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Abstract 
This thesis investigates the economic viability of a grid connected PV system integrated with battery 
storage in a multifamily home in Sweden. In addition, a fleet of electric cars is added to the system and its 
economic feasibility is analyzed. The analysis is further classified based on the roof area available for PV 
installation, wherein system 1 considers nearly the entire roof area of 908 m2 and system 2 is assumed to 
have less than half the roof area of 360 m2 for PV installation. To help with the assessment, five scenarios 
are created; where scenario one represents a baseline Swedish cooperative without PV, scenario two 
includes a PV system; scenario three incorporates battery storage; four considers an electric vehicle fleet 
embedded into the system and scenario five has a fleet of gasoline cars. These scenarios are applied to the 
two systems and their results compared. 

To address the question of this thesis both scenarios 2 and 3 are simulated in System Advisor Model 
(SAM) and scenario 4 is modeled in Matlab. The outputs are exported to Excel in order to obtain the Net 
Present Value (NPV), which is the economic indicator for this assessment. In none of the tested scenarios 
the NPVs’ are positive and the best result is observed in a PV system installed with battery storage in a 
roof area of 360 m2, which has a NPV of -82,000 SEK. A sensitivity analysis is done to assess the changes 
in NPV by varying the input parameters. It is concluded that battery storage is not yet economically viable 
in a Swedish multifamily house.  
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1 Introduction 

With the constant fluctuating oil prices and the environmental problems that arise due to the usage of 
fossil fuels, renewable energy sources are becoming more and more attractive (Birajdar, et al. 2013). The 
demand for electricity is increasing as countries are experiencing rapid industrialization and urbanization. 
To sustain radical growth rates, a sustainable supply of energy is of paramount importance. Keeping in 
mind the need for energy and environmental impacts of fossil fuel consumption, the EU drafted the 
202020 guidelines in March 2007 to transit into a low carbon and energy efficient economy (EC 2014).  

There are various renewable based technologies that could help achieve the formulated targets such as 
solar, wind, hydro to name a few. Often regarded as the future of sustainable energy generation, solar 
power could help nations progress into a decarbonized energy supply. Solar energy is omnipresent and is 
virtually inexhaustible; however capturing it requires a relatively high investment cost. With advancements 
in technology and incentives to support the use of solar energy, market trends forecast the decrease in 
prices of solar photovoltaics. In most markets, PV system prices are 1/3 of what they were six years ago, 
and module prices have come down by 80% (IEA, 2014). According to a report by the European 
Renewable Energy Council, PV electricity generation is expected to have the highest global growth and 
would account for more than 9000 TWh in global production by 2040 (EREC, 2015).  

As of 2012 in Europe, the share of renewables in the final energy consumption was at 14.1% from 8.7% 
in 2005 due to the support schemes for solar PV and wind energy (IEA 2014). In Sweden, the energy 
from clean energy sources is 48% in 2011, of which the majority is supplied by hydro power (Swedish 
Energy Agency 2014). Although wind and solar account for little at the present, a huge growth is expected 
from these sources while hydropower is expected to remain constant (Gustavsson, et al. 2012). 

Amongst the various consumption sectors in EU, buildings consume nearly 40% of the primary energy 
consumption. In 2011, the Swedish electricity consumption in the residential sector was 12 TWh which 
includes heating, household electricity and other services such as corridor lighting, laundry rooms etc. 
(Swedish Energy Agency 2014). Solar PV is a potential option to reduce the dependence of buildings on 
grid electricity. They can be grid connected or else used in a stand-alone situation. 

Although, solar radiation is omnipresent, it does have a few shortcomings. Apart from those mentioned 
above, it is an intermittent energy supply creating a variation in the generation. The power output of PV 
modules is dependent on the incident radiation, panel temperature, cloud cover and shading. These 
variables can create a sudden change in the power output lasting for a few seconds and are difficult to 
ascertain their occurrence. When connected to the grid, the transient supply of electricity poses a threat to 
the load side appliances and utility companies because it causes frequency drops in the grid and blackouts 
(Ton et al., 2008).  

To even out these disparities, energy storage, such as batteries, can be used. Batteries improve the 
flexibility of the system to shave peak demand and address the timely demand management (Arif, et al. 
2013). Given the contrast in the energy usage and generation particularly in residential sector, batteries 
have the potential to become an integral part of a solar PV system. There are many types of batteries 
employed as storage mediums; with lead acid, lithium ion and nickel cadmium being a prominent few 
(ECOFYS 2014).  

The recent development of battery technology is focused on high energy densities and longer discharge 
periods, which has not only benefitted the solar industry but also the transport sector. The recent trend in 
transport has seen an increase in the production and use of electric vehicles, which can be beneficial in 
reducing greenhouse gas emissions from the transport sector in countries like Sweden, due to the cleaner 
energy sources used. Electric vehicles are similar to their conventional IC engine counterparts with the 
exception that the drivetrain is powered by a motor driven by electricity from a battery. Currently, electric 
vehicles offer an avenue to consume the surplus energy generated by the PV, but with the onset of “Smart 
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Grids”, electric vehicles can be integrated into the system; whereby they can consume and re-inject their 
stored energy into the grid offering additional flexibility (Morgan 2012).   

2 Objective 
This thesis aims to address the following research questions: 

Given a typical Swedish residential cooperative, 

1. Is a maximally utilized roof for solar PV, economically interesting? 

2. With a completely maximized solar roof, do stationary batteries make solar PV more 
economically interesting? 

3. With a completely maximized solar roof, can an electric vehicle fleet make solar PV more 
economically interesting? 

3 Background 
It is imperative to identify and understand concepts as well as factors which influence the use of energy 
storage in residential PV system. An overview of the Swedish market helps to gain perspective about the 
incentives for PV technology and EV in Sweden. Details regarding the state of the art technology of PV 
modules, batteries and inverters are also present in this section. In addition, the software used and input 
parameters chosen for the simulations are also illustrated. 

3.1 Photovoltaic Modules – state of the art 

Photovoltaic cells directly convert solar light into electricity. This process is based on the photoelectric 
effect; a property inherent to some materials in which there is a release of electrons due to the incidence 
of light on the material. The release of these electrons creates an electric field in the external circuit of the 
system. Materials that have the property of photoelectric effect are called semiconductors and silicon is an 
example; also being one of the most abundant materials found on earth (Knier 2002).  

Several solar cells placed together form a photovoltaic module and the connection of several modules 
both in parallel and series is called an array (Knier 2002).  

PV panels can use both direct and diffuse radiation, which means that even on cloudy days it is possible to 
generate electricity. Generally, higher values of albedo in the surfaces surrounding the PV system result in 
higher power output (Andrews & Pearce, 2012).  

There are three types of PV technologies classified into 1st, 2nd and 3rd generations. The first generation 
category includes PV cells composed by silicon and which is divided into three different groups based on 
how silicon wafers manufacturing techniques. There is monocrystalline, polycrystalline and edge-defined 
film-fed growth (EFG ribbon) (IRENA 2014). The main difference between mono and polycrystalline is 
the process of how the wafers are manufactured. In monocrystalline, the process is longer and more 
complex; it results in more efficient cells but also in higher costs (Maehlum, 2015). EFG are silicon-based 
cells that are made with different and more simplified processes to cut down the manufacturing costs.  

1st generation technology is considered mature and has average efficiencies of 14 to 19%. In 2010, they 
accounted for 87% of the total PV sales in the market (IRENA 2014).  

2nd generation is composed by thin films and has a market share of about 10% (IEA 2014). Thin films are 
categorized in three different types: amorphous silicon (a-Si), cadmium telluride (Cd-Te) and Copper-
Indium-Gallium-Diselenide (CIGS). These types of cells are thinner and more flexible than 1st generation 
cells. The manufacturing process is also simpler and requires less energy, which makes the overall price 
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lower when compared with 1st generation PV. The average efficiency of thin film varies according to the 
technology and it ranges from 4 to 17% (IRENA 2014).  

The 3rd generation group consists of technologies that are still being developed, and are in the very early 
phases of commercialization. They can be divided into four groups: concentrating PV (CPV), organic 
cells, dye-sensitized solar cells (DSSC) and other emerging concepts (IRENA 2014).  

3.1.1 Global Market 

Around the globe the installed capacity of PV has been increasing exponentially during the recent years. In 
the last ten years, the installed capacity has increased at a rate of about 49% per year, which has resulted in 
an average of 100 MW installation per day all over the globe (IEA 2014). 

Figure 1 illustrates the evolution of the PV market from 2003 until 2013 and the forecast from 2014 to 
2018. It is possible to see that the cumulative installed capacity has been growing since 2003 and the 
expectation is that it would continue with the same trend.  There are several scenarios when considering 
the future of PV, some more optimistic than others; in this chart an intermediate scenario is presented.  

 

Figure 1: Global cumulative growth of PV capacity (EPIA 2013) 

Table 1 shows a clear evolution in the growth of PV technologies. In the end of 2013, the total installed 
capacity was almost six times higher than its value four years before. The investment in PV technologies 
increased significantly as well as the number of countries installing PV systems.  

The global electricity generated during 2013 was 139 TWh, which when compared to the same value in 
2009 (20 TWh) highlights the high penetration level of PV technologies. 

Table 1 – evolution of the growth of PV technologies worldwide (IEA 2014) 

 End of 2009 End of 2013 

Total installed capacity 23 GW 135 GW 

Annual installed capacity 7 GW 37 GW 

Annual investment USD 48 billion USD 96 billion 

Number of countries with >1 GW installed 5 17 

Number of countries with >100 MW yearly market 9 23 

PV electricity generated during the year 20 TWh 139 TWh 
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Globally, there have been innumerous incentives promoting PV technologies and R&D promoting mature 
technologies with higher efficiencies and facilitating reduction in costs. Analysts estimate that the global 
prices will fall about 10% per year until 2020. (Blokland 2014). 

Despite the fact that the prices of modules are following a downward trend, some other factors like labor 
costs, BOS costs make the LCOE of PV relatively high. IEA projects a decrease in the LCOE such that it 
is competitive with the retail price of electricity by 2020 in a large number of countries. In fact, IRENA 
predicts a decrease of the LCOE for solar PV from between 0.6761 to 3.042 SEK/kWh in 2014 to 
between 0.507 to 1.2675 SEK/kWh by 2025 (IRENA, 2015). 

3.1.2 Swedish Market 

In Sweden, the same trend is seen as in the rest of the world. Over the past few years there have been an 
increase in the installation of PV systems, which totaled 36.2 MWp in 2014 (almost twice of the 19.1 
MWp installed in 2013). The evolution since 2012 can be seen in figure 2. Majority of the installed 
capacity accounts for grid-connected systems with 35.15 MWp in 2014 and residential sector is the second 
highest with 10.05 MWp installed.  The cumulative capacity was 79.4 MWp in 2014 and the electricity 
produced per year around 75 GWh, which represents about 0.06% of the total consumption of electricity 
in Sweden (Lindahl, 2015). 

