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Abstract 
 
 
The grid connected solar PV system with battery storage is one of the promising alternative 

energy solutions for electricity consumers. The Local System Operator (LSO) will be a new 

actor to operate its own energy system by integrating PV and battery system with other technical 

solutions. This thesis investigates the technical and economic viability of a grid connected PV 

system with battery storage in behind-the-meter approach for aggregated residential load to 

assess the LSO model for the present conditions in Sweden. 

 

The system model is developed using the System Advisory Model (SAM) – a simulation 

software for renewable energy system analysis. The PV system model is designed using solar 

irradiation profile and fifty multi-dwelling aggregated residential load data from Sweden. The 

appropriate design inputs of solar PV module, inverter and system loss are taken from previous 

studies. The electricity price is analysed from the comparative study of Nord-pool wholesale 

price, market retail price and distribution grid tariffs. The financial metrics such as discount 

rate, inflation rate, system cost and currently available PV incentives are considered to make an 

accurate model. To help with the assessment, three cases are formed; the first case represents 

only the PV system and the other cases include storage - using a lithium-ion or lead-acid battery. 

This comparative study helps to determine the optimum PV and battery size at two different 

locations in Sweden. 

 

The optimum net present value (NPV) and profitability index (PI) is found at the 40 kW PV 

and 3 kWh battery system at Karlstad, Sweden. The optimum case is considered for further 

investigation to evaluate the system life time energy profile, electricity bill saving capability 

and battery performance. The system peak shaving potential is investigated by making two 

other scenarios with higher battery capacity. Sensitivity analysis is also performed to assess the 

system’s technical and financial input parameters. The system capacity factor at the site location 

is found as an influential parameter to the annual production and profitability. The optimum 

size of PV system with a lithium-ion battery investment is found feasible for the LSO real 

implementation only considering the current PV incentives and electricity price in Sweden. The 

report concludes with the assessment, the technical and economic feasibility of the studied PV 

and battery storage system profitability depends on the system site location, residential load 

size, consumer electricity cost and available PV incentives. 
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Sammanfattning 

 
 
 
Nätanslutna solcellsystem (PV) med batterilagring är en lovande alternativenergilösning för 

slutkonsumenten. Den 'local system operator', LSO, blir en ny aktör som driver eget 

energisystem genom att integrera PV- och batterisystem med andra tekniska lösningar. Denna 

avhandling undersöker det tekniska och ekonomiska genomförbarhetet i ett nätanslutet PV 

system med batterilagring i 'bakom mätaren' scenario för aggregerade bostäder i ett 

flerbostadshus, för att urvärdera LSO modellen. 

Systemmodellen är utvecklat med 'system advisory model' (rådgivande modell), SAM, ett 

simuleringsprogram för förnybara energisystem. PV systemparametrarna beräknas med hänsyn 

till  väderprofiler och lastdata från Sverige. Lämpliga parametrar för solcellsmoduler, omriktare 

och systemförluster tas från tidigare studier. Slutkonsumenternas elpriser analyseras från 

jämförande studie av NordPool grosshandelspris, konsumentpris och distributionnätstariffer. 

Finansiella mått såsom system kostnad, rabatt och inflationstakten och tillgängliga incitament 

för PV investeringar används för att göra modellen noggrannare. Tre fall undersöks; det första 

representerar systemet med bara PV, och de övriga fallen lägger till lagring, genom antingen 

litiumjon eller bly-syre batterier. Denna jämförande studie är ett underlag för att bestämma den 

optimala PV och batteristorleken för anläggninar på två olika område i Sverige. 

Den optimala netto nuvarande värde (NPV) och lönsamhet index (PI) är på 40 kW PV systemet 

och 3 kWh batteri på Karlstad, Sverige. Ytterligare undersökning av detta fall används för att 

utvärdera energiprofilen under systemets livstid, möjlighet till minskad elräkning, och batteriets 

prestanda. Potential för utjämning av systemets topplast utreds genom att skapa två andra 

scenarier med högre batterikapacitet. Känslighetsanalys utförs också för att bedöma de tekniska 

och ekonomiska parametrarna. Den optimuma storleken på PV system med ett litium-jonbatteri 

finns rimligt för LSO riktiga genomförande med tanke på incitamenten. Simuleringsresultaten 

och systemkonsekvenserna av LSO modellen diskuteras. Rapporten visar att den tekniska och 

ekonomiska genomförbarheten av det studerade PV systemet med litium-jon batteri beror på 

slutkonsumentelpriset, PV incitament och globala trender i kostnaderna för 

systemkomponenter, samt på valet av lämplig plats med en effektiv analys av väder profil och 

systemetförluster. 
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1 Introduction 

 

1.1 Background 

The global energy transformation towards an efficient and sustainable structure is the 

composition of modern technical innovations and integration of renewable sources. The current 

global electric power system has two main challenges; ensuring a secure supply of power and 

mitigation of environmental impact from power production. In recent years, electricity is the 

world’s fastest growing energy consumption. The main reason for this fast growing demand is 

the massive population and economic growth associated with industrialization and extensive 

technical development all over the world. According to International Energy Outlook 2016, the 

net electricity production will increase around 70% by 2040 which results in a total 36500 TWh 

annual electricity consumption in the world [1]. 

 

Fossil fuels such as oil, natural gas and coal are considered as a major source for this massive 

power production to meet such demand. Around 67% [2] of current global electricity is 

produced from fossil sources, which has a major contribution to greenhouse emission. This 

situation imposes to make a good trade-off between environmental safety and energy security. 

Therefore, the main challenge is to make suitable technical solutions and business models to 

ensure the sustainability in the energy sector. 

 

Renewable energy technologies are promising alternative solutions for future electricity 

production. Renewable resources such as solar, wind, hydro and geothermal are fastest growing 

energy source for electricity generation containing 2.9 % [1] average annual growth. The solar 

energy is considered as a future high potential energy source, with 8.3 % [1] annual increment 

on net production mainly for three reasons. First, this is the most abundant resource of power 

in form of heat and light from the sun. Next, solar energy can provide concrete module output 

efficiency which helps to make an accurate estimation of production. However, solar irradiation  

depends on weather conditions, but it has the flexibility to be designed based on consumer need 

such as distributed generation or grid connected large scale production [3]. 

 

The current development of storage technology enables the best use of renewable sources. The 

battery storage technology is commonly used in the industry. The best outcomes of  using 

battery storage at power industry are peak load management, improving power quality of  

renewable production, distributed and off grid power management [4]. In recent years, demand 

side management (DSM) such as demand response, energy efficiency, peak load shifting are 

several new techniques to control the end user power demand. The global interest is now 

changing to find innovative technologies at the demand side to ensure the efficient use of 

electricity. 

 

Sweden is well renowned for clean energy production in the world. In 2013, the total electricity 

production was 149 TWh which is contributed from 41% of hydropower, 43% of nuclear power 

and 7% of wind power [5].The installed solar PV production is 80 MW (peak) in both grid 

connected and off-grid solar systems at the end of 2014 where estimated annual capacity is 75 

TWh per year. The contribution from solar PV sources is only 0.06% of total production which 

is very low in comparison with others [6]. 
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The end user energy consumption in Sweden is divided into three main areas; residential, 

industrial and transport sector. In Sweden, 40% [5] of total energy is used by residential and 

service sector for electric heating, domestic use and business consumption. In 2013, electric 

heating used in the residential sector was around 19 TWh which is decreased significantly due 

to high prices that motivated consumers to use heat pumps and district heating. In contrast, 

domestic electricity uses increased from 9 TWh to 22 TWh in last 43 years (1970-2013).This 

happened due to substantial increase of households and modern appliances. The energy use is 

decreased by some modern energy efficient appliances but the number of household and the 

number of appliances in each are increased - these two opposite trends have an impact on the 

future domestic electricity consumption [5].The above discussion reflects the current 

consumption portfolio of the Swedish electricity market. 

 

The European Union has specific green policy and action framework for 2030. The framework 

contains an obligatory target to cut at least 40% emissions in the EU territory, increase a total 

of 27% renewable share at EU consumption and increasing 27% energy efficiency. They set a 

roadmap to build a low carbon economy by 2050 [7].They have a plan to develop a new 

governance system that will help to achieve these targets in an efficient manner. The current 

energy system is shifted towards a decentralized renewable energy solution. The EU current 

policy framework and Swedish energy policy is motivated to take part in this paradigm shift 

and achieve the sustainable energy goals. 

 

The PV based energy technology is one of the most sustainable solutions for Sweden. In recent 

years, many end-users are started to invest in small scale solar PV production. However, the 

current power system architecture is not well suited to connect end consumers in a way in which 

they are considered as a potential actors in the system. The current energy system is also not 

built in the favour of significant amount of local renewable energy injection like wind and solar. 

More weather dependent renewable energy insertion into the grid can easily disrupt the balance 

of demand and supply if not correctly handled. Much study and research is currently being 

conducted to find the solutions to make renewable sources economically viable in the current 

electricity policy framework for all market actors [8]. 

 

Therefore, the energy consumers are not capable to be a renewable prosumer by managing all 

technical services, markets price and several stakeholders. These limitations in the demand side 

bring the opportunity to create a new energy operator with a behind-the-meter solution which 

helps building owners to utilize their locally produced renewable energy in a more efficient 

way. The Local System Operator (LSO) will be a new actor to manage the local PV production 

and building energy system. This thesis evaluates the technical and economic performance of a 

rooftop PV and battery storage system in the residential load to assess the Local System 

Operator (LSO) model for real implementation. 

 

1.2 The Local System Operator (LSO) overview 

The idea of the Local System Operator (LSO) is to make an energy operator between the end 

consumer and Distribution System Operator (DSO) to manage the residential, commercial or 

industrial aggregated load, by a “behind-the-meter “approach. The term “behind-the-meter” 

means that, tenant’s DSO meters are replaced by the LSO sub-meters and building aggregated 

load is connected with a single DSO meter. The LSO operated energy system helps to enable 

new technical services to overcome the limitations of the current system. The end consumer 

will benefit from communicating with a single authority instead of several actors with multiple 

business contracts. 
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The LSO will operate an Energy Operating System with its unique IT-platform to enable control 

techniques and efficient data management in the connected buildings. The primary services are 

rooftop PV production, smart data visualization, battery storage and EV-charging. The system 

is designed to enable automation, monitoring and 24/7 operation of the buildings energy system. 

The LSO can utilize and optimize synergies and thereby offer more value to customers by 

integrating these solutions into a single operating system. This allows LSO to take the full 

responsibility of the buildings electricity system and provide technical and economic benefit to 

the end-consumers and other actors. Figure 1 shows the schematic diagram of a residential 

building system suitable operation by a LSO. 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic diagram of a LSO model 

 

 

1.3 The LSO functionality and solutions 

The operating principle of a LSO integrates the energy technology through a local building 

energy hub and a cloud based data control automation system. At first, the data will be managed 

by the local hub that will processes data and send information directly to the customer graphic 

user interface (Web or Application) or send it to the cloud via an existing gateway. A highly 

flexible interface enables an easy integration of new and innovative technologies to make it 

modular and horizontally scalable. The key LSO services which will be implemented into the 

system are the following: 

 Sub-metering: The LSO operated buildings will be connected with smart sub-meters 

means that, all the DSO electricity meters at the consumer premises such as apartments 

and building facility will be replaced by the LSO smart sub-meters, thereby creating a 

local “behind-the-meter energy system”. The entire building will be connected with a 

single DSO meter and the aggregated load is considered as a single unit. The better 

utilization of fuse sizes and data visualization are the main benefit of sub-metering. 

 Optimum use of PV production: The LSO will install the PV system on the building 

rooftop to manage the building’s regular load and sell back any remainder to the grid. 

PV production is dependent on solar irradiation. The LSO will be responsible to ensure 

the optimum use of solar power for building self-consumption with customer bill 

savings and more renewable integration into the grid. 



14 

    

 Peak power reduction: In the present Swedish power system structure, residential 

consumers have to pay a fixed cost depending on the incoming fuse ratings. The average 

power transfer typically gives currents far below the incoming fuse rating, so spreading 

of the peak load permits a cost saving. The optimum strategy for both battery storage 

and PV production will be implemented in the customer premises by the LSO. 

 

 EV charging management: The LSO will operate the EV charging points with an 

efficient charging management system for customers. The developed EV charging 

strategy will ensure the optimum use of local PV production and grid power during the 

time of lower price from the grid. 

 

 Grid balance service: The grid balance service is required by the TSO when frequency 

regulation is needed. The LSO will participate in the balance market by using battery 

storage and demand response technology through its operating system. 

 

 Demand response of aggregated load: The demand Response techniques such as load 

shifting, automated temperature control can be enabled for the aggregated load in the 

LSO operated buildings. 

 

The business model incorporates the primary revenue source from the annual individual 

electricity bill saving and peak power cost reduction. They also offer services to the energy and 

regional grid companies. The smart system will be able to provide value added services such as 

congestion management, improved power quality and frequency regulation for the TSO. The 

LSO will be able to control the customer’s energy assets with the help of various information 

stream such as weather data, load demand, price signals from the energy market. The business 

opportunity of these services and market values helps to make the LSO model economically 

sustainable. 

 

1.4 State of Art 

The Local System Operator (LSO) is a platform of different technical services at the demand 

side. All the LSO offered service needs a separate technical study to realize the complete 

outcome of the LSO model. The PV and battery storage is the main service in this model needs 

a comprehensive study on the aggregated residential load at behind-the-meter approach. 

The residential consumers in Sweden are connected with different fuse sizes and power ratings 

from the DSO. For example, a small apartment is connected with minimum 16A fuse size even 

it consumes less power in each hour. The fuse size is under-utilized from the customer point of 

view. The LSO offers to aggregate the residential load with a single DSO meter and manage 

the building energy system through rooftop PV and battery system which reduces the grid 

consumption. Several parameters, such as PV system technical design, solar radiation profile, 

system losses, battery technical performance, system cost and the electricity price control the 

overall performance of the rooftop PV and battery system. Moreover, the system performance 

indicator metrics changes when it applies to different load profiles. 

In this study, a rooftop PV and battery storage system is designed by aggregating a residential 

multi-dwelling load with the assumption of behind-the-meter approach. The thesis evaluates 

the technical and economic performance of the designed PV and battery storage system for a 

twenty-five years analysis period and reviews the LSO model for real implementation. 
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1.5 Thesis objective 

The aim of the thesis is to determine the optimum size of solar PV and battery storage system 

for the studied aggregated residential building load. The optimum case is further investigated 

to evaluate the technical and economic feasibility of PV and battery storage system for a period 

of twenty five years and identify the system implication to the LSO model. 

Main Objectives are: 

 Determine the optimum rooftop solar PV and battery size for the residential load. 

 Compare PV system performance with lithium-ion and lead-acid battery. 

 Identify the best system based on technical and economic parameters. 

 Evaluate the optimum PV and battery system lifetime performance. 

 Investigate the system peak shaving potential. 

 Sensitivity analysis of the system parameters. 

1.6 Methods of work 

To address the above thesis objectives, the following methodology is followed. The system 

model is designed and comparative results are presented with a sensitivity analysis. The model 

is designed using a simulation tool – System Advisory Model (SAM).The procedures are         

described below: 

 

 A PV system is designed with the analysis of technical and financial input parameters 

such as load consumption data, solar radiation profile, PV system module and inverter, 

system losses and electricity price. 

