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Abstract

Solar energy production at Heby Skola - A pilot study
of a photovoltaic installation in Sweden

Daniel Nyqvist, Oscar Aronsson, Simon Robertsson

Photovoltaic is a renewable energy 
technology that creates electricity by 
converting the energy of light. 
Photovoltaics are usually installed on 
buildings. In this pilot study, the 
viability of such an installation on the 
roof of the school Heby skola is 
examined with respect to produced 
electricity, economic potential and 
environmental impact. This is done with 
the software Solelekonomi, together with 
11-years of solar irradiance data and 
measurements of the properties of the 
intended roof, which made it was 
possible to simulate the production 
patterns of a photovoltaic system. The 
simulations were made on two possible 
system sizes 50 m2 and 200 m2 with 
respectively 7.75 and 31 kWpeak 
installed power. Among other things, the 
results showed that 1.1% and 4.45% of 
the total electricity consumption could 
be replaced by the systems. A PV 
investment was found to be a good option 
with respect to the sections examined. 
Furthermore, considering PV 
installations, the school was found to 
be representative for schools in Sweden, 
and thus this essay can provide a basis 
for other PV pilot project on Swedish 
schools.
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Nomenclature 
 
 
AF  Annualized Factor 

ALCC  Annualized Life Cycle Cost 

BOS  Balance Of System 

CO2-eq  Carbon Dioxide equivalent 

COE  Cost Of Energy 

DPA  Discounted Payback Analysis 

EPBT  Energy Payback Time 

GHG  Green House Gas 

LCA  Life Cycle Analysis 

LCC  Life Cycle Cost 

PV  Photovoltaic 

PW  Present Worth 
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1. Introduction 
Converting the energy radiated to the earth from the sun directly into electricity with the use of 
photovoltaic (PV) cells is a renewable energy conversion technology that in its current form has 
been known since 1954 (The history of solar, n.d). Despite this it was not until about a decade 
ago that PV systems were implemented on any larger scale (Photovoltaics Report s. 17). PV 
power had earlier mainly been used where a connection to the electric grid was not possible, for 
example in satellites. The rapid increase of PV power implementation was due to an increasing 
awareness about the climate change and with PV power having much lower greenhouse gas 
emissions than coal, gas, and oil, which at the time made up about 64% of the worldwide 
electricity production (IAEA 2013). At the beginning of the new millennium, PV power still had 
a major downside compared to fossil fuels namely the higher cost per produced unit of electricity, 
requiring major subsidies or purely environmental motives to justify an investment. This has 
changed in recent years with enhanced production methods and Chinese manufacturers starting to 
produce PV panels on a large scale, driving the price down by 60% between 2005 and 2012 
(Solar Buzz 2013). At these new price levels PV power has become reasonable from an economic 
perspective even in Sweden, which has about half as much yearly insolation as in the 
Mediterranean, which translates into roughly half as much electricity produced. 

PV systems are ideal for installation on the roof of buildings for the following reasons it: reduces 
the amount of shadowing; makes use of the slope which means that there is no need for a rack; 
does not take up any space that could have been used for other purposes; reduces the likelihood 
of vandalism. It is still a big investment for individuals and it is mostly enthusiasts that are the 
early adopters. There is an explicit goal that municipalities should lead the development toward 
an energy effective society (Länsstyrelsen i Jönköpings län, 2012). This explicit goal and the 
great financial resources of municipalities make them a good candidate to lead the 
implementation of PV systems. To further develop the technology and decrease prices, 
municipalities could take on a role as a lead user. 

School buildings are usually owned by municipalities, and there are a number of factors which 
makes them suitable for the implementation of photovoltaic. It usually has the same owner for an 
extended period of time and the building has the highest energy usage during the hours of the day 
when the production is high. It is also often a request from the government that public 
corporations apply the concept of sustainability. 

This pilot study, which was commissioned by Hebygårdar, is one of five projects that concern 
installing PV systems run by STUNS (The foundation for collaboration between the universities 
of Uppsala, business sector and the community). Hebygårdar is a real estate company owned by 
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the municipality of Heby. A goal of the municipality of Heby is to become a net producer of 
electricity until the year 2030, and every installation counts towards that goal. Hebygårdar is 
interested in installing a PV system on one of their properties and have chosen the school Heby 
skola, which is located just next to highway 72. The choice was made for several reasons, the 
major one being the advertising value of having the system visible to passing traffic and 
contributing to Heby municipality image as environmentally conscious. Hebygårdar is interested 
in installing a system which covers about 50 m2 of the intended roof (Eriksson 2013, mail.comm., 
6 May). 

1.1 Purpose 
The purpose of this essay is to conduct a preliminary study of an intended photovoltaic 
installation at the school Heby skola and examine whether this study could be used as a model for 
other similar projects. The following research questions are investigated to fulfil the aim: 

§ Is the roof suitable for the installation of a PV system?  
§ How much of the buildings energy demand can be replaced by the energy generated by 

the PV system? 
§ What is the economical potential of such installation with respect to payback time and 

Cost Of Energy (COE)? 
§ What is the environmental potential of such installation with respect to Energy Payback 

Time (EPBT) and Green House Gas (GHG) emissions? 
§ How is Heby skola representative for schools considering an installation of PV system? 

1.2 Methods 
This is a brief overview of the methods used to fulfil the aim as well as the process of collecting 
the data  

1.2.1 Calculation models 
Implementation of the program Solelekonomi (Solelekonomi 1.0, 2013) that is based on the 
Elforsk report Beräkningsmodell för ekonomisk optimering av solelanläggningar (Widén, 2011) 
was used for technical calculations. The economic calculations used Solelekonomi as a basis in 
order to complete a COE-analysis. Two scenarios will be studied in the program, one with the 
desired size of 50 m2 and one where a large part of the roof is covered. 

1.2.2 Data 
The roof of the building was inspected in order to map out the existing conditions and factors 
affecting a PV installation, like the presence of shades, the dimensions of surfaces, and the roof 
tilt angle. 
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Furthermore, relevant data were collected including insolation and the historical electricity use 
for the building. Data for the Life Cycle Analysis (LCA) will be obtained partly from comparison 
with other similar LCA reports and partly from data concerning the intended installation. 

1.2.3 Delimitations 
Due to a limited time span the following limitations have been made:  

§ The temperature at the surface of the roof has not been measured and the impact that this 
factor would have on the solar cells efficiency is not taken into consideration. The reason 
for this is a limited accessibility to data.  

§ There is no consideration of how the PV system is connected to the electric system of the 
rest of the building i.e. how the DC wiring and inverter should be installed.  

§ Polycrystalline silicon is the most commonly used type of solar cells and therefore it is the 
only type used in the calculations. 

§ The decision that the solar cell system will not use energy storage for the generated 
energy has been made. 

§ The software Solelekonomi does not take in to account, the presence of snow and dirt, so 
therefore this is not considered in this essay.  

§ Some of the data from this building, such as the roofs inclination, the dimensions and the 
cardinal direction is merely estimations. 

1.2.4 Outline 
Chapter 1 (Introduction) 

A brief introduction to the concept of photovoltaic is presented together with a brief declaration 
of the methods used in the thesis. Additionally, the chapter presents the aim and the research 
questions of the thesis. 

Chapter 2 (Background) 

A thorough presentation of the relevant background information that concerns the photovoltaic 
system from a technological, economical and environmental perspective. The most important 
aspects of the installation are presented together with some considerations about the usage of 
photovoltaics at schools. 

Chapter 3 (Methodology and Data) 

Methods and data are presented. This involves the: actual properties of the case study; properties 
of similar projects; programs and models that is used to simulations of the energy production, 
asses the environmental impact, and economic potential. Additionally, the insolation values are 
presented. 
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Chapter 4 (Results) 

The results and outcome from the simulations and calculations are presented. This involves: the 
energy consumption and production; the economic payback time and cost of energy; Life Cycle 
Analysis. Also, a sensitivity analysis is made in order to validate the methods used and to search 
for errors or weaknesses in the results. 

Chapter 5 (Discussion) 

A discussion is carried out about the different results and their connection to the background in 
order to concretize it. Additionally, the discussion culminates in source criticism and an 
assessment of the validity of the results. 