Majority of the panels used in Sweden are imported from Germany and China. Hence, the prices are 
heavily dependent on the global market. Table 2 presents the evolution of the system prices since 2010 to 
2014.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Total installed PV capacity from 2012 to 2014 

The increase in installed capacity is attributed to the decline in PV system prices. The system 
price decline is due to the drop in prices of modules and BOS equipment globally. The price of a 
turnkey residential PV system has dropped from 17 (SEK/Wp) in late 2013 to approximately 15 
(SEK/Wp) in 2014. These prices are not inclusive of Value Added Tax (VAT). 
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Table 2 – Evolution of system prices in Sweden (Lindahl, 2015)   

Year 2010 2011 2012 2013 2014 

Residential PV systems < 10 kWp (SEK/WP) 60 32.2 21.7 16.7 15.2 

 

3.2 Inverters  

The current generated from a PV panel is direct or DC, which then must be converted to AC to be used 
in household devices or sent to the grid. Electrical equipment is required to convert the current into 
alternating grid frequency type. The system that converts the generated DC into AC is called an inverter. 
The function of an inverter is not limited to converting the power but also to maintain a safe and reliable 
grid interconnection with the PV system as well as ensuring the power quality of the output voltage (Safia 
& Kumar, 2013). Apart from the responsibilities mentioned above, the inverter should also track the 
MPPT also known as the Maximum Power Point Track. It is at this point that the panel generates the 
maximum power with respect to the voltage. When there is a variation in voltage, the control system 
within the inverter senses this change and optimizes the output of the solar panel to generate current at 
high efficiency (Vignola et al., 2008).  

Inverters can also be classified based on their function. They are grid tied inverters, grid tied backup and 
off grid inverters. With respect to the research topic, grid tied backup inverters are only considered and its 
working principle is mentioned below.  

A grid tied backup inverter system works in a similar fashion to grid tied inverters where the DC 
generated is converted and fed into the grid directly. When a storage medium is introduced, the inverters 
are designed to draw or charge the battery based on its state of charge, export excess energy to the grid, 
appropriately manage and offset the demand either via grid or battery storage. These inverters should also 
protect the system from grid faults, inrush currents where they should disconnect from the grid and 
ensure supply when disconnected from the grid (Skarboe et al., 2010). 

There are different types of connection pathways between PV arrays and inverters. Each offers their 
advantages and operational flexibility and can be understood as follows: -  

� Central Inverter: In this setup, the arrays are connected in series to form strings to 
increase the voltage. Several strings are connected in parallel via diodes to prevent reverse 
flow of current that could damage the arrays. These strings are then connected to a large 
inverter. It is simple in design but suffers from huge power losses and operational rigidity 
due to arrays mismatch.  

� String Inverter: Here each string is connected in series to an inverter which is later 
connected to the grid. They offer a limited range of voltage flexibility and the inversion is 
done in one step.  

� Multi String Inverter: The difference between this type and the aforementioned type is 
that the inversion here takes place in two steps. Each string is connected in series to a 
DC-DC inverter which boosts up the power and this power is later on inverted in to grid 
quality AC.  

� Module Inverter: This offers the highest flexibility as each inverter is ingratiated within 
the module. The operation and management is done at module level. The failure of one 
module will not affect the power output of the system which can be witnessed in the 
topologies mentioned above. 

In 2011, the global market for inverters totaled around 6.7 billion euros and forecasts predict this number 
to reach 17.8 billion euros by 2017. Europe is now the leader of the market in RE inverter installed 
capacity, and it is forecasted it will achieve a share of 43% by 2017; lead by PV inverters. All around the 
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globe the market of inverters is expected to keep increasing; predictions forecast the installation of about 
290 GW of inverter capacity between 2012 and 2017, divided between technologies like PV, small wind 
power, stationary fuel cells and vehicle-to-grid (Solar Novus Today 2012). As of 2014, the global price of 
inverters was 3.81 SEK/Watt (Stanley 2014). 

 

3.3 Batteries 

The overall revenue from PV generation is greatly influenced by the demand for energy. In households, 
solar PV energy production takes place when the demand for energy is low, leading to a low self-
consumption. Hence it is necessary to couple the generation with the demand to justify the efficient use of 
PV. In residential PV systems, the generation of energy occurs during the day and the PV system without 
an energy storage facility would not be able to meet the resident’s desire to offset high costs due to peak 
hour grid energy consumption in the evenings. Energy storage technologies such as batteries improve the 
mismatch scenario between the demand and generation as well as offer stable operational and financial 
benefits (Arif et al., 2013).  

A solar PV system coupled with battery storage has been extensively used in off grid isolated houses such 
as cabins or boat houses, where connecting to grid lines would not be economical feasible. The high initial 
cost of batteries and safety is off putting for potential costumers but with the latest technological 
developments and high production rates; the cost of batteries in some markets is cheaper than what it was 
earlier (Fischer 2015). The average global price of batteries for residential PV systems is 181 $/kWh 
(1,529.45 SEK/kWh)2 (Widén & Munkhammar, 2013). 

There are several types of batteries that can be used in residential solar PV systems. The most common 
batteries are lead acid, which are cheaper and widely used, but have short life span. They are classified into 
two types:   

� Flooded Batteries: It has a liquid electrolyte that needs to be replenished periodically. When 
electrochemical reaction takes place, there is the formation of hydrogen gas which needs to 
be exhausted safely. 

� VRLA: Also known as valve regulated lead acid battery is maintenance free, easier and 
cheaper to install. It comes in three types such as wet, absorbed glass matt (AGM) and gel 
(Peterson 2014) (Carbon Neutral Website 2013).  

However the main disadvantage of lead acid batteries is that their capacity reduces with high power 
discharge. In households, batteries with deep cycle charging and discharging are inherent.  The limit of 
lead acid batteries to function with great efficiency is between 20 to 80% of its maximum capacity. There 
are also certain environmental concerns associated with these batteries such as lead contamination and 
electrolyte spills (IEC 2011).  

 There are various other batteries such as lithium ion, nickel cadmium and nickel metal hydride batteries 
which offer enhanced capacities but are not researched for grid energy storage until recently (Peterson 
2014). The current market trends focus on using lithium ion partly because of their ability to charge fast, 
endure deep cycles, superior energy density and specific energy. The development of these batteries has 
been congruous with mobile technology since their higher costs are acceptable given their higher power 
densities (Albright et al., 2012). 

For the purpose of this project it is decided to use the lithium-ion battery from Tesla, launched in April 
2015 and that will be marketed from summer 2015 (Tesla Motors 2015). This battery has two versions 
depending on its storage capacity; 10 and 7 kWh, both with 10-year warranty and with a price of 29,751 

                                                        
2 Conversion rate: 1 USD = 8.45 SEK 
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SEK and 25,500 SEK respectively. These can be installed in groups at residences with high energy 
requirements of up to 90 kWh in case of 10 kWh batteries and 63 kWh in the case of the 7 kWh.  

This battery is wall mounted and sold for domestic dwellings with the purpose of storing the over 
production of electricity generated by photovoltaic panels. It can also be charged from the grid when the 
rates are low and utilized during peak hours giving some economic benefit to the house owner.  

 

3.3.1 Global Market 

Due to the global increase in incentives given to R&D of batteries over the last few years, many technical 
problems associated with batteries have been negated helping the decrease of prices and consequently 
increase in sales. Since 2014, the battery market has been evolving and is expected to continuously 
increase. The annual market revenue was around 205 million euros in 2014 and is expected to increase to 
16.7 billion euros by 2023. As shown in Figure 3, a similar growth is expected to happen in the batteries’ 
installed capacity per year, from around 360 MW in 2014 to 14 GW in 2023 (IRENA 2015).  

Figure 3: Global forecast for battery storage capacity for utility-scale applications (IRENA 2015) 

 

3.4 Electric Vehicles 

The first electric vehicle in history was built in 19th century. It became so popular that in 1900, 28% of the 
vehicles in the United States were electric (PBS 2009). However, since the invention of the internal 
combustion engine; electric vehicles were rapidly replaced by the combustion ones, as they were faster and 
were capable to travel longer distances. Around 1970, the price of gasoline increased dramatically and 
coupled with environmental concerns regarding emissions; the interest for electric vehicles reappeared.  

Electric vehicles can be divided in two different groups: battery electric (BE) vehicles and plug-in hybrid. 
The main difference is BEs’ have no combustion engine and they rely completely on the electric battery; 
whereas the plug-in hybrid have both internal combustion engine and electric battery, and the battery can 
be charged from an electric source of energy or from the combustion engine (U.S. Department of Energy 
2014). Table 3 presents the ranges in prices for EVs in the European market, the battery storage capacity 
and the capacity of the motors.  
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Table 3 - Average range of values for EV (Ingram 2014) (Austrian Energy Agency 2013) 

Average Range of Values of Electric Vehicles Components 

Prices [SEK] 182,300 – 822,800 

Battery Storage [kWh] 5 – 85 

Motor Capacity [kW] 49 - 310 

 

3.4.1 Global Market 

Globally it is a trend for many governments to incentivize the use of EVs by its citizens due to the 
environmental benefits associated with their use. The high cost of EVs components namely the batteries 
makes them more expensive than common IC engine vehicles but due to the drop in costs of batteries; 
the overall cost of EVs is also forecasted to decrease (IEA et al., 2013).  

Due to the deployment of low emissions vehicles driven by biofuels, the vehicle market is changing fast 
and the competition is increasing amongst vehicle technologies. In 2012 the amount of EV sales 
accounted for 180,000, which represented 0.02% of the total passenger car stock (IEA et al., 2013). In 
2014, there were 2.7 million sales of EVs around the world and forecasts predict this number to increase 
to 6.4 million by 2023 (Shepard, 2014).  

3.4.2 Swedish Market 

Sweden generates a vast majority of its electricity from low carbon emitting hydro and nuclear power 
plants, which makes electric vehicles particularly attractive in the transition to a low carbon society. In 
order to cope with the national vision for the energy sector, the Swedish government outlined three main 
action plans; to improve energy efficiency, promote renewable energies, and achieve fossil fuel 
independence in the transport sector by 2030 (Craven 2012).  

There are three incentives for electric vehicles in Sweden. The first one is regarding the circulation tax, 
from which all the electric vehicles are exempted in the first five years after registration. The second 
incentive is called super green car premium, and it attributes a subsidy to the owners of vehicles that 
release less than 50g/Km of CO2. This incentive is granted by the Swedish Transport Agency up to a 
maximum of 40,000 SEK per car. The third incentive allocates 22.8 million SEK3 to invest in R&D of 
batteries (IEA et al., 2013).  

3.5 Incentives and regulations in Sweden 

In Sweden there are three main incentives which promote PV technologies. They are green certificates, 
capital subsidies and recently enacted micro producer policy.  

