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Abstract

Roof mounted PV system

Samuel Forsberg, Simon Svahn, Hanne Lundin Wallengren, Jenny Wikström

The purpose of this study is to evaluate the potential of a PV installation for the
Swedish real estate company Specialfastigheter. The main objective with such an
implementation is that the state-owned company aims to decrease their carbon
footprint. Consequently, the study takes into consideration both technical and
economic as well as environmental aspects. Furthermore, Specialfastigheter’s
operation includes administering special purpose properties, leading to certain
requirements concerning safety and secrecy.

The PV implementation is to be made on the roof of one of Specialfastigheter’s
properties and different installation and mounting solutions are evaluated. The results
are presented in an optimized base case, taking into consideration the amount of
electricity produced as well as investment cost and payback period. The installation’s
environmental impact in terms of carbon dioxide equivalents is then reviewed. A
sensitivity analysis of the results is performed in order to study how any changes in
prerequisites will affect the project’s profitability.

The results show that with a required discount rate of 5.6%, the payback time will be
37 years and thus exceeding the life span of the system. Nevertheless, the investment
will be profitable if the discount rate is set to 4.6% or if the investment cost is
lowered by 10%, for instance by investment aid. The percentage decrease in
greenhouse gas emissions is not remarkable; however, in absolute numbers the
results imply a substantial reduction of the property’s carbon footprint. The low
percentage gains could instead be explained by the vast electricity consumption for
the property.
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List of concepts 

	  

  

Albedo	   A reflectance value between 0 and 1. The value 0 means that no light 
is reflected and the value 1 means that all light is reflected from the 
ground or surrounding objects.	  

Azimuth	   An orientation of a tilted panel where 0° is south, 90° is west and -90° 
is east.	  

Discount rate/ 
required rate of 
return	  

An interest rate that expresses the claim for minimum yield on 
invested capital. The concept is often used to enable a comp-arison on 
value of payouts carried out at different times [1].	  

Payback period	   A notion that is often used in project evaluation that estimates the 
time required to retrieve the original value of an investment [2].	  

PV	   An acronym stemming from photovoltaics, which is the method of 
directly converting solar energy into electricity [3].	  

PV array	   A complete power-generating unit consisting of any number of PV 
modules  [4].	  

PV cell	   A semiconductor, which will give rise to a potential difference when 
it is exposed to light, also known as solar cell [3].	  

PV module /  
PV panel	  

A module with several PV cells connected in series or parallel, and 
these are sealed in an environmentally protective laminate. [4]. 

Solar irradiation	   An energy flow, which is measured in W/m2 describing the amount of 
energy irradiated onto an area over a second [5].	  

Tilt	   An angle that describes to which degree a panel is upright, where 0° 
is flat on the ground and 90° is perpendicular to the ground.	  
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1. Introduction 
When people think of Sweden, massive solar irradiation might not be the first thing that 
comes to mind. In fact, Sweden is one of the countries in the world with the lowest 
levels of incoming horizontal solar irradiation per square meter [6]. This could lead to 
the conclusion that solar power might not implicate a great potential for Sweden’s 
electricity production. But the country’s ambition to become one of the leading 
countries in environmental development has urged many people to see the possibilities 
with solar power instead of the obstacles [7]. 

In fact, if it were possible to absorb the total average global irradiation that hit Sweden’s 
surface, the country’s yearly electricity consumption would be met in less than three 
hours.1 Additionally, it is of importance to distinguish between horizontal irradiation 
and irradiation that hit an inclined surface. When these different approaches are 
separated, the latter one shows that Sweden’s potential for solar power implementation 
might be greater than commonly perceived [8]. 

The thought of being able to convert the sun’s radiation to useful energy has existed 
since the ancient world, but it was not until the middle of the last century that the first 
efficiently functioning PV cell was introduced. As consciousness regarding sustainabil-
ity due to the oil crisis in the 70s increased, the development of solar power has since 
then gained momentum [9]. In ten years the efficiency of PV cells has increased with 
over 25% [10] and with new upcoming technologies the efficiency is anticipated to 
double within a few years time, reaching a maximum of around 30% [11] [12] [13].  

The mounting of a PV system is generally made in direct connection to a building, 
either on the roof or on one of the walls. Using such a mounting solution, former 
unutilized space can be made use of and since a building often is elevated, shading 
losses can be less significant. However, as with the implementation of any new tech-
nology, the process can include difficulties. For the implementation to be successful, 
close consideration must be given to the specific characteristics of the building where 
the PV cells will be installed as well as its spatial surroundings. Financial constraints, 
security requirements and laws concerning building permits further confine what imple-
mentations would be possible for the specific property. Factors like these combined 
with the relatively low price of electricity in Sweden has led to solar power currently 
being accounted for a negligible part of the electricity production on the Swedish 
market [14] [15]. However, according to Sweden’s innovation authority VINNOVA, 
PV system deployment in general and small-scale implementation in particular will 
likely be one of the most important elements for Sweden’s future power supply [16] 
[17]. As part of this process and due to the fact that publicly owned corporations are 
expected to be a role model in the progress towards a more sustainable society, 
numerous public actors review the possibilities of  implementing PV systems [18] [19]. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Appendix	  A	  
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The state owned Swedish real estate company Specialfastigheter own and provide a 
number of high security properties with what seems to be a great potential for roof 
mounted PV system implementation. As part of Specialfastigheter’s goal on becoming a 
more green operation and aim for a more self-sufficient energy supply, the corporation 
now seek to review the possibilities to implement PV on their properties [20]. 

1.1 Purpose 

The purpose of this report is to optimize a PV system for a property owned by the real 
estate company Specialfastigheter. The solution should take into consideration both 
technical and economic aspects, as well as the specific prerequisites for a facility with 
high safety and secrecy requirements. Since Specialfastigheter aim to have a more 
sustainable operation in terms of energy usage, the study will seek to clarify the 
environmental effects of such an implementation. 

This study addresses the following questions: 

§ For given technical and economic constraints, what would be the electricity 
savings for the property studied? 

§ How would the implementation of a PV system affect Specialfastigheter’s 
environmental impact in terms of carbon dioxide equivalents? 

§ How would the specific requirements on safety and secrecy that 
Specialfastigheter’s facility constitutes, affect the choice of PV system? 

1.2 Delimitations 

The project is limited to only examine the possibility and the potential profit of 
implementing a PV system on a single building. Solely the potential of the available 
roof area is investigated according to the customer’s request while the change in the 
building’s appearance and the social acceptance is not taken into account. This project 
does neither look at technical details regarding PV cell production nor connection to the 
grid.  

Estimations of the profit builds on the potential in already existing PV cell technology 
on the market and an analysis on future improvements of the technology is not done. 
Further, most estimations is built on data based on solar irradiation from a single year 
and variation between different years is not considered in this report. Possible lack of 
electricity production as a result of mechanical breakdown and subsequent repair is not 
taken into account.  

During research on PV panel orientation, the option of having them in an east-west 
orientation has been encountered as a fairly unusual but possibly useful way to mount 
the panels. However, regarding the novelty of east-west mounting, and thereby lack of 
profound information, work is put into the more prevalent options where panels are 
facing south. 
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Finally, different power inverter solutions has different properties, for instance 
regarding life length, purchase price and warranty. The only criterion which is 
considered though, is the level of safety. 

1.3 Disposition 

First, some background is provided in section 2, presenting relevant information 
including a review of the solar power potential for Sweden, Specialfastigheter’s 
operation and prerequisites for a PV installation as well as principles for PV systems 
and solar irradiation. The background section is followed by a review of the project’s 
methodology in section 3 where the applied models are examined and the input data is 
presented. The results are presented in section 4 and a sensitivity analysis is carried out 
in section 5. This is followed by an analysis of the results and a discussion addressing 
the project’s main issues in section 6. The final conclusions are presented in section 7. 
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2. Background 
This following part of the report presents the background information needed for 
meeting the purpose of the study and assessing the results gained. In order to understand 
the potential with solar power, a review of the prospects for Sweden as well as for 
Specialfastigheter is carried out. Information regarding PV cells and the implementation 
of a PV system is then presented, including technical details as well as building permit 
regulations and fire safety perspectives. Finally, environmental aspects are presented 
including life cycle assessment and the carbon footprint of the PV system. 

