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1. Introduction  

This section contains the project’s background, purpose, objective, methodology, scope 

of purpose and limitations.  

 

The concentration of carbon dioxide in the atmosphere is now the highest it has ever 

been during the past 400,000 years. During ice ages and the warmer periods between 

two ice ages, the concentration has varied from around 200 parts per million (ppm) to 

about 280 ppm. The concentration was quite stable during many millenniums but during 

the 20th and 21st centuries, the concentration has rapidly increased. In year 1960, the 

concentration had risen to values up around 315 ppm and just half a century later the 

concentration was over 400 ppm [1]. 

 

The rising value of carbon dioxide in the atmosphere is largely caused by the increasing 

usage of fossil fuels [2]. It is clear that something has to change in our behaviour for the 

carbon dioxide concentration to start decreasing. Renewable energy sources will play a 

key part in making this happen. In Sweden, renewable energy sources already play a 

vital role in the general electricity production, with especially hydropower being 

implemented to a large part. Hydropower stands for about 47% of the total energy 

production in Sweden [3]. Solar power however is still in its early stages of 

development and has presumably not been fully optimized yet, which might make it one 

of the most interesting renewable energy sources for the future [4]. 

 

Solar power has great potential as a renewable energy source all over the globe [5, p. 

13]. Among the main advantages of solar power is that the photovoltaic (PV) panels can 

be installed on rooftops of already existing buildings and therefore there is no need for 

space to be set aside for solar power plants. The PV systems are also getting popular; 

different companies as well as private households install the systems. The global market 

for PV is also rapidly increasing; in fact the growth in this market, both percentage wise 

and in absolute numbers, is the largest of any of the renewable energy markets [6, p. 20; 

p. 26; p. 39]. The cost of PV systems is also decreasing substantially, this together with 

the fact that the market is growing quickly are aspects which could hint of a bright 

future [4].  

 

Solar power is an intermittent and unpredictable power source [7, p. i]. A solar cell only 

produces electricity during daytime which makes it impossible to rely only on a local 

PV system’s electricity production. During some time of the days, the consumption of 

energy might be lower than the supply which gives rise to the need of energy storage. 

The renewable energy sector is getting scalable and the Swedish government have 

introduced deductions for solar panel installations [8]. As a consequence of an expanded 

solar power sector, the demand for energy storage will probably increase and more 

households and companies may start to invest their money in both PV systems and 

Energy Storage Systems (ESS).  
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Skolfastigheter is a company that owns and manages most of Uppsala municipal 

educational facilities, including kindergartens, primary schools and secondary schools. 

At some of these facilities they have in recent years installed solar panels, which is 

where their interest in energy storage origins from. This thesis is a case study of 

Valsätraskolan which is one of the school´s with an already existing PV system in place. 

The thesis aims to examine the most beneficial way to store electricity from PV at 

Valsätraskolan. Calculations of when and at what cost an investment in energy storage 

is profitable are also going to be conducted. 

1.1 Aim of the study 

The overall aim of this project is to do a quantitative analysis examining the most 

beneficial way to store electricity from PV. The scope of the project is to examine the 

economic benefits of an ESS connected to a PV system, more specifically regarding 

investment cost, life span, capacity and pay-off time. By modelling different scenarios 

with different kinds of ESS, an optimization of what kind of ESS as well as when it gets 

profitable will be evaluated. The study object is going to be Valsätraskolan, a school in 

south western Uppsala, owned and managed by Skolfastigheter. Two cases will be 

evaluated, the first one being the existing PV system and the second case concerns an 

extended PV system. 

1.2 Research questions 

The objective of this report is to answer the following questions: 

 

▪ Which Energy Storage Systems exist as of today? 

 

▪ What are the advantages and disadvantages with these systems? 

 

▪ Is there any preferable Energy Storage System regarding investment cost, life 

span, capacity and pay-off time to recommend for the case study object? 

The long term objective is to provide a deeper understanding of investing in energy 

storage and when it is profitable. The report will also provide support for 

Skolfastigheter in the future to design complete packages with solar panels and energy 

storage. 

1.3 Methodology 

This section is a short walkthrough of the methodology used in this thesis. This includes 

how the information has been collected and used together with an explanation of which 

program the information has been implemented into.  
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Literature 

For collection of enough information for this project, several reports and articles have 

been used. For further information, a complete list of all used literature is found in the 

reference list.  

 

Interviews 

During this project, interviews have been conducted. Meetings with Emma Ytterström 

at STUNS have given an introduction to the project. An interview has been held with 

Micael Östlund, technical property manager at Skolfastigheter. He further explained the 

purpose of the project and sent valuable information regarding installed PV at 

Valsätraskolan. Also, a telephone interview with the vice principal of Valsätraskolan, 

Lena Skans, was held in order to get information about how Valsätraskolan works with 

sustainability. 

 

Data 

Data regarding electricity production and consumption, the total roof area and occupied 

roof area by PV was provided by Östlund. 

 

Simulations 

In order to give a reasonable suggestion of storage, several simulations have been made 

in the software Hybrid Optimization of Multiple Energy Resources Pro (HOMER Pro). 

Simulations in HOMER Pro make it possible to compare different solutions of battery 

storage by using different components (PV, Converters, Batteries and Electric Loads) 

and combining them to compare the effect of different setups. 

 

Source of errors 

All sources, information and interviews have been critically reviewed. The interview 

with Östlund was recorded to get the possibility to playback and review the dialogues 

afterwards. At gatherings, as far as possible all group members have participated and 

notes have been taken. As a result, the likeliness of misunderstandings and faulted 

information has been decreased.  

1.4 Limitations  

In this study there are a few limitations. The PV system used by Skolfastigheter can not 

be exchanged for a different system. The research object is a school and the results 

might therefore not be representative of a regular building or an industry facility. 

Available data concerning the school’s consumption is limited to the year 2015. 

Skolfastigheter has also a set budget of 200,000 SEK for the implementation of an 

Energy Storage System (ESS). There are also laws which limit the project, for example 

“Koncessionsplikten” which states that it is illegal to transport electricity from one 

building to another separate building [9].  
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1.5 Report Outline 

The report starts with a background section where information relevant to the project 

will be presented. This includes information surrounding different ESS, specific data 

and information regarding the study object Valsätraskolan. The section will also to 

some extent cover the laws concerning energy storage. 

 

After the background section follows a description of the methodology used in the 

report where the model used for the calculations is explained as well as motivated. 

Furthermore, how the data used in the report were collected is also presented. After the 

methodology section, the results of the project are presented. The results are then 

discussed in the following discussion section and then lastly the report is concluded 

with a conclusion chapter.  

2. Background 

In this section existing information surrounding energy storage, PV systems and 

specific information concerning the study object are presented.  

2.1 Classification of Energy Storage Systems 

This section aims to provide an overview of the different ESS and their respective 

techniques, including a brief description of the system in question and a few advantages 

and disadvantages. A general definition of an energy storage is a system that absorbs 

one kind of energy and then releases it later. The focus in this report will be on 

absorbing electrical energy [10, p. 13]. 

 

The most commonly used way of differentiating ESS is by the form of energy used. 

This leads to five different types of storage systems; chemical, mechanical, thermal, 

electrical and electrochemical [11, p. 17], [12, p. 21], [13]. 

2.1.1 Chemical 

Chemical energy storage can be explained as an electric energy that is used to create 

fuel which can be burned in power plants when there is need for more energy. The most 

commonly used fuels are Synthetic Natural Gas (SNG), for example methane, and to 

some degree hydrogen [10, p.19]. SNG and hydrogen are consequently two sorts of 

secondary energy carriers. The transfer of electrical energy to chemical energy happens 

via electrolysis of water (the oxygen and hydrogen are separated with the help of 

electricity), which leads to a production of hydrogen. If the process is extended an 

additional step and the hydrogen reacts with carbon dioxide, methane will be produced 

[11, p. 17; p. 26].  
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Oxidization is then used as a means of extracting the energy and transferring it to 

electricity. Since the gases can be used in steam and gas turbines, gas motors, fuel cells 

and combined cycles of steam and gas turbines, these techniques are widely classified as 

chemical ESS [11, p. 17; p. 26].  

