion and PVGIS estimates which 

sometimes also considers the impact of snow according to its documentation. This means that 

the annual output for the first year per KWp is about 771.539. An annual decrease of -0.5% of 

the solar PV production has been factored into account for depreciation. There could be most 

likely an average PV supply-Power demand imbalance at every time of the day. The annual 

power production from Solar PV Systems on this building is about 34% of the house’s 

consumption (20,400 KWh). For this exercise, it is assumed that most of the energy produced 

by the facility is used by scheduling energy intensive processes such as pumping of water or 

other activities during the day periods when there could be surplus electricity generated due to 

low consumption in those periods. The additional cost of manual/automated processes to 

achieve this is however not factored in the profitability estimations. Previous studies indicate 

that the share of surplus of PV production of a typical residential heated building compared to 

its solar energy generation could be about 18% (Motiva.fi, 2021). Because of this an average 

annual surplus of solar power production of 18% was used and PV power purchase price of 

about 39.12€/MWh or 3.91 cents/KWh was used, and this reflects the average Nordpool spot 

prices from 2007-2021.  In current Finnish legislation, the transfer of PV power between the 

prosumer and electricity sale companies is possible and the revenues typically depend on the 

contract with the Electricity Sales company (Ahola, 2019). 



 

 

72 

Most of the contacted companies confirm that the PV electricity bought from prosumers will 

be reflective of the Nordpool spot prices and because of this surplus electricity sold to the grid 

was used to dilute the value of solar electricity produced in calculating return on investments. 

Electricity Transfer Companies in Lapland also confirm that PV Electricity Transfer will come 

at no charge which means PV prosumers will most likely get paid income equivalent or very 

close to the Nordpool market value of electricity. In the surplus electricity scenarios, it was 

assumed that the income generated from the sale of surplus will not be taxed. Network storage 

methods which facilitate net-metering of 100% solar power consumption with close to no 

losses in value could also be a way to mitigate the losses on surplus electricity sold to the grid 

at market value. This has been investigated as a more cost-effective option to physical or virtua l 

batteries (Puranen et al., 2021). 

6.6.3 Infrastructural Costs, Operations and Maintenance of PV Modules 

Cost estimate from a subsidiary of Canadian Solar Panels, Csi Solartronics (Changshu) Co 

show that the average cost of solar power systems decreases by increasing the number of 

purchased units. Modules typically represent about 43% of the costs, Inverters about 33% and 

the mounting brackets about 16% from received quotes. 

Cost of Distributed Solar System Bundle which include the Canadian Solar Panels, On-grid 

and Single Phase Suitable 10KW Inverters, Mounting Brackets and DC Combine Box, PV 

Cables, MC4 Connector cost are summarised in Table 7. 

 

Table 7.  Cost Estimate of Solar Systems from Product Manufacturer (Alibaba, 2022) 

Solar panel peak capacity  

(kW) 

Cost/Wp  

(USD) 

Cost in 

 €/KWp 

1-10 0.61 536.8 

10-50 KW 0.46 404.8 

>50KW 0.39 343.2 

 

The inverters are integrated with charge controllers and come with a 10-year warranty and 

could have a life span of 25 years according to the company. The feedback from manufacture rs 

confirms that the Inverters along with the PV also has a lifespan of 25 years but worst-case 

scenario, this could be changed twice, and additional change represents about 20% of the initia l 
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investment cost (Alibaba, 2022b).The freight costs of the solar power system have been 

estimated to be about 20% of the solar power system’s value based on estimations from system 

suppliers from China where they are produced. Smart meters are key players in Smart Energy 

Systems and could be crucial in transferring accurate power consumption data to power sale 

companies. The average prices of a single-phase smart meter from China is about 10€ and with 

freight and extra charges, about 20€ (Alibaba, 2022a). and they typically last about 5-7 years. 

This means over a 25-year period. They may be changed about 5 times on a worse-case 

scenario. 

In Finland, Installation for roof top array cost on average 0.36€/Watt. Factoring additiona l 

planning costs, permits and commissioning costs and a 24% VAT associated, this could amount 

to 0.57€/Watt (Ahola, 2019). Average utility scale O&M costs signify have been reported to 

be about 8.74€/KW per year (International Renewable Energy Agency, 2020). The life cycle 

cost for a complete solar system with meter for a Detached House is summarised in Table 8. 

 

Table 8. Life Cycle Costs of Solar System 

Building  Detached House 

Capacity of Panels (KWp) 9.12 

Cost of Solar System (€/KWp) 536.8 

Cost of Solar System  

 (€ in 25 years) 

4,895.6 

Estimated Cost of Inverter Change + Shipping 2,000€ 

Solar System Freight Costs (20%) € 979.12 

Import Levies 0% 

Cost of Meter (€) 

(5 replacements) 

100 

Installation Cost (€) 

(570€/KW) 

5,198.4 

Initial Investment Costs (€) 10,190.9 

O & M Costs (€) in 25 years  

(8.74€/KW per year) 

1,992.72 
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New EU directives Importation of Solar Panels do not come along with import duties, and this 

incentivizes ease of business between Chinese manufacturers and European prosumers so 

import fees will most likely not apply here (The European Commission, 2021) 

6.6.4 Possible Investment Supports for Residential Producers 

A 20% subsidy on Solar Infrastructure was used in accordance with the average investment 

subsidies provided by the Ministry of Economic Affairs and Employment for solar energy 

projects so this could bring down the net investment costs to 8,152€. It was also assumed that 

the total amount of financing in 10,190.9€ is to be borrowed from a financing company at 

interest rates of 1.5% /year (Ahola, 2019) 

6.6.5 Relationship between panel orientation and profitability 

The profitability of self-consumption of PV generated by solar panels in comparison with 

electricity exclusively purchased from the grid could be dependent on a lot of factors such as 

the cost of the PV system, efficiency of panels, sale price of surplus electricity, cost of 

electricity from grid, availability of solar tax credit, interest rates etc. One specific factor that 

this section seeks to illustrate is the influence on building orientation on the profitability of 

solar panels.  For the Detached Houses, a range of azimuths were tested to observe the 

difference in production, and resulting profitability in terms of costs savings, ROI% and 

payback period. The optimal orientation of houses in Lapland for solar energy generation 

(Figure 23) is about 172 degrees from the true north and this was compared to azimuths ranging 

0 degrees (North facing) to about 330 degrees (Northwest facing).  
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Figure 23.  Illustration of the Concept of Azimuths 
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7  RESULTS 

This chapter comprises of results from simulations on solar energy potential of Village Groups, 

calculations relating to energy losses due to snow, calculations on potential profitability of solar 

investments and an evaluation of the use of self-generated power within the village groups. 

