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Abstract 
 
The growing concern on achieving environmental sustainability and at the same time making 

economical savings has become a necessity in our society. The prices of different battery energy storage 

technologies together with PV cells are declining all around the globe which has led to the fact that there 

is an increased interest in investing and using these technologies to be able to reach environmental 

sustainability. The combined system however, must be accurately calculated both when it comes to the 

sizing and the different costs related to the combined system to be able to make an economical saving. 

This thesis addresses both of those aspects in Sweden where a residential building with roof-top installed 

PV system is assessed with a battery energy storage system. An investigation is necessary to be able to 

assess the different battery storage technologies available in the market today with their specific 

technical and economical specifications. The electricity market in Sweden, the role of the Distribution 

System Operator on the electricity pricing with different time tariffs and fuse size subscription, PV 

generation and battery specifications are investigated and modeled in this study. Sizing of the different 

battery technologies for the given system is accomplished through a methodology that is developed in 

this project for the Swedish system. The calculated size of the battery is then used in the Life Cycle Cost 

analysis, using Monte Carlo simulations for a chosen period of 25 years.  

 

Calculations shows that the most appropriate size for the battery system with the given parameters is 6 

kWh for all the battery types investigated in this study. The size of the batteries is also shown to be 

mainly dependent on the charging/discharging time together with the set fuse size margin. Profitability 

of the Battery Energy Storage system is proven to be mainly dependent on the fuse size downgrade. 

Sulphur-Sodium battery result in the greatest savings while Vanadium Redox batteries in the least when 

sizing the batteries. Lithium-Ion battery technology however is most likely to result in the lowest 

Levelized Cost of Electricity, total- and cycle costs while the highest Net Present Value with 90 % 

probability in the Monte Carlo simulations. Lithium-Ion battery technology is also found to have the 

highest probability of having a positive NPV compared to the lowest probability for Sulphur-Sodium 

battery technology. Lead-Acid battery technology is however shown to have the least uncertainties 

compared to other Battery Energy Storage technologies due to its maturity. It is additionally shown that 

government subsidy plays a crucial role when investing in the battery storage system. However, even 

with the case of removed government subsidy, Lithium-Ion battery technology still results in the largest 

probability of having a positive NPV while Sulphur-Sodium battery technology results in the lowest 

probability of having a positive NPV.  

 

Keywords 

Battery Storage, Life Cycle Cost Analysis, Monte Carlo Simulations, Electricity Price, Photovoltaic, 

Levelized Cost of Electricity, NPV.  
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Sammanfattning 
 

Den växande oron för att uppnå miljömässig hållbarhet och samtidigt göra ekonomiska besparingar har 

blivit en nödvändighet i vårt samhälle. Priserna på olika energilagrings teknologier så som batterier 

tillsammans med PV-celler minskar runt om i världen vilket har lett till att det finns ett ökat intresse när 

det gäller att investera och använda dessa teknologier för att kunna nå miljömässig hållbarhet. Det 

kombinerade systemet måste dock noggrant beräknas både när det gäller storleken och de olika 

kostnaderna för det kombinerade systemet för att kunna göra en ekonomisk besparing. Denna 

avhandling behandlar båda dessa aspekter i Sverige där en bostadsbyggnad med takmonterat PV system 

utvärderas med ett batteri system. En undersökning är nödvändig för att kunna bedöma de olika batteri 

teknologier som finns tillgängliga på marknaden idag med sina specifika tekniska och ekonomiska 

specifikationer. Elmarknaden i Sverige, Distribution System Operatörs roll för elprissättning med olika 

tidstariffer och säkringsabonnemang, PV-generation och batterispecifikationer undersöks och 

modelleras i denna studie. Dimensionering av olika batteri teknologier för det givna systemet uppnås 

genom en metod som utvecklats i detta projekt för det svenska systemet. Den beräknade storleken på 

batteriet används sedan i livscykelkostnadsanalysen, med Monte Carlo-simuleringar under en vald 

period på 25 år. 

 

Beräkningar visar att den optimala storleken för batterisystemet med de angivna parametrarna är 6 kWh 

för alla batterityper som undersöktes i denna studie. Batteriets storlek visar sig också vara huvudsakligen 

beroende av laddning / urladdningstiden tillsammans med den inställda säkrings storleken. Lönsamheten 

hos batterilagringssystemet visar sig vara huvudsakligen beroende av säkringens nedgradering. Svavel-

Natriumbatteriet resulterar i de största besparingarna medan Vanadium Redox batteriet i de minsta när 

dimensionering av batteriet äger rum. Litium-Ion batteriet är emellertid sannolikt att leda till den lägsta 

nivån av elkostnader, total- och cykelkostnader, medan det högsta nettoförsäljningsvärdet med 90% 

sannolikhet i Monte Carlo-simuleringarna. Litium-Ion batteriet befanns också ha den högsta 

sannolikheten att ha en positiv NPV jämfört med Svavel-Natriumbatteriet som resulterar i den lägsta 

sannolikheten. Lead-Acid batteriet visar sig ha den minsta osäkerheten i jämförelse med andra 

batterilagrings teknologier på grund av dess mognad. Det framgår dessutom att statlig subvention spelar 

en avgörande roll när man investerar i ett batteri lagrings system. Dock även med borttagna statliga 

subventioner, resulterar Litium-Ion batteriet fortfarande största sannolikheten för att ha en positiv NPV, 

medan Svavel-Natriumbatteriet resulterar den lägsta sannolikheten för att ha en positiv NPV. 
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1 Introduction 
 

This chapter give background description and an overview of the subject in question, followed by the 

Local System Operator concept and how it is connected to the study performed. The purpose, aims and 

objectives of the study is explained in detail in this chapter as well. This chapter ends with a 

disposition that allows the reader to understand and get acquainted with the report structure. 

 

1.1 Background 
 

Electricity has gone from being a luxury into a necessity in our daily lives throughout history and is 

essential to ensure the quality of life for billions of people around the world. An increasing population 

and the rapid development of technology in today´s society leads to an increase in electricity demand 

each year [1]. Increase in electricity generation is then required to balance the electricity demand by 

different energy sources. Electricity generation through natural resources such as natural gas and coal 

are leaving a great impact on our global climate with greenhouse gases (GHG) and has led to climate 

awareness around the world.  

GHG make it possible to have a warmer temperature of 15o C on Earth instead of -20o C by 

providing a gaseous cover around Earth and one of the main fundamental of GHG is carbon dioxide 

(CO2). The concentration of CO2 has reached over 403 parts per million (ppm) in December of 2016 

compared to 317 ppm in 1958 and is considered to be at its highest concentration level during the last 

800,000 years [2]. GHG emission is the main reason for global warming and it is estimated that 

approximately 67 % of today’s electricity production is through burning of fossil fuels such as oil, coal 

and natural gas around the world [3]. Another main point to enlighten is the fact that fossil power 

generation stands for approximately 75 % of the world´s CO2 emission today [3]. 

This global climate awareness and the diminishing of the natural resources have resulted in the 

fact that the electricity production is turning more and more towards renewable energy sources (RES). 

According to International Energy Outlook 2016, the electricity generation by renewable energy sources 

in the world will increase to 11 trillion kWh by 2040 compared to only 4,9 trillion kWh in 2012 which 

can be seen in Figure 1 below [1].  

 

 

Figure 1. World net electricity generation by energy sources between 2012-2040 in trillion kilowatthours [1]. 
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This increase leads to the fact that there is a great demand for investments in renewable energy 

sources. RES offers clean energy from self-renewing resources such as wind, earth and sun. Even though 

there are some predictions about the development of RES, the progress is expected to be more quickly 

than ever [4]. United Nations (UN) started the “Sustainable energy for all” project in 2012, where more 

than 50 governments around the world have signed to participate with investments over USD $ 50 billion 

[5]. The European Union (EU) Council has its own policies regarding climate and energy policies where 

a 40 % reduction in GHG is expected to be achieved in 2030 compared to 1990 in Europe [6]. There is 

also an EU target of at least 27 % set for the share of RES in 2030 [6]. 

One of the RES that shows great potential for the future is solar energy. Solar energy is 

especially valuable for commercial, industrial and residential users where they can easily install grid-

connected Photovoltaic (PV) panels to support their electricity consumption. The residential and 

commercial buildings accounts for 20 % of the total electricity consumption around the world and they 

are predicted to have a growing factor of 2.1 % per year from 2012 to 2040 [1]. Installation of RES by 

these buildings will therefore have a great impact on the energy sector and the global climate. The 

efficiency of solar energy can vary however, depending on different factors such as geographical 

location, different solar technologies, solar radiation, amounts of solar hours etc. [7], [8].  

The different RES are often applied with different electric energy storage technologies (EST) 

to accomplish the optimal usage of the produced electricity. Electricity cannot be stored directly and 

must be converted into storable energy that can be converted back to electricity when needed [4]. There 

are many EST that are used all around the world today such as batteries, supercapacitors, flywheels, 

pumped hydroelectric energy storage (PHES) and many others with their specific advantages and 

disadvantages. One of the advantages of using EST is the rapid response of those technologies when it 

comes to periodic dips in grid frequency and voltage with a response time of less than 1 second compared 

to coal-fired power plant with a response time of 10 seconds [9]. There are also other technical and 

economic advantages of EST when it comes to the energy transfer, network savings and the kinetic 

advantage [10]. The transmission system operators (TSO) and the distribution system operators (DSO) 

are very interested in the EST due to the management of peak demand, power balance, frequency 

regulation and power quality processes can be improved and controlled more easily with EST. The most 

common and widely used of the EST is the battery energy storage technology (BES) with longer 

discharge periods and high energy density which gives the BES an advantage over other EST [10].  

There are also different advantages and disadvantages when it comes to the various EST, both 

economically and technically [10]. Life Cycle Cost (LCC) analysis can be conducted to be able to 

understand these advantages and disadvantages between the different EST economically. LCC can be 

defined as the total estimate of all the different costs expected for a system´s life cycle [11]. There have 

been huge cost reductions both when it comes to PV and EST (particularly BES) in the last decade due 

to the technological development. This increase the investment interest of individuals and firms all 

around the world. PV panels together with a certain EST can now be installed in residential buildings 

for a lower cost and be used locally [46].  

              One of the companies working within this field is KIC-InnoEnergy which is a European 

company promoting innovation, entrepreneurship and education in sustainable energy. KIC InnoEnergy 

is pioneering for change in sustainable energy by trying to bring new technologies and innovations to 

the market and become the leading organization in this field.  One of the many projects conducted by 

KIC InnoEnergy is the Local System Operator (LSO) value project, which is a concept to develop an 

energy operator between DSO and end consumer to manage aggregated load of a certain building or an 

area locally. 
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1.2 Local System Operator (LSO) concept 
 

Local System Operator (LSO) concept is simply the initiation of an energy operator between DSO and 

end electricity consumers to manage aggregated load of a certain building or area.  LSO will offer local 

metering, billing and balancing services to the end consumers and will also include congestion 

management, reduced grid reinforcement investment, peak shaving etc.  The overall idea of how the 

LSO will be connected with DSO, TSO and electricity market can be seen in Figure 2. 

 

Figure 2. The overall idea of how the LSO will be connected to the system and market [12]. 

The LSO concept invented by KIC InnoEnergy consist of the three following steps: 

 Step 1 “Reduce” – This step deal with the optimization of current local energy system and the 

building´s current technical setup to reduce the energy usage as well as the energy costs via a 

hybrid solution of soft Programmable Logic Controller (PLC), Direct Current (DC) control 

system and Internet of Things (IoT) sensors. 

 Step 2 “Produce” – This step deal with introduction and control of local energy generation, 

storage and EV charging. PV panels together with some kind of EST is conducted in this step 

to be able to produce and store clean and renewable energy that can be used and sold to others. 

 Step 3 “Share” – This step deal with additional services based on aggregation solutions and 

new market interactions through a new business model and market place. 

  

All three steps of the LSO concept given above are designed to complement each other, however, 

each step supposed to be treated as a separate business line with its own revenue streams according to 

KIC InnoEnergy. The ambition is to increase the level of understanding for local markets, validate and 

demonstrate that local energy markets is a part of the solution for a more sustainable and distributed 

European energy supply.  The different steps in the LSO concept can also be seen in Figure 3. 
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Figure 3. The LSO concept with its different process steps [12]. 

The LSO concept creates a local behind the meter energy system with smart sub-meters which 

will replace the DSO electricity meters which is connected to the end consumer. The entire residential 

building of consumers will then be connected to a single DSO meter which will contemplate as a single 

unit which will improve the data utilization. The idea is to build a small micro-grid that will interact 

with the main grid in a smart way with different productions, consumptions, EV etc. The business model 

for the LSO includes different energy innovations and the integration of them to create an energy 

platform where multiple innovations will be linked with multiple users. The business model for the LSO 

concept can be seen in Figure 4. 

 

Figure 4. Business model for the LSO concept [12]. 

The main idea of the LSO concept is to provide consumers with the ability to manage their own 

load profile through smart innovative solutions that will result in more profit and understanding for the 

customers rather than to depend on the DSO. 
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1.3 Purpose of the study 
 

As mentioned earlier, each step of the LSO model is supposed to be treated as a separate business line 

with its own revenue streams. Each of the steps needs to be analyzed in detail both technically and 

economically to accomplish a holistic picture of how they can be implemented optimally. The scope of 

this project is around Step 2 of the LSO concept. The main goal of KIC InnoEnergy for Step 2 is to 

investigate and find/design (business) models that maximize the return on investment for prosumers in 

energy assets (PV, battery and EV). The use of combined PV and EST is one of the solution for Step 2 

and needs an inclusive analysis when it comes to residential buildings. There are many uncertainties and 

factors such as operation and maintenance, amount of solar hours, radiation, the impact of the electricity 

market etc. that must be investigated technically and economically to get a comprehensive understanding 

of the subject.  

Due to this fact, the overall goal of this project is to find the scenario with the maximized return 

on investments by using Life Cycle Costs and Net Present Value methods or in other words to determine 

which energy storage technology and size that provides the best economic performance using a 

residential area solar PV and energy storage micro grid as a basis. The main focus of the project will be 

on the different BESs rather than the different PV modules where the PV module system performances 

will be compared with the different BES in the project.  

 

1.4 Project objectives 
 

The scope of this project is around Step 2 of the LSO concept discussed earlier, where risk and 

uncertainty will be included together with EV charging. The main goal of KIC InnoEnergy for Step 2 is 

to investigate and find/design (business) models that maximize the return on investment for prosumers 

in energy assets (PV, battery and EV).  Due to this fact, the overall goal of this project is to find the 

scenario with the maximized return on investments by using Life Cycle Costs and Net Present Value 

methods or in other words to determine which energy storage technology provides the best economic 

performance using a residential area solar PV and energy storage micro grid as a basis.  