 

The main advantages of using chemical storage systems are that the products, meaning 

the gases produced (hydrogen and methane), have a high energy density compared to 

other technologies and they do not require a new storage since they can be inserted into 

the already existing natural gas storages [10, p. 19]. Chemical energy storage also 

allows storage of large quantities of energy, meaning up to about 1 TWh [11, p. 26]. 

The energy can also be stored a very long time and can consequently work as a seasonal 

storage [11, p. 26], [10, p. 20].  

 

One disadvantage with chemical storage is that the efficiency of SNG and hydrogen is 

low when compared to other systems such as Pumped Hydro Storage (PHS) or the use 

of Lithium-ion (Li-ion) batteries [11, p. 25]. The energy efficiency of electricity to gas 

is around 30-45% for hydrogen [10, p. 20]. For SNG the efficiency, <35%, is a bit lower 

than the efficiency for hydrogen. The total transport length for the different types of 

gases to the different power plants is recommended be kept at a minimum which is a 

disadvantage [11, p. 27].  

2.1.2 Mechanical 

When talking about mechanical ESS there are three main alternatives; PHS, 

Compressed Air Energy Storage (CAES) and Flywheel Energy Storage (FES) [11, p. 

18].  

 

PHS is the most commonly used ESS; it uses two water reservoirs at different heights 

and pumps water up to the higher reservoir when there is low energy demand using 

electricity. When there is high demand, water from the higher reservoir flows through a 

turbine, generating electricity, to the lower reservoir. It is very similar to a traditional 

hydro power plant [12]. The main advantages of PHS are the lifetime of the system 

which is very long and the stability of it, meaning that the same body of water can be 

used indefinitely. The disadvantages are the large area of land the system needs and the 

topographical dependency [11, p. 18].  

 

CAES is a technique that compresses air using electricity and stores it. When energy is 

needed, the compressed air is first mixed with natural gas and then burned (and 

expanded) in a gas turbine to produce electricity. The advantage of the system is its 

large capacity and the disadvantage is its low efficiency [11, p. 19].  

 

FES stores rotational energy in an accelerated rotor. The flywheel is built up by a 

spinning mass and a motor, the energy stored is increased when the rotation speed is 

increased via the motor and energy is released when the rotational speed is reduced 
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[12]. There are some advantages with FES including high power density, little 

maintenance, long life and cycle stability. However, the flywheels suffer from a high 

self-discharge because of air resistance [11, p. 20] The initial capital cost is also 

substantially higher than that for a battery [14], [15].  

2.1.3 Thermal 

Thermal ESS stores excess heat in a repository, the heat is then used for space heating, 

hot water production and electricity generation [11, p. 29]. Solar thermal power plants 

uses this technique, they store their excess solar energy in the form of molten salt which 

if needed can be used to generate steam via heat transfer which will drive a turbine, 

generating electricity [12]. The main disadvantage is a relatively low efficiency of 

around 30% [10, p. 21]. Thermal ESS has a large capacity so it can store substantial 

amounts of energy, which is an advantage [10, p. 24].  

2.1.4 Electrical 

The thing that defines electrical ESS and separates it from other ESS is the fact that they 

store the electrical energy as electricity [10, p. 21]. There are two technologies doing 

this; Superconducting Magnetic Energy Storage (SMES) and the use of Double-Layer 

Capacitors (DLC) [11, p. 27].  

 

The energy in SMES is stored in a magnetic field created by a direct current flowing 

through a coil made of superconducting material. The coil is cooled so that it is kept 

below its critical temperature for superconductivity. One main advantage is that once 

the energy is stored, it will not degenerate. The main parts of SMES are, besides the 

coil, a cooled refrigeration system and power conditioning equipment [16, p. 12]. Other 

advantages are a high efficiency (85-90%) and a very quick response time. The 

refrigeration system demands a lot of energy and is crucial for the SMES to work 

properly so it is not ideal to store energy for a long time using SMES [11, p. 28]. 

Another disadvantage of SMES systems is the high initial cost. SMES systems also 

need to be kept under constant low pressure and temperature to work properly [17].  

 

A DLC stores the energy in an electric field between the two plates that make up a 

capacitor. The advantages of using this system are the high reliability, durability, 

lifetime and the fact that it requires no maintenance. They can also charge and discharge 

quickly which makes DLC suited for applications where there are a lot of short 

charge/discharge cycles [11, p. 28]. Among the disadvantages are besides practical 

issues such as maximum voltage tolerance also a few safety concerns like fire, electrical 

and chemical hazards [10, p. 22]. 
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2.1.5 Electrochemical 

Electrochemical energy storage consists of two subgroups of batteries; flow and 

secondary batteries, both rechargeable. Secondary batteries contain Lead Acid (LA), 

Nickel Cadmium (NiCd), Nickel Metal Hydride (NiMH), Li-ion, Metal air (Me-air), 

Sodium Sulphur (NaS) and Sodium Nickel Chloride (NaNiCl) batteries. Flow batteries 

include Redox Flow Batteries (RFB) and Hybrid Flow Batteries (HFB) [11, p. 20]. 

Another subgroup of batteries is primary batteries. Since these batteries are not 

rechargeable, they are not further evaluated [18, p. 2].    

 

Flow batteries keep the electrolyte in a tank outside the cells. To charge or discharge 

these kinds of batteries, the electrolyte is pumped back and forth between the just 

mentioned electrolyte tank and the cells. In advantage, besides the long cycle life, the 

ability to remove a flow battery replacing it with another one is high. In addition, an 

increasing amount of electrolyte gives the ability to increase the battery’s time to 

decrease its charge. RFB and HFB are the main divisions, where Vanadium Redox 

Battery (VRB) is a type of RFB and Zinc Bromine Batteries (ZBB) is a type of HFB 

[16, p. 11]. VRB is the most known and on the market available flow battery today, 

followed by the ZBB [7, p. 38]. 

 

The tanks’ size indicates its capacity of energy within the battery and the battery’s 

power is known by knowing the reaction unit. The main reasons to use flow batteries 

instead of e.g. secondary batteries are its advantages in scaling of energy and power and 

they have comparatively great possibilities for a low cost. However, there are challenges 

as well such as a high production cost if the cell stacks are not small enough. Flow 

batteries also have low energy density [7, p. 38].  

 

LA is a well-known type of battery and is the most commonly used battery around the 

world. It was known to the wide audience in year 1890 and is used in e.g. cars as a 

starter battery and in back-up power systems. Furthermore, starter batteries are an 

economical preferable alternative above stationary ones. The batteries’ life time is six to 

15 years, they can recycle 1500 times and the cycles’ efficiency levels are 80-90%. LA 

is known as an economical and well-researched option. LA’s advantages are an 

auspicious performance in proportion to the economical aspect, preferable to recycle 

and uncomplicated to charge and recharge. Although, there are some disadvantages as 

well; all rated capacity can not be used when a battery is discharged and the lead in the 

batteries is a dangerous material [11, pp. 20-21].  

 

In comparison to LA, NiCd and NiMH batteries have a higher energy density, a higher 

number of recycles and a power density that surpasses LA. Furthermore, NiCd and 

NiMH can overcome a cold of -20°C to -40°C, which no other battery type can. In fact, 

NiMH batteries were at the beginning produced to outrival NiCd and have the same 

advantages as NiCd except for a lower maximal nominal capacity and a greater energy 

density. In addition, NiMH is more secure than Li-ion and cost as much [11, p. 21].  
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Li-ion batteries are as of today the most used and significant storage battery for e.g. 

electric cars and mobile phones. One of these batteries’ advantages is having a higher 

voltage level than NiCd and NiMH batteries. When produced in a large scale, the great 

production implies a lower cost per battery. The efficiency is on its way to 100% (95-

98%) and the availability for standard cells (5000 full cycles) is high although it is 

possible to obtain cells with more cycles as well. Li-ion batteries also have a short 

discharge time [11, pp. 21-22].  