3.5.1 Green Certificates 

The green certificate system was implemented in Sweden on 1st May 2003 and is a scheme where the 
electricity producers or consumers are given obligations for each MWh of electricity produced or 
consumed from RE sources (Swedish Energy Agency, 2015).  

It is a quota obligation attributed to electricity suppliers based on the percentage of electricity used or sold 
and they have to buy these certificates from the market to fulfill it. This quota is defined by the Norwegian 
and Swedish Act Concerning Electricity Certificates and the tradable market brought together the 
countries of Sweden and Norway since 2012 (Swedish Energy Agency 2015). The price of the certificates 

                                                        
3 Conversion rate: 1 EUR = 9.12 SEK 
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and the quota obligation vary with the demand and supply, but in 2012 the average price of a green 
certificate was 181 SEK/MWh and the average quota obligation was 17.9% (Energimyndigheten et al., 
2013).  

It is a challenge for small PV producers to generate in excess of 1 MWh of electricity because the installed 
capacities are utilized for self-consumption. Electricity companies such as E.ON, Vattenfall offer 
contracts to purchase the excess kWh from small PV producers at Nord pool spot price minus 0.04 SEK 
per kWh. The sellback prices offered varies based on the company (Wernström & Willhammar, 2014).  

3.5.2 Capital Subsidies 

This type of incentive is a direct help for initial investors in PV technologies. It is possible to apply for an 
aid which covers a maximum of 20% of the initial investment cost for systems installed until 2015 and up 
to 15% for systems installed from 2016 to 2019 (Stridh B. , 2015). Each PV system can have aid up to a 
maximum of 1.2 million SEK and the maximum budget allocated to this type of incentive is 210 million 
SEK. The main objective of this incentive is to encourage installation of small decentralized PV systems 
to generate electricity; since the initial costs tend to be relatively high in this type of technology (IEA 
2015). With the recent change in the regulation of state aid for solar PV, it has dropped to 20% of the 
initial cost with a cover of 37,000 SEK plus VAT per installed kilowatt up to 1.2 million SEK (Regulation 
2009:689. Furthermore, this aid applies for systems installed after July 1st 2009 and before 31st December 
2016.  

3.5.3 Feed-in bonus for micro producers 

In January 2015, a tax reduction incentive was implemented in Sweden that offers a credit of 60 öre/kWh 
for the electricity fed in the grid coming from RE sources. This tax credit is only applied to RE producers 
that send electricity to the grid from a building whose maximum fuse rating is 100 amperes. It is only valid 
to a maximum of 30,000 kWh per person or connection point (Stridh B. , 2015).  

 

3.6 Literature Review 

To the best of the author’s knowledge, there are currently no literature studies that discuss the benefits of 
using battery storage in grid connected solar PV systems for cooperative Swedish households. The 
existing literature focus predominately on off-grid with battery storage or grid connected without battery 
storage and large scale systems. With the present cost structure for PV systems installation, it is difficult 
for the widespread adoption of unsubsidized solar technology. Nevertheless, with technological 
advancements and a paradigm shift in people’s conscience could support the utilization of solar energy at 
the end user level despite costs.   

The following section consists of literature studying the various aspects influencing grid connected 
residential PV systems. One study (Hoppmann, et al. 2014) evaluates the economic feasibility of battery 
storage for households in Germany based on eight different price scenarios. The study concludes that 
without government policy support like Feed in Tariff and investment subsidies; energy storage is 
economical for German houses. Furthermore, they have analyzed the effect of changing grid electricity 
prices on utilization of solar PV. It was seen that an increase in grid retail price contributed to the viability 
of using energy storage.  

Mondol et al. (2008) realized that optimum sizing of the PV system plays an important factor in 
influencing the savings potential. If the price of electricity sold to the grid is low, it is better to size the 
system to increase self-consumption and limit the injection of electricity into the grid. By comparing the 
feed-in tariffs of several countries, it was concluded that a higher feed-in tariff leads to an increase in PV 
savings. For the selected countries, slopes between 30 degrees to 40 degrees lead to the lowest cost of PV 
electricity.   
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Nair & Garimella (2010) highlights the benefits and merits of various energy storage technologies used in 
buildings. Four types of batteries such as lead acid, nickel cadmium, nickel metal hydride and lithium ion 
were compared based on their technical specifications using Simulink. Using Homer, their economic 
parameters were assessed by designing a stand-alone PV setup comprising of the aforementioned 
batteries. It was inferred lithium ion had the lowest cost of electricity generation, operating cost and 
operated with a more stable voltage profile. 

Roy et al. (2013) is a study which analyses a grid connected PV system with lead acid battery, a stand-alone 
system and a grid connected household in India using Homer. The cost, emissions and payback period 
were evaluated for the three scenarios and compared. According to their model, the grid connected PV 
system with lead acid battery has a better economic performance when compared to grid connected with a 
cost of 0.64 SEK/kWh and a payback period of 12.4 years.  

Celik et al. (2007) deals with the optimum sizing and the life cost assessment of residential PV with battery 
storage for a 20 year period. The model was simulated for five different locations in Turkey using the 
average of 6 year meteorological data. The paper depicts the relation between Loss of load Probability 
(LLP) and cost of electricity generation across the locations. At low LLP, the cost of electricity was lower 
and the cost increases with an increase in LLP before it stabilizes. Some curves were sharper and this was 
attributed to lower solar radiation at that location. It was concluded that the power loss in battery and 
inverter accounts for nearly 8% to 40% of energy production.  

Lang et al. (2014) is an extensive study on the factors influencing the performance of residential PV 
systems. A small PV system model was designed and its performance was assessed for five global 
locations namely Brazil, China, Germany, France and Doha. The study assessed how regional climatic 
conditions, technological and economic factors jointly affect the performance of PV. The performance of 
the system was measured in terms of IRR. Since the size of the system was same across the locations, the 
power production was heavily dependent on self-consumption and grid-feed in which in turn were driven 
by local irradiation, energy demand and grid prices. On analysis, it was seen that Brazil had the highest 
IRR of 12.4%. Although, Germany had the worst performance in terms of power production; it generates 
a high cash flow due to its high retail electricity price. The high retail price promotes high self-
consumption and this contributes to added savings. China had a lower IRR due to its low retail grid 
electricity price. Doha has high irradiation values but suffer due to extremely low retail prices which 
generates low revenue for investors and in addition IRR is also curtailed by high investment costs. France 
performs poorly as well due to its high indirect costs such as BOS costs.  

A sensitivity analysis was constructed to perceive the influence of the different cost parameters on the 
IRR. With decrease in PV module cost, IRR increases. It was also noted that any additional increase in the 
peak power does not lead to an increase in revenue due to high electricity spread in certain locations. If 
high price spread exists, the main driver of IRR is savings from high self-consumption which correlates 
with the statement regarding any additional peak power does not improve the revenue stream, as the low 
wholesale price does not suffice the investment costs.  To summarize, they conclude that a PV’s economic 
prospects are driven not only by irradiation but also by the joint combination of electricity prices, 
investment costs and self-consumption potential.  

Weniger et al. (2014) studies the profitability of battery systems in residential PV. The study focuses on the 
impacts of economic parameters on battery price and estimates the break-even point for an economically 
viable system in Germany. Self-consumption rate and self-sufficiency are two parameters that were 
defined to assess energy flows which were established as a function of PV system size. When the battery 
system was compared to a house with only PV system, it was noted that the self-consumption and self-
sufficiency increased considerably. In order to improve these parameters, the size of the battery as well as 
the PV system need to be increased. However, the increase is restricted by economic, regional and 
technological factors.  
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The profitability of the system was evaluated by calculating the mean cost of electricity which is defined as 
the difference in costs and revenues over the lifespan of the system. Based on defined cost values, the 
impacts of variations in feed-in tariff, retail electricity price, interest rate and battery price on the mean 
cost of electricity were studied. On increasing the PV system size, the mean cost decreases but never 
competes with the retail electricity price. However on adding a battery storage system the mean cost 
increases correspondingly but at smaller capacities the mean cost of electricity is lower than grid price. 
They estimate a competitive battery capacity of 0.6 kWh/MWh4 and a lower feed-in tariff necessitates low 
system prices. Conversely at high retail prices it is beneficial to invest in a PV battery system and higher 
system prices could be afforded. 

The biggest impact on the mean cost was interest rates, followed by PV system price, retail electricity price 
and feed-in tariff.   

Nagarajan & Shireen (2013) proposes a controller logic to integrate PHEV to an existing residential PV 
system in order to control and optimize the residential load. It investigates the feasibility of integrating 
PHEV with a goal of optimizing the power flow across the system. It was noted that with the integration 
of PV system, there was a 49% reduction in the electricity bill and with the integration of PHEV; it further 
goes down by 34%. 

Luthander (2013) reviews the benefits of appropriate panel orientation to improve self-consumption in 
houses. The results were compared with an existing residential PV system where the panel were mounted 
at 27° tilt and -5° azimuth which was taken as reference. The focus of the study was to assess the impact 
of different panel orientations such as 1DPV (one direction mounted PV system) and 3DPV (three 
direction mounted PV system) on the energy flow across the system. Using PV system, hourly production 
values were generated for different tilt angles (0° to 90°) and azimuth (-90° to 90°) orientations. It was 
noted that 1DPV oriented south performs much better than 3DPV but however in the case of 3DPV, an 
inverter with smaller rated power can be used and the relative self-consumption profiles are much 
smoother because consumption trends are generally higher in the mornings and evenings. As expected, 
panels oriented east perform better than west oriented panels due to lower ambient temperatures in the 
mornings.  1DPV had an increase in 13% to 14% in profits as compared to 3DPV. 

Huang et al. (2011) evaluates the benefits of distributed solar and integration of energy storage. The 
system is designed for a house in California and is assumed to have a 4 kW PV panel. By varying the 
battery storage capacities and solar electricity penetration levels, the saving potential for each scenario was 
estimated. It was noted that as the battery capacity increases, the savings per kWh decreases and also at 
larger capacities the batteries are underutilized.  It is also very apparent that with large capacities, there is a 
decrease in revenue as compared to a smaller capacity. However with a large battery capacity, the 
residential peak load can be lowered as much as 50% when a 10 kWh system is utilized. At 10% 
penetration into the grid, the PV system showed an overall cost reduction of nearly 9% amounting to 
1,281 SEK per month. When a 0.5 kWh battery was integrated with the system, it translated into a savings 
of 69.18 SEK per month.    

 

 

 

 

 

 

 

                                                        
4 The authors identified a relationship in which for each annual MWh of load in the building a 0.6 kWh battery is required.  
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4 Methodology 
To address the objectives of this thesis, the following methodology structure is followed. Software tools, 
model descriptions, and scenario development are described in detail below. 