 

 An aggregated residential building load data is taken from the real consumption profile 

for the analysis. The end consumer electricity price for Sweden is studied including 

energy price and grid tariff. 

 

 Three cases are formed including the PV system and the system with lithium-ion and 

lead-acid battery at two locations in Sweden to determine the optimum size and compare 

the system performance. 

 

 The optimum size of PV system and battery is determined with several parametric 

simulations corresponding to the system net present value (NPV) and profitability index 

(PI). The best case is considered for further analysis of lifetime energy profile, battery 

performance and system electricity bill saving potential. 

 

 To identify the PV and battery system peak power shaving potential- two additional 

scenarios are formed. A sensitivity analysis of system capacity factor, performance 

ratio, system cost and financial metrics is presented to identify the influential parameters 

for the real LSO implementation. 

 

 The study is concluded with a comparative assessment on the simulation results and 

sensitivity analysis. The discussion is composed of different insights of the PV and             

battery system and a comprehensive review of the LSO technical and economic             

feasibility in the real implementation. 
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1.7 Resource/Simulation Tool 

 

 

 

 

 

 

 

 

 

Figure 2: System Advisory Model (SAM) diagram 

The System Advisory Model (SAM) is developed by NREL (National laboratory of the U.S. 

Department of Energy) to analyze the renewable energy technical and financial projects. It has 

the option to develop the technical performance model of solar PV system with battery storage, 

solar CSP, wind, geothermal and biomass project with a combination of different financial 

models such as residential, commercial, power purchase agreement and third party ownership. 

The SAM makes performance models for the grid-connected power projects depending on 

specified system design parameters and cost inputs into the model. The provided information 

about a project's location, the type of equipment, installation and operational cost and financial 

assumptions are implemented for the detail analysis. The sensitivity and uncertainty analysis 

can be performed to test the robustness of the system.The first step to create a SAM file is using 

a technical and financial model option which will be the best combination for technical 

modelling. In this study, the detail PV system with battery storage and residential financial 

model is selected to develop and analyse the PV system model. 

1.8 Thesis disposition 

This report is composed of seven chapters. Chapter 1 discusses about the brief overview of the 

background concept of the Local system operator (LSO) and the thesis purpose, aims & 

objectives. The literature study is presented in chapter 2 with a comparison of different PV and 

battery technology, electricity market structure in Sweden with the reference of recent research 

works. The PV system model and cases are developed in chapter 3 based on the literature 

review. Chapter 4 presents the simulation results to achieve the thesis objectives. The sensitivity 

analysis of the simulation results are presented in chapter 5 with a discussion of project 

economic feasibility. The discussion of the simulation results and sensitivity analysis is 

included in chapter 6. Finally, chapter 7 is present the conclusions based on the results with the 

suggestions for future work. The chapters of the report is subdivided in such a way that the 

reader can easily follow the objectives, previous works, methodology and the findings of the 

thesis with minimum background on the topic. 

 



17 

    

2 Literature Review 

 

This chapter describes the contemporary studies on solar PV and battery technology and the 

structure of Swedish electricity market. First, a brief discussion on solar PV system is presented 

with a comparison of different PV modules, system loss impact and performance metrics. Next, 

various battery models and their technology features are described. Then, end-consumer 

electricity price factors and PV system cost are presented. The chapter is ended with the 

discussion of PV incentives and financial metrics for Sweden to evaluate the system economic 

feasibility. 

2.1 Photovoltaic system description 

This section presents the solar photovoltaic (PV) system technical overview and comparison of 

different PV modules, inverter technology and system components. The discussion is followed 

with an analysis of different system losses and PV system performance parameters. 

2.1.1 PV technology overview 

A solar power system is designed to convert sunlight into electric power. The solar power is 

produced from concentrated solar plants (CSP) and photovoltaic (PV) solar panels. The main 

difference between them is the energy extraction process from sunlight. The CSP uses the solar 

thermal energy to produce electricity whereas photovoltaic (PV) panels uses the light energy. 

Solar panels are made by semiconductor materials to convert this light energy into electricity 

using the photovoltaic effect. 

 

The photoelectric effect is an inherent property of some semiconductor materials such as 

silicon. These semiconductor materials are incorporated with p-n junctions in which electrons 

are released due to the solar radiation incidence on this. These released electrons create an 

electric field in the connected circuit and the electricity is produced. Solar electricity depends 

on the PV cells efficiency which is reliant on the semiconductor material’s bandgap, solar 

radiation spectrum and manufacturer parameters. Multiple solar cells that are connected in 

series and mounted on support structure are known as module. The PV array is formed by 

connecting these modules through electric wires. The solar production depends on the size of 

the array [9]. 

 

In general, grid connected and stand-alone PV systems are installed in reality. A standalone 

system is not connected with the local grid. They are mainly used for small self-consumption 

or remote areas power source where grid connection is not feasible. On the other hand, a grid 

connected PV system is directly connected to the distribution grid for the supply of surplus 

energy into the grid after self-consumption. These type of PV plants are useful for high power 

generation and efficient use of solar power. In this thesis, the grid connected PV power system 

is studied. 

 

A grid connected PV system is designed with several electrical components such as PV module, 

inverter and balance of system equipment. PV module is the main component which converts 

the natural solar energy into direct electricity. Inverter converts this DC current into AC to make 

it useable for end-consumer. Balance of system (BOS) equipment includes mounting, cables, 

control charger and other electric accessories to set up a complete system. Solar tracking and 

battery storage are also included in this system depending on the requirement [10]. 
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2.1.2 PV solar modules 

Modules are the key element in PV technology which are categorized in two main groups such 

as crystalline silicon (c-Si) and thin film solar cell (TFSC) based on their manufacturing 

technology. More than 90% [9] of the installed PV modules are silicon based due to the 

abundancy of the material and the low processing cost. Modules based on other semiconductors 

such as cadmium telluride, gallium arsenide and copper indium have a low contribution in the 

PV market due to their lower efficiency and higher cost. Carbon based semiconductors are also 

used to manufacture solar cells which  needs to improve their efficiency and life time [11]. 

 

Crystalline silicon (c-Si) solar cells are manufactured from the pure silicon which is divided 

into mono-crystalline and multi-crystalline cell. Mono crystalline solar cells are made by silicon 

bars which are cylindrical in shape. These silicon bars are cut into four sides to make silicon 

wafers which improves the module efficiency. At present, monocrystalline solar panels have 

15%-20% efficiency which is expected to increase up to 23% by 2020 [11]. These types of cells 

require less area for installation and provide high life time in comparison with others. Moreover, 

they can produce more power in low sunlight intensity. The main limitation is the high 

production cost with a huge wastage of raw silicon in the production process. 

 

 

 
Figure 3: PV module types and market share 

Multi-crystalline silicon (mc-Si) based solar panels are manufactured by melting raw silicon 

and poured into a square mold before cutting into perfectly square wafers. The advantages of 

these cells are low production cost and that less silicon is wasted. It has lower efficiency around 

(13%-16%) and required large area in compare with monocrystalline. Moreover, the cell 

performance is degraded with the increase of outdoor temperature. String ribbon solar panels 

are also manufactured from multi-crystalline silicon using a different technology. This process 

is similar to traditional multi-crystalline panels but it has high efficiency with a lower 

production cost. 

 

Thin-Film Solar Cells (TFSC) are made by keeping several thin layers of semiconductor 

materials on a substrate .The different types of thin-film solar cells are categorized based on 

this deposited semiconductor material such as amorphous silicon (a-Si), cadmium telluride 

(CdTe), copper indium gallium selenide (CIS/CIGS) and carbon based organic photovoltaic 

cell (OPC).The PV market share of this types of technology is only 7%-10% which is very low 

in compared with others due mainly to their lower efficiency (7%-13%). It requires larger area 
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which increases the balance of system cost and panel degradation rate. The main advantage of 

TFSC cells  is the simple production process with low cost [12]. 

 

Amorphous Silicon (a-Si) based solar cells have lower efficiency (6%-8%) and used for small 

scale applications. Stacking technology is used to improve their efficiency and installing for 

large systems which is expensive. Cadmium telluride (Cd-Te) is the most cost-efficient TFSC 

in comparison with crystalline silicon solar panels for larger system and has efficiency of 

around 9%-11%. Copper Indium Gallium Selenide (CIS/CIGS) solar cell has a better efficiency 

(10% -12%). 

 

2.1.3 Inverter technology 

Inverters are used to convert the PV direct current (DC) output into alternating current (AC) 

which is the standard use of commercial appliances. Therefore, an inverter is the “gateway” 

between the photovoltaic (PV) system and the utility load. Inverter technology is discussed 

briefly to understand this component’s functionality in the PV system. 

Standalone and grid connected types inverters are generally used in the PV system. Batteries 

are used for DC power source with a fixed power rating based on the maximum AC load in 

standalone inverters. In contrast, PV arrays are the main power source for grid connected 

inverters and power rating depends on array size. Grid connected inverters can be categorized 

into micro, string and central inverters based on their connectivity with the system [13]. 

Micro inverters are module level power electronics installed in each module to convert the DC 

power into AC at the panel level. The usual power output is 200-300 W for a small size module 

and suitable to use at residential and commercial installations. On the other hand, string 

inverters are connected into the multiple PV strings where panels are connected in series. The 

usual rating of a string inverter is 1 kW to 12 kW and it is used for single phase connection with 

a small number of strings. The main limitation of this type of inverter is the inability to mitigate 

the system shading problem which reduces the system output. Power optimizers are module 

level power electronics can be integrated in each module to reduce the shading effect which 

introduces additional cost. This technology is commonly used for small residential systems and 

considered as less expensive comparing with other solutions. 
 

Central inverters have similar operating principles like to string inverters. They are used for 

three phase grid connection with a usual rating is 50 kW to 500 kW. The main difference from 

a string inverter is in the string model functionality. With a central inverter, strings are 

connected together in a common combiner box that runs the DC power to the central inverter 

where it is converted into AC. It requires less component with an additional pad and combiner 

box. They are best suited for large installations with consistent production across the array. The 

inverter sizes n in between 500 kW and 1 MW are known as ‘utility scale’ inverter. These values 

can differ based on their standardization and product requirements. 
 

The main functionality of an inverter in a Grid tied PV system is to convert array DC power 

into AC. The PV production and system profitability depends on this conversion ratio. 

Therefore, maximum power point tracking (MPPT) is a critical function of an inverter which 

states the inverter operation on the maximum power point of the system. PV modules have a 

voltage-current (I-V) characteristic curve that includes a short-circuit current value at 0 Volt 

(DC) and  an open-circuit voltage value at 0 A and the “knee” point known as MPP  which is 

the maximum power producing point from the highest product of voltage and current. 
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Now, MPP value varies depending on the solar irradiance and cell temperature throughout the 

day. During the time of higher sunlight, module current becomes higher and vice versa. The 

inverter can sense the deviation of PV power output from the MPP and act accordingly to keep 

this MPPT active to limit the power output [14]. 

Inverter performance is vital for the PV system as the usable AC power is produced from this 

conversion. Standard specifications for all inverters can be identified from four main 

parameters: AC power output ratings, conversion efficiency, DC input voltage and AC output 

voltage. This efficiency is varied with power level, input voltage, temperature and other 

parameters. Inverter manufacturers published data provides conversion efficiency in the range 

of 92%- 95% according to [14] which states that, these efficiencies assume optimum operating 

conditions for a system in which the array is properly sized for the inverter. 

 

The parameters which that effect inverter efficiency are solar radiation, rated power output and 

size of the inverter. First, solar irradiance has a direct impact on the efficiency due to 

temperature effect. The solar radiation incident below 200 to 300 W/m2 reduces the efficiency 

which can decline up to 70% [14] when the incident radiation is in range between 50-100 

W/m2.This is related to the inverter temperature which increases when it handles loads with 

more power.Next, inverter efficiency is impacted by the rated power output, seasonal change, 

ambient temperature and system placement. Outdoor systems perform better during winter for 

low temperature. An inverter efficiency may decrease by 1% for a 12 ºC increase in the ambient 

temperature [14]. PV system sizing is also equally important for inverter performance. The 

sizing is the ratio of the array’s rated power size to the inverter’s rated power should be 1 to get 

the maximum output of the system. The higher sizing ratio will make the system oversize and 

exceed power will be dumped due to the lower efficiency of inverter. Alternatively, an inverter 

reduces the maximum power point of the PV array for the lower sizing ratio. 

 

The recent development at PV industry will enhance the manufacturing and market growth of 

inverters with advanced technology. The manufacturing industry is trying to increase the           

inverter efficiency around 0.5% to 1% for residential and commercial systems. The next change 

is expected in the inverter design process. Addition of more functional components such as 

disconnectors, sub-combiners, string combiners, communications data monitoring, grid 

monitoring, PV system weather sensor inputs, interaction with array trackers, solar 

concentrators will simplify the systems with a better technical capability. Future advancement 

on central grid tied inverter can develop the utility automated communication system to interact 

in the grid unwanted events such as voltage and frequency instability [15]. 

 

 

2.1.4 PV System loss 

The discussion about PV system loss is essential to design a PV system and evaluate its 

technical performance. The actual energy production with a realistic system loss analysis helps 

to make an accurate technical and economic assessment of a PV system. Different types of PV 

system losses are discussed below: 

Soiling loss:  

Soiling loss due to seasonal impact or dust on the PV module surface reduces the nominal solar 

radiation on the system array. It depends on system location, weather condition, dust material 

size and the density of dust particles in the environment. The monthly average module 

efficiency can degrade from 7% to 15% in dry areas [16].The yearly average value of daily 

irradiation loss for accumulated dust on a module surface is 4.4%. This loss increases more than 
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20% during summer and reduces in rainfall. The irradiation loss arises from the difference of 

direct and diffuse beam angle, which is called the as irradiance angle; large values lead to the 

increased loss. The main solution is to clean the module with water, and to have proper 

evaluation of weather data before system implementation [16]. 

Shading loss: 

 

The energy loss for external shading arises from large obstacles, chimneys, trees around the 

arrays and cloud shading. On the other hand, internal shading is initiated from one array to 

another at the large outdoor solar systems. Around 5% -25% [17] annual energy loss is the 

result of shading loss depending on site location and weather condition. Shading on a single 

module in a string reduces the current output and change the operating point of all modules and 

reduce the output power [17]. 

 

Module loss: 

 

Multiple modules are connected in the array and current mismatch occurs when each module 

performance varies from other. However, string connected modules are also affected by shading 

which causes module losses. This loss is measured with a comparison of string I-V 

characteristics and module manufacturer data. The standard module loss is around 2% [18] in 

total dc energy production. 

 

DC and AC wiring loss: 

 

DC losses are incurred from system components such as diode and connectors, DC wiring and 

any power optimizer at the system’s DC side.AC wiring loss is found at the system’s AC side. 

Annual curtailment for maintenance also reduces the system output power. The outdoor 

temperature increases the wiring loss for internal resistance [19]. Table-1 shows the summary 

of various types of PV system losses and their impact on the system production flow. 

 
Table 1: PV System losses on production flow 

 

 

2.1.5 PV Performance parameters 

Present PV market growth illustrates the necessity of a standard performance evaluation 

process.This will allow manufacturers, investors, researchers and customers to understand the 

technical differences, real operational problems, product quality and return of investment. IEC 

standard-61724 has four distinct parameters such as performance ratio (PR), energy yield, 

reference yield and capacity factor (CF) to define the PV system performance based on the site 

location, energy production and system losses [20]. 