 

Besides the many advantages, there are problems in producing large Li-ion batteries due 

to the economical aspect. As a result of a different way of wrapping and internal circuits 

that protect from overcharging, these batteries are fairly expensive [11, pp. 21-22]. 

 

Another problem with Li-ion batteries is the important safety aspect. To prevent thermal 

runaway, the batteries are supervised to prevent over-charged or over-discharged 

batteries. Although, these batteries have not reached their top in security and material 

and thus further research is ongoing [11, pp. 21-22]. 

 

The Me-air battery is still developing, resulting in the fact that only zinc air batteries are 

fully practically and technically realizable. However, lithium air batteries have the 

highest potential considering energy since the amount of kWh/kg is approximately 100 

times greater than any other battery. A disadvantage is that the lithium is too disposed to 

react with air, causing potentially dangerous fires. Despite the fire hazard, the 

combination of metal and air can potentially deliver a satisfying economical and 

specific energy-filled alternative. However, a sufficiently good option has not been 

presented yet [11, p. 22].  

 

NaS batteries are especially structured for large clients with a high consumption and is 

known for its high temperature. The size of the module is around 50 kW and 300-360 

kWh. By combining 20 modules, the capacity adds up to 1 MW and 6-7.2 MWh, 

making one battery. The reaction time is quick and the batteries fulfill the demands to 

stabilize and sync with the grid. The number of life cycles is about 4500 and the 

batteries discharge in 6-7.2 hours. The primary disadvantage is that the battery uses its 

own energy to maintain the required temperature, leading to energy losses [11, p. 23]. 

 

NaS and NaNiCl are comparatively similar to each other. NaNiCl’s working 

temperature is 270°C with the difference of NiCl instead of S. The safety aspect is a 

benefit for NaNiCl compared to NaS, and these batteries are already installed in several 

electric cars. However, the research areas are not fully discovered yet [11, pp. 23-24]. 
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  2.1.5.1 Tesla Powerwall 2 

 

The Tesla Powerwall 2 is a type of Li-ion battery [19]. The main features of the 

Powerwall 2 is a 100% depth of discharge and a round-trip efficiency of around 90%. 

The power output is set at 7 kW peak and 5 kW continuous. Depth of discharge means 

the amount of electricity that can be discharged from the battery. Round-trip efficiency 

is synonym to the proportion of electrical input versus electrical output carried out. One 

Powerwall 2 has an energy density of 14 kWh but it is possible to combine up to ten 

Powerwalls to achieve larger capacity. The Tesla Powerwall 2 will begin retailing in 

Sweden in the summer of 2017 [20].  

 

Tesla’s Powerwall 2 is substantially the best alternative for installing when considering 

the economical aspect. For a more in depth look at the prices for the Tesla Powerwall 2 

[20], two other types of Li-ion batteries [21], [22] and calculations supporting this 

claim, see Appendix A. In addition, the installations are comparatively easy to do and 

the batteries do not require any service [20].  

 

Another advantage with the Tesla Powerwall 2 Li-ion battery, and all Li-ion batteries in 

general, is the price development. For a number of years, the average cost per kWh has 

decreased substantially and the prognoses for the coming years suggest that the cost will 

continue to fall. Figure 1 shows how the cost is expected to develop until 2025 [23]. 

 

 
Figure 1. Historical, current and projected battery prices for Li-ion batteries with aggressive 

and conservative projections [23]. 
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One disadvantage with the Tesla Powerwall 2 is its operating temperature which goes 

between -20°C to 50°C. This means that for the battery to work as specified, the 

temperature must not go below -20°C or above 50°C [24]. 

2.2 Photovoltaics 

The sun is a fusion reactor with a life expectancy of around 4.5 x 109 years [25, p. 9]. 

Because of this, the sun provides the earth with energy constantly. To be able to convert 

energy into electricity PV cells are used, which are the basic components in PV 

systems. A PV cell consists in most cases of silicon, a semiconductor [26, pp. 13-14]. 

The energy that is converted into electricity is at its strongest in the middle of the day. 

PV cells produce electricity at an atomic level. Some materials have the property to 

absorb photons of light and release electrons. When free electrons are captured, an 

electric current results in electric energy [27].  

 

When light falls on the cells, an electric field is created which results in that a voltage of 

approximately 0.5 V is created. The current varies depending on solar radiation and cell 

area and lies between 0 to 10 A. In order to achieve a useable voltage around 20 to 50 

V, cells are connected into series in a solar module [26, p. 13]. 

 

The power of a solar module is conducted in accordance to Standard Test Conditions 

(STC) [26, p. 14]. This means that the rated power on a PV module is the power the 

cells produce in the following conditions: 

 

▪ Full Solar Radiation of 1000 W/m2 

▪ Temperature of 25°C 

▪ Standard light spectrum of Air Mass (AM) 1.5 

After being tested according to the STC above, the rated power of the PV module is 

possible to determine. All PV systems produce direct current that is converted into 

alternating current using a converter [26, p. 14], [27].    

2.3 Energy Storage - Reasons to have it 

In this section, it will be presented why it is necessary to install energy storage when 

having intermittent power supply. The main applications of interest for energy storage 

for end-users are [28], [29, p. 2]: 

 

▪ Cost Management - Electric Energy time shift 

▪ Demand Charge Management 

▪ Electric Reliability 

▪ Electric Power Quality 
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2.3.1 Cost Management - Electric Energy Time Shift 

One application with energy storage is the ability to lower the energy costs. When 

connected to the grid, one can use energy from the grid when the grid price is low and 

charge up the energy storage. When the grid price goes up, the energy storage may be 

discharged and less electricity from the grid needs to be used. A PV system will also 

contribute to a lower energy cost since the produced electricity does not need to be 

bought [28]. 

2.3.2 Demand Charge Management 

A storage application for end-users is to reduce or avoid demand charges. This is mostly 

relevant for businesses or organizations that have power requirements that exceed 50 to 

100 kW. Power related demand charges are based on maximum power draw during 

specific demand periods. To reduce monthly demand charges, batteries charge up 

during times of low demand and discharge during peak times when demand levels are 

set [28]. 

2.3.3 Electric Reliability 

A common use of energy storage is to ensure electricity services without interruptions. 

In the event of power outage lasting more than a few seconds, the energy storage 

provides enough energy to ride this through [28].  

 

The fact that production and consumption seldom coincide during the day is often a 

problem when having an intermittent power source. Buildings might produce electricity 

but if it is not used at the exact same moment as it is produced, it is fed into the grid. 

This is a reason for having energy storage; when the electricity produced is not taken 

advantage of at the moment, it is stored for later. Since the electricity is stored, it is 

possible to use it whenever wanting to [28]. 

2.3.4 Electric Power Quality 

The electric Power Quality (PQ) is used to protect on-site loads from effects related to 

poor PQ from the grid. Poor PQ is more persuasive, intermittent and occur over short 

duration, an example of poor PQ is voltage variation. Energy storages are also used in 

order to equalize power [28]. When having an intermittent power source, fluctuations in 

electricity production are common. The reason for this is because intermittent power 

sources generate electricity from sources that do not provide a constant supply of energy 

[30, p. 1]. Using a battery to store energy, the supply of energy can be more constant 

because the battery can charge when the production from the intermittent source is 

larger than the demand and discharge when lower [28]. 
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2.4 Study object - Valsätraskolan 

Skolfastigheter was formed the 1st of January 2013 and is a company owned by 

Uppsala Municipality. A total of about 140 properties across the municipality, which is 

equivalent to approximately 410,000 square meters, are managed by Skolfastigheter. 

Seven of these facilities have PV installed [31]. Skolfastigheter find it important to 

work with sustainable development by for example installing PV systems even though it 

is not economically profitable. This is done in order to show and contribute to a 

sustainable society. The four most important aspects of an ESS according to Östlund at 

Skolfastigheter are; investment cost, life span, capacity and pay-off time [32]. 