7.1 Solar Energy Potential Estimations in Village Groups 1, 2 & 3 

The experimental part features calculations of the solar energy potential of provided future 

plots in Rovaniemi environs. The tools used to investigate this were Sketchup and Skelion; 

the former was used to design the buildings to meet standard requirements in size and the 

latter was then used to size the solar panels on top of the considered buildings and also 

used to calculate their solar energy potential of the buildings for each scenario.  

7.1.1 Scenario 1 

Table 9 features the number of roofs that were calculated to have an azimuth in the range of 

120-180° and their cumulative solar energy potential estimate. 

 

Table 9. Solar Energy Generation Estimate of Scenario 1 

S/N Village Amount 

of Future 

Plots 

Buildings 

Amount of 

Buildings at 

azimuths of 120-

180° 

Amount of Solar 

Generation by 

buildings in the 

range (GWh/year) 

1 Sinettä 172 149(86.6%) 1.07 

2 Vantauskoski 97 80 (82.5%) 0.57 

3 Vikajarvi 221 150 (67.8%) 1.04 

 

The calculated Solar Potential according to Skelion Estimates factoring in only buildings in 

optimal azimuth ranges were 1.07 GWh/year for Sinettä, 0.57 GWh/year for Vantauskoski and 

1.04 GWh/year for Vikajarvi. These values were estimated taking into consideration the 

nominal peak capacity for each building, roof slopes, azimuths and a PVGIS estimated default 

system loss of 14% which factors losses from cables, inverters, depreciation or even dirt such 

as snow. (EU Science Hub, 2021b) 
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7.1.2 Scenario 2 

Table 10 features the amount of solar energy generational potential from all future building 

groups. 

 

Table 10. Solar Energy Generation Estimate of Scenario 2 

S/N Village Amount of 

Future Plots 

Buildings 

Amount of 

considered 

Amount of Solar 

Generation by 

buildings in the range 

(GWh/year) 

1 Sinettä 172 All 1.20 

2 Vantauskoski 97 All 0.71 

3 Vikajarvi 221 All 1.477 

 

These estimations show that there could be a 10.8% increase in Sinetta’s solar energy 

generation potential if an additional 13.4% of its buildings (23 buildings) which have relative ly 

unfavourable azimuths are considered for solar energy generation. Similarly, in Vantauskoski, 

17.6% additional solar energy could be generated if an additional 24.6% of its buildings are 

considered and lastly, Vikajarvi could see additional 42.02% increase in solar energy 

generation if an additional 32.2% of its buildings are used.  All of the PV systems also have a 

capacity factor within the range of 8-9% with the highest capacity factor calculated being 

9.33% and the lowest being 6.377%. Further economic feasibility studies are done in the 

subsequent chapters to justify which of the scenarios could be the most feasible from an 

economic perspective. But if we go by the assumption that both Scenarios are economica lly 

feasible alternatives from the perspective of separate entities or the community as a whole,  The 

use of all plots (Scenario 2) could be more suitable  to form virtual power plants since most of 

Virtual Power Plants currently operate on a purely cooperative system basis and thus by nature 

excludes entities which do not offer any value to the coalition in form of solar energy 

generation, demand response or storage systems, they could also generate more energy which 

maximises the value of the VPPs to the grid.  Scenario 1 could be chosen if more economica lly 

feasible however it may be more applicable in an energy community framework which have 

more pronounced social objectives to provide energy for all members of the community 

irrespective of whether energy is generated by all residents/ homeowners in the community. 
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7.1.3 Additional Scenarios 

Few additional scenarios were created to estimate the effects of orienting all buildings at 

optimal azimuths (Scenario 3) and then both optimal azimuths and roof inclinations (Scenario 

4). Orienting all buildings at optimal azimuths could increase further the solar energy 

generation potential of Scenario 2 by about 1.6% in Sinettä, 1.4% in Vantauskoski and 6.1% 

in Vikajarvi. Meanwhile orienting all buildings with both optimal azimuths and roof slope lead 

to 3.3% increase in Sinettä’s generation, 2.8% increase in Vantauskoski’s generation and 8.2% 

increase in Vikajarvi’s signifying azimuths have a relatively higher impacts to solar generation 

than the solar system’s angle of inclination from the horizontal.  

Apart from azimuths and inclinations, other parameters such as future values of ambient 

temperature, solar irradiation, dust accumulation, humidity and air velocity could affect the 

performance of a PV system which could render the previously calculated values redundant 

(Sharma & Chandel, 2013). The previously calculated values may consider internal system 

losses such as losses in cables, power inverters, dirt as well as other geo-spatial related losses 

such as Irradiance, temperature, spectral effects, and angle of incidence (EU Science Hub, 

2021b) but may not take into consideration the impact of losses due to snow and shading losses 

on the solar system since they were not explicitly stated in the PVGIS documentation, and it is 

for this reason that part of this work tries to estimate this.  Table 11 and Figure 24 summarize 

the results.  

 

Table 11. Solar Energy Generation Estimate of Scenario 3 & 4 

S/N Village Amount 

of Future 

Plots 

Buildings 

Solar Generation 

by all buildings if 

oriented at 

optimal azimuths 

 

(GWh/year)  

Solar Generation by 

all buildings if 

oriented at optimal 

azimuths and roof 

inclination 

(GWh/year) 

1 Sinettä 172 1.22 1.235 

2 Vantauskoski 97 0.72 0.73 

3 Vikajarvi 221 1.564 1.589 
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Figure 24. Comparing Solar Energy Generation in all 4 Scenarios  

 

As we can see in Figure 24, the solar systems generate the most energy at optimal azimuths 

and inclinations (Scenario 4) compared to other scenarios 2 and 3. This signifies that the panel’s 

orientation as well as its inclination has an impact of its energy potential. 

7.1.4 Roof Type Recommendations for Solar Generation 

The type of roofing system selected could affect the installation costs of a solar system technology. 

High pitched roofs with longer lifespans that at least match the typical lifespan of a solar system 

(25 years) are typically recommended. Standing steam roofs are also recommended when 

compared to roofing system counterparts with future plans for solar energy generation since solar 

panels can be attached without penetrating the roof (Lisell et al., 2009). 

