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Tiivistelmä 

 

Tässä diplomityössä selvitettiin aurinkosähkön kannattavuutta ja toimivuutta pohjoisissa kunnissa. Tarkastelun alla 

olivat pitkän, kylmän ja lumisen talven vaikutukset aurinkosähkön tuotantoon. Erityisesti lumen aiheuttamiin 

vaikutuksiin, niin negatiivisiin kuin positiivisiin, kiinnitettiin huomiota. Lumesta on luonnollisesti haittaa silloin kun 

sitä on paksuna kerroksena aurinkopaneelin päällä, mutta siitä voi olla myös hyötyä kevättalven aurinkoisina päivinä 

maan kautta esiintyvän lisäheijastuman muodossa. Lisäksi tehdyn taloudellisen tarkastelun tavoitteena oli selvittää 

voivatko aurinkosähköjärjestelmät olla ylipäätään taloudellisesti kannattavia arktisella alueella.  

 

Kaksi esimerkkikohdetta Enontekiön kunnan alueelta Hetan kylästä mallinnettiin ensin käyttäen Sketchup-

ohjelmistoa. Skelionia, joka on Sketchupin liitännäinen, käytettiin aurinkosähköjärjestelmien mitoittamiseen 

mallinnettujen rakennusten katoille sekä vuosittaisien sähkötuotantojen simuloimiseen. Lisäksi käytettiin Homer 

Energy-ohjelmistoa sekä tunnittaisten sähköntuotanto-ja sähkönkulutus profiilien luomiseen, että maan kautta 

heijastuvan säteilyn lisäävän vaikutuksen arvioimiseen vuoden lumisena aikana. Simuloitujen 

aurinkosähköjärjestelmien kannattavuutta tarkasteltiin käyttäen Finsolarin aurinkosähkön kannattavuuslaskuria. 

Työn teoria osuutta varten tarkasteltiin sääolosuhteiden ja erityisesti lumen vaikutusta tuotantoon, sekä keinoja 

aurinkopaneelien pitämiseen lumettomina tuotannon maksimoimiseksi.     

 

Tulosten pohjalta voidaan todeta, että aurinkosähköjärjestelmät voivat olla taloudellisesti kannattavia ja toimivia 

ratkaisuja myös arktisella alueella Järjestelmien takaisinmaksuajat ovat tosin pidempiä kuin aurinkoisemmilla ja 

eteläisemmillä alueilla. Vaativat sääolosuhteet tulisi myös ottaa huomioon niin järjestelmän suunnittelussa ja 

rakentamisessa kuin käytön aikanakin. Aurinkosähköjärjestelmien sähkön tuotantomäärien parantamiseksi, näissä 

arktisen alueen vaativissa olosuhteissa, on edelleen kysyntää uusille innovaatioille ja paremmille käytännöille.  

 

Työn tuloksia voidaan soveltaa myös muilla syrjäisillä, pohjoisilla ja harvaan asutuilla alueilla. Tulosten odotetaan 

myös toimivan motivaationa pilottihankkeiden käynnistämiseksi arktisilla alueilla, joka mahdollistaisi aiheen 

tutkimisen jatkamisen.  
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Abstract 

 

In this work the applicability and profitability of using solar photovoltaic systems in the extreme north was 

investigated. This was done by considering the positive and negative effects of long, cold and snowy winters can 

have on operation of photovoltaic systems. The focus was on difficulties that snow can cause to production when on 

top of the solar modules, but also on how much extra production can be had during the spring with higher ground 

reflectance caused by the snow. Economic evaluation was also done to see if the photovoltaic systems can be 

profitable in the circumpolar region. 

 

Two case studies located in Enontekiö, Finland were modeled using Sketchup, and the solar PV systems’ yearly 

productions for these models were simulated using Skelion. Further, Homer Energy was used to simulate the daily 

consumption and production profiles of these case studies. Homer was also used further to simulate the increased 

production due to higher ground reflectance. Finsolar economic evaluation tool was used to calculate payback times 

of the simulated systems. Lastly, literature review was done on operation of PV systems and on the impact of snow. 

Focus  was in particular on clearing the snow from the solar arrays.  

 

The work established that PV systems were found to be economically feasible in the extreme north, although with 

longer payback times than in southern locations. The harsh weather conditions of the arctic region call for more 

careful planning of the system. There is still a need for innovations and better practices to increase the electricity 

production of photovoltaics. 

 

The results of this work are applicable to other northern, remote and sparsely populated locations. It is expected that 

the outcome could provide a motivation for building pilot PV systems in the extreme north, in order to progress 

research in the subject. 
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1 INTRODUCTION 

The whole world faces challenges with reducing greenhouse gases and slowing down the 

climate change. Because of this, the energy sector is under a lot of pressure to produce 

energy through less polluting measures and improving the efficiency of energy 

consumption. The extreme North or the arctic regions above the 66th latitude have their 

own sets of challenges for reaching the decarbonization and energy efficiency goals. This 

is due to the climate with cold and snowy winters and highly variable amounts of daylight 

between the winters and summers. The low average temperatures year around mean that 

the heating demand in buildings is a lot higher than in most other places, even during the 

summer. During the winter, the Sun does not climb above the horizon at all for a two-

month period, which in return also increases the electricity demand for lighting.  

Upkeep of the critical infrastructure is more costly in the northernmost regions as well, 

since most of the least densely populated yet largest by land area municipalities in Finland 

are located in the arctic region. This is naturally reflected in the price of goods and 

services, such as electricity. The options for heating the buildings also tend to be limited. 

While Finland has extensive district heating networks in most cities and town centers, 

electricity might be the only option in the less densely populated areas. This coupled with 

the higher electricity and transmission costs can lead to high heating costs for the 

residents. 

EU’s energy efficiency directives and goals put pressure on the state- and municipality 

governments to achieve higher energy efficiency in governmental buildings. All the new 

or renovated governmental buildings should be near zero energy buildings. The energy 

efficiency goals can be reached for example by changing energy consumption behaviors 

or by introducing local renewable energy production like solar panels. 

The objective of the work was to investigate the applicability of solar PV panels in the 

extreme North. This was done by sizing and simulating solar PV systems for two pilot 

sites in the village of Hetta in Enontekiö. The municipality of Enontekiö itself is a 

forerunner in the Finnish Lapland for working as a testbed for innovative energy 

solutions. As such Enontekiö is an example for the whole circumpolar region on how 

higher energy efficiency and decarbonization can be reached. Enontekiö has also signed 
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on to different voluntary agreements to increase their energy efficiency and reduce the 

emissions the municipality produces.  

The simulations were mainly used to see whether a PV system could be technically and 

economically feasible in the arctic location. Some simulations were also done to see how 

big of an effect the highly reflective snow cover on ground could have on the electricity 

production especially during the spring months that already have plenty of light. In the 

theory part, challenges that the local climate in Enontekiö presents investigated. The focus 

was especially on the effects that heavy snowfall may have on electricity production with 

a solar PV system. 

This work has been done in collaboration with two NPA projects RECENT and FREED. 

RECENT project aims to aid smaller, remote and peripherial communities towards more 

self-sufficient solutions that could help the communities achieve better energy efficiency 

while also reducing climate change impacts of their operations. For the RECENT project, 

simulations were done to see if solar PV systems could be feasible way in the extreme 

north to reduce the electricity costs of electrically heated municipal owned housings. 

FREED project aims to help small and medium-sized enterprises in finding new partners 

and funding for innovations in the energy sector in northern periphery. In this work, 

applicability of existing innovations and what adjustments to them might need to be made, 

for them work in the harsh conditions of the location was investigated. Possible 

innovation needs for increasing the productivity of PV systems in the northern periphery 

was also considered.   

The three main research questions of the work were: 

1) Are solar photovoltaics feasible in the extreme North 

2) What are the challenges regarding the snow conditions of the area, especially 

regarding clearing the panels from snow 

3) What is the potential important impact of albedo during the spring period due to 

reflection from snow 
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2 LEGISLATIVE DRIVERS IN THE ENERGY SECTOR IN 

FINLAND 

EU Directives are the main policy instruments in Finland for achieving better energy 

efficiency and for introducing higher amounts of renewable energy to the grid. The three 

most important EU Directives for this work and the case studies are the Energy 

Performance of Buildings Directive (EPBD), the Energy Efficiency Directive (EED) and 

the Renewable Energy Directive (RES). (European Commission, 2018a; European 

Commission, 2018d) These three Directives are the main ways for EU to reach their target 

set in the energy strategies for 2020 and 2030. (European Commission, 2018e; European 

Commission, 2018f) Further to these EU Directives, Finland has set national level drivers 

in place, in order to achieve the EU goals for energy efficiency and reduction of energy 

consumption. 

2.1  EU Directives 

Energy Efficiency Directive was implemented in 2012 to replace two former directives. 

The directive sets a 20 % energy efficiency target for year 2020 and a target of 30 % for 

2030. The efficiency targets apply to all steps from production to consumption and from 

the smallest operators, e.g. house owners, to the largest ones such as big businesses and 

governments. Some of the specific measures mentioned in EED include the following. 

The incentive for public sector in the EU to take energy efficiency in to account in their 

properties, products and services. Yearly energy efficiency renovations for 3 % of the 

government owned buildings. Empowering of the energy consumers to monitor their own 

consumption. Incentives for energy audits in businesses small and large. (European 

Commission, 2018a) 

Energy Performance of Buildings Directive was implemented in 2010. Buildings 

consume about 40 % of all energy in EU and with 75 % of the building stock being energy 

inefficient there is clearly work to be done (European Commission, 2018b). EPBD has an 

effect on both new and old buildings and originally had few main focuses. The energy 

performance certificates that must be issued for selling or renting of buildings. The 

countries must set energy performance requirements for both new and renovated 

buildings. National level inspection schemes must also be implemented for HVAC- 

systems. All the new buildings should also be nearly zero energy buildings starting from 
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2020 and all new public buildings should be NZEB already in 2018. In 2018, the directive 

was revised to also include promotion for new smart technologies in buildings, charging 

points for electric cars, and to take building-health-related issues better into account. 

(European Commission, 2018c)  

While the two before mentioned directives have to do with energy efficiency. Renewable 

Energy Directive, implemented in 2009, aims to increase the amount of renewable 

energies used in EU to 20 % by the year 2020. In 2016, RES was further revised to also 

include the target of having 27 % energy be produced with renewables by 2030.  The 

directive gives all the countries individual goals on how big of a proportion should be 

from renewables. (European Commission, 2018d) For Finland this means a 9.5 

percentage point increase up to 38 %. Most of the renewable energy in Finland currently 

comes from forest industry side streams. (Motiva, 2016a) 

2.2  National policies in Finland 

Finland has its own national plans for reaching higher energy efficiency that are based on 

the EU directives goals. National energy efficiency action plans outline the goals and 

ways to achieve them and need to be updated regularly. More uniquely, many of Finland’s 

policies rely on voluntariness of different sectors and actors in them. 

2.2.1 National Energy Efficiency Action Plan (NEEAP-4) 

National energy efficiency action plans are plans in which the different EU countries try 

to show how the goals set in EED and the EU energy strategies will be achieved. The 

currently active plan, since 2017, is the NEAAP-4 in Finland. New NEEAPs need to be 

given to EU every 3 years. On top of NEEAP EED obliges the countries to report on 

energy efficiency developments yearly. (Motiva, 2017a) The plan outlines the energy 

efficiency goals for all the different sectors that use energy from buildings and services 

to energy production and distribution. (Motiva, 2017b)  

2.2.2 Energy efficiency agreements 

Energy efficiency agreements are a voluntary agreements for industrial, energy, service, 

property and municipal sectors that aim to increase energy efficiency. These agreements 

are one of the main ways for the Finnish government to reach the international energy 
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saving obligations (EED) without a need for new legislations or other obligatory means. 

(Motiva, 2018) These agreements have existed since the 1990’s and get renewed every 

nine years with the newest ones starting in 2017 and lasting until 2025. The aim of the 

agreements is to constantly keep improving the energy efficiency in the different sectors. 

The government can aid the participating bodies with new more energy efficient 

investments and energy audits. The energy agreements also obligate the signees to report 

on energy usage and results achieved. (Energiatehokkuussopimukset 2017-2025, 2017) 

In this case, the municipal energy efficiency agreement is the one to look further into and 

the municipality of Enontekiö has already signed up to. (Energiatehokkuussopimukset 

2017-2025, 2018) 

The municipal energy efficiency agreements are agreements made between the 

Association of Finnish Local and Regional Authorities, Ministry of Economic Affairs and 

Employment of Finland, and the Energy Authority. Municipalities can then decide on 

their own whether they want to join, sign the agreement and follow the guidelines set in 

the agreements. (Energiatehokkuussopimukset 2017-2025, 2017) Signing to the 

agreement obliges the signee to lower its total energy consumption from the current level 

and from future levels, when compared to a level if no active measures are made. This is 

done by either measuring or estimating the current energy consumption levels and by 

measuring the new consumption levels after energy efficiency actions have been put into 

action. The measures taken can be either technical, meaning for example that appliances 

get changed for more energy efficient ones, or they can be done by changing the habits 

of the users as long as energy savings are made. The municipality agreement also 

promotes the uses of renewable energy in all of its forms. (Energiatehokkuusopimukset 

2017-2025, 2016a) 

For municipality owned rental housing steps and goals mentioned in the property energy 

efficiency agreement is used. The property agreement obliges the participators to observe 

how and where energy is used in their operations and how these operations could be 

improved energy wise. The agreement also obligates the participator to inform renters 

about energy efficiency issues and good practices. Energy efficiency should also be taken 

into account in the planning and operations of the property maintenance. Similarly, to the 

municipality agreement, energy efficiency should be thought of in planning of new 

operations and investments. (Energiatehokkuussopimukset 2017-2025, 2016b) 
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2.2.3 Energy audits 

Energy audit program has been on going in Finland since 1992. In 2015, it was 

transformed into a system in which smaller actors in different fields can get aided audits 

done voluntarily and large companies need to be audited every 4 years. (Motiva, 2017b) 

In an energy audit process the auditee’s energy consumption, energy saving potential and 

possible CO2 savings are examined. Guidance on how to realize the potential savings is 

also given. Energy audits, like the energy efficiency agreements, are divided to different 

models that are used for different sectors. (Motiva, 2017c) These models include 

everything from buildings and heavy industries to service industry and renewable energy 

audits of municipalities. (Motiva, 2016b) As an example, in a renewable energy audit for 

the municipality of Virolahti, maps of solar energy- and ground heat potential were 

produced for the area. In addition to the maps, some public buildings and their energy 

saving potential were also investigated. (Partanen, 2015) 

https://www.motiva.fi/ratkaisut/energiakatselmustoiminta/tem_n_tukemat_energiakatselmukset/energiakatselmusmallit
https://www.motiva.fi/ratkaisut/energiakatselmustoiminta/tem_n_tukemat_energiakatselmukset/energiakatselmusmallit
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3 SOLAR PV 