Chapter 6 (Conclusion and Suggestions) 

The most relevant results are summarized in order to fulfil the aim of the thesis and to answer the 
research questions.  
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2. Background 

2.1 A short introduction to photovoltaic technology 
PV is a renewable energy technology that creates electricity by converting the energy in sunlight. 
PV modules consist of several photovoltaic cells. These are designed with at least one positive 
and one negative layer of a semiconducting material (most often Silicon) that absorbs the photons 
of the light. The absorption of photons forces a dispatchment of the electrons from the negative 
layer towards the positive layer - this flow of electrons creates the electric current in the cell. In 
order to increase the amount of electricity created the cells are interconnected together in a series 
– in what is called a module. (Papadopoulou. 2012 p.49-50) It is most common for the modules 
to consist of 60 cells, but there are also modules consisting of 72 or 96 cells. (U.S Department of 
Energy 2013) Frames are usually built out of aluminium and are used in order to increase the 
strength and easiness of mounting (Emissions from Alsema et al. pp. 2169). The modules are 
usually connected to each other in a PV array. If they are wired together in series the voltage will 
increase while the current stays the same and if they are wired in parallel the current will increase 
while the voltage stays the same. These relationships can be used in order to achieve the desired 
voltage and current. The conversion from solar energy to electricity is made without any kind of 
pollution (besides that of producing and maintaining the PV system), which makes PV one of the 
most sustainable methods for power generation available (Papadopoulou. 2012 pp.49-50). 

There are three types of solar cells which are most frequently used: polycrystalline, 
monocrystalline and thin film. The crystalline technologies have the highest conversion 
efficiencies, but the thin film has the benefit of not being so sensitive to shadows. In cases where 
only fragments of the module is shaded, the crystalline modules could lose all of the energy and 
the thin film module will only lose the energy generated by that fragment. But since the 
crystalline cells have a much higher efficiency and are less expensive they are the most 
commonly used (Fraas and Partain 2010, pp. 114-115). The PV cells have an electrical-
conversion efficiency that tells how much of the insolated energy on the panel that is converted to 
electricity. The theoretical limit for this efficiency is often said to be about 30%, where the 
Shockley–Queisser limit (30.4%) is one of the most commonly used references (Harder et al. 
pp.155-157). The average efficiency for the modules available on the market is about 15% 
(Norden Solar 2013). 

2.2 Components in a photovoltaic system 
A photovoltaic system consists of a number of components whose properties will differ for 
different locations and uses. Aside from the PV module, there are two main components in a 
grid-connected system: the inverter, which converts the DC output to AC which is used in most 
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appliances; and the load, which is the power demand of the electric appliances connected to the 
system (Papadopoulou, 2012 p.55). 

The inverter in combination with the different metal structures for the system and the wirings that 
connects the two components to the PV system is called Balance-of-System (BOS). Therefore it 
is common to talk about BOS and PV when referring to different parts of the system. The inverter 
is the most important component in order to create PV system with a small percentage of losses. 
But it is also the most complex component to design because of the high demands that the 
industry has on the performance of the device and on the price of it (Bower, pp.114-115). 

 
In order to describe and evaluate the efficiency of a PV plant the performance ratio (PR) is one of 
the most important measurements. The PR describes the relationship between the actual and 
specified amount of produced energy. The PR is mainly due to losses from the inverter but there 
are also other losses such as resistive losses in the wiring between the panels and to the inverter. 
This relationship is expressed in percentage and shows how much of the energy that is available 
for export to the grid.  (SMA Solar Technology AG, 2010, pp. 1-2). An important measure is the 
Peak Power (Wpeak), which is commonly used as a normalization factor, and in the industry as a 
standard for the rating of the solar power. Wpeak is a term that describes the maximum power 
amount generated at standardized test conditions (SCT), which are 1000W global insolation per 
m2 at 25ºC module temperature and a standard solar spectrum. (Ecostream.com 2013). 
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2.3 What affects the amount of irradiance on the panels? 
Most locations in Europe and the United States get enough solar irradiance in order to 
successfully use solar panels, although some locations are better than others (as seen for Europe 
in Fig.1 and for Sweden in Fig.2) There are a number of important factors that will play a part in 
how well that location is suited for a solar cell installation:  

2.3.1 Shading 
As discussed in the introduction chapter, PV panels (especially crystalline panels) are sensitive to 
shading and it should be avoided to the greatest extent as possible in order to increase the 
performance (Messenger and Ventre 2010, p.196). 

2.3.2 Temperature of the module 
Crystalline solar cells work better at lower cell temperatures. This means that the panels should 
be installed in such a way that air circulation is allowed in the back of roof mountings 
(Messenger and Ventre 2010, p.196). 

2.3.3 Solar panel tilt 
In order to increase the amount of irradiance it is important to make sure that the panels are 
optimally tilted and installed. Since the panels should be directed towards the sun most of the 
time of the day, the inclination of solar panels in the northern hemisphere is recommended to be 
between 20 and 70º with 45º resulting in the maximal yearly insolation. There are also other 

Figure 1. Global insolation over Europé. Source: Solargis 2013 
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benefits from the tilting, for example a steeper tilt could prevent snow to accumulate on the 
panels. The panels should be installed with a tilt of at least 20º to avoid accumulation of moisture 
in certain weather conditions (Svesol, 2013). 

2.3.4 Snow and dirt 
The effect that the presence of dirt and snow has on the performance of the PV system is a 
common query among solar cell investors. It is a matter on which a large number of 
investigations have been made with different results. Though there is one distinction that most 
researchers agree on - the horizontal panels are more sensitive to the presence of dirt and snow 
than the tilted panels. For a tilted panel the losses in performance are insignificantly small, but for 
a horizontal panel the losses can be as big as 50% (Sulaiman, S. et al. 2011). 

2.3.5 Direct and diffuse insolation  
There are two different types of insolation: diffuse and direct. The direct insolation is the 
radiation from the sun, which is transmitted through the atmosphere without interacting with any 
obstacles on the way. The diffuse insolation is the radiation that is being received indirectly by 
scatters and bounces on obstacles in the atmosphere or on the ground, for example clouds. The 
albedo value is a measure of the amount of the ground reflected insolation which spans in 
practice between 0.1 for darker surfaces and 0.85 for brighter surfaces (such as fresh snow) 
(Fraas and Partain 2010 , p.435). 

	  

Figure 2. Global insolation over Sweden. Source: SMHI 2013 
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2.3.6 Azimuth 
The azimuth is the angle from the southern direction to the observer’s direction. The optimal 
azimuth in the northern hemisphere is 0º, which means that the solar panels should be directed 
towards the south (Messenger and Ventre, p.195). 

2.4 The cost of a photovoltaic system 
The cost of a PV system can be divided into four categories. These are (1) acquisition cost, (2) 
operating cost, (3) maintenance cost, and (4) replacement cost. Below, these categories plus 
background regarding the economic calculation methods are outlined. 