 

Metallic roofs in general are known to disperse snow off its body better than most roofs and since 

standing seam roofs are metallic in nature, (kattoliitto, 2014) they could be useful in getting rid of 

large volumes of snow which may undermine the solar energy components and thus solar energy 

generation. 
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7.2 Snow Loss Estimations 

All results from snow loss investigations were calculated using the modelled data as well as 

datasets collated from the references listed above. These calculations, summarized in Table 12, 

were made for all different tilt angles being analysed in this work. 

 

Table 12.  Summary of Calculated Results 

Parameter April May 

Tilt Angle 38.3 33.7 38.3 33.7 

 (𝛾) -0.090 0.076 -0.033 0.028 

 (GIT) 0.442 0.527 0.473 0.504 

% Losses 45.60 79.50 10.80 7.20 

Total Spring Losses 

%  
28.3% 

 

 

The model applied in the calculations provide a fair estimate to the losses attributable to snow 

in the region for each specific building. The snow losses in spring are clearly significant but 

taking the whole year into consideration, the summer benefits could counterbalance the 

negative impacts of snow since there are extended hours of sunlight and absence of snow 

events. The results however do not show clear correlations between losses and roof steepness 

which could be because of the model’s potential inaccuracy to the Lapland climatic conditions.  

7.2.1  Recommendations for Snow Loss Mitigation 

The calculated snow losses provide a better perspective of the potential impacts of snow 

accumulation of Solar PVs as well as the various contributing Parameters. The results signify 

that more than a quarter of the energy generated in Spring months by the Panels in the selected 

villages could be lost due to snow accumulation on the Panels. One aspect to note is the strong 

dependence on inclinations of Panels on Energy Losses related to snow. Bearing in mind that 

it is one of the few modifiable parameters, it is advisable to select slopes for optimal snow-

shedding which leads to less energy losses attributable to snow.  
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On an annual basis, snow related losses from PV generation in similar latitudes with extreme 

snow conditions seem to range from 5% to 12% yearly with lower losses being experienced by 

unobstructed steeper angles (Heidari et al., 2015). Therefore, it is recommended to construct 

roofs free from areal obstructions and with steeper angles to mitigate against high energy losses 

due to snow- accumulation and benefit from optimal incident global irradiation on the panels. 

Estimates of losses in Spring are illustrated in Figure 25 for the case if all houses were 

constructed at recommended tilts at 49° from the horizontal show that the losses from snow 

could be reduced to 8.74% maintaining potentially about 20% of the energy losses attributab le 

to snow in the Spring Months.  

 

Figure 25.  Comparison of Energy Losses from Snow Accumulation in Spring between 

Modelled Tilts and Optimal Tilts 

7.3 Profitability Estimations 

7.3.1 Profitability of Solar electricity generation 

 
The profitability of solar electricity generated was assessed first considering a detached house 

optimally oriented in Lapland with an optimal orientation of 172 degrees from the true north. 
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From the studies done it was found factoring investment costs, interests, and maintenance, that 

the Total Cost of Solar Electricity Generated in eur/year over a 25-year period is €15,414. The 

opportunity cost which is the amount of money that will have been paid to the grid for the same 

amount of production over a 25-year period was calculated to be about €28,775. This amount 

of cost savings over a 25-year period could be represented as (also illustrated in Figure 26): 

𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 =
𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 𝑓𝑟𝑜𝑚 𝑢𝑠𝑖𝑛𝑔 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

𝑃𝑜𝑤𝑒𝑟 𝐶𝑜𝑠𝑡 𝑤ℎ𝑒𝑛 𝑢𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑔𝑟𝑖𝑑 
∗ 100

=  
28,775 − 15,414

28,775
∗ 100 = 46.4% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26.  Levelized annual grid costs of electricity compared to cost of solar electricity 

 

It is also useful to note that the return on investment from the perspective of the true value of 

solar electricity produced of which part was consumed and part was sold is: 

 



 

 

83 

𝑅𝑂𝐼%

=
𝑇𝑜𝑡𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑑 𝑆𝑜𝑙𝑑 − 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

𝑇𝑜𝑡𝑎𝑙  𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 

∗ 100 =  
25,076 − 15,414

15,414
∗ 100 = 62.68%  𝑜𝑣𝑒𝑟 𝑎 25 𝑦𝑒𝑎𝑟 𝑝𝑒𝑟𝑖𝑜𝑑. 

 

The total value of solar electricity generated factoring surplus energy sold to the grid and 

electricity consumed is about €25,078. This is less than the real value of electricity to the 

customer which is the amount he/she could pay for it from the grid (28,775) since part of the 

value is eroded by selling 18% of the solar electricity produced back to the grid at lower price 

than one typically buys. Therefore, it is important to self-consume most of what you produce 

as much as possible so that the value of the electricity to you is retained and overall profitability 

is improved when surplus is reduced.  

One can demonstrate this by comparing the return on investment if all PV produced was sold 

to an energy company at estimated yearly average Nordpool prices (100% surplus electricity).   

 

𝑅𝑂𝐼% =
𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑣𝑒𝑛𝑒𝑠 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑆𝑜𝑙𝑑 − 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 
∗ 100

=
8,239.6 − 15,414

15,414
∗ 100 = −47%  𝑜𝑣𝑒𝑟 𝑎 25 𝑦𝑒𝑎𝑟 𝑝𝑒𝑟𝑖𝑜𝑑. 

 

This shows that it is most profitable to consume all solar electricity generated and may not 

necessarily be profitable to trade all electricity produced as a single prosumer.  

If all energy produced by the PV Panels are in fact consumed, the return on investment is even 

much greater since the value of electricity is not diluted. The value of the solar electric ity 

becomes equivalent of the only opportunity cost which is to pay for the electricity from the 

grid/electricity companies and this could be represented as: 

 

𝑅𝑂𝐼% =
𝑇𝑜𝑡𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 − 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

𝑇𝑜𝑡𝑎𝑙  𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 
∗ 100

=  
28,755 − 15,414

15,414
∗ 100 = 86.55%  𝑜𝑣𝑒𝑟 𝑎 25 𝑦𝑒𝑎𝑟 𝑝𝑒𝑟𝑖𝑜𝑑. 
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The impact of surplus electricity on ROI s illustrated in Figure 27. 