Solar photovoltaic (PV) systems have many advantages when compared to other 

electricity production methods. The systems have no moving parts and as such have very 

low operation and maintenance (O&M) costs, and a very long operational lifetime. Solar 

PV systems are inherently modular and as such can be designed to fit the needs of the 

customer size wise, from milliwatts to megawatts. Emissions and wastes are only 

produced during the manufacturing and decommissioning phases of a PV system. As solar 

systems do not use other fuels than light to produce electricity and require almost no 

maintenance, they work extremely well in remote locations were no grid connection is 

available. (Kalogirou, 2009)  

PV modules have also quite short energy payback times (EPBT), meaning how long it 

takes for the system to produce enough energy to cover the energy needed to manufacture 

the panel in the first place. Depending on the location and used technology, the EPBT can 

be anything from 1 to 5 years (Kalogirou, 2009, NREL, 2004, ISE Frauenhofer, 2018, 

Bhandari et. al 2015). This means that with a lifetime of 30 years a PV system can produce 

electricity for 25-29 years without CO2 emissions. Bhandari et. al, 2015 for one report 

that the energy needed to produce a solar module can be as high as 13 428 MJ/m2 for 

monocrystalline and as low as 894 MJ/m2 for thin films. (Bhandari et al., 2015)   

3.1 Solar radiation 

Solar radiation that hits a certain surface within the Earth’s atmosphere is made up of 

three different kinds of radiation. These are direct radiation, diffuse radiation and 

reflected radiation. When these three are spoken of together, the term global radiation is 

used. In Figure 1, we can see how these three different parts of radiation are formed from 

the extraterrestrial irradiance that travels from the sun to earth’s atmosphere. (Lorenzo, 

2005)  
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Figure 1. Beam, diffuse and reflected radiation (Based on Lorenzo, 2005) 

 

Beam radiation is the part of global radiation that manages to reach the surface intact, but 

while still losing some of its energy in the atmosphere. Second part of the global radiation 

is the diffuse radiation. Diffuse radiation is the portion of the beam radiation that hits 

particles in atmosphere on its way to surface and ends up being scattered around in 

atmosphere, the diffused radiation is assumed to come from the whole sky apart from the 

Sun’s disc. The proportion of diffuse radiation in global radiation can change a lot 

depending on the angle of the sun, weather and geographical location. (Lorenzo, 2005) 

Reflected radiation will be explained in more detail below.  

In Figure 2 is a solar radiation spectrum that hits the earth. Sun light’s spectrum before it 

reaches the atmosphere is shown in yellow and the red shows the spectrum when some of 

it has been absorbed by the atmosphere. Different gases in the atmosphere absorb certain 

wavelengths more than other and can even cause “holes” in the spectrum where almost 

everything gets absorbed. Water vapor for one absorbs almost all radiation at multiple 

wavelengths, for example, around 800 nm and between 1300-1400 nm. Ozone (O3) also 

absorbs light very strongly in the UV range of the spectrum. (The Irish Meteorological 

Service, 2018)   
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Figure 2. Spectrum of Solar Radiation (The Irish Meteorological Service, 2018) 

 

3.2 Reflected solar radiation 

Lastly, reflected radiation is the part of global radiation that does not hit the surface in 

consideration (e.g. a solar panel) directly but instead hits the ground and is reflected 

towards the surface in question. (Lorenzo, 2005) Ground reflectance or albedo of a 

surface can have a significant effect on how much of the energy hitting a surface is 

reflected and on the amounts of energy that a solar array can produce from it. This positive 

effect on production increases further up north with the low elevations of the sun and the 

possible snow cover. Usually the value assumed for ground reflectance in calculations is 

0.2. Surface’s albedo can be, however, anything from 0.03-0.10 of water surfaces to up 

to 0.95 of fresh snow with most other surface materials being something in between.   

(Muneer, 2004) Albedos of some of the more common surface materials from different 

sources can be found in Table 1. Numbers from Muneer and Ramirez are averaged 

albedos of different ground coverings. The numbers from Brennan et al., however, are 

taken as a range of albedo from figures in the usable wavelength range of solar PV 
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modules of 0-1200 nm. Meaning that there might be some differences, although as can 

be seen from the table, the numbers are quite close.  

Table 1. Albedo numbers for common materials from four different sources. (Muneer et 

al., 2004, Ramírez and Muñoz, 2012, Brennan et al., 2014, PVsyst, 2018) 

Surface 

Material 

Muneer et. al Ramírez and 

Muñoz 

Brennan et al. PVsyst 

Fresh snow 0.75-0.95 0.81-0.88 0.6-1.0 0.82 

Old snow 0.4-0.7 0.65-0.81 0.55-0.75 

Ice 0.36-0.5 0.3-0.5   

Grass 0.24  0.02-0.5 0.15-0.25 

Concrete 0.22 0.15-0.25 0.1-0.3 0.25-0.35 

Asphalt 0.1 0.02-0.1 0.06-0.07 0.09-0.15 

 

One reason for the difference in albedo can be the spectrum used in the measurement. For 

example, according to Brennan et. al, grass has an albedo of about 0.45 in the range of 

700-1400 nm but only half of that at most outside of this range, so on average it should 

end up being quite close to the number given by Muneer. Snow on the other hand has an 

albedo of over 0.8 at wavelengths of under 700 nm, but starts to drop significantly after 

1000 nm. Nevertheless, as was said already, in terms of solar panels the wavelengths 

higher than 1200 nm do not matter much anyway with the current commercially used 

modules. (Brennan et al. 2014) 

According to Andrews and Pearce, 2013, using wrong albedo values in simulations can 

lead to under prediction of production depending on the tilt angles. In their study, they 

reported that the difference for a 90° tilt system can be under predicted by up to 10.5 %, 

40° system by 2.4% and a 25° system by 0.04%. It is also mentioned how reflected 

radiation can in some cases hide the losses that having snow on the panels might cause 

during winter by increasing the production at times when there is no snow cover on the 

panels. (Andrews and Pearce, 2013) In another study by Andrews et al., 2013, system 
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increases from about 0.1% to 0.4 % for a 20° tilt system with c-Si and a-Si panels were 

reported. For 40° installations, they reported increases of 0.3- 0.6 % and finally, for 60° 

systems increases from 0.3 % to about 0.9 % were shown.  In this study, c-Si and a-Si 

modules from multiple producers were tested and used which is also why the ranges for 

increased productions can have quite big ranges. (Andrews et al., 2013) 

However, when it comes to determining an accurate albedo value to use for solar panel 

simulations it can get difficult. Often the foreground of the solar array is made up of 

various surfaces and it is not going to be accurate to use an albedo value of just one 

material. One way to get an albedo value that is closer to reality, than the often-assumed 

value of 0.2, is to estimate a weighted average albedo for rather large area in the 

foreground of the solar panel. (Muneer, 2004) In rare cases during a winter in a rural and 

open setting, might there be some days with white homogenous snow cover in the 

forefront of a PV system and an albedo of up to 0.90 could be used. However, even if it 

is just a parking lot in the foreground, it is likely going to have an albedo of less than that. 

The surface of a parking lot will likely be more ice than snow and it is going to have 

impurities in it, which can change the albedo further.  

3.3 Solar PV system parts 

The most important part of a PV system is of course the module itself. The cell is made 

up of semiconductor material and produces energy when it is hit by photons that knock 

electrons loose. Other than that, the panels itself have protective layers and –parts, 

connections and supports. The cell being protected from the local weather conditions is 

of utmost importance for the overall energy production but also for the longevity of the 

system. Some sort of mounting equipment is always used to support and keep the modules 

in place. These can be installed either on roofs, building facades or just on the ground. 

The used mounts should also be carefully chosen to make sure that they last as long as 

the panels will. Especially in the northern latitudes high snow loads and increased weight 

need to also be taken into account. (Kalogirou, 2009) 

In the simplest form, a PV system consists only of a panel, electrical wiring and a load. 

Usually that is not the case however and depending on the system, there is at the very 

least some other components to it. If the system in question is a remote one, like summer 

cottages in Finland, they will usually have a battery and a charge controller that feed the 
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small DC load. In some cases, these systems can also have small generators for more 

energy demanding appliances and for times where the battery charge gets too low. 

(Messenger and Ventre, 2004) For the cases, that are grid-connected, simply having an 

inverter is technically enough as the needed energy can be taken from the grid when no 

solar electricity is available. The building should also be fitted with a 2-way electric meter 

to measure the electricity sold and bought from the grid. Grid connected system can of 

course also have its own battery for increasing the energy usage locally, but that is not 

necessity as the excess electricity can be sold to the grid. (Kalogirou, 2009) Figure 3 has 

two schematics on how grid connected and remote PV systems can be arranged. 

 

Figure 3. PV system schematic for stand-alone and grid-connected systems. (Based on 

Kalogirou, 2009) 

 

3.4 Solar PV panel types 

The different kinds of solar panel technologies are often divided to mono- and 

polycrystalline silicon panels and the thin film technologies. The thin film group has the 

widest variety of technologies included in it, but has such a small share of global 

installations that they are often bundled together. In 2017, 60.8 % of the solar panel 

production were polycrystalline silicon (poly-Si) panels, 32.2 % were monocrystalline 



21 

silicon (c-Si) panels, and only 4.5 % of the share were thin film technologies. Out of the 

thin film technologies CdTe’s share is 2.3 percentage points, a-Si’s share is 0.3 p.p. and 

CIGS’s share is 1.9 p.p.. Poly-Si panels have been by far the most produced and installed 

panels in 2010’s, but c-Si panels have been increasing their share again in the last couple 

of years. (Fraunhofer ISE, 2018)  

Crystalline silicon panels are made out of silicon wafers and the biggest difference 

between mono- and polycrystalline silicon panels is the purity of the silicon used. 

Monocrystalline panels use the purest silicon wafers that are cut to shape. As such, they 

have the highest efficiencies (15-20 %) and expected lifetimes of the commercially 

available solar modules. Their only down side is that they are also the most expensive 

ones. Polycrystalline panels are made from silicon wafers similarly to monocrystalline 

ones. The process is, however, cheaper and produces less uniform wafers than in 

monocrystalline modules. This causes the modules to be less efficient (13-16 %) but 

cheaper to produce. (Maehlum, 2018) 

The three most used thin film solar cell types are the a-Si, CdTe and CIGS. The share of 

thin films in global installations is still small, but they have some advantages over the 

more conventional crystalline silicon ones. The thin film modules are more simple to 

mass produce by layering the different used materials on top of each other. They can  be 

made flexible and as such be installed on curved roofs or other surfaces. Thin films are 

also less affected by shading and as such could work better in certain locations and 

installations. The biggest down sides to the thin film technologies are that they are less 

efficient than the more conventional solar modules and thus require more space to 

produce the same amount of electricity. They might also have shorter lifetime because of 

quicker degradation. (Maehlum, 2018) Some companies like the Finnish Virtesolar sell 

solar roof solutions, in which CIGS modules are glued directly to metal roofing. The 

roofing can be an already existing one or a new one still at a factory. Installing thin film 

modules this way, can reduce problems caused by the wind, snow or falling leaves 

through easier maintenance. (Virtesolar, 2018) 

The solar panel materials also have some differences when it comes to how well they can 

use different wavelengths. The different materials can be compared by using quantum 

efficiency and especially external quantum efficiency. EQE is the ratio of charge carriers 

collected by the solar cells to the number of incident photons. The EQE is usually shown 
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in a graph with EQE being the y-axis and wavelength being the x-axis. (Ananda, 2017) 

c-Si and poly-Si have the widest spectrum of usable wavelengths out of the solar panel 

materials, steeply rising starting from 0 nm and staying at an EQE of over 95 % for c-Si 

and at over 80 % for poly-Si. Until both of theirs EQE starts to quickly lower around 1050 

nm ending at 0 at 1200 nm. Most other panel materials have a much narrower spectrum 

of usable light. Amorphous silicon (a-Si) for one is mainly limited to the visible spectrum 

of light between 390-700 nm, but has a great EQE of over 90 % for most of it. CdTe 

modules also work mainly in the higher end of the visible light spectrum reaching EQE 

of 60 % at around 500 nm and then stops working with wavelengths of above 900 nm. 

(Brennan et al., 2014)  
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4 WEATHER IN ENONTEKIÖ 

The location of Enontekiö in the extreme north provides its challenges for sizing, 

simulating and operating a solar PV system. Enontekiö, like most of Finland apart from 

the very southern edge, belongs to the subarctic climate zone. (Ipfs, 2017a) The kind of 

subarctic zone present in Finland, is classified as Dfc zone in the Köppen climate 

classification system. Subarctic climate is usually located between the latitudes of 50°N 

and 70°N. The subarctic climate areas have long and cold winters and cool or mild short 

summers. Freezing daily average temperatures last for 5-7 months in a year, while average 

daily temperatures of over 10 °C might only last from one month to three months. 

Subarctic climate also has quite low precipitation, apart from the locations higher up. 

Vegetation wise the subarctic zones are mainly limited to pine trees and other hardy 

species with good winter survivability. (Ipfs, 2017b) Figure 4 shows the location of 

Enontekiö’s municipality center Hetta as shown with latitude- and longitude lines. 

 

Figure 4. Map of Finland with latitude- and longitude lines, and municipality centers. 

(Räisänen, 2009) 
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4.1 Solar radiation  

The amount of solar radiation depends a lot on the time of the year in Finland in general 

but even more so in the northernmost parts like Enontekiö as can be seen from the Figure 

5. Global horizontal irradiance or GHI that is used in Figure 5, is a combination of direct 

normal irradiance, diffuse horizontal irradiance and ground-reflected radiance that hits a 

horizontal surface. (Homer Energy, 2018c) Overall, the time span from late September to 

mid-March is very low when it comes to solar irradiation in Enontekiö. On a yearly level, 

95% of the total solar irradiation in Enontekiö occurs within a seven-month span from 

March to September and 82% with the timespan from April to August. During December, 

there is no solar irradiation at all. January’s radiation makes up 0.06 % of the yearly sum 

and November about 0.26 %. (European commission, 2017a) 

 

Figure 5. Monthly portions of yearly total solar irradiation in Enontekiö (European 

Commission, 2017a) 

 

During most of December and a large portion of January the sun does not rise above the 

horizon at all in Enontekiö and a PV system will provide no energy. During the winter 
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months most of the little radiation that does happen is also diffused radiation. (European 

Commission, 2017a)  This has to do with the concept of air mass. When the sun shines in 

a low angle, the rays pass through a much thicker layer of atmosphere. This makes it so 

that the rays have much higher chance of colliding with particles in the air, causing it to 

scatter. The air mass values for Enontekiö can fluctuate between as low as 1.4 in the 

summer and around 30 during the winter. (Lorenzo, 2005) Figure 6 shows how the sun 

elevation angles affect the air mass values at different times of year at the latitude of 66.5° 

of the Arctic Circle.  