 

One of the schools with a PV system in place is Valsätraskolan, a representative school 

according to Östlund. It is representative because it has PV system installed and has a 

size that represents a standard school. Grid price for the school and their sellback price 

can be found in Table 1 [32]. 

 

Table 1. Overview of Valsätraskolan’s grid price and sellback price [32].  

 
 

Pupils in pre-school class, first, second, sixth, seventh, eighth and ninth grade goes to 

Valsätraskolan. An ordinary school day can start at 7am and ends at 6pm at its latest and 

the pupils get food cooked at the school. According to assistant principal Lena Skans, 

Valsätraskolan focuses a lot on teaching their students about the environment and 

sustainable development. For example, during two days a year the school focuses solely 

on the environment and sustainable development. Either the pupils go on field studies to 

companies or companies come to the school to explain the importance of these aspects 

[33]. 

 

As of today, the PV system is not integrated into the education but Skans hopes it is 

going to be. If an ESS would be installed and it could be integrated into the education or 

give the school some sort of economical profit, she is positive to an installation. In the 

pupils’ cloakroom there is a display of the current PV system’s production. This makes 

it possible for the pupils to understand what kind of impact the sun has on electricity 

production [33]. 
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2.4.1 PV System 

As of spring 2017, 260 panels providing 315W each (adding up to about 82 kW 

installed power) are installed on Valsätraskolans roof [34]. An overview of the current 

layout, which from here on is referred to as the first case, of the solar panels on the 

school will be presented in section 4. The second case, which refers to the extended PV 

system, will also be presented in the same section. Information and specific data 

concerning these panels are compiled in Table 2 [35]. A sketch of the current electricity 

system at the school can be seen in Figure 2.  

 

Table 2. Data concerning the PV system at Valsätraskolan [35].  

 

 
 

Figure 2. Current electricity system layout at Valsätraskolan.  
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2.5 Grid Price 

The grid price in Sweden consists of three main parts; “Electricity price”, “Grid fee” 

and “Taxes”. The “Electricity price” is the consumer’s cost of the actual electricity 

used. The cost of delivering/transferring the electricity is included in the “Grid fee” 

[36]. The “Grid fee” contains a subscription fee and an electricity transmission fee. How 

much electricity the consumer wants to use and its location determines the subscription 

fee, and the transmission fee is a charge for the transmission of the electricity from the 

grid to the consumer [37]. “Taxes” include state tax, authority fees, etcetera [36]. 

 

The “Electricity price” will increase in the coming years according to several sources, a 

prognosis for how the price will develop can be found in Appendix B [38]. 

 

2.6 Previous work 

Previous works have also evaluated investing in ESS. In the report “Investment in 

electric energy storage under uncertainty: a real options approach” the authors Bakke et 

al. came to the conclusion that the revenues from ESS do not cover the initial 

investment cost [39]. Similar conclusions are also drawn by Staffell and Rustomji who 

states that ESS is not economically viable yet [40]. 

3. Methodology 

This section contains a description and explanation of the different methods used in this 

report.  

3.1 Choice of ESS 

Out of nine different aspects in battery storage, which can be seen below, Östlund chose 

four to mainly focus on during the study. These four are highlighted in bold in the list 

below.  

 

▪ Investment cost 

▪ Pay-off time 

▪ Capacity 

▪ Life span 

▪ Impact on environment 

▪ Availability 

▪ Maintenance 

▪ Quality 

▪ Safety 
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With Östlund’s opinion considered, these four sections were focused on when choosing 

the optimal energy storage solution. Regarding pay-off time, Östlund preferred a 

maximum of eight years. 

 

In comparison with several other storage possibilities, batteries seem to be the most 

preferable option due to several factors. FES and SMES are disqualified because of the 

economical aspect regarding initial investment cost. The project has a strict pay-off time 

and these two options are too expensive for that aim. In addition, SMES needs a 

complicated support system.  

 

Several options are practically inappropriate for Skolfastigheter to use. This includes 

PHS, SNG, CAES, thermal ESS and DLC. Since Valsätraskolan is a small-scale system, 

neither PHS nor SNG are feasible options. In addition, SNG requires the school to burn 

fuel in power plants and has a low efficiency, this also applies for CAES and thermal 

ESS. DLC is disqualified due to the high risks connected with this technique which is 

not suited for a school. The most suitable choice for this specific case is electrochemical 

ESS.  

 

Among the different batteries that make up the alternatives for electrochemical ESS, Li-

ion batteries seems to be the preferred option. Li-ion batteries have a very high 

efficiency and capacity. In addition, these batteries are already well integrated and 

implemented in several parts of our society and are therefore well researched. Li-ion 

batteries are also more environmentally friendly than LA. The prognosis for battery 

prices also looks bright for Li-ion batteries, see Figure 1. The main disadvantage of Li-

ion batteries is the high cost relative to other batteries such as LA but this difference in 

cost will decrease according to the prognosis in the following years and therefore lose in 

importance.  

 

In the Li-ion category of batteries the best choice in this project, since the economical 

aspect was of great importance to the outsourcer Skolfastigheter, is the Tesla Powerwall 

2. This battery also has a discharge depth of 100% but a disadvantage in only operating 

at 100% in temperatures between -20°C and 50°C, this though will not affect this case 

since there most definitely will not be any excess electricity produced by the PV 

systems when the temperature is below -20°C. Furthermore, temperatures over 50°C 

does not have to be accounted for in this case since the battery is located in Sweden. 

These temperature constraints will not affect the batteries performance if the battery is 

located indoors.  

 

In summary, the ESS system that seems to be the best for this specific case is the Li-ion 

battery Powerwall 2 from Tesla. Therefore, the conducted simulations were done with 

values and data concerning this specific solution. The calculations concerning why the 

Tesla Powerwall 2 Li-ion battery outruns other companies regarding delivering batteries 

at a low cost can be found in Appendix A. The calculations there have been made with 
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the assumption that the installation cost for the Powerwall 2 is the mean cost of the 

different costs Tesla provides on their website. Contact have been made with a Swedish 

company which installs solar panels to see what charge they would take for installation 

of the Powerwall 2, but no response has been received.  

3.2 HOMER Pro 

HOMER Pro is a software used for simulations and optimization of a specific 

energy/electricity system. The model of the system, which is to be examined, is set up. 

The model contained four different parts; The Electric Load (Valsätraskolan), 

Converter, PV system, (which also requires Global Horizontal Irradiance (GHI) data) 

and Battery.  

 

The model setup was then simulated over the course of 25 years to get an adequate base 

of data from which to calculate average values on different parameters. HOMER Pro 

calculates for example operating-, maintenance- and initial capital cost for all different 

scenarios and ranks them according to any of these costs. HOMER Pro simulates the 

entire system life span, for every possible combination of the entered parameters. Every 

PV system size is combined with all the different battery sizes and simulated. HOMER 

Pro examines the results from these simulations and then sorts the different set-ups 

according to the result which is set to be optimized.  

 

An overview of the sources to the values used in the simulation can be found in Table 3. 

A summary of the values on the different parameters in HOMER Pro are compiled in 

Appendix C. The “Data” section of the report contains a more in depth explanation 

regarding the data and how it was received. Several graphs connected with 

consumption, production and solar radiation were plotted using the HOMER Pro 

software, these can be found in Appendix F-K. 

 

Table 3. Overview of simulation data origins. 

 
 

HOMER Pro has been used in several scientific reports and may therefore be regarded 

as a reliable source concerning the simulation data. It is a well-known software that has 

had a prominent role in scientific reports [44], [45]. 
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3.3 Microsoft Excel 

Microsoft Excel is a spreadsheet program developed by Microsoft. Excel is used to 

store and retrieve numbers and calculations as well as graphing tools. The program was 

used in order to summarize, calculate and present data that was provided from 

Vattenfall and HOMER Pro.  

 

Excel was used to make tables from the data that was collected from Vattenfall. It was 

also used in order to make calculations from these and sort out what data that was being 

implemented into HOMER Pro. The values provided by HOMER Pro were also used to 

make calculations in order to gain results and sensitivity analysis. 