The different ESTs that will be used in this project will be electrochemical and flow batteries 

(Lithium Ion, Lead-Acid, Sulphur-sodium, Vanadium redox batteries). The PV will be considered as 

energy storage asset in this study. The different cases will be consisting of investigating PV system 

combined with the different BESs mentioned above. Sensitivity analysis will be applied to investigate 

the impact of different inputs in the LCC analysis. Another objective of the project is to investigate and 

evaluate the potential for peak-shaving where the different ESTs can be used during the times of peak 

demand. 

The aim of this project is to find a suitable size for the BES for the given residential building 

and then to make a techno-economic and Life Cycle analysis for a period of 25 years of different 

scenarios, where a grid connected PV system with different BES types will be investigated. 

Summary of the project objectives: 

 Find a suitable size for the BES for the given residential building. 

 Apply LCC analysis and investigate the profitability of the different scenarios to find the case 

most likely to be most profitable. 

 Compare different BES performances with the installed PV panel. 

 Find the scenario that will most likely to be the most economic. 

 Apply sensitivity analyses to investigate the impact of different inputs in the LCC analysis. 
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1.5 Methodology of the project 
 

The following methodology is applied in this study to fulfil the objectives given above 

1. Theoretical background with literature review on PV, batteries, supercapacitors, flywheels, 

electricity market, LCC analysis and Monte Carlo simulations is carried out together with other 

similar studies. 

2. Gathering and assessing the data through expert interviews/opinions. 

3. Modelling of the scenarios in the case study. 

4. Simulating and making the techno-economic analysis of the model in Matlab. 

5. Discussion of the results. 

 

Sizing of the battery is applied in the methodology part first that is later used in the LCC analysis. 

A literature review together with expert interviews were made to be able to assess the situation in 

Sweden and thereby build a sizing methodology for the different BES technologies. Potential cost 

savings that could be achieved with BES were identified and modeled in the sizing methodology. 

LCC analysis is applied for these different scenarios and these scenarios will be studied closely with 

Monte Carlo simulations where activity-based costing and reliability constraints are applied to find the 

most suitable investment option from the Brf´s (Bostadsrättsförening) perspective. Monte Carlo 

simulation is a powerful tool that deals with risks and uncertainties such as change in the future and 

shows the impact of these risk and uncertainty on the subject [11]. Monte Carlo simulation is carried 

out as discrete in this study with 1,000,000 iterations.  

All kinds of costs and resources concerning this project is found in the gathering of data part. The 

electricity market in Sweden is investigated together with green certificate, government subsidy for 

battery installations and electricity bill concerning electricity generation. The main purpose of this step 

is to find and gather all the numeric data around costs so that it might be used in the simulations part. 

Contacts of KIC InnoEnergy is used in this process to get more realistic data for Sweden (Uppsala). 

The focus of the project is on the different BES technologies rather than the different PV modules 

where the PV module system performances were compared with the different BES technologies in the 

project. The electricity prices in Sweden is used for the generated electricity to investigate the 

profitability of the different cases. The data for the electricity prices is gathered from Nordpool Spot 

market [13]. The profitability between selling the electricity generated and self-consumption by the 

residential area is also investigated. The software used in this study for the simulations is Matlab. 

 

1.6 Ethical aspects of the project 
 

The focus of this study is the efficient utilization of electric energy for a residential building. The 

methodology used in this study assures the proper referencing of previous work conducted by others 

when using the same/similar methods and data. In majority, scientific literature is used and referred to 

throughout the thesis and results the study to rely on scientific foundations.  The data and methodology 

that are used in this study was evaluated through the given references, other scientific papers and expert 

contact/interviews with great knowledge about the subjects in question. All the facts and figures taken 

from other sources together with the summaries of previous work has been referenced properly. The 

permission of using the figures have either been granted by the reference in question or have been 

redrawn/changed with proper referencing.  
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The study in question do not harm, benefit or influence individuals on a physical nor a mental 

level. The consumption data used in the study cannot in any way be linked to any specific person living 

in the given residential building. The residential building in question is not given with address either 

due to confidential information. This assures the privacy of these energy consumers and protect them 

from any other contacts from a third party.  

This study shows that potential short-term savings can be achieved with a storage technology 

and can have huge effects on the both storage and electricity prices in the future. The strategy of the 

DSO might change in the future if storage systems are implemented in many residential buildings to 

ensure similar revenue. RES can also be implemented in the future together with storage systems that 

can lead to a more environmental sustainable future through encouragement of the results of this and 

similar studies. This might result in a more sustainable society in the long-term future. 

 

1.7 Disposition of the thesis 
 

This report consists of seven chapters where Chapter 1 gives an introduction, purpose and methodology 

of the project together with the LSO concept. Chapter 2 gives the literature review where different EST 

are given with PV, electricity market in Sweden and the life cycle cost analysis approach. Chapter 2 also 

includes previous study done on the subject by other scientific sources. Chapter 3 gives the methodology 

and the modelling of the scenarios and the assumptions made in them to be able to be simulated. The 

simulation results for the different scenarios can be found in Chapter 4 while the sensitivity analysis is 

given in Chapter 5.Discussion of the results can be found in chapter 6 while Conclusions and future 

work suggestions are given in Chapter 7.  
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2 Theoretical Background 
 

This part of the report presents the literature study done during the project. The first part of this chapter 

describes the technologies used in this study with their specifications. The PV systems are described at 

the beginning where an overall information about how they work and the existence of different PV 

modules are given. The second part of this chapter describes the different EST, mainly batteries and EV. 

The electricity market of Sweden and how the LCC analysis can be conducted are given in the later part 

of this chapter together with some additional studies done on similar fields. 

 

2.1. Solar PV system 
 

The main solar energy technologies available in today’s society are the solar thermal and solar 

Photovoltaic (PV) technologies. Solar thermal absorbs the infrared light from the sun´s radiation and 

converts it to thermal power [14] and plays a crucial role when it comes to the use of solar energy, but 

is not the focus of this study. Solar Photovoltaic (PV) however, is a technology that directly convert the 

solar energy from the sun into electricity that can be used in our daily lives and is the most widely used 

solar electric technology in the world today according to an MIT study conducted in 2015 [14].  

Radiation of the sun can be divided into two main groups, diffuse and direct radiation. Direct 

radiation can be described as the name indicates, the radiation that reaches the Earth at a certain angle 

from the sun without colliding with any particles in the atmosphere and is considered to hold the highest 

part of the solar energy [15]. The diffuse radiation on the other hand has no fixed directions and is the 

radiation from the sun that collides with the particles in the Earth´s atmosphere. The increased pollution 

increases the quantity of diffuse radiation and affects the electricity generation from the PV panels [2]. 

The photons in the solar radiation excites the electrons when they come to contact with the PV panel 

surface. A portion of the radiation re-emits as light, a portion is converted to heat and another portion is 

absorbed by the material of the PV panel which result causing s in chemical change. The different 

material of the PV panels depending on the PV module allows the excited electrons to move in a circuit, 

which basically causes an electric direct current (DC) to be created [15]. The process in a PV cell is 

shown in Figure 5. The solar PV cells can be combined into different modules with different materials 

which affects the efficiency, the life span, the cost and the size of a PV system. The combination of the 

modules into solar arrays provides a wider diversity of system configurations.  

 

Figure 5. PV mechanism with marked photons and electrons in the different n- and p- type semiconductors [15]. 

The measurement for the solar radiation is in terms of energy per time area and different meters 

can be used for the measurement purposes. Global radiation which is the sum of direct and diffuse 

radiation can be measured by a pyranometer. The diffuse radiation can be measured by a shaded 

pyranometer where the direct radiation is simply blocked. Only the direct radiation can be measured by 
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a so called pyrheliometer [16]. The cell efficiency is also affected by cell temperature which in turn is 

affected by wind speed, rainfall, air temperature, diffuse and direct radiation insolation etc. [17].  

PV systems can be divided into two essential categories, on- and off-grid PV systems. Off-grid 

PV systems are also called standalone systems where no connection with the local grid is made and all 

the electricity generated by the PV system is used off-grid. On-grid PV systems on the other hand are 

connected to the grid and the surplus of the electricity generated by the PV system can be sold to the 

grid.  

This study deals with a grid connected PV system for residential buildings and requires other 

electrical components such as inverters to invert the low DC to high alternate current (AC) that can be 

used in the system. There are many types of grid connected inverters such as central, battery based, 

string and micro inverters. Each of these types has their own way of inverting the DC from the PV panels 

into AC that can be used for the utility load or be sold to the grid. Battery inverters uses both an inverter 

and a battery charger for operation purposes and has the benefit of providing continuous operation of 

critical loads. Central inverts are often used for three phase grid connection with a common string 

combiner box and are of larger nature with the size of 50-500 kW. Micro inverters are the smallest of 

these inverters, working on a module level with an output of 200-300 W while sting inverters connect 

multiple PV panels in strings with an output range of 1-12 kW. String inverters do however get heavily 

affected by shading, where the entire system output is reduced if one of the PV modules is shaded. This 

problem cannot be seen with micro inverters due to the fact of individual module connection. The system 

usually used in residential buildings are string inverters because of their low costs, does however provide 

less efficiency than micro inverters which often come with a higher price compared to string inverters 

[23].  

 

2.1.1 PV technologies and modules 

 

The PV technology can be divided into three main categories, silicon-based, non-silicon-based (Thin 

Film) and some new concept devices. The most common of these categories today is the silicon crystal-

based modules which accounted for approximately 83 % of the total solar PV market in 2010 [18] and 

91 % in 2015 [19]. This shows an increase in silicon-based PV modules and current technological 

development gives promising lab efficiencies when it comes to the electricity production from silicon-

based PV modules [19]. In these modules types, the silicon made of a silicon crystal is metallized for 

the purpose of conducting electric current and the absorbance is increased by an anti-reflective layer 

[18]. 

The silicon-based PV modules come in different types with different efficiencies and costs. The 

most efficient of the crystalline silicon solar cells is the monocrystalline solar cell with a commercial 

efficiency between 14-20 % which comes with higher costs. Another alternative which is slightly 

cheaper is the polycrystalline solar call with a commercial efficiency between 13-15 %. The different 

between these silicon solar cell types is the production process where the silicone is processed several 

times with energy intensive filtration. The amount of times the silicone is processed determines whether 

it will be mono- or polycrystalline solar cell. The PV production by technology market share in 2015 

showed that 15,1 % of the produced modules were monocrystalline, 43,9 % were polycrystalline and 

4,2 % were thin film. There is also an alternative to use amorphous silicon thin film technology, but the 

efficiency of these modules range between 6-9 % [17], [18], [19]. 

The non-silicon-based thin film technology is made of several thin layers of semiconductors 

with a thickness of few microns on a substrate such as stainless steel, plastic or glass. Even though thin 

film technology often shows a low production cost, the efficiency of this type range from 7-12 % which 

is lower than crystalline silicone technologies. The production phase of thin film solar cells is much 
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more simple compared to crystalline silicon based solar cells which is one of the main cost advantages. 

Two of the most common and promising thin film solar technologies are the cadmium telluride (CdTe) 

and Copper Indium Diselenide (CID) with an efficiency around 12 %, but the efficiency is still lower 

than mono- and polycrystalline solar cells [20]. 

New concept devices in solar PV technology refers to organic based, solar concentrator systems 

and quantum cells. Organic based PV technology use polymeric fullerene which is a carbon-based 

molecule.  Similar to the thin film technology, organic material is applied to a substrate by vacuum 

desertion or printing. The efficiency of organic based PV technology can range up to 8 %. Solar 

concentrator systems and quantum cells also shows similar efficiency but there are durability and 

cooling of solar cell problems that must be dealt with. The family tree of the different PV technologies 

and modules can be seen in Figure 6. These technologies show potential and recent studies are being 

conducted on these subjects to solve the existing problems [21], [22].  

 

Figure 6. Family tree of PV technologies and modules based on [21]. 

There are many uncertainties with a PV power system where PV module efficiency and weather 

conditions will result in losses in the system. Module losses will occur in a PV power system where the 

individual module performances will vary in a string. Shading on individual modules will also have a 

negative effect on the system. The standard losses from these kinds of problems are approximated to be 

around 2 % of the DC electricity production [24]. The total shading losses however which can be due to 

large obstacles, trees, clouds etc. is estimated to result in 5-25% of the annual electricity production 

contingent on the site, geographical and weather conditions [25]. 

2.1.2. Role of Solar PV systems in Sweden 

 

The prices of crystalline silicon PV cells have been reduced dramatically since 1977 till today which 

can be seen in Figure 7. This price reduction has led to increased PV panel installations all around the 

globe. The prices of PV cells are still falling with better efficiency than ever [46].  

 

Figure 7. Price of Crystalline Silicon PV cells given in $ per watt between 1977-2013, based on [46]. 
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One of the countries that has joined this PV revolution is Sweden. The yearly installed on-and 

off-grid PV capacity in Sweden can be seen in Figure 8. The relation between the price reduction and 

installed PV capacity are correlated and is expected to be so for many years to come [47]. 

 

Figure 8. Yearly Installed PV Capacity in Sweden [47]. 

The Swedish government is encouraging all its citizens to take part in installing PV panels by 

offering subsidy for the installation costs, green certificates, tax reductions etc. Green certificates and 

taxes are presented later in the report. The government subsidy offered by Sweden covers 20 % of 

individuals while 30 % of the companies PV investment costs [48].  

2.2. Battery Energy Storage technologies 
 

The battery technology is divided into two main groups, primary batteries which cannot be recharged 

and will not be investigated in this study and secondary batteries which are rechargeable and are of 

interest for this study. Rechargeable battery technology is one of the simplest and oldest form of storing 

electricity in the form of chemical energy. To have a BES technology combined with a PV power system 

has many advantages where the produced electricity can be stored and used during hours of high load 

or during evenings and nights when no electricity is produced. Weather conditions and shading problems 

have a great impact on the PV system as discussed earlier and BES can be used to deal with the 

fluctuations in the electricity production. BES can be thought as a buffer between load and generation. 

The battery types often used together with PV power systems, can be divided into two main types, 

electrochemical and flow batteries [10], [26]. A simplification of how an electrochemical battery works 

is given in Figure 9. 

 

Figure 9.  Charging and Discharging (right and left respectively) of an electrochemical battery, based on [26]. 

Figure 9. describes how the negative and positive electrodes given as anode and cathode are 

separated by the electrolyte and how the chemical flow of anions and cations cause a current flow in a 

circuit. The battery cells are then connected in parallel/serial connections to make a battery tank with a 

certain desired voltage. The efficiency and the performance of a certain battery tank varies depending 
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on the battery chemistry. The electrochemical battery technologies that will be used in this study are 

Lithium-Ion (Li-Ion), Lead-Acid and Sulphur Sodium while only Vanadium Redox flow battery 

technology will be included. This section provides an overview of the different batteries characteristics 

for a PV power system. 