1. Scenarios are created representing a business as usual base case, a PV only case, a PV and battery 
case, a PV and gasoline vehicle case and a PV plus EV case. 

2. A cooperative is defined considering typical Swedish construction and measured load data 
supplied from a collection of buildings. 

3. Two PV systems are designed for flat and pitched roof types with the assumption that the 
systems could make use of all possible roof area. 

4. A sensitivity analysis is done to find the battery capacity that induces a higher NPV to the system 
and the optimal capacity is integrated in the respective scenario. 

5. A communal EV fleet as well as their usage is defined and then incorporated as variable storage. 
6. The net present value (NPV) is used as the primary economic indicator for comparing the 

economic performance of each scenario. For the non-vehicle cases, the base case is used as the 
comparison. For the EV fleet, a fleet of conventional petrol vehicles are considered for 
comparison. 
 

4.1 Scenario development 

The models designed assess the economic viability of a PV system embedded with an electrical energy 
storage system such as battery storage or an additional load such as electric vehicle fleet.   

Five scenarios are created to obtain a clear picture of the economic benefits in implementing different 
energy technologies between scenarios. A list of the scenarios and its description is presented below. 

1. Baseline without PV. 
2. PV system without battery storage. 
3. PV system with stationary battery. 
4. PV system with a fleet of electric vehicles. 
5. PV system with a fleet of gasoline vehicles. 

 

Scenario 1 

This is a baseline scenario where a building entirely dependent on the grid is considered. This scenario is 
useful in estimating the amount of money saved by implementing renewable energy technologies as 
opposed to a grid dependent system. The objective of creating this scenario is measure the economic 
differences between this and the subsequent scenarios. The total amount of electricity required by the 
buildings to satisfy its electric load demand is measured; this value can be posteriorly compared with the 
other scenarios in order to calculate the electricity savings and understand the economic differences 
associated with each one of them.  

Scenario 2 

This scenario consists of a system with photovoltaic panels installed on the roof of the Swedish 
cooperative under study. The objective of this scenario is to assess whether there is any economic 
advantage of installing PV panels in the top of a multi-family set of houses. To meet this goal, the amount 
of energy used and produced annually by the system is assessed to estimate the respective costs and 
revenues to posteriorly calculate the respective NPV.  

Scenario 3 

Using the latest version of SAM (SAM, 2015), a battery storage integrated PV system is designed for the 
given base conditions similar to scenario 2. The goal of creating this scenario is to assess the economic 
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viability of integrating battery storage with solar PV in the present Swedish market situation. The energy 
balances are estimated in order to calculate the savings and costs; which are integrated in the NPV 
calculation.  

Scenario 4  

This scenario is developed as similar to scenario 2 with the addition of a fleet of electric vehicles. The 
objective is to verify if there is economic advantage of having an electric vehicle fleet when compared to a 
gasoline one. To address this issue, the NPV of the scenario is calculated and compared with scenario 5. 
To compute the NPV it is necessary to know the amount of energy purchased and sold to the grid in this 
conditions, being for that built a model in Matlab, described in section 4.8.  

Scenario 5  

To make a comparison with respect to the use of technology, a fleet of gasoline vehicles is considered. It 
can be taken as Scenario 2 with a fleet of gasoline vehicles. The main objective is to compare this scenario 
with the EVs fleet in order to see if there is any economic advantage of using an EV fleet instead of 
gasoline. In this scenario the energy balances are similar to scenario 2, since there is no extra load or 
source of production. 

 

4.2 Cooperative definition 

The built environment under consideration is a typical Swedish housing cooperative. There are 312 
apartments distributed in seven two-story buildings, where each building is assumed to have a footprint of 
130 m2. The demand consists of metered values for the associated seven buildings over a two-year period 
with hourly resolution. To create a single year of values, the hourly values for each year are averaged 
together and all seven buildings are assumed to act as a single a unit. The weekly load distribution is 
shown in Figure 4, choosing the week from 4 to 11 of May as example; figure 5 presents the monthly 
distribution, using May as month of example.  

 
Figure 4: Weekly electric load distribution 
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Figure 5: Monthly electric load distribution 

 

4.3 Cost structure, economic assumptions and inputs 

The key indicator parameter to assess the scenarios is the Net Present Value, which represents the net 
cash flows actualized to the present year, over the lifetime of the project.  

𝑁𝑃𝑉 =    !!!!!
(!!!)!

!
!!!    (1) 

Where R represents the revenues, C the costs and r the real discount rate. The calculations for each 
scenario are discriminated in the respective chapter.  

The purchase price of electricity in Sweden fluctuates throughout the day, depending on the demand and 
supply, and it is set by the NordPool. For practical purposes it has been taken into account a constant 
value of 1.46 SEK/kWh that corresponds to the price of grid connection added to the price of electricity 
and taxes (E-Control et al., 2015). Regarding the wholesale price of electricity, it is necessary to account 
for its evolution over the analysis period. A price forecast is considered in which it is assumed the 
wholesale price of electricity is currently (average year 2015) at 0.2 SEK/kWh (Nordpool, 2015) and will 
achieve 0.4 SEK/kWh by 2020, which is the price that allows the nuclear power plants to remain 
profitable (OKG AB, 2014).  Since it is predicted the shutdown of at least two nuclear power plants 
(World Nuclear News, 2015) it is assumed a smoother price growing after that. Based on the (North 
European Power Perspectives, 2012) report it is considered a growth of 1% from 2020 until 2039, which 
is the end of the analysis period. Figure 6 presents the graphical evolution of the wholesale price since 
2015 until 2039 and the absolute values used in the NPV calculations are presented in Appendix I.    
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Figure 6: Electricity wholesale price forecast 

The difference between the retail and wholesale price is taken as constant, thus the evolution of retail 
price over the 25 years of analysis is taken as following the same trend as the wholesale price. The forecast 
is shown in figure 7, and the values are discretized in appendix II.  

 
Figure 7: Retail price forecast 

A component of the economic analysis of such projects is the salvage value of a system. In this thesis, the 
value is assumed to be low when comparing with the total costs and revenues of the system and difficult 
to quantify for certain scenarios; hence it is neglected.    

For the economic analysis, the savings of the systems is considered; so it is necessary to take into account 
a discount factor to assess the present cash flow in the future. A study from Oxera (2011) indicates the 
discount rate for solar PV projects is in the range of 6 to 9%; but (Trabish, 2011) suggest that with lower 
PV costs and higher reliability, PV projects tend to be less risky and thus result in lower discount rates; so 
in this project a discount rate of 4% is considered. 
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4.4 PV system model and assumptions 

The PV system is simulated in System Advisor Model (SAM), which is a computer program developed by 
the National Renewable Energy Laboratory (NREL) in collaboration with Sandia National Laboratories 
(SNL) and the U.S. Department of Energy (Blair et al., 2014). It makes financial and performance 
predictions that help decision makers in their choices for projects in the area of Renewable Energies.  

With SAM, a PV system is designed to match the load with the meteorological condition for a certain 
region, using the TMY3 weather file for Stockholm, Arlanda. Based on the defined input parameters, it is 
possible to see the hours of over or under production of electricity in a given year and other outputs such 
as payback time and annual revenue.  

Two systems are created based on the roof profile. System 1 is taken to be a building with a flat roof; 
hence the entire roof is considered for PV system installation. The PV is lying flat over the roof, 
occupying an area of 908 m2. System 2 is based on a portrayal where the building has sloped roofs. The 
roof is assumed to have a tilt of 20° facing north and south respectively, with the panels assumed to lay 
flat over the south-faced half of the roof.  It is assumed that the system would occupy 40% of the total 
footprint, as the tilted roof profile limits the usage of the entire south facing roof. Moreover, 
considerations are made for the auxiliary equipment such as cables which occupy space. System 2 amounts 
with 360 m2 for the installation of the panels. 

The comparison between the systems would highlight the effect of different size, tilt and orientation on 
the economic viability of the system. 

The solar PV module chosen is the Sun Power SPR-X21-255. It consists of monocrystalline cells with an 
area of 1.182 m2. The total number of panels required is 768 for System 1 and 304 for System 2. The 
power rating of a panel at STC is 255 W with an operating efficiency of 21.1%. The nominal operating cell 
temperature is 41.5°C (SunPower, 2015). 

The panels are arranged in 96 strings with each string consisting of 8 modules and 38 strings with 8 
modules per string for System 1 and System 2 respectively. The inverter considered was SB 9000TL- US 
208V which has a European weighted average efficiency of 98.003%. It has a maximum AC power rating 
of 9,109.720 WAC meaning for the chosen string layout, each inverter can handle 4 strings to maintain the 
actual DC to AC ratio at approximately 1.0. The DC to AC ratio is the ratio between DC capacity of PV 
system to AC output capacity of inverter. This ratio gives an understanding of the size of the inverter that 
is being utilized in the system. It is important to optimize the ratio in order to minimize the inverter cost. 
If the inverter is oversized, it will lead to a loss of energy due to lower efficiency. Alternatively if 
undersized, the inverter would induce power clipping and a reduction in the maximum power point of the 
array (Advanced Energy, 2012). 

Due to the low tilt and location of the panel, soiling is a frequent occurrence, which leads to loss of 
instantaneous energy production. The effect is distinctive since it is estimated that there is a loss of 3% - 
4% for an optimum tilt of 35 degrees in Belgium (Appels, et al., 2013). Another study (Cano, 2011), it is 
concluded that as the tilt angle increases, the energy loss due to soiling decreases. Furthermore, estimation 
is made that modules with zero degree tilt had a loss of 2.02% and modules with 23° and 33 ° tilt angle 
had 1.05% and 0.96% loss respectively. Another study (Emmanuel Kymakis, 2009) the annual power loss 
for a grid connected photovoltaic plant due to soiling is calculated to b 5.86%. In system 2, a soiling loss 
of 5% is considered. In system 1, due to the flat mounting of panels, the soiling losses are generally higher 
than in tilted modules. A study conducted in Northern Spain (Miguel García, 2010) estimated the soiling 
losses for horizontal modules ranges within 7% to 9%. It is difficult to predict power output loss due to 
snow. There are numerous parameters such as type of snow, radiation, age of snow, tilt angle of modules 
and weather conditions whose complex interaction make it difficult to ascertain snow losses (Didier 
Thevenard, 2011). Furthermore, due to the lack of snow data for the chosen readily available weather file; 
no snow loss is considered during the simulation.  
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The total installed cost for both systems is 16.30 SEK/WDC. The costing structure is built on the values 
for solar panels at 5.6 SEK/WDC (Hoppmann et al., 2014) and 1.43 SEK/WDC (Shah & Booream-Phelps, 
2015) for inverters. The BOS cost is taken as 2.5 SEK/WDC and installation labour as 5.5 SEK/WDC. This 
costing structure is the same for all scenarios. The cost includes 25% sales tax and as land procurement is 
not necessary, the land costs are assumed to be zero. Even though there are incentives for residential PV 
systems, no incentives are considered during the feasibility study. 