 

Figure 6. Sun elevation's effect on air mass (AM) at the Arctic Circle. (Modified from 

Pixabay, 2016) 

 

However, during the summer months, the daily amount of horizontal irradiation is rather 

high due to the long hours that the sun is shining. Fraction of diffused irradiation also 

lowers during the summer months. It is still significant part of the global radiation in 

Enontekiö because of its northern location, which increases the air mass even during the 

summer. Enontekiö also seems to have many overcast days during the months of June 

and July, which clearly reduces the amount of global horizontal irradiation but the 

diffused part seems to stay the same. This can be seen in Figure 7. (European 

Commission, 2017a) 
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Figure 7. Daily global horizontal irradiation from tmy data (W/m2) in Enontekiö 

(European Commission, 2017a) 

 

As we could already see from the figures above, there is no irradiation during December 

in Enontekiö, which can also be seen from the sun path chart in figure 8. In the Figure 8, 

the x-axis shows the degrees of the compass starting and ending in the North. January 21 

has just about noticeable path over the horizon. However, between the March and 

September equinoxes the length of the day in Enontekiö is anything between 12 and 1400 

hours during the midnight sun period of 22.5.-22.7. (Tosilappi, 2018). During the 

midnight sun period, it is also technically possible to produce electricity with panels 

facing north, as the sun never sets and instead just “wraps” around the earth’s axis without 

going below the horizon. However, in reality this is not a feasible option as the sun light 

from north only happens altogether for some hours during the summer nights from 

unfeasibly low angles. The difference in the length of the day between March 21 and 

April 21 is already over 4 hours. Solar elevation angles are also very low at the latitudes 

of our case studies. June is the only month in which the sun reaches 45° at the highest 

point. However, over the best five months of the year the peak elevation reaches still over 

30°.   
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Figure 8. Skelion’s Sun path chart for Enontekiö. 

 

In Figure 9 is a solar radiation map from PVGIS for Finland. The map has Finland colored 

by the yearly sum of solar radiation per area (kWh/m2). The numbers on the underside of 

the color scale show how much a 1 kWp system with a system performance ratio of 0.75 

could produce. Hetta is located in the second most blue area, which would give system 

yields of 710 to 750 kWh/kWp. These numbers seem to be pretty much in line with the 

simulation results in the experimental part. (Huld and Pinedo-Pascua, 2017) 

Overall, in Finland the solar energy potential in different areas get worse when going 

further east from the coastal areas, or further north. This means that the area around Turku 

has the highest potential and the area around Inari in northwest the lowest. If we then 

compare the yields possible in Helsinki to those in Enontekiö, it is only a difference of 

about 10 %. Therefore, while the same array located in Southern Finland would of course 

produce more electricity, it is still far from being useless in the Northernmost Finland. In 

the north, the longer periods of snow and cold air can also help reducing the gap. (Huld 

and Pinedo-Pascua, 2017)  
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Figure 9. Solar electricity potential in Finland. (Huld and Pinedo-Pascua, 2017)  

  

4.2 Temperature and wind 

Temperature can have a significant effect on how much energy a solar panel produces. 

Higher the temperature, the less energy will get produced. Panels are usually tested at the 

standardized test temperature of 25 °C and are given a Pmax temperature coefficient. This 

temperature coefficient for the panel we will use in our case studies is -0.40 %/°C (Recom, 

2016). This means that if the panel’s temperature is for example 35 °C it will be 4 % less 

efficient. In our case, however, this behavior can be positive since it works to the other 

direction as well in opposite manner. On cold days with solar irradiance available but not 
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enough to raise the temperature of the panel above 25 °C, more than the panel’s rated 

power can potentially be produced. Most sunny days even during the spring or late winter 

will likely see the panels’ temperatures reaching positive temperatures, however, as the 

panels’ temperature can be 25 to 35 °C higher than the ambient temperature. (Mayfield, 

2012) Figure 10 shows the monthly average temperatures and wind speeds in Enontekiö.  

 

Figure 10. Monthly average temperatures (2007-2017) and monthly average wind 

speeds (2012-2017) at Enontekiö Näkkälä weather station (Finnish meteorological 

institute, 2018) 

 

In Enontekiö the monthly average ambient temperatures are always lower than 25°C. 

Overall, within the 11-year period from 2007 to 2017 there has been 22 days in which the 

highest temperature measured was over 25°C. Average temperatures also stay under 15 

°C even for the summer months. On the other end, the month of April is still in the below 

zero Celsius in the spring and in autumn the month of October already has below zero 

temperatures as well. (Finnish Meteorological Institute, 2018) 

The colder temperatures can also help with the longevity of the solar cells. Usually solar 

panels have warranty for 25 years and during this, they are expected to lose about 20% of 

their original efficiency. Most of this occurs in the first year but the phenomenon 

stabilizes years following that. For example, the panel used in our experimental parts is a 

poly-Si solar panel which is expected to lose 3 % of its efficiency on the first year and 

0.65 % every year after that until the year 25. This would leave the panel with efficiency 
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of 81.4%. (Energysage, 2018) In a Swedish study of solar panels installed in 1981 and 

taken out of use in 2006, it was found that the average peak power over the 25 years only 

lowered by 3.8 % on average and only one of the 20 modules showed higher amounts of 

degradation. The researchers especially noted that much less “yellowing” of the 

encapsulant was present when compared to modules from warmer climates. The modules 

were installed near Stockholm, which is still quite south from this thesis’ point of view. 

Likely, however, the modules would last longer in Enontekiö as well since electronics 

tend to perform better in lower temperatures. (Hedström and Palmblad, 2006) Enontekiö 

also has less freezing-melting cycles during winter, which can cause mechanical damage 

to the arrays (Brearley, 2015).   

Another important factor on efficiency of solar panels is the wind speed. In a paper by 

Kurnik et al, 2011 module’s temperature was shown to be lowered by significant amounts 

in both building-integrated- and open rack installations with increased wind speed. For 

example, an increase of wind speed from 0 m/s to 3 m/s lowered the open rack installed 

module’s temperature by about 7 °C and roof integrated module’s temperature by about 

10 °C. The relationship with the wind speed and panel temperature is not linear though 

and cooling effect of wind speed lowers after the 0-3 m/s range. For open rack installed 

the temperature only drops about 3 °C in 3-6 m/s range and about 5 °C for roof integrated 

module in the same range. (Kurnik et al., 2011)  

In Enontekiö the wind speeds are really stable year around. Average monthly wind speeds 

have almost no seasonal variation, with them staying within the 3-4 m/s range for the 

whole year. In the year 2012, no wind speeds of over 13 m/s were recorded and wind 

speeds of over 9 m/s only happened for 96 hours altogether as can be seen from the wind 

speed frequency graph in Figure 11. (Finnish Meteorological Institute, 2018) 
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Figure 11. Wind speed frequencies as hours per year in Enontekiö in 2012 (Finnish 

meteorological institute, 2018) 

4.3 Snow cover 

Enontekiö belongs to the snowiest part of Finland as can be seen from Figure 12. The 

permanent snow cover comes to Hetta already in late October and can have a positive 

impact on the small production during October and November. The more significant 

impact the snow cover and higher reflectance of solar irradiation comes during the spring 

months from March to the end of May when the snow cover on an average year finally 

melts. (Finnish Meteorological Institute, 2018) 

While the snow can have a positive effect of reflection on the production during the snowy 

season, it also means that to properly utilize the extra production possibilities, the panels 

will have to be cleaned at some point during the winter. Becker et. al found out that 

slipping of snow off the surface of a solar panel can already happen at temperatures of -

10 °C with a panel at an angle of 28°. (Becker et al., 2006) 
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Figure 12. A Average starting date of permanent snow B Average ending date of 

permanent snow cover C Average number of days with snow cover D Average snow 

depth at the end of March (Edited from Finnish meteorological institute, 2018) 
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5 CHALLENGES OF SOLAR PHOTOVOLTAICS IN THE 

EXTREME NORTH 

Solar PV systems and their operation can face some difficulties in the extreme north and 

Finland in general. This chapter describes, how the panels could be kept clear from snow 

during the winter and if something could be learned from existing cases in the snowy 

regions elsewhere. Issues regarding solar PV production especially in housing companies 

in Finland will also be investigated.  

5.1 Snow clearing methods for solar modules 

Snow during the spring months can be a big hindrance for the solar electricity production 

in the snowy and northern regions. The easiest way to go around this problem would be 

to install the panels vertically or at least in a steep angle to have less snow stick to the 

panels. However, this is not always an option for roof-installed panels. 

(Arkkitehtuuritoimisto Kimmo Lylykangas Oy, 2014) Assuming that the panels will get 

a snow cover eventually, the usual solution given by the panel providers is to wait for the 

snow to melt and slide off on a warm enough day. (Suncommon, 2018)  

In Enontekiö waiting for the snow to melt would mean no electricity production in 

February or March. By early February, the snow depth is from 40 to 80 cm and the 

temperatures are not helping the snow clearing process. The maximum temperature of the 

day can seldom reach above 0 °C before mid-March. (Finnish meteorological institute, 

2018 temp) Because of the many different variables with snow and weather conditions at 

different locations, it not possible to determine the best snow clearing solution in their  

location. In addition, the method that can be used for clearing snow from an industrial 

sized ground-mounted system will most likely not work on roof-mounted small-scaled 

systems. As a case in point, the snow crystals in Enontekiö can be completely different 

from those in North America or Central Europe. This can make passive solutions for snow 

clearing like coatings work in one place and not in another. (Jelle, 2013) 

As in Enontekiö, passive snow clearing is not feasible option, other methods of snow 

clearing will be reviewed next. Some of these methods have been properly researched 

and are in the development phase, while others are yet untested ideas. 
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2.2.4 Surface engineering 

A much-researched option is using different coatings or structuring the surface of the 

glass pane to have certain shapes to improve the snow shedding qualities of a panel. Many 

of the studies focus on trying out different hydrophobic-, icephobic- and self-cleaning 

coatings, while taking into account ice and snow formation in different forms. This means 

that not only the snow that falls sticks to the panel, but moisture in the air can also 

condense on the panel and freeze later on. (Jelle et al. 2016) Freezing moisture can also 

cause other problems than loss of production with solar panels. The freeze-thaw cycles 

can pack the snow tighter and cause breakages with the weight. The expanding volume 

of ice after water has made its way to possible small crooks near the frame of a panel can 

damage the panels. (Brearley, 2015) The main attraction of coatings to clean up solar 

panels is that no extra energy would need to be used and no extra work would need to be 

done, unlike with the other options. 

With icephobic coatings, the aim is to slow down the freezing of water by lowering the 

area of contact with the water and the surface. (Jelle et al., 2016)  This is achieved by 

having superhydrophobic coatings and nanostructuring. Wang et al. found out that nano-

fluorocarbon coating provided good anti-icing performance at a constant temperature of 

-8 °C. On coated surface, a water droplet took 2 minutes longer to freeze completely. 

(Wang et al., 2012) On another study though, hydrophilic coatings were found to delay 

the freezing further. However, the author also states that when talking icephobicity liquid 

shedding qualities and freeze delay times should both be considered and hydrophobic 

coatings have better liquid shedding qualities. (Jung et al., 2011) In the case of Enontekiö, 

the most important feature for a coating is, whether snow can adhere to it or not, as water 

freezing to a panel is not likely to happen in the climate conditions of Enontekiö.  

2.2.5 Heating 

Three different options have been mentioned when it comes to clearing solar panels from 

snow by heating, two of which could technically be used and have been shown to work 

in some cases. One of them also has commercially usable solutions available. The third 

one, however, is clearly not feasible but will still be worth of mentioning.  

Starting from the worst, the solution not likely viable is heating solar panels using heat 

loss through the roof to melt snow and slide off the solar panels. With this solution, one 
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would probably end up using more energy to melt the snow from than how much the 

panels would produce, due to the cold weather in the case study site. (Jelle, 2013) 

The second option is to install heating cables or heating mats to either the backside of the 

PV panel or at the very least to the frame of the PV panel to induce snow sliding. The 

fundamental problem with this method is that it uses electricity. The heating cables or 

mats and installation are also an additional investment to take into account. While this 

method is technically viable, it is most likely not economically feasible. (Jelle, 2013) 

The third and likely the best solution via heating is to heat up the panel itself internally 

by running electricity through it with a DC power supply. (Weiss and Weiss, 2017) This 

still has the fundamental down side of needing energy. The feasibility of this kind of 

system comes down to the ratio between how much electricity is used and how much can 

be produced by the cleared panels. 

Weiss and Weiss (2017) did some experimenting with such a system for snow clearing. 

In this paper, they found that it is possible to use this kind of system to heat a solar panel 

enough for the lowest layer of snow to melt and cause it to slide off the panel. However, 

they also ran into problems in their experiments with the frames of the test panels. Even 

if the panel heated up enough for the snow to start sliding, when the sheet encountered 

the still cold aluminum frame it froze up again and the sheet could not slide over the slight 

bump of the frame. To get around this problem, they tried smoothing out the edge of the 

frame and heating the frame with heating foil to get the snow sliding better. While the 

system worked with the heating foil addition, it would likely be too costly for a full-scale 

system and some other solution should be found. (Weiss and Weiss, 2017) 

In a more recent study by Rahmatmand et. al (2018) a reverter system and a heating foil 

system were tested and compared. The aim of the study was to find how well either of 

these options work and to compare how much energy the different setups used. Both 

studies encountered the same problems with the framing of the solar panel. The water 

was found to freeze up again when it encountered the frame and the sliding stopped. Their 

solution was to remove the frame from lower end of the panel, which worked. Due to this, 

the researchers proposed using frameless panels in snowy locations if possible. They also 

concluded that using reverters could be better for snow removal than using heating foils. 

Another interesting finding was that of all the measured days, only on one day did the 

snow slide over the frame of the panels and that occurred because of much higher amount 
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of snow and the increased weight of the snow cake on the panel, which made it possible 

for the snow to slide over the frame. (Rahmatmand et. al, 2018) 

There is also a commercially available system, called the HAIN-system that uses the same 

principle of clearing solar panels by heating them internally. The HAIN system is 

automated and works with mono-Si and poly-Si panels. The system works by having 

optical sensors that detect when panels have 1 cm of snow on them. When snow is 

detected the system switches the inverter off and switches a so-called reverter on. The 

reverter takes its energy from the grid, converts it from AC to DC, and feeds it to a part 

of the solar array. The process goes through the different strings in the array this way one 

by one until all the panels are clear and then switches back to energy production mode. 