2.2.1. Lithium-Ion batteries 

 

Li-Ion batteries belong to the electrochemical battery technology family where the cathode for this 

battery is represented by lithiated metal oxide and the anode is represented by graphite carbon. There 

are various forms of electrolyte for this technology but one of the most common is lithium salt. A 

charged lithium ion voyages between the anode and cathode and charging/discharging of the battery 

occurs. The outstanding energy density and higher cycle lifetimes at lower depths of discharge (DoD) 

of this technology makes it ideal for small applications such as cell phones or laptops [27]. The Li-Ion 

batteries are also more sustainable in warmer climates. This factor is not considered in this study due to 

Swedish weather conditions. Even though Li-Ion batteries require less maintenance, their manufacturing 

costs are quite expensive compared to other BES technologies. Li-Ion batteries require an electronic 

Battery Management System (BMS) to avoid over- and undercharging which could damage the battery 

or make it totally unstable and there is also a very small risk for the batteries to catch on fire [10], [27].  

Li-Ion batteries are widely used in the cell phone and laptop industry but is however much more 

expensive to apply at a larger scale. The technology is also considered to be new and more research and 

development is required for it to reach a more mature level. The qualitative characteristics of Li-Ion 

batteries can be summed into having the advantages of high efficiency and energy density while the 

disadvantages of high cost and low cycle lifetime at higher DoD [26], [27].  

 

2.2.2. Lead-Acid batteries 

 

Lead-Acid battery technology is one of the oldest electrochemical BES technologies. As the name 

indicates, lead serves as the anode while lead dioxide as the cathode in this technology. The electrolyte 

for this technology is served by sulfuric acid.  Lead-acid batteries can be divided into two main groups 

as well, flooded and valve-regulated. The difference between them is that flooded batteries require 

periodic watering to replace the evaporated water from the electrolysis, while valve-regulated batteries 

capture and recombine the progressed hydrogen and oxygen. Both of this lead-acid battery types have 

their advantages and disadvantages where valve-regulated batteries might be more expensive at start but 

involve less maintenance compared to flooded battery types [26], [27]. 

The low capital, and operation costs together with good roundtrip efficiency and low self-

discharge of lead-acid batteries are only some of the reasons for why it has been used for such a long 

time. The lead-acid batteries also have a high-power density, providing an ability to release huge amount 

of energy under short time of period. There are however some disadvantages with the lead-acid battery 

technology such as low cycle and calendar lifetime. There is also a small risk of overheating and 

explosive reaction in these batteries because of hydrogen gases [27], [28]. 

 

2.2.3. Sulphur-Sodium batteries 
 

Sulphur-Sodium batteries have a different design from most electrochemical batteries with solid anode, 

and cathodes. Both the anode and the cathode are in liquid form in this technology. The anode is served 

by liquid sulfur, the cathode is served by liquid sodium and the electrolyte that separates these material 
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is served by a solid alumina ceramic [26], [27]. The basic operation of a Sulphur-Sodium battery can be 

seen in Figure 10. 

 

Figure 10. The operation of a Sulphur-Sodium battery [26]. 

The Sulphur-Sodium battery technology has a good cycle and calendar lifetime which is an 

important advantage. The disadvantages with this technology is however that it is fairly expensive and 

has a parasitic energy requirement. To be able to operate properly, the liquids, Sulphur and sodium must 

be kept around 3000 C and leads to a high self-discharge rate of approximately 17 % per operation day 

[27]. This technology is economically viable when it comes to large scale stationary applications and 

are used mainly with grid infrastructure for controlling the power quality and meeting peak demand 

[26]. There are however plans to install large scale Sulphur-Sodium batteries for wind farms in United 

States of America [29]. 

2.2.4. Other Electrochemical batteries 

 

It is important to mention that there are many other electrochemical battery types that won’t be 

investigated in this study. One of this battery types is Nickel-Cadmium with analogous maturity level 

as Lead-Acid batteries and were used during the 1990’s in EV. Nickel-Cadmium batteries have however 

lost their popularity because of two main reasons: portable Lithium-Ion batteries became a promising 

and widespread technology during the 2000’s due to its fairly maturity level and the recyclability and 

toxicity of cadmium. Sodium-nickel is another electrochemical battery with good safety characteristics 

but low level of maturity, it is not profoundly researched for energy storage when it comes to the grid 

level. There are also silver based electrochemical batteries such as silver-hydrogen, silver-cadmium and 

silver-zinc where the silver will act as the anode and the different materials as the cathode. These 

batteries are quite costly and have a low level of maturity as well [26], [27]. Because of the given 

disadvantages, these technologies have been neglected to be investigated in this study.    

2.2.5. Vanadium Redox batteries 

 

Vanadium Redox batteries belong to the flow battery technology family and operates slightly different 

compared to electrochemical batteries. Sizing of energy storage of flow batteries are implemented 

independent of power rating and usually have a longer cycle life compared to electrochemical batteries, 

which gives them a huge advantage [27]. The process of charging and discharging is also a bit different 

from electrochemical batteries, electrolyte is stored in liquid form in tanks and the uniqueness of 

Vanadium Redox batteries is the fact that only one element with four oxidation states is used for the 

entire process. The flow process of the battery is given in Figure 11. 



21 
 

 

Figure 11. Flow battery process with the marked fuel cell [27].  

The Vanadium Redox batteries has good efficiency around 85 %, long lifetime of electrolyte 

tanks and as mentioned earlier energy and power sizing is made independently. There is however a 

mechanical complexity for this technology and small parasitic losses due to the pumps which can be 

seen in Figure 11. There is also a minor cost regarding replacement of the batteries every 1000 cycles, 

this cost is however very small and the rest of the system will usually operate for the lifetime of a PV 

array [27], [29]. 

There are also other flow battery types such as Zinc Bromide which is slightly cheaper than 

Vanadium Redox batteries. However, the efficiency of Zinc Bromide battery chemistry is much less 

than Vanadium Redox and is therefore not of interest for this study [26], [27], [28]. 

 

2.2.6 Techno-economic comparison of batteries 

 

The different technical and economical characteristics of the batteries are given in Table 1. and Table 2. 

respectively below. 

Table 1. Technical characteristics of different BES technologies [26], ]27], [28], [29], [30], [31]. 

Battery 

technology Lithium-Ion Lead-Acid 

Sulphur-

Sodium 

Flow 

battery 

Battery 

type LFP LiNCM Flooded VRLA NaS 

Vanadium 

Redox 

Nominal 

cell voltage 3.3 V 3.7 V 2 V 3 V 2 V 1.5 V 

Voltage 

increments 3.3 V 3.7 V 2 V 2 V 2 V 1.5 V 

Roundtrip 

Efficiency 95-98% 95-98% 60-70 % 60-85 % 76% 85% 

Cycle Life 

2000 at 100 % 

DoD 

3000 at 80 % DoD 

1900 at 

80 % 

DoD 

1200 at 50 

% DoD 

1000 at 50 

% DoD 

>4000 at 

80 % 

DoD 1250 

Calendar 

Lifetime 15 years 15 years 10 years 10 years 15 years 12 years 

Self-

Discharge 

Rate 

3 

%/month 

3 

%/month 2 %/month 2 %/month 

17   

%/day 

7.5 

%/month 

Table 1 and Table 2 are simplified representations of a very complex comparison and are given 

to give the reader a better understanding about the subject. The following cost data for Table 2 has been 

gathered through different sources and a currency rate of 9SEK-$1 has been used. 
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Table 2. Economic characteristics of different BES technologies [26], [27], [28], [29], [30], [31]. 

BES technology Lithium-Ion Lead-Acid Sulphur-Sodium Vanadium Redox 

Power-Related Cost 

3,000 

SEK/kW 2,250 SEK/kW 13,500 SEK/kW 6,000 SEK/kWh 

Energy-Related Cost 

12,000 

SEK/kWh 

1,350 

SEK/kWh 1,600 SEK/kWh 2,000 SEK/kWh 

Balance of System 

Cost Included 450 SEK/kWh 200 SEK/kW Included 

Fixed O&M Cost 

90 SEK/kW-

year 

13.9 SEK/kW-

year 80 SEK/kW-year 40 SEK/kW-year 

Variable O&M Cost 

0.03 

SEK/kWh 0.09 SEK/kWh 0 SEK 0 SEK 

 

Furthermore, a SWOT analyses has been made (using different references [25], [26], [27], [28], 

[29], [30], [31]) for the different BES technologies used in this study to see the Strength, Weakness, 

Opportunities and Threats (SWOT) of each technology and is given in Table 3. 

Table 3. SWOT analyses of the different BES technologies. 

 Lithium-Ion Lead-Acid Sulphur-Sodium Vanadium Redox 

Strengths 

 High Energy 

Density 

 Spill-proof 

 Less 

Operation & 

Maintenance 

chores 

 Excellent 

Efficiency 

 

 Low Cost 

 Well Used 

 Low Self-

Discharge 

 High 

Efficiency 

 

 

 

 High Cycle 

and Calendar 

Lifetime 

 

 

 

 

 

 High 

Efficiency 

 Long 

Lifetime of 

Electrolyte 

Tanks 

 Power/ 

Energy 

sized 

independent 

 

Weaknesses 

 High Power 

and Energy 

Costs 

 Low Cycle 

Lifetime 

 Low 

Cycle 

Lifetime 

 Low 

Calendar 

Lifetime 

 Parasitic 

Energy 

Requirement 

 High 

Expenses 

 Fairly 

Parasitic 

Losses  

 Mechanical 

Complexity 

Opportunities 

 Huge 

Research & 

Development.  

 Increased use 

of renewable 

energy 

sources. 

 

 Increased 

use of 

renewable 

energy 

sources.  

 

 

 Minor 

Research & 

Development  

 Increased use 

of renewable 

energy 

sources. 

 

 Increased 

use of 

renewable 

energy 

sources 

which will 

increase the 

Demand for 

batteries. 

Threats 

 Not mature 

enough in the 

power 

industry. 

 Could burst 

into fire 

 Small risk 

of battery 

explosion. 

 Risk of 

Gas 

Explosion.  -  - 
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2.2.7 Government subsidy for energy storage in Sweden 

 

Another crucial factor to take into consideration is the government subsidy for energy storage. The 

Swedish government launched a new law in September 2016, giving an opportunity for the prosumers 

to store the electric energy generated by their own renewable energy sources such as PV panels. The 

law is applicable between the years 2016-2019 and covers up to 60 % of the storage(battery) costs 

with a maximum limit of 50,000 SEK. The purpose of the law is to make it easier for individuals and 

encourage them to use PV panels according to the energy minister of Sweden, Ibrahim Baylan [49].  

2.3. Other Energy Storage technologies 
 

BES is one of many EST that exists in the world today and some of the EST will be briefly explained in 

this subchapter. The given EST below are not included to be simulated in this study after thoroughly 

done literature review where their high costs and other disadvantages for the specific case scenario were 

found. 

2.3.1. Supercapacitors 

 

Supercapacitor is also known as electrostatic energy storage when it comes to storing electric energy. 

The functionality of supercapacitors is easy to understand where oppositely charged surfaces are 

separated by an insulating dielectric layer. The charging and the discharging process of this technology 

occurs very swiftly and can nearly have a limitless life cycle with an insignificant degradation. Although 

the traditional capacitors can be found in minor applications, methods are being developed for storing 

electric energy for large-scale applications. The energy density is increased by maximizing the surface 

area consisting of electrode material. There are various types of supercapacitors used in the industry 

today, such as electrochemical double layer (ECDL), hybrid and pseudo capacitors, where every one of 

them has their own advantages and disadvantages [26], [27].  

The advantages of supercapacitors can be seen when it comes to short duration applications, 

high power or short-term peak shaving due to their rapid charge and discharge processes. The 

disadvantages of supercapacitors play a bigger role than the advantages in today’s markets. 

Supercapacitors come with low energy density and very high capital costs making this technology less 

attractive in the energy storage market. There are also many similar studies conducted on the subject of 

using supercapacitors with PV panels for energy storage purposes and have shown results where costs 

of storing energy per kWh are three-four times higher compared to BES. The supercapacitors are likely 

not being used in the energy storage business before their costs can be reduced dramatically. Due to 

these disadvantages and studies, supercapacitors are not investigated in this study. [26], [27], [31], [32]. 

 

2.3.2. Flywheels 

 

Flywheels belong to the mechanical energy storage technology where the energy is stored as angular 

momentum when a wheel is rotating rapidly. Electric motors are used to increase the speed of flywheels 

when it is charging and electric generators are used for discharging purposes. The charging and the 

discharging processes occur quite rapidly, giving this technology a huge advantage.  The cycle life of 

flywheels is also considered to be limitless and their calendar lifetime is considered to be 20 years. 

Flywheels are divided into two groups, low-speed and high-speed flywheels. Low-speed flywheels are 

spinning up to 6.000 rotations per minute (rpm) and are often made of steel. Different from 

supercapacitors, low-speed flywheels are used in industrial high power applications. The high-speed 
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flywheels on the other hand can spin up to 50.000 rpm and are made of light-weight materials [27], [32], 

[33]. 

Flywheels are considered to be useful when it comes to grid frequency regulation because of 

their features. The disadvantages of flywheels are the high operation and capital costs. Even though they 

are considered to have slightly lower costs than supercapacitors, their costs of storing energy per kWh 

are almost three times higher compared to BES according to many studies conducted by other MIT 

studies [27], [32]. Due to these facts and studies, flywheels are not investigated in this study either. 

 

2.3.3. Potential energy storage technologies 

 

Potential energy storage technologies consist of two main groups, Compressed Air energy storage 

(CAES) and Pumped hydroelectric energy storage (PHES). These EST store the energy on a larger scale 

compared to other ESTs discussed earlier. In PHES, water is used in the same way as hydroelectric dams 

to drive the turbines to produce electricity. The surplus energy is applied to pump water to a reservoir 

that can be used later. PHSE is broadly used all around the world and is especially interesting for voltage 

quality and frequency regulation [27], [32], [33]. 

CAES on the other hand use high pressured and sealed underground sections as salt domes or 

mines where the surplus energy is utilized to drive the compressors for pumping the pressured air to 75 

bar level. This technology normally combines the air with other fuels such as natural gas to extract the 

energy [27], [32], [33].  

The problems with both CAES and PHES are the geographical and large-scale application 

limitations that does not match with this study. CAES and PHES are therefore not in the scope of this 

study.  

 

2.4 Electricity Market 
 

This part gives an introduction about the Nordic electricity market where the whole-sale and retailer 

markets are discussed.  The key players in the Swedish electricity market are briefly introduced with 

their responsibilities. The electricity price for the end-users are explained and given in detail at the end 

of this sub-chapter.  

2.4.1. Electricity Market Structure  

 

Different from other commodities such as grain or oil, electricity is harder to store and gives rise to a 

slightly different market structure. The similarity of the electricity market with other markets can be 

seen with the retail-and wholesale market that consist of the producers, retailers and consumers. 