 

 

Figure 27.  Impact of surplus electricity generated on Return on Investment over a 25-

year period 

 

The payback period for the optimally oriented detached house was also investigated. Payback 

period could be expressed simply as the amount of time it takes to recoup investment costs.  If 

5,000 € is invested in January 2000 and a profit of 500 €/year is to be received. If a total of 

5,000 € is received from the investment by January year 2010. This means it has taken 10 years 

for initial investment to be recouped.  

 

This means the payback period could be expressed mathematically as: 
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𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑃𝑒𝑟𝑖𝑜𝑑 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑖𝑛 𝐸𝑢𝑟𝑜𝑠

𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑜𝑓𝑖𝑡 𝑓𝑟𝑜𝑚 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
 

 

Since there are not mainly revenues generated and most of the energy will be somewhat 

consumed, the Annual Profit will be reflective of the annual savings on power expenses when 

cost of solar electricity is compared with costs of electricity from the grid.  The amount of 

money saved annually will be about:  

 

𝑇𝑜𝑡𝑎𝑙 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝐶𝑜𝑠𝑡  𝑜𝑓𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑔𝑟𝑖𝑑 − 𝑆𝑜𝑙𝑎𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐶𝑜𝑠𝑡𝑠 

𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑙𝑖𝑓𝑒 𝑠𝑝𝑎𝑛
=

28,775 − 15,414 

25

= 534.44€ 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑃𝑒𝑟𝑖𝑜𝑑 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠
=  

10,190 

535.4
= 19 𝑦𝑒𝑎𝑟𝑠 

 

This shows that the solar electricity investment could be paid fully from the annual savings on 

power expenditure at least 6 years before the panels stop to generate electricity.  

The payback period could also be shorter if the inverter lasts for 25 years and this could be 

expressed as: 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑃𝑒𝑟𝑖𝑜𝑑 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠
=  

10,190 

600
= 17 𝑦𝑒𝑎𝑟𝑠 

 

The impact of inverter replacement on the payback periods is illustrated in Figure 28. 
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Figure 28.  Impact of inverter replacement on payback period 

  

It is to be noted that for the two scenarios the payback period is relatively longer than what 

most may term an attractive investment, but this particular investment could be less risky when 

compared to other investment options with shorter payback periods since solar production is 

relatively safer and not exposed to a lot of human interference and considering that they most 

times come with an extensive warranty.  

7.3.2 Impact of panel orientation on profitability 

From calculations at 12% surplus PV electricity sold to the grid, economically feasible 

azimuths range between 120° (Southeast) to 210° (Southeast). This range however may 

increase slightly if the interval between datapoints (azimuths) were increased. From series of 

test runs, it is seen that at optimal orientation, the highest amount of surplus electricity that can 

be sold to the grid to maintain a positive value return on investment was found to be 65%. But 

if it was compared to other relatively economically feasible orientations such as 120 degree s 

was found to be 58%. It can be observed in Figure 29 that the profitability of solar electric ity 

generated in terms of return on investment factoring the value of electricity generated may 

show a positive return on investment value for relatively unfavourable azimuths such as in the 

Northwest orientation (300°) but the practicality of the investment may not be guaranteed since 

these orientations have much higher payback periods than the lifespan of the PV modules.  

More detailed figures can be found in Table 13. 
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Figure 29.  Impact of orientation on payback period



Table 13. Impact of orientation on payback period 

Azimuth Annual 

Energy 

Generated 

in the first 

year  

(KWh) 

Cost of 

Solar 

Electricity 

Generated 

in 25 years 

(€) 

Total 

Purchase cost 

of electricity 

from the grid 

in 25 years (€) 

Annual 

Cost 

Savings 

or Losses 

(€) 

Saving/Losses 

in 25 years 

compared to 

grid use 

 (% ) 

 

Payback 

period 

(years) 

 

Value Return 

or Loss on 

Investment at 

18%  surplus 

(% ) 

Value Return 

or Loss on 

Investment at 

no surplus 

(% ) 

Is it Profitable/ 

Is Investment 

Feasible at 18%  

surplus? 

Is it Profitable/ 

Is Investment 

Feasible at no 

surplus? 

0° (North) 

 

3,014.42  

 

 

 

15,431.7 

12,327 -123 -25 -82  -30 -20 No No 

30° (Northeast)  3,500.33 14,314 -44 -8 -231 years -19 -7.1 No No 

60° (Northeast) 4,544.52 18,584 127 17 80  5 21 Yes but unfeasible 

feasiblefeasible 

Yes but unfeasible 

 90° (East) 5,605.72 22,924 300 4 33  30 49 Yes but unfeasible 

 

Yes but unfeasible 

 120° (Southeast) 

facing) 

6,448.55 26,371 438 42 23 49 71 Yes Yes 

150° (Southeast) 6,934.33 28,357 518 46 20 60 84 Yes Yes 

172° (Southeast) 7,036.5 28,775 534 46 19 68 87 Yes Yes 

180° (South) 7,024.54 28,726 533 46 19.1 62 86 Yes Yes 

210° (Southwest) 6,747.87 27,595 487 44 21 56 80 Yes Yes 

240° (Southwest) 6138.42 25,102 388 39 26 42 63 Yes but unfeasible 

 

Yes but unfeasible 

 270° (West) 5,250.03 21,469 

 

242 28 42 21 39 Yes but unfeasible 

 

Yes but unfeasible 

300° (North) 4,220.26 17,258 73.78 10.69 

 

138.11 -2 12 No Yes but unfeasible 

 330° (Northwest) 3,284.85 13,433 -79 -15 

 

-129 -24 -13 No 

 

 

No 

 



7.3 Evaluation of the Use of Self-produced energy 

7.3.1 Mapping Energy Consumption and Production Profiles of Future Plots 

By 2030, the population of Lapland is expected to decrease by 9,600 from the earlier estimated 

176,676 in 2018 signifying that the population density generally will be about 167,076 

Inhabitants and a population density of 1.66 persons per sqkm using an area of 98, 983 sqkm. 

(The Artic Institute, 2020). Table 14 shows the annual energy consumption summary of village 

groups of Sinettä, Vanttauskoski and Vikajärvi as estimated from Task 4.2 calculated using an 

electricity consumption of 20,400KWh considering only detached houses. 