2.1 Prospects for solar power in Sweden 

2.1.1 Natural conditions 

The energy coming from the sun rays can be used to extract thermal energy as well as 
electric energy. The amount of solar energy that is available for extraction is 
proportional to the amount of solar irradiation reaching the earth’s surface. Solar 
irradiation varies greatly depending on where on earth you are [5]. In Sweden the 
annual solar radiation is relatively low compared to the rest of Europe, a fact that could 
limit the extraction of solar energy in the country [6]. 
 

 

Figure 1. The annual global irradiance incident on an optimally tilted plane with 
respect to the latitude. Source: PVGIS database [21]. 

 

Despite the low level of solar irradiation in Sweden there are opportunities to create 
both a well functioning as well as an economically sustainable installation of PV panels 
to provide a consumer with electricity. This is due to the fact that the total solar 
irradiance is so extensive that only a fraction of it would be sufficient to provide an 
average consumer [22]. 
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When it comes to the discussion of whether there is a potential for solar energy and PV 
panels in Sweden it is vital to know geographically where it would be most beneficial to 
implement an installation and how it should be designed. In Figure 1 one can see that 
there is most solar irradiation in the area of southern Sweden and the area of 
Mälardalen. These are the areas that offer the best conditions for implementation of PV 
panels. Since the aim is to maximize the solar irradiance per installed PV panel it is 
favourable if the panels can be mounted in tilted position with respect to the horizontal 
plane. This will make the panels face the sun more perpendicular. Figure 2 shows how 
high the sun rises at latitude 60° N during a year. 

The angle in which the PV panels are mounted with respect to the west-east direction is 
described by the azimuth angle. For maximum radiation, a tilted PV module should face 
south if situated on the northern hemisphere and north if situated on the southern 
hemisphere. The optimal module tilt increases with latitude, whereas for the Stockholm 
region it is approximately 45°. This is the angle for which the solar irradiation per 
square meter reaches the highest level during a day [23]. 

 

Figure 2. The solar altitude as a function of azimuth angle at latitude 60° N. Source: 
Solar radiation, Course compendium 2014 [5]. 

2.1.2 Fiscal policy and the PV market 

The interest for the development of solar cells in Sweden is large and the Swedish 
people demand greater investment in solar energy [15]. In 2014, the Swedish PV market 
doubled for the fifth consecutive year and generated 75 TWh, which corresponds to 
about 0.06% of Sweden's total electricity production that year [24]. To facilitate the 
expansion of PV systems there is a governmental subsidization available for 
implementation of solar panels. The state aid offered varies with the incumbent 
government and this report outlines the subsidy offered to companies by the current 
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government. Companies today can receive investment aid up to 30% of the installation 
costs, or a maximum of 1.2 million SEK per PV system. The highest possible 
compensation per installed kilowatt is 37 000 SEK [25].  

From July 1 2016 there is a new law concerning the Swedish energy market. If the peak 
power of the installed PV system exceeds 255 kW energy tax must be paid, whether the 
entire production is consumed in the property or not. This limit is measured per legal 
entity. This could be interpreted as a notional limitation considering PV system size 
since the economical aspects seem to motivate implementation of smaller systems, 
which might not be preferable for companies with larger facilities [26] [27].  

Since sale of electricity produced on business properties is counted as commercial 
activity, if the production should exceed the electricity used and the operation chooses 
to sell the surplus electricity, VAT and income tax must be paid [28]. 

2.1.3 PV system prices 

The prices for PV systems in Sweden have since its launching into the market decreased 
steadily every year. Not only has the price gone down, but the price has stabilized with 
every year, showing signs of a maturing market. Some reported reasons for the decrease 
in system prices include that the Swedish PV market is growing, increasing the 
competition but also providing the installation companies a steadier order flow and thus 
a possibility to streamline the process - which could reduce the installation costs. 
Another reason for the decrease is that prices for modules and balance of system 
equipment in the last years have dropped in the international market. Johan Lindahl has 
in his report National Survey Report of PV Power Applications in Sweden calculated 
and outlined the system prices for PV system implementations in Sweden for the years 
2010 to 2014 (see Figure 3) [29]. 

 

Figure 3. System prices for PV systems year 2010-2014 [29]. 
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2.2 Specialfastigheter 

2.2.1 Operation 

Specialfastigheter is one of Sweden’s largest real estate companies that owns and 
administers special purpose properties for administrative authorities in need for 
properties with certain requirements on security, such as prison establishments, defence 
headquarters, police stations and law courts [30] [20]. The far-reaching requirements on 
security permeate the corporation’s whole operation and comprise everything from 
constructional requirements to strict requirements on confidentiality. The latter result in 
only a few employees on the company having access to specific information concerning 
its properties, such as site bound data, floor plans and pursued operation, or as 
Specialfastigheter puts it: “Some of our properties are actually so secret they barely 
exist” [31] [18]. Further is Specialfastigheter a state-owned enterprise, which gives the 
company the opportunity to not only focus on economic profit but setting up long-term 
objectives for its operation and act as a role model within sustainability [32] [18].  

2.2.2 Sustainability policy 

Specialfastigheter’s vision concerning sustainable development is based on three key 
concepts. It is not just the environment that is being taken into consideration, but also 
social and economic responsibility. The company’s articulated sustainability goal is that 
“neither people nor the environment should be affected negatively by our operation” 
[33].  

In terms of the corporation’s environmental work, Specialfastigheter has established 
more specific energy strategic objectives. The objectives are based on the UN’s 17 
global goals for sustainable development and Sweden’s national environmental quality 
objectives [34] [35]. For Specialfastigheter that constitutes a particular focus on 
decreased emissions, with an articulated vision that by 2030, having decreased their 
emissions by 40%, compared to the base year of 2012. The company’s emissions of 
greenhouse gases are estimated and presented in carbon dioxide equivalents, which will 
be further described in 2.5.1. These equivalentes are calculated based on the climatic 
influence from the corporation’s electricity consumption, heating system and its 
employees business travels. A heavily influencing factor is thus based on how 
Specialfastigheter uses and assimilates energy to their properties, where the company 
has as an objective that by 2030, only use energy from renewable energy sources in 
their operation [36]. 

2.2.3 Prerequisites for PV installation 

The aimed building owned by Specialfastigheter is situated in the area of Stockholm 
and thus within one of the areas in Sweden that offers most solar irradiation. Still, it is 
not situated by the coast meaning it is not subject to significant gusts. Due to these facts 
there are good opportunities for a PV panel installation. The building has a large and 
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almost flat roof with a roof pitch of 3° in east-west direction. These circumstances 
constitute good preconditions when installing a large number of PV panels to get a large 
production of electricity. The southern short side of the building faces 15° west from a 
purely southern orientation, that is almost in a straight southerly direction, see Figure 4. 
This makes it possible for the panels to be mounted in line with the building without 
losing a significant amount of electric capacity.2 
 

 

Figure 4. Satellite picture of Specialfastigheter’s facility. The area available for PV 
panels is delimited by the white lines and comprises 2240 m2. The placement for the 

cable connection is marked with a white cross [18]. 
 

In the surroundings of the real estate there are no buildings shadowing the roof of the 
intended building. The roof is paved with a rubber sheeting and as a consequence of 
this, attachment by screwing is not an alternative [18]. 

2.3 PV technology 

2.3.1 Basic principle 

When photons in sunlight hit a semiconductive material in a PV cell, electrons are 
released and a voltage arises between the front and back of the cell. This results in the 
possibility to extract electricity. A single PV cell generates low voltage; to achieve 
voltage suitable for facility loads, solar cells are connected in series to form a PV panel. 
In turn PV panels constitute entire arrays, producing direct current [37]. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  Appendix	  B	  
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2.3.2 Types of PV cells 

The market consists mainly of two different types of PV cells, crystalline silicon cells 
and thin-film PV cells. These can be divided in several sub-groups where the crystalline 
represents the largest part of the market with about 80% of the market share. The 
characteristics of crystalline and thin film PV cells differ in certain aspects. Crystalline 
PV cells available on the market today has an efficiency between 15-18%, but a top 
efficiency of 25-30% has been recorded [10] [11]. Thin film cells on the market have an 
efficiency of 10-15%, but there are cells that have an efficiency of up to 20%. 
Furthermore, a crystalline PV module is generally lighter than a thin film module, as the 
latter requires two sheets of glass instead of one [10].  

2.4 PV implementation 

2.4.1 System components 

Except the PV modules themselves and necessary wiring, other vital components are 
needed in order to fully integrate the producing modules into the electrical system of a 
facility and the utility grid [38]. 

