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Abstract

Maximizing Solar Energy Production for Västra
Stenhagenskolan

Sara Elfberg, Filip Kristofersson

Skolfastigheter is a municipality owned real estate company that manages most of the
buildings used for lower education in Uppsala. The company is working in line with
the environmental goals of the municipality by installing photovoltaic systems in
schools and other educational buildings. Skolfastigheter are planning to install a
photovoltaic system in a school in Stenhagen. The purpose of this study is to
optimally design the proposed system. The system will be maximized, which in this
study entails that the modules will be placed on every part of the roof where the
insolation is sufficient. The system will also be grid connected. The design process
includes finding an optimal placement of the modules, matching them with a suitable
inverter bank and evaluating the potential of a battery storage. Economic aspects such
as taxes, subsidies and electricity prices are taken into account when the system is
simulated and analyzed. A sensitivity analysis is carried out to evaluate how the
capacity of a battery bank affects the self-consumption, self-sufficiency and cost of the
system. It is concluded that the optimal system has a total peak power of almost 600
kW and a net present value of 826 TSEK, meaning that it would be a profitable
investment. A battery bank is excluded from the optimal design, since increasing the
capacity of the bank steadily decreased the net present value and only marginally
increased the self-consumption and self-sufficiency of the system.
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Abbreviations 
PV   Photovoltaics 
SAM   System Advisor Model 
DC   Direct current 
AC   Alternating current 
Voc   Open circuit voltage 
Wp   Peak power 
VmaxDC   Maximum DC voltage 
MPPT   Maximum power point tracker 
VAT   Value added tax 
TMY   Typical meteorological year 
NPV   Net present value 
LCOE   Levelized cost of energy 
USD   United States dollar 
SEK   Swedish krona 
TSEK   Thousand Swedish krona
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1. Introduction 
In Sweden, the solar photovoltaics (PV) has experienced an exponential growth during 
the recent years, doubling in installed capacity by each year. At the same time, it needs 
to be acknowledged that the growth in actual numbers is still relatively small 
(Energimyndigheten, 2019b). In the year 2017, only 0.14 % of the produced electricity 
in Sweden came from solar radiation (SCB, 2019). It is assumed that the increase in 
capacity is mainly due to the escalated environmental concern, or the lowered prices and 
increased efficiency of the solar modules. However, it is most likely that both these 
factors are influencing the tendency towards solar energy.  
 
Uppsala municipality have big visions when it comes to long-term climate goals. The 
program called Energiprogram 2050 describes the climate and environmental goals of 
the city of Uppsala. These goals include Uppsala becoming fossil free until 2030 and 
climate positive by the year 2050 (Kommunfullmäktige and Kommunledningskontoret, 
2018). Except from the goals regarding emissions, Uppsala municipality has also set up 
a goal to produce more solar energy. Aiming for 30 MW installed power by 2020 and 
increasing it by approximately 70 MW during the following decade 
(Kommunfullmäktige, 2018). Municipality owned companies are also affected by these 
goals, and it is expected that they can have an active contribution towards sustainability.   
 
Skolfastigheter AB is a municipality owned real estate company that manages most of 
the educational buildings, from preschools to high schools, in Uppsala (Skolfastigheter, 
2018). In line with the municipality's environmental goals, their vision is to have more 
contribution in the sustainable development of the city (Skolfastigheter, 2018). They are 
therefore investing in installing solar energy systems on rooftops of the schools. 
Skolfastigheter have already installed solar modules on a couple of properties and are 
currently planning to install a new photovoltaic system for a school in the district of 
Stenhagen in Uppsala. 
 
Västra Stenhagenskolan has a large roofs surface area relative to the size of the 
building, making it potentially possible to produce electricity that covers the 
consumption. In order to maximize the solar electricity production, it is expected that all 
potential areas of the roofs are going to be covered. The system will not be limited to 
the consumption of the building since it will be connected to the grid and thereby able to 
sell excess electricity. However, to support the grid stability and to increase the self-
sufficiency of the system, an electrical battery storage can be integrated. Considering 
the alternative PV and battery system design, it is necessary to evaluate the possibilities 
and challenges before setting up the system. The central questions are what is the best 
layout for the PV system and how can it be optimized? What are the impacts of an 
advanced battery storage and the grid connection?   
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1.1 Aim  
The aim of this study is to design and optimize a PV system on the rooftops of Västra 
Stenhagenskolan in Uppsala. The project will result in a suggestion on optimal PV 
system design integrated with the suitable battery storage, and the calculations on 
maximum energy production. Calculations regarding costs, with taxes and possible 
subsides taken into account, will be presented as well. The following research questions 
will be addressed to fulfil the aim:  
 

▪ How much energy will the optimal system be able to produce? 
▪ How much can the battery size increase the self-consumption and self-

sufficiency of  
the system? 

▪ What is the net present value and the levelized cost of energy of the optimal 
system? 

1.2 Limitations and delimitations 
Since Skolfastigheter is a municipality owned company, they are not allowed to choose 
installation supplier themselves. The supplier is decided through public procurement, 
and for that reason, it is impossible to know beforehand which company the installation 
job is given to. Information regarding the installation cost is therefore limited and 
approximated values will be used in the calculations.  
 
The project is also delimited in a few ways. First, only companies located in Sweden is 
considered as potential retailers for the PV modules. Every retailer in Sweden is not 
considered either, one in particular is argued to represent a standard type. This is also 
the case for the inverter and battery design. In the data section there is a more thorough 
description of the components that are evaluated and the argument behind them.  
 
Furthermore, the range of possible tax reductions associated with the PV system is also 
limited. For example, deductions concerning the depreciation of the facility is not 
included in the cost analysis. A more detailed description of the economic factors that 
are evaluated in this study is given in the data section. 
 
Another delimitation is that the modules will be placed directly on the roof which means 
that the design do not consider other tilts than the tilt of the roof. This also means that 
the modules will be roof mounted without any possibilities to regulate the position.  
 
Since the aim of this study is to optimize a PV system with modules installed on every 
suitable roof, significantly smaller systems where suitable areas are left out, will not be 
examined. 
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1.3 Method and data overview 
This part gives a brief overview of the methods that is used to fulfil the aim. A short 
description of the process of collecting data will also be presented in this section. 

1.3.1 Model for calculations and design 
During the design process the System Advisor Model (SAM), a tool for design and 
analysis of renewable energy systems, is mainly used. The design process includes 
evaluation of an optimal PV system integrated with battery storage. As regards different 
performance and financial models and calculations in SAM, the Detail Photovoltaic 
model for Residential Distributions were found to be the most relevant model for the 
scope of this project. Due to slightly limited function in 3D modeling and shading 
analyzing, two other software are used instead. The solar potential and shading analysis 
are done by the tools PVSites (2019) and SketchUp (2019). 
 
First, a 3D model of the buildings including shading obstacles is made in SketchUp. 
This 3D model is imported to PVsites in order to evaluate the solar potential and 
shading losses on each roof. Then, the PV system is designed on these roofs and the 
different types of components are analyzed. The design process also includes analysis of 
the losses in the system and the lifetime of the different components. The battery 
storage can thereafter be decided when the total amount of modules and the production 
of these is known. Finally, according to the design of the optimal system the economic 
analysis is made considering laws and regulations. The two main economic indicators, 
the net present value (NPV) and the levelized cost of energy (LCOE) are used for this 
purpose. An abstract of the applied methodology is presented in figure 1. 
 

 
Figure 1: Flowchart of the method process.  
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1.3.2 Data 
Solar radiation as well as the climatic conditions are acquired from the Typical 
Meteorological Year (TMY) weather data from the nearest weather station to Uppsala 
which is the Arlanda/Stockholm station. TMY weather data are the representation of the 
characteristic meteorological conditions of an average year at a specific location 
(Capacity4dev, 2017).  
 