PV system final energy yield is defined as the annual net AC output of the system divided by 

the peak power of the installed PV array for a standard test condition (STC) at 1000 W/m2 solar 
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irradiance, 25 ºC cell temperature and 1.5 air mass, which is called as system nameplate 

capacity. This is a system hourly measurement at full rated power operation which is a function 

of system losses, sizing and efficiency. 

 

𝐹𝑖𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑(𝐹𝐸𝑌) =
 𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡 𝐸(𝑘𝑊ℎ − 𝑎𝑐)

 𝑁𝑎𝑚𝑒𝑝𝑙𝑎𝑡𝑒 𝑝𝑜𝑤𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑃(𝑘𝑊 − 𝑑𝑐)
 

 

Reference yield is the ratio between in plane solar irradiation to the PV array reference 

irradiance (1 kW/m2). This is also an hourly measurement of the peak sun solar radiation which 

varies with weather data, array orientation and irradiance losses. 

 

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  𝑦𝑖𝑒𝑙𝑑(𝑅𝑌) =
 𝐼𝑛𝑝𝑙𝑎𝑛𝑒 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝐻 (𝑘𝑊ℎ/𝑚2)

 𝑃𝑉 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝐺(𝑘𝑊/𝑚2)
 

 

Then, the performance ratio (PR) of a system is the ratio between final energy yield and 

reference yield. The normalized value of reference yield is a function of system loss. The higher 

system performance ratio enables the better technical potentiality in PV investment. 

 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑖𝑜(𝑃𝑅) =
 𝐹𝑖𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑 (𝐹𝐸𝑌)

 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑦𝑖𝑒𝑙𝑑 (𝑅𝑌)
 

 

The capacity factor (CF) is a unique factor in power system to define the system capacity. In 

this case, it refers to the ratio of actual AC energy production and the maximum full rated power 

output of a PV system. Usually, the capacity factor is measured in a month or a year. 

 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟(𝐶𝐹) =
 𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑐𝑢𝑖𝑡𝑜𝑛 (𝑘𝑊ℎ − 𝑎𝑐)

 𝐷𝐶 𝑛𝑎𝑚𝑒 𝑝𝑙𝑎𝑡𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∗ 𝑡𝑖𝑚𝑒(8760 𝐻)
 

The performance ratio (PR) and capacity factor are two main parameters to evaluate the PV 

system performance. Performance ratio is directly related to system energy loss. The module 

loss due to temperature is higher in summer which decreases the performance ratio. The 

standard value of performance ration in between 0.6 to 0.8. Capacity factor depends on the solar 

irradiance, weather data, array tracking system and orientation. A study was done at a solar park 

in Spain to evaluate  the average annual performance ratio which is found  at 0.67 with a 

capacity factor of  15.27% [19]. 

2.2 Battery storage technology 

A battery converts between chemical and electrical energy. The main functionality of a battery 

in a PV system is to store excess energy to use during the hours when no energy is produced. 

This storage technology allows more renewable integration into the grid. As discussed in earlier 

sections, PV production is highly dependent on the weather profile, like many other renewable 

sources and these uncertain power fluctuations create stress on the grid. Battery storage can act 

as an energy buffer in between generation and load. The services such as peak shaving, load-

levelling, frequency and voltage control for grid stability can be provided from battery storage 

for both transmission and distribution grid operators. In this section, the battery characteristics, 

technological difference and performance metrics for PV system are discussed. 
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2.2.1 Technology overview 

A battery is constructed with electrochemical cells to produce a specific voltage. The multiple 

cells are connected into series or parallel to make a battery bank. A cell is composed of positive 

and negative electrodes separated by the electrolyte materials. The chemical reaction initiates 

the electrons flow in between terminals which results the current to an external circuit. The 

battery performance is characterized by several physical and technical properties. 

The main performance parameter of a cell is the amp-hour capacity which is the amount of 

current that a battery can deliver for 1 hour before the battery voltage reaches to the end-of-life 

point. The C-rate is a measurement of the rate at which a battery is discharged to its maximum 

capacity. The charging and discharging currents are typically expressed in fractions or multiples 

of the C rate. For example, a battery capacity of 220 Ah at 6 V means that, the battery will 

discharge at 11 A rate for 20 hours. The energy capacity of a battery is the total available energy 

at full state of charge which is measured by watt-hours. The energy density of a battery is 

measured from mass and volume density. The energy mass density refers to the battery capacity 

to per unit mass and volume density refers to the capacity per unit volume. Both are used to get 

the battery weight and size to achieve the battery performance [21]. Batteries are classified 

based on their construction with chemical materials such as lead, lithium, nickel, sodium and 

zinc. The battery performance depends on the battery chemistry. In this study, lead and lithium 

based batteries are discussed as they are widely used in the industry. 

 

2.2.2 Lithium-ion battery 

The lithium-ion battery is an advanced storage technology for its superior electro-chemical 

properties in comparison with other electrical storage devices. The major application of lithium-

ion battery is to use in electric vehicle and grid connected storage system where high energy 

density is required. The technological features such as highly reactive nature of lithium-ion, 

better cell voltage (nominal 3.7 V), low self-discharge rate and no memory effect makes it 

unique from other technologies. 

The basic functionality of lithium-ion battery is that, a charged lithium-ion is moving in 

between cathode and anode during charge and discharge. The battery chemistry differences in 

the cathode, anode and electrolyte influence the cell performance. The cathode chemistry is 

altered among LFP, NCM, NCA, cobalt and manganese type’s materials. More than 90% of 

lithium-ion anodes are comprised of graphite for low cost. Silicon and titanium based materials 

are occasionally used to get better lifetime. Normally, the electrolyte exists in liquid form but 

it is absorbed in a polymer membrane for lithium polymer cells. The lithium-ion batteries are 

normally separated into two groups: lithium iron phosphate (LFP, LiFePO4) and metal oxides 

(NCM, NCA, Cobalt, Manganese) [22]. 

2.2.3 Lead-acid battery 

The lead-acid type of battery has been used for over a century in industry. Lead-acid batteries 

are divided in two distinct categories: flooded and sealed/valve regulated (SLA or VRLA).The 

most significant differences between them is found in the design and construction. The VRLA 

batteries are divided in two categories: Gel and absorbed Glass Mat (AGM). They contains 

different method of electrolyte. In Gel batteries, a thickening agent is added to turn the 

electrolyte from liquid to gel. In AGM cells, a glass matrix is used to contain the liquid 

electrolyte. Deep cycle and shallow cycle lead-acid batteries are found in both the VRLA and 

flooded types. The stationary power market uses deep cycle since the batteries will often 

discharge at a low rate over the course of multiple hours. 
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2.2.4 Technical comparison 

Table-2 shows the comparison of lead-acid and lithium-ion batteries based on the performance 

parameters. The cases are varied from manufacturer design and specification. The standard 

values are considered to make the comparison. 

 
Table 2: Comparison of lead-acid and lithium-ion battery 

 Lead Acid Lithium-ion 

 Flooded VRLA LFP LINCM 

Nominal cell voltage (V) 2 3 3.3 3.7 

Specific energy (Wh/kg) 30 40 128 150 

Energy density (Wh/L) 80 100 250 400 

Cycle Life at depth of 

Discharge (DoD) 

1200 

at 50% 

1000 

at 50% 

2000 at 100% 

3000 at 80% 

1900 at 

80% 

Round trip efficiency 60% -70% 60% - 80% 95% - 98% 95% - 98% 

State of charge window 50% 50% 80% 80% 

Temperature sensitivity low low high high 

 

The voltage range of lithium-ion and lead-acid batteries are important factor to evaluate the 

battery performance. The nominal voltage of a lithium-ion cell stands in between 3.3 V to 3.7 

V is higher than lead-acid which enhance the cell charging and discharging capacity. Battery 

performance depends on the capacity of discharging period. For example, a 100 Ah VRLA 

battery will only deliver 80 Ah if discharged over a four hour period. In opposite, a 100 Ah 

lithium-ion system will achieve over 98 Ah in a 30 minute discharge. This phenomena makes 

lithium-ion battery well suited for applications where full discharge occurs in less than eight 

hours. Both lead-acid and lithium-ion battery performance deviate at low temperature but 

lithium-ion capacity drops significantly below -20°C.Lead-acid batteries require more raw 

materials that produces more greenhouse gases during the mining and lead processing and 

causes for environmental pollution. On the other hand, lithium-ion cell raw materials such as 

lithium carbonate, copper, aluminium and iron core are resource intensive having less 

environmental impact during processing and better ability of call recovery in recycling process. 

 

2.2.5 Life time analysis 

The lithium-ion has better life cycle than lead-acid in deep discharge applications. The cycle 

life of each type of battery is improved by limiting the depth of discharge (DoD), discharge rate 

and temperature but lithium-ion shows more flexibility and better performance. The life cycle 

is degraded in high temperature and high depth of discharge [23]. 

 

2.3 Electricity price structure 

This section is discussed about the Swedish electricity market and pricing structure for end 

consumers. Electricity price depends on consumption profile, nature of energy resources and 

government electricity regulation policy and varies from one country to another. The discussion 

is limited to Nordic wholesale market and retailing market in Sweden. The aim of this section 

is to understand the effective factors and market mechanism for electricity end-users. 

2.3.1 Electricity market overview 

The electricity market is a common market place where electrical energy is traded between 

producers and consumers through a common power system. The main difference from a 

traditional market to an electricity market is that, the produced energy is consumed at same time 
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which makes the system complex. In general, the power grid is built to transfer electricity from 

producers to consumers. Therefore, different types of tariffs and market strategies are planned 

for all actors to make the market useful and competitive [24]. 

 

The Swedish electricity market is composed of wholesale and retail market. The wholesale 

market is known as Nord-Pool spot market and combined with Denmark, Finland and Norway. 

The interconnected Nordic grid trades electricity for congestion management and resource 

utilization by cross-border exchanges. The Swedish electricity network consists of 551,000 km 

[24] of power cables and has four pricing areas. The state‐owned transmission system operator 

Svenska Kraftnät is responsible for electricity transfer, transmission grid maintenance and 

power balance. Local and regional network companies are responsible for the distribution grid 

to ensure the supply to end-consumers. There are 162 electricity network companies in Sweden 

[24] and the government has strong regulation to assess the revenue of these companies. 

Electricity price in Sweden is divided into four geographical areas. Most of the electricity is 

produced in two northern areas and consumed by the southern areas which creates congestion 

within the national grid during system operation. Therefore, different pricing introduces 

dissimilar grid charging fee for producers. Sweden power lines are interconnected to Norway 

and eastern Denmark through AC lines and to Finland, Denmark, Germany and Poland through 

under sea DC cables. Sweden is investing heavily in wind power generation for capacity 

management to ensure the supply security for longer term [25]. 

 

2.3.2 Electricity wholesale market 

The electricity wholesale market in Sweden is the part of Nordic market where physical trading 

is organized in Nord-Pool spot market. A producer submits a purchase bid before the trading 

hour, with a production volume and selling price. Demand bids are submitted by the retailer, 

with a consumption volume and buying price. The price is fixed at the crossing point of the 

demand and supply curve. The entire process is done in the day ahead market which is known 

as Elspot to decide the market spot price for next 24 hours. This auction produces result for four 

pricing areas in Sweden and a system price. The system price is the reference price without any              

congestion in the bidding areas [26]. 

 

The intra-day market is known as Elbas where the production and consumption volume changes 

from submitted bids in Elspot is done one hour before real operation. The main benefit of intra-

day market is to reduce the production uncertainty and consumption unavailability from          

submitted bids. In addition, long term trading can be done in Nordic market as financial trading 

which is known as NASDAQ commodities exchange. The average wholesale price was 276 

SEK/MWh at Nord-Pool spot market at four areas in 2015. A total of 374 TWh energy was 

traded in this market in that time. A total of 133 TWh was shared from Sweden which is 94% 

of Swedish national electricity consumption [27]. The new market interconnections in between 

the Nordic countries and continent (Baltic Cable and SwePol Link) will expand the Nord-pool 

market and increase the traded capacity which has an impact on future system prices [27]. 

 

2.3.3 Electricity retail market 

The retailers are responsible for trading electricity in between producers and consumers. The 

main advantage of retail market is to enhance the consumer freedom of choice, increasing 

market competition, providing better service and taking long-term market risk for a stable 

pricing. At present, a total of 123 electricity suppliers are registered in Sweden. Vattenfall, 

E.ON and Fortum are the three largest electricity suppliers with a total market share of 41% 
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[24] dominating the Swedish retail market. A total of 4.6 million electricity consumers are 

domestic users out of 5.3 million which shows the retail market strength for domestic customers 

in Sweden. 

 

The total end consumer electricity cost consist of 43% energy tax and VAT, 33% production 

cost and 24% network cost [24]. The energy market inspectorate (EI) operates a website called 

Elpriskollen.se to show and compare the offered retail prices from suppliers. Three types of 

retail contracts are common in Sweden; variable price, fixed price and green contract. The green 

contract ensures that, the consumed energy is come from renewable sources. In 2014, around 

2000 different contracts were registered in Elpriskollen.se where 1300 were green contracts. 

Fixed contracts do not depend on the spot market price whereas a variable contract depends on 

the hourly spot price. In 2014, a total of 41% contract is found as variable contract whereas 

36% were fixed with a subscription period of 1, 2 or 3 years [24]. 

 

In recent times, consumers have shifted from fixed contract to variable contract as the spot 

market price has declined in last five years. The tendency of switching retailer is also common 

like contract switching for end consumers as they are free to choose a preferred electricity 

retailer. In 2014, a total of 10.4% of customer has switched their electricity retailers [24]. 

Moreover, the customer should make an active choice of retailer otherwise the relevant network 

owner assigns a default retailer and naturally it sets higher cost in the consumer portfolio. To 

make the retail market more transparent and robust for all actors a general information 

management framework was proposed by EI in 2014. 

 

2.3.4 End consumer price 

The electricity market is operated to decide the energy price for consumers. The end consumer 

electricity cost is composed of energy price and grid tariff. The energy price depends on the 

energy consumption which is decided on wholesale market. Additional energy based charges 

consist of retailer’s profit, energy tax, green certificate cost and VAT on top of that. 

Grid tariffs are charged by the distribution system operator (DSO) in the customer area based 

on a subscription fee (fixed) and power transfer fee (proportional to energy consumption). 

Subscription fee denotes the annual/monthly fee for the connection and power transfer fee 

depends on monthly per-unit energy consumption. In general, the grid charge for residential 

consumers is dependent on their meter fuse rating and is different from one DSO to another. 

Three-phase supplies are almost always used, so 16 A fuses correspond to a maximum rated 

power of around 11 kW. The usual fuse rating starts from 16 A to maximum 63 A in Sweden. 

Power consumption above this value is considered as power based rating which price scheme 

is higher than the fuse rating tariff and is mostly used by commercial consumers. Spot market 

energy price has declined in the last five years in Sweden. The main reason for declining is the 

increase of renewable energy generation with low electricity demand and sufficient hydro 

inflow [6]. This price reduction is considered as one of the key shifting factors of the energy 

market. 

2.3.5 Grid sell-back price 

The policy to support over-produced electricity sell into the grid is different from one country 

to other. In Sweden, micro-producers can sell their surplus energy under some conditions. The 

PV system owner must have a contract with an electricity retailer to buy this excess production. 