Since modules produce direct current, though alternating current is often utilized in the 
electrical system of the facility, a power inverter system is required in order to convert 
the current. One central power inverter or several smaller ones can be used, either way 
the component comes next in line after the PV panels themselves, as can be seen in 
Figure 5. After the inverter comes the distribution panel. It is required in order to 
connect the PV system to the electrical system of the facility and the utility grid, making 
it possible to either supply loads within the facility right away or to back-feed power to 
the grid [39]. A simplified layout of a grid connected PV system implementation on a 
facility is illustrated in Figure 5.  
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Figure 5. Simplified illustration of a PV system: 1: PV module. 2: Mounting system. 3: 
Power inverter. 4: Distribution panel. 5: Alternating current loads to be utilized.  

6: Utility grid. 

2.4.2 Mounting systems 

In addition to the above mentioned components, a mounting system is also required. In 
this case a system designed for roof installation is of interest, as it has been requested. 
The type of mounting system is to a large extent dependent on the type of roof and the 
orientation of it. Two sub groups are fixed systems and ballast systems [38]. 

The fixed systems are permanent installations bolted, clamped or welded to the roof, 
often implying alteration of the roof and any warranties. These types are sturdy and 
generally lighter and therefore recommended for roofs of lower carrying capacity [38]. 

Ballast systems keep the PV system in place with weight and friction which is why this 
solution only is suitable for flat or slightly inclined roofs. The primary advantage here is 
not having to alter the roof risking leakage and water damage to the facility. However, 
this type can be drastically heavier within certain areas of the roof and precise 
knowledge about the carrying capacity of the roof is required. The height of the roof 
and the geographical location are also important since weather factors such as wind 
force and snowfall will vary [38]. 

An important aspect regarding any type of mounting is to make sure the life length of 
the PV system is in parity with that of the roof, since it is more costly to replace the roof 
and PV system at different times [38]. 
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2.4.3 Module orientation 

The electrical production of PV modules is highly dependent of its orientation, as it 
varies with irradiation [5]. While it is fairly easy to find the azimuth and tilt of a single 
module in order to maximize production, other factors come into play while setting up a 
complete PV system. Investment cost, shading, consistency of production, avoidance of 
overproduction, carrying capacity and blinding are possible factors that might have to 
be addressed while determining a preferable orientation.  

For instance having the panels in an east-west orientation, as compared to a south one, 
will level the production over the day and make it possible to install more panels per 
square meter and achieve a greater total production. See Figure 6 [38]. 
 

 

Figure 6. Different orientations of PV modules: A: South oriented inclined cells. B: 
East-west oriented cells. C: South oriented flat cells on a tilted roof. Reproduced with 

the permission of BELOK. [38] 

2.4.4 Connection to the grid 

Whether solar electricity is produced on a private building or business properties, there 
is an opportunity to sell electricity to the grid. This can be accomplished in two ways: 
either by selling the entire production and purchase needed electricity from an 
electricity supplier, or by selling the surplus produced [10]. 

As an increasing number of facilities in the same area produce electricity using PV 
systems, and potentially enough electricity to sell parts of it, fluctuations on the grid 
becomes a problem that has to be considered. Electrical generation from PV systems 
varies just as the solar irradiation does. However, in the case of solar power this is 
solved, at least in the respect of preventing overproduction. A maximum power point 
tracker, a technology to maximize the power output of the PV system, can be used to 
regulate production [40]. 
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2.4.5 Regulations 

When installing PV panels there are several regulations to take into account regarding 
building permits. These rules are regulated by the city planning office of the current 
municipality, implying that the rules can be different in different municipalities [41]. 

In the event of an installation of a PV panel system bringing major changes in a 
building's design and appearance, an approved building permit is required. The building 
permit will be approved if the city planning office does not find any obstacles for the 
installation to be implemented. In areas of industrial buildings and office buildings, 
there are generally no reasons for the building permit to be rejected as long as the PV 
panels do not change the height of the building in a way that surrounding buildings 
becomes affected in a negative way. Another factor that can cause problems with the 
building permit being approved, is if the installation is placed nearby a highway and the 
PV panels cause unwanted reflection of sunlight towards the drivers. The cost of 
applying for a building permit varies between different regions, but in the context of 
installing a large PV system, the sum is usually neglectable [41]. 

2.4.6 Fire safety 

As long as a PV module is irradiated with light an electrical current is generated. 
However, the power inverter can disconnect the PV array from the electrical system of 
the facility leaving only the modules themselves and the wiring live with direct current. 
If the current is strong enough to form a safety issue depends both on the size of the 
system and the light source. For instance, it is not clear whether a spotlight could induce 
such a current or not, which is why there are recommendations to consider a PV array 
live during both the day and night. Furthermore, larger systems with greater amounts of 
modules connected to the same central power inverter will entail greater risks as the 
contact voltage and current becomes harmful. Due to this, knowledge about how the PV 
system is built is important, for example in order to make sure the PV arrays have been 
disconnected in case of a fire, or to be able to avoid unintentional breakage and contact 
with exposed wiring [42]. 

One way to reduce risk is to maintain the system over time, making sure connectors are 
properly plugged in and that cables and wiring are not damaged. Lack of such 
maintenance is the main reason to property damage due to fires [42]. Another way to 
reduce risk, concerning contact voltage from exposed wiring, would be not using central 
power inverters as they imply high voltage direct current going through the wires. This 
can be avoided if for instance micro inverters are used instead [43]. One last aspect is 
planning the layout of the system in such a way that there is enough room for 
maintenance workers, fire-fighters and fitters to do their work if or when needed. 

Nevertheless, as long the PV system remains undamaged it can be treated as any 
electrical installation would have been treated [42]. 
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2.5 Environmental impact 

2.5.1 Life cycle assessment 

Solar power is considered a renewable energy source, having neglectable impact during 
its operational phase [23]. Though in order to provide a more complete picture of the 
emissions that a certain energy source causes, all steps in the extraction process must be 
taken into consideration by carrying out what is called a life cycle assessment.  

By applying the method of life cycle assessment, a technology’s carbon footprint can be 
calculated. The carbon footprint estimates a product or a process’ total emissions of 
carbon dioxide and other greenhouse gases during its whole life cycle [44]. In order to 
quantify the life cycle emissions for a certain energy source, the unit grams of carbon 
dioxide equivalent per kilowatt hour of electricity generated (gCO2-eq/kWh) is used. 
Carbon dioxide is the most significant greenhouse gas, so when quantifying other 
greenhouse gases, that is done in equivalent amounts of carbon dioxide [45]. 

2.5.2 PV systems and their carbon footprint 

For PV systems, the majority of the greenhouse gases are emitted in connection with the 
extraction of raw materials and production of the panels [46]. The carbon footprint of 
PV systems differs due to several factors. PV panels produced in Europe are estimated 
to have around half the levels of greenhouse gas emissions as compared to the panels 
produced in China, as a consequence of the country’s coal based energy supply. Thin-
film panels usually have slightly lower levels of emissions than crystalline silicon 
panels. A standard PV panel has a life length of around 30 years, but the longer the life 
length the lower the carbon footprint [47] [48]. 

Additionally, since the carbon dioxide equivalents are estimated per produced kWh, the 
equivalent for a given PV panel could be lowered by an efficient use of the panel. This 
implies that a PV system with a high efficiency, that will produce more kWh electricity 
per emitted gram carbon dioxide, also will have a lower equivalent. In the same way, 
the carbon dioxide equivalents are estimated to be slightly lower for PV panels 
implemented in countries with a higher level of global irradiation since the cells could 
be more efficient. Finally, if the PV cells are inclined, the cells will usually be more 
efficient and thus implicate a lower carbon dioxide equivalents per produced kWh [49] 
[48]. 
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3. Methodology 
In order to find relevant information in the area of solar power, mainly literature studies 
have been conducted. To complement with further information, a number of interviews 
have been done with researchers and companies with experience within the field. The 
data that has been used in the study is mainly based on statistics provided by 
Specialfastigheter. The data includes recordings of electricity usage on a monthly basis 
and prerequisites for the PV implementation as well as external data concerning system 
price and solar irradiation. For simulations, the modelling programs solrad and 
Solelekonomi, designed in MATLAB respectively JAVA, have been used. MATLAB 
has also been used to write simple scripts to complement just mentioned modelling 
programs, and to do calculations coupled with the net present value method and 
estimations of carbon dioxide equivalents, presented in 3.3.2 and 3.3.3. MATLAB and 
Excel have then been used to produce diagrams and Figures. To create the simpler 
schematic Figures, the vector graphics software Inkscape has been used. Concerning the 
fire safety issue, only literature studies have been done as no calculations or simulations 
have been needed in compliance to the extent of fire safety in this study. 