The geometry of the building and their geospatial location from each other as well as 
the shading obstacles are collected from the drawings and building plans provided by 
Skolfastigheter. In addition, for the sake of accuracy the Google Earth engine has been 
used to obtain a better overview of the site location. Furthermore, some information 
regarding shadings was obtained based on a site visit and an evaluation of the location 
executed by the authors of this study.  
 
The school’s current electricity distributor is Vattenfall. Data regarding electricity 
consumption is therefore collected from Vattenfall. This data is presented on an hourly 
basis which makes it possible to evaluate the consumption patterns in the building 
throughout the days of the year.  

1.4. Report outline 
This report begins with a background section that present information relevant for the 
comprehension of this study. This section is followed by a methodology section where 
the methods, calculations and types of software that are used is presented. Thereafter, a 
data section that presents and justifies the used data is given. This is followed by a 
section on the results which in turn is followed by a discussion section where the results 
are discussed. The final section of the report is the conclusion section where the 
research questions are answered. 
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2. Background 
In this chapter, the background and theory of the grid connected PV systems are 
presented as follows:  

2.1 Introduction to PV systems 
Photovoltaics (PV) are basically known as the technology of converting the solar energy 
into electricity. A PV power system is the entire arrangement of components involved in 
the production of electricity through photovoltaics. The modules can either be mounted 
on the surface of the building or on the ground. Generally, the modules are preferred to 
be roof-mounted, where they do not reserve any ground area that instead can be used in 
other ways (Papadopoulou, 2012, p. 40). The yearly solar potential is the highest for a 
surface that is directed as much towards the sun as possible. To achieve the highest 
yearly solar potential in Sweden, a surface should be tilted approximately 40 degrees, 
and faced towards the south (Malmsten, 2015). The fact that roofs often are tilted is 
another reason that they usually are favourable to mount solar modules on.  
 
PV systems enables electricity to be produced in close proximity to the load which 
lowers the transmission losses. If the PV system is connected to the grid, and the energy 
production of the system covers the consumption by the load, the system can deliver 
electricity to the grid. Otherwise, if the system produces lower output than what the load 
requires then the grid will cover up and transfer the remaining part. The alternation 
between grid production and grid consumption is automatic, which makes the regulation 
of the system effortless (Roberts and Guariento, 2009, p. 15).  
 
It is only during the manufacturing of the modules and other components in the PV 
system that emissions and environmental impacts occurs. As opposed to power plants 
that runs on depletable resources, i.e. as coal- and nuclear plants, a PV system does not 
produce any pollutants during its operation period. The environmental impact of a PV 
system is almost only due to the energy used in the manufacture process. The source of 
energy used in the manufacturing process is therefore the most significant factor when it 
comes to the environmental impact of a PV system (Papadopoulou, 2012, pp. 56-57). 
 
Further to the modules, a PV system includes other different components including; the 
mountings, that secure the modules to the structure of the building; the inverter that 
converts the direct current (DC) output from the modules to alternating current (AC), 
suitable for usage or for grid transmission; the full wiring system of conductors and 
possibly a energy storage in form of a battery (Papadopoulou, 2012, p. 49). The 
description on the main components of the PV system are abstracted as follows: 
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2.2 PV cells and modules 
The most essential part of the system is the solar cell. The actual conversion from solar 
radiation into electricity is carried out in them. The cell consists of a semi-conducting 
material, most oftenly silicone. This material is doped, which means that chemical 
elements are added to create a positive (p-type) and a negative (n-type) zone. Because 
of the polarity between the zones, an internal electric field in the cell is generated. If the 
cell is exposed to solar radiation electrons are freed, and because of the electric field 
they want to travel in a certain direction. Each zone of the cell is also connected with a 
conductor which the freed electron can flows through, which cause an electric current to 
flow (Roberts and Guariento, 2009, p. 16).  
 
A single solar cell only produces 3W at 0.6 V, and the desired output is generally higher 
than that, therefore the cells are connected in series to produce a higher voltage and 
power output. Usually 60 or more PV cells are connected together in a serie to make a 
PV module, also called PV module (Kalogirou, 2014, p. 497). The output is DC which 
makes it suitable for charging a battery or by using a inverter convert it into AC. The 
converted AC current makes it useful in households. Lifetime for a module is often 
guaranteed to be 20-25 years, even in environments with tough conditions (Roberts and 
Guariento, 2009, p. 22). 
 
The estimated lifetime of solar modules is usually between 25 and 30 years. Even 
though the modules suffer a slight degradation by each year, often approximated to 0.5 
%, they are still relatively durable (Blomqvist and Unger, 2018). 
 
There are primarily three different types of PV cells used today, and it is the 
characteristics of the cells that distinguishes them. These are monocrystalline silicone 
cells, polycrystalline silicone cells and thin-film cells. (Roberts and Guariento, 2009, p. 
22).  

2.2.1 Different PV cells 
Monocrystalline silicon cells are also known as single crystal cells. These cells are 
manufactured from a single silicon crystal ingot (Roberts and Guariento 2009). Usually 
a monocrystalline silicon cell has an efficiency of 15-22 % (Energimyndigheten, 
2019a).  
 
Polycrystalline silicon on the other hand is known as multicrystalline silicon cells. The 
original material is melted and then cast in a cuboid shape where it solidifies and then 
reshapes to small crystals (Roberts and Guariento, 2009, p. 19). The process of 
manufacturing polycrystalline cells is less complicated and requires less energy than the 
manufacturing process of monocrystalline cells (Häberlin, 2012, p. 110). They are 
however also slightly less efficient compared to monocrystalline cells, having an 
efficiency around 15-17 % (Energimyndigheten, 2019a).  
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The third type is thin-film solar cells which are PV cells that are considerably thinner 
than the crystalline silicon cells. The modules are therefore also less material 
demanding. The drawback with thin-film cells is however the efficiency (Häberlin, 
2012, p. 110). It has an efficiency of 10-16 % which is lower than both mono- and 
polycrystalline silicon cells (Energimyndigheten, 2019a).  

2.2.2 Module comparison 
To be able to compare the different modules they need to be evaluated under the same 
conditions and given a grade accordingly. The most common rating that is used when 
comparing solar modules is watts peak or peak power (Wp). When Wp for a module is 
determined the module is tested under defined conditions. These conditions include: a 
specific temperature of the PV cell, a specific intensity of solar irradiance and a specific 
spectral distribution of light. These defined conditions occur extremely rarely, which 
means that the actual power output under “normal” conditions does not correspond 
directly to the declared Wp of the module. Wp should mainly be viewed as a way of 
comparing different types of modules against each other (Roberts and Guariento, 2009, 
p. 30). 

2.3 Inverters 
When the PV module produces electricity, the output will be DC at around 30 V, 
depending on how many PV cells that are connected together (Roberts and Guariento, 
2009, p. 37). The inverter inverts the DC input to AC output either in one phase or three 
phases which make it useful in buildings. Another main function is to keep a constant 
voltage on the AC side and at the same time convert the input power into the output 
power with the highest possible efficiency (Kalogirou, 2013, p. 502). 
 
The most common way of installation is that several modules are connected together to 
share the same inverter. There are mainly three different inverters available: central 
inverter for an entire system, string inverter for a string of modules and module inverter 
for an individual module. Each type has advantages and disadvantages and the 
application decides which one to choose.  
 
String inverters are used when the PV modules are connected in series to form a 
“string”, adding the voltages. It is desirable to connect the modules in series for two 
main reasons. First, it is possible to keep the wiring size small. Second, at higher 
voltage the string inverter is more efficient and cost-effective (Roberts and Guariento, 
2009, p. 37).  
 
The module inverter is also called micro-inverter and is more expensive than a central 
inverter but at the same time it prevents the need for expensive DC wires (Kalogirou, 
2013, p. 502). When the modules are connected in series exactly the same current 
passes through each module and since the current does not increase, size of the wires 
can remain constant. It is also possible to connect the modules in parallel which means 
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that all the modules share the same low voltage. The output current into the inverter is 
in that case much higher than for the series connected ones. This leads to the need of 
much thicker wires and therefore higher costs (Roberts and Guariento, 2009, p. 37).  