However, complexity of electricity allows other players such as brokers and traders to take part in this 

electricity market. The wholesale electricity market of the Nordic countries can be seen in Figure 10. 

The Nordic countries are integrated with each other in a Nordic grid and this grid is usually operated for 

resource utilization and congestion management purposes. It also makes it easier to trade electricity 

between these neighboring countries if there is an electricity demand/surplus in one of these countries 

[34], [35].   

The Swedish electricity market which is the focus of this project does not have any fixed price 

on electricity on a national level.  The electricity prices in the Swedish electricity market varies 
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depending on the geographical location. The electricity pricing in Sweden is divided into four 

geographical areas (S1, S2, S3 and S4) while five in Norway, two in Denmark and only one in Finland, 

which can be seen in Figure 12. The area of interest in this study is marked in Figure 12. 

 

 

Figure 12. The wholesale Nordic Electricity Market map divided into different price areas [35]. 

The electricity market in the Nordic countries is run by Nord Pool and is the leading power 

market in Europe with both day-ahead and intraday markets offered to the Nordic customers. In the day-

ahead market called Elspot in Nord Pool, the demand bids by the retailers and the supply bids by the 

producers are processed. The spot price of electricity is then being fixed for each hour for the next 

coming 24 hours from the demand and supply curves crossing point. This processes is executed for each 

geographical area (S1,..,S4) and results in a reference price without the congestion problems between 

these areas which is known as the system price [35], [36]. 

The intraday market on the other hand operates to decreasing the production and consumption 

uncertainties. This market is called the Elbas in Nord Pool and deals with the volume of production and 

consumption changes which were submitted in Elspot earlier. This market is operated when the day-

ahead market is closed. Nord Pool is developing new systems in the intraday market such as Elbas 4, 

where even 30- and 15-minute trading is possible for the customers in certain countries [36], [37].  

 

2.4.2. Key players in the Electricity Market 

 

As any other marketplace, the electricity market has its own key players and will be briefly explained 

in this part. The commercial players in the electricity market can be divided into five parts which can be 

seen in Figure 13.  

 

Figure 13. The commercial players in the Nordic Electricity Market [34]. 

The roles of the producers and the end users are quite easy to understand where one is producing 

the electricity while the other one is consuming it. However, the electricity market requires other players 

to manage and connect these two players. The electricity is owned by the trader during the trading 
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process. The trader can buy and sell the electricity between different retailers, or between different 

producers and retailers. The broker on the other hand does not own any commodity, however, acts as 

the estate agent where it is an intermediate between these different players. The retailer buys electricity 

from the trader or asks the broker to find a producer player that will sell a certain volume of electricity 

at a specific time. The electricity is then sold to the end user. There are 134 retailer companies in Sweden 

today 2017 according to the price comparison website Elskling.se in 2017 which offer to sell electricity 

in the form of fixed, variable and mixed (half fixed, half variable) price to their customers (end users). 

The end users in Sweden has the right to choose which retailer they prefer and can affect their electricity 

bill in that way [34], [35], [41]. 

A big non-commercial player which affects the electricity market in Sweden is the TSO called 

Svenska Kraftnät (SvK). SvK is the only TSO in Sweden, even though some countries have more than 

one. The main responsibilities of SvK is to balance the production and import, corresponding to the load 

and export. SvK owns the national grid and oversees frequency stability around 50 Hz in that national 

grid with high and very high voltage levels. The TSO normally receives energy balancing services from 

other actors like Balance Responsible Players (BRP) after have approved them [38], [39].  

Distribution System Operator (DSO) is another player which is crucial for the electricity market. 

The responsibilities of the DSOs are to operate low, medium and high voltage electricity grid and 

distribute the electricity to the end users. There are more than 160 DSOs in Sweden such as Vattenfall 

and Ellevio and it is the DSOs that are obliged to collect and distribute metering data together with 

reinforcement and maintenance processes of the grid. The DSO operates as a natural monopoly when it 

comes to the grid ownership and charges the end users for grid upgrades and care according to their 

business model. These tariffs can therefore vary depending on where the end users are in Sweden 

geographically. The consumers or the producers cannot change their DSO as they can change their 

retailers due to geographical limitations [39], [40]. 

 

2.4.3. Electricity Price 

 

There are many other factors that must be taken into consideration to be able to understand the electricity 

price for the end users. The end users in Sweden have two contracts, the first one is with the DSO that 

owns and operates the power transmission and distribution network in a specific region.  The second 

contract is an electricity supply contract with the company that the end users buy their electricity from, 

namely the retailer. As mentioned earlier, the end users are free to choose their own retailer. However, 

the DSO will act as the retailer if an active choose is not made by the end user which usually results in 

higher electricity costs. This will also result in only one merged contract with the DSO instead [43].  

The DSO implements regional grid tariffs composed of transfer and subscription fees which is 

paid by the end users. The transfer fee refers to the monthly consumption in the form of kWh, while the 

subscription fee denotes the connection of the end user to the grid. Residential buildings are the interest 

of this study and it is therefore important to mention that these grid charges are fuse rate dependent in 

this case. The rating of the fuse varies from 16A-63A in Sweden depending on the different DSOs and 

geographical regions. Exceeding the fuse rate of a certain DSO results in much higher costs for the 

residential end users. There are however installed fuse boxes in every apartment in Sweden which shuts 

downs the electric connection to a certain room of the apartment if to many electric applications are used 

in that specific room. These fuse boxes act as a power balance buffer for the DSO and price buffer for 

the residential end users [43], [44].  

In addition to what the end users are paying the DSO and the retailer, there is also an energy 

tax, RECS fee, VAT and supplementary fees for electric safety, stand-by electricity and network 
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monitoring. The VAT (25 %) and the other supplementary fees paid to the Swedish authority are the 

same, while the energy tax varies throughout Sweden. The end-users with a renewable energy source 

such as PV panels can sell their surplus electricity to the grid by having a contract with a retailer and 

have registered for VAT. There is however no energy tax for the prosumers concerning both consuming 

or selling the electricity produced by PV panels according to the Swedish Energy Agency. The deduction 

of VAT is possible if all generated electricity (not the surplus) is delivered to a supplier which will not 

be the case in this study [43], [45]. 

The Swedish government provides so called green certificates for each produced MW coming 

from renewable energy sources. The idea is to reward the prosumers that are producing electricity from 

renewable energy sources such as PV panels. According to a study conducted by the Swedish Energy 

Agency in 2014, the average price for this certificate was 196.5 SEK/MWh, resulting in additional price 

of 0.027 SEK/kWh for the end users. Many prosumers of small PV systems do not however see much 

value in this small certificate compared to the extra administrative burden.  Another problem with this 

certificate is the fact that only the sold electricity surplus will receive green certificates while the 

electricity used in the household will not receive any certificates. This mean that the prosumers will not 

get any green certificate for all the electricity generated by a renewable energy source [45]. 

Sweden is a country with a huge share of hydro and nuclear power. The hydro and nuclear 

power combined produced approximately 80 % of the total electricity production of Sweden in 2015 

[42]. Most of these hydro and nuclear power plants are located in the Northern part of Sweden which 

indicates that there is a huge electricity production there. The electricity production in Northern Sweden 

and the higher consumption in Southern Sweden affects the Swedish electricity prices. Transporting the 

electricity from North to South results in higher costs. The electricity price is therefore lower in SE1-

SE2 (Northern Sweden) compared to SE3-SE4 (Southern Sweden) in Figure 12 [36], [37], [39].  

 

2.5 Life Cycle Costing 
 

LCC can be seen as an estimate over all the projected costs during a system’s life time for the purpose 

of selecting a cost-effective system design. A comparison and trade-off can be made between different 

costs such as acquisition and maintenance costs to regulate their impact on the total system costs. A 

products life cycle is often complicated from product manufacturing to disposal and is illustrated in 

Figure 14 [8]. 
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Figure 14. General illustration of a products life cycle [8]. 

Even though LCC is applied for the purpose of system design and decision making, it is often 

interpreted differently by the decision makers. Different perspectives can be used to minimize the total 

costs for different individuals. The customer perspective will be used in this study according to [11] 
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where five stages will be taken into consideration; acquisition (investment), support, operation, 

maintenance and disposal. The LCC analysis given in Equation (1) below can be made where these five 

stages can be taken into consideration [8], [11]. 

𝐿𝐶𝐶 =
(𝐶𝐼 (1 −

𝑆𝐺
100) ∙ 1000 + 𝐶𝑂&𝑀 + 𝐶𝐷)

𝑛 ∙ 𝐸
 

(1) 

 

Table 4. Definition, representation and the unit of the different components from Equation (1). 

Definition Representation Unit 

Acquisition/Investment Cost 𝐶𝐼 𝑆𝐸𝐾
𝑊𝑝
⁄  

Government Subsidy 𝑆𝐺  % 

Operation & Maintenance 

Cost 

𝐶𝑂&𝑀 𝑆𝐸𝐾
𝑘𝑊ℎ⁄  

Disposal Cost 𝐶𝐷 𝑆𝐸𝐾
𝑘𝑊ℎ⁄  

Life time of the system 𝑛 years 

Produced/Stored electric 

energy 

𝐸 𝑘𝑊ℎ 

 

Watt peak is given as 𝑊𝑝 in Table 4 above. 𝐸 is defined as produced/stored electric energy 

depending on if battery or PV system is considered in the LCC. This is of course one of the many method 

that can be used in this study. It is important to mention that Equation 1 given above is a form of 

Levelized Cost of Energy (LCOE) and is often used for evaluating RES and cost of PV electricity 

production. The disadvantage of using LCOE is the fact that it cannot measure the future capacity 

expansion revenue and cost of a certain development [50], [52]. The LCOE with a nominal discount rate 

is given in Equation 2 below. 

𝐿𝐶𝑂𝐸 =∑

𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑦𝑠𝑡𝑒𝑚 𝐶𝑜𝑠𝑡 𝑑𝑢𝑟𝑖𝑛𝑔 𝐿 𝑦𝑒𝑎𝑟𝑠

(1 +
𝑟
100

)𝐿

𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑢𝑟𝑖𝑛𝑔 𝐿 𝑦𝑒𝑎𝑟𝑠

(1 +
𝑟
100

)𝐿

=∑
𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑦𝑠𝑡𝑒𝑚 𝐶𝑜𝑠𝑡 𝑑𝑢𝑟𝑖𝑛𝑔 𝐿 𝑦𝑒𝑎𝑟𝑠

𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑢𝑟𝑖𝑛𝑔 𝐿 𝑦𝑒𝑎𝑟𝑠

𝐿

0

𝐿

0

 (2) 

The definition of the LCOE is in this study is given in Equation 3 below which is derived by 

merging Equation 1 and 2: 

𝐿𝐶𝑂𝐸 =

∑ (𝐶𝐼 (1 −
𝑆𝐺
100

) ∙ 1000 + 𝐶𝐷 +
𝐶𝑂&𝑀

(1 +
𝑟
100

)
𝐿)

𝐿
0

∑
𝐸

(1 +
𝑟
100

)𝐿
𝐿
0

 

 

(3) 

2.5.1. Net Present Value (NPV) 

 

Another way of evaluating the investment is NPV, where the discount rate is taken into consideration 

for the investment net profit estimated by the present value. NPV sums the cashflow during different 

periods where the discount rate is taken into consideration and is given in Equation 4 below. 

𝑁𝑃𝑉 =∑
𝐶𝑡

(1 +
𝑟
100)

𝑡

𝐿

𝑡=1

 (4) 
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Where 𝐶𝑡 is the cashflow during period 𝑡 given in SEK containing the different cash 

inflow/savings and costs given earlier in the LCOE, 𝐿 is the total number of periods given in years and 

𝑟 is the discount rate given in % [50]. According to the prediction of the Swedish Energy Markets 

Inspectorate between 2016-2019, the discount rate will be assumed to be 4.55 % in this study [51].  

2.5.2. Capitol Recovery Factor (CRF) 

 

CRF is considered to be a measurement of the present value of a recurring payment, its simply 

measures the annuity over a period of time which will be used in this study for sizing the battery. The 

CRF takes the real interest rate 𝑖 and the amount of years 𝐿 and is given in Equation 5 below. 

𝐶𝑅𝐹 =
𝑖(1 + 𝑖)𝐿

(1 + 𝑖)𝐿 − 1
 

 

(5) 

2.5.3. Risk Assessment with Monte Carlo Simulations 

 

There are always different risks associated with every project and there are different ways of dealing 

with risks and uncertainties within that project. One of these methods is called Monte Carlo simulation 

which is a powerful tool that reviews uncertainties and risks. Monte Carlo method allows uncertainties 

that are likely to change in the future such as discount rate, electricity price etc. as an input to be turned 

into risks in output. It is of crucial importance for an investor to know how a change in a specific variable 

would affect the cost and profitability of a certain project. Monte Carlo simulation is therefore a powerful 

and a valuable method for dealing with this problem [8], [53]. 

In the Monte Carlo method, each input data is assumed to have a certain distribution e.g. the 

electricity price can be modelled as a triangular distribution while the operation and maintenance can be 

modelled as a normal distribution. A point is then chosen randomly for each distribution under the 

probability density function (PDF), which mean that it is more likely that the values will be chosen from 

higher-probability areas. This process will then be repeated many times with different set of inputs. The 

amount of times is called an iteration and every iteration will generate a scenario. The current market 

accepts 5,000-10,000 iterations as standard but the results are more likely to be more accurate with the 

increased iterations. The number of iterations used in this study will therefore be 1,000,000. A discrete 

Monte Carlo simulation will be carried out in this study.  An example of a Monte Carlo iteration can be 

seen in Figure 15 [54].  

 

Figure 15. An example of a Monte Carlo iteration with different distributions and inputs [54]. 

Monte Carlo modeling is limited in existing literature when it comes to RES with often focused 

on one or two RES types. LCOE was often estimated with the focus on solar photovoltaics panels and 
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the effect on LCOE was analyzed for degradation in performance over average, time and other PV 

related variables in [55]. Another study was conducted by Vithayarichareon in 2010 where Monte Carlo 

approach was used to compare LCOE of German natural gas and coal with uncertain carbon prices in 

the future [56]. In a third study, Monte Carlo method for LCOE is summarized for different energy 

sources which is more related to the work that will be carried out in this project [54]. 

2.6 Previous studies conducted on the subject 
This subchapter gives an additional summary of some previous relevant studies conducted on similar 

subjects. 

  A study performed by B.A. Peterson at Missouri University of Science and Technology in 2014 

[32] gives a techno-economic and life-cycle modeling of various energy storage technologies coupled 

with a solar PV array. Different battery storage technologies such as lead-acid, lithium-ion and zinc-

bromide were investigated and lead-acid batteries were proven to be the most economical chose while 

lithium-ion showed the lowest pollution rate. Other EST such as supercapacitors, flywheels and PHES 

were investigated in this study as well, however, these technologies were proven to be very expensive 

with higher rate of pollution. It is one of the reasons of why the supercapacitors, flywheels etc. were 

neglected in this study as mentioned earlier. 