3.1 Solar irradiance on a tilted plane 

As an initial step in setting up a suitable PV system for Specialfastigheter’s facility, the 
orientation of a plane, which maximizes irradiation over a year, is required. A suitable 
means of finding the orientation is the MATLAB program solrad. The program is based 
in a mathematical model made by Hay and Davies [50]. The program itself is associated 
with a lab, which has been developed by senior lecturer Joakim Widén at Uppsala 
university with the purpose to give insight about computer modelling of solar 
irradiation.  

3.2 PV production 

In order to calculate how much electricity a PV system on Specialfastigheter’s property 
would generate during a year with a certain orientation, simulations have been 
implemented in the Java-program Solelekonomi. The program has also been developed 
by Joakim Widén and is described in further detail in Elforsk rapport 10:103 [51]. 

Calculations made in Solelekonomi takes place in four stages. In the first step, the 
irradiance on an arbitrary inclined plane is calculated by using standard trigonometric 
formulas and input parameters from the user. These formulas are described more in 
detail in Hay and Davies’ report [50]. In the second step the effect of the PV system is 
calculated. This by using the result from the first step, combined with the user specified 
parameter values for the PV modules properties. The temperature dependence of the PV 
panels, the reflection losses and losses in other system components is taken into 
account. In the third step, calculations are made to investigate how well the production 
matches the load. For these calculations the user must import hourly load data. The PV 
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production of electricity and the load that is not covered by the PV-production are also 
calculated for usage in the last step. In the fourth and last step financial calculations 
such as investment cost, annual cost and annual value of produces electricity are done. 
For this, the user must enter several parameters, such as annual discount rate, loan 
period and electricity price [51]. However, this part of the program is not used as the 
method net present value is implemented instead. 

3.3 Calculations 

3.3.1 Installation specifics 

With the installation of Specialfastigheter’s PV system, there are several factors to take 
into consideration. As a result of the limitation on carrying capacity for the facility’s 
roof, the rows of PV panels have to be placed with at least a 2.4 meter spacing. A 
horizontal placement of the cells is to be avoided due to major needs of maintenance in 
form of shovelling snow and cleaning, since dirt and snow will not slide off the panels. 
From the Hay and Davies’ model [50], the optimal orientation of the modules for 
maximum electricity production has been sought (see section 3.1), suggesting an 
optimal tilt of 45° for the area of Stockholm. However, mounting the PV panels on a 
high tilt would make the wind impact more significant, since the exposure of wind will 
increase with the angle of the panels. A large wind exposure will thus call for a heavier 
ballast system to keep the panels in place, which might constitute a problem with the 
roof’s limitation on carrying capacity. Additionally, the more the PV panels are tilted, 
the greater spacing between the rows is required in order to avoid substantial losses 
caused by internal shading. To keep within the limitation on carrying capacity and 
imply a neglectable internal shading loss, the PV panels have thus, in line with market 
standard installations, been planned for mounting at a 15° tilt [52] [22] [53]. 

The number of PV panels is calculated as: 

 𝑁!"# = 𝑁!,!"#$ ∗ 𝑁!,!"#$ + 𝑁!,!!!"# ∗ 𝑁!,!!!"# (1) 

where 𝑁!,!"#$ and 𝑁!,!!!"# are the number of long and short rows and 𝑁!,!"#$ and 
𝑁!,!!!"# are the number of panels for each long and short row. 
 
Further, the total installed power is calculated as: 

 𝑃!"#$ = 𝑃!"# ∗ 𝑁!"# (2) 

where 𝑃!"# is the power for each PV panel. 
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The investment cost for the PV system is calculated as: 

 𝐼   = 𝑃!"#$ ∗ 𝑔   (3) 

where 𝑔 is the investment cost per kW. 

The maximum carrying capacity of the roof is calculated as: 

 𝐶!"# = 𝑐!"# ∗ 𝐴!"! (4) 

where 𝑐!"# is the average value of maximum carrying capacity per m2 and 𝐴!"! is the 
total roof area. 

The total weight of the panels is calculated as: 

 𝑊!"# = 𝑤!"# ∗ 𝐴!"# (5) 

where 𝑤!"# is the weight per m2 for a panel and 𝐴!"# is the total area of all PV panels. 

The area used for corridors on the roof is calculated as: 

 𝐴!"## = 𝐿! ∗ 𝑑! + 𝐿! ∗ 𝑑! ∗ 2+ 𝐿! ∗ 𝑑! (6) 

where 𝐴!"## is the roof area used for corridors, 𝐿! is the length of the long side of the 
house, 𝐿! and 𝐿! are the length in north-south direction of the long respectively short 
rows. 𝑑! and 𝑑! are the shorter respectively longer distances marked in Figure 9. 

The area used for the mounting system is calculated as: 

 𝐴!"#$% = 𝐴!"! − 𝐴!"## (7) 

The total weight for the mounting system is calculated as: 

 𝑊!"#$% = 𝐴!"#$% ∗ 𝑤!"#$% (8) 

where 𝑤!"#$% is the weight for the mounting system per m2. 

Total weight for the mounting system including the PV panels is calculated as: 

 𝑊!"#$%!!"# =𝑊!"#$% ∗𝑊!"# (9) 
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Carrying capacity left for ballast system usage is calculated as: 

 𝑊!"#,!"## = 𝐶!"# −𝑊!"#$%!!"# (10) 

Maximum allowed ballast weight per m2 mounting area is calculated as: 

 
𝑤!"#,!"## =

𝑊!"#,!"##

𝐴!"#$%
 (11) 

 

3.3.2 Net present value 

Net present value (NPV) is a method to calculate and determine an investment’s 
profitability. It describes the difference between the investment cost and the present 
value after a certain number of years. The present value (PV) is calculated by summing 
expenditures and revenues over a period of time [54]. The value of the produced 
electricity during a year is counted as incoming cash flow. The value is calculated by 
multiplying Bixia’s price of electricity with produced electricity generated from 
Solelekonomi. To take the change of energy price into account this term is multiplied 
with the incoming cash flow. Cost for maintenance and replacement of inverters are 
counted as outgoing cash flow. The payback time is obtained when the present value 
reaches the same value as the investment cost and the net present value therefore is 
equal to zero. A possible investment aid is deducted from the investment cost. The 
modified formula of net present value is presented here: 

 
𝑁𝑃𝑉 =   

𝐼 ∗ 𝑒! − 𝑂
(1+ 𝑝)! − 𝐶!(1− 𝑎)

!

!!!

     (12) 

Where 𝐶! is the investment cost, 𝐼 and 𝑂 are the incoming and outgoing cash flows, 𝑝 
the rate of return, 𝑒 the annual change of energy price, 𝑡 the technical lifespan of the 
system and 𝑎 a possible investment aid in percent. 

3.3.3 Carbon footprint 

The PV cells that are tendered on the global market vary heavily in estimated grams 
carbon dioxide equivalents per produced kWh, due to the reasons presented in chapter 
2.5.3. Emissions between 15.8 – 64.0 g CO2-eq/kWh for a larger scale implementation 
occur [49] [45], but a mean value of 27.0 g CO2-eq/kWh is usually used for estimations 
[47]. However the standard numbers are calculated for sunny sites with an average 
global horizontal solar irradiation of 1700 kWh/m², so in order to estimate a mean value 
g CO2-eq/kWh for PV cell implementation on a flat surface in Sweden, the following 
formula can be used [55]:  
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𝐸𝑞!"# =

𝐺!"#
𝐺!"#

∗ 𝐸𝑞!"# (13) 

where 𝐺!"# and 𝐺!"# are average respectively Swedish global horizontal solar 
irradiation in kWh/m² and 𝐸𝑞!"# is the mean value of grams carbon dioxide 
equivalents, i.e. 27.0 g CO2-eq/kWh estimated from the studies mentioned above. 