2.3.1 Maximum power point tracker 
The relation between voltage and current is exponential for a PV cell and there is only 
one optimum operating point called maximum power point (MPP). The MPP is 
dependent on solar radiation and cell temperature and changes therefore according to 
them. A maximum power point tracker (MPPT) is connected close to the inverter before 
the input of DC passes through the inverter. The MPPT search for the MPP and thus 
allows the inverter to bring out the maximum power from the cell. In fact, the MPPT 
optimize the operating voltage of the PV system to make it possible to maximize the 
current (Kalogirou, 2013, p. 504). If there is no need of energy at a certain moment in 
time, the output current can be stored in a battery.  

2.4 Batteries 
Since solar radiation is an intermittent source of energy, the production does not always 
meet the demand of power. It can therefore be useful to invest in a battery for storage of 
energy. The battery will then be used to stabilize the relation between consumption and 
production. When adding a battery to the system it is important to make sure that it is 
placed away from extreme temperatures, in a good ventilated area. It is also important 
that the battery can accept repeated deep charge and discharge without getting damaged. 
The lifetime of a battery is defined by the number of cycles, from fully charged to fully 
discharged, that the battery can withstand before losing 20 % of its nominal capacity. To 
get a greater capacity, batteries can be connected in parallel (Kalogirou, 2013, p. 501). 
 
Lead-acid, nickel-cadmium, nickel-hydride and lithium-ion are the main types of 
batteries available today. Deep-cycle lead-acid is one type of battery that can be used in 
PV systems. It is designed to stand discharges at low energy level and then rapidly 
recharge (Papadopoulou, 2012, p. 95). One of the downsides with the lead-acid battery 
type is however the reliance on lead which is negative for the environment. While lead-
acid batteries can be described as the established, cheap and environmentally 
questionable type, lithium-ion can be described as the promising, expensive and 
environmentally favourable alternative (Zubi et al., 2018, p. 294). Lithium-ion batteries 
has also a better performance, energy/power density and lifetime compared to other 
electrochemical battery chemistries (Smith et al., 2017). The depth-of-discharge (DoD) 
for a Lithium-ion battery is about 80 % at room temperature and it has longer lifetime 
than a lead-acid battery. This is because lithium-ion batteries can stand a higher amount 
of cycles (charges and discharges) than lead-acid batteries (DiOrio et al., 2015, pp. 5-6). 
However, any type of battery can be used to increase the so-called self-consumption and 
self-efficiency.  
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2.4.1 Self-consumption and self-sufficiency 
Self-consumption can, in the context of a PV system, be described as the PV energy 
production that is consumed directly by the producer. Self-sufficiency can be described 
as the level of independency that the system has from the grid. This can be expressed by 
relating the self-consumption to the total load. Due to a lowered need for grid-
electricity, an increased self-consumption could make the PV system more profitable. 
There are mainly two ways of increasing the self-consumption in a PV system and one 
of them is to store energy in a battery (Luthander et al., 2018, pp. 80-94).  

2.5 Solar irradiance  
Solar irradiance is the most essential part of any PV system. Below, different kinds of 
solar irradiance will be discussed and also different factors that affects the efficiency of 
the PV system.  

2.5.1 Direct and diffuse 
PV systems gets their energy from solar irradiance which it converts into electricity. To 
estimate electrical output of a PV system a starting point is to know the amount of solar 
irradiance a specific location gets. The daily solar irradiance varies throughout the year 
and increases with the length of the day and altitude of the sun. The amount of 
insolation is the biggest between March and October when it is summer time in Sweden. 
Irradiance is the amount of light that reaches a surface at a point in time. When global 
irradiance is used as a term, it is a combination of direct and diffuse irradiance. Direct, 
or beam irradiance, is light that travels directly from the sun to the surface without 
facing any obstacles on its way. Diffuse irradiance on the other hand, arrives at a 
surface by passing and scattering through clouds and haze. The diffuse irradiance is not 
as energy dense as direct. The PV system produces the highest annual output if the 
modules are tilted according the peak insolation, which takes place in the summer 
(Roberts and Guariento, 2009). Although solar potential is the most influential factor in 
the energy production, other factors also affects the efficiency of the modules. These 
factors are for example shadings, temperature, snow, orientation and tilt of the modules.  

2.5.2 Shading 
The efficiency of a PV system depends on many different factors but the most important 
one is shading. It is obvious that overshading reduces the production, but partial shading 
does as well. Even relatively small shadows of overhead cables running over the 
building will have a negative effect on the PV production (Roberts and Guariento, 2009, 
p. 36).  
 
Since the cells are connected in series and the current flows through all the cells, the 
module is very sensitive to shading. If one cell gets shaded, the silicon becomes a bad 
electrical conductor and therefore the current will become very small or even zero. The 
solution is to install bypass diodes in the module. The more bypass diodes that are used, 
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the more expensive will the module be. Meaning that it is a trade-off between cost and 
shade resilience. Usually one diode is used for a group of 12-24 cells (Häberlin, 2012, 
pp. 141-143). 

2.5.3 Tilt and orientation 
As a part of the design process of the PV system it is important to consider the tilt and 
orientation of the surface that will incorporate the modules. The amount of energy a 
module produces is proportional to the solar radiation it receives, which in turn is 
dependent on the angle between the module and the radiation. A perpendicular angle 
between the radiation and the module, where the sun is directly above it, produces the 
highest yield. The tilt of the roof is therefore an important factor regarding the 
performance of the system, if the modules are mounted directly on the roof. The 
modules can however be mounted on the roof tilted, giving a better angle between the 
modules and the solar radiation. The problem with modules that are tilted up from the 
roof is that they can shade each other. The mounting cost is also higher when tilting the 
modules since more structure material is needed (Kalogirou, 2013, pp. 526-527).  
 
The orientation, i.e. the direction that the modules are facing, is equally as important as 
the tilt when it comes to the performance of the system. In Sweden it is optimal facing 
the modules directly towards the south (Sommerfeldt et al., 2016, p. 12). 

2.6 Grid connection 
This part will describe the Swedish grid and how a PV system can be connected to the 
grid. 

2.6.1 The Swedish grid 
Svenska Kraftnät is a government owned company that controls and regulate the 
Swedish national grid. To make sure that the grid is stable it has to be a balance between 
the produced and consumed electricity. The frequency in the grid is a measurement 
which tells how well the relation between produced and consumed electricity is. When 
there is a balance in the grid it has a frequency of 50 Hz. If the production is higher than 
the consumption, then the frequency will be higher. Otherwise, if the production is 
lower than the consumption then the frequency will be lower. It is important to be aware 
that the changes in frequency are very small and is okay to vary between 49.9 and 50.1 
Hz, otherwise the grid will be shut down (Svenska Kraftnät, 2019). During very cold 
days in the winter there can be situations where the consumption becomes much higher 
than the production. In these situations, the energy production is not enough to cover up 
the needs of electricity. It means that the Swedish grid has to use back-up resources that 
they have negotiated in advance. The backup power is managed by Svenska Kraftnät 
who signs agreements with different actors on the market. These backup resources are 
available between 16th of November and 15th of March which is during the coldest 
period in Sweden (Svenska Kraftnät, 2018).  
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2.6.2 PV system connected to the grid 
In areas with big public grids the costs for energy storage can be reduced by directly 
connect the PV system to the grid by using an inverter. The grid cannot act as a storage 
platform since the sum of generated power must equal the sum of power consumed in 
the grid at any time (Häberlin, 2012, pp. 262-263). If the PV system produces less 
power than what is consumed in the building, the grid will cover up and deliver the 
remaining power needed. On the other hand, if the PV system produces more energy 
than what is consumed the surplus energy can be delivered to the grid and thereby sold 
to other consumers. The PV system will then, under conditions where there is an excess 
of energy, work as a small power plant. The alternation between delivering to- and 
consuming from the grid is managed and measured by an electric meter. A utility meter 
for electricity billing (Häberlin, 2012, pp. 262-263). There are different laws and taxes 
that should be regarded when a PV system is connected to the grid.  