3.4 Calculations 

There were two main economical calculations in this report concerning a battery’s pay-

off time. The first one was conducted as following.  

 

Pay-off time:  

 

Excess electricity - A simulation of the school with the current PV system and no 

battery gave a number of how much excess electricity (the electricity produced by the 

PV system minus the school's consumption) the school produced over the course of a 

year.  

 

Overproduction loss - With no battery present, all excess electricity will have to be fed 

into the grid and then bought back when electricity is needed. The loss per over-

produced kWh electricity then becomes the difference between the buy and sell price 

for the school.  

 

Total yearly loss - Multiplying the total produced excess electricity during a year 

[kWh/year] and the overproduction loss [SEK/kWh] gives a yearly total loss 

[SEK/year].  

 

Pay-off time - The initial cost for the battery [SEK] divided by the difference between 

total yearly loss with and without a battery [SEK/year] gives the pay-off time [year] for 

the battery.  

 

The second calculation included prognoses concerning the development of battery 

prices and grid prices. This was conducted as following:  
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Prospected future pay-off times:  

 

Prognoses - Numbers concerning the future prices for Li-ion batteries and grid prices 

were compiled in tables. These numbers were then transformed into percentage values 

of the current prices. Each year had two percentage values connected to it; the 

percentage of the prospected battery price and grid price for that year in comparison to 

the current price.  

 

Extrapolate/interpolate - Since the prognoses only had a few number of measurement 

points, further values for the years that lacked numbers had to be calculated. This was 

achieved through extrapolation and interpolation.  

 

Pay-off time - Once every year had percentage values concerning the developments of 

battery prices and grid prices, the calculations concerning pay-off time at every year 

was conducted the same way as previously.  

3.5 Sensitivity analysis 

A sensitivity analysis on the results will be carried out in order to examine and evaluate 

the stability of the results obtained in the project and the methods used. To achieve this 

the input parameters, more specifically concerning battery- and grid price development, 

will be varied to see their effect on the results. By decreasing and increasing the 

prospected price, two new scenarios regarding the current and the extended PV system 

are prognosticated. These two scenarios will be compared to the initial one in the 

discussion. A sensitivity analysis regarding different combinations of battery price 

factor and grid price factor with regards to the current prices will also be conducted. 

4. Data 

In this section the data used in this study is described and motivated.  

 

In Appendix C, the values on the different parameters in HOMER Pro have been 

compiled together with the source to the values in question. Further down, more 

information concerning these values and how they were gathered can be found.  

 

4.1 Consumption and production, Valsätraskolan load 

Electricity consumption data from the distribution grid operator Vattenfall were used as 

input to HOMER Pro. The program needed to include consumption for all hours in a 

year, 8760 hours, as input. Because 2016 was a leap year, 2015’s values were used so 

HOMER Pro would work out properly. A compiled version of this can be found in 
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Table 4 and Table 5 together with values of PV production for two different systems. 

Further information will be presented in section 4.3 [41].    

 

Through the website, bills including grid price was also presented and used as input in 

HOMER Pro. If Valsätraskolan would produce more electricity than they demand, they 

would sell the excess as electrical certificates. The regulations concerning the 

certificates as well as prices were found at the webpage of “Svensk Kraftmäkling” [46]. 

 

A login to “Sunnyportal” was also provided. “Sunnyportal” presents information from 

the converter - how much energy and power that is being produced, plant overview, 

carbon dioxide avoided, reimbursement as well as average yield expectations [47]. 

 

 

Table 4: Mean Monthly Production/Consumption and difference between Consumption 

and Production per hour with an 82 kW PV system [41]. 
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Table 5: Mean Monthly Production/Consumption and difference between Consumption 

and Production per hour with a 176 kW PV system [41]. 

 

 

4.2 Converter 

The values connected to the converter parameters “Lifetime” and “Efficiency” in 

HOMER Pro were found on a document concerning the installed PV system provided 

by Skolfastigheter [43].  

 

4.3 PV system 

The PV system at Valsätraskolan was installed by PPAM Solkraft [43]. Through 

constructional drawings of the installed PV system, numbers concerning “Panel slope”, 

“Panel azimuth”, number of panels and power provided by one panel were collected. 

The more specific values on “Lifetime”, “Derating factor”, “Temperature effects on 

power”, “Nominal operating cell temperature” and “Efficiency” were collected from 

PPAM:s webpage and their specification of the prospected PV system.  
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4.3.1 Case 1 

The first case that the thesis is going to examine is the existing PV system on 82 kW. 

Figure 3 shows a sketch of Valsätraskolan with this PV system [34]. 

 

 
Figure 3. Sketch over installed PV system at Valsätraskolan. The colours represent 

different sections of PV strings connected in series [33]. 

 

4.3.2 Case 2 

The second case is an extended PV system on 176 kW. Considering that quantity 176 

kW, which also is present Table 5, that value corresponds to the quantity of installed 

power if all preferable roof areas are used. An overview of how this would look can be 

seen in Figure 4. Preferable in this case was defined as roof areas with solar radiation 

over 1000 kWh/m2/year. Figure 5 shows the radiation on the roof and a 3D-sketch of 

the school building.  
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Figure 4. Proposed sketch over the extended PV system.  

 

4.4 Solar map 

Solar map is a concept created and developed by Uppsala Municipality which launched 

2014. The map shows which rooftops in Uppsala that are suitable for PV systems and 

calculations over how much energy these areas could produce in a year. The concept is 

developed in order to aid facility owners and managers who want to install PV systems 

on their roof. Using three different colours, representing different energy classes, it is 

possible to distinguish solar energy potential on roof surfaces [48]. An illustration of 

what the solar map looks like can be seen in Figure 5 below [49]. 
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Figure 5. Solar map over Valsätraskolan and a 3D-picture of the school building in the 

upper left corner. Rooftop segments with yearly solar radiation exceeding 1000 kWh/m2 

were considered suitable for PV panels [49].  

 

4.5 Battery 

The costs of the batteries were implemented in HOMER Pro where a multiplier was 

used to investigate the cost growth when adding batteries. The Powerwall 2 values are 

taken from Tesla’s website. The budget of 200,000 SEK allowed three batteries at most 

since Skolfastigheter do not pay VAT, each with a lifetime throughput of 3000 kWh per 

kWh battery capacity, see Appendix A [32]. The initial state of charge as well as the 

minimum state of charge was set to 0 for the batteries as they are completely unloaded 

at start and have a depth of discharge of 100%. A possible sketch of the school’s layout 

after a battery has been implemented can be found in Figure 6.  
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Figure 6. Proposed electricity system layout at Valsätraskolan with an implemented 

battery. 

 

4.6 Global horizontal irradiance 

A model called STRÅNG provided data concerning the sun's global radiation. 

STRÅNG is developed and financed by the Swedish Radiation Safety Authority 

(Strålsäkerhetsmyndigheten), the Swedish Meteorological and Hydrological Institute 

(SMHI) and the Swedish Environmental Protection Agency (Naturvårdsverket) [42]. 

 

Data concerning the hourly global radiation for a year at the coordinates 59.821252, 

17.629527 (which corresponds to the location of the studied school) was downloaded 

from STRÅNG. The STRÅNG model uses interpolation to calculate the radiation at 

specific coordinates from the actual radiation at SMHI:s weather stations [42].  

5. Results 

In this section, the results obtained in the project will be presented. The intention is to 

enable answering the research questions presented in the introduction section. The 

results will be presented in two different parts. The first part includes general results 

concerning ESS and also with regards to the study object. The second part will include 

the results from the sensitivity analysis. 

5.1 ESS 

In Table 6 below, information about different types of ESS regarding advantages and 

disadvantages are compiled. 
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Table 6. Compiled information about advantages and disadvantages with the ESS examined in this report. 
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5.2 Valsätraskolan 

Figure 7 illustrates the different pay-off times six different sizes of batteries would have 

with the current 82 kW PV system installed at Valsätraskolan. The different batteries’ 

capacities used are 14 kWh, 28 kWh, 42 kWh, 56 kWh, 70 kWh and 84 kWh. The pay-

off times range from 125 years for the 28 kWh battery to approximately 147 years for 

the 84 kWh battery. In this graph, the prognoses concerning price development for 

electricity and batteries have not been taken into account. The costs used in the 

calculation is the present 2017 costs for electricity and batteries.  