If the PV system is implemented on an inclined surface, the carbon dioxide equivalent 
will decrease slightly, since the cells ought to be more efficient [56]. The correlation is 
reverse linear, meaning that for a system installed with a 15° tilt, using the program 
Solelekonomi, the corresponding carbon dioxide equivalent could be estimated by 

 
𝐸𝑞!"#$ = 1+

𝑃!"#$#,!"#$ − 𝑃!"#$#,!"#$
𝑃!"#$#,!"#$

∗ 𝐸𝑞!"#$ (14) 

where 𝑃!"#$#,!"#$ and 𝑃!"#$#,!"#$ are the electricity production with a PV system with 
flat respectively inclined cells and 𝐸𝑞!"#$ is the mean value of grams carbon dioxide 
equivalents per produced kWh for flat mounted PV cells. 

The total CO2 emissions for an implemented PV system can thus be estimated by 

 𝐶𝑂!,!"#$# = 𝐸!"#$# ∗ 𝐸𝑞!"#$! (15) 

where 𝐸!"#$# is the installed power in kWh and 𝐸𝑞!"#$! the carbon dioxide equivalents 
in g CO2-eq/kWh, taking into account the system’s geographic location and any incline 
on the panels. 

To put the calculated emissions in perspective, the total emissions from the electricity 
mix as currently provided by the supplier of electricity can be calculated and then 
compared to the total emissions for the case where a PV system is installed and thus a 
smaller part of the electricity is provided by the grid: 

 𝐶𝑂!,!"## = 𝐸!"#$ ∗ 𝐸𝑞!".!"# (16) 

 𝐶𝑂!,!"# = 𝐶𝑂!,!"#$# + 𝐸!"#$ − 𝐸!"#$# ∗ 𝐸𝑞!".!"# (17) 

where 𝐸!"#$ is the current electricity provided by the grid in kWh and 𝐸𝑞!".!"# the 
carbon dioxide equivalents for the electricity mix in g CO2-eq/kWh. 

The difference in emissions between the current electricity origin and the future 
electricity origin can then be calculated, in order to estimate the acquired decrease in 
greenhouse gas emissions by installing a PV system. 
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3.4 Data 

3.4.1 Electricity usage 

Specialfastigheter’s facility accommodates an electricity intensive operation. The data 
covering electricity usage provided by the real estate company is on a monthly basis and 
is presented in Figure 7. 

 
Figure 7. Specialfastigheter’s yearly consumption of electricity in MWh. 

Solelekonomi requires data on an hourly basis in order to simulate, but in line with the 
company’s strict requirements on confidentiality, no hourly basis data could be 
provided. Therefore data from a standard office, on an hourly basis, has been 
dimensioned to fit with Specialfastigheter’s usage. The office’s hourly variations in 
electricity usage is redimensioned and submitted in Figure 8. 

 
Figure 8. A standard office’s hourly variations in electricity usage redimensioned to fit 

Specialfastigheter’s usage. 
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3.4.2 Physical and financial prerequisites 

The physical prerequisites for Specialfastigheter’s facility include a roof with an 
available area for PV panels of 2240 m2 and a carrying capacity of 15 kg/m2, snow 
excluded. The southern short side of Specialfastigheter’s facility is as mentioned facing 
15° west from a purely southern direction, meaning that PV panels mounted towards 
south in line with the building would have an azimuth of 15°. The tilt of the roof is 3°, 
which for the purpose of installing a PV system is a neglectable factor. 

In terms of financial constraints, Specialfastigheter has a required discount rate of 5.6% 
and an estimated change in energy price of 2%. Today, the company receives their 
electricity from the company Bixia, where their electricity mix for companies costs 
0.738 SEK/kWh and has an estimated 119 emitted grams carbon dioxide equivalents per 
produced kWh.  

3.4.3 PV pricing 

The average system price for a large roof mounted system with a production over 20 
kW has according to Table 1 decreased with over 60% since 2010 and, although not as 
significant, the decrease in system price was still steady between year 2013 and 2014, at 
9.2% [29]. 
 

Table 1. National trend in system prices for commercial and industrial PV application 
with a production over 20 kW/year. Source: National survey report of PV power 

applications in Sweden 2014. 

Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 
SEK/Wp 60 60 67 47 33.3 24.5 16.1 14.2 12.9 
 

It is reasonable to assume a reduction in system price for 2015 and unpublished data 
from Johan Lindahl at the Swedish Energy Agency acknowledge this hypothesis. The 
system price is estimated to be approximately 12 SEK/W for 2015 [57]. For this study, 
since the price for 2015 belongs to yet unpublished data, 2014 years system price of 
12.9 SEK/W has been used for calculations. 

In addition to the system’s implementation cost, maintenance costs come into play. In 
line with Lindahl’s estimations, the cost for this study has been amounted to 100 
SEK/year and kWp [29]. 
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3.4.4 Solar irradiation  

Data used in solrad have been produced by Meteonorm, which have had access to data 
from several years and thereby the possibility to estimate an averaged year of solar 
irradiation. Data used by Solelekonomi is produced by the model system STRÅNG and 
is run by the Swedish Meteorological and Hydrological Institute. This data is not 
averaged over several years. For Stockholm, the yearly global horizontal irradiation, 
provided by STRÅNG and used in Solelekonomi, is 987 kWh/m2.  

3.4.5 Assumptions 

Several assumptions have been made to make a result possible. These assumptions are 
listed below: 

§ The electricity mix and price per kWh are in line with Bixia’s standard 
agreement for companies, which might not correspond to Specialfastigheter’s 
provided electricity if another agreement with the electricity supplier is made.  

§ Constant efficiency for the PV panels over the technical life span. 
§ Maximum point load, considering the carrying capacity of the roof, is not a 

problem. Sufficient information about the construction of the roof was not 
available. This assumption has been supported by Erik Martinson, CEO and 
founder of the company Svea Solar, conducting solar installations [52]. 

§ The PV panels have a weigh of 15 kg/m2 panel area and the ballast system weigh 
10 kg/m2. These assumptions are in line with the installation of a ballasted PV 
system on a similar building in Uppsala having similar prerequisites [27].  

§ Each panel is 1640 mm wide and 992 mm high. 
§ The life span of both the PV system and the roof are 30 years. 

3.5 Sensitivity analysis 

To ensure a reliable result, a sensitivity analysis has been performed. In the sensitivity 
analysis some parameters have been kept customizable and some parameters kept fixed 
due to the specific projects limitations. As follows, it has been clear whether the 
customized parameters affect the result conspicuously or not. The sensitivity analysis 
has also been made in order to identify how any changes in prerequisites would affect 
the project’s profitability. 
 
The parameters that have been studied in the sensitivity analysis include how the 
electricity production depends on the number of panels, how solar irradiation depends 
on the azimuth and tilt angle, how payback time depends on the discount rate and PV 
cell efficiency, as well as system price with or without investment aid and finally how 
reduced CO2 gas emission depends on type of PV system. 
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4. Results 
In this following part of the report the results are presented. First and foremost, the 
proposed technical solution for the PV system is presented with its technical specifics 
and assumptions. After that, the energy, economic and emission savings of an 
implementation are presented. 

4.1 Proposed technical solution 

The system has been designed to reach a high electricity production in an affordable 
way but with the roof’s limitations, including maximum carrying capacity, taken into 
consideration. The multiple variable optimization that constitutes the foundation for this 
PV system installation has been based on simulations and information described more 
in detail in Table 2. Crystalline panels weigh less than thin film panels and are therefore 
appropriate for this installation.  

Table 2. Table with specifications for the reference case. The simulation tool was 
Solelekonomi. 

Location Stockholm 

Installed power 75 000 Wp 

Type of PV module Crystalline, 1640×992 mm á 250 Wp 

Total number of panels 300 panels  

Total panel area 488 m2 

Estimated average weight 14.5 kg/m2 

PV cell efficiency 15.2% 

Tilt 15° 

Azimuth 15° 

Spacing, back (row n) to front (row n+1) 2.4 m 

Spacing, front (row n) to front (row n+1) 3.3 m 

Other system losses 10% 

Inverter efficiency 97% 

Albedo 0.2 (Mar - Sep), 0.5 (Oct - Feb) 
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The suggested PV system has a discreet appearance relatively its high electrical power 
capacity and it is aligned with the building to make the implementation as simple as 
possible. The installation has been formed with corridors so that firefighters can move 
freely on the roof in case of fire. The corridors also offer good conditions when it comes 
to regular maintenance and snow clearance. In order to decrease any safety risks, the use 
of micro inverters has been assumed in the solution. 

 

Figure 9. PV panel layout of the reference case. The long rows consist of 7+5 panels 
and the short rows consist of 7 panels. The red brackets indicate the distances between 

the rows as well as the distances between panels and roof edges: 1: 2.1 m. 3: 2.4 m. 