There are options in Sweden to buy this electricity from retailers at fixed compensation from 

Nord Pool spot price at 1.35 SEK/kWh [28] yearly or monthly. This compensation is varied for 

small producers which is traded at Nord-pool spot price and grid compensation. 
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2.4 PV system cost outline 

The realistic cost analysis is needed to design the PV system to get an expected net present 

value and payback times of the investment. The cost is broadly divided in two parts; capital 

cost (CAPEX) and operational cost (OPEX). In this section, the discussion about PV system 

cost is presented with an analysis of current market trends and future cost impact on the system. 

2.4.1 Capital cost 

The capital cost is the initial investment of PV system including the component cost such as 

module & inverter price, system installation, balance of system (BOS). The BOS cost includes 

the additional equipment, installation labour, engineering and environmental study cost before 

starting the operation of the system. 

 

PV module cost includes the cost of raw material, cell manufacturing and module assembly. 

This is the key component of a PV system and around 30%-40% of total system cost is covered 

by this. In recent years, module price has decreased around 80% due to massive growth and 

expansion of PV system installation. The cost is varied within technology, module efficiency, 

and manufacturer market strategy. In 2015, silicon crystalline based PV module price decreased 

around 15% whereas thin film based module price decreased only 4% [29]. 

 

Inverters are the primary power electronics component in a PV system and accounted for 5% 

of total installed cost. Inverter cost depends on the system size and varied from 2.3 SEK/W to 

9.18 SEK/W. Therefore, large systems have lower cost in compare to the system less than 100 

kW. Central inverters dominate the utility-scale market, although string inverters are commonly 

used for their technical advancement. 

 

The economic feasibility of batteries depends on the energy capacity and life cycles. Lithium-

ion and lead-acid battery cost is studied in which the lithium-ion battery is found to cost more 

than the lead-acid battery as well as having better life cycle and performance. The BOS 

installation cost is comprised with the additional component cost. It includes the system 

mounting and tracking components, cables, combiner box, site engineering, installation labour 

and grid connection cost. It depends on the system sizing and installation area. The BOS cost 

for off-grid PV system is currently 20% higher in capital investment than the utility-scale simple 

grid connected system can be increased up-to 70% for an off-grid system. The average BOS 

cost stands in between 13.6 SEK/W to 15.7 SEK/W. The levelized cost of energy (LCOE) of a 

system mostly  depends on the system BOS cost [6]. 

 

2.4.2 Operational cost 

The operational cost (OPEX) is not a matter of concerns for PV system. The recent declining 

trend of module and BOS cost has impact on the increase of operational cost. This will 

contribute to the additional 20%-22% increase of the levelized cost of energy (LCOE). The 

recent study shows that, maintenance cost accounts for 45% of total O&M cost whereas 

operational cost is composed of  18% for land lease, local rates & taxes for 15%, insurance for 

7%, site security and administration cost for 4% each, and utilities (including purchased 

electricity) for 2% [29]. 
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2.4.3 PV cost reduction potential 

A detail study is done on system cost reduction potentiality based on manufacturing capacity, 

module technology selection, effects on the economic scale, depreciation cost, materials and 

other factors. It is focused on the technological improvements in cell manufacturing process 

which can reduce the manufacturing cost. The PV module and BOS cost are two potential areas 

for future cost reduction. The module cost stands between 4.5 SEK/W to 6 SEK/W which is 

already reduced 68% of the total system cost having a less possibility in future cost reduction 

until any technological breakthrough come in the market. The BOS cost is expected to reduce 

70% [29] of total system cost is considered as one of the most potential area. The cost reduction 

trend is expected to alternate their positions in next 10 years. 

2.5 Economic viability of PV system 

The economic viability of the PV and battery system is discussed in this section considering the 

Swedish PV incentives and the financial parameters. The main limitation of the PV-battery 

system investment have lower profitability than other sources. In most countries, PV production 

receives additional subsidies and policy support. This discussion covers the PV incentives and 

economic parameters for Sweden to evaluate the solar PV system investment. 

2.5.1 PV Incentives 

PV incentives differs between countries policy frame work and strategy. The global policy 

support and incentives for PV investment are encouraging for small producers. In Sweden, 

currently three main incentives are offered by the government to support PV production. Those 

are presented in the discussions below. 

Capital investment subsidy: 

Direct capital incentive is an aided promotional programme as a direct contribution to the 

system capital cost. The programme was initiated with a total budget of 341 MSEK in 2009. 

The current allocation is about 260 MSEK in 2016. The amount covers maximum 30% of total 

direct capital cost for a company and 20% for the individual PV producers. The total system 

capital cost should be in between 37000 SEK to 1.2 MSEK [6] including installation and labour 

cost without VAT to get the subsidy. This scheme helps decentralized micro-producers to 

expand the PV market. 

Green certificates: 

The green certificate system is a financial scheme for the renewable electricity producers, 

introduced in 2003.Renewable energy producers receive one certificate from the government 

for each MWh production. Meanwhile, electricity suppliers are obliged to purchase certificates 

based on a share of their electricity selling, known as quota obligation which is 14.2% [6] for 

Sweden and Norway. This quota is defined by the “Norwegian and Swedish Act Concerning 

Electricity Certificates” and a tradable market in this certificates has existed between Sweden 

and Norway since 2012. 

 

This certificate system introduces extra revenue for renewable producers which is paid by the 

end consumer. The average price of a certificate is 196 SEK/MWh which inserts an additional 

cost of 0.027 SEK/kWh for customers. The energy sources from wind, small hydro, biofuels, 

solar, geothermal, wave and peat in power generation have received this certificate. The aim of 

the green certificate system is to increase the renewable energy production up-to 26.4 TWh by 

2020 in Sweden and Norway together [6]. 
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The PV system market share is very low in comparison with other renewable sources like wind 

and biomass. In 2014, only 10770 MWh of certificates were issued in response to the total 

production of 62000 MWh which is only 17.1% [6] of total production. The reason for that, 

most of the PV producers have small PV system which brings small revenue in compare to 

market participation with additional administrative burden. Another reason is that, usually 

residential buildings meters are connected in the building and grid interface which measures 

the surplus PV production after self-consumption. Putting on an extra meter at customer 

premises is not economically beneficial for end consumers [6]. More participation of larger 

producers can improve the PV market share in the green certificate market to earn more 

revenue. 

 

Tax credits for micro-producers: 

A new tax credit programme was introduced in Sweden for renewable energy micro-producers 

in 2015. This enables a tax credit of 0.6 SEK/kWh [28] for renewable energy grid feeding for 

both individual and company. The tax credit is applicable for a maximum 30 MWh energy sell 

back into grid and amount is 18000 SEK in a year. The first condition to receive this credit is 

that, the grid point and feeding connection point should be same with a maximum fuse size of 

100A. The local distribution company should also be notified about renewable production. This 

incentive can be received on top of other benefits from grid owner and retailer but isn’t 

guaranteed for long periods [28]. 

 

2.5.2 Financial metrics 

The PV investment return depends on electricity price and revenue sources. The investment 

analysis is varied based on the economic metrics which characterize the PV system economic 

performance. The economic parameters which are considered in order to evaluate a PV system 

are discussed in the section below. 

Net present value (NPV): 

 

The Net present value (NPV) is the key economic parameter to evaluate the system investment. 

It measures the investment profit by calculating the present value of future money by taking the 

discount rate into account. NPV is calculated by summing up all the cash outflows and inflows 

of the investment for an analysis period. The cash flow for each year is discounted with a 

discount rate. The outflows are calculated as negative values and inflows are considered as 

positive. The resulting value defines the project net present value. Positive NPV denotes a 

profitable investment and negative NPV shows the opposite. The following formula is used to 

determine the NPV where C is the total cash flow in the analysis period after tax, 𝐶0 is the 

capital investment, d is the nominal discount rate and N is the project analysis period [30]. 

𝑁𝑃𝑉 =  − 𝐶0 +  ∑
𝐶 

(1 + 𝑑)𝑁

𝑁

0

 

Payback period (PBP): 

The total payback time to return the capital investment is known as payback period, and is an 

important decision-making indicator for the investment. Usually, shorter payback time is good 

for the investment. Simple payback and time-to-net-positive-cash flow (TNP) are two common 

methods are used to calculate payback time in PV system. Simple payback period is the time 
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required to return the initial investment cost to net revenues without discounted money. Time 

to-net-positive-cash-flow (TNP) payback period is a method to calculate the payback time of 

investment with discounted revenues to exceed the discounted costs. This is highly dependent 

on the investor’s economic condition, as a longer payback period has a higher risk of money 

liquidity. The main limitation of payback period is that; it can’t measure the system profitability. 

This is not an effective economic analysis of a project by taking only payback time into account 

as a main decision making indicator [31]. 

 

 

𝑃𝑎𝑦 𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑(𝑃𝐵𝑃) =
𝑁𝑒𝑡 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡

𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑉 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 − 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡
 

 

 

Levelized cost of energy (LCOE): 

 

The Levelized cost of energy (LCOE) is measured from the expected lifetime cost 

(development, financing, fuel, maintenance, operation, incentives and taxes) and annual energy 

production. All the cost and benefits are calculated considering inflation and discounted factor 

to estimate the actual time value of money. This is a valuable metric to compare different 

generation options to choose the lowest cost of energy production. Although, the initial cost of 

renewable energy based generation is high, but it is compensated by zero fuel cost and low 

operating cost in comparison with others at the system life time. In a conventional plant, the 

LCOE cost depends on the fuel cost and maintenance cost which changes during project times 

for several factors. LCOE cost for renewable energy is more accurate to predict with lower cost. 

The main limitation of LCOE is that, it fails to measure the future capacity expansion cost and 

revenue of the project. In recent years, the cost of module and balance of the system is reduced 

significantly which drops down the LCOE for PV systems. The global utility-scale average 

LCOE of solar PV declined by 58% in 2015. It varies from countries weather profile, global 

market trends and economic metrics. The following two formulas are commonly used to 

calculate the LCOE with nominal and real discount rate [31]. 

 

 

𝐿𝐶𝑂𝐸 (𝑛𝑜𝑚𝑖𝑛𝑎𝑙) =  ∑

𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑁 𝑦𝑒𝑎𝑟

(1 + 𝑑(𝑛𝑜𝑚𝑖𝑛𝑎𝑙))
𝑁  

𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑁 𝑦𝑒𝑎𝑟

(1 + 𝑑(𝑛𝑜𝑚𝑖𝑛𝑎𝑙))
𝑁  

              

𝑁

0

 

 

𝐿𝐶𝑂𝐸 (𝑟𝑒𝑎𝑙) =  ∑

𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑁 𝑦𝑒𝑎𝑟

(1 + 𝑑(𝑛𝑜𝑚𝑖𝑛𝑎𝑙))
𝑁  

𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑁 𝑦𝑒𝑎𝑟
(1 + 𝑑(𝑟𝑒𝑎𝑙))𝑁  

𝑁

0
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Profitability index (PI): 
 

The profitability index is an investment assessment technique which is calculated from the 

divided value of NPV and the initial investment. This is a modification of the net present value 

method to evaluate the project. Net present value is an absolute measurement in cash while the 

profitability index is a relative measurement. It represents the discounted value of return on an 

investment and the result greater than zero is considered as the profitable investment. To 

compare several investments with different cost, normalized values are used to rank the relative 

returns and finalize the selection. 

 

 

𝑃𝑟𝑜𝑓𝑖𝑡𝑖𝑏𝑖𝑙𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 (𝑃𝐼) = (
𝑁𝑒𝑡 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡
) % 

 

 

Annual bill savings: 
 

The annual electricity bill savings are used to measure the PV system capacity to reduce the 

annual electricity bill for end consumers. This annual bill saving or monthly bill saving are 

normally used by the third party owners to show the PV system cost reduction potential. In this 

project the following formula is used to calculate the bill savings: 

 

Annual net savings = cost without PV system - cost with PV system 
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3 System Model Description 

 

The development of the techno-economic model of a photovoltaic system for the real residential 

aggregated load is discussed in this chapter. Three cases are formulated to analyze the system 

technical performance and economic viability at two locations in Sweden. The first section 

presents the system schematic model and data resources for analysis. In the following sections, 

detailed description of technical and financial input parameters and their selection criteria are 

discussed. In this thesis, PV-battery system model is developed in the System Advisory Model 

(SAM) simulation software. 

3.1 Case summary 

PV system model is made to evaluate the economic viability of grid connected PV-battery               

storage system and the local system operator (LSO) services for the residential customers. In 

context, three cases are studied to assess the consumer economic benefits from these technical 

services at the demand side. A comparative study in between cases identifies the potential best 

case for real implementation of the LSO services. The best case is further investigated with 

different output metrics. Three cases are presented below: 

 

1. Only PV system 

2. PV system with lithium-ion battery 

3. PV system with lead-acid battery 

 

All three cases are evaluated at two different locations in Sweden, with same technical input 

parameters except for the weather profile at two different locations in Sweden. There are thus 

six scenarios considered for the assessment, the best scenario is selected for further analysis. 

 

Case 1: Only PV system 

 

This case is developed to analyse the rooftop PV system at a residential building under study. 

The objective of this setup is to determine the optimum size of the system without battery which 

is financially viable at the studied consumer load profile. To achieve this, the energy profile 

and annual production of the system is measured to estimate the annual bill saving and NPV of 

the investment. 

 

Case 2: PV system with lithium-ion battery 

 

In this setup, a PV system with lithium-ion battery is integrated to evaluate the technical and 

economic viability of the system. To achieve this, the optimum sizes for both the PV system 

and lithium-ion battery are determined, by consideration of the annual energy production and 

the NPV of the investment. 

 

Case 3: PV system with lead-acid battery 

 

In this case, a PV system with lead-acid battery is studied, the principle is similar to case 2 but 

with this different battery technology. 
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3.2 PV-battery system representation 

The PV-battery system is analysed with the idea of behind-the-meter solution. It introduces a 

local energy management system at the residential consumer by integrating innovative 

technologies. In the current system architecture, end consumers at each residential apartment is 

connected with an individual DSO meter. The LSO behind-the-meter approach suggests that, 

all DSO meters will be replaced by the LSO smart sub-meters and the aggregated load will be 

connected with a single DSO meter in a grid connection point. 

In context, PV-battery system model is built on top of the behind-the-meter approach at a 

residential building. Consumption data for fifty small apartments and the building facility (such 

as lighting, elevator, washing machine etc.) are aggregated as a single unit which is supplied 

through a single DSO meter. All individual tenants’ loads and facility loads are assumed to be 

connected with the LSO smart sub-meters. Solar PV modules and battery storage are jointly 

installed in the building energy management system. The local system operator (LSO) will 

operate the PV-battery system behind-the-DSO meter to supplies the building internal loads 

from the PV as much as possible and make the system profitable. The technical layout of the 

integrated PV-battery system is designed with the arrangement of PV modules, battery, 

inverters, grid connection and smart meters. Figure 4 presents the schematic diagram of PV-

battery system in behind-the-meter approach. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic diagram of PV-battery system in behind-the-meter approach 

3.3 Residential load profile 

The PV-battery system model is made to analyse the residential building load profile. The           

residential hourly average load data of 2015 from Västerås, Sweden is used in this study. Hourly 

consumption data for fifty small apartments has been provided by the local DSO. Then, all 

consumption data is aggregated to create the single unit load profile assuming the building is 

connected by a single DSO meter as in the behind-the-meter solution. The new aggregated load 

profile shows the building annual consumption of 121 MWh and peak consumption 33 kW in 

Storage 
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Battery system 
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Behind the meter system 
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December. Table 3 shows the annual load profile statistics including daily minimum and 

maximum average consumption which helps to design the PV production profile. 