 

Table 14.   Energy Consumption of Existing Detached Buildings 

  Village group 1 

Sinettä 

 

Village group 2 

Vanttauskoski 

Village group 3 

Vikajärvi 

Electricity consumption 

(MWh)-Existing Buildings 

2554.3 

 

5122.9 

 

1141.6 

 

The same estimate was used to estimate the electricity consumption for the future detached 

buildings in the 3 villages (Table 15), which were 160 in Sinettä, 77 in Vantauskoski and 131 

in Vikajarvi. It is worth mentioning that about 93%, 80% and 60% of the buildings in Sinettä, 

Vantauskoski and Vikajarvi were detached houses. Since the detached buildings will mostly 

have high occupancy, all year round compared to tourist services and holiday homes and other 

buildings, only the detached house were considered in this estimate. 

 

Table 15.  Energy Consumption of Future Detached Buildings 

 
Village group 1 

Sinettä 

Village group 2 

Vanttauskoski 

Village group 3 

Vikajärvi 

Total 

Number of Buildings 

Considered 

160 77 131 368 

Electricity consumption 

(MWh)-Future Buildings 

3,265 1,570.8 

 

2,672.4 7,508.2 
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The total energy consumption of all future and existing buildings could be summarised in Table 

16. 

 

Table 16.   Energy Consumption Estimate for all Future and Existing Plots 

 
Village group 

1 

Sinettä 

Village group 

2 

Vanttauskoski 

Village group 

3 

Vikajärvi 

Total 

Electricity consumption 

(MWh)-Existing Buildings 

2554.3 

 

5122.9 

 

1141.6 8,818 

Electricity consumption 

(MWh)-Future Buildings 

3,265 1,570.8 

 

2,672.4 7,508.2 

Total (MWh/Year) 5819.3 6,693.7 3,814 16,327 

 

Fingrid estimates that the net consumption of electricity will increase by approximately by 8-

20% in 2030 from previous values of 87TWh electricity consumption in Finland. (Fingrid, 

2019). In a best-case scenario, of 8% growth between 2019 and 2020, this means an average 

annual growth rate of 0.72% and following a worst-case scenario of 20%, this suggests an 

average annual growth rate of about 1.8% (Figure 30). 

 

This gives 2 possible scenarios of average power demand for the period between the current 

demand and the future demand between the periods of 2021-2030 which are 16,866 MWh and 

17,715 MWh based on best- and worst-case scenarios (Table 17). 
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Figure 30.  Estimated growth of Power Demand in Finland 

 

Table 17.  Best and Worst-Case Estimates of Future Power Consumption 

 
Village 

group 1 

Village 

group 2 

Village 

group 3 

Total 

2021 Estimated Total Power 

Demand (MWh) 

5819.3 6,693.7 3,814 16,327 

2021-2030 Estimated Average 

Power Demand (MWh)- Best case  
6011.4 6914.7 3939.9 

 

16,866 

2021-2030 Estimated Average 

Power Demand (MWh)- Worst 

case 6314.0 
7262.7 

4138.2 

 

17,715 

 

16 327

16 827

17 327

17 827

18 327

18 827

19 327

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

M
W
h

Energy Demand of Villages- Best Case Scenario Energy Demand of Villages- Worst Case Scenario
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Figure 31.  Monthly Power Consumption Profile from Fingrid (Finnish Energy, 2022) 

 

The monthly power consumption profile was also modelled following Fingrid database (Figure 

31) and, based on this, average monthly power consumption data, the monthly consumption 

data for the villages can be drawn for both best case and worse case scenarios (Figure 32). 

 

 

Figure 32.  Modelled Monthly Power Demand Profile for all Villages based on Fingrid 

Database 

 

The modelled generation of existing and future buildings are also summarised in Tables 18-

20. 
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Table 18.  Monthly Energy Generation Profile-Existing Buildings (135–225-degree azimuths) 

Months Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec 

Village group 

1 (KWh) 
1059.88 11276.40 42872.60 63346.47 73537.55 69353.91 64583.01 51935.71 31388.74 15284.82 2360.19 0.72 

Village group 

2 (KWh) 
1887.33 16293.99 61789.81 86770.23 100330.63 95559.44 88856.07 72937.77 42840.67 20334.26 3396.41 3.39 

Village group 

3 (KWh) 
312.27 3227.79 12643.09 18625.45 22079.82 21169.49 19453.08 15541.25 9103.31 4212.69 631.50 0.26 

Total 

Generation 

(MWh) 

3.26 30.80 117.31 168.74 195.95 186.08 172.89 140.41 83.33 39.83 6.39 0.00 

 

Table 19.  Monthly Energy Generation Profile-Future Buildings (All future plots) 

Months Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec 

Village group 

1 (KWh) 
2.96 31.47 119.65 176.79 205.23 193.56 180.24 144.95 87.60 42.66 6.59 0.00 

Village group 

2 (KWh) 
2264.42 19549.50 74135.32 104106.80 120376.55 114652.08 106609.38 87510.63 51400.18 24397.01 4075.01 4.07 

Village group 

3 (KWh) 
3632.01 3632.01 3632.01 3632.01 3632.01 3632.01 3632.01 3632.01 3632.01 3632.01 3632.01 3632.01 

Total 

Generation 

(MWh) 

5899.39 23212.98 77886.98 107915.60 124213.79 118477.65 110421.63 91287.59 55119.79 28071.68 7713.61 3636.08 
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Table 20.  Monthly Energy Generation Profile-Existing and Future Plots considered  

Months Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec 
TOTAL 

(MWh) 

Village group 

1 (KWh) 
4017.88 42747.40 162524.60 240138.47 278771.55 262911.91 244826.01 196881.71 118990.74 57942.82 8947.19 2.72   1,618.703  

Village group 

2 (KWh) 
4151.75 35843.49 135925.13 190877.03 220707.18 210211.52 195465.45 160448.40 94240.85 44731.27 7471.42 7.46 

  1,300.08  

Village group 

3 (KWh) 
3944.28 40769.90 159693.51 235256.01 278887.80 267389.55 245709.76 196299.91 114982.96 53209.98 7976.41 3.24 1,604.123  

Total 

Generation 

(MWh) 

12.11 119.36 458.14 666.27 778.37 740.51 686.00 553.63 328.21 155.88 24.40 0.01 
         

4,522.91  

 

(a)    (b)  

Figure 33. (a) Power Production share of Power Demand in 3 Villages and (b) the same factoring in snow losses

27.7%

72.3%

Power Production for All Villages

Residual Load

24.9%

75.1

%

Power Production for All Villages
Residual Load
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Figure 33 illustrates the share of generated solar power in relation to the demand in the 3 

villages. It can be noticed that the yearly solar energy generation potential of all existing and 

future buildings considered in 3 village groups in the study (4,522.91 MWh) caters for about 

27.8% of its electricity demand (16,327 MWh) without snow losses considered. It indeed may 

be difficult to make an accurate annual estimate on the effect of snow due to lack of empirica l 

information, but studies have found it to be typically around 10% which could bring down the 

annual energy generation by about 4,069 MWh on a relatively worse case estimation scenario.  