4.2 Potential energy savings 

The potential energy savings that the proposed PV system would enable is shown in 
Table 3, which presents the electricity balance over a year. 

Table 3. Electricity balance 

Consumed electricity 4 360 MWh/year 

 Electricity from the grid with installed PV system 4 290 MWh/year 

Net electricity produced 69.5 MWh/year 

Solar electricity sold to the grid 0 MWh/year 
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Figure 10 shows how the PV produced electricity is distributed over the different 
months of a year. During December, the month with the lowest production, the PV 
panels only produced about 3.8% of the production in June. Totally, 69.5 MWh is 
produced by the PV system during one year. 

 

Figure 10. Produced electricity by PV panels over a year. 

In Figure 11 it is presented how much of the consumed electricity that the produced 
electricity correspond to. The PV electricity production corresponds to about 1.6% of 
electricity consumption during one year. During June the PV production corresponds to 
approximately 3.5% of the electricity used. During December the production is but 
0.12% of the electricity used.  

 

Figure 11. Electricity usage and produced solar electricity over a year. 
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4.3 Potential economic savings 

The economic specifics of the proposed PV system is presented in Table 4. The 
potential savings, comparing current yearly electricity costs with corresponding 
electricity costs if the suggested PV system is implemented, is shown in Figure 12. 
Maintenance costs of the PV system are deducted from the savings resulting in yearly 
savings of approximately 43 800 SEK. 

Table 4. Economical specifics for the proposed PV system. 

Estimated investment costs (excl. VAT, investment aid) 968 000 SEK 

Cost for maintenance  7 500 SEK/year 

Annual saving (maintenance costs deducted) 43 800 SEK/year 

Payback time without investment aid 37 years 

Payback time with maximum investment aid of 30% 20 years 

 

 

Figure 12. Yearly costs for electricity before and after installation. 

4.4 Potential emission savings 

The emissions of carbon dioxide equivalents related to Specialfastigheter’s electricity 
consumption, both for the current electricity mix and a future electricity mix with an 
installed component of solar power, are presented in Table 5. This is followed by a 
review of the potential decrease in greenhouse gas emissions. 
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Table 5. Greenhouse gas emissions with and without installed PV system 

Emission in g CO2-eq per produced kWh for Bixia’s electricity mix  189 g/kWh 

Emission in g CO2-eq per produced kWh for installed PV system 39.5 g/kWh 

Total emission of CO2-eq w/o installed PV system 822 000 kg/year 

Total emission of CO2-eq w installed PV system 812 000 kg/year 

Decrease in greenhouse gas emissions w installed PV system 10 400 kg/year 

Corresponding percental decrease in greenhouse gas emissions 1.26% 

 

The emissions of carbon dioxide equivalents are further outlined in Figure 13 as the 
total amount of emitted tonnes carbon dioxide equivalents for the current electricity mix 
versus a future electricity mix with an installed component of solar power.  

 

Figure 13. Yearly emitted tonnes greenhouse gases without and with PV system 

Table 5 and Figure 13 show that Specialfastigheter’s emissions of carbon dioxide 
equivalents and thus greenhouse gas emissions can be decreased by more than 10 tonnes 
a year by implementing a PV system as suggested. This corresponds to a 1.3% 
reduction of the facility’s total emissions from electricity consumption.  
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5. Sensitivity analysis 
In the following section a sensitivity analysis is presented. This is made to demonstrate 
how different parameters given several assumptions affect the results presented in 
section 4. First, the PV system’s layout and orientation are reviewed. To understand 
limitations concerning the PV implementation, three parameters and their impact on the 
proposed solution are presented. The relation between orientation and irradiation is 
shown and further it is straightened out how different factors affect the payback time for 
the PV system. Finally, the choice of PV cells and the effect on emissions of greenhouse 
gases are reviewed.  

5.1 Layout and orientation 

5.1.1 Limitations 

When it comes to implementing a PV system on a flat roof with limited area, the total 
electricity production as a function of number of PV panels is nonlinear. This is mainly 
caused by three different limitations that is described below. When using a small 
number of panels the distance between the PV rows can be allowed to be long enough 
that internal shading does not become a problem, not even with a tilt angle of 45°. With 
this tilt each PV panel produces the maximum amount of kWh per year and therefore 
this solution is the most affordable one; the more a panel is utilized, the shorter is the 
payback time of it. However, the number of PV panels becomes very few and the total 
electricity production relatively small. 

In order to increase the electricity production, the number of panels must be increased. 
Consequently, the PV rows must be put closer together and therefore be tilted down to 
not cause internal shading. Thus, the utilization of every panel will decrease to a certain 
degree, see Figure 15. If the number of PV panels is to be increased even more, 
eventually the roof’s carrying capacity will be limiting. The last limitation will arise 
when mounting the PV panels flat on the roof’s surface. This type of installation will 
lead to a completely covered roof with a theoretical maximum of electricity production. 
A schematic Figure representing these relations is shown in Figure 14. 
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Figure 14. Schematic Figure of how total electricity production varies with number of 
panels. The three marked limitations are, from the left, roof size, which leads to non 

optimal tilt angles, carrying capacity and maximum theoretical panel area. 

A consequence of what Figure 14 describes is the relation between payback time and 
number of panels. For a given number of panels, marked as the first limitation in Figure 
14, the more panels you install the less they can be tilted up to not cause shading. This 
leads to a longer payback time for the panels because of decreased level of utilization. 
However, a constant system price per Wp is required for this relation to be valid. 

5.1.2 Relation between tilt, azimuth and solar irradiation 

As earlier mentioned there is a relation between tilt and azimuth angle and the 
maximum utilization of solar radiation. The relation is represented in Figure 15, which 
shows that the system is relatively stable since the solar irradiation for Stockholm 
decreases slightly when tilt and azimuth angles change. 

 

Figure 15. Solar irradiation on a surface with different tilt and azimuth angles. The 
numbers are measured in percent relatively the maximum irradiation value. 
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5.2 Payback time 

The payback period for the PV system depends on several parameters such as system 
price, discount rate, PV cell efficiency and investment aid. The following graphs show 
how the payback time varies with these parameters. The payback time will be 37 years 
for the reference case, which is not in parity with the life length of 30 years for a PV 
system. However, the development of PV modules is under progress and it is likely that 
the life span will be longer in the future.   

5.2.1 Payback time and discount rate 

The discount rate is of importance for the payback period. Specialfastigheter has 
required a discount rate of 5.6%, which for the reference case provides a payback period 
of 37 years. In order to keep the payback period within 30 years Specialfastigheter 
would need to lower the required rate of return to 4.6%, a relation that is shown in 
Figure 16. The data suggests an exponential relationship between payback time and 
discount rate. 

 

Figure 16. How payback time varies with discount rate. The suggested discount rate of 
5.6% and resulting payback time are marked, as well as the lower discount rate that 

would result in an economically viable payback time. 

5.2.2 Payback time and system price 

As mentioned, the averaged PV system cost was, as of year 2014, 12.9 SEK per 
installed watt peak. If the system price decreases, the investment cost will be reduced 
and thus the payback time on the system as well. It is required that the system price of 
PV panels decreases approximately 11% for the pay back time to fall within the life 
length of the PV system. See Figure 17. 
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Figure 17. How payback time varies with system price. The used system price 12.9 

SEK/Wp and resulting payback time are marked, as well as a lower system price which 
would result in an economically viable payback time. 

5.2.3 Payback time and cell efficiency 

A higher efficiency of the PV cells provides a larger production of electricity and less 
electricity could be bought from the electricity supplier. This in turn affects the payback 
time and thus the installation provides a higher profit, assuming the system price is the 
same. Some of the highest efficiencies on the market today are, as earlier mentioned, at 
18%, which would imply a payback period of 26 years, if the system price would stay 
the same. The highest efficiency ever registered is 30%, which would result in a 
payback time of 12 years for an equal system price (see Figure 18). 

 
Figure 18. How payback time varies with PV cell efficiency. The suggested PV cell 

efficiency of 15.2% and resulting payback time are marked, as well as a higher 
efficiency, which would result in an economically viable payback time. 
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5.2.4 Payback time and investment aid 

As earlier mentioned it is possible to receive an investment aid up to 30% of the 
investment cost. Figure 19 shows how payback time varies with extent of investment 
aid. An aid of 10% would be enough for a repayment to be made within 30 years. A 
fully investment aid would lead to a payback period of 20 years, and the installation 
would be profitable.  