 

The monthly energy consumption profile is shown in Figure 5. Highest consumption is found 

in winter (November-January) which is realistic for Sweden. The summer (April-August) 

shows the lowest consumption. In this study, future load growth rate for other analysis years is 

assumed to be zero mainly for two reasons. First, less demand growth rate in Sweden in last 

five years [32]. Next, the increase use of energy efficient technology and outdoor temperature 

variation can keep this load profile static. The over-estimation of load growth rate fails to reflect 

the real revenue growth and NPV which can mislead the accurate estimation of profitability. 

 
Table 3: Statistics of system load profile 

 
                                                                                                                     Figure 5: System load profile (monthly) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: Hourly load profile of year (1) 

Figure 6 shows the hourly load profile data for the first year which is used to estimate the power 

supply from the grid and PV-battery system at each hour and measure the annual electricity 

saving for the residential model. SAM uses electricity rate to calculate the cost of electricity 

this is discussed in the following sections. 

 

Year (1) Load 

Total consumption (MWh) 121 

Peak load (kW) 33 

Min consumption (kW) 5 

Average consumption (kW) 13 

Average daily (min) (kW) 6 

Average daily (max) (kW) 23 
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3.4 Solar resource data 

Solar resource data is enormously important for PV system to make an accurate estimation of 

the PV electricity generation and proper site selection [33].SAM uses TMY weather data at five 

locations in Sweden from its solar resource library which is originated from ASHRAE 

International Weather for Energy Calculations Version 1.1 (IWEC) data source. System annual 

electricity production changes with the variation of solar irradiation profile for different 

locations. Table 4 represents the variation of annual energy yield at five places; Arlanda, 

Gothenburg, Karlstad, Kiruna and Östersund in Sweden. In this study, we want to evaluate the 

PV-battery system economic viability with existing technical solutions. Therefore, weather file 

for Karlstad (59.37 °N, 13.47 °E) and Arlanda (59.65 °N, 17.95 °E) in Sweden are chosen for 

the analysis because of their better solar irradiation beam which produces more electricity. 

 
Table 4: Comparison of solar irradiation profile at five location in Sweden 

Weather Parameters Arlanda Goteborg Karlstad Kiruna Östersund 

Annual energy (40 kW(peak)) (MWh) 35 36 39 29 35 

Annual energy yield (kWh/kW) 882 914 988 755 894 

Direct normal beam ((kWh/m2)/day) 2.13 2.02 2.57 1.50 2.13 

Diffuse horizontal (kWh /day) 1.43 1.59 1.40 1.37 1.4 

Average temperature (ºC) 6.5 6.5 5.9 -1.1 3.1 

Average albedo 0.22 0.19 0.27 0.36 0.36 

 

Solar radiation reaches PV system arrays through direct normal irradiance (DNI) beams and 

diffuse horizontal irradiance (DHI) beams. A PV array receives DNI radiation directly or 

perpendicularly from the sky sun position to its surface area. On the other hand, DHI radiation 

is scattered by molecules and particles in the atmosphere and comes equally from all other 

directions to the array surface. The global horizontal irradiance (GHI) is the total amount of 

radiation which is received by the system array, this value is used to measure the annual PV 

production. SAM calculates GHI using following formula where z is the sun zenith angle [34]. 

 

GHI = DHI + DNI × cos (z) 

 

Referring [34] for the detail global solar resource data modelling. Figure 7 shows the hourly 

calculated GHI for the reference TMY data. The maximum GHI value shows 781 W/m2 and 

average value is 114 W/m2 which is lower from many other countries [6] .The reason for this 

low average value of GHI is the high difference in between summer and winter radiation. The 

global radiation trend is expected to increase the GHI value around 0.3% per year in Sweden in 

the near future. 

The albedo factor is the ratio between solar nominal irradiance and reflected irradiance from 

the ground to array surface. The albedo factor varies from 0~1 depending on site location, 

ground reflectivity and creates impact on the annual production significantly. SAM uses the 

hourly albedo value for this analysis which is shown in Figure 8 for Karlstad, Sweden. It shows 

higher values during winter for snowfall on ground which increases the reflectivity. The average 

value at Karlstad is 0.27 which is low in comparison with standard values (0.4-0.6) found in 

other locations where PV is popular [34]. 

 

 

 

https://www.ashrae.org/resources--publications/bookstore/climate-data-center
https://www.ashrae.org/resources--publications/bookstore/climate-data-center
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Figure 7: Hourly GHI variation at Karlstad 

    Figure 8: Hourly Albedo variation in Sweden 

The solar resource data forcasting and accurate prediction is an important task for a PV system 

design. The sun radiation is one of the key resource for generation which is unpredictable like 

other renewable sources. In this PV-battey system, annual production is measured from 

historical TMY data but  for the better utilization of solar resource both operational data and 

forcasting weather data should be analyzed for a better system output to maxmize the system 

profit. 

3.5 Technical input parameters 

The PV-battery system is composed of technical equipment such as PV modules, inverter, 

battery and controllers. These must be optimized in size and configuration to get the system 

standard performance. SAM uses the defined technical input parameters for system simulation. 

3.5.1 PV system design 

The PV module converts the solar sunlight into DC electrical energy, and the inverter makes it 

AC to feed into the local network for the end consumers or grid export. The annual production 

depends on the module and inverter technical input parameters. In this study, the sun power 

SPR315-E module is selected for the analysis from the Sandia PV array performance database 

which is developed in Sandia national laboratories. This model technical design is composed 

with the set of equations that provides the module I-V curve parameters and equation 

coefficients which are stored on Sandia Module library. These coefficients are selected based 

on the manufacture specifications and measurements taken from the installed modules at 

outdoor testing in real PV systems. The module technical specification is shown in Table 5 at 

reference condition (total irradiance 1000 W/m2, temperature 25 ºC and air mass 1.5) [35]. 

The module model SPR-315E is selected from among thirty models for its higher efficiency, 

materials and maximum power capacity. It uses single-crystal silicon cells and requires only 

1.63 m2 which is lower in comparison with other type modules for the rooftop system. The 

power rating of the panel is 315 W (dc) and nominal efficiency is 19.3%. Multiple modules are 

connected by wires to form an array. Available area constrains installation of a larger PV system 

on the rooftop. In this study, the PV-battery system is initially modelled with small array size 

and varied with a range with all other input parameters. A 40 kW (peak) PV system consisting 

of 21 strings and 126 modules and occupying 205 m2 is found practical for a rooftop PV system 

after the simulation and parametric analysis [36]. 
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Table 5: PV Module technical specification 

 

 

 

 

 

 

 

 

 

 

The ABB-PVI-6000-277V inverter model is preferred for this analysis from the SAM inverter 

CEC database which is an implementation of Sandia inverter model for grid connected PV 

inverter. The performance parameters of commercially available inverters are tested based on 

the manufacturer dataset and field measurement data from real PV systems tested under the test 

protocol. The technical specification of selected model is shown in Table 6 [37]. 

Table 6: Inverter technical specification 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The CEC weighted efficiency is 96% which is the nominal efficiency value from the model                   

efficiency curve. The inverter maximum power output 6000 W (ac) means the individual 

inverter capacity to convert DC power into AC .The DC-AC ratio is the relation of the system’s 

nameplate DC output capacity to the inverter’s AC output. The optimum size of inverter 

depends on the system DC-AC output ratio. The oversized inverter will cause the loss of energy 

due to lower efficiency and undersized inverter will reduce the maximum power point of the 

system array [38]. In this case, optimum DC-AC ratio is 0.95 for the 40 kW (peak) system 

which is reasonable for achieving the maximum production. 

 

PV Module Specification Values 

Model Sun power SPR315-E 

Nominal efficiency 19.3% 

Maximum Power 315 W 

Maximum  power voltage 54 V 

Maximum  power current 5.8 A 

Open Circuit Voltage 64 V 

Short Circuit current 6 W 

Material Mono- crystalline silicon 

Number of cells 96 

Module area 1.6  m2 

Inverter technical specification 

Model ABB-PVI-6000.277 V 

Maximum AC power 6000 W 

Maximum DC power 6274 W 

Power consumption during operation 29 W (dc) 

Power consumption at night 0.2 W (ac) 

Nominal AC voltage 208 V 

Maximum DC voltage 600 V 

Maximum DC current 36 A 

Minimum MPPT DC voltage 175 V 

Nominal DC voltage 310 V 

Maximum PPT DC voltage 530 V 
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In the system design, a PV module and inverter model for the test system and array size is                

selected. Different model combinations are tested to identify the most effective one. Therefore, 

the final system profile is observed in SAM. The sub-array modelling occurs when the string 

number is higher in the PV system. Multiple subarray is better for the modelling of different 

roof surface with multiple orientation and tracking system. In this study, the system is designed 

as a single array system means that, PV modules are in a same area with a fixed orientation. 

 

Therefore, tracking and orientation of PV arrays can change the annual production significantly. 

SAM has four different tracking options such as fixed, one axis, two axis and azimuth axis. In 

this roof top system design, fixed tracking is used considering small roof area which reduces 

additional multi tracking cost. 

After that, the array tilt and azimuth fixation come into consideration. Tilt refers to the PV 

array’s angle from horizontal (0°) to vertical (90°). On the other hand, azimuth denotes the 

arrays east-west orientation in degrees. Azimuth values of 0°, 90°, 180° and 270° denote 

respectively an array facing north, east, south or west. It is important to choose the right azimuth 

angle for the system array to get better annual PV production. In this case, orientation at 44° tilt 

and 182° azimuth of PV array is selected which is determined after the parametric analysis  of  

45 samples of the variation of different tilt (40°-60°) degree and azimuth (160°- 200°) values 

comparing with the output annual production. The values with 182° azimuth and 44° tilt shows 

the highest annual production. Figure 9 shows the annual output variation of different tilt and 

azimuth. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Variation of tilt and azimuth cases with production 

 

3.5.2 System loss design 

The PV- battery system loss such as irradiance loss, DC-AC wiring and annual curtailment 

make significant impact into the system overall production apart from the module and inverter 

internal loss. In this study, the standard value of different system losses are assumed to observe 

their impact to the annual production. 

Irradiance loss is the reduction of solar radiation incident on the subarray due to dust on the 

panel or other seasonal soiling on module. It reduces the plane of array (POA) radiation by 

changing the sun irradiance angle to dust. A study about loss measurement states that; the daily 

average irradiance loss is 4.4% and can increase more than 20% in summer time [20]. In this 
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study, the value of irradiance loss is considered as 5% [16] which means the reduction of total 

nominal irradiance at each time simulated in the software. 

The system DC loss is 4.5% of the annual DC power production loss. It consist of three main 

parts: module mismatch is considered to account for a 2% loss due to module degradation, 

diodes and electrical connection loss is 0.5%, and resistive loss in DC wiring is 1.5%.Net AC 

loss is considered as 2% due to wiring loss on the system AC side and transformer loss. Due to 

maintenance of any technical fault, shutdown time can also reduce the annual estimated energy 

production in an operational year which is considered as 1% of the total production. Shading 

on the PV system may introduce current and voltage mismatch between the array strings and 

shift the maximum power operating point. Shading losses can reduce the system output up to 

21% [17].The external shading losses occurs a drop of solar irradiation incident on the array 

due to shadows by nearby objects such as trees, obstacles and high structures. In this study, 

system external shading losses are taken into account. 

 

Figure 10: Hourly POA radiation after soiling and Shading loss 

 

Table 7: System loss input parameters 
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loss 
Dust/soiling loss 5% 

 

 

DC loss 

 

 

Module mismatch 2% 

Diodes and connection 0.5% 

DC wiring 1.5% 

Total DC loss 4% 

AC loss AC wiring 1% 

Outages Curtailment 1% 

Shading loss External shading 4.5% 

 Total loss 15.5% 



41 

    

SAM has a 3D shading calculator that measures month by hour beam irradiance shading from 

the selected location weather data. The 3D shading drawing of the PV system adds some 

obstacles and some shading factor into the analysis. Finally, it calculates average hourly 

shading loss for each month of the designed system. 

Therefore, the external shading loss is considered as 4.5% of the annual production and overall 

system loss is estimated as 15.22%. The PV module degradation rate is set as 0.5% in the 

analysis period, considering 25 years as the PV module life time. Table 7 shows the detail 

breakdown of system loss values. 

 

3.6 Battery design 

Two kind of batteries are considered to observe the PV and battery system performance for 

aggregated residential load. The lead-acid VRLA and the lithium-ion NCA are selected as 

having suitable performance parameters from the manufacturer data sheet. The battery size is 

randomly selected to see the parameter changes and optimum size for each case is determined 

after simulation. The battery input parameters are shown in Table 8 [23]. 
 

Table 8: Comparison of lead acid and lithium-ion battery 

Parameters Lead-acid Lithium-ion 

Battery chemistry Lead acid VRLA (Gel) Li-on  NCA 

Cell nominal voltage (V) 2 3.6 

C-rate (A) 0.05 0.2 

Cell capacity (Ah) 20 55 

Desired bank capacity (kWh) 3 3 

Nominal bank capacity (kWh) 3.12 3.16 

Desired bank voltage (V) 12 12 

Nominal bank voltage (V) 12 14.4 

Cells in series 6 4 

Maximum charging current (A) 260 220 

Maximum discharging current (A) 260 220 

Conversion efficiency 62% 95% 

 

The battery voltage change depends on the electron flow from anode to cathode during charging 

and discharging which affects the battery round-trip efficiency. The round-trip efficiency is the 

net amount of energy discharged from the cell divided by the energy required to charge the cell. 

SAM uses the dynamic voltage mode to calculate the round-trip efficiency. 

.  

 

 

 

 

Figure 11: Capacity fading at different DoD for lithium-ion & lead-acid battery 
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Figure 11 shows the capacity degradation of lead-acid and lithium-ion batteries at different depth of 

discharge. It shows that; the lead-acid battery’s capacity is faded after just 1200 cycles when the DoD 

rate is 30%, whereas the lithium-ion is faded at 5000 cycles in 20% DoD. The lithium ion tolerates 4 or 

more times as many shallow discharge cycles as the lead-acid.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Battery charging strategy 

The automated dispatch control method is used to implement the battery charging and 

discharging strategy in the SAM simulations. In this method, a specified grid power is set in 

each hour for peak shaving and minimum grid power is taken for battery charging. The 

minimum and maximum state of charge (SoC) sets the limit from 30% to 90% which means 

that, no more energy will be drained when the SoC is <=30%, and no more charging will be 

done when SoC if >=90%.The battery life time is mostly dependent on the depth of charge 

(DoD) and the state of charge (SoC). 

The battery charging strategy is shown in Figure 12. This algorithm is inherently built in the 

SAM. It computes the stored battery energy and compares with the load and PV production in 

each time step. If PV production is greater than load then, the battery charges from PV and if 

not fully charged then, takes power from grid to be full-charged. If PV production is less then 

load then the battery discharges power to meet the load. In all cases, the grid power is the last 

option to meet the load and battery charging [23]. 

 

3.7 Economic input parameters 

This section discusses about the economic input parameters of PV-battery system such as cost 

structure, end-consumer electricity price, Swedish incentives for PV production and the 

financial metrics. 
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3.7.1 Electricity pricing 

The residential end consumer total electricity cost is studied in this section with an aim to know 

the designed system’s cost reduction potential. Table 9 shows the residential consumer price 

structure which has two main parts; energy price and grid tariff. 