2.7 Laws and regulations 
There are a lot of different laws and regulations to keep in mind if the system is grid 
connected. This section describes the certificate system of renewable energy, taxes and 
the possibility to get subsidies for the installation of a PV system.  

2.7.1 The certificate system 
The certificate system of electricity is market based to support and increase the 
production of renewable energy in a cost-efficient way. Since the 1st of January 2012 
Sweden together with Norway has a collective market for these certificates. The goal in 
Sweden is to increase the renewable production of electricity with 46,4 TWh until 2030. 
The certificates are only given to producers of specific energy sources where solar 
energy is included. Certain actors are obligated to possess a specific amount of 
certificates relative to their sales or usage of electricity. These actors are for instance 
commercial power suppliers and industries that uses a large amount of electricity 
(Energimyndigheten, 2017). The required possession quota varies from year to year and 
is 30.5 % for this year, 2019. The obligated amount is intended to decrease as more 
renewable energy is introduced is the energy mix and the plan is to have a quota of only 
1.1 % by 2045 (Energimyndigheten, 2018). The price of the certificates varies 
depending on the availability and request and they can be bought either on the market or 
directly from the producer (Energimyndigheten, 2017).  

2.7.2 Taxes regarding consumed energy in the building 
For a producer who has one or more PV plants with a total installed Wp of more than 
255 kW has to pay an energy tax for the consumed electricity. The tax system for solar 
energy is constructed in such a way that:  
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▪ A producer of solar energy who owns one or several PV plants which together 
has an installed Wp lower than 255 kW doesn’t have to pay any taxes.  
  

▪ A producer of solar energy who owns several PV plants where each plant has a 
installed Wp lower than 255 kW but the total installed Wp is higher than 255 kW 
has to pay a tax of 0.5 öre/kWh per consumed kWh. 
 

▪ A producer of solar energy who owns one or several PV plants with an installed 
Wp higher than 255 kW has to pay a tax of 34.7 öre/kWh for the consumed 
power in these plants. The plants that the producer owns with a installed Wp 
lower than 255 kW will only have to pay the tax of 0.5 öre/kWh for the 
consumed power in these plants (Skatteverket, 2019a). 

2.7.3 Taxes regarding energy delivered to the grid 
Excess electricity that is sold to the grid is taxed in the same way as other goods and 
services produced by companies and is declared as income tax. Schools and other value 
added-tax (VAT) relieved operations are not obligated to pay VAT for the sold 
electricity (Skatteverket, 2019a).  
 
It is also possible to get a tax reduction for the delivered electricity. The reduction is 
related to the amount of kWh delivered to the grid. The cut is for 60 öre/kWh and is 
limited to 18000 SEK per year. There are requirements that needs to be fulfilled to be 
entitled to the reduction (Skatteverket, 2019a). 

2.7.4 Subsidies 
Investing in solar cells can be subsidized by the Swedish government. Individual 
homeowners, organisations and companies can all apply for the aid. As a result of the 
federal budget, published in the spring of 2019, the aid was set to a maximum of 20 % 
of the installation cost. The limit of the total subsidy is 1.2 million SEK, and the costs 
that are eligible for the support is limited to 37 000 SEK (plus VAT) per installed kW 
(Energimyndigheten, 2019c). 
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3. Methodology 
This section will describe the model development, system design and system evaluation 
with respect to the aim of this project for the case study.  

3.1 Case study - Västra Stenhagenskolan 
The school is located west of the centre of Uppsala and has a roof area of more than 
7000 m2, which is relatively large for a building of this size. As the building is primary 
used by student, it is not being used as much during the summer. This means that the 
electric load is also not as heavy during this time of the year. In comparison with the 
countries located in lower latitudes, Sweden has lower annual irradiation. Nonetheless, 
the results of previous studies show that the Swedish climate is still acceptable for PV 
system. This is because the efficiency of the modules decreases as the surrounding 
temperature increases and Sweden has a relatively cold climate (EON, 2019).  

3.2 Method and model overview 
There are two models that are developed in this thesis. The first model is used for the 
shading analysis of the rooftops. It is a 3D model which is developed in SketchUp and 
later imported into PVSites, where it is analyzed. The second model is the entire design 
of the system. This includes components, losses, battery storage, financial factors and 
electric-load data. This model is developed in the System Advisor Model (SAM). This 
is also where the simulation of the system occurs, which the final results are based on. 
To choose the optimal battery for the system, a sensitivity analysis is done over the cost, 
capacity, self-sufficiency and self-consumption. The sensitivity analysis is also executed 
in SAM.   

3.3 Shading analysis 
It would be possible to cover all roofs with modules, but this would necessarily not be 
effective. A shading analysis is therefore done to estimate the solar potential on the 
different roof surfaces. It is the amount of irradiance on a specific area that decides the 
potential of a module that is placed there. Evaluating the optimal way of orienting the 
modules, either vertical or horizontal, is done to get the highest number of modules. To 
be able to do the shading analysis and designing the layout of the PV system, a 3D 
model made in SketchUp is implemented into PVSites, where the actual analysis takes 
place. 

3.3.1 Description - SketchUp 
SketchUp is a 3D design software where it is possible to manually build structures 
(SketchUp, 2019). SketchUp allows importing a background picture, which can act as a 
reference for building the structures. The background picture used in this study is a 
satellite picture of the school, downloaded from Google Earth, as shown in figure 2. The 
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dimensions (width and length) are therefore estimated in the model according to the 
map.  
 

 
Figure 2: Shows the 3D model of the building made in SketchUp. 

3.3.2 Description - PVSites 
PVSites is a software developed for evaluation of the irradiance on a structure based on 
weather data from a specific site (PVSties, 2019). The 3D model that is evaluated needs 
to be imported from another software, one format that is accepted is .skp (SketchUp). It 
is also possible to arrange solar modules on the structure once the 3D model is 
imported. The tilt and orientation do, apart from actual shading by a nearby structure, 
also influence the amount of irradiance an area gets.  

3.3.3 Shading analysis-model 
To be able to base the arrangement of modules upon a more robust dataset than the map 
from Google Earth, measurements of the actual dimensions is made out of drawings of 
the building. The modules that are placed on the roofs are based on these measurements. 
Since there are not any high buildings or trees in close proximity to the school, they are 
left out of the model. It should be acknowledged that some shading may occur due to 
other structures, at least during sunrise and sunset. The irradiance is however relatively 
low during this time of the day, and the impact of this shading is thereby limited. Upon 
the request of Skolfastigheter to consider snow fences, 1.5 meters is left uncovered at 
the lowest edge of the roofs. Half a meter is also left uncovered on each side of the roofs 
to allow for maintenance. 

3.4 System design 
The system design involves matching a suitable inverter (type and quantity) to the 
module layout that is given in the shading analysis. It also involves evaluating the 
potential of a battery storage, and an optimal battery sizing. The final design model 
consists out of the result of these two calculations and also the losses from the shade 
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analysis calculation, weather data, the chosen module, electric consumption data and 
economic factors. The model is developed in SAM. It is also in SAM that the simulation 
of the model takes place.  