2.4.1 Acquisition cost 
The acquisition cost involves the purchase of all the components in the section above plus the 
installation cost. It is the major cost in a PV system. A study from 1999 suggests about half of the 
total cost for residential system is for the PV modules and the other half is for labour plus other 
non-module components. Because of the high acquisition cost of components, the price increases 
almost linearly with increasing installed effect even though the labour cost decreases per Wpeak 
for larger systems (Messenger and Ventre 2010 pp.192-193). This notion suggests that it is only a 
minor advantage to build a large residential PV system than a small. In the past years, there has 
been a fast and continuous decline in module price and today you can find prices in the range of 
0.61-1.22 euro (or 5.22-10.44 SEK) per Wpeak (The Solar Power Magazine 2012) and the average 
system price from Swedish wholesalers (commercial building PV systems larger than 10 kWpeak) 
is 11-22 SEK/Wpeak (Lindahl 2012 mail.comm 7 may). With the continuous decline of prices in 
mind, one can assume that it can be better to wait for cheaper PV module. However, economic 
value is not the only consideration for investors and subsidies can increase the incentives to buy 
PV systems. The installation costs varies with the properties of the roof and a lot of Swedish 
companies offers package solutions with separate pricing for different roof conditions. If the roof 
is weak it can be necessary to restore it and thus the investment will be harder to motivate. For 
maximum PV efficiency, the panel can be put on racks to increase or decrease the radiation 
angle, but in the most of the cases, this is not a cost-efficient solution (Stridh 2013). Many 
suppliers give a module lifetime warranty of 20-25 years for an efficiency of 80% of the initial 
efficiency (Rey-Stolle and Vazquez 2008 p. 420) in the end of the warranty period. This is of 
course a warranty that provides the suppliers with a low risk of further replacement costs. A more 
accurate lifetime for a PV system is closer to 30. In fact, Skoczek et al concluded in a study that: 
“More than 84% of the modules have experienced less than 1% maximum power loss during 20 
years outdoor measurements, and only 3.5% experience more than 4% power loss.” (Szabo et al 
2010 p.3813). One should note that these figures are well below the power failure and 
maintenance figures of any conventional technologies. 
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2.4.2 Operation and maintenance costs 
Operating cost is likely to be very low. In case of snow there are low benefits of removal because 
of the low radiation level during this time in Sweden (Stridh 2013). Unlike the PV modules, the 
inverter has in general low lifetime expectancy and the warranty is often about 5 to 25 years 
depending on the type of inverter. The cost of inverters depends mainly on its reliability and 
efficiency. In general the total costs are lower per watt-hour for a more expensive inverter with 
higher reliability and efficiency. Fraas and Partain concluded in a study “… even with an 
installation cost as high as $1 per watt, an expensive inverter with a 15 year lifetime is more cost 
effective than a 5 year inverter with an installation cost as low as 40 ¢ per watt.“ (2010 p.479).  

2.4.3 Replacement cost 
The residual value is also of interest to incorporate in the calculation and as system costs 
decreases, salvage value have more significant ramifications. Furthermore, the salvage market is 
likely to increase in the future (ASES p.9.). Despite this, the financial calculations are likely to 
put the residual value to zero or assume that the demolition costs and residual value summarizes 
to zero (Fraas et al 2012 s.259).  

2.5 How a PV module is manufactured 
To quantify the amount of energy needed and CO2 -eq emitted during the lifetime of a PV system 
the process is often broken down into five steps as illustrated in Fig.3 (Fthenakis and Kim, 2010 
p. 1611).  The production of raw materials consists of the mining of silicon for the PV cell, 
aluminium for the supporting frame, and copper for the wiring. Processing and purifying the 
silicon needed for producing PV cells is the biggest energy expenditure, accounting for 45% of 
the total energy used to during its lifetime (Fthenakis and Kim 2010 p. 1613). The amount of 
energy used during the purification process is largely dependent on the grade of the silicon used 
in the PV cell, where solar-grade silicon requires less energy than electronics-grade a fact that is 
often overlooked. This is also true about the BOS components, which may not be included in a 
LCA. Installing the system does not require any substantial amount of energy or create significant 
CO2 -eq emissions. During the operations of smaller PV systems the maintenance is virtually zero 
and can therefore be excluded from a simple LCA. Solar panels can be recycled and used to 
construct, among other things, new solar panels (Fthenakis and Kim, 2010, p. 1615). 

	  

Figure 3. The life cycle of a PV system. Source: Fthenakis and Kim 2006 p.1611 
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2.6 Practical matters of installing a PV system   

2.6.1 Considerations concerning installation on a school 
In case of a PV installation on a roof in connection to a school there are some concerns to have in 
mind. First, with children involved and a climate allowing heavy snowfall, it can be important to 
realize that changing conditions for the roof can change how the snow assembles and in the end, 
how icicles and heavy snow accumulate. The PV modules are generally more slippery than other 
roof-materials and if there is obstructing objects close to the gable, the snow assembles can 
become larger there (Messenger and Ventre 2010 p.191). Although snow removal is uncommon, 
it can still be necessary in a school environment for safety precautions. Second, the modules 
should be protected from vandalism and there should of course be no opportunity for 
unauthorized people to visit the roof. To visualize the production of a PV system at public 
buildings, displays that show production, consumption, and saved GHG-emissions are often 
installed. This is an unnecessary cost as most modern PV systems feed their production data out 
on the buildings local area network, making it easy to present on any display with a connection to 
the internet (Andersson 2013 tele.comm 24th April). 

2.6.2 Electricity consumption of schools  
The amount of electricity produced by the PV system that is consumed within the building 
complex greatly affects the economics of the investment. If all of the electricity produced is used 
to replace electricity otherwise bought from the grid, none needs to be sold and what contract the 
owner of the PV system has with the utility company does not matter. In this sense, schools and 
other building with government operations are ideal for installing PV systems. The highest load 
occurs during daytime when the PV cells produce electricity and there is a high enough base load 
to consume all the produced electricity during weekend and holidays when the normal activity is 
closed. This, compared to a single-family detached home where the consumption of electricity is 
lower during weekdays when PV cells produce electricity, due to most residents leaving the home 
for work or school (Solar choice 2013). 

Boverket (The Swedish National Board of Housing, Building and Planning) and 
Energimyndigheten (The Swedish Energy Agency) conducted a study between 2006 and 2007 of 
energy consumption of 129 school and kindergarten buildings in Sweden. The result of this study 
was that the average electricity consumption (excluding the use of electricity for direct heat) was 
62.3 kWh/m2. In the study, the energy consumption was divided into two main categories: 
building and operational electricity. Building electricity accounts for about half the electricity 
consumption during the year. The building electricity consists of: fans for ventilation; pumps for 
the heating system; and additional building electricity consisting of electricity for pumps, 
compressors, coolers, and elevators. Building electricity (excluding direct electricity heating) in 
average makes up about half of the total electricity consumption. The other half, operational 
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electricity, consists of lighting (25.3%), institutional kitchens (10.0%), and the rest is made up of 
computers and other appliances (Statens Energimyndighet, 2007, p.27).  
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3. Methodology 
The following section contains an explanation of the methods and data used to generate the 
results of this report, it is divided into four sections: presentation of the case study, a PV 
simulation, economical calculations and LCA calculations. 

3.1 Case Studies  
This section contains information about two different cases with similar conditions, where the 
first is the main case of this study and the section one is used for comparison and validation.  

3.1.1 Main case study - Heby skola 
The roof at Heby skola is situated in a southern direction with an azimuth angle of about 0º 
(Google Maps 2013). The roof is covered by ceramic tiles for which there are mounting systems 
available. Installing on a tile roof will require removing some of the tiles in order to secure the 
rails on which the PV panels will be mounted to the tie beams. After this the tiles are put back 
into place (Andersson 2013 tele.comm., 24th April). The roofs at Heby skola are old and at other 
parts of the building complex it needs to be changed within the near future. Hebygårdar is 
thinking of changing the roof suggested for installation of the PV system to a tin roof (Melin 
2013 pers.comm., 8th April). The tin roof is worse for installation of solar panels because of an 
increasing risk for water leakage due to the protecting layer being broken by the screws through 
the tin. There are other methods of fastening on a tin roof besides screwing such as fastening on 
the folds but a tile roof is still easier (Andersson 2013 tele.comm., 24th April). If the management 
at Heby skola decides to renovate the roof, it would be preferable to install a new tile roof.  

The angle of the roof was measured to 21º (see Fig.4), which is within the range of feasible tilts 
from both an insolation and practical point of view. The difference in insolation between the 
optimal tilt of 45º and the tilt at Heby skola should not affect the performance of the PV system 
in any significant way. Another factor to take into consideration is that installing the system with 
a rack to increase the tilt requires a building permit which complicates the project to some degree 
(Börjesson, 2013 pers.comm., 27th March). 

On the roof, there is an area of about 225 m2 available for solar modules. The minor dormer is 
low and there is no risk of shading from it if the modules are put with some distance. On the east 
side of the dormer, there is an area of 200 m2 that would be a preferable space to install the solar 
modules. (Melin, 2013, pers.comm. 8th April) Close to the dormer and in the middle of the roof 
there are entrances which can be convenient to have in close connection to the PV system. With 
the value of public relations in mind, the PV system would be put as visible as possible. A 
building is slightly is blocking the view from the road, and in the summer month, there are some 
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small trees obscuring the view. But overall, the system will be visible to a great extent with a 
minor advantage if the system is put on the west side of the roof (Intervention 2012). 

 

	  

Figure 4. Measures and angle of roof. Source: Photography Nyqvist, D. 
 