 
Table 9: Tariff structure for residential end consumer 

 

 

 

 

 

 

 

 

 

 

The energy price consists of spot market wholesale price, retailer profit margin, energy tax, 

green certificate and VAT on top of the whole value. In this study, hourly spot price data of 

2015 for Sweden from Nord Pool spot market is considered. Then, the spot price is categorized 

in eight different time periods based on summer and winter. The prices are further separated 

between peaks and off peak hours and weekdays and weekends. The reason for this separation 

is to observe the real price impact in each time period to the system. Figure 13 shows the 

monthly average spot price comparison from 2012 to 2015 for Sweden. The spot price in 2015 

was lower than other years. The main three drivers of this price degradation are more renewable 

energy integration, less demand growth and more hydro inflow [32]. 

 

A retailer offers different price rates including profit margin, taxes and certificates. In Sweden, 

energy market inspectorate (EI) is the authority to regulate these rules. Moreover, they provide 

an independent price comparison platform for end consumers to compare the retailer’s prices. 

Each retail company updates it’s their price schemes including the price breakdown, contract 

terms and power production sources. In this study, price and contracts from two large suppliers 

in Sweden named E.ON and Vattenfall prices and contracts are evaluated for the analysis; the 

details are shown in table 10 [24]. 

 

 
Figure 13: Spot price variation in Sweden (2012-2015) 
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The grid tariff varies for residential, commercial and industrial consumers depending on the 

different offered prices by DSO. The grid tariff is composed of annual connection fee depends 

on fuse rating. The higher fuse size brings more cost for consumers. The grid transfer fee is 

determined by energy consumption for each consumer. The subscription fee due to initial 

subscription is comparatively low. To evaluate both the energy and grid price eight different 

price scenarios are created. Table 10 and Table 11 shows the end consumer price summary for 

this study. 

 

The end consumer prices in different time periods are studied to observe the PV-battery system 

profitability. The designed system calculates the electricity bill savings from the difference         

of system cost without any PV and with PV-battery. The single meter with no monthly rollover 

credit is the net metering option in SAM; it means that, surplus PV electricity will be sold to 

the grid at a selling price. In this case, SAM analyses the load and PV production comparison 

in each hour and makes a buy or sell decision from this comparison. The net feed in tariff 

strategy is similar from the real system but the data resolution is higher such in reality like 5 

min variation whereas hourly variation is used here. The residential building load is assumed 

as an aggregated load with a single DSO connection point. In context, we set 50A fuse size with 

an analysis of peak load 33 kW in this building load. The 50 A grid connection tariff is 16040 

SEK/year and the average grid transfer fee is 0.29 SEK/kWh in the DSO price list. 

 

The eight different energy prices in Table 10 vary from 0.18 SEK/kWh to 0.32 SEK/kWh for 

spot price. The spot price and PV production is inversely related and influenced from seasonal 

contrast which increases the PV system economic risk factor. The considered value of retail 

price is 0.35 SEK, energy tax is 0.29 SEK and green certificate price is 0.26 SEK, those being 

average prices over all time periods. The annual cost escalation rate is  zero for this analysis 

because electricity price growth rate is low in the last few years [32]. The realistic price and 

cost estimation is needed for twenty five years analysis period for its significant impact on 

system net present value (NPV). 

 

 

Table 10: Variations of Spot and retailing price input to system 

Time 

period 

Month 

season 

Hour 

profile 
Time 

Spot 

price 

Retailer 

margin 

Energy 

tax 

Green 

certificate 

Adjusting 

price 
Subtotal 

VAT 

(25%) 

Total energy 

price 

1 
May-Oct 

(summer) 

Working 

Off peak 

10pm-

7am 
0.21 0.35 0.29 0.026 0.004 0.88 0.22 1.1 

2 
May-Oct 

(summer) 

Working 

Peak 

7am- 

10 pm 
0.23 0.35 0.29 0.026 0.004 0.90 0.23 1.12 

3 
Nov-April 

(Winter) 

Working 

Off peak 

10pm- 

6am 
0.28 0.35 0.29 0.026 0.004 0.95 0.23 1.19 

4 
NovApril 

(Winter) 

Working 

Peak 

6am- 

10 pm 
0.32 0.35 0.29 0.026 0.004 0.99 0.25 1.24 

5 
May-Oct 

(Summer) 

Weeend 

Off Peak 

10pm- 

7am 
0.18 0.35 0.29 0.026 0.004 0.85 0.21 1.06 

6 
May-Oct 

(Summer) 

Weeend 

Peak 

7am- 

10 pm 
0.19 0.35 0.29 0.026 0.004 0.86 0.22 1.07 

7 
Nov-April 

(Winter) 

Weeend 

Off peak 

10pm- 

6am 
0.22 0.35 0.29 0.026 0.004 0.89 0.22 1.11 

8 
Nov-April 

(Winter) 

Weeend 

Peak 

6am- 

10 pm 
0.25 0.35 0.29 0.026 0.004 0.92 0.23 1.15 
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Table 11: Grid input price for end consumer 

Grid Tariff Amount (SEK) 

Yearly subscription 440 

Grid connection ( 50 A fuse size) 15600 

Transfer fee ( kWh) 0.29 

 

3.7.2 System cost 

Renewable energy project economic feasibility depends on the realistic cost analysis. In this 

report, PV system cost in Sweden is analysed. The system cost input data is taken from the 

study on PV market cost analysis from Swedish energy agency with a survey of twelve PV                   

installation company and manufactures data sheet [6]. The similar PV system cost analysis is 

studied for Germany [39].The main part of the cost is covered by the module price which is 

falling in Sweden. The international module price degradation is responsible for this decline 

because modules in Sweden are mostly imported from abroad (China, Germany).The reduction 

of PV hardware cost due to PV market growth in Sweden shrinks the installation and labour 

cost [38]. 

The total system cost is classified into capital cost and operational cost. The capital installed 

cost is further divided into direct and indirect capital cost. Solar PV module price, inverter, 

battery and balance of system (BOS) cost are included in direct investment .Table 12 shows the 

detail cost breakdown of the designed system. In this analysis, one sample case is shown to 

represent the system cost breakdown. The price for PV module is considered as 6.2 SEK/W 

(dc) and 1.7 SEK/W (dc) for inverters. The BOS cost is considered as 1.65 SEK/Wdc, average 

installation labour cost is set as 2.48 SEK/W (dc) and installer profit margin is considered as 

2.42 SEK/W (dc). The engineering cost refers as permitting, commissioning, shipping and 

others cost which is 1 SEK/W (dc) and 25% VAT is added on top of all the costs except 

engineering, according to Swedish tax law [6]. 

 

Table 12: PV-battery system Cost breakdown 

 

 

 

Cost type 

 

Items 

 

Price-SEK/W(dc) 

System size 

kW(peak) 

Total cost 

kSEK 

 

Direct 

capital cost 

Module 6.2 39.7 246.1 

Inverter 1.7 42 71.4 

Balance of system 1.65 39.7 65.5 

Installation labour 2.48 39.7 98.45 

Installer margin 2.42 39.7 96.07 

Indirect  capital cost 
Engineering cost 1 39.7 39.7 

VAT 25%  144.4 

Total Installed cost – 761  kSEK  and 19.19 SEK/W(dc) 

Storage  direct cost Battery 2550 (per kWh) 3 7.650 

Total Installed cost with battery – 769 kSEK  and 19.38 SEK/W (dc) 

Operation & 

maintanance cost 
Fixed Annual Cost 1.5% of capital cost  11.6 

Total Cost PV-battery system – 780  kSEK  and 19.67 SEK/W(dc) 
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A PV system needs regular maintenance, otherwise the module’s performance is degraded very 

fast from its life time with a high system loss. The operational and maintenance cost has an 

impact on annual cash flow and project NPV. In this study, the operational cost is 1.5% of total 

installed cost per year. The battery cost is taken as considered 2550 SEK/kWh for the lithium-

ion battery and 3828 SEK/kWh for the lead acid battery. The total PV-battery system cost is 

780 kSEK for the 40 kW (peak) system. The PV system production cost is 19.67 SEK/W (dc) 

with battery which is found only 19.19 SEK/W (dc) for only PV system. The grid connected 

PV system production cost is lower than 5 SEK/W (dc) from off grid PV system. The price 

decreases when the system size is increased. In this analysis, the application of the residential 

small size PV system is considered but the cost will be 2 SEK/W (dc) less for commercial and 

industrial large system. 

 

3.7.3 Financial metrics 

The financial parameters are important to define the system net present value (NPV) for the 

analysis period which is the primary indicator for investment decision. In the residential PV 

system, the capital investment is managed from loan or direct cash investment in the model. 

The ratio of loan and self-investment represents the term debt and equity. In this case, the debt 

ratio is selected as 100% which means that, the net capital cost of the project money is borrowed 

and equity is zero. The net capital cost is the difference between system total installed cost and 

the incentives. This amount of money is debt with an interest rate. 

 

The financial model analysis period is twenty five years. The inflation rate refers to the annual 

rate of change of cost which depends on the consumer price index. In Sweden, the inflation rate 

is very low and Swedish central bank expects to keep it at 2%. However, the inflation rate is 

considered as 2% for this analysis. SAM uses the inflation rate to calculate system cost and 

project cash flow for the total analysis period. 

 

The discount rate is a measurement of the future depreciation value of money in the total 

analysis period. The discount rate is very influential for the energy projects as it reflects the 

detail economic evaluation and presents the investment risk. The real discount rate refers the 

value without considering inflation rate whereas the nominal discount rate takes inflation into 

consideration. The discount rate for solar PV project usually varies from 5% to 9%. In Sweden, 

PV projects have low risk of investment and thus the discount rate is set to 4% [38].All 

calculations are done based on real inflation rate in this study. The nominal discount rate is 

calculated from real discount and inflation rate using the following equation: 

 

Nominal Discount Rate = (1 + Real Discount Rate) × (1 + Inflation Rate) – 1 

 

The salvage value is the estimated value of an asset that will realized at the end of the useful 

lifetime. This is important in PV life cycle economic calculation. In this study, the project           

salvage value is considered as 10% of the total installed cost which will appear at end of project 

cash flow analysis. The sales tax value is considered 30% [6]  of income tax from Swedish tax 

law. Table 13 [6] shows the summary of financial metrics: 

 

 



47 

    

 

Table 13: Financial input metrics 

 

 

 

 

 

 

 

 

 

The incentives used for design the financial model those are currently available in Sweden. 

Three types of incentives are found from the government. Investment tax credit (ITC) refers to 

the tax exemption for the integration of renewable energy into the grid. The maximum 

integration value for a single DSO connection point is 30 MWh and tax exemption value is 0.6 

SEK/kWh. The production based incentive (PBI) refers to the participation in the green 

certificate market and the value is 0.196 SEK/kWh. The most attractive incentive package is 

the direct investment sharing which is 30% of the total installed cost [6]. 

 
Table 14: PV incentives in Sweden 

Incentive Type In Sweden SAM evaluates Amount 

Tax Credit Tax reduction for grid sell Investment tax credit (ITC) 0.6 SEK/kWh 

Cash Incentives 

Government incentive 

for a company for PV 
Investment based incentive (IBC) 30% 

Green certificate Production  based incentive (PBC) 0.196  SEK/kWh 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Types Financial metrics Amount 

 

Loan 

Debt Fraction 100% 

Loan rate 6% 

Net capital cost (kSEK) 530 

Analysis 

Duration 20 

Inflation rate 2% 

Real discount rate 4% 

Nominal discount rate 6.08% 

Tax Income tax 30% 

Salvage  value 10% of direct installed cost 76 kSEK 
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4 Simulation Results 

 

This chapter presents the parametric simulation results of PV-battery system for three cases in 

order to determine the optimum PV and battery size corresponding to the NPV and payback 

time of capital investment. The best case is considered further technical and economic 

performance analysis. 

4.1 Optimum PV size 

The PV system is designed with standard values of technical and economic metrics to determine 

the optimum system size. In context, several parametric simulations are run by varying the PV 

size between 10 kWh to 100 kWh considering NPV and payback period as output metrics for 

the system at Arlanda and Karlstad in Sweden. At Arlanda a 36 kW (peak) PV size gave the 

maximum NPV, of 59 kSEK, whereas at Karlstad a 42 kW (peak) PV size gave the maximum 

NPV, of 130 kSEK. 

Table 15: Optimum PV size for Arlanda and Karlstad system 

 

 

Table 15 shows that; the NPV of Karlstad system is higher than Arlanda system due to better 

solar radiation profile that creates impact on system capacity factor and annual production. In 

section 3.2, weather profiles at five different locations in Sweden are observed using a sample 

system size which shows the variation of annual production due to irradiation profile. The 

comparison of NPV and payback period with different array size for Arlanda and Karlstad 

systems are shown in Figure 14. 

 

Figure 14: Comparison of NPV for PV array size at Karlstad & Arlanda 

 

 

Site 

location 

Optimum PV 

size (kW(peak)) 

NPV 

(kSEK) 

Payback period 

(years) 

Arlanda 36 59 11.9 

Karlstad 42 130 10.8 
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The NPV is positive between the sizes 18 kW (peak) to 86 kW (peak) for the system in Karlstad 

and between 22 kW (peak) to 68 kW (peak) for the system in Arlanda. The net earnings from 

electricity cost saving are initially lower than the investment in a small array size which 

produces negative NPV. In contrast, a larger system has more production for grid sell-back after 

self-consumption, which also produces negative NPV as the grid sell-back price for surplus 

electricity is low. Thus, the maximum NPV occurs with medium PV sizes for both systems, 

with payback periods of 10.8 and 11.9 years respectively. 

4.2 Optimum PV and lithium-ion battery size 

In this case, the optimum size of PV and lithium-ion battery is determined based on NPV and 

payback period for both systems. The battery size varies between 3 kWh to 40 kWh and PV 

system size varies between 30 kW (peak) to 60 kW (peak).The maximum NPV and minimum 

payback period is found at 3 kWh battery size and 40 kW (peak) PV array size for both systems. 

Table 16 shows that, the NPV in Karlstad system is more than twice from Arlanda system with 

the same system size and having better payback time. Figure 15 shows the NPV and payback 

period variation of several samples cases for Arlanda and Karlstad system. 

Table 16: Optimum PV and Li-On battery size for Arlanda and Karlstad 

Site 

location 

Optimum battery Size 

(kWh) 

Optimum array 

size (kW(peak)) 

NPV 

kSEK 

Payback Period 

(years) 

Karlstad 3 40 127 10.8 

Arlanda 3 40 56 12.1 

 

 

 

Figure 15: Comparison of NPV for PV with lithium-ion battery size at Arlanda & Karlstad 

 

4.3 Optimum PV and lead-acid battery size 

This case presents a similar analysis to the previous one but with a lead-acid battery instead of 

lithium-ion battery, along with the PV system. The optimum size is determined corresponding 

NPV and payback period. In this case, the PV system size varies from 30 kW (peak) to 60 kW 

(peak) and battery size varies between 3 kWh to 40 kWh. The maximum NPV and minimum 

payback period is found at 3 kWh battery size and 40kW (peak) PV array size for both systems. 