3.4.1 Description - SAM 
SAM is a software developed to help designers and decision makers in the renewable 
energy industry. It is designed to allow combining the technical and the economic 
aspects of a system (NREL, 2019). The model that is developed in this study is built in 
the Detailed Photovoltaic systems setting based on Residential financial models in 
SAM. This setting consists of the following elements: 
 

▪ Location and Resource 
▪ Module 
▪ Inverter 
▪ System Design 
▪ Shading and Layout 
▪ Losses 
▪ Lifetime 
▪ Battery Storage 
▪ System Costs 
▪ Financial Parameters 
▪ Incentives 
▪ Electricity Rates 
▪ Electric Load 

3.4.2 Limitations in SAM 
There are a few limitations in SAM that affects the design process. The first one is that 
it is only possible to divide the modules into 4 subarrays. In the studied case the roofs 
on the building has six different directions as seen in figure 2. The angle and orientation 
of the roofs is, due to this limitation, slightly simplified. It is assumed that this will not 
affect the final results in a problematic way, since the differences in tilt and orientation 
of the roofs in each subarray is relatively small.  
 
It can be desirable to have different inverters for each subarray, but this is not possible 
in SAM. Only one type of inverter can be chosen for the entire system (all subarrays). In 
reality it is also possible to connect different numbers of modules to different MPPT 
inputs, this is also not achievable in SAM. Each subarray does therefore have to contain 
the same amount of modules string connected, to meet the specifications of the inverter.  

3.4.3 Finding a suitable inverter bank  
When considering what inverter bank to choose it is important to make sure that power, 
current and voltage of the PV modules corresponds to the conditions of the inverter. 
SAM assumes that the inverters are connected in parallel, which means that the rated 
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voltage limits are the same as for a single inverter (SAM, 2019). Connecting several 
inverters in parallel will however increase the maximum power of the bank. It is mainly 
the installed Wp for the PV system and DC-to-AC ratio that decides how many and what 
type of inverter that is needed. The more powerful the inverter is according to its Wp, 
the fewer it takes and the less powerful the inverter is, the more it takes. 
 
According to a rule of thumb by Solar Bay (2019) it is recommended that the DC-to-AC 
ratio should be at 1.2. Equation (1) is therefore used to calculate the total AC capacity.  
 

𝑇𝑜𝑡𝑎𝑙	𝐴𝐶	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	 = ./,121345
1,2

    (1) 

 
Equation (2) is used to calculate how many inverters that is needed for the entire 
system.  
 

𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠	 = 	 >?@AB	CD	EAFAEG@H
./,IJK4L34L

  (2) 

3.4.4 Module layout 
The inverter and module design are an interconnected process. The required inverter 
capacity is first estimated from the PV production, and the PV system layout is then 
restricted based on the inverter capacities and operational requirements. 
 
To calculate how many modules that should be in a string equation (3) is used.  
 

𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑚𝑜𝑑𝑢𝑙𝑒𝑠	𝑝𝑒𝑟	𝑠𝑡𝑟𝑖𝑛𝑔	 = 	 O5PQRS
OTU

  (3) 

 
When the number of inverters per string is known the next thing to do is to calculate 
how many strings that should be connected in parallel according to equation (4).  
 

𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑠𝑡𝑟𝑖𝑛𝑔𝑠	𝑖𝑛	𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙	 = 	 >?@AB	AV?WX@	?Y	V?ZWB[\
CV?WX@	?Y	GX][^@[^\	F[^	\@^GX_

 (4) 

 
The calculations of equation (3) and equation (4) are made for each subarray where the 
Total amount of modules is the total amounts in each subarray. It is also important to be 
aware of the current limitations and to make sure that it is within the range of the 
inverter specifications. 

3.4.5 Battery Storage 
The factors that decides whether or not to incorporate a battery in the PV system is the 
self-consumption, self-sufficiency, net present value (NPV) and levelized cost of energy 
(LCOE). It is also these factors that decides the optimal capacity of the potential 
storage. The process of evaluating the potential of a battery will in this study be done by 
first finding an upper limit to the battery bank power. The bank power decides the 
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amount of power that the battery can be charged and discharged by. The value of the 
bank power will therefore also affect the charge and discharge rate. The upper limit of 
power is decided by comparing the PV power and the load in a day where the difference 
between the two is the highest.  
 
The cost of a battery is included in the model by a USD/kWh price. This means that it is 
only the capacity of the battery that affects the cost of the system. This is done to make 
it possible to evaluate the potential of the battery by comparing the capacity with the 
costs of the system.  
 
The dispatch model that is used for the battery evaluation is the “Peak-shaving: one day 
look ahead”-model. This is one of the existing dispatch models in SAM. The model uses 
the following days weather data to minimize the consumption from the grid by 
operating the battery thereafter (SAM, 2019).  

3.4.6 Sensitivity Analysis 
When it comes to the battery sizing there are a lot of different parameters that affects the 
evaluation procedure. For the battery itself it is mainly the capacity and the cost that is 
important. But it is also important to take the costs of the whole PV system into account. 
The NPV and LCOE is therefore considered. In addition, the self-consumption and self-
sufficiency is also taken into account since the main purpose of having a battery is to 
increase these two and thereby decrease the grid consumption.  
 
There are two economic aspects included in the sensitivity analysis. The first one is the 
NPV of the system. It is a measure of, in this case, a PV systems economic profitability 
including both the savings and costs of the system. If the NPV is positive it indicates an 
economically workable system while a negative NPV indicates the opposite (SAM, 
2019). The second economic aspect is the real LCOE which represents the cost of each 
kWh. The LCOE includes the present value of the systems costs expressed in dollar 
cents per kilowatt-hours of the generated electricity by the system over its lifetime. This 
value is, as opposed to the nominal LCOE, adjusted for inflation (SAM, 2019). This 
cost, as the others, is also expressed in USD and therefore converted to SEK with the 
exchange rate that is mentioned in the data section.  
 
To analyze which battery capacity is optimal to integrate into the system, three different 
graphs are compared. The first one contains the NPV and a certain range of battery 
capacities. This makes it possible to exclude the capacities that gives a negative NPV. 
The second graph contains the range of battery capacities and the LCOE. The third 
graph contains both the self-consumption and the self-sufficiency in relation to the 
different capacities.  
 
The capacity range that is investigated in this study ranges from 120 to 840 kWh. The 
range is decided through an examination of the capacities that usually is investigated 
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within the research area of battery integrated PV systems. Luthander et al. (2015) states 
that most papers in the field studies a capacity between 0.5 and 1 of the total installed 
PV Wp. The range is in this study expanded to 0.2 and 1.4 of the total installed Wp to 
make sure that the range does not exclude any potentially profitable sizes of the storage. 
The equations that is used for the battery storage evaluation is presented below. 
 
The self-consumption over a year is calculated according to equation (5) (Luthander et 
al., 2018, pp. 80-94). The equation is used both for the PV system with a battery and 
without. The difference between the cases is in the parameter Energy from system to 
load. It will take the battery capacity into account and thereby change its value when a 
battery is added to the system.   
 

𝑆𝑒𝑙𝑓 − 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	 = 	 bB[E@^GEG@H	Y^?V	\H\@[V	@?	B?AZ	
CXXWAB	CD	[X[^_H	_^?\\

	  (5) 

 
The self-sufficiency over a year is calculated according to equation (6) (Luthander et al., 
2018, pp. 80-94). This equation is also used for both the PV system with and without a 
battery. Similar to the equation for self-consumption, the difference is in the parameter 
Electricity from system to load. 
 
  𝑆𝑒𝑙𝑓 − 𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	 = 	 bB[E@^GEG@H	Y^?V	\H\@[V	@?	B?AZ

bB[E@^GEG@H	B?AZ	@?@AB
  (6) 

 
The values and names of the parameters used in the equations are taken directly from 
the statistical part of SAM. Electricity from system to load is a yearly data including the 
electricity stored in the battery sent to the load. Annual AC energy gross is the total 
amount of electricity produced in the PV system over a year. Electricity load total is the 
consumption of electricity in the building over a year. 
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4. Data 
This section presents the data that is used in the design of the PV system and also the 
data involved in the evaluation of the system. For the shading analysis it is important to 
obtain data on the solar radiation which differs a lot between different locations on the 
planet. As seen in figure 3 Sweden has relatively small amount of radiation compared to 
other places in the world. 
 

 
Figure 3: Shows the global horizontal irradiation. Source: Solargis 2017.  