Another study conducted by T. Mosher at the Massachusetts Institute of Technology (MIT) in 

2010 [27] investigated the economic valuation of different ESTs Coupled with PV. None of the 

investigated ESTs were considered to meet the economical requirements for a residential time of use 

rate schedule. The energy cost of lithium-ion batteries was found to be expensive for energy arbitrage 

applications. PHES and CAES were found to be the most viable EST for centralized generation with 

restricted market potential and geographical limitations. Electrochemical batteries were considered to 

be too expensive that did have the required cycle lifetime while flow batteries were seen as an option 

for residential-scale if the costs could be lowered. 

A study was conducted by Md. A. Kabir at Innoenergy where lithium-ion batteries were 

compared technically and economically to lead-acid batteries for residential buildings with PV panels 

in Sweden, 2016 [52]. This study was also conducted to review the LSO concept described earlier. The 

batteries were compared in two different cities in Sweden, Örebro and Karlstad.  Lithium-ion batteries 

were shown to have the best NPV at Karlstad, compared to the lead-acid batteries in this study. Lithium-

ion batteries were therefore considered to be more economical viable and seen as a better alternative 

compared to lead-acid batteries. 

Another study given in [57] evaluates the CO2 footprint and LCC of electrochemical batteries. 

Monte Carlo simulations together with battery size optimization for the different batteries were 

conducted in this study. Most of the lithium-ion battery chemistries showed great and promising 

potential with high efficiency and good stability. Lead-Acid batteries showed association with higher 

uncertainties and higher costs according to this study. Lithium-ion batteries were therefore considered 

to be a better economic and technical alternative compared to other electrochemical batteries. 

Additional comparison between flooded lead-acid and lithium-ion batteries were conducted in 

[58] for substations. An LCC analyses was applied in this study to find the optimal investment for back-

up power supply in substations. NPV and Monte Carlo simulations using the software @Risk was used 

to evaluate these electrochemical batteries. Lithium-ion batteries were found to be more favorable due 

to the expected lifetime of lithium-ion batteries and highly costs of lead-acid batteries. However, the 

maturity of lithium-ion was highlighted to show that more studies and development of this battery 

technology is needed. 
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3 Case Methodology 
 

This chapter describes the methodology and the PV-BES model built for analyzing the residential 

building load and solar production profile. A simplified chart of the general methodology used in this 

study is given in Figure 16 below. The gathered data during the literature review is used to model each 

input differently in the first phase that were later used in the Battery sizing model. The appropriate sizes 

of the different BES technologies were later used in the LCC analysis with Monte Carlo simulations 

where LCEO, NPV, total costs of the BES and the cycle costs were investigated. The different steps 

described in Figure 16. can be found more in detail in this chapter. 

 

Figure 16. Simplified chart of the General Methodology. 

3.1 PV generation 
 

The solar and weather data plays a crucial role in estimating and analyzing the PV-BES system properly. 

The webpage www.renewables.ninja is used in this study where the GPS location of the residential 

building in Uppsala together with the Solar PV information were used as inputs to be able to get an 

estimation of the hourly solar production during one year. The webpage uses CM-SAF SARAH 

(Europe) weather dataset, solar PV capacity in kW, System losses in %, Tilt and Azimuth of the PV 

panels to generate hourly production data. This webpage is used due to its high-quality dataset and GPS 

flexibility compared to other alternatives such as PVWatts which has limited geographical resource data 

which does not cover Uppsala. The module type used in this simulation is polycrystalline silicon which 

is explained in detail in chapter 2. The losses of the PV system were divided into Soiling losses (4 %), 

shading loses (5 %), wiring losses (2.5 %), mismatch losses (2 % and diodes/ connection losses (0.5 %) 

according to [25], [32], [52], resulting in total system losses of 14 %.  The number of cells and module 

area specifications are used according to the PV material [25], [32].  The inverter efficiency (DC-AC 

ratio) is set to be 95 % in this study which is highly used by many other similar studies [32]. The exact 

input specifications are given below together with the hourly solar power production for a complete year 

where the generation is high during summer times and low during winter times. The total converted 

energy from solar PV panels for one year is 17,503 kWh. The hourly PV generation profile for a year 

and the PV-system specifications used in this study are given respectively in Figure 17. and Table 5. 

below. 
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Table 5. PV-System specifications used in the study. 

  

Figure 17. Hourly PV production profile for a year. 

 

3.2 Load profile 
 

The hourly residential consumption for 2015 is used in this study which was given to InnoEnergy by the 

DSO (Vattenfall) in Uppsala, Sweden. The aggregated load data gives hourly consumption of 36 

apartments and facility load such as the elevators, lights, laundry rooms etc. for the entire residential 

building during one year. As it can be seen in Figure 18, the consumption is much higher during winter 

compared to summer, this does not however give a clear picture of daily variation which can clearly be 

seen in Figure 19. The consumption of the residential building seems to be higher during the evening 

and lower after midnight. The total consumed energy during 2015 was 102,550 kWh. 

 

Figure 18. Aggregated load profile of the residential building, where hour 1 represents 1st of January 01:00 2015. 

Dataset CM-SAF SARAH (Europe) 

Capacity (kW) 20 

System Loss (%) 14 

Tilt (°) 15 

Azimuth (°) 180 

Material Polycrystalline silicon 

Number of cells 98 

Module area (m2) 1.63 m2 
Inverter efficiency 

(%) 95 
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Figure 19. Daily variation during one year with 8760 hourly consumption data.  

This daily variation during one year with 8760 hourly data where each hour contains 365 data 

points is used to schedule charging and discharging times of the battery when the sizing the battery for 

the given system. Sizing of the battery is given in more detail below. The average hourly consumption 

during Winter (1st November-31st March) was 12.8 kWh while 10.9 kWh during Summer (1st April-31st 

October). The reason behind these low numbers compared to Figure 19 is the fact that the consumption 

is very low during morning compared to the evening where most of the peak consumption occurs. As it 

can be seen in Figure 18. the load exceeds 30 kWh only 3-4 times in a year which shows a potential to 

reduce those peaks with a BES which can result in fuse size downgrading and economic savings which 

will be examined in this study when sizing the battery and Monte Carlo simulations are simulated. 

3.3 Electricity Pricing 
 

After the literature review, an electricity pricing model is built due to the different electricity pricing 

when electricity is sold or bought from the grid during different times of the year and day. The sell prices 

for a given day and hour is modeled and given in Equation (6) as: 

𝐸𝑙𝑠𝑒𝑙𝑙(𝑑𝑎𝑦, 𝑡) = 𝑆𝑝𝑜𝑡(𝑑𝑎𝑦, 𝑡) + 𝑇𝑎𝑟𝑖𝑓𝑓𝑠𝑒𝑙𝑙(𝑑𝑎𝑦, 𝑡) + 𝐺𝑟𝑒𝑒𝑛 𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑒𝑠 (6) 

Where 𝑆𝑝𝑜𝑡(𝑑𝑎𝑦, 𝑡) are the Nordpool Spot prices during 2015 [13], 𝑇𝑎𝑟𝑖𝑓𝑓𝑠𝑒𝑙𝑙(𝑑𝑎𝑦, 𝑡) is the 

energy compensation granted by the DSO described as a tariff for a specific day and hour and the 

additional green certificate used for this model is set to be 0.07 SEK/kWh according to [45]. The green 

certificate amount was also discussed and found reasonable during an interview with a Professor at KTH 

with great knowledge in Electricity Market. 

The buy prices for a given day and hour is modeled and is given in Equation (7) as: 

𝐸𝑙𝑏𝑢𝑦(𝑑𝑎𝑦, 𝑡) = (𝑆𝑝𝑜𝑡(𝑑𝑎𝑦, 𝑡) + 𝑇𝑎𝑟𝑖𝑓𝑓𝑏𝑢𝑦(𝑑𝑎𝑦, 𝑡) + 𝑡𝑎𝑥 + 𝑅𝑒𝑡𝑎𝑖𝑙𝑒𝑟 𝑚𝑎𝑟𝑔𝑖𝑛)𝑉𝐴𝑇 (7) 

Where a different tariff is applied by the DSO for buying the electricity from the grid, a tax of 

0.292 SEK/kWh (tax in 2017) is applied as well after an interview conducted with a Professor at KTH 

with great knowledge in Electricity Market, and a retailer margin of 0.35 SEK/kWh was set according 

to [32] and investigating the retailer comparison webpage Elskling.se [41]. The retailer margin was later 

changed after have obtained the electricity bill for the given residential building and the pricing model 
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was tested to obtain the same electricity bill resulting in a retailer margin of 0.165 SEK/kWh. Additional 

VAT (25 %) is applied to the electricity charge by the Swedish government [45].  

The tariff fees set by the DSO (Vattenfall) varies depending on if it is Summer or Winter times. 

According to Vattenfalls webpage, the time tariff fees between 1st November-31st March during 

weekdays are given in Table 6. as following [63], [64]: 

Table 6. The tariff fees for the Winter period. 

Time 06:00-22:00 (High tariff) 22:00-06:00 (Low tariff) 

𝑻𝒂𝒓𝒊𝒇𝒇𝒔𝒆𝒍𝒍 0.0588 0.0588 

𝑻𝒂𝒓𝒊𝒇𝒇𝒃𝒖𝒚 0.655 0.175 
 

Low tariff prices are used for weekends and the rest of the year (1st April- 31st October) 

independent of morning or evening hours. 

Daily variation during one year with 8760 data points for the Nordpool Spot prices are given in 

Figure 20. Where during 1 day a large production facility was shut down which gave rise to the Nordpool 

Spot electricity price. 

 

Figure 20. Daily variation of the Nordpool Spot prices during one year with 8760 data points in region S3. 

 

3.4 Sizing the Battery 
 

The main methodology of sizing the battery is given in Figure 22. However, the method is quite large 

and needs to be divided into smaller pieces to be understood. The methodology is simulated for a year 

with 𝑑𝑎𝑦 = 1,2…365 , 𝑡 = 1,2…24. The input parameters to be able to size the BES are the annual 

load and PV generation profiles, electricity pricing for the different seasons and hours which was 

given earlier, battery specifications and financial parameters which will be explained in this 

subchapter.  
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3.4.1. PV system model 

 

Before starting the sizing of the BES, the PV system without storage was modelled and simulated in 

Matlab with the given electricity pricing, PV and load profiles according to Figure 21.The PV production 

is in this model consumed by the residential building and any surplus is sold to the grid. The total annual 

cost of this system (𝐶𝑃𝑉_𝑇𝑂𝑇) is assumed to be the annual electricity bill that will be used to compare the 

cost savings with different BES technologies for measuring the feasibility of installing a BES.  

 

Figure 21. PV System model with different input parameters. 

3.4.2. PV-BES system model 

 

There are different system configurations in a PV-BES system model, where the battery and PV panels 

can be connected with a MPPT charge controller to charge the battery with DC voltage directly from 

PV panels. The battery is this study is however considered to be connected to the AC bus bar through 

an inverter unit at the same way the PV panels use an inverter to convert the DC voltage into AC voltage 

as given in Equation (8). 

𝑃𝑃𝑉_𝐴𝐶(𝑑𝑎𝑦, 𝑡) = 𝑃𝑃𝑉_𝐷𝐶(𝑑𝑎𝑦, 𝑡) ∙ 𝜂𝑃𝑉_𝑖𝑛𝑣 (8) 

Where 𝑃𝑃𝑉_𝐷𝐶(𝑑𝑎𝑦, 𝑡) is the power output from the PV panels in DC, 𝜂𝑃𝑉_𝑖𝑛𝑣 in the inverter 

efficiency of the PV system and 𝑃𝑃𝑉_𝐴𝐶(𝑑𝑎𝑦, 𝑡) is the PV power in AC. The battery charge/discharge power 

transfer is defined in a similar way in Equation (9-10). 

𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) = 𝐸𝐵𝐸𝑆(𝑑𝑎𝑦, 𝑡) − 𝐸𝐵𝐸𝑆(𝑑𝑎𝑦, 𝑡 − 1)  (9) 

𝑃𝐵𝐸𝑆_𝐴𝐶(𝑑𝑎𝑦, 𝑡) = {

𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) ∙ 𝜂𝐵𝐸𝑆_𝑖𝑛𝑣      𝑖𝑓 𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) < 0 

𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡)

𝜂𝐵𝐸𝑆_𝑖𝑛𝑣
         𝑖𝑓 𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) > 0 

  (10) 

Where 𝜂𝐵𝐸𝑆_𝑖𝑛𝑣 is the battery inverter efficiency, 𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) is the battery charge/discharge 

power transfer, when the battery is charging 𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) > 0 and when the battery is discharging 
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𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) < 0 . 𝑃𝐵𝐸𝑆_𝐴𝐶(𝑑𝑎𝑦, 𝑡) is the charge/discharge power of battery in AC and 𝐸𝐵𝐸𝑆(𝑑𝑎𝑦, 𝑡) 

is the energy stored in the battery at a specific day and hour.  