(Keisolar, 2018) Risesolar also claims that the system would have a ROI of 2.5 years if 

not less in ideal conditions. (Risesolar, 2018) 

In general, it seems that out of the possibilities for heat removal of snow, pairing up 

reverters with frameless PV panels could work the best. A positive side of these heating 

systems is also that there is no need for manual labor or climbing up ladders or roofs, 

which can be hazardous. The panels are also safe from accidental fractures possibly 

caused by manual cleaning.  

2.2.6 Mechanical removal 

The simplest way to remove snow from the panels mechanically is to use a brush or a 

rake. The most used option for this is or soft brushes that do not scratch the surface of the 

panels, if there is access from the ground. Some articles even recommend throwing soft 

and lightweight balls at the panels to induce sliding. (MacCarthy, 2015) No automated 

systems seem to exist for mechanical snow removal, as there are for dust removal. Some 

heavier machinery exists for large ground installations as a cleaning service. (Clarion 

solar, 2018) Overall, mechanical cleaning would seem to be the best and the cheapest 

option to keep the panels clear for a small-scale system. However, if the array is rather 

large and the cleaning should be done multiple times every winter, it can get quite 

arduous. Table 2 summarizes the benefits and drawbacks of the different snow clearing 

methods reviewed in this chapter. 
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Table 2. Pros and cons of the snow removal methods. 

 Pros Cons 

Mechanical Shovels, brooms and scrapes 

readily available.  

Best for small and easy to reach 

systems 

Manual labor 

Can be arduous and dangerous 

No automated options available 

Heating 

cable/foil 

Can be switched on and off 

when needed 

Potentially automated 

Uses energy from the grid 

More of a do it yourself installation 

Reverter Uses energy from the grid to 

heat up the backside of the 

panels 

Fully automated 

Likely high investment 

Uses energy from the grid 

Seems to only be available for flat 

roof and ground mounted systems 

at the moment 

Likely high investment 

Only for >50 kWp systems 

Surface 

engineering/ 

surface 

coatings 

Passive solution 

Lot of research going on 

Need to choose the right coating 

for the right location 

Seems to mostly help with water 

and ice 

 

5.2 Current legislative barriers to the application of rooftop PVs in 

Finland 

Currently, there are still some legislative barriers in Finland for the profitability of solar 

electricity systems. If these could be solved, it could highly promote installing more PV 

systems. One of them would be to use net billing, which is not a real possibility as of now. 

The other has to do with housing companies owning solar panels and wanting to share 

the produced electricity with the owners and the residents evenly. 

Net billing means that the amounts extra electricity produced by solar PV that is sold to 

the grid would be more or less deducted from the electricity bill over a certain time period. 

This would make it so that the price of electricity sold to grid would be as valuable for 

the system owner as if the electricity was self-consumed. Compared to the current 

situation where the price for sold energy for the system owner is only the price of the 

electricity, whilst buying involves paying taxes and the price of distribution. This means 

electricity is sold, at about 1/3rd of the price of electricity bought. In a study for the 

FinSolar project, the possibility for net billing was studied from the legal point of view. 
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The study reviewed the different parts of the electricity’s price; €/kWh, transmission 

costs, electricity tax, VAT, to see which of them could possibly be compensated through 

net billing. The study found that the costs of distribution and the energy itself could be 

net billed with the current legislation. The two taxes were found to be a bit different 

however, for VAT it simply is not possible with the legislation. For the electricity tax, 

EU legislation is currently the limiting factor. A national exception from the law could 

potentially be applied for, which might make it possible. (Aapio, 2017) In conclusion, 

VAT and electricity tax is at least very hard to have included in net billing, but there is 

no limitation on transmission and electricity prices being net billed. If the distribution was 

also net billed, it would make about 2/3rd of the price of the bought electricity, which is 

twice as good as the current norm. There, however, might also be problems with net 

billing the distribution costs if the distribution company and the power company are not 

the same. In case only the price of electricity can be gained from selling excess electricity, 

oversized solar systems are not worth it. 

Currently, the use of solar electricity in housing companies is limited to using it for the 

shared operations of the building such as lighting outside and corridors, and HVAC 

systems. Therefore, if a building was fitted with a bigger PV system than what these 

property systems consume, the only option is to then sell the excess electricity to the grid, 

which is not economically profitable. This is because all the apartments within a housing 

company have their own electricity contracts and meters. (Auvinen, 2017) There is, 

however, two pilot projects going on for cases in which the excess electricity after the 

property electricity consumption is distributed evenly between the owners of the 

apartments. This is done virtually by taking the amount of excess production and dividing 

it according to the owned shares in the housing company and then deducting it from the 

amount of electricity they have bought, thus getting the amount to be billed. The problem 

with this kind of solution is that there is no current legislation for it. In Oulu, for example 

they had to get a precedent from the tax authorities to get the pilot project going. (Oulun 

energia, 2018)  

The problem with this kind of setup is that the energy does go to the grid shortly before 

getting to the apartments, as can be seen in Figure 13. 
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Figure 13. Concept picture of communal solar PV with virtual metering (Based on 

Auvinen, 2017) 

  

In the Figure 13, technically anything on the right hand side of the meters is part of the 

distribution network, even if the electricity does not technically leave the cables within 

the building. The legislative limitation with this kind of setup comes from the electricity 

taxation law. This means that, even if the local community, such as housing company, 

would use the shared electricity production between the residents, taxes and distribution 

costs will still have to be paid. In the article by Finsolar as a solution, the writer calls for 

a change in legislation that would allow for communal renewable energy production 

within a clearly defined local area. The local area could be for example be the lot or an 

area of certain size. (Juntunen, 2016) While these issues are something that right now 

limit the amount of solar electricity being introduced into the energy system, they are also 

mainly legislative problems. This means that as the sustainability goals set by the EU 

need to be met, there is going to be pressure to change the legislation. It is quite likely 

that, in future, apartment buildings will be able to share their produced solar energy and 

earn more from the electricity sold to the grid.  

Recently, the smart grid working group of Ministry of Economic Affairs and Employment 

of Finland has published a report in which they propose some legal changes needed to be 
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made to promote small scale production in housing companies. The working group 

proposes that housing companies would not have to pay distribution fees or electricity tax 

for electricity that is produced and consumed within a housing company. If these changes 

they propose were to go through as they are in the report, the legal changes could come 

into effect around years 2020-2022. (Koistinen, 2018) 

5.3 Existing cases in cold and snowy climates 

A limited amount of well-reported cases of actual solar PV systems’ installed in existing 

buildings and their performances over the years exist in the areas of interest in regards to 

our case. Most of the cases we will be going through are located in North America. None 

of them are quite as far north as Enontekiö is located, but still the climates in these places 

tend to be even colder or snowier or both. The biggest difference is naturally in the 

distribution of solar radiation between the seasons. In many of the case studies found from 

Alaska (USA) or Yukon (Canada), have the increasing O&M costs of diesel engines that 

have been used for energy production in remote locations as the main driver for transition 

to use solar energy.  

The Government of Yukon has three case studies done on the feasibility of solar energy 

in the northern state in Canada. The locations of these cases range from Whitehorse (60°) 

to Old Crow (67°). (Government of Yukon, 2016, 2017) The first one located in 

Whitehorse is a 5 kWp roof solar array on top of a detached house. For this system the 

monthly shading losses from snow or otherwise range from 3 % in summer months to 

about 70 % in December and January. With the yearly losses still only being 10 %. The 

annual electrical costs are expected to be about 950 $ for the household and the payback 

time is expected to be 18 years. The arrays are also equipped with the possibility to change 

the angle manually depending on the time of the year. The angle is changed twice (28° 

and 60-70°) a year to improve production. Overall, the system is found to be feasible, but 

certain things should be taken into account in planning phase as noted by the author, such 

as roofs structural integrity and snow removal from the panels and from the roof itself. 

(Yukon Government, 2016a)  

In the second case study by the Yukon Government 15.1 kWp solar PV system was 

installed vertically on the walls of two different community buildings in a remote 

community of Old Crow. Main driver for this system was to move away from the high 
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operation costs of diesel generators that had been used by the community. Sadly, no actual 

production numbers were reported but the expectation was for the system to produce 1 

100 kWh/kWp/year, which seems a bit optimistic. The people involved in this project 

emphasized the proper sizing of the system and putting the panels to a steeper angle to 

produce as much over the colder months when the consumption is at its highest. (Yukon 

Government, 2016b) On another case study, solar panels were vertically installed to 

remote microwave station of a telecommunications company. The main driver for this 

change was to reduce the costs of running diesel generators. The system worked well 

enough for the company to make similar changes to eight more locations. In the lessons 

learned part of the report proper planning for the climate was emphasized and the albedo 

effects of snow were found to have a significant increase on the electricity production 

amounts. (Yukon Government, 2017)  

One northern system is located in Nunavut Arctic College in Canada. The system has a 

peak power of 3.2 kWp and is grid-connected. The system was installed in 1995 and the 

study focused on the first 9 years of production.  This system was also installed vertically, 

but to a southwest facing wall instead of being ground mounted. The system had yields 

between 560-690 kWh/kWp with the average being 629.96 kWh/kWp. The writers 

conclude that with the system being maintenance free and its performance being good, it 

should work well for encouraging further solar energy investments in the north. Even 

more so once the PV investment costs lower. (Poissant et al., 2004) At this point, this 

study is already quite old but if it was deemed feasible already 15 years ago, it should be 

feasible now too. 

In general, the consensus in many of these North-American case studies seems to be that 

solar panels most definitely work in the northern latitudes. Not only do they work in 

remote not grid-connected solutions but also in normal housings. The 18 years of payback 

time for the detached house is naturally higher than for more sunny and southern 

locations, but still with a lifetime of at least 30 years the system will end up being feasible. 

Three of the systems were installed vertically, two ground mounted and one on a wall. 

The third one had the panels installed on a rack that made it possible to change the angle 

between summer and winter months. Overall, the writers for these different case studies 

seem to prefer higher angles and call for more careful planning of the system, so that 

problems that the local climate presents are not overlooked. 
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6 METHODOLOGY 

In this work, Sketchup was used to model the buildings for solar PV simulations. Skelion, 

was used to sizing the systems on the models. Homer was used to produce electricity 

consumption and production profiles, to see how much electricity can be self-consumed 

and to see how big of an effect the increased albedos of snow can have on production. 

Lastly, economic evaluation was done using the Finsolar economic feasibility calculator 

to see what could be the payback times of the simulated systems.  

6.1 Sketchup and Skelion 

Sketchup was used for modeling the buildings of the case studies. The modeling was 

based on the actual architectural drawings of Tunturisopuli row house complex and 

Virastotalo. The building models are not exactly the same size as the real buildings 

because of small inaccuracies that come from scanning old hand-drawn architectural 

plans. Nevertheless, the models are accurate enough for our uses as some centimeters here 

or there would not make any difference for the electricity generation or the sizing of the 

solar arrays.  

Skelion is a solar systems design plugin for Sketchup. With Skelion solar panel arrays 

can be installed to models drawn in Sketchup. Skelion can then be used to calculate 

shading losses for each panel using TMY meteorological data for the geographical 

location. Skelion has also its own energy generation calculations on top of the reports that 

use PVWatts and PVGIS calculators.  

For the case studies, the PVGIS based energy reports were mainly used. PVWatts 

calculations were also run but only to see that the results are not too different. The 

problem with PVWatts is that as a North America based system it has fewer 

meteorological points in Europe. For our case, this means that the meteorological data 

from Kiruna, Sweden about 150 km away is used in PVWatts calculations. (PVWatts, 

2018)  
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6.2 Homer Energy 

Homer Energy was mainly used for two things. To simulate how much of a difference 

higher levels of albedo on winter and especially spring months can have on energy 

generated by the systems, and to simulate hourly consumption profiles and hourly solar 

production profiles from yearly total consumptions and yearly total productions. The 

yearly total consumptions for the case studies were acquired from the municipality of 

Enontekiö and the yearly total production of solar electricity was simulated using Skelion. 

 Homer’s results when it comes to the electricity production were made to match the 

results of Skelion by changing the PV derating factor option. With the default derating 

factor value, the simulated solar productions were found to have too high yields for the 

system’s location. The PV derating factor is used to scale the PV results to environment 

and climate related losses such as shading, snow cover and aging. Different derating 

factors were used for the two case studies. (Homer Energy, 2018b) 

In Homer, you can only input one albedo number at a time so some mixing and matching 

needed to be done between the snow accumulation periods, the snow melting periods and 

the periods without snow. The albedo values used for these different periods can be seen 

in Table 3. For the results of the different scenarios in the beginning only the default 

albedo of 0.20 is used. Then, the chosen scenarios are further looked into with changes to 

the albedo values that better represent the albedo values of the different times of the year. 

The albedo values chosen for these simulations are based on the albedo values mentioned 

in the theory part earlier. The numbers for snowy seasons especially are bit on the lower 

side. This is to take into account that in the built landscape of the village of Hetta, it is not 

likely that the forefront of the solar PV system would only have snow as reflecting 

surfaces. As such, 0.7 was chosen to be used for the snow accumulation season instead 

of 0.9 that is in the higher end of the newer snow’s range of albedo. Chosen 0.5 for the 

snow melting season is also on the lower side of the albedo for actual wet snow. During 

the melting season some of the areas that might have been covered with snow tend to lose 

their cover like trees or other more slippery surfaces. Some of the snow will also melt and 

freeze thus forming ice, which has lower levels of reflectance.  

For timing of these different periods data from FMI is used. In the data, based on the 

1981-2010 comparative period, Hetta got permanent snow cover in the later half of 



44 

October on average. The permanent snow cover lasted on average until around middle of 

May. (Finnish Meteorological Institute, 2018) While missing the data for Hetta exactly, 

all the other measurement locations close by with data seem to on average have the 

highest snow depth on the last day of March. As such, the snow accumulation season was 

deemed to start 20.10. and end on the last day of March. Snow melting season then lasts 

from the thickest snow cover, until the last day of permanent snow cover (1.4.-15.5.). 

Snowless season and albedo of 0.20 was used for the period between. (Pirinen et al., 2012)  

Table 3. Albedo coefficients used in Homer simulations.  

Period of time Albedo coefficients 

Snow accumulation season (20.10. - 

31.3.) 