 

Figure 5 and 6. Area of roof. . Source: Photography Nyqvist, D. 
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3.1.2 Ösby Naturbruksgymnasium 
Solel i Sala Heby is an economic association working to build and promote PV power and 
anybody that is interested can become a partner and thus own a part of their PV systems. They 
have installed one of their systems at the school Ösby Naturbruksgymnasium with a total effect 
of 74 kW polycrystalline PV panels, which covers an area of 710 m2. The system is estimated to 
produce about 70 000 kWh annually. Ösby Naturbruksgymnasium is situated 12.4 km northwest 
of Heby skola. It is also a school building, but with focus on the agricultural trade. The 
installation was done in two phases where about half was installed in each phase; the first part 
was taken into operation June 2011 and the second May 2012. The roof at Ösby 
Naturbruksgymnasium is 20º, just as at Heby skola. Besides the plant at Ösby 
Naturbruksgymnasium, Solel i Sala Heby also owns two stand-alone PV plants, one with 47 kW 
installed power and one with 74 kW (Solel i Sala-Heby 2013). These are also situated in the 
municipalities of Heby and Sala. There has been a substantial decrease in price for the different 
plants. The cost for the first plant in 2009 was 38 SEK/Wpeak (Solel i Sala-Heby 2013) and the 
cost for the first phase of Ösby Naturbruksgymnasium was 22 SEK/Wpeak. By the time the second 
started, the price had dropped to 13 SEK/W (Karwonen 2013 mail.comm 5th April). 

3.2 PV simulation  
This section is a description of the programme used for simulation and how it was modified. Its 
also consists the data used for the simulations. 

3.2.1 Description - Solelekonomi 
Solelekonomi was used for simulation for two scenarios with different sizes for the PV modules: 
50 and 200 m2 (Solelprogrammet, 2011). It was developed in the project called 
“Beräkningsmodell för ekonomisk optimering av solelanläggningar” (Widén, 2011) and the aim 
of the tool is to provide a quick and easy way to estimate the electricity production and the 
economy of a PV system. Furthermore, it has been compared to both the commercial tool 
PVSYST 4.1 and to empirical measurements on PV systems in the Swedish climate. 
Solelekonomi has the following input parameters: 

§ Tilt angle 
§ Albedo angle  
§ Global and direct radiation  
§ Coordinates for the location,  
§ Azimuth angle  
§ Size of one module 
§ Top-effect for the modules 
§ Inverter efficiency 
§ Other losses  
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Solelekonomi operates in four steps: irradiance calculations; PV system calculations; electric 
usage; and economic calculation. Only the two first steps are used in this report. Since the 
consumption is know it was deemed preferable to match production and consumption manually. 
The economic calculation was not used because the aim of the report required more results than 
Solelekonomi provided. An overview of the first two steps is presented below: 

§ Irradiance calculations: The amount of irradiance that hits the surface of the PV panel is 
calculated. This is done on a hourly basis and the model takes the location coordinates of 
the PV system into account and then calculates its position in relationship to the sun. 
Together with the tilt and azimuth angles, the irradiance on the plane is calculated from 
the hourly direct and global insolation data. The model also takes surface albedo into 
account. There are preset values for the different seasons but the user can change those 
manually. 

§ PV system calculations: In this step the irradiance on the plane calculated in the previous 
step is translated into electricity after the inverter. This is done by calculating the 
percentage of energy each panel can convert into electricity, its electricity conversion 
factor, this is then multiplied by the number of panels. To take general losses and inverter 
losses into account, those are multiplied by the amount of electricity converted by the 
panels. 

The calculations in this report were made with a programme in MATLAB with the same 
underlying structure as that of Solelekonomi. The programme was modified to fit the purpose of 
this essay. The original version had three possible locations: Stockholm, Gothenburg, and Lund. 
To get more accurate values the specific location of Heby skola was implemented to the program. 
Using the SMHI STRÅNG-database it became possible to use more accurate irradiation data. 
Solelekonomi does not take surrounding temperature into account, which means that the 
electricity production is likely to be about 5-6% lower. This is because the temperature in the 
northern hemisphere is comparatively lower, which cools the PV cells and leads to a better 
efficiency (Börjesson, 2013 pers. comm. 27th March). 

To negate the effect of varying insolation during different years an eleven-year average was used. 
This was achieved by an arithmetic average of the hourly insolation values from STRÅNG. The 
use of the insolation average smooth out peaks and makes the insolation more even. This may in 
some cases not be a suitable method for modelling, as it might remove some hours where it 
would have been a higher production than consumption. This is not a problem in this report since 
the produced electricity never reaches the consumed amount. The electricity consumption of 
2012 was used sense this was the most recent year and the year with highest consumption. An 
average of consumption is not suitable as weekends occur on different dates and thus distorting 
the consumption pattern. 
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3.2.2 Data 
Table 1. Data used in Solelekonomi. 

Name Value Unit Source 
Tilt angle 21 Deg. Measured at site 

Azimuth angle 0 Deg. Google maps 
Albedo 0.2  Standard in Solelekonomi 

Latitude 59.93679 Deg. Google maps 
Longitude 16.85843 Deg. Google maps, 2013 

Global insolation STRÅNG-database W/m2/h STRÅNG-database, 2013 
Direct insolation STRÅNG-database  W/m2/h STRÅNG-database, 2013 

Module size 1640 x 992 x 40 mm Renesola, 2013 
Wpeak of module 250 W Renesola, 2013 

Inverter efficiency 97.04.00 % SolarLak, 2013 
Other system losses 10 % Solelekonomi 
Number of modules 31/124   

 

3.3 Economic evaluation 

3.3.1 Description 
Two economic tools are selected to give estimations for investment considerations. One 
calculates a cost per kWh using the COE-method and one estimates a payback time, using a 
DPA. When calculating payback time and COE (also known as Levelized Cost of Energy, 
LCOE) as will be made in this study, all of the cost considerations above is of importance. In 
addition, it's very important to be clear with the assumptions made in the calculation since they 
greatly affect the outcome. The main assumptions in the COE calculations of PV systems are the 
choice of discount rate, average system price, financing method, average system lifetime and 
energy generation over its lifetime. (Branker et al 2011 p. 4475). If the money that pays the 
system is borrowed, it´s usually 5-7% cheaper with own principal even if you counting for the 
lost interest. (Nelson 2011 p.318). Although the COE is not the same as retail electricity prices it 
can be used as a proxy to comparison (Branker et al p.4477). 

Calculating the payback time is often an interesting basis for decision. To compare payments that 
differ in time the cash flow can be discounted to present value of money; this is called a 
discounted payback analysis (DPA). In DPA calculations, even though lifetime and insolation is 
relatively reliable factors, the hardest factor to predict is the future price of electricity. Therefore, 
in a DPA for any power plant, assumptions are involved to a great extent. Some investors vary 
their discount rate for different investments to reflect the different risk patterns of the investment 
(Branker et al 2011 p. 4475). 

The DPA for the investment is made by a discounted cash flow analysis with all of the payments 
each year. All payments are discounted to Present Worth (PW). The PW of an item is defined as 
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the amount of money that would need to be invested at the present time with a return of the 
discount rate in order to be able to purchase the item at a future time, assuming a certain inflation 
rate. An estimated replaced annual cost for retail electricity will be considered as cash inflow. 
The payback time includes a yearly degradation of the cells ability to produce electricity. 

To give some information about the investment compared to retail electricity price, it is 
interesting to calculate a price tag for the investment over its lifetime. The initial investment cost 
together with all costs regarding operation, maintenance and residual value is calculated to a 
present worth (PW) with reference to discount rate and inflation rate (Messenger and Ventre 2010 
p.333). The LCC (Life Cycle Cost) is the sum the PW of all costs of the investment. 

To get the COE, it is not simply to divide the LCC with the produced electricity for each year. 
This is because of the fact that the payment is not the same each year. Instead, the cost is 
annualized by dividing the LCC with an annualized factor (AF) which is defined as the LCC 
divided by the real cost of the system (Messenger and Ventre 2010 p.335) (se Appendix). The 
Annualized Life Cycle Cost (ALCC) gives a fair cost to compare with other energy alternatives. With 
ALCC calculated, the next step is to simply divide it with the annual produced electricity.  