The main objective in battery sizing in this methodology is to lower the total annual operating 

costs for the entire system. By investigating the load, electricity prices, tariffs and PV generation 

profiles, an energy flow schedule for a year was modelled which can be seen in Figure 22. The 

methodology starts by dividing the different seasons. The seasons are divided into Summer (1st April- 

31st October) and Winter (1st November-31st March). During the Summer season, a so called Summer 

Module strategy is applied which is given in Figure 23. Where the charging and discharging processes 

of the battery and how the excess electricity is dealt with is shown in. Depending on difference between 

the PV generation power and the load profile, the SOC of the battery is checked with its boundaries 

(minimum and maximum SOC). The SOC is defined differently for charging and discharging and is 

given in Equation (11): 

𝑆𝑂𝐶(𝑑𝑎𝑦, 𝑡) =

{
 
 

 
 𝑆𝑂𝐶(𝑑𝑎𝑦, 𝑡 − 1) ∙ (1 − 𝑠) +

𝑃𝐵𝐸𝑆𝐷𝐶(𝑑𝑎𝑦, 𝑡)𝜂𝐵𝐸𝑆_𝑖𝑛𝑣

𝑉 ∙ 𝐶𝐵𝐸𝑆(𝑑𝑎𝑦, 𝑡)
      𝑖𝑓 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 

𝑆𝑂𝐶(𝑑𝑎𝑦, 𝑡 − 1) ∙ (1 − 𝑠) −
𝑃𝐵𝐸𝑆𝐷𝐶(𝑑𝑎𝑦, 𝑡)

𝑉 ∙ 𝐶𝐵𝐸𝑆(𝑑𝑎𝑦, 𝑡) ∙ 𝜂𝐵𝐸𝑆𝑖𝑛𝑣
 𝑖𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

  (11) 

Where 𝑉 is the battery voltage, 𝑠 is the self-discharging factor and 𝐶𝐵𝐸𝑆(𝑑𝑎𝑦, 𝑡) is the usable battery 

capacity in Ah. If there is a surplus in the system (PV generation is bigger than the consumption) the SOC 

is checked to see if there is a possibility to store the surplus in the battery. If the battery has reached its 

maximum SOC, the surplus is sold directly to the grid. In case of possible storage potential (SOC is less 

than its maximum point), the maximum charging capacity (𝑃𝐵𝐸𝑆_𝐶ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥𝐷𝐶(𝑑𝑎𝑦, 𝑡)) is checked to 

able to decide how much the battery should be charged and how much of the electricity that must be 

sold to the grid. The maximum charging and discharging capacity is assumed to be the same and is 

modeled where the minimum charge/discharge time (𝑎) in hours is taken into consideration as in 

Equation (12): 

𝑃𝐵𝐸𝑆_𝐶ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥𝐷𝐶(𝑑𝑎𝑦, 𝑡) = 𝑃𝐵𝐸𝑆_𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥𝐷𝐶(𝑑𝑎𝑦, 𝑡) =
𝑉 ∙ 𝐶𝐵𝐸𝑆(𝑑𝑎𝑦, 𝑡)

𝑎
 

  
(12) 

If there is a shortage in the system (more consumption than PV generation), the SOC of the 

battery is checked to be able to see if the stored electricity can be utilized instead of buying from the 

grid as before. In case of an empty battery, the required electricity will be bought from the grid. The 

charging and discharging times of the battery will affect the degradation of the batteries in terms of 

overcharging, temperature, chemical processes etc. Usually high currents have a negative effect in 

general on the battery itself, but mostly it is limited by the battery design itself and how much current 

they can handle before they overheat. Depending on the different manufacturer data sheets for the 

different BES technologies the recommended charging rates was found to be around 7-8 hours (C/7 and 

C/8) and discharging rates around 6-8 hours (C/6 and C/8). A Ph.D. student at KTH in Electromagnetic 

Engineering department was interviewed about this subject which also gave a recommendation for 

charging and discharging rates of the different battery types around 6-8 hours (C/6 and C/8). Taking the 

literature review and the expert opinion into consideration, the charging and discharging rate was set to 

be C/8 for all batteries. 

The main methodology of sizing the battery for the given system is showed in Figure 22. An 

index i is used to be able to build vectors containing the increased battery capacity with 100 Ah, SOC, 

losses, total annual operational costs etc. A battery capacity and the nominal voltage of the battery gives 

a certain size of the battery in kWh which is lopped through every hour t during a year where the total 

annual operational costs are calculated and stored. The battery size if thereafter increased and ran again 

until a set capacity of the battery is reached. The index with the lowest total annual operational costs 

corresponds to the most appropriate battery capacity and thereby battery size.  
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Figure 22. The sizing methodology of the BES technology. 
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The amount of cycles utilized during Summer with the given methodology is around 1 

cycle/day. Since there is a very low Nordspot price and same tariff during the entire day, there is no 

point in charging the battery during the morning and use it during evening. The management strategy of 

the PV-BES system during Summer is given in Figure 23. It is important to note that same methodology 

is applied during Winter between 18:00-24:00 which can be seen in Figure 22.   The only charging that 

will occur during Summer times will be done through surplus energy from PV panels which will be used 

to make the following savings given in Equation (13): 

𝐸𝑙𝑏𝑢𝑦(𝑑𝑎𝑦, 𝑡) − 𝐸𝑙𝑠𝑒𝑙𝑙(𝑑𝑎𝑦, 𝑡) 
  

(13) 

 

Figure 23. Methodology to charge and discharge a BES in a smart way. 

The Winter period has more module/strategies which can be seen from Figure 22. Due to the 

potential saving that can be made as explained earlier.  The main idea behind these strategies is to buy 

and store electricity when the prices are low and use it when the prices and load are higher by making a 

peak hour strategy. By doing this the following saving can be made which is given in Equation (14): 

                                         𝐸𝑙𝑏𝑢𝑦(𝑑𝑎𝑦, 𝑡 ≥ 6) − 𝐸𝑙𝑏𝑢𝑦(𝑑𝑎𝑦, 𝑡 < 6)

= ((𝑆𝑝𝑜𝑡(𝑑𝑎𝑦, 𝑡 ≥ 6) + 𝑇𝑎𝑟𝑖𝑓𝑓𝑏𝑢𝑦(𝑑𝑎𝑦, 𝑡 ≥ 6)) − (𝑆𝑝𝑜𝑡(𝑑𝑎𝑦, 𝑡 < 6) + 𝑇𝑎𝑟𝑖𝑓𝑓𝑏𝑢𝑦(𝑑𝑎𝑦, 𝑡 < 6))𝑉𝐴𝑇

= 0.64 + 𝑉𝐴𝑇(∆𝑆𝑝𝑜𝑡(𝑑𝑎𝑦)) 
  

(14) 

The battery is therefore charged during the morning and discharged after 18:00 to make an 

additional saving in fuse size downgrade since all the major peak consumption occurs after 18:00 which 

can be seen in the load profile, Figure 18 and Figure 19. 

The Charging strategy for low peak hours (00:00-06:00) and the Neutral strategy for the hours 

06:00-18:00 during Winter times are given respectively in Figure 24. and Figure 25.   
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Figure 24. Methodology to charge the BES System during low peak hours. 

 

Figure 25. Methodology for operating the PV-BES System between 06:00-18:00 
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3.4.3. Financial parameters & Losses 

 

The main loss that will be taken into consideration in this study is the cumulative capacity loss of the 

battery during charging and discharging processes and was modeled according to [62], as given in 

Equation (15): 

𝑃𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡) = {
𝑃𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡 − 1) − 𝐺 ∙ 𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡)      𝑖𝑓 𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) < 0 

𝑃𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡 − 1)         𝑖𝑓 𝑃𝐵𝐸𝑆_𝐷𝐶(𝑑𝑎𝑦, 𝑡) > 0 
  (15) 

Where 𝑃𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡)represents the cumulative capacity losses and G is the aging /degradation 

rate of the battery. The cost related the cumulative capacity losses (𝐶𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡)) can be modelled as 

Equation (16) according to [62]: 

𝐶𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡) =
𝑃𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡) ∙ 𝐶𝑎𝑞

1 − 𝑆𝑂𝐻𝑚𝑖𝑛
 (16) 

Where 𝐶𝑎𝑞 is the acquisition/investment costs of the battery given in (SEK/kWh) and 𝑆𝑂𝐻𝑚𝑖𝑛is 

the State of Health of the battery and in this study, it is assumed to be zero which mean that we will run 

the battery until it is of no use anymore.  

Other parameters that must be taken into consideration are the annualized inverter-and 

annualized investment costs. The annualized inverter and investment costs can be modelled as given in 

Equations (17-18) where the CRF in Equation 7. is used: 

𝐶𝐼𝑛𝑣𝑒𝑟𝑡 = 𝐶𝑖𝑛𝑣 ∙
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑠𝑖𝑧𝑒

𝑎
∙ 𝐶𝑅𝐹  (17) 

𝐶𝐼𝑛𝑣𝑒𝑠𝑡 = 0.4𝐶𝑎𝑞 ∙ 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑠𝑖𝑧𝑒 ∙ 𝐶𝑅𝐹  (18) 

Where 𝐶𝑖𝑛𝑣 is the battery inverter cost given in SEK/kW, 𝐶𝑎𝑞 is the battery cost given in 

SEK/kWh and 0.4 is used due to the government subsidy in Sweden which was explained in Chapter 2 

earlier. There are also savings which can be made with the battery other than decreasing the annual 

electricity bill (𝐸𝑙𝑏𝑢𝑦 − 𝐸𝑙𝑠𝑒𝑙𝑙) and that is to downgrade the fuse size. The location given has the highest 

fuse size,63 A the price list for different fuse sizes can be seen in Table 7. below [63]: 

Table 7. Vattenfall's fuse connection fees for the different fuse sizes. 

Fuse size Maximum Power peak Costs 

16A 11 kW 4,095 SEK/year 

20A 14 kW 5,725 SEK/year 

25 A 17 kW 7,160 SEK/year 

35 A 24 kW 9,800 SEK/year 

50 A 35 kW 14,085 SEK/year 

63 A 44 kW 18.955 SEK/year 

 

Vattenfall was contacted for this price list where the recommendation for changing the fuse size 

was to have a maximum peak that was 10 % below the list above. The current maximum power peak 

for the given system (Load power-PV production) without a battery is 32.068 kW which is not 10% 

below 50 A fuse size (35 kW maximum power peak). The different battery sizes could result in different 

maximum power peak for the system and will be taken into consideration as a saving given in Equations 

(19-20): 

𝐶𝐹𝑢𝑠𝑒 = 18,955 𝑆𝐸𝐾/𝑦𝑒𝑎𝑟 
 

(19) 



41 
 

𝐼𝑠𝑎𝑣𝑒 = 𝐶𝐹𝑢𝑠𝑒 − 𝐹𝑠𝑖𝑧𝑒 

  
(20) 

Where 𝐶𝐹𝑢𝑠𝑒 is the current fuse size cost, the saving (𝐼𝑠𝑎𝑣𝑒) is represented as the current cost 

subtracted with the potential fuse size cost 𝐹𝑠𝑖𝑧𝑒 where the battery will result in 10 % reduction of a 

certain size with the methodology given in Figure 23. 

The battery sizing problem can be modelled as the following in Equations (21-25): 

 min        𝐶𝑇𝑂𝑇 = (𝐸𝑙𝑏𝑢𝑦 − 𝐸𝑙𝑠𝑒𝑙𝑙) + 𝐶𝐼𝑛𝑣𝑒𝑠𝑡 + 𝐶𝐼𝑛𝑣𝑒𝑟𝑡 + 𝐶𝑙𝑜𝑠𝑠 + 𝐶𝐹𝑢𝑠𝑒 − 𝐼𝑠𝑎𝑣𝑒  

 

(21) 

 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶(𝑑𝑎𝑦, 𝑡) ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 
 

(22) 

 

𝑃𝐵𝐸𝑆_𝐶ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥𝐷𝐶(𝑑𝑎𝑦, 𝑡) ≥ 𝑃𝐵𝐸𝑆_𝐶ℎ𝑎𝑟𝑔𝑒_𝐷𝐶(𝑑𝑎𝑦, 𝑡) 

 

(23) 

 

𝑃𝐵𝐸𝑆_𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥𝐷𝐶(𝑑𝑎𝑦, 𝑡) ≥ 𝑃𝐵𝐸𝑆_𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝐷𝐶(𝑑𝑎𝑦, 𝑡) 

 

(24) 

 

𝑓𝑜𝑟 𝑎𝑙𝑙      𝑑𝑎𝑦 = 1,2, … ,365 𝑎𝑛𝑑 𝑡 = 1,2, … ,24. (25) 

 

Where the objective is to minimize the total annual operational costs by using the Battery 

sizing model explained earlier. Different battery capacity sizes were looped with the given methodology 

to find the minimum total annual operational costs subject to the equations given in this Chapter. 

3.4.4. Battery input parameters 

 

Four BES technologies were tested and the optimal BES size was calculated for each and every one of 

them. The additional input parameters (according to the references [25], [26], [27], [28], [29], [30], [31], 

[59], [60]) of the different BES technologies used in the battery sizing model are given in Table 8 below. 

Table 8. Technical and Economical Battery Specifications for the different BES technologies. 

Batteries Lithium-Ion Lead-Acid 
Sulphur-

Sodium 

Vanadium 

Redox 

Nominal Battery 

Voltage  12 V 12 V 12 V 12 V 

Minimum State of 

Charge  20% 30% 10% 20% 

Maximum State of 

Charge 90% 90% 90% 90% 

Real interest rate  4 %/year 4 %/year 4 %/year 4 %/year 

Self-Discharge rate 3 %/month 2.5 %/month 3 %/month 7.5 %/month 

Aging coefficient   0.0002 0.0005 0.0002 0.0003 

Roundtrip Efficiency 95% 90% 85% 80% 

Inverter Cost 5300 SEK/kW 3600 SEK/kW 7500 SEK/kW 4600 SEK/kW 

Battery acquisitions 

Cost  5700 SEK/kWh 

2400 

SEK/kWh 

2900 

SEK/kWh 4700 SEK/kWh 

Minimum 

Charging/discharging 

time  C/8 rate C/8 rate C/8 rate C/8 rate 

Inverter Lifetime 10 years 10 years 10 years 10 years 



 

3.5. Monte Carlo simulation model 
 

Monte Carlo simulation is applied to examine the LCOE and NPV of the different BES technologies 

during 25 years in this study. Monte Carlo simulation is applied in order to assess the influence of 

uncertainty when the different input parameters are considered to be stochastic rather than deterministic 

(see Chapter 2 for more information about Monte Carlo simulation).   The battery parameters that were 

chosen to be the stochastic input parameters were Energy capacity cost (SEK/kWh), Calendar life 

(years), Operation and Maintenance costs, Electricity production (kW/year), due to the variance in 

values that were found during the literature study. A Monte Carlo simulation involves different 

distributions for the different inputs together with the calculated battery size.  

Expert interviews were conducted to assess the different input values after it as gathered during 

the literature review. Six different battery manufacturer in Sweden, four different professors from 

different universities and one battery expert in InnoEnergy was contacted/interviewed for the assessment 

of the prices and the Monte Carlo method between March and May 2017. The interviews were conducted 

either via mail or in person lasting between 20 and 40 minutes. The interviews can be summarized as 

following: The prices gathered during the literature review were found to be high for lithium-ion and 

lead-acid batteries due to the fact that battery prices are falling and the literature found was written 

couple of years ago. The battery prices were then adjusted by removing the oldest literature and price 

found. The prices for the Vanadium Redox batteries were found to be too optimistic since the 

marketability of this technology is considered to be quite young and more conservative prices were 

considered in this study. Sulphur-Sodium battery prices were found to be reasonable. The prices 

gathered were adjusted after the interviews and the values and the distribution for each input parameter 

is given below in Table 9. in box charts where the mean and variance of the different parameters can be 

seen which was used in this study (The prices are adjusted to the SEK 2017).   

The deterministic parameters are considered to be the installation and recycling costs of the 

batteries in Uppsala. The assumption made in this study for the installation is 8 working hours where 

one working hour including tax and social insurance is assumed to be 650 SEK. The installation and 

recycling process is assumed to need two workers i.e. cost is then assumed to be 10,400 SEK. The 

amount of iterations used in this study is 10,000 for assessing the LCOE and NPV which was stated 

before. Another aspect taken into consideration in the Monte Carlo simulations were the recycling costs 

which was considered to be less than half of the installation costs. The recycling cost was modelled as 

a normal distribution with a mean value of 4500 SEK and a standard deviation of 1000 SEK when the 

battery had to be replaced. The three savings identified during the PV-BES system, the surplus energy 

from the PV panels stored in the batteries, the electricity bought and stored in the battery during morning 

and used during the evening and the fuse size downgrade savings for the optimal size were used as a 

cash inflow for the NPV. The input parameters were used with the mean and standard deviation values 

for the Normal distribution while alpha and beta values for the Weibull distribution which can be seen 

from Table 9.  
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Table 9. Input parameters used in the Monte Carlo Simulation with their specific distribution and references. 