 

This suggest that energy communities without significant storage infrastructure would not be 

enough to cater for its power demand and may have to always remain connected to the grid, 

but the power would have to be utilised efficiently in order to maximise the value of energy 

generated. The residual load can be visualised on a periodic bases in Figure 34. 

 

 

Figure 34. Monthly Power Demand Profile Juxtaposed on Solar Energy Generation with 

factored 10% Snow losses 
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7.3.1 Use of self-generated power 

Energy utilisation through the energy community approach is one way to mitigate against 

surplus electricity generated to maximise the profitability of solar investments. From previous 

chapters we’ve seen that the monthly solar energy generation profile opposes that the demand 

profile of the energy consumers. The solar electricity generated is the highest from April to 

July while the power demand experienced during those months is the lowest and a lot greater 

than what the solar assets could periodically produce. This means that the energy communit ies 

will have to function in connection with the larger grid to mitigate against power deficits or 

blackouts. The daily solar energy generation with the daily power demand profile of the 

buildings in the energy communities will be beneficial in maximising the use of solar electric ity 

generated to make sure all or most of it is utilised for profitability.  

From previous chapters, we’ve estimated that the profitable azimuths for solar electric ity 

generation are from 120 -to 210-degree azimuth. PV generated from houses in this orientation 

would be used in estimating the periodic generation surpluses of the village groups. Since it is 

most profitable to use surplus electricity generated within communities, we can visualise the 

possibility of sharing the surplus electricity generated with houses in communities without 

solar power on their roofs and get an understanding of the amount of surplus PV electricity that 

could be left after doing this.  

The Annual PV power generated from both profitable and feasible azimuths as well as the 

average power consumption from the detached houses can be observed in Table 21. 

 

Table 21. Annual Generation from Profitable Azimuths 

 Village 

1 

Village  

2 

Village  

3 

Estimated Average Annual Generation from 

Detached Buildings with Profitable Azimuths (Future 

and Existing Buildings) (GWh) 

1.47 1.09 1.09 

Yearly Power Demand of detached buildings and 

holiday homes) (GWh) 6.06 6.89 4.58 
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7.3.2 Use of appliances in Finnish households 

Households in Finland typically use about 67% and 15% of their energy on Space and Water 

Heating respectively about 5% on Saunas, 2% on Lightings and 1% on Cooking and 10% on 

electrical equipment such as appliances for cooking, refrigeration, washing machines, TVs, 

computers etc.(Statistics Finland, 2020). Figure 35 and Table 22 illustrate the typical household 

appliances and their power consumption. Typical prevalent appliances in Finnish homes (50% 

and above) include Refrigerators, Freezers, Microwave Ovens, Dishwasher, Washing Machine, 

Electrical Stove/Oven, Dishwasher, TVs. The 2006 survey on Household power consumption 

analysed the electricity consumption of Finnish households and presented the percentage share 

of use as part of the results. Based on the results, the appliances that contributed to the most 

significant part of the share included lighting and cold appliances at 23% and 13% respectively. 

TV appliances as well as electrical saunas made up about a sixth of the household power 

consumption with and heating related activities to contributing a modest 10% (Tilastokeskus 

Statistikcentralen, 2011). 

 

 

 

Figure 35. Power Consumption in Finnish Households by Appliance Category (Tilastokeskus 

Statistikcentralen, 2011) 
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Table 22.  Share of Power Consumption of Appliances in Finnish Households 

(Tilastokeskus, 2011) 

 

Appliance 

Share of Power 

Consumption 

Annual consumption 

(KWh) 

Cold appliances 13.00 % 2652 

Cooking 6.00 % 1224 

Dish Washing 2.00 % 408 

Washing and Drying Laundry 4.00 % 816 

Television and related 

appliances 

8.00 % 1632 

PC's and related appliances 4.00 % 816 

Electric Sauna Stoves 8.00 % 1632 

Space heating and Ventilation 8.00 % 1632 

Car Heating 2.00 % 408 

Lighting 22.00 % 4488 

Other equipment 23.00 % 4692 

 

The data in Table 22 may not be the most accurate representation of every single electrically 

heated detached home in the villages, but it is somewhat representative of an aggregate of the 

typical behaviour of a Finnish household from the perspective of appliance usage 

7.3.4 Hourly Average Load and Solar Production Profile of Village Groups 

Based on the Power Demand Findings from Task 3 and also factoring the hourly average power 

consumption of electrically heated detached houses and holiday homes, the estimated hourly 

average demand profile for the whole of Village Group 1 was formulated (Figure 36). Sinettä 

was calculated to consume about 12,154.3KWh of electricity daily on average factoring new 

and old buildings. This was plotted over the hourly average solar prodution profile using the 

solar production data from Fingrid to estimate the hourly distribution as well as modelled data 

from Skelion. From the analysis, it was found that the surplus solar production per year on 

average was only about 1.5%.  The solar production from 11:00am to 5pm contributes about 
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70% of the total solar power generated and almost all solar produced could be used by all the 

buildings if the solar power is shared with all buildings present in the community.  

 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 

 

Figure 36.  Average Daily Production and Consumption Profile in Village Group 1 

 
 

Similar analyses were done for village group 2 (Figure 37) and village group 3 (Figure 38), and 

calculated surpluses were 0% and 1.3% respectively. The surplus electricity produced by 

Village Group 3 may also reduce further if the consumption of tourist and local service 

buildings are factored in the calculations.
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Figure 37. Average Daily Production and Consumption Profile in Village Group 2 

 

 

Figure 38.  Average Daily Production and Consumption Profile in Village Group 3 

 

From the analysis, it is most likely that the surplus electricity could be evident around the 14th 

hour (1pm to 2pm) and in order to mitigate against this, it is most profitable to shift the 

consumption of some off the used appliances in the peak periods to the mid-afternoon periods. 