 

:  The present worth of the cash flow at year k 

:  Annualized factor 

3.3.2 Data and assumptions 
The sizes of the PV system investigated within this study were chosen to be 7.75 kWpeak and 31 
kWpeak, which are the respective installed power for 50 m2 and 200 m2. For the small PV system, 
the price from four Swedish PV package suppliers was compared. The PV packages included all 
costs for necessary components and installation cost. The supplier prices were approximate and 
depended on roof type and quality of inverters. All prices are including taxes. If the price was in a 
range, the highest price was chosen. The prices was juxtaposed graphically (Fig.7) and a cost 
estimation was appreciated for the PV size at 7.75 kWpeak to be 120 000 SEK.  

(1)	  
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Figure 6 

	  

Figure 7. Cost comparison of different Swedish PV suppliers package solutions. Data sources: 
Norden solar 2013, Svesol 2013, Solarlab 2013, Vattenfall 2013. 

	  

For the larger PV system, the acquisition cost is 14.5 SEK/Wpeak. The price is chosen with 
concern to the size of the system and to the latest Swedish price statistics from IEA-PVPS 
(Lindahl 2012 mail.comm, 7 May). From February 2012 the Swedish Energy Agency has a 
subsidy of 35% for PV systems. This is available for all sorts of actors including private 
companies until the money is finished. The real discount rate was chosen to be 4%. One might 
argue that this is a low value and gives unfair incentives for the investments. However, there is 
two main reasons for the choice relating to the notion that there is not only return rate that gives 
values to the company: First, a PV system is a step towards the municipality of Heby’s long term 
goal of an energy independent region. Second, the placement of the PV system close to the main 
road gives the company and the region public relation values. The inflation rate was set to 1.5% 
according to the average Harmonized Consumer Price Index in Sweden between the years 2005-
2013 (SCB, 2013). The main operation costs for a PV system is insurance costs, but this is not of 
relevance since the PV system will be included in the facility insurance in Sweden. The system is 
expected to last 30 years, which is a common estimation for PV systems (Branker et al 2011 
p.4479 Nelson 2011 p.320). Some components in the system cannot be expected to last for 30 
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years, and therefore the maintenance costs will be higher for a long predicted lifetime. Inverters 
have a lifetime expectancy at various years but it is common to predict a 20 000 SEK-high-
quality (about 10 kWpeak) inverter to last 10-15 years. (Baker et al., 2012, p. 4476). The 
maintenance cost is suggested to be about 50% of the PV system cost with installation cost 
excluded (Baker et al 2011 p.4475) and with higher costs in the last years of the investment since 
it is more likely for old components to brake. The major contributor to the maintenance costs is 
the replacement of inverters. The choice was to simply set operation and maintenance (O&M) 
cost to one third of the mean annual O&M cost the first 15 years and to 2 thirds the last 15 years. 
According to research on long-term module efficiency it is recommended to expect degradation 
of sun modules with 0.5% each year. (Ryan 2012 p.8). The residual value of the PV system is 
hard to predict, in this calculation it is estimated to be the same as the decommissioning costs and 
both is therefore put to zero. The initial electricity price for Heby Fastigheter is 0.92 SEK/kWh 
(taxes included) (Eriksson 2013 mail.comm 6th May). Last, the grid electricity price escalation is 
predicted to be the same as the inflation rate. This escalation rate may be chosen slightly low, but 
since there is a great uncertainty in electricity price forecasts, it is considered as good as any 
estimation. Below, a presentation of the numbers involved in the economic calculations is tabled 
out.  

 

Table 2. Presentation of the numbers used in the economic calculations 
Name  Value (7.75 kWpeak) Value (31 kWpeak) Unit 

Initial investment 120 000 450 000 SEK 
Discount rate 4 4 % 

Inflation 1,5 1,5 % 
Operation & Maintenance 1000 and 1500 3750 and 11250 SEK 

Lifetime 30 30 years 
Subsides 35 35 % 

Residual value 0 0 SEK 
Decommissioning cost 0 0 SEK 

Degradation of modules 0,5 0,5 % 
Annual change in grid price 1,5 1,5 % 
Initial grid cost of electricity 0,92 0,92 SEK/kWh 
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3.4 Life Cycle Analysis  

3.4.1 Description 
To be able to quantify the environmental impact of a PV system and compare it to other sources 
of electricity the measurement g CO2 -eq./kWh is used. The amount of g CO2 -eq./kWh is 
calculated by taking the total amount of g CO2 -eq. required for producing a m2 PV cell and 
dividing it with the total amount of kWh an m2 produces during its lifetime (usually set to 30 
years). The amount of kWh/m2/year is then calculated by taking the yearly insolation and 
multiplying it with the PV cells electric conversion efficiency and its performance ratio. Another 
unit that often is used to describe the effectiveness of renewable energy is Energy Payback Time 
(EPBT) which describes how long time it takes for a renewable energy source to produce as 
much energy that is demanded by its manufacturing and operating processes. There are no 
general guidelines but a renewable energy source should preferably have a low EPBT compared 
to its expected lifetime (Fthenakis, Kim 2010 p. 1611). The equation and its variables are 
described below:  

 

 

 
 

:  Energy that is needed to produce the materials that is used in the PV system. 

:  Energy needed to manufacture the PV system. 

:  Energy needed to transport materials and components of the PV system. 

:  Energy needed to install the PV system. 

:  Energy needed for the end-of-life management. 

:  Energy generated annually by the PV system. 

:  Energy needed annually to operate the PV system. 

 
To be able to calculate the EPBT and g CO2 -eq/kWh for the PV system at Heby skola the total g 
CO2 -eq releases and kWh expenditure associated with one m2 of PV panel during its lifetime was 
needed. These values were received by starting with the results obtained by Fthenakis and 
Alsema (2006) and back-tracking their calculations, thus receiving their initial values for g CO2-
eq/m2 and kWh/m2 used during its lifetime. These numbers were then used as seen below to 
calculate g CO2-eq/kWh and EPBT for the projected PV system at Heby skola (see Appendix).  

(2)	  
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Since the LCA in this report is a simplified one, based on the gross values of g CO2-eq/m2 and 
kWh/m2 during production, the method for obtaining results specifically for Heby skola is 
straightforward. To obtain a g CO2-eq/kWh, the gross value from Fthenakis and Alsema (2006) 
was divided with the estimated total amount of kWh produced during its lifetime. The yearly 
production used in the calculations was received from Solelekonomi using the eleven year 
average (normalized per m2). This was then multiplied by the expected lifespan, 30 years, to 
obtain a lifetime production per m2. The EPBT is obtained in a similar way, the difference being 
that the sought after unit is years and thus the total amount of energy needed for production is 
only divided with the yearly production. The formulas are presented below. 

 

 

 

 

3.4.2 Data 
The following table presents all of the values used in the LCA calculations. 

Table 3 Data used for LCA. Source: Fthenakis and Alsema 2010 
Name Value Unit 
Carbon Dioxide Equivalent 37 g	  CO2 -‐eq/kWh 
Energy Pay-Back Time 2.2 years 
Lifetime 30 years 
Performance ratio 0.75  
Efficiency 13.2 % 
Yearly insolation 1700 kWh/m2/year 

 
 

(3)	  

(4)	  
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4. Results 
This section presents the simulations and results generated by the models and the data presented 
in the previous section.  

4.1 Energy consumption at Heby skola 
Heby skola has a yearly electricity consumption ranging between 600 and 660 MWh per year. (D. 
Börjesson, 2013 mail.comm., 27th March). To compare building of different size electricity 
consumption is usually normalized per m2. Heby skola has a total indoor building area of 11865 
m2 (Eriksson, B., 2013, mail. comm. 24th April). This results in a electricity consumption 
between 50.6 and 55.6 kWh/m2. The base load in Heby skola consists of what is defined as 
building electricity in chapter 2.6.2. (Melin, L., 2013, per. comm., 8th April) 

	  

Figure 8. Histogram of hourly energy consumption for 2012. Data source: Eriksson 2013 
mial.comm. 
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4.2 Simulation of a PV plant 
The following graph displays the theoretical energy production of the system at Heby skola.  