 
The typical meteorological year (TMY) weather data from the nearest station to 
Uppsala, the Stockholm/Arlanda station, is used for the shading analysis and also for the 
final model. TMY is a dataset that represents the characteristic meteorological 
conditions of an average year at a specific location (Capacity4dev, 2017). 
 
Data on components that could potentially be included in the system are first described 
in this section. This is followed by the load data, and last is a description of the 
economic parameters used in the study. Drawings provided by Skolfastigheter is used to 
get correct dimensions of the roofs.  

4.1 System components 
In this section the type of module, inverter and battery used in the system is presented.  

4.1.1 PV module 
Since Vattenfall is Skolfastigheters supplier of electricity today, the choice of module is 
based on the types they use in their installations. This is also in line with the purpose of 
this study, to design the system under Swedish market conditions. They use the PV 
modules produced by the company JinkoSolar with 280 Wp and 330 Wp (Vattenfall, 
2019a). Since the aim is to maximize the PV power production, the Jinko module with 
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the highest Wp, that is included in PVSites database, is chosen. Vattenfall has used this 
type of module in earlier calculations which makes the choice reasonable (Vattenfall, 
2018). Mechanical and technical specifications of the chosen module is presented in 
Table 1 and Table 2. The data has been gathered from the producer’s datasheet obtained 
on Vattenfall’s website.  
 
 

Table 1: Mechanical specifications for the Jinko 320 Wp.  

Mechanical specifications  

Module type JKM320PP-V 

Cell type Poly-crystalline 

Number of cells  72 (6x12) 

Dimensions 1956x992x40 mm 
 

Table 2: Technical specifications for the Jinko 320 Wp.  

Technical specifications STC1 NOCT2 

Maximum power (𝑃V) 320 Wp 238 Wp 

Maximum power voltage (𝑉VF) 37.4 V 34.7 V 

Maximum power current (𝐼VF) 8.56 A 6.86 A 

Open-circuit voltage (𝑉?E) 46.4 A 43.7 V 

Short-circuit current (𝐼\E) 9.05 A 7.30 A 

Module efficiency  16.49 %  16.49 % 

 

4.1.2 Inverter bank 
The PV system design includes evaluation of the most suitable inverter. The range of 
inverter type options, are in this study, limited to one. SMA is one of the most famous 
inverter manufacturers and the inverter type is therefore chosen from their product range 
(Wallnér, 2018). The chosen inverter is the SUNNY TRIPOWER CORE1-US. Table 3 
summarized the technical specifications that are gathered from SAM’s inverter 
database. 
 
 
 

                                                
1 STC is an irradiance of 1000W/m2 at a cell temperature of 25 degrees celsius.  
2 NOCT is an irradiance of 800W/m2 at an ambient temperature of 20 degrees celsius.  
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Table 3: Technical specifications of SUNNY TRIPOWER CORE1-US.  

SUNNY TRIPOWER CORE1-US  

Inverter type SMA America: STP 62-US-41 [480V] 

Maximum AC power (𝑊FCD) 62 500 𝑊CD  

Maximum DC power (𝑊FgD) 64331.1 𝑊gD  

Maximum DC voltage (𝑉VgD) 800 𝑉gD  

Maximum DC current (𝐼VgD) 88.73	𝐴gD  

 

4.1.3 Battery bank 
The last thing to do in the design process is to decide on an optimal battery bank for the 
system. The range of different battery types are limited to only one option. The Lithium 
Iron Phosphate (LFP) battery, which are categorized under the lithium-ion battery types. 
The data on this model is limited to the default values in SAM, which are presented in 
Table 4.  
 
Table 4: Represents the technical specifications for the Lithium Iron Phosphate battery 

type.  

Technical specification  

Type Lithium Iron Phosphate (LFP) 

Depth-of-charge  80 % 

Cycles elapsed 1000 

Cell capacity 2.3 Ah 

Efficiency (AC connected) 96 % 

Max C-rate of charge (per/h) 0.5 

Max C-rate of discharge (per/h) 0.5 

4.1.4 Energy consumption data 
Vattenfall is the electric utility company liable for the delivery of electricity to the 
buildings. The electricity consumption data, in this project, was obtained from their 
website on the hourly basis. This is the shortest possible time step that their database 
provides. Because of variations in the load profile between different years, an average 
hourly value has been calculated from the years 2016, 2017 and 2018. This is a trade-off 
between annual load and rapid variations between hours. An average of more years 
would give a better prediction of the annual load, but it would also even out the 
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variations between hours. This is the reason behind the amount of years used in the 
calculation. 

4.2 Economic data 
The economic data that is used in this report is mostly obtained from Swedish sources, 
such as governmental authorities, companies and academic papers. This means that the 
acquired data is in SEK and since SAM is suited for USD, the economic data is 
converted. The exchange rate that is used for this conversion is 1 SEK = 0.104 USD as 
for the May 2019. For the conversion of USD to SEK, the rate 1 USD = 9.64 SEK is 
used (Valutaomvandlare, 2019). The inflation rate that is used is the mean value of 
inflation in Sweden between the years 2006 and 2018. This figure is 1.24 % (SCB, 
2019). The real discount rate of 4 % (Energiforsk, 2017) is used in calculations on the 
profitability of PV systems. Arguably the mentioned report shares many similarities 
with this study and therefore it is reasonable to use the same rate here.  
 
The salvage value is the resale value of the system at the end of the analyzed period, 
which is 25 years. This value is given in a percentage of the initial cost of the entire 
system. The salvage value that is used in this study is 10 %. This figure is the same as 
the one that is used in MD Ahsan Kabir’s (2016) master thesis. An exact salvage value 
of PV systems is hard to find. Factors like climate, the interest of buyers, technical 
development and other changes in the market can affect the resale price. As Kabir’s 
study is relatively new and just like this study also focused on Swedish PV systems the 
same approximate value is argued to be reasonable. The same value will be used in both 
the simulation of the system with a battery and in the simulation without.  

4.2.1 System costs 
Prices for the components (battery excluded) and the labour associated with the system 
is gathered from the Swedish Energy Agency. Their report presents a weighted average 
turnkey price (VAT is excluded) for a roof-mounted system of 100 kWp connected to 
the grid. The figure that they present for this type of system is 10.7 SEK/Wp (Lindahl 
and Stoltz, 2018).  
 
Zhang et al. (2015) studies the self-sufficiency related to integrating a battery storage in 
a PV system. They also compare different battery types and use certain retailer data on 
cost and characteristics of the batteries. The given price for the lithium-ion battery in the 
paper will be used as an approximated cost per kWh in this study. The manufacturer of 
the battery is Tesla, and the cost is 25380 SEK. One battery module has a capacity of 7 
kWh, which gives 3626 SEK/kWh. This battery has an expected lifetime of 10 years 
(ibid, p. 458). The cost and lifetime of this specific battery will in this study be used as 
approximated values for any lithium-ion battery, no matter the chemistry. The 
International Renewable Energy Agency (IRENA) estimates that the cost of lithium-ion 
batteries will by the year of 2030 drop to approximately half of the 2017 price, 
depending on the battery’s chemistry (IRENA, 2017, pp. 18-19). It is in this study 
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estimated that the battery bank will need one replacement during the analyzed period 
(25 years) and that the price will by then have decreased to half of its initial cost.  

4.2.2 Electricity rate 
The sell price of electricity is based on Nord Pool’s spot price. The price that is used 
comes from the monthly average of 2016, 2017 and 2018 and is of 34.5 öre/kWh 
(Vattenfall, 2019b). A grid benefit compensation is also included in the sell price. The 
compensation usually varies between 0.02 and 0.1 SEK/kWh, depending on the location 
and grid owner (Lindahl and Stoltz, 2018). For this study, a mean value between the two 
is used. The tendency of the sell price is hard to predict since it depends on supply and 
demand and can vary relatively much from time to time. Since the main focus of the 
analysis over the system’s entire lifespan, rapid changes in the spot price over a day will 
not affect the economic aspect of the system (unless they share a certain pattern). The 
general development of the price, if the annual average goes in a certain direction, will 
however affect the profitability of the system and this needs to be acknowledged. The 
same goes for the price of the grid consumed electricity.  
 