A secondary option may be to sell the excess production to the grid however there would be a 

loss of value in the trade. However, this may not really undermine the overall profitability of 

each stakeholder since the excess generation in the villages is only a minuscule amount. 
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8 DISCUSSIONS AND CONCLUSIONS 

This research focused on the evaluation of the solar energy potential of future plots in the 

Village Groups 1, 2, 3 with service villages of Sinettä, Vanttauskoski and Vikajärvi 

respectively. The calculated solar energy potential for all the future plots in the village groups 

are 1.20GWh/year, 0.71GWh/year, 1.47GWh/year. respectively. When harnessed very 

efficiently, solar self-generation helps to cater for about a quarter of the power demand of the 

villages. From the concluding profitability calculations, it is recommended that the azimuths 

of future plots be sited as much as possible in the 120 to 210 range in order to make economic 

sense at least from each home-owner’s perspective. Using these azimuths in siting the building 

on the plot tends to be economically profitable with a payback period in the range of 19-23 

years. There is also a limitation to the single prosumer perspective, since the research does not 

investigate the overall profitability of the energy community/VPP as a coalition. Even though 

energy communities and VPPs are to be treated as autonomous in the energy market, it may 

also not be very practical to treat self-production profitability analysis within the energy 

community as communally since there is always a chance that a homeowner could leave the 

coalition undermining the prior profitability estimations considering the village as a power 

plant.  However, coalitions to purchase solar infrastructures amongst homeowners in the 

villages may in fact be recommended since the cost per Wp could reduce by almost 40% when 

solar systems above 50KWp are purchased at once from the product manufacturer. This may 

also enhance the overall profitability of using houses which are not able to be sited optimally 

due to geographical/ spatial constraints since the cost of infrastructure drops significantly. Still, 

from the profitability calculations, one can observe that the profitability of solar panel 

investments is dependent on a lot of factors. The case of azimuths seem to be a clear one, 

another factor that seems to affect the profitability of solar investments in terms of return of 

investments happens to be the amount of surplus electricity generated. This is where the 

coalition concepts such as VPPs and energy communities seem to be vital because as we 

observe from Figures 33-35, the communities can absorb surplus electricity at any time of day 

due to varying consumption profiles among different types of players in the energy community. 

By doing so, the true value of solar electricity is retained and not eroded by selling back to the 

grid. Currently, it is most economical to self-consume produced solar electricity as much as 

possible since current legislation does not really incentivize power exchanges between 

residential consumers and the distribution network.  The villages are unlikely to function as an 
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islanded VPP and may always need to remain connected to the grid. However, due to the 

amount of energy and demand attributable to the villages, the village groups could potentially 

offer services such as Demand Response, Energy Generation, EV Charging etc and would 

really be a useful asset to surrounding DSOs. Based on the analysis, the 120 to 210 range 

make profitable orientations currently. It is also to be noted that the calculated solar energy 

potential values obtained during the research are considered as provisional since the PVGIS 

databases are updated on a recurring basis which may affect the future results if this experiment 

were to be repeated with an updated program on a later date.  

 

Regarding the snow loss calculations for the Finnish Spring, the estimations conducted arrived 

at a potential loss of 28.3% of the energy production during the Spring season. It is clearly a 

significant amount of energy, and it calls for attention from stakeholders to seek ways so as to 

mitigate against these huge losses. However, this work does not provide estimations as to the 

average amount of energy lost every month or due to snow which could be of a more practical 

application for energy planning purposes. From literature review, there is a clear absence of a 

unified, accurate model to predict snow losses and the absence of this may really lead to 

inaccurate results in general. Nevertheless, a lot of literature seem to converge on the high 

impact of snow on solar energy generation in high latitudes. Due to this, it is beneficial to put 

into motion practical steps such as snow-clearing to reduce the attributable snow losses. The 

use of metallic roofing systems are also advised since they are known to disperse snow better 

than counterparts. By taking these steps, together with orienting the building optimally for 

incident irradiation, one could be certain that the economic feasibility of solar investments in 

Lapland will be justified in the course of production activities.   

 

Most of the solar electricity on average is produced in the daytime from 11am to 5pm and, 

realistically, homeowners are mostly off to work during these periods which may lead to excess 

generation in these periods. Without storage infrastructure to save this energy this may lead to 

significant losses rendering the investments unprofitable for owners of detached homes in the 

community. However, storage infrastructure comes with added costs and, considering their 

current costs, this may also make the solar investments unprofitable for houses optimally 

oriented. For this reason, it makes sense to self-consume this energy at periods when at home 

or share the energy to other participants of the energy community such as local service 

buildings and tourist service areas considered in this research. Energy community decision 
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makers are to come up with attractive incentives for climate courteous self-producers, who 

offer value adding services such as demand response or energy sharing within the community 

to foster cooperation. This must also be more attractive to prosumers than the direct opportunity 

cost, which could be to deal individually with external agents i.e., selling excess electricity to 

an energy company at Nordpool market clearing prices. This could be in the form of premium 

tariff structures, depending on value delivered to the energy community, subsidized EV 

charging & sharing services, facilitating energy independence through investments in 

production assets for the community etc. Therefore, a true understanding of all motives and 

drivers for participating in energy communities is needed, in order to put in place appropriate 

incentive structures which match the desires of intending self-producers. Some potential 

objectives have been identified which includes energy efficiency, grid stability, privacy 

protection, financial gains, lower energy bills, participation, replicability, climate protection, 

awareness, etc. (Heuninckx et al., 2022).  

 

From the datasets collated and research work done, some key conclusions could be drawn. 

Based on the collated datasets from PVGIS Database, having azimuths in the range of 120-210 

degrees for solar energy generation in the village groups only could make economica lly 

feasible payback periods solar investments for Lapland.  Due to this, it is recommendable to 

only use buildings which are oriented properly for solar electricity generation in the Village 

Groups making Scenario 1 and relatively reasonable scenario compared to the scenario 2 which 

could be considered more to be more idealistic. Calculated Combined Solar Potential of Both 

Existing and Future Building Plots in Village Groups 1, 2 and 3 with economically feasible 

azimuths are 1.47 GWh, 1.09 GWh and 1.09 GWh respectively. The combined estimate for the 

power consumption requirements for Existing and Future Buildings of Village Groups 1, 2 and 

3 are 6.06 GWh, 6.89 GWh, 4.58 GWh respectively which makes their solar potential only a 

fraction of the power demand in the village groups and due to this, these villages may need to 

be remain always connected to the grid to prevent blackouts. From the snow loss investigations, 

it is also established that snow loss on panels could affect the solar energy produced 

significantly and steeper slopes are preferable for mitigating them due to faster rates of snow 

shedding and enhancing the solar production potential of the buildings. It is also highlighted 

that despite snow losses, the use of solar electricity could lead to significant potential cost 

savings when compared to grid usage of electricity.   
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Finally, the profitability estimations highlight that return on investments of solar energy 

infrastructure is enhanced by maximizing self-consumption of produced solar electricity. This 

is contrary to net-metering schemes, which under the current national legislature devalue the 

solar electricity produced by the consumer.  This provides a solid reason for embracing more 

community-oriented approaches in solar electricity projects, as well as close integration with 

other important players in the energy system such as the DSOs, TSOs, Aggregators and even 

policy makers, in order to achieve socio-economic objectives. 