 
Figure 19. How payback time varies with the extent of investment aid. 

5.3 Carbon dioxide equivalents 

The amount of carbon dioxide equivalents for an installed PV system depends, as earlier 
mentioned, on several different factors. Since the majority of the greenhouse gases are 
emitted in connection with the production of the cells, the following paragraph will 
emphasize how a conscious decision when selecting PV panels will affect the final 
emissions of greenhouse gases caused by the system.  

For this study, a standard value of 27.0 g CO2-eq/kWh has been used and then 
redimensioned to fit Specialfastigheter’s purpose, Stockholm’s global horizontal 
irradiation and the incline of the panels (see section 3.3.3). Figure 20 presents how the 
decrease in greenhouse gas emissions varies with the PV panel’s grams carbon dioxide 
equivalents per produced kWh. The Figure shows, for instance, that installing panels 
with an estimated g CO2-eq/kWh of 10 g less than for the base case, that is 17.0 g CO2-
eq/kWh, would imply a decrease in Specialfastigheter’s yearly greenhouse gas 
emissions by another tonne.  
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Figure 20. How the decrease in kilograms of greenhouse gas emissions varies with 

grams carbon dioxide equivalents per produced kWh. 
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6. Discussion 
In the following section the results are discussed, along with the many parameters 
reviewed in the sensitivity analysis. The technical aspects consider module orientation, 
carrying capacity and building permits. A discussion regarding safety follows, which 
addresses the matter of size and layout, among other things. Then the economic 
situation and the impact of different parameters are evaluated. Finally a discussion 
concerning how to manage the environmental impact, while implementing a PV system, 
concludes the section. 

6.1 Technical aspects 

There is only a slight difference regarding irradiation between an azimuth angle of 0° 
and 15o, as shown in Figure 15. Thus the system appears to be quite stable regarding 
changes of the azimuth angle. Since Specialfastigheter’s facility is facing just 15° west 
from a southern orientation and there is no significant difference between these two 
azimuth angles, it is not motivated to mount the PV system in a straight southern 
direction. It would only lead to a more complex installation, without any significant 
efficiency improvement. 

Regarding the roof’s average carrying capacity of 15 kg/m2, the proposed PV system has 
a clearance of 0.5 kg/m2 meaning that the average load on the roof is not a problem. 
However, what is important to take into account is that the maximum point load of the 
system could be higher than 14.5 kg/m2 and thus cause hazardous overload. Therefore, 
before implementation of the proposed PV system, the topic must be further 
investigated by Specialfastigheter in consultation with an installation company. 

Concerning the choice of tilt angle it could be anticipated that an optimal tilt angle of 
45°, which would result in maximum solar irradiation, would be the best choice for this 
study. Despite this, as presented in the results, a tilt angle of 15° is chosen. In this case, 
the determinate factor is the roof’s carrying capacity in relation to the ballast system. 
The more tilted the PV system is, the more ballast is needed to keep the panels in place. 
An increased ballast weight would lead to a higher average load per square meter as 
well as a higher point load on the roof. According to Figure 15 the solar irradiation 
decreases with approximately 9% with a tilt angle of 15° compared to the optimal 45°. 
These losses in electricity production are compensated by the increased amount of 
panels, without any significant shading losses, that a lower tilt angle makes possible.  

Since the PV system and its panels are suggested to be tilted as little as 15° the install-
ation will also have a discreet appearance and will not affect the building’s height in a 
significant way. Further, the building seems to be built as an industrial building, which 
indicates that specific building restrictions is not applied for the current area. Together, 
these facts lead to the conclusion that there probably will not be any problems for 
Specialfastigheter to get an accepted building permit for implementing the PV system. 
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6.2 Safety aspects 

Concerning PV implementation and safety, a PV installation is to be viewed as an 
extension of the electrical system of the facility. An added risk comes with the fact that 
the extent of the electrical system has increased and that parts of this electrical system is 
exposed because of its placement on the roof. A way for Specialfastigheter to reduce 
any fire risk would be by securing that the PV system is well maintained over time. This 
includes continuously making sure cables and wiring are not damaged and that all 
connectors are correctly plugged in.  

A fundamental factor of the PV array regarding safety is the size and layout. Reducing 
the extent of the array could make mounting, maintenance, and emergency action easier 
and thereby less risky. Decreasing the number of modules would on the other hand 
reduce production. 

The suggested use of micro power inverters would reduce risk of injury due to lowered 
voltage and current in wiring, but could also imply more frequent maintenance and 
thereby increased costs. As other evaluating than that of safety has been delimited, 
further assessment in the matter of inverter solution is recommended.  

6.3 Economic aspects 

Regarding the economic aspects, there are several affecting factors, which have been 
presented in section 5.2. There, it is shown how much each parameter would need to be 
changed in order to achieve parity between payback time and system life length. 
Changing a single factor could be enough, but small changes within all or some of the 
separate parameters could be sufficient, or even preferable, as well. 

The required discount rate of 5.6% may be the parameter that is the easiest to affect in 
the present situation, with the suggested reference case. As earlier mentioned, a 
reduction by 1 percentage point would lead to a payback time equal with the assumed 
life length of the PV system. If it is not an option to change the discount rate, an 
alternative is following up on expected decreases in market prices. The system price has 
declined steadily previous years and it is reasonable to assume further reduction in 
upcoming years. Considering the unpublished figures from Johan Lindahl, the system 
price could be low enough year 2016 to give a payback time within the life length of the 
system, this based on the calculations made in the sensitivity analysis. Another 
alternative is to choose panels with a higher efficiency to achieve a shorter payback 
time. Such an investment, however, could imply a higher system price, as PV panels 
with higher efficiency probably are more expensive, resulting in a longer payback time 
yet again. Since PV technology is still under development, it is reasonable to assume 
that the system price will be the same for a higher efficiency in the future.  
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Aother way to achieve a shorter payback time would be to purchase and implement a 
PV array with fewer panels, where each panel had the optimal tilt of 45o. The spacing 
would have to be increased, both due to avoidance of internal shading and to increased 
necessary ballast, and this would result in a quite much smaller production, since fewer 
rows of panels would fit, as can be seen in Figure 14. Nevertheless, the payback time 
would improve as the maximum utilization of the panels implies a minimized payback 
time for the system. That being, however, on the expense of a lower part own-produced, 
renewable energy. 

A crucial point concerning whether the PV installation is affordable or not, lies in if 
Specialfastigheter will get investment aid to purchase the PV system. According to 
Table 4 the payback time will decrease from 37 to 20 years if Specialfastigheter’s 
probable application for maximum investment aid of 30% is accepted. But it would be 
enough to achieve an investment aid of 10% to keep the payback time within 30 years. 
Needless to say though, it is not a guarantee that an application will be accepted and 
therefore Specialfastigheter should not take that for granted when deciding if the PV 
system will be implemented or not.  

Furthermore, it is important for Specialfastigheter to take into consideration that the 
limit of 255 kWp installed PV power is measured per legal entity and that this in the long 
run could be exceeded. If this becomes the case, taxes will probably make the system 
unprofitable. 

6.4 Environmental aspects 

In order for Specialfastigheter to decrease their carbon footprint, implementing a PV 
system could be a well motivated decision. However, this study shows that when 
planning an installation, it is of utter importance to make a conscious choice when 
selecting PV panels. Depending on where the panels are produced, the emissions caused 
by the manufacturing process can in the end be twice as high. The amount of emissions 
is dependent on the country’s energy supply and as a result, panels produced in Europe 
generally have significantly lower emissions of greenhouse gases per produced kWh 
than for instance China, with its coal based supply of energy. From an environmental 
aspect, panels manufactured in Europe could thus be preferable. 

For the panels to have as low carbon footprint as possible, it is equally important to use 
the panels efficiently, since the carbon dioxide equivalents are estimated per produced 
kWh. For Specialfastigheter, choosing a PV system with a high efficiency that will 
produce more kWh electricity per emitted gram carbon dioxide, is a good start. 
Additionally, inclining the PV panels will increase the degree of utilization, and in the 
same way lower their estimated carbon dioxide equivalent. However, for 
Specialfastigheter’s case, where the panels are suggested to be installed rather close to 
each other in order to utilize the confined space, it is of importance to take into  
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consideration possible internal shading losses. This study suggests a PV panel tilt of 
15o, which increases the electricity production and yet does not imply any significant 
internal shading losses. It is therefore also an appropriate solution for 
Specialfastigheter’s ambition to decrease their environmental impact. 