In a study (Hedström & Palmblad, 2006), the performance of 20 panels operating for 25 years is 
measured. It is seen that 19 panels showed 2% lower peak value output when compared to the panel’s 
output capacity at initial usage. Another study (Larrivee, 2013) concludes that PV modules in operation 
for over 8 years exhibit degradation rates of 0.5% or less. As a conservative input, a degradation rate of 
0.5% is set.   

Regarding the PV system, it is important to invest in proper maintenance; otherwise the modules tend to 
deteriorate quickly causing a shortage in the yearly power output. Based on other studies (European 
Commission 2013), it is considered that the operations and maintenance costs correspond to 1% of the 
capital cost of the PV system.   

Using two if statements; excel is programmed to generate the amount of PV electricity used by the 
building and the amount sold to the grid based on the hourly generation as well as demand requirement. 
An important concept to be defined is the concept of over production of electricity. This is considered to 
be all the occasions in which the electricity being generated by the PV panels (𝐸!"#) exceeds the electric 
load of the cooperative (𝐸!"#$%), at a given hour. It is described in the equation below. 

Over production (OP) occurs when:   𝐸!"# > 𝐸!"#$%  (2) 

The NPV is calculated according with equation 1 and following the structure of the equations presented 
below, where revenues and costs are discretized, being R2 and C2 the revenues and costs associated with 
scenario 2 respectively.  

𝑅! = [𝑆! ∗ 𝑃!]! + 𝑃! ∗ [𝐸! − 𝐸!]!"
!!!

!"
!!!   (3) 

 

𝐶! = 𝑇! + [𝑂𝑀!" + 𝐼]!!"
!!!   (4) 

 

Where S2 represents the yearly energy injected in the grid, E1 corresponds to the annual electric demand of 
the cooperative and E2 is the annual electricity purchased from the grid in this scenario.  

The total cost of the system (T2) is obtained according with the following equation: 

 

𝑇! = 𝐶!" + 𝐵𝑂𝑆 + 𝐼! + 𝐼  (5) 
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The input parameters used to simulate scenario 2 are presented in Table 4. 

 

Table 4 – Input parameters Scenario 2 

Symbol Parameter System 1 System 2 

Pw Wholesale Price Appendix I 

PR Retail price Appendix II 

T2 Total system cost 3,188,861 SEK 1,274,091 SEK 

OMPV Annual O&M expenses with PV system 31,888 SEK 12,741 SEK 

I Inverter Cost 221,728 SEK 98,527 SEK 

- Inverter Lifetime 15 Years 

CPV Cost of PV 1,107,288 SEK 438,302 SEK 

BOS BOS cost 489,000 SEK 193,500 SEK 

IL Installation labour cost 1,075,800 SEK 425,700 SEK 

L Lifetime of analysis 25 

r Real discount rate 4% 

 

For a question of interest, the capacity factors of both systems are calculated according with the following 
expression: 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  𝐹𝑎𝑐𝑡𝑜𝑟 = !"#$%&  !"!#$%  !"#$"#  [!"!]
!"#$%#&'(  !"!#$%  !"#$"#  [!"!]

 (6) 

 

This factor is a good measure of the performance of the PV system and it is made a comparison between 
both systems in the results section.  

 

4.5 Battery model and inputs 

In this section a description of the choice of the battery size is done. Several simulations are made in SAM 
with different battery sizes in order to assess the economic differences associated. Since Tesla Powerall of 
seven kWh is chosen to be used, nine simulations are done with one to nine battery modules and its effect 
in NPV compared.  

By limiting the depth of discharge (DOD) to 60% in lithium ion batteries; high voltages and high DOD is 
prevented and the ageing is slowed sufficiently (Martin Braun, 2009). Hence the working conditions of the 
battery are assumed to be between 20% and 80% of its maximum capacity. Each battery is assumed to 
have a warranty of 10 years and the continuous discharge per hour is 2 kW as specified by the supplier 
(Tesla Motors, 2015).  

The cost of the system considering batteries is 16.47 SEK/WDC; an estimation made by SAM based on the 
simulation cost inputs. The unit cost of such batteries is 3,621 SEK5/kWh. 

The NPV for all the 18 cases is calculated and the results presented in figure 14 in section 5.2. 

                                                        
5 Conversion rate: 1 USD = 8.45 SEK 
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From the analysis, it is possible to prove that the best battery size for both systems is 7kWh, since it is the 
situation in which the NPV is higher. One battery Tesla Powerwall is then chosen to be used for both 
systems.  

The NPV follows the same structure as in equation 1, being the revenues (R3) and costs (C3) discretized 
below. 

𝑅! = [𝑆! ∗ 𝑃!]! + 𝑃! ∗ [𝐸! − 𝐸!]!"
!!!

!"
!!!   (7) 

 

𝐶! = 𝑇! + [𝑂𝑀!" + 𝐼 + 𝐶!]!!"
!!!  (8) 

 

The total cost of the system (T3) is obtained according with the following equation: 

 

𝑇! = 𝐶!" + 𝐶! + 𝐵𝑂𝑆 + 𝐼! + 𝐼 (9) 

 

The following inputs: PR, PW, r, I, BOS, IL and OMPV are the same as in scenario 2 and are presented in 
table 4. The parameters that are only respect to this scenario are presented in table 5.  

 

Table 5 – Input parameters scenario 3 

Symbol Parameter Absolute Value Syst. 1 Absolute Value Syst. 2 

T3 Total System Cost (including battery) 3,217,844 SEK 1,303,116 SEK 

CB Cost of Battery 25,350 SEK 

- Lifetime of Battery 10 Years 

 

4.6 EV fleet model and inputs 

This scenario complies with a PV system similar to scenario 2 with the addition of an electric vehicle fleet 
as part of a car-sharing scheme in which the tenants use public transport for daily travel and use the cars 
for sporadically events. The type of car chosen is the Nissan Leaf, which has a 24 kWh battery, costs 
314,900 SEK and has a mileage of 18.75 kWh/100km. Each car has an onboard charger of 3.6 kWh 
(Nissan Leaf, 2015).  

Regarding the number of cars that make up the fleet, a simulation is made in Matlab which takes into 
account the hours of the year where there is over production of energy by more than 3.6 kWh with the 
assumption that the cars are charged for one hour at full power. In these cases, the overproduction value 
divided by 3.6 gives the number of cars that can be charged at that specific hour. This analysis is done for 
system 2 which is the one with less electricity generated and the choice of the fleet size is chosen based on 
the results. The values in the figure are generated according with the following equation.  

𝑁𝑟  𝐶𝑎𝑟𝑠! =
!!"
!.!

 (10) 

Figure 8 represents this distribution and it is possible to see, as expected, a disparity between the number 
of vehicles recommended during summer and winter months. 
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Figure 8: Number of cars which can be charged with overproduced PV electricity in a given hour 

The mode of each fleet size is found and shown in Figure 9; where lower fleet sizes occur more often 
along the year. It is decided to dimension the fleet of vehicles based on the number with highest 
occurrence. It is then considered two cars for the fleet size, both in the electric vehicle case and gasoline.  

 
Figure 9: Number of occurrences 

 

The NPV calculations in this scenario follow the same line of the previous scenarios having the revenues 
and costs are discretized in the next equations: 

 

𝑅! = [𝑆! ∗ 𝑃!]! + 𝑃! ∗ [𝐸! − (𝐸! + 𝐸!"!!")]!"
!!!

!"
!!! + 𝑃! ∗ 𝐸!"!!"!"

!!!  (11) 

 

𝐶! = 𝑇! + [𝑂𝑀!" + 𝐼 + 𝐹!" + 𝐹𝑒𝑒 + 𝑂𝑀!" + 𝐶!]!!"
!!!   (12) 
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The total cost of the system (T4) is obtained according with the following equation: 

𝑇! = 𝑇! + 𝐶!"  (13) 

The term 𝐸!"!!" represents the amount of energy used from the PV panels to charge the electric vehicles 
and it is obtained according to the following: 

𝐸!"!!" = 3.6 ∗ 𝑥! + 7.2 ∗ 𝑥!  (14) 

 

In the cost equation it is considered the term Fev which accounts for the electricity that is purchased from 
the grid to charge the EV fleet, it is obtained according to equation 15. 

 

𝐹!" = 𝑥! ∗ 7.2 + 𝑥! ∗ 3.6  (15) 

 

Where:  

𝑥! − number of days where over production is lower than 3.6 kWh 

𝑥! − number of days where over production is higher than 3.6 kWh but lower than 7.2 kWh 

𝑥! − number of days where over production is higher than 7.2 kWh 

These variables are found through the simulation of Matlab lines, presented in Appendix V. 

 

The sales (S4) are obtained subtracting the energy used to charge the EV’s from the energy sold to the grid 
in scenario 2: 

𝑆! = 𝑆! − 𝐸!"!!" (16) 

 

Table 6 – Input parameters scenario 4 

Symbol Parameter Absolute Value Syst. 1 Absolute Value Syst. 2 

T4 Total System Cost 3,818,661 SEK 1,903,891 SEK 

CEV Cost of electric vehicle fleet 629,800 SEK 

Fee Yearly inspection fee 900 SEK 

OMEV O&M and insurance of EV fleet 23,134 SEK 

CT Circulation Tax 720 SEK 

 

The following assumptions are taken in respect to the priorities of charging the electric vehicles and its 
usage pattern: 

1. Each car is driven 20 km every day; 
2. The EV fleet is daily charged at full power, with 7.2kWh; 
3. If the PV over production is lower than 3.6 kWh the cars are charged from the grid; 
4. Circulation taxes are added on the 6th year of the car’s life until its end.  
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4.7 Gasoline fleet model and inputs 

This scenario is created to serve as comparative to scenario 4; a fleet of electric vehicles. The type of car 
chosen is Nissan Micra, which is a similar type of car with a mileage of 5.4 L/100km emitting 115 g/km 
of CO2 (Nissan Micra, 2015). 

In order to compute the NPV, some assumptions need to be done concerning the usage pattern of the 
fleet, its durability, and CO2 emissions. These are listed below: 

1. Each car is assumed to travel a distance of 7,300 km a year. 
2. The lifetime of the cars is taken as 8 years.  
3. The price of gasoline is considered as 13.92 SEK/L (autotraveler 2015). 
4. Circulation taxes are added on the 6th year of the car’s life until its end.  

Given the characteristics of the type of gasoline car used it is observed that its CO2 emissions are under 
117 g/km which is the Swedish emission threshold. However, in some practical cases it can be seen that 
as the car gets older its CO2 emissions increase (Huijgen, 2015). In this study, it is assumed that the fleet’s 
CO2 emissions are below the indicated threshold during the entire lifetime of the car.  