Table 4. Yearly production. Data source: Solelekonomi. 
  7.75 kWpeak 31 kWpeak Unit 

Yearly production 7379,3 29517,2 kWh 
 

The first figure (Fig.9), displays the systems monthly production during one year. It is clear that 
the most productive month of the year is June (almost 1200 kWh produced) while November, 
December and January is the least productive months (lesser than 200 kWh produced). The 
production has an approximately Gaussian distribution, likely due to the average insolation data. 
In the figures Fig.10 and Fig.11 that uses the same values but with two different sizes (50 m2 and 
200 m2), production and consumption is compared during the same time. It is clear that the most 
productive months also is the months with the least consumption and that the largest consumption 
occurs in the winter - when the production is the smallest. Since the consumption of electricity is 
generally high, the production will always fall short in comparison. It is clear through observation 
of the graph that the system can be scaled up many times before reaching the levels of the 
consumption. Note that in Fig.11 the dips that occur regularly in the consumption are due to 
weekends. The big decrease in July is even more visible here, where the consumption is at 
weekend-level for about a month. 
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Figure 9. Monthly electricity production for a 50 m2 system at Heby skola. Data source: 
Solelekonomi. 

	  

Figure 10. Monthly electricity production for a 50 m2 and a 200 m2 system at Heby skola 
together with Heby skola´s electricity consumption 2012. Data source: Solelekonomi, Eriksson 

2013 mail.comm. 
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Figure 11. The daily electricity production for a 50 m2 and a 200 m2 system at Heby skola 
together with the daily electricity consumption at Heby skola. Data sources: Solelekonomi, 

Eriksson 2013 mail.comm. 

	  

Figure 12. The average of all daily productons of a 50 m2 system at Heby skola. Data source: 
Solelekonomi. 
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Fig.12 shows how the production varies in the course of one day, where the values are an average 
of all days during the year. The figure shows clearly that the system reaches its production peak 
during the time around 12:00. 

The ratio between the produced and installed power is shown in Fig.13. This ratio reaches its 
peak in June, where it is about 23% which means that the system will deliver about 23% of the 
installed effect during the summer, and it drops to a ratio around 1% at January and December. 
Over the year the average is 11%. 

	  

Figure 13. The ratio between produced and installed power during a year at Heby skola. Data 
source: Solelekonomi. 

4.3 Avoided electricity purchases 
If Hebygårdar decides to install a 50 m2 PV system it will be able to replace 1.1% of the entire 
electricity consumption, the portion will be 4.45% if they decide to install a system of 200 m2. In 
order to replace all of the electricity consumption, Hebygårdar will have to install a PV system 
with an area of 4530 m2, which is 38% of the entire buildings indoor area. Approximately four m2 
solar panel per ten m2 indoor building area (see Appendix). 
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4.4 Payback time 
The following table presents the resulting payback time, with and without subsidies, for the 
different sizes of the PV system. The minor differences in payback time between the two PV 
system sizes are a result of the nonlinear installation cost. 

 
 

Table 5. Payback time for the different PV systems 
 7.75 kWpeak 31 kWpeak Unit 

Without a subsidy 26 25 Years 
With a subsidy 35 % 14 13 Years 

 

4.5 Cost of Energy 
The following table present COE, with and without subsidy, for the different sizes of the PV 
system. The minor differences in COE between the two PV system sizes are a result of the 
nonlinear installation cost. 

Table 6. Cost of Energy for the different PV systems 
  7.75 kWpeak 31 kWpeak Unit 

Without a subsidy 1,05 0,97 SEK/kWh 
With a subsidy 35 % 0,76 0,71 SEK/kWh 
 

4.6 Energy Payback Time and Greenhouse Gas Emissions 
The results of the simplified LCA-study are presented in the Tab.7. Notice in Fig.14, the GHG 
emissions of the PV electricity at Heby skola compared to PV electricity from another LCA 
report, other electricity sources and different region electricity mixtures. These will be put into 
context and be discussed in chapter 4.7.1.  

Table 7. LCA results. 
Name Value Unit 

GHG-emissions 42,5 g CO2 -eq/kWh 
EPBT 2,2 Years 
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Figure 14. The GHG-emissons of different energy conversion technologies and electricity 
mixtures. Data sources: Fthenakis and Kim 2006, Vattenfall 2011, Solelekonomi, IAEA 2012 

4.7 Sensitivity analysis and validation 
A sensitivity analysis has been made in order to identify and evaluate the key parameters and the 
weaknesses in the model. 

4.7.1 Validation of the PV simulations  
A comparison between the output from the simulation made in Solelekonomi and the actual 
output values from Ösby Naturbruksgymnasiums PV system was made. The values were 
normalized with respect to the installed power in order to enable a fair comparison. The result 
shown in Fig.15 indicates that the program slightly underestimates the output values for each 
month except the winter months: January, February, November and December. The 
underestimation during the year varies between 59% and 6%. The overestimation during the 
winter months varies between 208% and 127%, except December which is overestimated with 
almost 2800%. The overall difference during the year is that the PV system at Ösby 
Naturbruksgymnasium produces 10% more electricity per installed kW than what Solelekonomi 
suggests.  
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Figure 15. Comparison between normalized production at Heby skola and Ösby 
Naturbruksgymnasium for 2012. Data source: Solelekonomi, Karwonen 2013 mail.comm. 

 

4.7.2 Sensitivity analysis for the installation 
The program Solelekonomi uses a model which makes the efficiency of the inverter and other 
losses linear to the amount of energy that the system can deliver. So the relationship between the 
input and output between these two are proportional to each other and the choice of an efficient 
inverter is a critical part of the installation. The amount of cells and the size of the system are 
proportional to the amount of energy that the system can generate. To estimate the error resulting 
from angle measurements, Tab.7 represents the change in power productions given the tilt and 
azimuth angle. The applied angles (Tilt: 21º, Azimuth: 0º) have been given the value 100% and 
every other angle combinations are related to this value. For example, if you have the tilt angle of 
45º and the azimuth angle of zero instead of the applied angles, the increase of electricity 
production is 7%. 
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Table 8. Sensitivity analysis with respect to azimuth and tilt normalized to the production with 
Tilt 21 and Azimuth 0 (the values messured at Heby skola). Data source: Solelekonomi 

	   	  
East	  

	   	   	   	   	   	   	   	  

Azim
-‐uth	  

	   	   	   	   	   	   	   	  
West	  

	   	  
-‐90	   -‐80	   -‐70	   -‐60	   -‐50	   -‐40	   -‐30	   -‐20	   -‐10	   0	   10	   20	   30	   40	   50	   60	   70	   80	   90	  

	  
90	   59%	   64%	   68%	   72%	   75%	   78%	   79%	   81%	   81%	   81%	   81%	   80%	   79%	   77%	   74%	   71%	   67%	   62%	   58%	  

	  
85	   62%	   67%	   72%	   76%	   80%	   82%	   84%	   86%	   86%	   86%	   86%	   85%	   83%	   81%	   78%	   75%	   70%	   66%	   61%	  

	  
80	   65%	   70%	   75%	   80%	   83%	   86%	   89%	   90%	   91%	   91%	   91%	   89%	   88%	   85%	   82%	   78%	   74%	   69%	   63%	  

	  
75	   68%	   73%	   78%	   83%	   87%	   90%	   93%	   94%	   95%	   95%	   95%	   93%	   92%	   89%	   85%	   81%	   77%	   71%	   66%	  

	  
70	   70%	   76%	   81%	   86%	   90%	   93%	   96%	   98%	   99%	   99%	   98%	   97%	   95%	   92%	   88%	   84%	   79%	   74%	   68%	  

	  
65	   72%	   78%	   84%	   88%	   93%	   96%	   99%	   101%	   101%	   102%	   101%	   100%	   98%	   95%	   91%	   87%	   82%	   76%	   70%	  

	  
60	   74%	   80%	   86%	   91%	   95%	   98%	   101%	   103%	   104%	   104%	   103%	   102%	   100%	   97%	   93%	   89%	   84%	   78%	   72%	  

	  
55	   76%	   82%	   87%	   92%	   96%	   100%	   103%	   104%	   106%	   106%	   105%	   104%	   102%	   99%	   95%	   90%	   85%	   80%	   74%	  