Table 17 shows that, the NPV of the Karlstad system is almost three times better than Arlanda 

system in the same system size. Figure 16 shows the NPV and payback period variation of 

several samples cases for the Arlanda and Karlstad systems. 
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Table 17: Optimum PV and Lead-acid battery size at Arlanda and Karlstad 

Site 

location 

Optimum battery 

Size (kWh) 

Optimum array 

Size (kW(peak)) 

NPV 

kSEK 

Payback 

Period (years) 

Karlstad 3 40 112 11.1 

Arlanda 3 40 42 12.5 

 

 

 

Figure 16: Comparison of NPV with PV and lead-acid battery size at Arlanda & Karlstad 

4.4 System case comparison 

The parametric simulations of PV system and the system with lead-acid and lithium-ion 

batteries are used to determine the optimum system size for the Arlanda and Karlstad systems. 

Six scenarios are considered and their technical and economic performance are compared to 

determine the best case to implement the project in reality. Therefore, the input technical 

parameters such as annual energy yield, capacity factor and performance ratio are calculated to 

finalize the economic metrics such as NPV, levelized cost of energy, payback time and system 

profitability index (PI). 

First, technical and economical parameters for Karlstad system are shown in Table 18 for all 

three cases. The capacity factor is found lowest (11.2%) for the system PV with lead-acid 

battery in comparison with two other cases (11.3%).The lower efficiency of lead-acid battery 

reduces the storage capacity that creates impact to the system capacity factor. Then, the system 

performance ratio is the relation between annual energy yields to the solar radiation yield. In 

this case, all three systems are analysed with a similar system loss inputs which shows the same 

performance ratio value of 0.78.  

The levelized cost of energy (LCOE) for annual PV production is compared for both real and 

nominal values of LCOE. The nominal value calculates the LCOE with the system discount 

factor d that considers the inflation rate into account. The system with only PV has the lowest 

LCOE (real) of 0.92 SEK/kWh whereas the system with lithium-ion battery has 0.95 SEK/kWh 

and the system with lead-acid LCOE (real) has 0.97 SEK/kWh for their additional cost of 

battery.  

Then, the electricity net bill saving is the annual cost difference without any system and with 

the PV and battery system. The net capital cost for PV system is 550 kSEK which is higher than 
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PV and battery system for the highest PV size and also produces highest NPV of 130 kSEK. 

Finally, the profitability index (PI) denotes the ratio of NPV and capital investment cost which 

is positive for all three cases but highest value of 23.9% is found in the system with PV and 

lithium-ion battery. This comparison among three cases illustrates that, system with PV and 

lithium-ion battery is more suitable to implement in reality considering the profitability index. 

Table 18: Comparison of system performance metrics (Karlstad) 

 

 

A similar analysis is now presented for the Arlanda system. Table 19 shows the results of 

technical and financial parameters; three cases show similar performance pattern to the Karlstad 

system, except the change in solar radiation profile. First, the highest capacity factor (10.1%) 

is found for the system with only PV and the system with PV and lithium-ion battery. The 

nominal LCOE value is 1.33 SEK/kWh for the system with PV and lithium-ion battery which 

is the lower than two other cases that have LCOE of 1.36 SEK/kWh and 1.37 SEK/kWh. 

In the Karlstad system, the highest NPV is found for the system with only PV due to their higher 

PV system size in comparison with other cases which is desirable. In the Arlanda system, the 

highest NPV of 59.2 kSEK is found with a lower PV system size of 36 kW (peak) in comparison 

with two other cases which is not expected.  

The DC-AC conversion ratio is responsible for this result. In this case, DC-AC conversion ratio 

is exactly 1 which increases the annual AC output production. It depends on the appropriate 

sizing of PV module and inverter which is important for the better performance of the system. 

In the two other cases, the DC-AC ratio is 0.95 which have the system conversion loss. This 

implies the influence of DC-AC ratio to NPV and system profitability index (PI) for the system 

with only PV in comparison with two others. 

 

 

Site location- Karlstad 

Metrics PV only PV &  lithium-ion PV &  lead-acid 

Optimum System Size (kW(peak)) 42 40 & 3 40 & 3 

Annual energy (kWh) 41129 39223 39080 

Capacity factor 11.3% 11.3% 11.2% 

Energy yield (kWh/kW) 989 988 984 

Performance ratio 0.78 0.78 0.78 

Battery efficiency  97.5% 62.2% 

Levelized COE (nominal) (SEK/kWh) 1.13 1.16 1.19 

Levelized COE (real) (SEK/kWh) 0.92 0.95 0.97 

Electricity bill without system (kSEK) 194.8 194.8 194.8 

Electricity bill with system (kSEK) 148.1 148.6 148.9 

Net savings with system (kSEK) 46.7 46.2 45.9 

Net present value (kSEK) 130 127 112 

Net capital cost (kSEK) 550 530 533 

Equity (kSEK) 0.0 0.0 0.0 

Debt (kSEK) 550 530 533 

Payback period (years) 10.8 10.8 11.1 

Profitibility index (PI) 23.7% 23.9% 21.1% 
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Table 19: Comparison of system performance metrics (Arlanda) 

 

The main difference between the Karlstad and Arlanda system is the value of capacity factor. 

The Karlstad system has higher capacity factor (11.3%) in comparison with Arlanda system 

(10.1%) considering only the best values. The capacity factor refers to the ratio of annual energy 

production and the maximum capacity of annual production. This is the first parameter that 

needs to be considered to select the PV system site location.  

The high capacity factor has better annual energy production in a similar system profile which 

can influence all other output metrics such as LCOE, NPV, and payback time and finally the 

system profitability index. The main conclusion of this comparative analysis is that, 1% 

variation of capacity factor makes a significant change in the annual system profitability index 

(PI). In this analysis, the NPV in the Karlstad system is found to be almost twice that of the 

Arlanda system, which leads to the system profitability index being twice as high in Karlstad 

system for the same technical input parameters. This result shows the importance of location 

selection and accurate weather profile analysis for the feasibility study of PV and battery system 

project. 

4.5 PV-battery system best case analysis 

The six different scenarios in two system locations are studied with detailed technical and 

financial parameter analysis, and shows that, the Karlstad system with PV and lithium-ion 

battery has better results in comparison with five others scenarios. The annual energy yield for 

this system is 988 kWh/kW means that, at least 988 hour full rated operation is needed to meet 

the annual energy production. This is the ratio of system annual energy output of 39223 kWh 

and the maximum DC nameplate capacity which is 39.7 kW at Standard Testing Condition 

(STC). The nominal LCOE is 1.16 SEK/kWh is also low in comparison with other systems 

shows the rate of total system lifetime cost and the annual energy production. The performance 

ratio value is 0.78 is same for all three cases as we consider similar system loss profile lies 

within the standard range of global performance ratio limits (0.6-0.8) [20]. 

Site location- Arlanda 

Metrics PV PV & lithium-ion PV & lead Acid 

Opimal System size 36 40-3 kWh 40-3 kWh 

Annual energy (kWh) 31728 35026 34905 

Capacity factor 10.1% 10.1% 10% 

Energy yield (kWh/kW) 883 882 879 

Performance ratio 0.78 0.78 0.78 

Battery efficiency  97.7% 61.8% 

Levelized COE (nominal) (SEK/kWh) 1.36 1.33 1.37 

Levelized COE (real) (SEK/kWh) 1.11 1.09 1.11 

Electricity bill without system (kSEK) 194.8 194.8 194.8 

Electricity bill with system (kSEK) 155.5 152.4 152.7 

Net savings with system (kSEK) 39.3 42.3 42.1 

Net present value (kSEK) 59.2 55.7 41.5 

Net capital cost (kSEK) 475 530 533 

Equity (kSEK) 0.0 0.0 0.0 

Debt (kSEK) 475 530 533 

Payback period (years) 11.9 12.1 12.5 

Profitibilty index (PI) 12% 11% 8% 
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The standard average values of different system losses are considered for the loss calculation 

in the system design inputs to get a reflection of the performance but the actual values surely 

varies for different locations. The highest profitability index (PI) 23.9% is found in the system 

with PV and lithium-ion battery. Thus, the system with PV and lithium-ion battery is considered 

as the best scenario and selected for further energy profile, battery performance and peak 

shaving analysis. Table 20 shows all the performance metrics at a glance. 

Table 20: Optimum PV-battery system metrics for further analysis 

PV-Lithium-ion system at Karlstad 

 

 

 

Performance 

metric 

PV system size (kWh) 40 

Battery bank capacity (kWh) 3 

Capacity factor 11.3% 

Energy yield (kWh/kW) 988 

System dc-ac ratio 0.95 

Performance ratio 0.78 

Battery efficiency 97.5% 

 

 

 

 

Economic 

Metric 

Levelized COE (nominal) (SEK/kWh) 1.16 

Levelized COE (real) (SEK/kWh) 0.95 

Net savings with system (kSEK) 46.2 

Net present value (kSEK) 127 

Payback period (years) 10.8 

Net capital cost (kSEK) 530 

Profitibility index (PI) 23.9% 

 

4.6 System energy profile analysis 

The energy profile of the PV system with lithium-ion battery is analysed daily, monthly and 

annually to observe the aggregated load profile and PV production scenario of this optimum 

system size. Figure 17 shows the daily load profile of 15th July, 2015 which is randomly selected 

.The peak load is found at the evening between 20:00 pm - 23:00 pm. The grid electricity 

consumption is reduced to zero at the middle of the day (9:00 am-3:00 pm) when the load is 

powered by the system (both PV and battery). The surplus of PV production between 8:00 am 

to 16:00 pm is exported to the grid after charging the battery. 

 

 

 

 

 

 

 

Figure 17: Daily load profile of the system (July 15, 2015) 
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Figure 18: Monthly energy profile Year (1) 

The monthly energy profile of the first year of analysis period is shown in Figure 18.It 

represents the peak load demand and solar PV production relationship. The higher peak load 

demand is found in November to January during the winter season whereas high PV energy is 

produced during April to August. The maximum surplus energy is exported to the grid during 

this time. 

Table 21 presents the summary of 25 years system energy profile. A total of 25% load demand 

is met by the PV system with lithium-ion battery in the first year, and it continues close to this 

value reaching 24% at the end of the project life time.  

The system lifetime energy profile is shown in Figure 19 .The load profile is the same because 

no load growth rate is considered. The annual energy production is decreased in each year due 

to 0.5% module degradation and thus the annual energy import from grid increases from first 

year to the end of the analysis period. 

Table 21: Life time energy profile of PV-battery system 

Life time energy consumption profile (MWh) 

Year Load System 

energy 

Load 

from PV 

Load from 

battery 

Load 

from grid 

Exported to 

grid 

1 121 39 29.4 0.6 91 9 

25 3037 923 723.2 6.8 2307 197 

 

 

Life time grid energy export-import profile 

Year Load PV energy Exported to grid Imported from grid 

1 121 39 9 91 

25 3037 923 197 2311 
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Figure 19: System lifetime energy profile 

 

4.7 Battery performance analysis 

The battery size of 3 kWh was found to give the maximum NPV for this system. Table 22 

presents the lithium-ion battery lifetime profile. The cycle efficiency means the battery charging 

and discharging efficiency which is 97.1%. The total energy 6757 kWh is taken to charge the 

battery where 53% of energy comes from the PV production in the lifetime. The total number 

of cycles in the lifetime is 3450 at 56.4% depth of discharge (DoD) which is convenient and 

reasonable for a system. 

Table 22: Battery performance metrics 

Life time 

charging profile 

Energy 

(kWh) 
Life time analysis Mean Min Max 

Energy charged (kWh) 6757 Cycle efficiency (%) 97.6 - - 

EnergyDischarged (kWh) 6593 state of charge (%) 88.6 20 100 

Charged fromGrid (kWh) 3081 Cycle depth of discharge (%) 56.4 0 80 

Charged from PV (kWh) 3609 Battery number of cycles 1808 0 3450 

Energy loss (kWh) 164 Battery capacity percent for lifetime (%) 82.6 67.7 100 

 

The higher depth of discharge rate reduces the battery lifecycle. In this case, the average DoD 

value is 56.4% which is quite reasonable for this analysis with the 67.7% average capacity 

degradation. The lifetime hourly average charging and discharging profile of 3 kWh lithium-

ion battery is shown in Figure 21. It charges mostly from PV during 9:00 am to 14:00 am and 

from grid during 19:00 pm to midnight. The maximum battery discharging hour from 15:00 am 

to 9:00 am that contributes at the peak hours in a day. 

Figure 20 shows the lifetime capacity of battery with total charging and discharging energy. 

The total charging capacity is 800 kWh in the first year which significantly drops at 380 kWh 

in the following year due to capacity fading. In the first year, battery takes maximum energy 

from PV for charging which is also degraded in the next years due to module degradation. 
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Figure 20: Battery hourly life time dispatch profile   

                                                                                                              Figure 21: Battery yearly life time dispatch profile 

4.8 Electricity price analysis 

In this study, the electricity cost saving from the monthly bill is the only source of revenue for 

the PV system with lithium-ion battery analysis. The hourly average energy price for the 

aggregated load is shown Figure 23 which is varying between 12 SEK to 30 SEK without any 

PV and battery system. The price is reduced to below 8.5 SEK between 7:00 am to 15:00 pm 

and increases after that time period. The potential bill saving time is found during the day time 

between 6:00 am to 20:00 pm when PV electricity is produced mostly and reduces the hourly 

bill significantly from normal average price. 

 

 

 

 

 

 

 

 
 

 

 

Figure 22: Monthly bill saving of year (1) 

                                                                                               Figure 23: Annual hourly average price 

Figure 22 shows the monthly bill saving for the first year of analysis period. The maximum 

electricity bill is 20 kSEK which paid in December and minimum bill 14 kSEK which paid in 

June without any system. The monthly average bill is reduced from 16 kSEK to 12 kSEK after 

installing PV and battery system. 
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In the life time price analysis, optimum values are taken to evaluate the project economic 

feasibility. In this case the electricity cost escalation rate and load growth rate is assumed to 

zero. The electricity cost is considered based on current market price which varies hourly. 

 

4.9 System peak shaving analysis 

The peak power reduction capacity of different battery sizes are discussed in this section. Two 

additional scenarios with higher PV and battery size of 60 kW (peak) PV & 60 kWh battery 

and medium system size of 40 kW (peak) PV & 40 kWh battery are compared with the optimum 

system size of 40 kW (peak) PV and 3 kWh battery to observe the battery peak reduction 

potential. These two scenarios are selected considering the positive NPV and PI value from the 

simulation results. Table 23 represents the comparison of these scenarios. 

The profitability index for the optimum battery and PV size is 23.9% as discussed in previous 

sections. Next, the battery size increases into 40 kWh with the same PV size of 40 kW (peak) 

which reduces the system PI value to 14.2% and increases the LCOE up to 1.29 SEK/kWh. 

This shows that, higher battery capacity increases the LCOE and reduces the system 

profitability. Then, both the PV and battery system size are increased to 60 kW (peak) PV and 

60 kWh battery which shows the lowest system profitability of 7.1% but decreases the LCOE 

in comparison with medium size. This analysis reflects that, increase of the system size having 

positive NPV reduces the system profitability due to additional cost. 