Regarding the cost structure, similarly to the previous scenarios, it is discriminated in the following 
equations. The revenues in this scenario (R5) are identic to scenario 2, since no extra revenue source is 
added to the system. To the costs (C5) are added the price of the car and its replacement after 8 years, 
taxes, insurance, and fuel costs. The used inputs are presented in table 7.  

 

𝑅! = [𝑆! ∗ 𝑃!]! + 𝑃! ∗ [𝐸! − 𝐸!]!"
!!!

!"
!!!   (17) 

 

𝐶! = 𝑇! + [𝑂𝑀!" + 𝐼 + 𝐹 + 𝐹𝑒𝑒 + 𝑂𝑀!"# + 𝐶!]!!"
!!!   (18) 

 

The total cost of the system (T5) is obtained according with the following equation: 

 

𝑇! = 𝑇! + 𝐶!"# (19) 

 

Table 7 – Input parameters scenario 5 

Symbol Parameter Absolute Value Syst. 1 Absolute Value Syst. 2 

T5 Total System Cost 3,494,041 SEK 1,579,271 SEK 

Cgas Cost of Gasoline fleet 305,180 SEK 

F Fuel Cost 10,974 SEK 

Fee Yearly inspection fee 900 SEK 

OMgas O&M and insurance of gasoline fleet 21,700 SEK 

CT Circulation Tax 720 SEK 
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5 Results  
In this section the results are presented. First shown are the results of scenario 2; then scenario 3 results 
and finally the results for scenario 4 and 5 together are presented. 

5.1 Baseline PV system  

The output from SAM of the monthly values of energy generated by both systems is presented below 
together with the electrical load of the cooperative.  

 
Figure 10: Monthly distribution of the annual electricity generation and building load 

From the figure above, it is seen that system 1 produces more energy than the cooperative demand in a 
great part of the year (Summer months) with the Winter months being unable to meet the electric 
demands. In contrast, the average monthly production values in system 2 are below the electric load 
monthly averages in all the months of the year, achieving as expected; higher production values in the 
Summer and lower in the Winter months. 

Figure 11 presents an hourly distribution of the electricity generated by both systems over the week 
example (second week of May), as well as the electric load of the cooperative.  

 
Figure 11: Weekly distribution of the power generated by the two systems and the electric load of the cooperative 
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Table 8 presents the values of the electricity purchased from the grid in the current scenario (E2), the 
yearly energy injected in the grid (S2) and the annual electric demand of the cooperative.  

 

Table 8 – Electricity purchased and sold to the grid in scenario 2 

Symbol Parameter System 1 System 2 

S2 Annual electricity sold to the grid 
73,932 
kWh 

17,397 
kWh 

El Annual electric demand of the cooperative 185,511 kWh 

E2 
Annual electricity purchased from the grid in 

the current scenario 
119,705 

kWh 
134,369 

kWh 

 

When comparing the total energy produced yearly in both systems (Figure 12) it is possible to see that 
system one reaches higher values; however it is interesting to compare the capacity factors (CF) of both 
systems, wherein system one is 8% and system two is 10%. These values are within the average capacity 
factors for PV systems (IRENA, 2015), and the higher CF of system 2 results in a better NPV of this 
system when comparing with system 1. 

 

 
Figure 12: Total yearly energy produced in both systems 
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The NPV is estimated to be as given in figure 13 below. 

 
Figure 13: NPV of scenario 2 in both systems 

 

5.2 PV + Batteries 

 
Figure 14: NPV variation for increase in battery capacity for both systems 

This graph depicts the changes in NPV when considering different battery sizes as mentioned in Section 
4.5. The optimum battery size would be seven kWh for both systems and a larger battery wouldn’t be 
conducive to a higher NPV. On comparing the savings from seven kWh and 14 kWh battery systems, the 
increase in savings is approximately 1,738.4 SEK in system 1 and 1,367.17 SEK in system 2. These savings 
do not compensate the increase in cost of the battery system where the cost grows by 25,320 SEK per 
seven kWh.  
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Figure 15 shows the distribution of the different sources of power to satisfy the load demand, being used 
the week from 4 to 11 of May as example. The electric load is represented by the blue line and the 
different energy avenues either PV, battery or the grid by which the load is satisfied. Figure 16 represents 
the same weekly load distribution but for system 2.  

 
Figure 15 – Weekly distribution of sources of power to load in System 1 

 

 
Figure 16 - Weekly distribution of sources of power to load in System 2 

The power to/from the battery is presented in Figure 17 being used the week example for the purpose.  

 
Figure 17 – Weekly distribution of power to and from the battery 



-- 
 

34 

 

The distribution of the power to and from the grid is represented in Figure 18. The negative part of the 
graph corresponds to the energy purchased from the grid and the positive part corresponds to the energy 
injected in the grid.  

 
Figure 18 – Power to/from the grid in both systems 

 

In Figure 19 is presented the weekly distribution of the power used from the grid to satisfy the load 
demand. The sum of this vector corresponds to the variable E3 in the cost description of section 4.5. 

 
Figure 19 – Weekly distribution of power to load from grid in both Systems 
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Table 9 presents the values of the yearly energy purchased and injected from the grid in both systems.  

 

Table 9 – Yearly electricity sold and purchased from the grid in scenario 3 

Symbol Parameter Absolute Value Syst. 1 Absolute Value 
Syst. 2 

S3 Electricity sold to the grid 77,892 kWh 
  

22,884 kWh  

E3 Electricity purchased from the grid in the 
current scenario 

117,813 kWh 
  

129,390 kWh  

 

A comparison of the NPV in this scenario with scenario 2 is presented in figure 20.  

 

 
Figure 20 – NPV of scenario 2 and 3 in both systems  
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5.3 PV + EV 

 The power available to charge the fleet of cars can be best viewed by Figure 21, which represents one 
week in May, it is possible to see the available energy thresholds of 3.6 or 7.2 kWh in both systems.  

 
Figure 21 – Example of energy available to charge EV fleet over the week example 

 

The yearly energy purchased and injected in the grid in the current scenario is presented in table 10; as 
well as the number of days in which there is no overproduction (𝒙𝟎), or this is higher than 3.6 or 7.2 kWh 
(𝒙𝟏  𝒂𝒏𝒅  𝒙𝟐  𝒓𝒆𝒔𝒑𝒆𝒄𝒕𝒊𝒗𝒆𝒍𝒚).  

 

Table 10 – Results respective to scenario 4 

Symbol Parameter Absolute Value 
Syst. 1 

Absolute Value 
Syst. 2 

𝑬𝒑𝒗𝟐𝒆𝒗 Electricity from PV to charge EVs 1,602 kWh 1,220 kWh 

S4 Electricity sold to the grid 77,617 kWh 16,177 kWh 

Fev “Fuel” Cost – electricity purchased from grid 
to charge EVs 

1,026 SEK 1,407 SEK 

𝒙𝟎 Number of days with no OP 137 186 

𝒙𝟏 Number of days with 3.6≤OP<7.2 11 19 

𝒙𝟐 Number of days with OP≥7.2 217 160 
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The NPVs are calculated for the vehicles scenario and presented in figure 22.  

 

 
Figure 22 – NPV of scenario 4 and 5 in both systems 

6 Sensitivity Analysis 
A cost-benefit study is constructed on various parameters and assumptions. In order to assess the impact 
of these assumptions on NPV a sensitivity analysis is done; by using the what-if analysis tool in Excel, the 
changing relationship between two input parameters and their influence on NPV is estimated. This 
analysis tool helps the user visualize the conditions that may arise due to simulation of different input data 
sets and also to assess the impact of market trends on the cost-effectiveness of the system (Manisha, et al. 
2014).  

The sensitivity analysis is carried out in two steps.  First, a one variable analysis is carried out for all the 
related cost inputs for a particular scenario and the change in NPV is tabulated. For the further analysis, 
the input parameter is chosen by assessing its impact on the NPV as in the tornado graph shown by Fig 
23. The variable with high impact on the NPV is considered for further analysis.  

The tornado graph is constructed in Excel by varying a single input while keeping the other input 
parameters constant. This graph portrays the variation of all system input parameters and its effect on the 
NPV. Each input is varied from a range of 80% to 120% of its value with 10% increments; for example 
Table 11 as shown below is for the chosen inputs considered in Scenario 2. The NPV column consists of 
NPV values which change, based on the considered input parameter.  
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Table 11: NPV estimation for variations of major input parameters in Scenario 2 system 2. 

 RP6 -174,489.79 WP7 -174,489.79 SC8 -174,489.79 DR9 -174,489.79 
80% 1.17 -188,751 0.16 -251,576 1,019,272 120,137 0.032 -75,795 
90% 1.31 -181,866 0.18 -213,033 1,146,682 -27,177 0.036 -126,731 
100% 1.46 -174,490 0.20 -174,490 1,274,091 -174,490 0.040 -174,490 
110% 1.61 -167,310 0.22 -135,947 1,401,500 -321,803 0.044 -219,307 
120% 1.75 -160,131 0.24 -97,404 1,528,909 -469,116 0.048 -261,401 

 

The numbers corresponding to 100% are the base input values on which the NPV estimated. A 2D 
clustered graph is plotted using the NPV values associated with the ranges of 80% and 120% for all the 
chosen inputs. From Figure 23, it becomes obvious that the system cost and retail price have the greatest 
effects on the system’s NPV followed by discount rate and wholesale price. The line protruding from the 
x-axis signifies the NPV (-174,489.789 SEK) of system 2. 

 
Figure 23: Analysis of the input parameters for system 2. 

 

   Similarly, tornado graphs are plotted for the different scenarios and system models which can be 
referred to in Appendix VI. The second step is to choose two input variable combinations from the 
tornado graphs and a two data analysis is constructed. A major influence on the NPV is retail price of 
electricity for all scenarios. It is difficult to forecast future trends of electricity prices and discount rates, as 
they are highly unpredictable. Hence for the analysis, a range of values for the considered variables is 
assumed. Based on the graphs, Table 12 below gives an overview of the variables considered for 
sensitivity analysis. The considered variables were analyzed for both system 1 and system 2 for the 
scenario under study.   

Retail prices in Sweden are made up of the Nord pool price, transmission fees and taxes. The Nord pool 
prices are greatly affected by increasing requirement to generate electricity by renewable energy sources, 
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local generation, import electricity, demand and weather. The transmission fees are dependent on grid 
infrastructure and congestion.  

    

Table 12 – Summary of the variables changes in the sensitivity analysis 

Variables Scenarios 

Retail price, Wholesale price Scenario 2 

Retail price, System cost Scenario 2 

Discount rate, Wholesale price Scenario 2 

Retail price, Discount rate Scenario 3 

Retail price, Wholesale price Scenario 3 

Retail price, System cost Scenario 3 

Retail price, initial cost of EV Scenario 4 

 

6.1 Sensitivity Analysis for Scenario 2 

Retail prices in Sweden are made up of the Nord pool price, transmission fees and taxes. The Nord pool 
prices are greatly affected by increasing requirement to generate electricity by renewable energy sources, 
local generation, import electricity, demand and weather. The transmission fees are dependent on grid 
infrastructure and congestion.  