 

 
Figure 7. Pay-off time for different capacities of the battery and an 82 kW PV system. 

Note that the Y-axis begins at 110 years. No increase in grid price or decrease in 

battery price is assumed.  

 

Figure 8 showcases almost the same things as the previous figure, Figure 7. The only 

difference is that here the pay-off times have been calculated with the production from 

the possible 176 kW PV system that could be installed at the school. The pay-off times 

here range from approximately 48 years for the 28 kWh and 42 kWh batteries to 

approximately 50.5 years for the 14 kWh battery. As in the previous graph, the 

prognoses concerning price development for electricity and batteries have not been 

taken into account.  
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Figure 8. Pay-off time for different capacity on the battery and a 176 kW PV system. 

Note that the Y-axis begins at 46.5 years. No increase in grid price or decrease in 

battery price is assumed.  

 

Evaluating the previous two graphs concerning pay-off times for different battery sizes 

in the two different cases, the best choice of size is 28 kWh. Therefore, from here on 

this parameter will be kept constant, meaning all further simulations have been done 

with this specific size. Further discussion concerning this can be found in the 

“Discussion” part of the report. See Table 7 for specifications concerning initial cost for 

this battery solution [20].  

 

 

Table 7. The cost for the entire battery package and the parts of it [20].  

 
 

 

Figure 9 presents the potential usage of the 28 kWh Li-ion battery from Tesla during a 

year, given that the installed PV system is the current 82 kW system. The battery’s 

amount of usage is approximately 40 days, in other words approximately 11%, out of 

365 days. The rest of the days, the battery is not needed due to no overproduction. 
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Figure 9. 28 kWh battery usage during a year with an 82 kW PV system.  

 

Figure 10 shows the same as Figure 9 but for the extended PV system case. With a PV 

system of 176 kW the battery’s amount of usage is approximately 106 days, in other 

words 29%, out of 365 days. The rest of the days, the battery is not needed due to no 

overproduction. 

 
Figure 10. 28 kWh battery usage during a year with an 176 kW PV system.  

 

Figure 11 below shows the pay-off time in years for a 28 kWh battery, considering the 

two different dimensions of PV systems. The darker tone illustrates how the pay-off 

time for the battery develops in the coming decades with the current 82 kW PV system 

and the lighter tone shows the same but for the possible 176 kW PV system. The dashed 

line indicates Skolfastigheter’s preferred pay-off time (approximately eight years). In 

the 82 kW case, a pay-off time of eight years will be reached year 2047 and for the 176 
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kW case it will be reached year 2036. In this graph, the prognoses concerning price 

development for electricity and batteries have been considered. 

 

 
 

Figure 11. Development in the upcoming years regarding pay-off time with regards to 

battery- and grid price prognoses for a 28 kWh battery and an 82 kW PV system and a 

176 kW PV system. 

5.3 Sensitivity analysis 

The sensitivity analysis consists of two different scenarios. The first scenario concerns 

when battery prices decrease 2% more each year than the battery prognosis presented in 

Figure 1 in Section 2. Also in the first scenario, the grid price rises 2% more than the 

grid price prognosis each year, see Appendix B. The second scenario deals with as when 

battery prices drop 2% less each year than the battery prognosis and the grid price rises 

2% less than the prognosis each year. The first scenario concerns what will be referred 

to as an optimistic future and scenario two will be referred to as the pessimistic one.  

 

The results from the two scenarios will provide information about as of when it is 

profitable to invest in battery storage concerning pay-off time with two different futures 

scenarios - one optimistic and one pessimistic. 

 

Figure 12 below showcases how the pay-off time for the different future scenarios will 

develop with the 82 kW PV system. Around year 2037, an investment in a battery 

would have a pay-off time of eight years if optimistic numbers are used. This is 10 years 

ahead of the standard 82 kW case. The pessimist does not reach a pay-off time of eight 

years within the time spectrum analysed. 
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Figure 12. Development of pay-off time in the coming years with regards to three cases 

concerning battery- and grid price prognoses for a 28 kWh battery and an 82 kW PV 

system.  

 

Figure 13 below shows the same as the previous Figure 12, but with the 176 kW PV 

system. Like the picture above, the optimistic approach reaches a pay-off time of eight 

years faster than the pessimistic and the standard 176 kW case. Around year 2030, the 

optimistic scenario will reach a pay-off time of eight years, six years before the standard 

prognosis. The pessimistic one reaches an eight year pay-off time in year 2051.  
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Figure 13. Development of pay-off time in the coming years with regards to three cases 

concerning battery- and grid price prognoses for a 28 kWh battery and a 176 kW PV 

system.  

 

Each number in each square in Figure 14 is demonstrating the pay-off times in years for 

different combinations of battery price and grid price for the current 82 kW system. On 

the Y-axis is the grid price multiplier and on the X-axis is the battery price multiplier, 

the numbers in the grid represent the pay-off time a 28 kWh battery would have. The 

factor “1” represents the current price for a battery and electricity respectively. The 

factor “1.2” represents an increase of 20% added to the cost and the factor “0.8” 

represents a decrease to 80% of the current prices. The figure shows how different 

multipliers on battery prices and electricity affect the total pay-off time. For example, 

see Figure 14; if the grid price would increase by a factor “2” (prices would double) and 

the battery prices would decrease to 50% (multiplier “0.5”) of the current cost, the pay-

off time would decrease from 125 years, which can be seen at coordinates 1:1, to 30 

years (0.5:2).  

 

The battery price representing multiplying by the factor ‘1’ is the price for 28 kWh 

Tesla Powerwall 2 and the grid price is 1.07 SEK/kWh [20], [32]. The prices used in 

this calculation are the same as before, see Table 8. Obviously, the aim is to achieve a 

pay-off time as low as possible.  
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Table 8. Prices used when calculating different combinations of battery- and grid prices 

concerning pay-off time [20], [32]. 

 
 

 

Figure 14. Pay-off time with different combinations of battery- and grid price factors 

for the 82 kW PV system.  
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Figure 15 shows the same as Figure 14, which is the different pay-off times achieved 

with different combinations of battery- and grid prices, but now for the extended 176 

kW PV system. 

 

 

Figure 15. Pay-off time with different combinations of battery- and grid price factors 

for the 176 kW PV system.  

6. Discussion 

In this section the results and the sensitivity analysis will be discussed. A critical 

analysis over challenges that arose during the work and potential future outlook will be 

further discussed. Potential future studies will be suggested. 

 

For an ESS to be necessary there has to some sort of overproduction from the 

intermediate energy source in question, which in this case is the sun. In Appendix D, the 

monthly average consumption and production for Valsätraskolan with the current 82 

kW PV system are plotted in the same graph. This graph shows that there is no 

overproduction on a monthly basis. This also applies for the extended PV system of 176 

kW, this can be seen in Appendix E.  
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When looking at an hourly profile of the consumption and the production at 

Valsätraskolan, the need for an ESS system rises. In Appendix F, the school’s 

consumption is plotted in the upper graph together with the production from the current 

82 kW PV system. In the lower graph of the figure, the excess electricity is plotted 

highlighting the fact that there actually is some overproduction from the current PV 

system. Note that the X-axes are the same for both graphs but the Y-axes differ. Both 

Y-axes showcase the same thing, as in power in kW, but in the upper graph the values 

range from 0 to 250 kW whereas in the lower they only go from 0 to 40 kW. 

 

There is some overproduction at Valsätraskolan with the current PV system meaning 

that an ESS system might be of use. This usage becomes even greater if Valsätraskolan 

was to extend their PV system to 176 kW. The consumption, production and the 

overproduction in this case can be seen in Appendix G. Note that the axes here are 

exactly the same as in the previous graph besides that the Y-axis for the lower graph 

goes from 0 kW up to 120 kW instead of 40 kW as before.  