	  
50	   78%	   83%	   89%	   93%	   98%	   101%	   104%	   105%	   107%	   107%	   106%	   105%	   103%	   100%	   96%	   92%	   87%	   81%	   76%	  

Tilt	   45	   79%	   84%	   90%	   94%	   98%	   101%	   104%	   106%	   107%	   107%	   107%	   105%	   103%	   100%	   97%	   92%	   88%	   83%	   77%	  

	  
40	   80%	   85%	   90%	   94%	   98%	   101%	   104%	   106%	   107%	   107%	   106%	   105%	   103%	   100%	   97%	   93%	   88%	   83%	   78%	  

	  
35	   81%	   86%	   90%	   94%	   98%	   101%	   103%	   105%	   106%	   106%	   106%	   104%	   102%	   100%	   97%	   93%	   89%	   84%	   79%	  

	  
30	   81%	   86%	   90%	   94%	   97%	   100%	   102%	   103%	   104%	   104%	   104%	   103%	   101%	   99%	   96%	   92%	   89%	   84%	   80%	  

	  
25	   82%	   86%	   89%	   93%	   96%	   98%	   100%	   101%	   102%	   102%	   102%	   101%	   99%	   97%	   95%	   92%	   88%	   84%	   80%	  

	  
20	   82%	   85%	   88%	   91%	   94%	   96%	   97%	   99%	   99%	   99%	   99%	   98%	   97%	   95%	   93%	   90%	   87%	   84%	   81%	  

	  
15	   82%	   85%	   87%	   89%	   91%	   93%	   94%	   95%	   96%	   96%	   96%	   95%	   94%	   92%	   91%	   89%	   86%	   84%	   81%	  

	  
10	   82%	   84%	   86%	   87%	   88%	   90%	   91%	   91%	   92%	   92%	   91%	   91%	   90%	   89%	   88%	   87%	   85%	   83%	   82%	  

	  
5	   82%	   83%	   84%	   85%	   85%	   86%	   86%	   87%	   87%	   87%	   87%	   87%	   86%	   86%	   85%	   84%	   83%	   83%	   82%	  

	  
0	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	   82%	  

 

4.7.3 Sensitivity analysis and validation of economic calculations 
In order to show the sensitivity of payback time and COE with respect to assumptions, discount 
rate and increase in electricity price in the economic calculations is going be varied. The analysis 
only involves the 50m2, 7.75 kWpeak PV system and the parameters is changed one at a time with 
the other parameters constant. For the COE, only the discount rate is varied. In Fig. 16 the x-axis 
represents the discount rate and the change in electricity price. The y-axis represents the payback 
year. The discount rate is in general low for long-term public investments and high for short-term 
private company investments. The payback time increases exponentially and the difference 
between the chosen 4% discount rate and 8% is 6 years. If the electricity price escalation 
increases, the payback time decreases approximately linear. The difference between the assumed 
1.5 % and 3% (which is the trend from 2007 to 2012 [SCB 2013]) gives a decrease in payback 
time of 1-2 years.  
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Figure 16. Sensitivity analysis of payback time with respect to the variables discount rate (with 
the electricity price constant at 1.5%) and electricity price (with the discount rate constant at 

4%). Data source: Solelekonomi 
 

Comparing the COE with the facility of Ösby gives a guideline for the accuracy of the results. 
The total investment of the PV system at Ösby was assumed to be the total LCC and was divided 
by the same annual factor as Heby skola PV system. The electricity from two different years was 
used: 2002 and 2012, which were the years with highest and lowest insolation. 2012 had a 28% 
lower energy production than 2002. Production data from Ösby were only available for 2012 
since it was the first year in operation. The ALCC was then divided by the yearly produced 
electricity for each facility. Fig.17 presents a base for interpretation of sensitivity and validity. 
The difference in COE between Heby and Ösby is 0.07 SEK and between Heby 0.25 SEK. The 
conclusion is that a 28% decrease in produced electricity gives the same decrease in COE. 
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Figure 17. Sensitivity analysis of COE with respect to yearly insolation and validation of the 
economic model compared to Ösby naturbruksgymnasium. Data source: Solelekonomi, 

Karwonen 2013 mail.comm 

4.7.4 Sensitivity analysis of the Life Cycle Analysis 
Both the GHG-emissions and the EPBT depends on the calculated yearly production per m2 as 
A/x where A is a constant and x is calculated yearly production per m2. This being said, the 
relationship is approximately linear within the possible range of x in this report. If the years with 
highest and lowest insolation are used as a basis for the modelling instead of the average 
insolation this affects both GHG-emissions and EPBT in a significant way. Calculating GHG-
emissions and EPBT based on the insolation of year 2002 results in GHG-emissions of 37.2 g 
CO2 -eq/kWh and a EPBT of 2.2 years. These results are about 12% lower than the results for 
average insolation. The same calculations for the electricity production per m2 of 2012 yield 
GHG-emissions of 47.5 g CO2 -eq/kWh and the EPBT 2.8 years. Both these results are about 
12% higher than for the year with average insolation. The yearly electricity production per m2 is 
10.5% lower 2012 than for the average insolation. This suggests that the error depending on 
insolation should be within a plus-minus 12% margin for both GHG-emissions and EPBT. Errors 
in measuring the azimuth and tilt angle should not affect the results of the LCA in any significant 
way since there needs to be a large change in angle to affect the yearly produced amount of 
electricity as mentioned in chapter 4.7.2. 
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5. Discussion 

5.1 PV simulation 
The Sensitivity analysis showed that the simulation made in Solelekonomi does underestimate the 
value during the majority of the year (with up to 59%). The reason for this might be that the 
programme does not take into account the temperature at the surface of the PV system, which 
would in fact increase the efficiency of the solar cells. During the winter months, the program has 
a tendency to overestimate the production. One reason for this might be that Solelekonomi does 
not take into account the fact that the snow covers the PV system during the major part of the 
winter. Another reason might be that Solelekonomis variable other losses (10%) is higher than 
actual losses.  

The difference in the actual values and the simulated values can still be considered to be a viable 
estimation since the major tendency is to underestimate the production, and the investment will 
therefore produce more than the calculations in this report have shown. The overestimation is 
also negligible since it is under 10 kWh per month, though it would be an interesting update to 
allow the program to pay respect to the efficiency difference when the surface temperature is 
altered. It would also be interesting to see how big the overestimation would be if the solar panels 
are cleared from snow during the winter.  

5.2 Economics  
It was implied in an early phase of this study that assumptions in the economic calculations 
highly affect the outcome. The PV technology is relatively new and has only been an 
economically viable product for a few years. Furthermore, the PV technology is still in a highly 
developing phase in research, industry, and retail. This makes economic calculations more 
insecure and even though PV systems have been used and tested for more than 20 years, those are 
not the same PV systems that are being put on the markets today. Despite this, there is a lot of 
scientific research that has been reviewed for this study that gives similar recommendations for 
economic considerations in this project. With sensitivity analysis and validation, the results 
become even more interesting and useful for decision making and risk judgement.  

5.3 Life Cycle Analysis 
The results in this LCA suggest that the GHG-emissions from PV electricity at Heby skola will 
be slightly higher than the GHG-emissions calculated by Fthenakis and Kim. Considering the big 
difference in northern and southern insolation levels, there should be a bigger difference in GHG 
emissions. If the same electricity conversion efficiency, inverter efficiency, and other system 
losses are used at a place with the southern insolation levels used in Fthenakis and Kim´s report 
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the GHG-emissions drop to 27 g CO2 -eq/kWh. The same holds true for EPBT, which drops to 
1.6 years (see Appendix). This notion suggests that the GHG-emissions and EPBT is about 60% 
higher at Northern European insolation levels than at southern levels which is probably a more 
reasonable difference. 