Input parameters Chosen 

Distribution 

References 

 

Normal 

 

[27], [30], 

[32], [59], 

[60], [61]. 

 

Normal [27], [32], 

[59], [60], 

[61]. 

 

Weibull [27], [32], 

[58], [59], 

[60], [61]. 

 

Normal [27], [32], 

[58], [59], 

[60], [61]. 
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4 Results 
 

The simulation results for the given methodology is given in this chapter. The PV System Model is 

described first where the daily power profile is demonstrated for a typical Summer and Winter day, the 

calculated total annual costs are also given to state the current system costs which can be compared to 

the system with a battery to assess the feasibility of installing batteries. The second part gives the results 

for the most appropriate size and total annual costs with the specific input used in the methodology part. 

The last part of this chapter presents the Monte Carlo simulation results of LCOE and NPV for the 

different battery technologies. 

 

4.1 PV System Model 
 

As described in subchapter 3.4.1, the current system of the residential building only consists of PV 

panels, grid and the residential consumption. The Figures 26-27 below describe a typical Summer and 

a Winter day during the year where the electricity bought from the grid is lower for Summer due to a 

lower consumption and a higher PV generation and the opposite during Winter times. Almost the entire 

electricity is bought from the grid during Winter time where a small PV generation can be observed 

during hour 10.  

 
Figure 26. PV System Model during 20th June 2015. 

 
Figure 27.PV System Model during 15th December 2015 

 

The total annual operational cost of the residential building for this system was calculated to be: 

 𝐶𝑃𝑉_𝑇𝑂𝑇 = 123,861 𝑆𝐸𝐾 

4.2 PV-BES System Model 
 

In the PV-BES system model, a battery is included which affects the system in various ways depending 

on the seasons. The different battery technologies were tested with the given methodology to assess the 

situation. The total annual operational costs vary with the different battery size which can be seen in the 

Figures 28-29 below. 
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Figure 28. Total Annual Operational Costs for the 

different BES technologies and the PV system alone. 

Figure 29. Zoomed in Total Annual Operational Costs 

for the different BES technologies and the PV system 

alone. 

The total annual operational cost for the PV-System model is plotted with the BES to be able to 

compare and calculate the feasibility of installing a battery at the given residential building. The optimal 

size for all battery types are the same with the battery capacity of 500 Ah which results in a battery size 

of 6 kWh due to the nominal voltage being 12 V. PV-BES system is resulting in a lower total annual 

operational cost compared to the PV-System model for a given interval of battery size. These sizes are 

given in Table 10 below for the different BES technologies:  

Table 10. The battery capacities and sizes with Lower Cost interval. 

Batteries Lithium-Ion Lead-Acid Sulphur-Sodium 
Vanadium 

Redox 

Lower Cost interval, 

battery capacity size (Ah) 460-790 Ah 460-840 Ah 450-1050 Ah 465-710 Ah 

Lower Cost interval, 

battery size (kWh) 5.52-9.48 kWh 5.52-10.08 kWh 5.4-12.6 kWh 5.58-8.52 kWh 

The different total annual operational costs together with the total annual profit compared with 

the PV system model for the optimal size is given in Table 11 below with the lowest cost for Sulphur-

Sodium and highest for Vanadium Redox batteries. 

Table 11. The optimal size, the total annual operational costs and the annual profit for the different BES technologies 

Batteries Lithium-Ion Lead-Acid Sulphur-Sodium Vanadium Redox 

Optimal Size (kWh) 6 kWh 6 kWh 6 kWh 6 kWh 

Total Annual Op. 

Costs (SEK/year) 

122,542 

SEK/year 122,608 SEK/year 

122,053 

SEK/year 

122,828 

SEK/year 

Total Annual Profit 

(SEK/year) 1,319 SEK/year 1,253 SEK/year 1,808 SEK/year 1,033 SEK/year 

The Figures 30-31. below describe a typical Summer and a Winter day during the year for the 

PV-BES system. As described in the methodology, the Smart Module is used during Summer times 

when the battery is charged with the surplus electricity from the PV panels and discharged when there 

is a shortage in the system. The battery during Winter times is charged during the morning and 

discharged during the evening.  It is important to note that the exact values for all the given results will 
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vary dependent on the day and hour of the year one is looking at. All the given BES technologies are 

acting in a similar way due to the same methodology and it is therefore a general view of the PV-BES 

will be given in this chapter. Sulphur-Sodium BES technology has been used for the figures represented 

in this subchapter for the PV-BES system. 

 
Figure 30. PV-BES System Model during 20th June 

2015. 

Figure 31. PV-BES System Model during 5th January 

2015 

The state of charge of the battery for a typical Summer and a Winter day can be seen in the 

Figures 32-33. below where the given methodology is applied. The battery during Winter times is 

charged during the morning and discharged during the evening while only the PV production surplus is 

used for charging the battery during Summer times. 

 
Figure 32. State of Charge of the battery during 20th June 

2015. 

Figure 33. State of Charge of the battery during 

15th December 2015. 

The cumulative capacity losses of the battery for the different seasons are given in the Figures 

34-35. below, the losses occur when the battery is discharged. The battery is discharged later during the 

evening in Winter times, while a bit earlier in Summer due to PV generation. 

 
Figure 34. Cumulative capacity losses of the battery 

during 20th June 2015. 

Figure 35. Cumulative capacity losses of the battery 

during 15th December 2015 

The different total annual capacity reduction of the different battery types is given in the Table 

12. below together with the battery capacity at the end of the year compared to 6 kWh at start, resulting 

in the lowest annual capacity reduction for Sulphur-Sodium batteries while highest for Lead-Acid. 
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Table 12. Change in the Capacity of the different BES technologies. 

Batteries Lithium-Ion Lead-Acid Sulphur-Sodium Vanadium Redox 

Battery Capacity at 

the end of the year 5.8279 kWh 5.5941 kWh 5.8575 kWh 5.7946 kWh 

Annual Capacity 

Reduction ~ 2.8 %  ~ 6.7 %  ~ 2.4 %  ~ 3.4 %  

 

4.3 LCC analysis with Monte Carlo Simulations 
 

An LCC analysis was applied for 25 years with 1,000,000 Monte Carlo iterations and the results for the 

different BES technologies was obtained with the optimum size gained from the methodology described 

earlier. The savings for the given optimum size scenario was included in the cashflow of the NPV 

calculations as well. The LCOE, NPV, the total costs of the battery and the cycle costs of the different 

BES technologies are given in the subsections below. The different interval results from the Monte Carlo 

simulation with 90 % probability are given in Table 13. below with the lowest interval LCOE, total and 

cycle costs for Lithium-Ion, while highest for Sulphur-Sodium. The highest NPV interval can be seen 

for Lithium-Ion batteries, while lowest NPV interval for Sulphur-Sodium. Both Lead-Acid and Lithium-

Ion batteries with 90 % probability result in positive NPV, while a negative interval is included for the 

NPV of Sulphur-Sodium and Vanadium Redox batteries. 

Table 13. The 90 % probability interval results of the Monte Carlo Simulations. 

Battery Type Lead-Acid Lithium-Ion Sulphur-Sodium Vanadium Redox 

LCOE 

(SEK/kWh) 2.7812 - 4.7352 1.9867 - 3.4007 2.0292 - 4.5732 2.4209 - 5.6369 

NPV (SEK) 4,128 – 45,026 14,279 – 54,829 -12,366 – 47,928 -10,841 – 50,215 

Total Cost 

(SEK) 78,373 – 119,980 38,096 – 103,110 58,688 – 148,504 60,389 – 144,512 

Cycle Cost 

(SEK/cycle) 7.8687 - 13.869 3.7373 - 11.737 6.357- 16.353 6.5273- 15.927 

 

The probability of obtaining a positive NPV from this scenario with Monte Carlo simulations is 

96.58 % for Lead-Acid, 99.42 % for Lithium-Ion, 83.27 % for Sulphur-Sodium and 85.56 % for 

Vanadium Redox. The exact results and plots obtained from the Monte Carlo simulations for the 

different BES technologies are given in the Figures 36-51. below. 
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4.3.1 Lithium-Ion 

 
Figure 36. Monte Carlo Simulation of Lithium-Ion 

battery LCOE given in SEK/kWh. 
Figure 37. Monte Carlo Simulation of Lithium-Ion 

battery NPV given in SEK. 

 
Figure 38. Monte Carlo Simulation of the Lithium-Ion 

battery total Costs for 25 years given in SEK. 
Figure 39. Monte Carlo Simulation of Lithium-Ion 

battery cycle costs given in SEK/Cycle. 

4.3.2 Lead-Acid 

 
Figure 40. Monte Carlo Simulation of Lead-Acid 

battery LCOE given in SEK/kWh. 

Figure 41. Monte Carlo Simulation of Lead-Acid battery 

NPV given in SEK with. 

 
Figure 42. Figure 38. Monte Carlo Simulation of the 

Lead-Acid battery total Costs for 25 years given in 

SEK. 

Figure 43. Monte Carlo Simulation of Lead-Acid battery 

cycle costs given in SEK/Cycle. 
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4.3.3 Sulphur-Sodium 

 
Figure 44. Monte Carlo Simulation of Sulphur-Sodium 

battery LCOE given in SEK/kWh. 

Figure 45. Monte Carlo Simulation of Sulphur-Sodium 

battery NPV given in SEK. 

 
Figure 46. Monte Carlo Simulation of the Sulphur-

Sodium battery total Costs for 25 years given in SEK. 

Figure 47. Monte Carlo Simulation of Sulphur-Sodium 

battery cycle costs given in SEK/Cycle. 

4.3.4 Vanadium Redox 

 
Figure 48. Monte Carlo Simulation of Vanadium 

Redox battery LCOE given in SEK/kWh. 

Figure 49. Monte Carlo Simulation of Vanadium 

Redox battery NPV given in SEK. 

 
Figure 50. Monte Carlo Simulation of the Vanadium 

Redox battery total Costs for 25 years given in SEK. 

Figure 51. Monte Carlo Simulation of Vanadium 

Redox battery cycle costs given in SEK/Cycle. 
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4.3.5 Comparison between all BES technologies 

 

Comparison between the different battery types might be hard to understand from the given plots above. 

The Figures 52-55. below show a more detailed Monte Carlo simulation results where Lithium-Ion is 

more likely to have the lowest costs and the highest NPV as described earlier. Sulphur-Sodium and 

Vanadium Redox batteries are quite like each other in costs and NPV, while Lead-Acid is more 

concentrated around a specific value with less deviation compared to other BES technologies. 

 
Figure 52. Monte Carlo Simulation of all batteries’ 

LCOE given in SEK/kWh . 

Figure 53. Monte Carlo Simulation of all batteries’ NPV 

given in SEK. 

 
Figure 54. Monte Carlo Simulation of all batteries’ 

total Costs for 25 years given in SEK. 

Figure 55. Monte Carlo Simulation of all batteries’ cycle 

costs given in SEK/Cycle. 
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5 Sensitivity Analysis 
 

There are many factors affecting the results such as the government subsidy, charging/discharging time, 

different costs etc. in this study that that will be assessed in this chapter. The assessment is divided into 

two parts, where the PV-BES system and sizing are given in the first part and LCC with Monte Carlo 

simulations in the second part. 

5.1 PV-BES System 
 

As described earlier, the Swedish government pays a subsidy of 60 % of the battery costs up to 50,000 

SEK. As seen in the Results section, a saving is achieved with a battery for a certain interval of battery 

sizes compared to the PV-system model. The government subsidy was removed to assess the effect on 

the total annual operational costs in the Figures 56-57 below.  

 
Figure 56. Total Annual Operational Costs for the 

different BES technologies and the PV system alone 

without a government subsidy. 

Figure 57. Zoomed in Total Annual Operational Costs 

for the different BES technologies and the PV system 

alone without a government subsidy. 

As it can be seen from the figures above, only the Sulphur-Sodium batteries result in an annual 

saving compared to the PV-system model between the sizes 5.64-7,56 kWh and an optimal size of 6 

kWh is obtained. Rest of the batteries show a loss with Lithium-Ion almost resulting in the same 

operational costs as the PV-system with a battery size of 6 kWh.  

Another input influencing the PV-BES system results is the charging and discharging time of 

the battery. The figures below show the PV-BES sizing system with different charging/discharging rates. 

As it can be seen from the Figures 58-59  below with different C-rate and government subsidy, the main 

parameter affecting the optimal size is how fast the batteries can be charged/discharged. A C/10 rate 

which mean 10 hours to charge/discharge the battery results in a larger optimal battery size of 7.2 kWh, 

while a C/5 rate results in a smaller optimal size of 3.6 kWh and a lower total operational cost. 
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Figure 58. Total Annual Operational Costs for the 

different BES technologies with a C/10 rate and the PV 

system alone without a government subsidy. 

Figure 59. Total Annual Operational Costs for the 

different BES technologies with a C/5 rate and the PV 

system alone with a government subsidy. 

The assumption made in this study was to result in a maximum power peak of 10% below the 

given fuse size costs given in the methodology. The Figures 60-62. Below show the total annual 

operational costs with different C-rate, fuse margin and government subsidy.  

 
Figure 60. Total Annual Operational Costs for the 

different BES technologies with a C/5 rate, 12.5 % 

margin and the PV system alone with a government 

subsidy. 

Figure 61. Total Annual Operational Costs for the 

different BES technologies with a C/8 rate, 12.5 % 

margin and the PV system alone with a government 

subsidy. 

 

Figure 62. Total Annual Operational Costs for the different BES technologies with a C/8 rate, 8 % fuse margin and 

the PV system alone with a government subsidy. 

As it can be seen from the Figures 60-62, the margin set in the study has a huge impact on the 

system and results in a larger optimal size of the battery with much bigger costs and thereby makes the 

investment of batteries not feasible economically. When there is margin of 8%, a fuse downgrade can 

be made for the already existing PV-system model which will result in that the battery for the given 

system is not economically viable. 
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5.2 Life Cycle Cost Analysis  
 

As it was seen in the previous subchapter, the main inputs which has a large impact on the result are the 

charging/discharging time, government subsidy and fuse size margin which results in different battery 

size and costs. The charging/discharging time and the fuse size margin increases the size of the battery 

and thereby increase the costs linear while the government subsidy is more different and the Figures 63-

66. below describe the results for removing it. 