 

The idea of installing PV systems together with an ESS at schools has a lot of 

advantages. Since the pupils and the teachers at the schools have the summer off, the 

school’s energy use goes down substantially during this period, this can be seen in 

Appendix H and Appendix I. The PV system installed at the school might therefore not 

have to be extremely large to achieve overproduction.  

 

The months with peak power from the PV system (the summer months) coincides with 

the low consumption months, which is the reason for the overproduction. This can be 

seen in Appendix J and Appendix K where the production from the current 82 kW PV 

system is plotted. The characteristics of these graphs would be the same with the 

extended 176 kW PV system, just a bit enlarged. During the winter months, the 

production from the PV system is too small in comparison to the large consumption to 

provide any excess electricity available for storage.  

6.1 Results 

There are several different options for ESS available right now on the market. There are 

systems for large scale storage (e.g. PHS) as well as for smaller scale (e.g. batteries) and 

systems which can do both (e.g. SNG). In this thesis though, with a smaller ESS in 

mind and much emphasis on the financial aspects of purchasing, installing and 

maintaining an ESS the alternatives becomes fewer. Several alternatives were dismissed 

due to their high initial cost and their orientation towards large scale storage. Among 

others, the few ESS with indefinite life span were dismissed due to these aspects. 

Further systems were disregarded due to safety aspects together with the fact that they 

still were quite early in their development stage which led to an uncertainty surrounding 

these specific systems. The only major category remaining after this was the 

electrochemical ESS consisting of flow batteries and secondary batteries. When looking 
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at prognoses concerning the price development for different batteries, Li-ion batteries 

had the brightest outlook. In the Li-ion category, the choice to use Tesla's Powerwall 2 

battery in the simulations was easy due to its low cost.  

 

Since the Powerwall 2 battery has a capacity of 14 kWh, multiples of 14 kWh were 

evaluated concerning pay-off time. The results from these calculations are located in the 

“Results” section of the report, more specifically Figure 7 for the current 82 kW PV 

system and Figure 8 for the extended 176 kW PV system. Evaluating the graph 

concerning the current PV system, it is quite clear that the two Powerwall 2 batteries 

(adding up to one 28 kWh battery) is the best choice. For the extended PV system, the 

best choice is the 42 kWh battery, meaning three Tesla Powerwall 2 batteries, but the 28 

kWh size is a close second. The alternative that is best for the current PV system should 

trump the alternative which is best for the extended system in evaluating which size is 

best. Considering this and the fact that the 28 kWh sized battery is best for the current 

PV system and close to best for the extended system, the 28 kWh is the preferred 

alternative.  

 

High capacity was of interest to Skolfastigheter as well but evaluating the pie-charts 

concerning how many days the school in fact has any overproduction, and therefore a 

need for a battery, a size of 28 kWh seems enough. For the current PV system, the 28 

kWh battery would be used approximately 40 days in a year, this can be seen in Figure 

9 in the “Results” section. For the extended PV system, the same battery would be used 

about 106 days which can be seen in Figure 10. That is substantially longer, but since 

the initial cost also was of great importance to the employer the 28 kWh size (which is 

about 50,000 SEK cheaper than the 42 kWh) is the best alternative. Sizes of 56 kWh 

and above were disqualified due to economic aspects.  

 

The pay-off time for the current PV system for the best alternative, the 28 kWh battery, 

is with 125 years still very long. This is also the case for the extended PV system where 

the pay-off time is 48 years. Both pay-off times are substantially higher than the 

employer’s preferred pay-off time of eight years. These results are in accordance with 

the previous works surrounding this subject which also stated that ESS is not beneficial 

from a financial standpoint. If prognoses concerning how the prices for Li-ion batteries 

and electricity will develop are true, then a pay-off time of eight years is possible in the 

coming decades. With the current 82 kW PV system, the 28 kWh battery would reach 

an eight year pay-off time in year 2047. With the extended 176 kW PV system, the 

same battery would reach an eight year pay-off time in year 2036.  

 

There are also some soft values to take into account which could lessen the importance 

of an eight year pay-off time. The battery and the PV system at the school could be 

incorporated in the school’s lessons and lectures to increase the pupils’ understanding of 

energy, electricity and in the long run the importance of renewable energy sources. 

There might also be possible to have laboratory exercises where the pupils can measure 

how much electricity that have been stored during the day and what exactly that amount 
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of electricity can accomplish in everyday terms (e.g. boil 1 litre of water). To 

summarize, if the battery is seen as a tool for teaching then the acceptable pay-off time 

might increase.  

 

An aspect that directly could have an impact on the pay-off time is varied grid prices, 

this has already been touched upon earlier in this report. In the calculations and results 

presented in this report, the battery has only been used when the production from the 

PV system in question have been larger than the school’s consumption. If the school or 

another general building has a grid price varying during the day; lower at night during 

the low consumption hours and higher during the busy hours of the day, there might be 

more money to be saved. The battery could buy electricity during the night and store it 

for usage later in the day during the peak cost hours. This is something that is 

independent of the sun, unlike PV production, and could therefore be utilized every day 

in a year leading to a lower pay-off time than the current calculations and results have 

presented. Having a loaded battery would also decrease the sensitivity towards power 

shortages which happened at Valsätraskolan in March 2015 which can be seen in 

Appendix H. However, Valsätraskolan did not have a varied price for electricity and 

therefore this aspect has not been evaluated. 

6.2 Sensitivity Analysis 

The first results evaluated in the sensitivity analysis were the graphs showcasing how 

the prognoses concerning electricity and battery prices would impact the pay-off time 

for a battery, which arguably are the least reliant ones since they are based on prognoses 

and a continuation of the trends these prognoses show. The results for the more 

optimistic case does not differ that much in comparison to the original case, only a few 

years. The results for the pessimistic case on the other hand differ quite a bit.  

 

The other part of the sensitivity analysis was evaluating the calculations used for 

determining pay-off time with the current grid- and battery prices, meaning no 

prognoses were used. With the current prices, the calculations led to a pay-off time of 

125 years for the 28 kWh battery in the current PV system and 48 years with the 

extended system. Figure 14 (for the 82 kW PV system) and Figure 15 (for the 176 kW 

PV system) show how an increase and/or decrease of one of the two main input 

parameters, grid price and battery cost, in percentage would change the outcome. 

Evaluating these figures and the different numbers of pay-off time for different 

combinations, the calculations seem stable. An increase in battery cost increases the 

pay-off time if the grid price is kept constant. An increase in grid price decreases the 

pay-off time as long as the battery price does not increase more than 10% (124 years 

versus the previous 125 years for the 82 kW PV system). These graphs provide, besides 

material from which to evaluate the methods used in the report, also a grid showing the 

pay-off time for different combinations with no regards to prognoses. These figures can 

therefore be used as background material for evaluation concerning when it is profitable 

to invest in batteries in the future. If something would happen in the near future which 
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would affect either the battery prices or the grid prices drastically, these graphs could 

tell the pay-off time for this new reality.   

6.3 Critical Analysis 

Several estimations and assumptions were made during the report. For example, the 

outcome may had looked different if numbers of Valsätraskolan’s consumption during 

another year were used instead of 2015. However, since values of the consumption 

during each hour in a whole year were used, the rooms for mistakes have decreased. In 

addition, the values’ difference from year to year may be negligible.  

 

Furthermore, the fact that Valsätraskolan’s PV system only have been in operation for 

two months made estimations of power production for a whole year inevitable. The 

estimation was made with STRÅNG and HOMER Pro, and obviously the result of the 

study would have changed if exact numbers were used throughout the study.  

 

The forecasts for battery- and grid prices are not definite numbers. The approximated 

values were calculated via interpolation and extrapolation, since there is no chance to 

definitely know the price of tomorrow.  

 

When expanding the PV system on Valsätraskolan from the existing 82 kW to the 

estimated 176 kW, there are a few sources of error. The estimation postulates that 

practical questions such as construction issues can be solved. Furthermore, the 

estimated number of 176 kW may be a little bit inaccurate.  