0.70 

Snow melting season (1.4. – 15.5.) 0.50 

No snow (16.5. – 19.10. ) 0.20 

 

In Homer, the equation (1) is used to simulate the ground reflected part of the solar 

radiation on a surface at a certain angle. (Homer Energy, 2015)  

𝐺𝑟 = 𝐺𝜌𝑔 (
1−𝑐𝑜𝑠𝛽

2
)    (1) 

In which,   𝐺 is the global horizontal radiation on the earth's surface averaged over the 

time step [kW/m2] 

𝜌𝑔 is the ground reflectance, which is also called the albedo [%] 

𝛽 is the slope of the surface [°] 

The angle of the panel plays a significant role in how much extra power is produced 

according to this equation. With an angle of 90°, the value inside the brackets becomes 

0.5 but with an angle of 25°, it is only about 0.05. Therefore, with a panel angle of 25° 

and a summer albedo of 0.2 the ground reflected solar radiation could produce an extra 

1% at most.  
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6.3 Economic evaluation of the simulated PV systems 

For economic evaluation of the systems, an economic feasibility calculator developed by 

FinSolar was used. The calculator requires from the user certain inputs that we will go 

through and it calculates the investment’s net present values to see the payback time of 

the installation. All of the numbers that are the same for both case studies will also be 

combined into Table 4. 

Electricity prices for Enontekiö were taken the municipality energy company Enontekiön 

sähkö Oy. With the general energy plan called Yleissähkö the energy costs 8.47 

cent/kWh. This includes the 2.24 cent/kWh energy tax, the 0.013 cent/kWh security of 

supply payment, and the 24% VAT. (Enontekiön sähkö Oy, 2017) However, no price for 

the distribution payment could be found from Enontekiön sähkö Oy. Instead, the 

distribution cost per kWh was taken from the energy company of the neighboring 

municipality of Inari. For general electricity contract the price of distribution in Inari is 

2.88 cent/kWh with the VAT included. (Inergia verkko, 2017) Altogether, these bring he 

electricity cost to 11.35 cent/kWh that will be used in the economic evaluation.  

For the expected yearly increase in electricity price, the base line scenario from a paper 

by VTT was used. In the baseline scenario the electricity price is expected to go from 

43.21 €/MWh in 2020 to 44.64 €/MWh in 2030 in the Nordic market. These numbers 

give us an annual growth rate of 0.326% that will be used in evaluation. (Koreneff et al., 

2009) 

For discount rate of the investment, 3% was chosen according to a European Commission 

paper “Cost maps for unsubsidized photovoltaic electricity”. According to the study the 

discount rate can be anything between 1 to 6 %, but it also mentions that the average in 

Europe is under 3%. (Huld et al., 2014) 

The Finsolar calculator uses a percentage of investment costs as the basis for the yearly 

O&M costs. On top of the yearly O&M costs, there is also inverter replacement cost on 

year 15. In a paper by NREL multiple different numbers for yearly O&M costs are 

reported. At least two different groups reported O&M costs of about 10-30 $/kW/year for 

PV systems. On top of that, 0.5 % of initial investment was reported as a good estimate 

by the working group.(NREL, 2016) 0.5 % was also used as yearly O&M costs in the end 

report of project Aurinkodemo by  Oy Merinova Ab. (Ala-Myllymäki, 2016)  
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The investment cost for the systems is based on data from the website of Finsolar project. 

Finsolar gives a turnkey investment need of 1350-1050 €/kWp for a roof-installed system 

in the size of 10-250 kW.  For the case studies the average of 1 200 €/kWp was chosen. 

(Auvinen and Jalas, 2017)  

The used panel’s degradation rate was taken from a product sheet of a poly-Si panel. The 

simulations were based on Recom Solar’s solar PV model RCM-270-6PB that is a 270 

W polycrystalline solar panel with dimensions of 1 640 mm x 992 mm x 35mm. The 

panel has an efficiency of 16.5 % and a degradation rate of 0.65 % per year. (Energysage, 

2018) 

Important factor in the economic evaluation is the Energy aid. The energy aid is an 

investment aid that can be provided for renewable energy projects by the Finnish 

government through Business Finland. The aid is granted for projects that promote new 

technologies or their commercialization or for projects that significantly increase the 

amounts of renewable energy produced. The fraction of the investment provided by the 

aid depends on the technology to be used. In our case, the energy aid subsidy is 25% of 

the investment costs as it is a solar electricity project. There are also some limitations on 

who the energy aid can be granted for, but this should not be problematic either as 

municipalities are on the list of available communities and organizations. (Business 

Finland, 2018) 



47 

Table 4. Numbers used for economic evaluation for both case studies. 

Electricity price from grid 4.577 c/kWh 

Electricity distribution 2.320 c/kWh 

Electricity tax and the security of supply 2.253 c/kWh 

VAT 24% 

Grid electricity cost altogether 11.346 c/kWh 

Expected rise in electricity cost 0.326 %/year 

Investment cost per kWp 1 197 €/kWp 

Investment aid 25 % 

Discount rate of the investment 3.0 % /year 

Operation and maintenance, percentage 

of the original investment 
-0.5 %/year 

Cost of inverter replacement on year 15, 

fraction of the original investment 
10 % 

Expected solar panel degradation -0.65 %/year 

 

Other values needed for the economic evaluation are based on the system and the 

consumption of the location. Those will be gone through in their own sections in the 

experimental part of this work. 
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7 ESTIMATING THE PROFITABILITY OF SOLAR PV IN 

ENONTEKIÖ 

The purpose of this study was to investigate the profitability of solar PV systems in the 

extreme north. For this, two case studies from the village of Hetta in the municipality of 

Enontekiö were chosen. The village of Hetta is located in the northwestern part of the 

Lapland at the latitude of 68.4 °N. The locations of the case studies can be seen in Figure 

14.  

 

Figure 14. Village of Hetta on map of Northern-Finland and the two case studies 

(Edited from Open street map contributors, 2018) 

 

Only yearly total electricity consumption could be acquired for the two case studies, 

instead of the preferred hourly consumption. The hourly consumption was then simulated 

in Homer Energy program from the yearly consumption at the same time with the solar 

simulations. For both cases, the option to have peak consumption in January during winter 

was used.  

7.1 Case study 1: Tunturisopuli 

The first case study is a row house complex owned by the municipality of Enontekiö 

called Tunturisopuli. The row house complex is made up of 26 apartments of different 

sizes divided to 5 different buildings and is located west of the village center of Hetta. 

The buildings are heated with electricity and as such, the municipality wants to look into 
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options to reduce the electricity costs of the residents without producing extra carbon 

emissions.  

2.2.7 Tunturisopuli electricity consumption  

Table 5 shows the yearly electricity consumptions of the apartments of Tunturisopuli. The 

electricity consumptions itself are high for the apartments which is very much because of 

the electric heating and the northern location. The electricity consumptions are further 

increased by the apartments having their own saunas, which in Finland can increase the 

consumption by a lot on a yearly level.  

Table 5. Tunturisopuli yearly consumption 2016 (kWh) 
 

Building  8 6 10 12 13 

Apartment A 12 580 8 323 5 161 13 344 16 573 
 

B 9 638 9 075 10 771 11 541 10 668 
 

C 7 645 5 499 
 

10 223 11 227 
 

D 6 175 9 921 
 

11 694 8 873 
 

E 10 141 11 319 
 

11 832 6 853 
 

F 11 203 12 907   9 063 15 510 
 

Total 57 382 57 044 15 932 67 697 69 704 
     

Grand Total 267 759 

 

As the Tunturisopuli is a residential rowhouse complex, residential consumption profile 

was chosen for the simulations. Only the whole complex’s average daily consumption 

was used as an input. With the residential consumption profile, Homer gives out a profile 

with peaks of consumption in the morning, during the lunch hours around noon and a 

very high peak during the evening after 17:00. This can be seen from the Figure 15. There 

are also of course some differences in the baseload and the sizes of peaks between the 

profiles during the winter and during the summer. Compared to the solar production 

profiles that we will go through in the experimental part, residential consumption profile 

is not the most optimal. The solar energy production is at its highest during the daytime 

when most of the residents are not at home to consume the produced energy. This should 

be taken into account when sizing the PV system.  
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Figure 15. Simulated load curve for single day during winter and summer (Homer, 

2018) 

 

The daily loads over a period of year can be found in Figure 16. The difference between 

the daily consumptions over the coldest 3 months (December-February, 860kWh) and the 

warmest 3 months (June-August, 610 kWh) is about 250 kWh on average. The difference 

between the highest and the lowest peaks in return is about 1200 kWh – 440kWh = 760 

kWh. Overall, the real consumption profiles would naturally be better as Homer just 

scales the data to fit the total consumption (Homer Energy, 2018). Especially the 

differences between winter and summer months would likely be bigger as there is no way 

to accurately distinguish what part of the total consumption is used for heating and what 

part is used by other appliances. With that said, it is still great that the daily consumption 

profiles are correctly shaped and will give better results on how much of the produced 

solar energy can be used and how much of it needs to be sold.  
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Figure 16. Tunturisopuli simulated daily consumptions over a year. 

 

The Skelion models were based on architectural drawings of the complex. In Figure 17 is 

a screen capture taken from Skelion from overhead view of the model. The roof areas 

marked with yellow are the most closely angled towards south. The roof marked with 

orange was also considered as an extra option, but clearly, the yearly production will be 

quite a bit less because of the almost western angle and the much smaller roof area. The 

two other buildings are not that great for PV production. Especially the one lower in the 

picture seems to not only be shaded by trees to east but also quite heavily from the trees 

on the southern side. Then there is also the question about how big of an array would be 

feasible and smart to have and having more than the marked three roof areas fitted with 

panels would lead to excess production. For scenario 1 only the arrays on roofs marked 

with yellow will be simulated. While scenario 2 simulations also take the roof marked 

with orange into account.  

0

200

400

600

800

1000

1200

1400

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

Tunturisopuli simulated yearly daily consumption (kWh) 



52 

 

Figure 17. Tunturisopuli suitable roofs for solar PV.  

 

2.2.8 Tunturisopuli Scenario 1 

Scenario 1 has the south-southwest to north-northeast orientated buildings’ south side 

roofs filled with panels. With this setup, each of the roofs would have arrays of 130 panels 

and peak power of 35.1 kWp, making altogether a system of 260 panels and a peak power 

of 70.2 kWp. The arrays have an azimuth angle of 161.8° and a tilt angle of 18.4°. 

Together these arrays were simulated to produce about 50 000 kWh of energy yearly with 

a yield of 706 kWh/kWp. In Figure 18 is a screen capture taken from the south side of the 

Skelion model with the panels for scenario 1 in place. 

 

Figure 18. Tunturisopuli from south with scenario 1 arrays. 
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The more important factor than just how much of energy is produced with an array is to 

compare the produced energy to the consumption of the complex. This will be done by 

taking the simulated hourly consumption and production amounts from Homer. In Figure 

19 is the yearly consumption and production at a daily level. As can be seen, on a daily 

level the production is never higher than the consumption. Still, on some days during the 

summer months there is considerable grid sales happening.  

 

Figure 19. Daily consumption, solar production and grid sales (kWh) simulated in Homer. 

 

Currently, one should avoid producing more energy than can be consumed on site. In the 

future though, it is likely that an ok price can be gotten for energy that is sold to the grid. 

With this setup, the solar electricity system is able to cover about 17 % of the yearly 

electricity consumption. 

 The sales of extra production to the grid are kept to about 8 % (Table 6) of the yearly 

production. The sales happen during the highest irradiation hours of the summer months, 

especially in May-July. Meaning that while the daily production is lower than the 

consumption, still around noon there is some excess electricity produced. This can be 

seen in Figure 20 in which we have the daily-simulated consumption and production 

profiles from June 8 to June 14. Within this one week in June there is a day when no 

excess is produced (4th day of the week) and also a day when excess is produced for 9 

hours in a row (7th day of the week).  

0

200

400

600

800

1000

1200

1400

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

Daily Consumption and Solar Production (kWh)

Daily Consumption (kWh) Daily Production (kWh) Grid Sales



54 

 

Figure 20. Consumption and production profiles of one week in June. 

 

In Table 6, monthly productions, consumptions, grid sales and percentages of sales to 

grid and self-reliability rate have been combined. Maybe somewhat surprisingly the PV 

production is highest during May. This is, however, true for both Skelion and Homer 

simulations. Sales to the grid are clearly higher in July than in other months. Which is 

likely explained by July being the warmest month and thus has the least uses for 

electricity. Lighting is also used quite little in the north during summer. Grid sales stay 

under 10 % on yearly level and only slightly above 10 % on the three months of highest 

production. Over the summer months the rate of self-consumption is also really good at 

around 40 %. But as was expected, the solar PV systems downside in the extreme north 

is that there is almost no production when the consumption is highest during the winter.  
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Table 6. Monthly sums of consumption, production and grid sales. 
 

Consumption 

(kWh) 

Production 

(kWh) 

Grid sales 

(kWh) 

Grid sales 

(%) 

Self-reliability 

(%) 

Jan 26 953.8 80.2 0.0 0.0 0.3 

Feb 23 419.9 1 500.8 0.0 0.0 6.4 

Mar 25 609.5 4 145.3 77.6 1.9 15.9 

Apr 22 196.7 6 634.8 349.0 5.3 28.3 

May 19 984.9 8 595.5 919.8 10.7 38.4 

Jun 18 391.3 8 382.4 999.2 11.9 40.1 

Jul 18 035.0 7 611.7 1 005.5 13.2 36.6 

Aug 19 503.5 6 097.8 481.7 7.9 28.8 

Sep 20 083.5 4 182.3 105.8 2.5 20.3 

Oct 22 293.8 2 014.4 20.5 1.0 8.9 

Nov 23 988.9  371.3 0.0 0.0 1.5 

Dec 26 566.8 0.0 0.0 0.0 0.0 

Total 267 027.4 49 616.5 3 959.0 Average   8.0 17.1 

  

Overall, the system in the scenario 1 seems to be quite good, the extra production is kept 

to very low amounts. At the same time the overall production is quite low. Next, the 

results from economic feasibility test done with the Finsolar calculator will be gone 

through. In Table 7 are the important inputs used for the feasibility calculator that are case 

specific. 

Table 7. Scenario specific numbers used in economic evaluation 

Yearly consumption of electricity 267 759 kWh 

Size of the system 70.2 kWp 

Investment cost without energy aid 84 000 € 

Investment costs with energy aid 63 000 € 

Self-consumption rate 92 % 

Yield of the system 705 kWh/kWp 

Yearly production in the beginning 49 491 kWh 

 

In Table 8 are the results from the FinSolar calculator using the values mentioned above 

in this chapter as well as the chapter on economic evaluation. The table has been edited 

slightly by removing some of the columns that were not found to be necessary at this 
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point. The most important column is the one with NPV or net present value as that tells 

us the payback time of the system and how much money could be made/saved with the 

system over the assumed 30-year lifetime. The IRR or internal rate of return goes hand in 

hand with the NPV and shows the payback time of the investment on the point where the 

discount rate and IRR are the same, so in this case when the IRR reaches 3 %. 