As seen in Fig.14 the PV produced electricity (both at Heby skola and from Fthenakis and Kim 
(2006)) has a lot lower GHG-emissions than (non-nuclear) fossil fuels but it has higher GHG-
emissions than nuclear and hydro. This is the reason why PV power has higher GHG-emissions 
than average Swedish electricity mixture (about 40% nuclear and 45% hydro [Energiläget 2012 
p.46]) which means that given today's technology, PV cells are not a GHG-reducing technology 
if it is used to replace average Swedish electricity. However there are other factors to take into 
consideration such as reducing the amount of nuclear power or selling electricity to countries 
with higher GHG-emitting electricity and thus reducing overall GHG-emissions. Another factor 
that is usually taken into consideration while discussing whether an investment in energy 
technology will lead to reduced GHG-emissions is marginal electricity. This is defined as the 
electricity that will be produced when there is a marginal increase in electricity demand 
(Vattenfall, 2013). The different energy sources have different cost associated to them and the 
rational choice for the power suppliers is to maximize the production of the cheapest energy 
sources first and only produce from the more expensive when it is needed. What marginal 
electricity will be in Sweden can thus differ but it will usually be gas, coal, and oil (Elforsk, n.d.). 
As we see in Fig.14, these energy sources have a much higher &-eq/kWh than solar and with this 
view PV system installation will lead to reduced GHG-emissions . 

The g CO2 -eq/kWh is largely dependent on what country the PV panel is produced in. Fthenakis 
reports an increase in g CO2 -eq/kWh of about 20% when changing production location from 
Europe to US (Fthenakis, et. al., 2008, p. 2170). This is due to USA having a 90% higher g CO2   
-eq/kWh electricity mixture used in the production process. China has an even higher g CO2 -
eq/kWh then US, 225% higher than Europe which would mean that a 50% increase in g CO2 -
eq/kWh is expected. The panels used in this rapport (and most panels sold) are from China why 
the calculated GHG-emissions from the proposed system at Heby skola likely are too low. (D. 
Börjesson, 2013 pers. comm. 26th March). This was still not taken into account in the result 
because it was not deemed fitting to base the results on back-of-the-envelope calculations. The 
production site does not affect EPBT other than the possibly longer transport, which adds to the 
total energy expenditure of production. This is not taken into account in LCA-reports reviewed 
for this study. 

The EPBT is deemed to be well within limit for what should be expected of a investment in a 
energy saving technology as the EPBT 2.5 years represents a twelfth of the expected life-span of 
the system, 30 years. The argument made by some proponents that it takes a very long time 
before solar cells payback the energy consumed in production is clearly false. 
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5.4 Heby skola compared to other schools 
The electricity consumption per m2 of building area at Heby skola is lower than the national 
average but cannot be considered to be an outlier. The modal value of the hourly electricity 
consumption of Heby skola is 40 kWh. If the assumption is made that the modal value is the 
average consumption of building electricity, the building electricity makes up for about half of 
the yearly consumption (see Appendix). This is in line with the results of Boverket and 
Energimyndigheten and suggests that both the consumption pattern and total consumption of 
Heby skola are similar to that of an average Swedish school or kindergarten. 
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6. Conclusion and Suggestions 
According to the results of this study, the overall conclusion is that a PV system at Heby skola 
would be a good investment for Hebygårdar. The properties of the suggested roof are suitable for 
such an installation according to its: (1) direction to the south; (2) tilt angle; (3) height over the 
ground; (4) absence of shading; (5) material; (6) inaccessibility for vandalism. Furthermore, the 
building is a good choice for PV energy supply because of its high daily energy consumption all 
year around. Results of the simulations showed that 1.1% and 4.45% of the energy demand could 
be replaced respectively from the 7.75 kWpeak and the corresponding 31 kWpeak PV system. The 
payback time for the 7.75 kWpeak turned out to be rather long (26 years), even with a subsidy of 
35% of the acquisition cost (14 years). However, the COE calculation showed that the investment 
is likely to be a strong competitor to the conventional grid price, estimated to be 0.76 SEK/kWh 
with a subsidy and 1.05 SEK/kWh without. Scaling up the system to 31 kWpeak only resulted in a 
minor decrease in payback time (13 years with a subsidy and 25 years without) and COE (0.71 
SEK/kWh with a subsidy and 0.97 SEK/kWh without. In addition, the uncertainty of 30-year 
long electricity price forecasts makes the reliable PV system electricity even more attractive.  

The investment is in line with Heby´s environmental profile. The amount of GHG-emissions 
from a PV system at Heby skola were calculated to be 42.5 g CO2 -eq/kWh. As discussed, this is 
likely about 50% too low but this still does not change its relation with other energy sources and 
electricity mixtures. An installation might not lead to lower GHG-emissions if the comparison is 
made with average produced electricity in Sweden. But if it is compared with electricity bought 
from other European countries or marginal electricity in Sweden, the PV installation will clearly 
lead to less GHG-emissions. The EPBT was calculated to be 2.5 years. There is less uncertainty 
in this value than in GHG-emissions, as production location has less impact on the result. After 
2.5 years the PV system will be a net producer of electricity and thus in a true sense contribute to 
Heby´s long-term goal of becoming a net energy producer. A PV system in close proximity to an 
educational environment brings consciousness of energy consumption and environmental impact 
to both the school children and the staff. To further develop this notion a suggestion is to install a 
pedagogical visualization of the electricity consumption and production in connection at the 
school.  

Finally, Heby skola has shared characteristics with other schools in Sweden concerning its 
electricity consumption. It has an electricity consumption that is below average per m2 and a 
building electricity consumption of the same magnitude. The difference in the roofs tilt and 
azimuth between Heby skola and other in Sweden will not affect the efficiency of a PV system 
significantly. The insolation levels of different locations in Sweden are small compared to the 
difference between northern and southern Europe (and it can be reduced by adjusting the tilt 
angle further). The conclusion is that this study is a relevant background for other schools with an 
interest in installing a PV system.  
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7. Appendix 
Production and consumption 
“If the assumption is made that the modal value is the average consumption of building 
electricity, the building electricity makes up for about half of the yearly consumption.” 

  

  

If Hebygårdar decides to install a 50m2 PV system it will be able to replace 1.1%(1) of the entire 
electricity consumption, the portion will be 4.45%(2) if they decide to install a system of 200m2. 
In order to replace all of the electricity consumption, Hebygårdar will have to install a PV system 
with an area of 4530 m2,(3) which is 38%(4) of the entire buildings indoor area. Approximately 
four m2 solar panel per ten m2 indoor building area (see Appendix). 

 

(1)  

 

 

(2)  

 

 

(3)  

 

 

 

(4)  
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Economic calculations 

Discounted Payback Analysis 

The DPA for the investment is made by a discounted cash flow analysis with all of the payments 
each year. All payments is discounted to Present Worth (PW) with reference to discountrate and 
inflation rate. 

 

The PW of an item is defined as the amount of money that would need to be invested at the 
present time with a return of the discount rate in order to be able to purchase the item at a future 
time, assuming a certain inflation rate. An estimated replaced annual cost for retail electricity will 
be considered as cash inflow. The DPA includes a yearly degradation of the cells ability to 
produce electricity. 

Cost of Energy  

To give some information about the investment compared to retail electricity price, it is 
interesting to calculate a price tag for the investment over its lifetime. The initial investment cost 
together with all costs regarding operation, maintenance and residual value is calculated to a 
present worth (PW) as in the DPA. 

n = Year of the payment 
i = Inflation 
d = discount rate  
 
The LCC (Life Cycle Cost) is the PW of all costs over the lifetime of the investment. 

 

 
 

The cost is annualized by divide the LCC with an annualized factor (AF) which is defined as the 
LCC divided by the real cost of the system (C0) (Messenger and Ventre 2010 p.335)  
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With ALCC calculated, the next step is to simply divide it with the annual produced electricity. 
As in the DPA it takes into account an expected annual degradation of the module efficiency. 

 

Life Cycle Analysis calculations 
“…in Fthenakis and Kim´s report the GHG-emissions drops to 27 g CO2 -eq/kWh” 
186813/(1700*30*0.154*0.974*0.9)=27.13 

“The same holds true for EPBT which drops to 1.6 years.” 
370.2600/(1700*0.154*0.974*0.9)=1.613 

 
How the Gross values from Fthenakis and Kim were obtained. 

 

(For data see Tab. 3) 

  

 

370.26 kWh/m2 

 

Result calculations 

Yearly produced electricity per m2: 
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Average year:  

 

2002:   

 

2012:   

 

GHG-emissons See Equation (3): 

 

GHG-emisson average year: 

    

GHG-emisson 2002: 

   

GHG-emisson 2012: 

   

EPBT See Equation (4) 

EPBT average year: 

   

EPBT 2002: 
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EPBT 2012: 

   

 