 

With above subjects in mind, all assumptions and estimations are well-reasoned and 

may not affect the outcome of the report significantly.  

6.4 A Future Outlook 

As of today, the ESS market is relatively small and in an early stage of development. 

This goes with PV systems as well which also are dependent on subsidies. However, it 

is important to have a long term perspective in mind. All new technologies, regardless if 

PV system or ESS, need initial support before getting scalable and cheaper.  

 

As one would expect, the results show that solar power is an intermittent power source 

and most of the energy production takes place during daytime. A battery is therefore a 

possible solution for storing excess electricity production over a day and using it when 

the demand is greater. The possibility to save money by not having to buy electricity 

from the grid arises. Energy storage might be an even more feasible solution for 

residential homes. If the electricity demand often is greater in the beginning and in the 

end of the day, the produced electricity during daytime could therefore be used later in 

the evening.  
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For the business sector, PV systems combined with energy storage would make 

companies more independent to pricing models that power distributors offer. An ESS 

would make it possible for companies to use excess electricity produced during daytime 

for ventilation, heating, cooling and other necessary parts of a facility that is needed 

even during night time. When having an ESS, the electricity use for these type of 

components could be substantially reduced. Also, investing in ESS makes companies 

stand out because it is a new technology. This could play a part in a company’s 

branding and showing that the company has environmental awareness. 

 

Today, the investment cost for ESS is high but the maintenance and operation cost is 

low. An investment in ESS could therefore be seen as a long term investment. Because 

of a projected rise in the grid price, an ESS would make it possible to buy electricity 

when prices are low and use it when prices are high. By investing in ESS, a long term 

insurance is set up that hedges against the rising grid price. Research, development and 

investments is needed to make experimental implementations possible to learn more 

about the technology and discover benefits that lies within. Because ESS needs a high 

investment cost but on the other hand has low maintenance- and operation cost, a 

characteristic of it entails that it will get profitable in the long term. 

 

To be able to scale up the installation of ESS - local, national and global encouragement 

is needed. Some laws do, as of today, control the possibility to make the most out of PV 

systems and ESS. This might be because the technologies are new and relatively 

unimplemented. To be able to change this, support from politicians that trumpet the 

possibilities that come when installing ESS connected to PV systems is critical. Giving 

subsidies to ESS installations and set climate goals that include installations of 

renewable energy sources could be a step on the way. An ESS combined with a PV 

system could make the carbon dioxide level in the atmosphere drop and achieve carbon 

neutrality. But in order to achieve this, environmentally driven entrepreneurs and 

investors combined with an extensive climate political commitment is needed.  

6.5 Further Work 

To further develop the study’s significance, there are a number of factors that can be 

developed. The values of other years than 2015 can be added, making it possible to 

calculate a mean value of several years and get more precise numbers. In addition, the 

assumption that Valsätraskolan is a representative school does not make it a 

representative property. An additional study of another building than a school would in 

general make the study more convincing and reliable. 

 

The theoretical reasoning that additional solar panels overall producing 176 kW may be 

installed can be practically analyzed as well. Taking into account parameters such as 

economy, practically achievable installations and an intent from Skolfastigheter to 

expand the PV system would make the study more reality-based. Maybe that would 

change the value of 176 kW, leading to a different result in the end.  
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The grid prices for Skolfastigheter are not variable. The ability to buy electricity at night 

when the prices are lower in combination with selling during the day when the prices 

are higher would give an ability to save money, given that the grid prices are variable. 

That may change the outcome of the report as well.  

 

Further work can also include a different focus concerning valuable aspects when 

choosing the optimal battery storage solution, more particularly. A more intense focus 

could lay on the impact on the environment, availability, maintenance, quality and 

safety, in other words the aspects that Östlund did not mark as highly important. For 

example, to fully focus on the environmental aspect and the battery’s Life Cycle 

Assessment (LCA) may have led to a different result. However, even if an 

environmentally friendly solution would be discovered the solution has to be practically 

feasible as well. 

 

At last, there are a lot of soft values that can be of importance for Skolfastigheter that 

have not been fully discovered in this project. For example, there is an educational 

aspect where the teachers and pupils at Valsätraskolan can use the PV systems 

combined with the battery storage as an educational element throughout the school year. 

That may lead to a deeper understanding of how batteries work, but also to an 

increasing understanding of the environmental importance in our everyday life. Of 

course that is an aspect in this report as well, but there is room to further investigate the 

direct impact of the battery storage solution with respect to soft values more specifically 

in the future.  
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7. Conclusions 

This section will in a concise matter present the conclusions of this study.  

 

The most preferable and suitable ESS for the specific study object Valsätraskolan is the 

electrochemical ESS secondary battery Li-ion, more specifically Tesla Powerwall 2. 

This result takes Skolfastigheter’s priorities concerning financial aspects into account. 

 

Regarding ESS in general, there is no financial gain to be achieved as of this moment 

according to this study. This however may change in the coming decades according to 

cost prognoses regarding battery- and grid price. The pay-off time for the current PV 

system is 125 years and 48 years for the extended system. If the prognoses are correct a 

battery would reach a pay-off time of eight years in year 2047 with the current PV 

system and in year 2036 with the extended PV system. To see ESS as an attractive 

technology as of today one should redirect from economical aspects and put more 

emphasis on soft values.  
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Appendix A 

 

Table 9. Prices of different Li-ion batteries and calculations regarding cost per kWh 

[20], [21], [22].  

 
 

Cost specifications and calculations regarding SEK/kWh battery capacity for three 

different battery suppliers. The cost specifications are including and excluding VAT 

respectively.  
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Appendix B 

 

 

Figure 16. The projected grid price development in the coming years [38].  

 

 

Prognosis over grid price development in the upcoming years in terms of factors. Grid 

price includes “Electricity price”, “Grid fee” and “Taxes”. 
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Appendix C 

 

Table 10. All data implemented in HOMER Pro and the source of the data [20], [34], 

[35], [41], [42], [43].  

 

 

Summary of the different parameter values implemented in HOMER Pro. The values 

also have a corresponding source where the information is taken from. 

  



 54 

Appendix D 

 

Figure 17. Average monthly production/consumption with an 82 kW PV system.  

 

 

Monthly average mean production and mean consumption over a year with the current 

82 kW PV system.  
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Appendix E 

 

Figure 18. Average monthly production/consumption with a 176 kW PV system.  

 

 

Monthly average mean production and mean consumption over a year with the current 

172 kW PV system.  
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Appendix F 

 

 
Figure 19. Consumption and production during a year together with excess electricity 

produced for the 82 kW PV system.  

 

The upper graph in Figure 19 shows Valsätraskolan’s production and consumptions 

over every hour in a year for the 82 kW PV system. The lower graph in the figure 

showcase excess electrical production, meaning the difference between production and 

consumption. 
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Appendix G 

 

 
Figure 20. Consumption and production during a year together with excess electricity 

produced for the 176 kW PV system.  

 

 

The upper graph in Figure 19 shows Valsätraskolan’s production and consumptions 

over every hour in a year for the 176 kW PV system. The lower graph in the figure 

showcase excess electrical production, meaning the difference between production and 

consumption. 
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Appendix H 

 
Figure 21. Monthly average consumption.  

 

The graph shows Valsätraskolan’s monthly average consumption over the course of a 

year. The graph included minimum- and maximum values, standard deviation as well as 

mean value. 
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Appendix I 

 
Figure 22. Daily consumption profile during a year.  

 

The graph shows Valsätraskolan’s daily and hourly consumption over the course of a 

year.  
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Appendix J 

 
Figure 23. Monthly average production from the 82 kW PV system.  

 

The graph shows Valsätraskolan’s 82 kW PV system’s monthly average production 

over the course of a year. The graph included minimum- and maximum values, standard 

deviation as well as mean value. 
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Appendix K 

 

 
Figure 24. Daily profile during a year regarding production from the 82 kW PV system. 

 

The graph shows Valsätraskolan’s 82 kW PV system’s daily and hourly production over 

the course of a year.  
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