In this study, the distribution fee is assumed to increase leading to a surge in retail price of electricity. 
Integrating more renewable energy into the grid, policy directives, regulations, ensuring reliability and 
energy security, increasing capacity, grid expansion to accommodate more regions would require 
substantial amounts of investment into transmission and distribution infrastructure. These factors impact 
the distribution fees of electricity driving up the end user retail price of electricity (Wangel, 2015). 

The variation in the NPV by changing the retail and wholesale price of electricity for system 1 and system 
2 is given by Figure 24 and 25 respectively. The wholesale price is given in SEK/kWh and the retail price 
is given along x-axis. 
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Figure 24 - Variations in NPV with retail and wholesale price changes in system 1 

 

Figure 25 - Variations in NPV with retail and wholesale price changes in system 2 

 

As can be seen, a high retail and wholesale price is favorable for a high NPV.  From the NPV estimation 
table computed in excel, it is noted that an increase in retail price is more favorable for a high NPV than 
an increase in wholesale price. For example in system 2, when the retail price is 1.5 SEK/kWh and 
wholesale price at 0.5 SEK/kWh; the NPV is -69,620 SEK and for the same wholesale price with the 
retail price at 1.6 SEK/kWh, the NPV is 6,418.23 SEK. It is at this price index that the NPV for system 2 
moves into the positive half of the graph as seen in Figure 25. 

The system accounts for a major portion of the costs associated with the system. The system cost 
comprises of the components costs and the soft costs like BOS and installation. Furthermore, it is known 
that the system costs have the greatest impact on the NPV of a system. 

-2,500 

-2,000 

-1,500 

-1,000 

-500 

0 
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 

N
P

V
 (

SE
K

) 

T
ho

us
an

ds
 

Retail price (SEK/kWh) 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

-600 

-500 

-400 

-300 

-200 

-100 

0 

100 

200 

300 

400 

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 

N
P

V
 (

SE
K

) 

T
ho

us
an

ds
 

Retail price (SEK/kWh) 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 



-- 
 

41 

 
Figure 26: Variations in NPV with retail price and system cost changes for system 1 

 

 

 
Figure 27: Variations in NPV with retail price and system cost changes for system 2. 

 

The retail price of electricity is given in SEK/kWh. The analysis highlighted that low system cost and high 
retail price is conducive for a positive NPV. From Figure 27, it can be seen that system 2 exhibits a 
positive NPV of 4,571.469 SEK when the retail price is at 1.3 SEK/kWh and the system cost is 13 
SEK/WDC. For the same system cost and increase in retail price, the NPV increases.  

Although the wholesale price and discount rates do not impact the NPV as much as system costs and 
retail price of electricity parameters, it is analyzed to obtain a comprehensive view of the impacts of all 
input parameters on the NPV. 

-2,500 

-2,000 

-1,500 

-1,000 

-500 

12.5 13 13.5 14 14.5 15 15.5 16 16.5 

N
P

V
 (

SE
K

) 

T
ho

us
an

ds
 

System Cost (SEK/Wdc) 

1 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

-600 

-500 

-400 

-300 

-200 

-100 

0 

100 

200 

300 

400 

12.5 13 13.5 14 14.5 15 15.5 16 16.5 

N
P

V
 (

SE
K

) 

T
ho

us
an

ds
 

System Cost (SEK/Wdc) 

1 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 



-- 
 

42 

 

Figure 28: Variations in NPV with wholesale price and discount rate changes for system 1. 

 

Figure 29: Variations in NPV with wholesale price and discount rate changes for system 2. 

From Figure 28 and 29 above, it is preferable to have low discount rates and high wholesale prices. Given 
the smaller costs associated with system 2, the influence of discount rates and wholesale prices are more 
apparent. With the considered system 2 cost structure and retail price of electricity, it is possible to obtain 
a positive NPV; at 0.6 SEK/Kwh wholesale price and 4% discount rate. 

6.2 Sensitivity analysis for Scenario 3 

Now considering scenario 3, the following graphs ae plotted based on the input variables considered. 
Although, the battery is a main component in this scenario; it does not impact the NPV to a great extent 
due to the small battery price in proportion to other parameters. The extent to which the inputs affect the 
NPV is shown by the graph in Appendix VI.  The system cost considered for this scenario excludes the 
prices of the battery and this value is a simulation input in SAM.  
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Figure 30: Variations in NPV with retail price and discount rate changes for system 1. 

 

Figure 31: Variations in NPV with retail price and discount rate changes for system 2. 

It is evident from Figure 30 and 31 that a low discount rate is favorable for a high NPV; but a high retail 
price above 1.7 SEK/kWh is beneficial. In system 2, even at a high discount rate of 5.2%; it is feasible to 
obtain a positive NPV with the retail price at 1.8 SEK/kWh. However, this magnitude of effect by the 
discount rate on the NPV in system 2 is not exhibited by system 1 because of the relatively higher system 
costs. 

Now considering the electricity price variations; the estimated NPV variations are shown as in Figure 32 
and 33. 
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Figure 32: Variations in NPV with retail price and wholesale price changes for system 1. 

 

Figure 33: Variations in NPV with retail price and wholesale price changes for system 2. 

In order to have a high NPV; a high retail and wholesale price is necessary similar to the systems 
evaluation in scenario 2. Here, it is profitable to utilize system 2 providing the retail price of electricity 
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SEK/kWh. If the trend of NPV line in figure 33 is trailed, the NPV of the system would be positive at a 
rather high retail price of 1.6 SEK/kWh for the considered wholesale price of 0.2 SEK/kWh.  

In the last analysis under scenario 3, the cost of the system is considered. In this scenario similar to 
scenario 2, the system cost has maximum impact on the NPV variation. Figure 34 and 35 below exhibit 
the NPV developments of varying the system cost (SEK/WDC) with retail price (SEK/kWh). 
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Figure 34: Variations in NPV with retail price and system cost changes for system 1. 

 

Figure 35: Variations in NPV with retail price and system cost changes for system 2. 

The NPV development characteristics are similar for both systems. It is favorable to have a high retail 
price and low system cost for both systems. It is economically viable to utilize system 2 based on the NPV 
changes. It is projected that if the system cost drops to 14.5 SEK/WDC for the considered retail price of 
1.46 SEK/kWh; the system would just about break even.  
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6.3 Sensitivity analysis for Scenario 4 

In Scenario 4, while considering the cost of EVs; it is assessed that the system is unprofitable due to its 
negative NPV for the given time period.  The costs associated with the system namely through EVs and 
PV system are inflated such that they subjugate the revenue streams associated with the system.  

In this scenario, the EVs are considered as a load, in days with no over production of electricity, and 
hence the amount of electricity sold to the grid is consequently reduced based on the EV load profile and 
also when enough electricity isn’t generated, it is purchased from the grid adding to costs.  

From the graphs below, it is seen that with a high retail price of electricity and low EV cost; the scenario 
has a better NPV across both systems; however there are not foreseen to be economically viable systems 
for the range in which these parameters are analyzed. The given cost of EV is per car.  

 
Figure 36: Variations in NPV with retail and initial cost of EV price changes in system 1. 

 

 
Figure 37 - Variations in NPV with retail and initial cost of EV price changes in system 2 
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7 Discussion 
The aim of this study is to evaluate the economic parameters associated with battery storage and electric 
vehicles usage in grid connected residential PV systems in Sweden for a period of 25 years. A summary of 
the results is presented in Figure 38, where it is possible to see the NPV for all the scenarios and different 
systems. The best performance is observed in scenario 3, system 2 which means that from an economical 
point of view the most economically viable option among the tested ones occurs in a system with tilted 
roof and PV panels installed in the south faced half of the roof with a battery storage incorporated in the 
system.   

 
Figure 38 – NPVs of all scenarios 

Adding battery storage to a typical Swedish cooperative with a PV panel system installed in the roof brings 
indeed economic advantages. The savings associated with the reduction of electricity purchases from the 
grid do compensate for the extra cost inherent of a scenario with these characteristics. Comparing 
scenario 2 and 3 the most positive increase in NPV is observed within system 2 in which there is an 
increase in NPV in about 92,478 SEK. By adding battery storage to system 1, there is an increase in NPV. 
Adding battery storage is more economically reasonable in a system which is not space maximized but has 
a 20 degree tilt, given the load and weather conditions of the case study.  

The same trend is observed in all scenarios, where the NPV is higher in system 2 than in system 1 which 
indicates that a smaller system size with tilted roof is a more viable option to use in Swedish households. 

Integrating electric vehicles in households has the worst NPV for the given scenarios. Despite the fact 
that electric vehicles have savings associated with the electricity that comes from the PV to charge the 
fleet, it acts as a load that is charged from the grid in low generation days; which makes an addition to the 
overall purchases from the grid in these days. The high cost of EV, low returns and a higher grid 
electricity consumption than scenario 5 gives rise to a negative NPV in both systems. In a Swedish 
cooperative with the given characteristics it is not yet economically advantageous to have an electric 
vehicle fleet as part of the system.  

When there are changes in the cost structure of grid electricity, it is possible to integrate battery storage in 
system 2 to have an economically feasible system. System 2 has higher savings to cost ratio in all except 
EV scenario. As the size of EV fleet is considered to be the same for both systems; the high initial cost of 
EVs coupled with very low revenue stream diminishes this ratio. The use of electric vehicles could be 
boosted with implementation of policies and incentives as in Norway 

-1,771,487 -1,749,273 

-3,467,374 

-2,934,694 

-174,490 -82,012 

-1,979,745 

-1,337,697 

-4,000,000 

-3,500,000 

-3,000,000 

-2,500,000 

-2,000,000 

-1,500,000 

-1,000,000 

-500,000 

0 

Scenario 2  Scenario 3  Scenario 4  Scenario 5 

N
P

V
 (

SE
K

) 

System 1 

System 2 



-- 
 

48 

8 Conclusion 
This paper investigates the economic feasibility of grid connected residential PV systems with battery 
storage, being concluded that installing rooftop PV in households is not yet economically viable in 
Sweden. However it is observed that by adding a small capacity of battery storage to a residential PV 
system in a multi-family house in Sweden brings a positive effect to the NPV.  

During the analysis the most viable option is a rooftop PV system with 7 kWh battery storage, which has a 
NPV of -82,012.37 SEK. This system would become economically viable under different market 
conditions; i.e. when the retail price of electricity is 1.5 SEK/kWh and wholesale price is 0.3 SEK/kWh, 
the NPV for the system is 17,351.10 SEK. It is concluded that by adding battery storage to a maximal 
utilized roof for PV installation brings economic advantages to a system. However, there are more 
economic advantages of adding battery storage to system 2 than to system 1. The cost of battery storage is 
not compensated by the revenues generated on increasing storage capacities. 