 
Table 23: Different battery sizes comparison for peak shaving 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 shows the average hourly peak power consumption at the time between 18:00 pm to 

22:00 pm in a day. In the optimum sizing, peak power consumption is between 18:00 to 22:00 

is reduced by 1 kW (4.5% of peak load) using battery storage. With the increment of battery 

capacity to 40 kWh, the average peak power consumption is reduced from 22 kW to 18 kW 

which is around 18% peak power reduction. The maximum size of 60 kWh battery capacity 

reduces 22% of peak load. The highest peak power is taken from grid for charging at 3 kWh 

battery size. In other cases like 40 kWh and 60 kWh battery size, the peak power consumption 

from grid for charging is low and the discharging rate is higher. This comparison shows that, 

PV-Lithium Ion Battery Peak shaving scenario analysis 

 
Optimum 

sizing 

Medium 

sizing 

Maxium 

sizing 

 40-3 40-40 60-60 

PV array size (kWh) 40 40 60 

Battery Bank capacity (kWh) 3 40 60 

Capacity factor 11.3% 11.3% 11.3% 

Energy yield (kWh/kW) 988 988 989 

System dc-ac ratio 0.95 0.95 0.98 

Performance ratio 0.78 0.78 0.78 

Battery efficiency 97% 98% 98% 

Levelized COE (nominal) (SEK/kWh) 1.16 1.29 1.18 

Levelized COE (real) (SEK/kWh) 0.95 1.05 0.96 

Net savings with system (kSEK) 46.2 51.18 65.7 

Net present value (kSEK) 127 84.7 62.5 

Payback period (years) 10.8 11.7 12.5 

Net capital cost (kSEK) 530 596 882 

Profitibility index (PI) 23.9% 14.2% 7.09% 
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the peak reduction capacity depends on the size and technical features of the battery. Increasing 

battery size implies additional cost which reduces the system profitability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 24: Comparison of peak shaving of different PV and battery sizes 

 

This trade-off depends on the purpose of the system. For example, peak power price for the 

residential system is in comparison with commercial and industrial price. The additional 

revenue other than bill saving can make the peak reduction potential of battery economically 

viable.  

 

 

 

 

 

 

 

 

 

 

Hourly average Load  

Power to load from grid     

Power to load from PV        

Power to load from battery 

 

40 kWh PV & 3 kWh Battery 

 40 kWh PV & 40 kWh Battery                  60 kWh PV & 60 kWh Battery 

X axis-Hour; Y axis Power (kW) 

Optimum sizing 3 kWh - 4.5% 

Medium sizing 40 kWh - 18% 

Maximum sizing 60 kWh - 22% 
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5 Sensitivity Analysis 

 

 

This chapter presents a sensitivity analysis of PV system input parameters, performed in SAM. 

This analysis helps assess the impact of different input parameters to the selected output metrics 

and test the robustness of the designed system. The system viability without PV incentive is 

also analysed. 

 

5.1 Performance metric analysis 

The objective of the sensitivity analysis of performance ratio and capacity factor parameters are 

to evaluate the impact of different technical input parameters to the system overall performance. 

In that sequence, the input parameters such as DC-AC conversion ratio, and system loss values 

are varied between ± 50% and the tilt and azimuth are varied between ± 10% to see the change 

in the performance metrics. Figure 25 represents the technical input parameter impact on the 

performance ratio and capacity factor. 

 

The 50% decrement of DC-AC ratio value reduces both the performance ratio from 0.95 to 0.76 

and capacity factor from 11.3% to 11.05%. In opposite, performance ratio and capacity factor 

increment is not significant with the 50% increase of DC-AC ratio. The system is sensitive to 

these two parameters as a small change in the capacity factor has strong effect on the PV 

production and revenue projection .Then, increase of system loss value reduces the system 

performance ratio and capacity factor. Figure 25 shows that, module mismatch loss has the most 

impact on the performance ratio and capacity factor in comparison with wiring and connection 

losses. 

 

 
Figure 25: Sensitivity analysis of performance ratio and capacity factor for ±10% variations of tilt and azimuth, 

and ±50% variations of other parameters. 

 

The azimuth and tilt are selected carefully for the designed system by doing the parametric 

analysis. A 10% variation of azimuth from the designed value of 182° decreases the 
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performance ratio slightly, but decreases the capacity factor by 0.2%.This analysis reflects that, 

a careful selection of PV module and inverter is needed with accurate orientation to achieve the 

best technical performance of the designed system. 

 

5.2 Financial metric analysis 

The sensitivity analysis of NPV and LCOE is done with the change of different financial inputs. 

Then, the system input values such as loan rate, loan period, direct investment incentive, 

inflation and real discount rate is varied in a range of ± 80%.The investment loan rate is 6% 

having the maximum impact on both NPV and LCOE. The loan rate in increased from 6% to 

10.8% which decreases the system NPV. The decrease of loan rate from 6% to 1.2% increases 

the LCOE. Moreover, the system NPV is increased with the decrease of discount rate and 

increase of inflation rate. These factors should be measured carefully for the PV system for 

their high sensitivity to system output metrics. 

 

 
Figure 26: Sensitivity analysis of NPV and LCOE 

 

5.3 Cost sensitivity analysis 

The sensitivity analysis of system cost corresponding to the system NPV is important for the 

study of PV system economic feasibility. The system cost is a major barrier for the design and 

installation of PV and battery systems. In general, the increase of system cost reduces the 

system economic viability. Then, the question arises of which costs have the most significant 

impact into this system. Figure 27 shows the different cost impact to the NPV with a variation 

of ± 80% in the input values. It reveals that, module cost has most impact on this system, 

followed by installation cost, BOS service and other costs. In this analysis, battery cost shows 

less impact on this system for the small 3 kWh capacity of the battery. Normally, higher battery 

capacity increases the system cost significantly and reduces the system profitability as discussed 

in section 4.9. 

 

 

 

 

 



63 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 27: Cost sensitivity analysis with NPV 

5.4 Impact of load scaling factor 

In this study, optimum size of PV and battery system is designed based on the maximum NPV 

and profitability index for the specific aggregated residential load. The optimum size of PV is 

found at 40 kW (peak) and lithium-ion battery size is found at 3 kWh with a NPV of 127 kSEK 

for the twenty five years analysis period. In this analysis, the load size is fixed and system size 

is varying. On the other hand, if we need to fix the system size for any reason such as constraint 

of capital investment or small rooftop size, then we need to determine the optimum load size in 

the positive NPV and profitability index. In this section, the impact of optimum load sizing is 

evaluated.  

 

 

Figure 28: system profitability index Vs load scaling factor 

The system aggregated load size in this study is 121 MWh/year in a residential building. The 

optimum load point after the scaling of reference load with the variation of profitability index 

is shown in Figure 28.Therefore, the size of PV system is fixed at 40 kWh. The load size is 

scaled and the maximum profitability index is found at a scaling factor of 2.1, which means 

that; the system maximum profitability index can be achieved with the load size of 255 MWh. 
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5.5 System feasibility without PV incentives 

This study is analysed considering three kind of incentives those are currently available in 

Sweden for PV investment. The direct capital subsidy which is 30% of total capital cost is the 

most significant amount to make the PV investment economic viable and generate a positive 

NPV for this analysis period. The designed system is evaluated without any investment in this 

section. Table 24 shows the comparative results of the system economic parameters with and 

without incentives. This shows the NPV without incentive is -225 kSEK and PI value is -0.296, 

both the values are negative which denotes it as a bad investment. 

 
Table 24: System with and without incentives 

 

 

Then, the optimum system is studied again without any incentive considering load scaling 

factor, annual load growth rate and electricity cost escalation rate factors to improve the system 

NPV. These values are considered as zero to make an optimistic analysis. The main revenue 

generated from the electricity bill savings is highly related with the load size (121 MWh), 

annual load growth and cost escalation rate factors. In this analysis, the system is simulated 

again considering these three factors with an increment of 1% to 3%. Table 24 shows the three 

best values of NPV with different combinations. The minimum threshold of positive NPV is 

found at 2 kSEK when the annual load size is twice of 243 MWh with annual increment of 1% 

load growth and cost escalation rate without any incentives. Therefore, the PV system with 

battery storage can be economically feasible in the current market price without incentives if 

the higher system load is selected with a possibility of 1% load growth and 1% increase of 

electricity cost in the lifetime. 

 
Table 25: System profitability without incentive 

 

 

 

 

 

 

 

Metrics With Incentive Without Incentive 

Levelized COE (nominal) (SEK/kWh) 1.16 1.90 

Levelized COE (real) (SEK/kWh) 0.95 1.55 

Net present value (kSEK) 127 -225 

Payback period (years) 10.8 18.9 

Net capital cost (kSEK) 530 758 

System profitibility index 0.24 -0.296 

Load 

scaling 

factor 

Load 

Size 

(MWh) 

Load growth 

rate (%/year) 

Electricity cost 

escalation rate 

(%/year) 

NPV 

(kSEK) 

Payback period 

(years) 

Profitibility 

Index 

3 364 3 3 215 12 0.283 

2 243 1 1 2 14   0.0026 

1 121 2 2 -8 15 - 0.0145 
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6 Discussion 

 

This section presents the discussion of the studied PV and battery system model and it’s 

implication for the Local System Operator (LSO) model. The key feature of the LSO model is 

the optimum integration of rooftop PV production and effective use of battery storage 

technology. Therefore, studied PV and battery system technical and economic performance is 

investigated in a residential aggregated load at “behind-the-meter” approach to determine the 

optimum economic system size. The outcomes of the investigation and future works are 

discussed in the section below. 

6.1 Implication for Local System Operator (LSO) model 

The studied system is designed and analysed using a simulation tool. The discussion consist of 

the several propositions based on outcomes for the LSO model implementation in reality. 

 Selection of PV system location: 

The PV system annual production is completely dependent on the solar irradiation at the site 

location. In this report, solar radiation at five different locations in Sweden is compared. The 

radiation profile of Arlanda and Karlstad are considered for the analysis. The optimum PV and 

battery size is found at 40 kW (peak) and 3 kWh lithium-ion battery. The capacity factor is 

11.3% with the NPV of 127 kSEK at Karlstad and 10.1% with the NPV of 55 kSEK at Arlanda 

for the same size and input parameters. The situation shows that; with just 1.2 % higher capacity 

factor in Karlstad the system NPV is almost double in comparison with Arlanda system. 

However, the distance between Karlstad and Arlanda is around 300 km only. This implies that, 

the proper selection of system site location is an important factor for PV investment. The annual 

production and profitability index varies significantly between small distances. In addition, the 

system loss is also dependent on the site radiation profile as we see the shading and soiling loss 

reduce the output production. In this case, system performance ratio 0.78 is same for all cases 

as we consider the same system loss input data. In reality, the system loss values are different 

depending on site location which can reduce the system annual production and the revenue 

between nearby sites. 

 Proper system technical design: 

The designed PV system is evaluated with one type of PV modules and inverter combination. 

It is important to choose the best module and inverter with a better DC-AC ratio. The impact of 

higher DC-AC ratio is observed in the Arlanda system. The PV system at Arlanda shows better 

output with 36 kW (peak) system size in comparison with 40 kW (peak) PV system size because 

of higher DC-AC ratio which is exactly 1. The orientation of the system array can significantly 

change the output production which is shown in Figure 9 which shows that, 20° variation in 

azimuth causes maximum 2000 kWh variation of annual production. The system input 

parameters such as module and inverter model, array orientation and system loss need to be 

selected carefully to get maximum annual production. 

 Monitoring of electricity price: 

The electricity price has a downward trend over at last the past five years in Sweden for 

residential consumers. The main challenge in PV system investment depends on the multiple 

revenue sources including sources other than electricity bill saving. Moreover, residential 

consumers have no additional charge for actual peak power consumption but only the indirect 
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charge based on the peak power limit imposed by the service fuse. It is important to study the 

future market price trend with the grid charges and spot price variation before investment. The 

LSO is a comprehensive model of several innovative services, which together can bring 

additional revenues and make the whole system economically viable. 

 Evaluation of battery peak shaving: 

In this study, the lithium-ion and lead-acid type batteries are considered as the storage options 

in the studies of overall system performance. The lead-acid has lower efficiency and life cycle 

in comparison with lithium-ion at the same capacity. This analysis suggests using the lithium-

ion battery for better technical performance. The lithium-ion batteries are further analysed for 

peak shaving potential, showing that; the higher capacity of battery reduces the system peak 

significantly around (18%-20%) at the studied load. However, systems profitability was low 

mainly because the peak power price is not higher for residential consumers in comparison with 

the cost of higher battery size. It will not be financially worthy to use larger size of battery for 

peak shaving without generating any additional revenue sources or ancillary purpose in 

residential building. 

 Incentives: 

This report includes currently available three different Swedish PV incentives where 30% 

capital investment has the main contribution to make the system economically feasible. The 

LSO will be operated as a new actor or company in the power market which can take this benefit 

for capital investment. It is notable that, this incentive allocation budget has decreased from 

70% to 30% in the last 10 years as more people are participating in the PV market and the 

technology is becoming more mature. The study also calculates the system economic 

performance without incentives, finding that the PV investment NPV is negative without 

current incentives. The NPV can be positive if the high consumed building load are selected 

with a possibility of at least 1% load growth and having higher future cost escalation rate, to 

make the system profitable without incentives. 

 Cost reduction trend analysis: 

The current cost trend of PV and battery system is declining significantly in recent years which 

is important factor for global PV and battery investment. The expansion of market will reduce 

the BOS cost which is controlled by the local market and will make the PV system more viable 

without incentives. Moreover, the recent trend of battery technology improvement is a potential 

area of battery cost reduction to enhance the PV system economic feasibility. 
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7 Conclusion 

 

The technical and economic feasibility of a solar PV and battery system with its implication to 

the Local System Operator (LSO) model is studied in this report. The PV and battery system is 

designed with the analysis of solar irradiation profile, aggregated load data and system input 

parameters and system losses. The financial model of the system is designed with consumer 

electricity price, financial metrics and PV incentives. The model is analysed for three cases; a 

PV system with lithium-ion and lead-acid battery at two locations in Sweden. 

 

The optimum size of each case is determined corresponding to the system NPV and payback 

period for 25 years. NPV is one of the useful metrics to analyse the system economic decision 

which is commonly used in PV systems modelling. The other parameters such as profitability 

index (PI) and levelized cost of energy (LCOE) are also calculated. The system with 40 kW 

(peak) PV and 3 kWh lithium-ion battery size shows the best NPV of 127 kSEK and 

profitability index of 23.9% at Karlstad. 

 

The lifetime energy profile, battery performance and electricity bill saving potential is further 

analysed for this optimum system. To analyse the battery peak shaving potential, two 

additional scenarios with maximum and medium battery capacity are developed around the 

most profitable studied case. The higher battery capacity shows the better peak shaving 

potential with lower profitability. The sensitivity analysis of technical input parameters shows 

the impact to the system output. The system performance without incentives are observed and 

ended with the future possible options to make PV system viable without incentives. 

 

The study is concluded with these remarks the situation of residential consumers. 

 

 PV integration with lower battery size is a profitable investment for residential load with 

the current electricity price and incentives in Sweden. 

 The system peak shaving using battery storage technology might not be profitable by 

itself, when necessitating a larger size of battery than would otherwise have been 

chosen, but in some circumstances the further ancillary services enabled by a larger 

battery could make this overall profitable 

 Site location should be selected considering the building aggregated load profile, solar 

irradiation profile and optimum system design. 

 The whole LSO system should be investigated more with other services revenue 

generation capacity and need an integrate analysis to determine the holistic picture of 

profitability. 

 

7.1 Future work 

The current study covers the PV system design, electricity price, system cost and battery system 

to verify the LSO model with only rooftop PV and battery system. The future work can 

investigate other LSO services revenue portfolio to see the holistic economic picture of the LSO 

model. Next, the system loss changes with different location and weather profile. It will produce 

more robust result to take more places into consideration for the analysis. Finally, the 

commercial and industrial load profile can be investigated with different end consumer price 

schemes which might produce different results. 
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