Data regarding the electricity cost is obtained from the electric-grid contract between 
Vattenfall and the facility. The price of the electricity includes a monthly fee, a power 
fee, energy tax, the price for electricity certificates, and a certain price during times of 
high load and another during times of low. The price during low- and high load times 
includes the same spot price as is included in the sell price, the monthly average of 
2016, 2017 and 2018. A VAT of 25 % is also included in the electricity cost 
(Skatteverket, 2019b). 
 
The size of the system is larger than 255 kWp which means that the energy produced by 
the system that is consumed in the building is taxable (Skatteverket, 2019a). There is 
not any input field for this tax in SAM. This cost is therefore taken into account by 
having a tax on all of the energy that is produced in the system. Since this will affect the 
sell price by also taxing it, the sell price is weighted to not be affected by the tax.  

4.2.3 Incentives 
There are three incentives that are considered in the model. These are the 20 % of the 
installation cost subsidy, the tax reduction for the grid-delivered electricity and the 
earnings from the certificate system. The sell price of a certificate is, just as the spot 
price, based on the monthly average price of 2016, 2017 and 2018. This price is 98.5 
SEK per certificate and the same acknowledgement as with the spot price should be 
made, that the development of this price will affect the profitability of the system 
(SKM, 2019). 
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5. Results 
The purpose of this study is to present an optimal design of the planned PV system in 
Stenhagen. This section will present this design by first declaring the results from the 
shading analysis. A proposed inverter bank and a suitable module layout is thereafter 
given. Whether or not a battery bank should be included in the system is then evaluated, 
and the sensitivity analysis demonstrates the influence of different battery bank 
capacities. Lastly is a declaration of the potential of the system, both in terms of energy 
yield and profitability.  

5.1 Shading analysis 
The shading analysis gave information about the irradiance on each part of the building. 
The irradiance simulation in PVSites ranges from 0-1100 kWh/m2 as shown in figure 5. 
White/yellow represent good irradiance and blue/purple represent bad irradiance. The 
roofs with the highest amount of irradiance had a value of approximately 900 kWh/m2. 
The limit of suitability was set to 80 % of the highest value, and areas of the roof with a 
irradiance of less than 720 kWh/m2 were therefore left out. These were roofs oriented 
mainly towards north and areas to close to obstacles. Areas considered too small for 
placement of modules were also left out. 
 
 

 
Figure 5: Shows the irradiance on each roof seen with a perspective from north.  

 
When the number of modules were added with a vertical orientation it gave 1699 
modules in total. By doing the opposite and putting the modules on the roofs with a 
horizontal orientation it gave a total amount of 1870 modules. Therefore, the modules 
are placed with horizontal orientation, i.e. laying down on the roof, in the design. This is 
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the module orientation shown in figure 6. This amount and orientation of the modules 
gives shading losses of 0.468 %. 
 

 
Figure 6: Shows the suitable roofs covered with modules in a horizontal orientation 

seen with a perspective from north. 

5.2 PV system design (module and inverter) 
The finished design consists of 1870 modules, 8 inverters and no battery added to the 
system. This number of modules and inverters will give an estimated annual power 
production of 462 272 kWh. This gives a self-consumption of 53 % and a self-
sufficiency of 36 %. The total cost for the whole system battery excluded will be 5 179 
100 SEK.  
 
Table 5: Represent how the total amount of modules for each subarray is organized in 

the system.  

 Subarray 1 Subarray 2 Subarray 3 

Direction South South-West South-East 

Tot. number of modules 374 816 680 

Modules per string 17 17 17 

Strings in parallel 22 48 40 

Tilt (degrees) 14 10 10 

Degrees from due north  200 280 100 
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In the designed system 8 inverters in total of the chosen type were considered the 
optimal option. To meet the specifications of the inverters 17 modules were connected 
in series in each subarray. The number of modules that were connected in parallel in 
each subarray was chosen to meet the limitations in space on the roofs. The values, 
number of modules in parallel and series, is presented in Table 5. 

5.3 Battery storage  
The day that is used for the upper limit of the battery power was the 13th of May since 
it was one of the days with the highest difference between load and PV power. A plot of 
the load and power the 13th of May as shown figure 7 below. The bank power that is set 
as a starting point is given from the plot; this value is 300 kW. 
 

 
Figure 7: The upper graph represents the DC power from the PV system on the 13th of 
May. The lower graph represents the electricity load in the building the 13th of May. 

5.3.1 Sensitivity analysis 
The first graph, figure 8, shows the relation between the NPV and the capacity of the 
battery. It can be seen that either no battery or a battery with a capacity of maximum 
183 kWh gives a positive NPV since that is the value of the intersection (Appendix A). 
Therefore, it is not feasible to have a battery bigger than 183 kWh. The relation between 
LCOE and the capacity of the battery is linear and rises from 0.99 SEK/kWh without a 
battery, to approximately 1.13 SEK/kWh with a battery of a capacity of 183 kWh which 
is represented in figure 8.  
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Figure 8: Show the relation between battery capacity and the two economic parameters 

NPV and LCOE. 
 

When there is no battery added to the system the self-consumption is 53 % but if a 
battery is added, the self-consumption increases. However, the self-consumption would 
only increase with approximately three percentage if a battery of 183 kWh would be 
added to the PV system as shown in figure 9. It is almost the same result for the self-
sufficiency as for the self-consumption. When no battery is added to the system the self-
sufficiency is 36 % and will only increase to approximately 38 % when a battery a 
capacity of 183 kWh as shown in figure 9.  

 
 

 
Figure 9: Show the relation of the self-consumption and self-sufficiency according to 

the battery capacity.  
 
The NPV is positive for a capacity range from 0 to 183 kWh. Since the NPV constantly 
decreases for the given range of sizes for the battery, it is most profitable to not include 
a battery storage when analysing over a period of 25 years. A battery storage would 
however increase the self-consumption and the self-sufficiency, but it is small changes 
relative to the costs. The data for figure 8 and 9 can be found in appendix A. 
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5.4 Electric yield 
Some parts of the year the PV system will be able to cover the consumption of the 
building and even provide excess energy. As seen in figure 10 it is mainly during the 
summer months that the PV system produces the most energy. On the other hand, the 
demand is at lowest during summer when the school is closed, see figure 10. In the 
months during winter the PV system will not be able to meet the demand.  
 

 
Figure 10: Represent the production from the PV system and the consumption of the 

building over a year per month.  
 
When a battery with a capacity of 183 kWh is added to the system it will deliver a 
relatively small amount of the total energy to the load, which is shown in figure 11. The 
battery will also be able to store energy during summer but nothing during the winter.  
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Figure 11: Represent the production from the PV system, the consumption of the 

building and the energy from the battery to the load over a year per month. The battery 
has a capacity of 183 kWh. 

5.5 Economic aspects 
The economic aspects of the system are presented below in Table 6. This system is 
without a battery storage. 
 

Table 6: Values of the different economic aspects of the PV system without an 
integrated battery storage.  

Levelized COE (nominal) 1.124 SEK/kWh 

Levelized COE (real) 0.992 SEK/kWh 

Electricity bill without system (year 1) 958 881 SEK 

Electricity bill with system (year 1) 448 096 SEK  

Net savings with system (year 1) 510 775 SEK 

Net present value 826 784 SEK 

Simple payback period 12.5 years 

Discounted payback period 18.8 years 

Net capital cost 5 179 100 SEK 
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When a battery with a capacity of 183 kWh is added to the PV system, the economic 
parameters changes according to Table 7.  
 

Table 7: Values of the different economic aspects of the PV system with an integrated 
battery storage with a capacity of 183 kWh.  