 
Figure 63. Monte Carlo Simulation of all batteries’ LCOE 

given in SEK/kWh without the government subsidy. 

Figure 64. Monte Carlo Simulation of all batteries’ 

NPV given in SEK with without the government 

subsidy. 

 
Figure 65. Monte Carlo Simulation of all batteries’ total 

Costs for 25 years given in SEK without the government 

subsidy. 

Figure 66. Monte Carlo Simulation of all batteries’ 

cycle costs given in SEK/Cycle without the 

government subsidy. 

In the case of no government subsidy, the 90 % probability of the intervals was changed as well 

where all the costs increased, while the NPV dropped dramatically. The probability of obtaining a 

positive NPV from this scenario with Monte Carlo simulations is 21.1 % for Lead-Acid, 32.41 % for 

Lithium-Ion, 11.29 % for Sulphur-Sodium and 14.89 % for Vanadium Redox. The 90 % probability 

interval results are given in Table 14. below. 

Table 14. The 90 % probability interval results of the Monte Carlo Simulations without the government subsidy. 

Battery Type Lead-Acid Lithium-Ion Sulphur-Sodium Vanadium Redox 

LCOE (SEK/kWh) 4.4189 - 7.0129 3.4671 - 5.8911 3.5826 - 7.5106 4.0698 - 9.5998 

NPV (SEK) -32,603 – 11,121 -36,573 – 19,593 -75,098 – 8,288 -78,843 – 16,931 

Total Cost (SEK) 123,381 – 170,063 51,403 – 182,665 99,407 – 238,512 98,977 – 241,123 

Cycle Cost 

(SEK/cycle) 13.478 - 18.678 5.6256 - 20.026 10.816 - 26.212 10.834 - 26.431 
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6 Discussion 
 

This chapter of the report gives a discussion around the methodology used in this study together with 

the obtained results. The discussion is divided into two parts where the PV-BES system methodology is 

discussed at start followed by the LCC analysis performed with Monte Carlo simulations. 

6.1. PV-BES System Methodology 
 

Methodology built and simulated in this part was derived through examining the load profile, PV 

production and the electricity market in Uppsala, Sweden. The same methodology could not be applied 

for another country with different electricity market structure and prices. The electricity price for buying 

the electricity is always higher than selling it for the end-customer in Sweden. This might be different 

in other countries that could affect the methodology by charging the battery during low price periods 

and sell it back to the grid during high price periods and thereby create a new revenue stream that could 

result in the BES investment to be more profitable.  

Cost of all the BES technologies which could be seen in the result section were increasing linear 

with respect to the size of the battery which is reasonable since larger batteries will have larger costs 

due to additional material of the battery. At the beginning of the simulation the battery costs are above 

the current PV-system model as it can be seen from Figure 28-29. The main cost reduction occurs when 

a fuse size downgrade can be made where the fuse size margin is fulfilled with a certain size of a battery. 

Savings through storing the PV surplus for the given system can be calculated by using Equation 13 

where there is a price difference between buying and selling the surplus electricity and multiply it by 

the electricity stored during those times when there is a surplus in the system. From the given 

methodology and the calculated size, the saving through storing the surplus electricity is approximately 

508.25 SEK/year. Saving through storing electricity during morning and using it during evening due to 

different tariffs fees in Winter times was calculated to be around 336.96-449.28 SEK/year for the 

different batteries (Lead Acid had the lowest saving while Sulphur-Sodium had the highest). This mean 

that having a 6kWh battery in the system would result in a saving of 845,21-957,53 SEK/year depending 

on the battery chosen. This saving alone does not cover the current market investment, installation and 

other costs of the system and would therefore be uneconomical. The main saving comes from the fact 

that a fuse downgrade occurs due to the given methodology where the battery is charging during the 

morning and discharged during the evening in Winter times. The main consumption of the system occurs 

during the Winter and this strategy is not necessary during the Summer. The saving through a fuse size 

downgrade is 4780 SEK/year which is almost five times more than the two-other savings mentioned 

earlier.  

Another fact that must be pointed out is the fuse size margin which was set and analyzed in the 

sensitivity analysis above. The current load profile indicates that a fuse size downgrade can be made in 

the system without a battery if the fuse size margin is set to 8%. This indicates that the set margin of 10 

% is very close to the existing 8 % and is the main reason behind why the battery for this system becomes 

feasible to invest in with a small battery size. If the load profile would be different with a higher 

maximum power peak, a much larger battery size would be required and the risk of resulting in a saving 

compared to the already existing PV-system model could be impossible. This would mean that investing 

in a battery with today’s battery prices is not economically viable. However, with the given system and 

with the set margin size, a battery within the given size limits from the Results chapter will result in a 

saving annually compared to the existing PV-system model. 

As it can be seen from the result, Vanadium Redox batteries seems to make the least saving 

while Sulphur-Sodium batteries seems to make the largest savings of the system annually. Even though 
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Sulphur-Sodium batteries have relatively high costs, the fact that it can have a larger maximum DOD 

makes it possible to store more energy compared to other BES technologies with the same size. Storing 

the electricity during the morning and discharging during the evening results therefore in more saving 

for Sulphur-Sodium batteries compared to the other BES technologies investigated in this study. Lead-

Acid and Lithium-Ion batteries can be seen to bring in a similar saving even though Lithium-Ion batteries 

cost more. This is due to the fact that Lithium-Ion batteries have a better roundtrip efficiency and a larger 

maximum DOD compared to Lead-Acid batteries.  

One of the main points to state is the simplified form of the inverter in this study. The 

optimization of the inverters is totally ignored in this study and is considered to be a simplified tool with 

an efficiency and a cost, but it is much more complex than the given methodology. The type of inverter 

must be optimized and adjusted for a given BES system and the inverter efficiency and behaviors might 

change depending on the BES technology which was ignored to make the study simplified and because 

inverters were not the main objective of this study. Another cost and system parameter ignored in this 

study was the PV system, where it was assumed to be a power asset. It is different in reality where a 

malfunction might occur in the PV system, operation and maintenance might be needed, different 

inverter system is used etc. 

Another factor that must be mentioned is the cumulative battery capacity losses, the battery 

capacity will during the years decline where the capacity losses can be calculated by looking at the 

capacity during the first day of the year and the last of the year. The battery capacity will be declined 

with around 4-6 % per year and after some time it might not be able to fulfill the fuse size margin set in 

this study, it is therefore recommended to choose a battery size that is often a bit larger than it was 

calculated in this study. This might however be solved by decreasing the charging/discharging time as 

discussed earlier.  

6.2 LCC Analysis with Monte Carlo Simulations 
 

The results gained in the battery sizing model considers each battery for its own calendar life time/cycle 

life time and looks at the total annual operational costs of the PV-BES system during that life time. This 

might however change when a longer period is taken into consideration. There is also an uncertainty in 

the prices, fixed prices were chosen when the size was calculated but the prices in the market vary 

depending on which manufacturer you buy the battery from with different features. Monte Carlo 

simulation is therefore a perfect tool for this study where the inputs were given a distribution and the 

result was investigated for the different BES technologies. The period taken into consideration in this 

study was 25 years and it is one of the main factors in this study. Different BES technologies have 

different battery lifetime depending on calendar and cycle life time of the battery. This mean that the 

new batteries must be reinstalled if the lifetime of the batteries are less than the given period. Dependent 

on the battery lifetime the total costs will be affected by it. This is best shown in Figure 54 for Lithium-

Ion batteries. Rest of the batteries seems to be normally distributed while Lithium-Ion batteries have 

two curves, one large and one smaller. This is due to the lifetime of the battery. The battery must be 

replaced one more time some of the times causing the minor cure which can be seen in Figure 54. The 

probability of it happening is less than the probability of not happening due to the other curve being 

larger than the second one. However, it shows the importance of choosing a period that the analysis 

much be conducted on.  

The results obtained in the battery sizing model show that Sulphur-Sodium has the largest total 

annual operational costs, this is however changed in the Monte Carlo simulations for a period of 25 

years. There are many reason for that, one is the period chosen explained earlier while the other one is 

the different prices that is available in the market today. The prices gathered during the literature review 

are varied in the Monte Carlo simulation to be able to deal with the uncertainties. Sulphur-Sodium results 

with the 90 % probability in second least NPV and the second most total costs, LCOE and cycle costs 
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after Vanadium Redox batteries. The probability of obtaining a positive NPV for Sulphur-Sodium from 

the Monte Carlo simulations was 83.27 % which is the worst probability compared to other BES 

technologies (96.58 % for Lead-Acid, 99.42 % for Lithium-Ion, and 85.56 % for Vanadium Redox). 

Even though it was shown to be the most profitable battery type in the battery sizing model, this changes 

in the Monte Carlo simulations. 

The profitability of the system dropped dramatically when the government subsidy was removed 

in the sensitivity analyses. The probability of obtaining a positive NPV from the scenario with no 

government subsidy resulted in 21.1 % for Lead-Acid, 32.41 % for Lithium-Ion, 11.29 % for Sulphur-

Sodium and 14.89 % for Vanadium Redox. Even though the government subsidy is 60 % of the battery 

costs up to 50,000 SEK, it resulted in a major profitability difference. Obtaining a positive NPV dropped 

from 99.42 % to 32.41 % for Lithium-Ion which was still shown most likely to have the greatest 

profitability. The BES technology that was mostly affected by the government subsidy was the Sulphur-

Sodium batteries where the probability of obtaining a positive NPV dropped from 83.27% to 11.29 %. 

Monte Carlo simulations shows us that without the government subsidy the investment in the BES would 

most likely to result in a loss for all BES technologies investigated in this study. This shows the 

importance of having a government subsidy and how important it is to encourage different individuals 

and companies to invest in a BES system.  

The LCOE was also shown most likely to be the lowest for the Lithium-Ion battery with 90 % 

probability of being between 1.9867-3.4007 SEK/kWh for the given 25 years’ period. The highest 

interval for the LCOE with 90 % probability was found to be for the Vanadium Redox battery in the 

ranges of 2.4209-5.6369 SEK/kWh. The interesting comparison is between Sulphur-Sodium and Lead-

Acid batteries where the Sulphur-Sodium batteries are more likely to have a lower LCOE compared to 

Lead-Acid batteries. The effect of the government subsidy can also be seen here where the LCOE for 

the scenario without the government subsidy resulted in much higher intervals with an increase between 

50-75 % depending on the battery type. It can be seen that the maximum value with 90 % probability 

with the government subsidy has in most cases become the minimum value without the government 

subsidy.  

The third output investigated in the Monte Carlo simulations was the total costs for the given 

period of 25 years. It can also be seen here that Lithium-Ion is most likely to have the lowest total costs 

at the end of the period compared to the other BES technologies which also resulted in a lower cycle 

costs. The other BES technologies had different intervals where the Lead-Acid seem to have a shorter 

interval ranging from 78,737-119,980 SEK while Sulphur-Sodium and Vanadium Redox batteries 

resulted in a total cost in the range of 60,000-150,000 SEK. This shows that Lead-Acid batteries have 

less uncertainties due to its simplicity and low costs compared to the other BES technologies.  

The cycle cost of the batteries was calculated by dividing the total cost by the amount of cycles 

a battery had to make during the 25 years’ period. Even here the Lithium-Ion battery show most likely 

to have the lowest cycle cost, this will however vary depending on if the battery needs to be changed an 

additional time or not which was discussed earlier. The other BES technologies were shown to have a 

higher cycle costs with different intervals where the range of the interval was least for the Lead-Acid 

batteries of around 6 SEK/cycle, while around 10 SEK/cycle for Sulphur-Sodium and Vanadium Redox 

batteries. The range of interval for the Lithium-Ion battery was around 8 SEK/cycle with lower minimum 

and maximum value which was given in Table 13. These ranged intervals changed for the scenario 

without the government subsidy where the range of interval for Lead Acid was around 5 SEK/cycle, 

while around 15 SEK/cycle for the rest of the batteries. This shows once again that Lead-Acid batteries 

have less uncertainties due to its high maturity compared to other BES technologies. The battery prices 

are also more likely to fall in the future making the lower boundaries of the intervals in the Monte Carlo 

simulation more interesting for future investments. 
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7 Conclusion and Future Work 
 

Local production and storage in residential housing with focus on sizing and comparison of different 

Battery Energy Storage Technologies using probabilistic Life Cycle Cost Analyses were applied in this 

study. The different BES technologies used in this study were Lead-Acid, Lithium-Ion, Sulphur-Sodium 

and Vanadium Redox batteries. The sizing of a certain BES technology was accomplished by taking 

local production, consumption, electricity market and energy flow into consideration and thereby lower 

the total annual operational costs. The calculated size of the BES was thereafter used in the LCC analyses 

for a given period of 25 years using discrete Monte Carlo simulation with 1,000,000 iterations. The 

different technical and economical parameters gathered during the literature review were used in both 

steps of the methodology. 

The applied sizing methodology with the given assumptions resulted in the size of 6 kWh for 

all BES technologies. Sulphur-Sodium batteries with the calculated size resulted in having the greatest 

saving compared to other BES technologies. The size of the batteries was shown to be mainly dependent 

on the charging/discharging time together with the set fuse size margin. The calculated in the sizing 

methodology was later used in the Monte Carlo simulations which showed that Lithium-Ion battery 

technology was most likely to result in the lowest LCOE around 1.9867-3.4007 SEK/kWh, total costs 

around 38,096-103,110, cycle costs around 3.7373-11.737 SEK/cycle and the highest NPV around 

14,279-54,829 SEK with 90 % probability. Lead-Acid battery technology was however shown to have 

the least uncertainties compared to other BES technologies. The government subsidy was found to have 

the greatest role when applying a LCC analyses where the profitability of installing all BES technologies 

were dropped dramatically from being profitable to being nonprofitable.  

Lithium-Ion battery technology is more likely to the most profitable according to the Monte 

Carlo simulations conducted in this study due to its longer life span and higher efficiency compared to 

other BES technologies. Lithium-Ion battery technology was also found to have the largest probability 

of having a positive NPV of 99.42 %.  It should however be stated that the maturity of Lithium-Ion 

batteries is relatively low compared to other BES technologies such as Lead-Acid and other similar 

studies concerning Lithium-Ion batteries should be conducted before applying this technology in larger 

scale. The battery prices for Lithium-Ion batteries are however falling as stated before which increase 

the profitability of installing Lithium-Ion batteries in the future. 

The given method could be developed in the future to take further PV system installation costs 

together with other electricity production systems into consideration as well. The electricity 

consumption is around 20 % of the total energy consumption in a residential building and additional 

cost saving could be identified by applying mainly alternative thermal power systems such as heat 

pumps. Another future work that could be applied for a similar system, is the optimization of the 

inverters used in the system as stated in the discussion part. The impact of EV is ignored in this study 

which also could be investigated where it could be implemented as a separate system or it could replace 

the stationary battery by charging/discharging the EV battery. 
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