The most important values for calculating the NPV are the monetary value of self-use and 

sales and the investments and O&M. With the 63 000 € investment, 315 € yearly O&M 

costs and inverter change on year 15, this system would have a payback time of 18 years. 

18 years payback time for PV system right now is not exactly great, but still feasible. In 

reality, the payback time might of course be shorter or longer depending on unfortunate 

breakages or weather conditions and how efficiently the panels are kept clear during the 

spring. The NPV’s value is also 26 149 € on year 30, which is the amount of money the 

system saves over 30 years compared to if the system was not implemented. The PV 

production lowers by about 17 % over the 30 years because of the degradation rate of the 

panel used in the simulations. The colder climate, however, can lower the rate of 

degradation because the lessened yellowing that happens as has already been mentioned 

in the theory parts. 
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Table 8. Finsolar calculator for Tunturisopuli scenario 1. 

Year Value of 

self use + 

sales (€) 

Investment 

and O&M 

(€) 

Cash 

flow 

(€/a) 

IRR 

(%) 

NPV (€) Price of 

bought 

electricity 

(€/kWh) 

Price of 

sold 

electricity 

(€/kWh) 

PV 

production 

(kWh/a) 

0 0.0  -63 000.0  -63 000     0.11    0 

1 5 347.2  -315.0  5 032 -92.0 -58 114  0.11 0.05  49 491 

2 5 329.8  -315.0  5 015 -67.5 -53 387  0.11  0.05  49 169 

3 5 312.4  -315.0  4 997 -47.7 -48 814  0.11  0.05  48 850 

4  5 295.1  -315.0  4 980 -34.1 -43 096  0.11  0.05  48 532 

5 5 277.8  -315.0  4 963 -24.6 -40 108  0.11  0.05  48 217 

6 5 260.6  -315.0  4 946 -17.9 -35 966  0.12  0.05  47 903 

7 5 243.5  -315.0  4 928 -13.0 -31 959  0.12  0.05  47 592 

8 5 226.4  -315.0  4 911 -9.3 -28 082  0.12  0.05  47 283 

9 5 209.3  -315.0  4 894 -6.4 -24 331  0.12  0.05  46 975 

10 5 192.3  -315.0 4 877 -4.2 -20 702  0.12  0.05  46 670 

11 5 175.4  -315.0  4 860 -2.4 -17 191  0.12  0.05  46 367 

12 5 158.5  -315.0  4 844 -0.9 -13 793  0.12  0.05  46 065 

13 5 141.7  -315.0  4 827 0.2 -10 507  0.12  0.05  45 766 

14 5 124.9  -315.0  4 810 1.2 -7 327  0.12  0.05  45 468 

15 5 108.2  -8 715.0  -3 607 0.5 -9 642  0.12  0.05  45 173 

16 5 091.6  -315.0  4 777 1.4 -6 665  0.12  0.05  44 879 

17 5 075.0  -315.0  4 760 2.2 -3 785  0.12  0.05  44 587 

18 5 058.4  -315.0  4 743 2.8 -999  0.12  0.05  44 298 

19 5 041.9  -315.0  4 727 3.3 1 697  0.12  0.05  44 010 

20 5 025.5  -315.0  4 710 3.8 4 305  0.12  0.05  43 724 

21 5 009.1  -315.0  4 694 4.2 6 828  0.12  0.05  43 439 

22 4 992.7  -315.0  4 678 4.5 9 269  0.12  0.05  43 157 

23 4 976.5  -315.0  4 661 4.8 11 631  0.12  0.05  42 877 

24 4 960.2  -315.0  4 645 5.0 13 916  0.12  0.05  42 598 

25 4 944.1  -315.0  4 629 5.3 16 127  0.12  0.05  42 321 

26 4 927.9  -315.0  4 613 5.5 18 266  0.12  0.05  42 046 

27 4 911.9  -315.0  4 597 5.6 20 336  0.12  0.05  41 773 

28 4 895.8  -315.0  4 581 5.8 22 338  0.12  0.05  41 501 

29 4 879.9  -315.0  4 565 5.9 24 275  0.12  0.05  41 231 

30 4 864.0  -315.0  4 549 6.1 26 149  0.12  0.05  40 963 

Total 97 781.4  -80 850.0    
  

    1 352 923 

 

2.2.9 Tunturisopuli Scenario 2 

For scenario 2, third array is added on top of the two that were already in scenario 1 as 

pictured in Figure 21. The added third array has 55 panels and a peak power of 14.85 
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kWp, so significantly smaller than the two former arrays. The array is orientated almost 

to the west with an azimuth of 252.4° and has a tilt of 21.48°. The array’s yield is quite a 

bit lower than the other two as well at 634.72 kWh/kWp. The whole system’s yield is not 

lowered by that much though, only to 693 kWh/kWp as the extra array is quite a bit 

smaller than the other two.  

 

Figure 21. Three arrays of scenario 2. 

 

From the Figure 22 shows that the production peaks are quite a bit higher than in scenario 

1.  During a few days in the summer almost as much is produced as is consumed. This, 

though, also means some grid sales in a system without electricity storage. Overall, 

compared to the first scenario, there is a bit more of production and grid sales happening 

during the summer.  

Figure 22. Daily consumption, solar production and grid sales (kWh) of Tunturisopuli 

scenario 2 simulated in Homer. 
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Comparing the consumption profile with the three arrays to that with only two in scenario 

1, the peaks seem to be a bit higher as can be seen in Figure 23. When, however, 

comparing the production profiles of arrays 1+2 to array 3, it can clearly be seen how the 

more western orientation increases the production during the late afternoon and early 

evening hours. The extra evening production fits nicely to the consumption profile of 

residential buildings.  

 

 

Figure 23. Production profiles of the arrays of Scenario 2 for one week in June. 

 

In Table 9 are the monthly consumption and production numbers of scenario 2. The 

amount of grid sales increases by 4.2 percentage points. Over 15 % of the production 

being sold to the grid during the summer months is quite a lot. Unless there are changes 

to how much a small producer can get for their energy this big of a solar system seems 

unnecessary. With this system the self-reliability rates are quite good during the summer 

months, but naturally the same can not be said about the winter months. Overall bit under 

20 % of the yearly consumption could be produced with a system of these simulations. 

Whether it really is feasible or not comes down to the economic evaluation, however.  
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Table 9. Scenario 2, consumption, production, sales, percentage of sales to grid and self-

reliability rate. 
 

Consumption 

(kWh) 

Production 

arrays 1+2 

(kWh) 

Production 

array 3 

(kWh) 

Grid 

sales 

(kWh) 

Grid sales 

(%) 

Self-

reliability 

(%) 

Jan 26 953.8 80.2 13.9 0.0 0.0 0.3 

Feb 23 419.9 1 500.8 208.5 0.0 0.0 7.3 

Mar 25 609.5 4 145.3 663.0 145.0 3.0 18.2 

Apr 22 196.7 6 634.8 1 259.5 717.9 9.1 32.3 

May 19 984.9 8 595.5 1 731.7 1 718.5 16.6 43.1 

Jun 18 391.3 8 382.4 1 716.8 1 749.4 17.3 45.4 

Jul 18 035.0 7611.7 1 542.7 1 669.2 18.2 41.5 

Aug 19 503.5 6097.8 1 222.5 889.9 12.2 33.0 

Sep 20 083.5 4182.3 759.5 259.3 5.2 23.3 

Oct 22 293.8 2014.4 312.7 39.4 1.7 10.3 

Nov 23 988.9 371.3 49.9 0.0 0.0 1.8 

Dec 26 566.8 0.0 0.0 0.0 0.0 0.0 

Total 267 027.4 49 616.5 9 480.7 7 188.6 Average   12.2 19.4 

  

Table 10 has the scenario specific numbers used in the economic evaluation of the 

Tunturisopuli scenario 2. Because of the less optimal orientation of the added solar array, 

the yield of the whole systems is about 12 kWh/kWp lower than in Scenario 1. The added 

array does not lower the yield of the whole system by that much, which is because the 

added array is significantly smaller than the two arrays already in scenario 1. Investment 

costs are about 15 000 € (17.6 %) higher than for scenario 1. 

Table 10. Scenario specific numbers used in economic evaluation 

Yearly consumption of electricity 267 759 kWh 

Size of the system 85.05 kWp 

Investment cost without energy aid 102 060 € 

Investment costs with energy aid 76 500 € 

Self-consumption rate 88 % 

Yield of the system 693 kWh/kWp 

Yearly production in the beginning 58 940 kWh 

 

Table 11 has the results of the economic evaluation of the Scenario 2.  
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Table 11. Finsolar calculator for Tunturisopuli scenario 2. 

Year Value of 

self-use + 

sales (€) 

Investment 

and O&M 

(€) 

Cash 

flow 

(€/a) 

IRR 

(%)  

NPV (€) Price of 

bought 

electricity 

(€/kWh) 

Price of 

sold 

electricty 

(€/kWh) 

PV 

Production 

(kWh/a) 

0 0.0   -76 500.0   - 76 500     0.11    0 

1 6 200.6   -382.5    5 818 -92.4 -70 851   0.11  0.05   58 940 

2 6 180.3   -382.5    5 798 -68.4 -65 386  0.11  0.05  58 557 

3 6 160.2   -382.5    5 778 -48.8 -60 099   0.11   0.05  58 176 

4 6 140.1  -382.5  5 758 -35.2 -53 382  0.11  0.05  57 798 

5 6 120.1  -382.5  5 738 -25.7 -50 034  0.11  0.05  57 422 

6 6 100.1  -382.5  5 718 -18.9 -45 246  0.12  0.05  57 049 

7 6 080.2  -382.5  5 698 -13.9 -40 613  0.12  0.05  56 678 

8 6 060.4  -382.5  5 678 -10.1 -36 131  0.12  0.05  56 310 

9 6 040.6  -382.5  5 658 -7.2 -31 794  0.12  0.05  55 944 

10 6 020.9  -382.5  5 638 -5.0 -27 599  0.12  0.05  55 580 

11 6 001.3  -382.5  5 619 -3.1 -23 540  0.12  0.05  55 219 

12 5 981.7  -382.5  5 599 -1.7 -19 613  0.12  0.05  54 860 

13 5 962.2  -382.5  5 580 -0.5 -15 813  0.12  0.05  54 503 

14 5 942.8  -382.5  5 560 0.5 -12 137  0.12  0.05  54 149 

15 5 923.4  -10 582.5  -4 659 -0.3 -15 128  0.12  0.05  53 797 

16 5 904.1  -382.5  5 522 0.7 -11 687  0.12  0.05  53 447 

17 5 884.8  -382.5  5 502 1.5 -8 358  0.12  0.05  53 100 

18 5 865.6  -382.5  5 483 2.1 -5 137  0.12  0.05  52 755 

19 5 846.5  -382.5  5 464 2.7 -2 021  0.12  0.05  52 412 

20 5 827.4  -382.5  5 445 3.1 994  0.12  0.05  52 071 

21 5 808.4  -382.5  5 426 3.6 3 911  0.12  0.05  51 733 

22 5 789.5  -382.5  5 407 3.9 6 732  0.12  0.05  51 396 

23 5 770.6  -382.5  5 388 4.2 9 463  0.12  0.05  51 062 

24 5 751.8  -382.5  5 369 4.5 12 104  0.12  0.05  50 730 

25 5 733.0  -382.5  5 351 4.7 14 659  0.12  0.05  50 401 

26 5 714.3  -382.5  5 332 4.9 17 132  0.12  0.05  50 073 

27 5 695.7  -382.5  5 313 5.1 19 524  0.12  0.05  49 748 

28 5 677.1  -382.5  5 295 5.3 21 838  0.12  0.05  49 424 

29 5 658.6  -382.5  5 276 5.4 24 077  0.12  0.05  49 103 

30 5 640.1  -382.5  5 258 5.6 26 243  0.12  0.05  48 784 

Total 113 385.3  -98 175.0    
   

  1 611 219 

 

While the investment is clearly higher, it only increases the payback time by 1 year. The 

NPV at the end of 30 years also ends up being pretty much the same between the 

scenarios, with scenario 2 being just 100 € higher. The self-consumption rate ends up 
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being about 4 % lower because of the extra production, but that is not too drastic of a 

change.   

2.2.10 Tunturisopuli Scenario 2 with different albedo values 

For these results, the scenario 2’s setup was run with different values of albedo. Fist with 

the albedo of 0.20, over the period of 16.5. – 19.10., which is the default option in Homer 

and was already used for regular scenarios 1 and 2. For the snow accumulation period of 

20.10. – 31.3. albedo value of 0.70 was used. Lastly, for the snow melting period of 1.4. 

– 15.5. an albedo value of 0.50 was used.  

In Table 12 we can see the comparison between the monthly and overall productions of 

scenario 2 and albedo adjusted scenario 2.  Over the snowless season, the production 

numbers are naturally the same as the albedo coefficient was used. However, especially 

the snow-melting season is interesting as April and May are some of the better months of 

production even before adjusting the albedo coefficients.  

Table 12. Monthly breakdown and comparison between the default albedo of 0.2 and 

the adjusted albedos.  

 
Adjusted albedos (kWh) 0.2 Albedo (kWh) Difference (%) 

Jan 94.61 94.15 0.49 

Feb 1 719.27 1 709.25 0.58 

Mar 4 850.49 4 808.27 0.87 

Apr 7 946.17 7 894.28 0.65 

May 10 361.34 10 327.23 0.33 

Jun 10 099.23 10 099.23 0.00 

Jul 9 154.46 9 154.46 0.00 

Aug 7 320.24 7 320.24 0.00 

Sep 4 941.82 4 941.82 0.00 

Oct 2 331.67 2 327.08 0.20 

Nov 423.28 421.13 0.51 

Dec 0.00 0.00 0.00 

Total 59 242.60 59 097.15 Average           0.25 

  

While the differences between the results are the biggest in March and April, 0.87 % and 

0.65 % respectively as was expected, the difference overall is extremely small at 0.25%. 
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The main reason for this is the low (< 20°) roof angle of the buildings in Tunturisopuli. 

With a steeper angle, the increase with adjusted albedos should be much higher. 

Nevertheless, as it is in this case, the increase from reflected radiation is quite 

insignificant.  