The estimated decrease in greenhouse gas emissions as a result of the installation of a 
PV system as presented in Figure 13 might not be striking at first glance, but after 
taking a closer look it becomes apparent that the decrease in absolute terms is 
significant. By implementing a PV system as suggested, it is shown that 
Specialfastigheter could decrease their emissions by more than 10 tonnes a year. That 
the percentage reduction in emissions of 1.3% might not impress particularly could 
instead be explained by the operation’s vast electricity consumption. Hence, it is of 
importance to also stress the matter of energy efficiency measures, which may have a 
higher potential for reducing greenhouse gas emissions. 

A proposal for future studies would be to evaluate the energy efficiency of the facility. 
Specialfastigheter’s goal is, as mentioned, to become a more green operation in order to 
act as a role model in their industry. Adding the fact that energy efficiency measures 
might have an even higher potential for reducing greenhouse gas emissions than 
implementing a PV system and such studies could be of benefit for the whole company, 
the importance of future studies in the field could be emphasized.  
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7. Conclusions 
This study shows that there is a strong potential for Specialfastigheter to implement a 
PV system on their property, but there are also several aspects that need to be taken into 
close consideration. The system’s investment cost is estimated to 968 000 SEK, 
producing 69.5 MWh electricity annually, which corresponds to an economic saving of 
43 800 SEK a year (cost for maintenance included). The payback time as calculated 
currently exceeds the expected technical life span of the system, so in order for the PV 
implementation to be economically sound, investment aid must be applied for. A full 
investment aid could dramatically reduce the payback time from 37 years to 20 years 
and thus making the PV system a profitable investment. However, the investment cost 
has been calculated using 2014 years system price, a price that in line with the ongoing 
observed trend is estimated to be significantly lower today, thus implying a lower 
payback time than calculated in this study. 

For an environmental perspective, the implementation of a PV system will regardlessly 
imply positive effects. The suggested installation will reduce the greenhouse gas 
emissions caused by Specialfastigheter’s electricity consumption by 1.3%, 
corresponding to 10 tonnes of CO2 equivalents annually. However, it is of importance to 
make a conscious decision when selecting PV system and means of mounting, since 
different systems lead to different amounts of greenhouse gas emissions. 

From a fire safety perspective most PV systems do not add an additional risk as 
compared to a general expansion of the electrical system, where parts of it are placed 
outside. However, special consideration can be taken into account regarding the 
mounting, such as preferring a micro inverter over more standard solutions and making 
enough space between the panels for personnel. The risks do increase with system size, 
but not at an alarming rate. 

Finally, the special requirements on secrecy confine the assignment-specific findings of 
this study. A recommended step for Specialfastigheter in their continued investigation 
of implementing a PV system, would therefore be to present confidential data 
concerning construction and geographic situation to an installation company. The 
company could thus provide Specialfastigheter with a more tailor-made solution for PV 
installation on their property. 
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Appendix A 
Calculations of Sweden’s total global horizontal irradiation by multiplying Sweden’s 
total area with the horizontal irradiation per square meter: 

449  964  000  000  m²   ∗   987  kWh/m²   =     4.44 ∗ 10!"  Wh 

Sweden’s electricity consumption 2014: 135 TWh = 135*10^12 Wh 

135  𝑇𝑊ℎ = 135 ∗ 10!"  𝑊ℎ 

Further we have that: 

Sweden’s  electricity  consumption
Sweden’s  global  irradiation = 0.000304   

meaning that if we can take advantage of 0.0314% of the global irradiation energy, it 
will cover Sweden’s entire electricity consumption. Hence, it would take: 

0.000304 ∗ 365 ∗ 24 = 2.66  ℎ𝑜𝑢𝑟𝑠 

i.e. Sweden’s average total global irradiation during less than three hours corresponds to 
Sweden’s total electricity consumption during a whole year. 
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Appendix B 
MATLAB program to create Figure 15 with solar irradiation as a function of azimuth 
and tilt angle. The variable STOCKHOLM consist additional site specific information 
as well as the global and diffuse solar irradiation data for every hour during a typical 
year in Stockholm, Sweden. 

The function solrad is based on a mathematical model made by Hay and Davies. It takes 
site, azimuth, tilt and albedo as input parameters and generates the values of the beam, 
diffuse and ground reflected irradiation. 

albedo=0.325;    %mean albedo value 
G=[];     %matrix with the radiation values for given tilt and 
azimuth 
 
%a: azimuth index in matrix 
%b: tilt index in matrix 
a=1; 
for i=-90:15:90        %loop over different azimuth angles 
   b=1; 
   for j=0:15:90    %loop over different tilt angles 
       [beamTilted, diffuseTilted, groundrefTilted] = solrad(STOCKHOLM, j, i, 
albedo, false); 
       G(a,b) = sum(beamTilted(:)) + sum(diffuseTilted(:)) + 
sum(groundrefTilted(:));   %sumarize all radiation 
       b=b+1; 
   end 
   a=a+1; 
end 
 
%create a matrix with% values 
maxValue=max(G(:)); 
disp(maxValue); 
disp(G); 
diff=maxValue-G; 
percent=100-(diff./G)*100; 
percentInt=round(percent); 
pcolor(percentInt); 
xlabel('Tilt angle [degrees]'); 
ylabel('Azimuth angle [degrees]'); 
 
%create boxes and numbers 
pos=get(gca,'position'); 
[rows,cols]=size(percentInt); 
width=pos(3)/(cols-1); 
height =pos(4)/(rows-1); 
 
%create textbox annotations 
for i=1:cols-1 
     for j=rows-1:-1:1 
         annotation('textbox',[pos(1)+width*(i-1),pos(2)+height*(j-
1),width,height], ... 
         'string',num2str(percentInt(j,i)),'LineStyle','none','HorizontalAlign
ment','center',... 
         'VerticalAlignment','middle'); 
     end 
end 
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Appendix C 
MATLAB program in which the net present value method is implemented. It iterates a 
number of year which corresponds to the payback time. 

% MATLAB program in which the net present value method is implemented. 
% It will iterate until the year when the sum of the yearly cash flow 
% exceeds the investment cost. That year is then taken as the payback time. 
 
deposit = 51282;  % Yearly earnings from a reduced need of purchased electricity. 
payment = 7500;          % Yearly costs consisting of maintenance and replacing of power inverters. 
discountRate = 0.056;    % The discount rate as proposed by Specialfastigheter. 
ePriceChange = 1.02;     % The estimated increase of electricity prices. 
years = 100;              % Number of years to do the simulation.  
sysPrice = 12.9;         % The system price in SEK per installed Watt peak. 
instWp = 75000;          % The installed amount of Watt peak. 
invest = sysPrice*instWp;    % The investment cost for the PV system 
PV = 0;                      % Present value 
 
% Below the implementation of the method itself follows. 
for i = 0:1:years 
   PVt = (deposit*(ePriceChange^i) - payment)/((1 + discountRate)^i); 
   PV = PV + PVt; 
   if PV >= invest 
       disp(['Payback time rounded upwards is ' num2str(i) ' years when the discount rate is ' 
num2str(discountRate*100) ' %']); 
       disp(['and the investment cost is ' num2str(invest) '.']); 
       break 
   end 
end 
NPV = PV-invest;     % The net present value is calculated. 
disp(['The net present value this year is ' num2str(NPV) ' SEK.']); 
 

 

 

 

 

 

 

 

 

 

 

 



49	  
	  

Appendix D 
Matlab- program to calculate how much CO2 emissions will decrease depending on the 
solar electricity production. 

%CO2 depending on production 
prodEl=69488;  %produced solar electricity 
CO2eq=[];  %empty array made for CO2eq numbers 
COgridc=822297990; %CO2 emissions, 100% grid electricity 
COgridf=809185604.4; %CO2 emissions, grid electricity with PV system in use 
for i=16:1:64  %loop from the best to the worst scenario 
   j=i*(1700/987);  %index, swedish conditions 
   k=j*0.8503;  %index, inclined panel 
   CO2=prodEl*k; %CO2eq for the panels 
   COnet=COgridf+CO2;  %total emission when having installed PV 
system 
   decreaseCO2=COgridc-COnet; %decrease in emissions 
   CO2eq=[CO2eq decreaseCO2]; %save in an array 
end 
 
 

 

 

 

 

 