 

8.1 Answers to research questions 

8.1.1 Research question 1:  

What is the Solar Energy Potential of all future plots in the target areas of the SINNI 

Project? 

The total evaluated Solar Energy Potential of the future building stock in Village Groups 

1, 2 & 3 are 1.20GWh/year, 0.71GWh/year, 1.47GWh/year respectively. The solar energy 

potential of well oriented building stock in the azimuth range of 120 to 180 are 

1.07GWh/year, 0.57 GWh/year and 1.04 GWh/year respectively. More energy could 

however be generated from the building; From simulations, it was also estimated that 

Sinettä, Vantauskoski and Vikajarvi could produce 3.3%, 2.8%, 8.2% more energy 

respectively if the buildings are oriented at optimal azimuths of 172 from the true north 

with roofs inclined at 49 from the horizontal.  

 

8.1.2 Research question 2:  

What is the quantitative impact of snow on solar energy production in these locations, 

particularly in the spring Months of April and May? 

In the Spring Months of April and May, it was calculated that 28.3% of solar energy 

produced could be lost as a result of snow when the standard roof inclinations are used in 

the installations of the solar panels. It was also investigated that this energy loss could be 

reduced to 9% if the roofs are constructed at optimal inclinations of 49 from the 

horizontal.  
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8.1.3 Research question 3:  

What is the profitability of solar investments from a detached homeowner’s perspective and 

how can energy communities enhance the profitability and use of self-generated electricity 

in these regions? 

The profitability of Solar Investments was analysed at different orientations and 

economically feasible and profitable azimuths were found to be in the range of 120 to 

210 which had payback periods in the range of 19-23 years. The most profitable azimuth 

for the locations considered is the 172 azimuth which produced the most energy and has 

the least payback period of 19 years. Return on Investment was also observed to vary with 

panel orientation as payback period does. The Return on Investment was observed to 

improve considerably as surplus power generated reduced. Upon evaluating the power 

production of the village groups in juxtaposition with the power demand, it was observed 

that self-production under the framework of energy communities is a great strategy to 

facilitate the self-consumption of energy which enhances the return on solar investmen ts 

incurred by the homeowners. 

 

8.2 Relevance of research 
 
This research emphasizes the importance of optimising buildings for solar energy generation 

starting from the zoning levels.  When constructing a building with future intentions to use for 

producing solar electricity with its roofs, project proponents need to consider the orientations 

of the buildings not just for architectural purposes but also from a solar energy generation 

perspective. The orientation of solar photovoltaic systems is of high importance for their 

economic feasibility.  Self-production of electricity has been recognized as a means to mitigate 

energy poverty and increase share renewables in the Energy System. These could be viewed as 

very instrumental when considering the European Clean Energy Objectives as well as the 

decarbonization needs of the Finnish energy system. When investments in renewable energy 

infrastructure to enhance environmental sustainability turn out to be unprofitable, it may 

discourage further investments in the sector which in turn may hamper the growth of the 

prosumer base in the region. The research into energy communities and VPPs is   essential to 

promote understanding of the benefits they bring to the energy system. They offer attractive 

advantages to self-producers, policy makers, Distribution & Transmission System Operators 

as well as Energy Service Companies and the knowledge of their  value helps motivate 
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stakeholders to consider these aggregation strategies in both planning and implementing self-

production activities.   

 

 

8.3 Recommendations for future research 
 

Further research should consider the general functioning of energy communities, since there 

may be participants who suffer from energy poverty and may not be able to offer much value 

to the coalition. Participants may be motivated to leave the energy communities if they sense 

at any point that the energetic relationship is not mutually symbiotic, and participants are not 

treated fairly.  

 

Research into the use of solar energy for heating was not  considered in this research but this 

is equally important alongside with power since the heating sector may not be 100% electrified 

in coming decades. Further research could also address the question of how solar heating could 

be integrated and managed, bearing in mind spatial constraints on installation. True energy 

independence could be conceptualised as the ability to meet not just one’s power demand but 

also the capacity to satisfy one’s heating and mobility needs as well.  

 

Overall, the study of Energy communities and Virtual Power Plants conducted in this diploma 

work provides strong reasons to believe that they could be potentially beneficial in ramping up 

the profitability and practicality of solar investments for intending prosumers.
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9 SUMMARY 

This diploma work was conducted as part of the SINNI project focuses on calculating the solar 

energy potential of future planned plots to be constructed in three village groups in Lapland.  

The theory section explains the relatively new energy community concept, VP Ideologies and 

helps project stakeholders understand the benefits of integrating VPPs into energy communit ies 

into prosumption activities for optimal usage of energy generated. Parts of the theoretical 

section also seeks to provide readers with insights into the impact of external interferences such 

as shading and snow on solar energy generation and impact of spatial characteristics of the 

panel such as its orientation on its ability to generate optimal power.  

The experimental section calculates the solar potential of future plots in the three village 

groups. Further parts of the experimental section seek to provide an estimate for energy losses 

which could be attributable to snow on panels bearing in mind the specificities of Lapland 

climate conditions and standard building characteristics related to this project. Final sections 

of the experimental segment illustrate the importance of having relatively favourable 

orientation of panels to enhance the economic feasibility of solar energy projects. The 

importance of having more community-oriented philosophies towards to use of self-generated 

electricity such as VPPs and Energy communities are also presented. These approaches not 

only help optimise the use of energy but also maximise the value of solar investments by 

mitigating against surplus electricity generation through effective usage of most or all the solar 

power produced.  

The work highlights the importance of having relatively favourable azimuths for solar panels 

to be installed on homeowners’ buildings for optimal solar energy generation and the eventual 

profitability of solar energy infrastructure. It also establishes the potential impact of snow on 

solar energy generation. The work also provides insights into the VPP and energy community 

frameworks and their importance to increasing share renewables in the energy mix in Finland 

to meet National and Pan-European climate and energy objectives. 
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