7.2 Case study 2: Virastotalo 

The second case study is Virastotalo. Virastotalo is located in the village center of Hetta 

and houses multiple municipality operations. As an office building the consumption 

profiles are quite different from those of Tunturisopuli. EU legislation requires for new 

and renovated governmental buildings to increase their energy efficiency and using small-

scale electricity production like solar PV, is one way of doing so.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

2.2.11 Virastotalo electricity consumption  

As was already said only the total yearly consumption could be acquired for Virastotalo 

as well. The total consumption for Virastotalo in the year 2017 was 104 009 kWh. 

Virastotalo is heated with district heating which also reduces the electricity consumption 

when compared to Tunturisopuli. 186 MWh of district heating was needed to heat the 

building in year 2017.  

For virastotalo’s consumption, commercial building’s profile was chosen for simulation 

in Homer. As a municipal building the operations and as such majority of the actions will 

happen during the office hours. In the simulated daily profiles found on Figure 24, it can 

be clearly seen how the consumption rises sharply around 8 o’clock in the morning and 

starts to fall down after 16 o’clock in the afternoon. Overall, the profiles of single days in 

January and July differ similarly to those of Tunturisopuli. The baseload is lower and the 

spikes in consumption are mellower. The hours itself when most of the consumption 

happens stay the same though. The commercial daily profiles also fit the hours of sunlight 

really well.  
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Figure 24. Virastotalo simulated consumption profiles for days in January and July 

 

While the daily profiles are different between the two cases, the overall day-to-day 

consumption seems to be lower in a similar manner during the summer and higher during 

the winter. One big difference is that the consumption over the weekends seem to always 

be significantly lower for Virastotalo than the weekdays as can be seen in the Figure 25. 

For Virastotalo, the difference given by Homer between the coldest and warmest months 

on average is just about 90 kWh. This is pretty much in line with the differences of 

Tunturisopuli. This is mainly due to how Homer uses scaled data for consumption profile 

calculations when no actual load profiles are in use. The same goes for the differences 

between the highest and the lowest peaks, which is about 300 kWh. This is again about 

2.5 lower than that of Tunturisopuli.  
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Figure 25. Simulated daily consumption over a year. 

 

Like with Tunturisopuli complex, the Skelion model of Virastotalo was based on the 

scanned architectural designs of the building. In scenario 1 the two more south facing 

arrays are considered (blue and yellow) and in scenario 2 the red roof area is also added 

as seen on Figure 26. Other roof areas and even wall areas were also early on considered 

for panels but were quickly found to be unfeasible. Either the other roof areas are quite 

small or face towards north. The building does not unfortunately either have feasible wall 

areas to put panels on. The southern end of the building could at most fit about eight 

panels, which is too few. Wall-mounted panels would have been interesting choice for 

increased reflected irradiation and the lessened effect from snow during the winter. 
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Figure 26. Virastotalo with the three roof areas best suited for solar PV highlighted. 

 

2.2.12 Virastotalo Scenario 1 

For scenario 1’s simulation in Homer, the two arrays are considered to be one big array 

as they have the same azimuth of 155° and tilt of 29.6°. Array 1 has 74 panels and a peak 

power of 19.98 kWp. Array 2 has 48 panels and a peak power of 12.96 kWp. Making a 

system of 122 panels and a peak power of 32.94 kWp. Yearly this array produces about 

25 000 kWh of energy with a yield of 762 kWh/kWp. The yield is significantly higher 

than that of Tunturisopuli because of the about 10° higher tilt angle. The PV production 

results in Homer were once again considerably higher with the default derating factor. 

Multiple simulations were run to find a derating factor to get the Skelion and Homer 

results to match. Derating factor of 72.5 % ended up being used for the array in this 

scenario. With this setup the yearly production is about 25 102 kWh, which is about 22.4 

% of the electricity consumption. The building as seen from the south with the arrays of 

scenario 1 can be found in Figure 27. 
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Figure 27. Virastotalo from south with scenario 1 arrays. 

 

In the daily consumption and production profiles over the whole year as seen in Figure 

28, the peaks are quite close to each other during the high production months but still the 

extra production is kept to a quite low 6 %. A little surprisingly, some grid sales happen 

already in March and still in September. The highest amount of grid sales on a single day 

is 62 kWh and on average on the days that grid sales do happen, 11.6 kWh is sold. Overall, 

the production and consumption profiles seem to fit nicely together on the best production 

months without much excess. Although, many of the biggest sale spikes seem to come 

during the weekend drop-offs in the consumption. 
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Figure 28. Daily consumption, production and grid sales over the period of 1 year.  

 

Looking at the consumption profiles during the week in June in Figure 29 it is very 

noticeable how the commercial consumption profile better fits the solar production, when 

compared to the residential profiles of Tunturisopuli. Some extra production is present 

during this week. Most of it happens before the office hours thanks to the nightless night 

of the summer in Northernmost Lapland and the slightly eastern azimuth angle.   

 

Figure 29. Hourly consumption profile over a period of 1 week in June. 
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In Table 13 we have monthly sums of consumption, production, grid sales, percentages 

of sales to the grid and monthly electricity self-reliance rates. On 4 months the sales to 

the grid percentage is rather high. Those 4 months are, however, also the months were 

self-reliance rate is also high, with 3 months reaching almost 50 %. Naturally, the grid 

sales are also at their highest on those months, but they still stay below 10 %. Overall, the 

system of this scenario seems quite good from consumption/production point of view. 

Keeping mind, however, that the consumption profile is likely not a perfect match with 

reality as it is simulated data.  

Table 13. Monthly breakdown of the system. 

 
Consumption 

(kWh) 

Production 

(kWh) 

Grid sales 

(kWh) 

Grid sales 

(%) 

Self-

reliability 

(%) 

Jan 11 359.0 38.5 0.0 0.0 0.3 

Feb 9 787.5  833.6 1.9 0.2 8.5 

Mar 10 803.1 2 290.8 23.4 1.0 21.0 

Apr 9 227.9 3 429.9 137.9 4.0 35.7 

May 8 475.9 4 230.6 409.0 9.7 45.1 

Jun 7 747.1 4 047.5 389.2 9.6 47.2 

Jul 7 538.0 3 693.8 316.8 8.6 44.8 

Aug 8 295.5 3 038.7 211.5 7.0 34.1 

Sep 8 315.5 2 216.7 36.8 1.7 26.2 

Oct 9 529.0 1 113.0 5.5 0.5 11.6 

Nov 10 064.4 187.0 0.0 0.0 1.9 

Dec 11 005.0 0.0 0.0 0.0 0.0 

Total 112 148.0 25 120.1 1 531.9 Average    6.1 21.0 

 

Table 14 has the scenario specific numbers that will be used for economic evaluation. 

The system is rather small so the investment costs are low especially with the energy aid 

at under 30 000 €. The yield of the system is also on the higher end of what the map from 

PVGIS estimates as the solar electricity potential for the location. With this system, the 

excess production is kept to a low 6.1 %.  
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Table 14. Scenario specific numbers used in economic evaluation  

Yearly consumption of electricity 112 148 kWh 

Size of the system 32.94 kWp 

Investment cost without energy aid 39 480 € 

Investment costs with energy aid 29 610 € 

Self-consumption rate 93.9 % 

Yield of the system 762.6 kWh/kWp 

Yearly production in the beginning 25 120 kWh 

 

In Table 15 are the results from the Finsolar calculator for Virastotalo scenario 1. The 

NPV and IRR give payback times of 16 years for the system of this scenario, which is 

good for the northern location. Money savings are also at 16 412 € over the lifetime of 

the system, which is more than half of the original investment. The system of this scenario 

as such would seem very feasible economically.  



71 

Table 15. Finsolar calculator for Virastotalo scenario 1. 

Year Value of 

self-use + 

sales (€) 

Investment 

and O&M 

(€) 

Cash 

flow 

(€/a) 

IRR 

(%)  

NPV (€) Bought 

electricity 

(€/kWh) 

Price of 

sold 

electricty 

(€/kWh) 

PV 

Production 

(kWh) 

0 0.0   -29 610.0  -29 610     0.11    0 

1 2 740.6  -148.1  2 593 -91.2 -27 093  0.11  0.05  25 120 

2 2 731.0  -148.1  2 583 -65.8 -24 658  0.11  0.05  24 939 

3 2 721.4  -148.1  2 573 -45.7 -22 303  0.11  0.05  24 777 

4 2 711.8  -148.1  2 564 -32.0 -20 025  0.11  0.05  24 616 

5 2 702.3  -148.1  2 554 -22.6 -17 822  0.11  0.05  24 456 

6 2 692.7  -148.1  2 545 -16.0 -15 691  0.11  0.05  24 297 

7 2 683.3  -148.1  2 535 -11.2 -13 630  0.12  0.05  24 139 

8 2 673.8  -148.1  2 526 -7.6 -11 636  0.12  0.05  23 982 

9 2 664.4  -148.1  2 516 -4.8 -9 707  0.12  0.05  23 826 

10 2 655.0  -148.1  2 507 -2.6 -7 842  0.12  0.05  23 671 

11 2 645.7  -148.1  2 498 -0.9 -6 037  0.12  0.05  23 517 

12 2 636.4  -148.1  2 488 0.5 -4 292  0.12  0.05  23 365 

13 2 627.1  -148.1  2 479 1.6 -2 604  0.12  0.05  23 213 

14 2 617.9  -148.1  2 470 2.5 -971  0.12 0.05 23 062 

15 2 608.6  -4 096.1  -1 487 2.0 -1 926  0.12  0.05  22 912 

16 2 599.5  -148.1  2 451 2.8 -398  0.12  0.05  22 763 

17 2 590.3  -148.1  2 442 3.5 1 079  0.12  0.05  22 615 

18 2 581.2  -148.1  2 433 4.1 2 509  0.12  0.05  22 468 

19 2 572.1  -148.1  2 424 4.5 3 891  0.12  0.05  22 322 

20 2 563.1  -148.1  2 415 4.9 5 228  0.12  0.05  22 177 

21 2 554.0  -148.1  2 406 5.3 6 521  0.12  0.05  22 033 

22 2 545.1  -148.1  2 397 5.6 7 772  0.12  0.05  21 890 

23 2 536.1  -148.1  2 388 5.9 8 982  0.12  0.05  21 747 

24 2 527.2  -148.1  2 379 6.1 10 153  0.12  0.05  21 606 

25 2 518.3  -148.1  2 370 6.3 11 285  0.12  0.05  21 465 

26 2 509.4  -148.1  2 361 6.5 12 380  0.12  0.05  21 326 

27 2 500.6  -148.1  2 353 6.6 13 439  0.12  0.05  21 187 

28 2 491.8  -148.1  2 344 6.8 14 463  0.12  0.05  21 050 

29 2 483.0  -148.1  2 335 6.9 15 454  0.12  0.05  20 913 

30 2 474.3  -148.1  2 326 7.0 16 412  0.12  0.05  20 777 

Total 49 959.6  -37 999.5    
  

  
 

686 212 

 

 



72 

2.2.13 Virastotalo Scenario 2 

For scenario 2, third array with 104 panels is added. This array has a peak power of 28.08 

kWp and a yearly production of about 18 700 kWh. The array has a tilt angle of 28.65 ° 

and an azimuth angle of 245.1 ° meaning that the array is almost facing west. The array’s 

western orientation also causes it to have significantly lower yield than the arrays of 

scenario 1 at about 666.0 kWh/kWp. The whole systems yield is 737.7 kWh/kWp, which 

is about 71.7 kWh/kWp lower than the yield in scenario 1. In Figure 30 is a picture of the 

model of Virastotalo as seen from the southern side with the three arrays of the scenario 

shown. 

 

Figure 30. Virastotalo from south with the arrays of scenario 2.  

 

In this scenario, the production is clearly higher than the total consumption on some days 

of the summer. This also increases the amount of extra production. On some days, the 

production seems to be almost double the consumption of the same day during June and 

July as can be seen in Figure 31.  
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Figure 31. Daily consumption, production and grid sales profiles for Virastotalo 

scenario 2. 

 

In the daily profile over 1 week in June, there is clearly higher amounts produced during 

the afternoon and evening hours compared to scenario 1. There is also so much more 

production overall, enough to produce all of the electricity during the day and even more 

during the days 3, 6, and 7 as seen in Figure 32. Day 4 has considerably less production, 

which is likely because of it being an overcast day. In reality, not filling the third roof 

completely with panels could be right choice if a bigger system is wanted than the one in 

scenario 1.  
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Figure 32. Consumption and production over a week in June for Virastotalo scenario 2. 

 

During the best two months of production, May and June, almost two thirds of the 

production from the array 3 seems to go to grid sales as can be seen from the Table 16. 

The numbers for self-reliance are also high during the period from April to August. March 

is rather high too, but I would suspect the numbers in real situation would be a bit lower 

because of snow-related losses.   
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Table 16. Monthly breakdown of the Virastotalo scenario 2 system.  

 
Consumpt

ion (kWh) 

Productio

n array 1 

(kWh) 

Productio

n array 2 

(kWh) 

Grid sales 

(kWh) 

Grid sales 

(%) 

Self -

reliability 

(%) 

Jan 10 534.6 39.1 29.3 0.0 0.0 0.6 

Feb 9 077.2 845.0 464.5 40.2 3.1 14.0 

Mar 10 019.1 2 338.3 1 388.2 223.9 6.0 35.0 

Apr 8 558.2 3 527.7 2 527.7 981.4 16.2 59.3 

May 7 860.8 4 373.5 3 370.6 2 173.2 28.1 70.9 

Jun 7 184.8 4 196.0 3 292.0 2 168.9 29.0 74.0 

Jul 6 991.0 3 826.2 2 963.0 1 866.2 27.5 70.4 

Aug 7 693.5 3 136.3 2 413.8 1 170.2 21.1 56.9 

Sep 7 712.0 2 272.6 1 556.5 491.4 12.8 43.3 

Oct 8 837.5 1 134.5 662.9 82.6 4.6 19.4 

Nov 9 334.0 189.4 115.3 11.3 3.7 3.1 

Dec 10 206.3 0.0 0.0 0.0 0.0 0.0 

Grand 

Total 
104 008.9 25 878.6 18 783.8 9209.2 20.6 34.1 

 

Investment costs of the system are naturally much higher when you add 104 more panels, 

but still quite reasonable. The much lower self-consumption rate is going to have a 

negative effect on the payback time, however. This is especially true for now, with the 

rather bad price that a small-scale producer gets for their sold energy. Table 17 has the 

important numbers for the economic evaluation of the scenario. 