Levelized COE (nominal) 1.267 SEK/kWh 

Levelized COE (real) 1.118 SEK/kWh 

Electricity bill without system (year 1) 958 881 SEK 

Electricity bill with system (year 1) 446 101 SEK  

Net savings with system (year 1) 512 781 SEK 

Net present value 2863 SEK 

Simple payback period 14.9 years 

Discounted payback period 24.1 years 

Net capital cost 5 844 211 SEK 

 
The system that were chosen to be the optimal one was the one with the battery 
excluded. This is due to the fact that the self-consumption and the self-sufficiency only 
marginally increases with the 183 kWh battery while the NPV significantly decreases. 
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6. Discussion 
The results of this study clearly show that it would be economically feasible for 
Skolfastigheter to install the PV system. It is also indicated in the result section that it 
would be advantageous to install a battery but not with a capacity bigger than 183 kWh. 
This report proposes an optimal design of the planned system. As regards, the scope of 
this study to design the optimal PV system under reasonable condition, such as 
commercially available PV modules and inverters. The assumptions that were made 
during the design of the optimal system will be more closely discussed and justified 
below.  
 
The module type used in the design were decided without a comparative analysis of 
various poly-, mono-crystalline or thin-film modules. The decision of module type was 
therefore taken based on the availability, cost and efficiency. The 320 Wp JinkoSolar 
module were chosen accordingly. This is something that should be emphasized, that the 
proposed optimal system is with a 320 Wp module and a system with a module that 
produces a higher energy yield would produce more energy. It would however also cost 
more if the module would have a higher Wp.  
 
A similar reasoning as with the module type can be used to justify the fact that different 
inverter brands was not examined. The inverter used is of a common brand and can be 
seen as a standard type. The model includes a USD/Wp price for the inverters. This 
price will change once the size and the maximum AC output, of the total inverter bank, 
is altered. Surely it was possible to have different sizes, but the smaller the inverter was, 
the more it takes and vice versa. It eventually came down to a matter of taste when it 
was decided between different potential inverters that shared the same voltage capacity.  
 
Another assumption was made when the minimum solar irradiation threshold on the 
roofs were chosen. The roofs that fell under this limit was mainly facing north or 
directly covered by a structure. These types of roofs are generally never chosen to 
install modules on, and it is therefore reasonable not to choose these roofs. It would 
theoretically be possible to cover all the roofs and thereby increase the production of 
energy, but this would not be cost-effective. 
 
Adding a battery would increase the self-consumption for all given capacities, but this 
increase is marginal relative to the increased cost of the system. By adding a battery 
with a capacity of 183 kWh or bigger it would not be a profitable PV system since this 
gave a negative NPV. Batteries are nowadays very expensive and does not have that 
long lifetime, in most cases between 5 to 10 years. The designed system is very big, and 
most PV systems has a lifetime of maximum 25 years. That means that the battery has 
to be replaced and least once, maybe twice, which will be a big expense. If the cost 
would decrease and the lifetime increase, then it could be profitable to add a battery in 
the future. However, the sensitivity analysis showed that it would be most profitable, 
according to the NPV, to not install a battery storage in this case, no matter size.  



 32 

 
Although, a battery could lower the stress on the grid by both using less energy and also 
by consuming in low load times. For the scope of this study the battery was only 
evaluated under the condition that it could be charged by the system and not by the grid. 
This was done to get a clear overview of the self-consumption and self-sufficiency. In 
following studies, it would be interesting to evaluate the battery under various 
conditions. Simulating the integrated battery model with different dispatch- and 
charging models. If the battery for example were able to be charged from the grid, it 
could potentially lower the stress of the grid, by being charged during times of low load. 
This would probably make the biggest difference during the winter, since a battery that 
is only charged from the system is ineffective that time of the year. A related potential 
benefit and future research subject of an integrated battery storage is the use of it as 
emergency power. The storage could act as a backup power plant when the grid 
sufferers high stress, stabilizing the frequency of the grid.  
 
It is not only the capacity of the battery that affects the NPV. It should be acknowledged 
that the NPV highly depends on the discount rate. A lower discount rate would increase 
the NPV and vice versa. Even small changes in the discount rate affects the profitability 
of the system drastically. The reason behind this is the relatively long timespan of the 
investment. Small changes in how profitable the investment needs to be each year will, 
over a period of 25 years, accumulate and radically change the total profitability, the 
NPV, of the PV system. 
 
Even though the model includes most economic aspects of the PV system, more could 
be taken into account. This does not say that the model is bad and that the results of this 
study are unreliable. What is meant to be said is that any model can be elaborated, and 
thereby produce even more reliable results. The economic aspects that were excluded 
should however be addressed. Whilst inflation was included in the model, other 
economic aspects that affect the tendency of prices, was not. Changes in electricity 
prices over the analyzed period was, for example, not included in the model. Variations 
in the price will undoubtedly affect the profitability of the system. A steadily increasing 
electricity price would for example make the system more valuable, as every kWh not 
consumed from the grid saves more money. 
 
Another economic aspect that is not included in the model is the future of the electricity 
certificate system. The price of a certificate is only based on current values and just like 
the price of electricity, a future increase or decrease of the price is excluded from the 
model. The variance in the obligation to possess a certain quota of certificates is also not 
included in the model. Since it is scheduled that the certificate system will be phased out 
by 2045, it would be reasonable to think that the earnings from this source will decrease 
at the end of the PV system’s lifetime.  
 
Since the purpose of this study was to design an optimal PV system under the criteria 
that it should be maximized in size. That every suitable part of the roof should have 
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modules installed on it. To leave out areas that were considered suitable were therefore 
not an option in the design. Considering that the energy tax on self-produced electricity 
can be deducted up to a certain limit, 255 kWp installed, it is plausible that a system 
with an installed Wp that subceeds this limit could be more economically profitable.  
 
The above-mentioned aspects could be included in future research. Investigating 
whether or not a smaller system would be more profitable and to incorporate the 
economic tendencies that were not accounted for. Other module- and battery types 
would also be interesting to evaluate. It would also be interesting to examine the 
potential of building integrated photovoltaics. During the process of evaluating the 
battery storage only one battery type was tested. In SAM there are three different 
battery types. A further study could include a more detailed investigation on these three 
types and an even more elaborative study could investigate other storage options, apart 
from batteries. Combining a battery storage with other techniques, that were not 
examined in this study, could increase the profitability of the entire system. An 
improved demand side management could for example increase the self-consumption 
and self-sufficiency of the system.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 34 

7. Conclusion 
As regards the shading analysis of each roof, the optimal layout is to put all modules 
with horizontal orientation to get the largest number of modules. The design contains 
1870 modules with 320 Wp each, which give a total Wp of 598 kW DC. Eight inverters 
with maximum AC capacity of 62.5 kW where included in the design, giving a total AC 
capacity of 500 kW. The DC-to-AC ratio of the designed system is thereby 1.2.  
 
The sensitivity analysis proves that it would not be a profitable investment to include a 
battery storage in the system. As the capacity of the battery increased the NPV and 
LCOE showed less fruitful values. The self-consumption and self-sufficiency did 
however increase with 8 and 5.5 percentages compared to the system without a battery 
storage, when the capacity was increased to 840 kWh. This were however not enough to 
make it more profitable to include a battery than to exclude it. The NPV showed 
positive values up to a battery capacity of 183 kWh making it the limit of feasibility for 
the system if a battery where to be included.  
 
This study suggest that the optimal system excludes a battery storage. The optimal 
system will be able to produce 457 MWh AC during the first year. The NPV of this 
system is 826 TSEK and the LCOE is 0.992 SEK/kWh and the total net capital cost for 
the whole system is 5 179 TSEK.  
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Appendix A 
This table of the data is used in figure 8 and figure 9.  
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Appendix B 
SAM datasheet of the model. 
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Appendix C 
MATLAB code of the economic calculations. 
 

 

 
 