 

Table 17. Scenario specific numbers used in economic evaluation 

Size of the system 61.02 kWp 

Investment cost without energy aid 73 224 € 

Investment costs with energy aid 54 918 € 

Self-consumption rate 79.4 % 

Yield of the system 718.1 kWh/kWp 

Yearly production in the beginning 43 819 kWh 

 

 

The payback time for the system in this scenario increases to 20 years as is shown in 

Table 18. The increased investments, lower overall yields and much increased 

overproduction cause the system to have 4 years longer payback time. The NPV is also 
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about the same for scenario 2 as it is for scenario 1 at the end of the 30 years. Overall, the 

system of the scenario 2 seems unnecessary big from economic point of view and a system 

size from between the two scenarios might be the way to go.  

 

Table 18. Finsolar calculator for Virastotalo scenario 2. 

Year Value of 

self-use + 

sales (€) 

Investment 

and O&M 

(€) 

Cash 

flow 

(€/a) 

IRR 

(%)  

NPV (€) Bought 

electricity 

(€/kWh) 

Price of 

sold 

electricty 

(€/kWh) 

PV 

Production 

(kWh) 

0 0.0  -54 918.0  -54 918     0.11    0 

1 4 352.1  -274.6  4 078 -92.6 -50 959  0.11  0.05  43 819 

2 4 336.8  -274.6  4 062 -68.8 -47 130  0.11  0.05  43 535 

3 4 321.5  -274.6  4 047 -49.3 -43 427  0.11  0.05  43 252 

4 4 306.3  -274.6  4 032 -35.7 -39 845  0.11  0.05  42 970 

5 4 291.1  -274.6  4 017 -26.2 -36 380  0.11  0.05  42 691 

6 4 276.0  -274.6  4 001 -19.4 -33 029  0.11  0.05  42 414 

7 4 261.0  -274.6  3 986 -14.4 -29 787  0.12  0.05  42 138 

8 4 246.0  -274.6  3 971 -10.6 -26 652  0.12  0.05  41 864 

9 4 231.1  -274.6  3 956 -7.7 -23 620  0.12  0.05  41 592 

10 4 216.2  -274.6  3 942 -5.4 -20 687  0.12  0.05  41 322 

11 4 201.3  -274.6  3 927 -3.5 -17 850  0.12  0.05  41 053 

12 4 186.5  -274.6  3 912 -2.0 -15 107  0.12  0.05  40 786 

13 4 171.8  -274.6  3 897 -0.8 -12 453  0.12  0.05  40 521 

14 4 157.1  -274.6  3 883 0.2 -9 886  0.12  0.05  40 258 

15 4 142.5  -7 597.0  -3 455 -0.7 -12 103  0.12  0.05  39 996 

16 4 127.9  -274.6  3 853 0.3 -9 702  0.12  0.05  39 736 

17 4 113.4  -274.6  3 839 1.1 -7 380  0.12  0.05  39 478 

18 4 098.9  -274.6  3 824 1.8 -5 133  0.12  0.05  39 221 

19 4 084.5  -274.6  3 810 2.3 -2 960  0.12  0.05  38 966 

20 4 070.1  -274.6  3 796 2.8 -859  0.12  0.05  38 713 

21 4 055.8  -274.6  3 781 3.2 1 174  0.12  0.05  38 461 

22 4 041.5  -274.6  3 767 3.6 3 140  0.12  0.05  38 211 

23 4 027.3  -274.6  3 753 3.9 5 041  0.12  0.05  37 963 

24 4 013.1  -274.6  3 739 4.2 6 880  0.12  0.05  37 716 

25 3 999.0  -274.6  3 724 4.4 8 659  0.12  0.05  37 471 

26 3 984.9  -274.6  3 710 4.6 10 379  0.12  0.05  37 227 

27 3 970.9  -274.6  3 696 4.8 12 043  0.12  0.05  36 985 

28 3 956.9  -274.6 3 682 5.0 13 653  0.12  0.05  36 745 

29 3 943.0  -274.6  3 668 5.2 15 209  0.12  0.05  36 506 

30 3 929.1  -274.6  3 655 5.3% 16 715  0.12  0.05  36 269 

Overall 79 335.1  -70 478.1    
   

  1 197 879 
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2.2.14 Scenario 2 with adjusted albedos 

Like with the albedo-adjusted results for Tunturisopuli, the year is divided to the three 

same periods. Snow accumulation season having an albedo of 0.7 between 20.10. – 31.3., 

snow melting season an albedo of 0.5 between 1.4. – 15.5. and an albedo of 0.2 during 

the period of no snow. 

The monthly simulation results with adjusted albedos and with the albedo of 0.2 can be 

found in the Table 19. The roof angle of Virastotalo is about 10° higher than that of 

Tunturisopuli. Because of this, it was expected that the adjusted albedos would produce 

higher amounts of electricity during the adjusted months. However, the panel angle of 

about 30 ° is still low enough that the impact from higher albedo, while positive, is quite 

insignificant on a yearly level. If compared to the results of Tunturisopuli though, the 

impact is almost twice as big with the 50 % increase in roof angle. Naturally, the increase 

is the biggest on months with snow and good levels of irradiation, such as March and 

April. Although, on a yearly level the increase is only about 0.56 % or about 275 kWh. 

Table 19. Monthly breakdown and comparison between default albedo of 0.2 and the 

adjusted albedos. 
 

Adjusted Albedos (kWh) 0.2 Albedo (kWh) Difference (%) 

Jan 69.68 68.88 1.15 

Feb 1 329.57 1 312.43 1.29 

Mar 3 782.57 3 710.46 1.91 

Apr 6 094.96 6 006.16 1.46 

May 7 714.79 7 656.39 0.76 

Jun 7 386.39 7 386.39 0.00 

Jul 6 699.88 6 699.88 0.00 

Aug 5 495.88 5 495.88 0.00 

Sep 3 806.70 3 806.70 0.00 

Oct 1 799.93 1 792.08 0.44 

Nov  309.87  306.17 1.19 

Dec 0.00 0.00 0.00 

Total 44 490.23 44 241.44 Average          0.56 
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8 DISCUSSION AND CONCLUSIONS 

The first research question this thesis was whether a solar PV system can be applicable in 

the extreme North. Two case studies were considered, the Tunturisopuli residential area 

and the Virastotalo public building. In Table 20, the most important numbers from the 

scenarios for comparing the production and economic feasibilities of the different 

scenarios.  

Table 20. Comparison of different scenarios 

 Tunturisopuli 1 Tunturisopuli 2 Virastotalo 1 Virastotalo 2  

System size 

(kWp) 
70 85 33 61 

Yearly 

production 

(kWh) 

49 500 59 000 25 000 45 000 

Yield 

(kWh/kWp) 
707 694 758 738 

Grid sales 

(%) 
8 12 6 21 

Percentage 

of demand 

satisfied (%) 

17 19.5 21 35 

Investment 

with energy 

aid (€) 

63 000 76 500 30 000 55 000 

Payback 

time (years) 
18 19 16 20 

 

The two scenarios for Tunturisopuli are not that different in terms of the system size, 

energy production or economics. The difference in yearly electricity production is about 

9 500 kWh with a 15 kWp larger system. This means that the added third roof area has a 

yield of only 633 kWh/kWp, which is thanks to the almost straight to west orientation of 

the building. Good side of this orientation is, however, that it can widen the daily 

production profile of the system towards the evening and increase the self-consumption 

during the peak electricity consumption hours. At the same time, the system of scenario 

2 increases the percentage of demand satisfied and only increases the payback time by a 
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year. Still the increase in production from scenario 1 to scenario 2 is quite small and going 

with the system of scenario 1 might be more feasible out of these two.  

There is a much larger difference between the two scenarios of Virastotalo. The peak 

power of the system almost doubles with the added rooftop. Similarly, the yearly 

production increases by 80 % of the original. The whole systems yield drops by 20 

kWh/kWp but is still around 750 kWh/kWp, which can be considered quite good for the 

location in the northern Lapland. The system in the first scenario has a lowest payback 

time of all four scenarios at 16 years. The payback time of scenario 2 in return is the 

longest of the four, since there is much higher amount of overproduction and thus grid 

sales at 21 %. If a better price for the sold electricity was available than what is assumed 

in these calculations, the scenario 2 could be quite good and the payback time would be 

closer to that of scenario1. However, as things are right now, the system of scenario 1 

would be likely the better choice as it has an ok self-consumption rate, low grid sales and 

quite low payback time. A system that would be something between the two different 

scenarios should also be considered.  

Overall, comparing the yields that solar PV system can produce in southern Finland, the 

production is considerably lower, about 200-300 kWh/kWp less. With the systems of the 

case studies that have much lower tilt angles than what would be optimal for the location, 

the systems have payback times of 20 years or under. Notwithstanding, this means that at 

least 1/3rd of the lifetime of the system would be producing free energy.  

The second research question regarded the challenges of snow conditions. The work 

reviewed methods of clearing the panels from snow. Both of the locations, Tunturisopuli 

and Virastotalo have quite low roof angles, which reduces how much snow-shedding can 

happen unassisted. The local temperature over the snowy season is also steadily under 0 

°C thus making melting induced sliding quite unlikely to happen. Enontekiö is also part 

of the snowiest region in Finland making it likely that the snow would have to be removed 

already because of the weight. Although, even if the snow covered the panels completely 

for the four-month period from early November to late February, only less than 5 % of 

the yearly production would be lost. March, however, already has high enough electricity 

production potential that losing it would significantly reduce the yearly production 

amounts. The biggest difference between the two case study buildings is the height. The 
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more simple snow clearing solutions that could potentially work for Tunturisopuli’s low 

single-story buildings would likely not work in the case of the much higher Virastotalo.    

Coatings that could prevent snow from piling up on the solar panels passively would be 

the best option for solar installations when it comes to preventing snow related losses of 

production. However, the icephobic coatings currently seem to work by combating water 

lingering and by slowing down the ice formation process. This is not likely to be of much 

help during the snow accumulation season, during which the temperature stays rather 

firmly in the freezing temperatures in Enontekiö. As such, with the climate of Enontekiö 

some sort of coating might increase the energy production amounts slightly but not likely 

significantly.  

The heating solution with a reverter system could be a viable solution for either of the 

locations. The main issue with the systems would be to assure that more energy is 

produced after clearing the panels than what was used for the heating process. The system 

would also not be useful for November-January, when there is no energy to be produced 

by the system. There might also be safety issues if the roof areas equipped with heating 

system are above walkways. As well, the reverter system might need to be paired with 

frameless panels for them to work better. However, the companies that have the 

commercialized reverter systems promote them only for flat rooftops. 

In the current situation and state of development, the surface engineering and heating 

options are not likely feasible for the two test sites in Enontekiö. This leaves mechanical 

as the only cleaning option, which still has its own set of problems for the location. It 

needs to be highlighted that the roofs need to be cleaned during the winter, even if there 

are no panels on the roof, due to heavy snowfall. Assuming that the roof and panels were 

cleared from all the early winter snow in late February or early March, there will still be 

significant snowfall until end of March or early April. Combining this with the rather low 

roof angles and freezing temperatures it is unlikely that the panels would stay clear of 

snow unassisted for the rest of the winter. Therefore, a second clearing cycle would be 

needed late winter. In the case of Tunturisopuli, the buildings are low therefore the snow 

can likely be cleaned with a soft rake from the ground. Virastotalo, however, is much 

taller and raking from ground is not an option. The systems are also rather large which 

can make clearing of the panels quite arduous.  
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In conclusion, of snow clearing, currently, mechanical cleaning seems to be the feasible 

option. However, from an economic point of view, good practices shall be devised on 

when it is worth to clean the panels.  

The third research question regarded the impact of albedo. This was tested using albedo 

coefficients in Homer simulations. The results indicate that there is a slight yearly 

increase in electricity production. However, due to the rather low angles of the panels the 

difference is rather small. For Virastotalo a yearly increase of 0.56 % was estimated, while 

for Tunturisopuli the increase was only 0.25 %. The difference in the panel angles of 

about 10° between the case studies would more than double the yearly production, as an 

effect of reflected radiation. Having higher panel angles would significantly increase the 

effect even further. These results seem to be in line with the numbers by Andrews et. al, 

(2013). As such, simulation with Homer is simplified and takes into account only the 

amount of radiation, angle and the albedo coefficient. The model should be further refined 

or a new model is needed that takes into account also reflecting surfaces and how the 

different panel technologies respond to different spectral ranges. 

Options for increasing production and easing operation should be investigated more 

carefully already in the planning phase of a project. For the simulations, the panels are 

only installed on the roofs along the roof angle. The roof angles of both case studies, 

about 20° and 30° respectively, are lower than what is the optimal (50° according to 

PVGIS) in the latitudes of Enontekiö (European commission, 2017b). The panels can be 

installed at an angle with mounting systems, but this can prove to be problematic. Having 

panels in high angle would mean that there has to be considerable row spacing in order 

to reduce shading. This would reduce the number of panels that could be fitted on the 

roof. In addition, the angled panels would allow for the snow to pile up and thus impede 

melting and sliding. This would make it significantly harder to clean the roof from snow, 

not only for solar production but for overall load bearing as well.  

Theoption that should be studied in a location such as Enontekiö, is ground-mounted 

panels. Ground-mounted systems do require more free space than rooftop ones. This, 

however, is not a problem in Northern Finland where there is abundance of space 

available. Ground-mounted systems can also be planned and built to optimal angle and 

orientation regardless of how the existing buildings and rooftops have been built. Ground 
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mounting would also make it much easier to keep the panels clear of snow over the winter 

as the cleaning could be done standing from the ground, instead of getting up on the roof. 

While the operation and behavior of solar PV systems in snowy climates has been studied 

quite a lot from some point of views, there is still some areas that could be investigated 

more.  The decrease in efficiency of solar PV panels at high temperatures is well known 

and well researched, but there seems to be some lack of knowledge on the effects of 

increased efficiency from under 25 °C temperatures. There have been studies on how 

quickly the solar panels might clear from snow on their own, with system setups of panels 

at multiple angles. These studies have mostly been done in Canada or USA at much 

southern latitudes than where Enontekiö is located. As such, the temperature variations 

and snowfall can be quite different even on a day-to-day level.  

While the results of the simulations give some an indication on how much a PV system 

could produce in the extreme north, it has to be remembered that simple simulations 

cannot produce entirely accurate results on complex real-world applications. This is even 

more the case for the case studies that are located in the extreme north. There is limited 

knowledge and research overall on how well the actual PV systems could work above the 

Arctic Circle. As such, the results from the simulations cannot really be readily compared 

to actual systems. 

Finally, it is concluded that the results of this work are applicable to other northern, 

remote and sparsely populated regions. As such these results could be used at the very 

least as a motivation to produce further research on the subject of solar PV systems in the 

circumpolar regions. Actual systems and pilot test sites could be built to produce real life 

operation results and experiences in the extreme north. While some of these systems 

already exist in the North America, there seems to be lacking operational experiences 

from this side of the Atlantic Ocean.  
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