Regarding the different PV sizes, it is concluded that a PV system installed in a roof with 20º tilt is more 
economically viable than on a flat roof, even though it has less available area for installation. In the current 
scenario a maximal utilized roof for PV installation is not the most economical option. On comparing the 
two systems, it is understood that an increase in self-consumption is more economically favorable than 
selling excess electricity to the grid.    

It is foreseen an economically viable situation within a scenario with PV and battery storage in which the 
PV costs would be priced at 15 SEK/WDC and retail price of electricity at 1.6 SEK/kWh.  

At present, the introduction of community owned electric vehicles in the system is not economically 
viable as compared with a similar fleet with gasoline vehicles and a positive NPV for this scenario, under 
the 25 year period of analysis, is not foreseen given the present incentives in Sweden.  

 

9 Recommendations for Future Work 
In scenario 3, wherein a fleet of electric vehicles is considered, no vehicle to grid interaction is considered, 
since this technology is still under development. However it would be extremely interesting to consider 
the possibility of vehicle-grid interaction, so that the electricity stored in the car battery could be used at 
home in times when the electrical load of the house exceeds the electricity generated by the panels. In this 
case, electric cars would have functions similar to stationary batteries; with the obvious advantage of being 
also used for commuting.   

In this economic analysis no incentives for the PV, batteries or electric cars were considered; however it 
would have been interesting to make an evaluation for different incentive scenarios to analyze which are 
the conditions that make these systems more economically attractive; following the example of other 
countries in which this type of technologies is better supported.  
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11 Appendix I 
 

Table 13 – Wholesale price forecast 

Year Year of Analysis Wholesale Price (SEK/kWh) 

2015 1 0.2 

2016 2 0.2520 

2017 3 0.2828 

2018 4 0.3175 

2019 5 0.3564 

2020 6 0.4000 

2021 7 0.4040 

2022 8 0.4080 

2023 9 0.4121 

2024 10 0.4162 

2025 11 0.4204 

2026 12 0.4246 

2027 13 0.4289 

2028 14 0.4331 

2029 15 0.4375 

2030 16 0.4418 

2031 17 0.4463 

2032 18 0.4507 

2033 19 0.4552 

2034 20 0.4598 

2035 21 0.4644 

2036 22 0.4690 

2037 23 0.4737 

2038 24 0.4785 

2039 25 0.4832 
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12 Appendix II 
 

Table 14 - Retail price forecast 

Year Year of 
Analysis 

Retail Price 
(SEK/kWh) 

2015 1 1.4600 

2016 2 1.5120 

2017 3 1.5428 

2018 4 1.5775 

2019 5 1.6164 

2020 6 1.6600 

2021 7 1.6640 

2022 8 1.6680 

2023 9 1.6721 

2024 10 1.6762 

2025 11 1.6804 

2026 12 1.6846 

2027 13 1.6889 

2028 14 1.6931 

2029 15 1.6975 

2030 16 1.7018 

2031 17 1.7063 

2032 18 1.7107 

2033 19 1.7152 

2034 20 1.7198 

2035 21 1.7244 

2036 22 1.7290 

2037 23 1.7337 

2038 24 1.7385 

2039 25 1.7432 
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13 Appendix III 
 

𝑥! − 𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑑𝑎𝑦𝑠  𝑤ℎ𝑒𝑟𝑒  𝑜𝑣𝑒𝑟  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝑖𝑠  𝑙𝑜𝑤𝑒𝑟  𝑡ℎ𝑎𝑛  3.6𝑘𝑊ℎ   

𝑥! − 𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑑𝑎𝑦𝑠  𝑤ℎ𝑒𝑟𝑒  𝑜𝑣𝑒𝑟  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝑖𝑠  ℎ𝑖𝑔ℎ𝑒𝑟  𝑡ℎ𝑎𝑛  3.6𝑘𝑊ℎ  𝑏𝑢𝑡  𝑙𝑜𝑤𝑒𝑟  𝑡ℎ𝑎𝑛  7.2𝑘𝑊ℎ 

𝑥! − 𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑑𝑎𝑦𝑠  𝑤ℎ𝑒𝑟𝑒  𝑜𝑣𝑒𝑟  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝑖𝑠  ℎ𝑖𝑔ℎ𝑒𝑟  𝑡ℎ𝑎𝑛  7.2𝑘𝑊ℎ  𝑏𝑢𝑡  𝑙𝑜𝑤𝑒𝑟  𝑡ℎ𝑎𝑛  10.8𝑘𝑊ℎ 

𝑥! − 𝑛𝑟  𝑜𝑓  𝑑𝑎𝑦𝑠  𝑤ℎ𝑒𝑟𝑒  𝑜𝑣𝑒𝑟  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝑖𝑠  ℎ𝑖𝑔ℎ𝑒𝑟  𝑡ℎ𝑎𝑛  10.8𝑘𝑊ℎ  𝑏𝑢𝑡  𝑙𝑜𝑤𝑒𝑟  𝑡ℎ𝑎𝑛  14.4𝑘𝑊ℎ 

𝑥! − 𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑑𝑎𝑦𝑠  𝑤ℎ𝑒𝑟𝑒  𝑜𝑣𝑒𝑟  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝑖𝑠  ℎ𝑖𝑔ℎ𝑒𝑟  𝑡ℎ𝑎𝑛  14.4𝑘𝑊ℎ   

 

Table 15 – equations that give the purchases and savings in the scenario 4 

Number of 
Cars 

Purchases 𝑬𝒑𝒗𝟐𝒆𝒗 

1 𝑃! = 𝑥! ∗ 3.6 𝑆! = 𝑥! ∗ 3.6 

2 𝑃! = 𝑥! ∗ 7.2 + 𝑥! ∗ 3.6 𝑆! = 𝑥! ∗ 3.6 + 𝑥! ∗ 7.2 

3 𝑃! = 𝑥! ∗ 10.8 + 𝑥! ∗ 7.2 + 𝑥! ∗ 3.6 𝑆! = 𝑥! ∗ 3.6 + 𝑥! ∗ 7.2 + 𝑥! ∗ 10.8 

4 𝑃! = 𝑥! ∗ 14.4 + 𝑥! ∗ 10.8 + 𝑥! ∗ 7.2
+ 𝑥! ∗ 3.6 

𝑆! = 𝑥! ∗ 3.6 + 𝑥! ∗ 7.2 + 𝑥! ∗ 10.8
+ 𝑥! ∗ 14.4 
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14 Appendix IV 
This appendix contains the NPV calculations of all the scenarios and systems.  

 

 

Table 16 – NPV calculation for Scenario 2 – System 1 

 

Year Savings (SEK) Sales (SEK) Cost Revenues Net Cash Flow 
0     3,188,861   -3188861 
1 96,076 14,786 31,889 110,862 78,974 
2 98,999 18,537 31,889 117,536 85,647 
3 100,515 20,703 31,889 121,217 89,329 
4 102,258 23,122 31,889 125,379 93,491 
5 104,254 25,823 31,889 130,077 98,189 
6 106,533 28,841 31,889 135,374 103,486 
7 106,256 28,984 31,889 135,240 103,351 
8 105,982 29,127 31,889 135,109 103,220 
9 105,710 29,271 31,889 134,981 103,092 
10 105,440 29,416 31,889 134,856 102,968 
11 105,174 29,562 31,889 134,735 102,847 
12 104,910 29,708 31,889 134,618 102,729 
13 104,648 29,855 31,889 134,503 102,615 
14 104,389 30,003 31,889 134,392 102,504 
15 104,133 30,151 253,617 134,284 -119,332 
16 103,879 30,301 31,889 134,180 102,291 
17 103,628 30,451 31,889 134,079 102,190 
18 103,380 30,601 31,889 133,981 102,093 
19 103,134 30,753 31,889 133,887 101,998 
20 102,891 30,905 31,889 133,796 101,907 
21 102,650 31,058 31,889 133,708 101,819 
22 102,412 31,212 31,889 133,624 101,735 
23 102,176 31,366 31,889 133,542 101,654 
24 101,943 31,522 31,889 133,465 101,576 
25 101,712 31,678 31,889 133,390 101,501 
         NPV -1,771,487 
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Table 17 - NPV calculation for Scenario 2 – System 2 

 

Year Savings (SEK) Sales(SEK) Cost Revenues (SEK) Net Cash Flow 
0   1,274,091  -1,274,091 
1 74,667 3,479 12,741 78,147 65,406 
2 76,939 4,362 12,741 81,301 68,560 
3 78,117 4,871 12,741 82,988 70,248 
4 79,471 5,441 12,741 84,912 72,171 
5 81,023 6,076 12,741 87,099 74,358 
6 82,794 6,787 12,741 89,581 76,840 
7 82,579 6,820 12,741 89,399 76,658 
8 82,366 6,854 12,741 89,219 76,478 
9 82,154 6,888 12,741 89,042 76,301 
10 81,945 6,922 12,741 88,867 76,126 
11 81,738 6,956 12,741 88,694 75,953 
12 81,532 6,991 12,741 88,523 75,782 
13 81,329 7,025 12,741 88,354 75,613 
14 81,128 7,060 12,741 88,188 75,447 
15 80,929 7,095 111,268 88,024 -23,244 
16 80,732 7,130 12,741 87,862 75,121 
17 80,537 7,165 12,741 87,702 74,961 
18 80,344 7,201 12,741 87,544 74,803 
19 80,152 7,236 12,741 87,389 74,648 
20 79,963 7,272 12,741 87,236 74,495 
21 79,776 7,308 12,741 87,085 74,344 
22 79,591 7,344 12,741 86,936 74,195 
23 79,408 7,381 12,741 86,789 74,048 
24 79,227 7,417 12,741 86,644 73,903 
25 79,048 7,454 12,741 86,502 73,761 
    NPV -174,490 
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Table 18 - NPV calculation for Scenario 3 – System 1 

 

Year Savings (SEK) Sales(SEK) Revenue Cost Net Cash Flow 
0    3,217,845 -3,217,845 
1 98,840 15,578 114,418 32,178 82,240 
2 101,847 19,529 121,377 32,178 89,198 
3 103,406 21,811 125,218 32,178 93,039 
4 105,199 24,360 129,559 32,178 97,381 
5 107,253 27,206 134,460 32,178 102,281 
6 109,598 30,386 139,984 32,178 107,805 
7 109,313 30,536 139,849 32,178 107,670 
8 109,030 30,687 139,717 32,178 107,539 
9 108,751 30,839 139,590 32,178 107,411 
10 108,473 30,992 139,465 32,178 107,287 
11 108,199 31,145 139,344 57,528 81,816 
12 107,927 31,299 139,227 32,178 107,048 
13 107,658 31,454 139,113 32,178 106,934 
14 107,392 31,610 139,002 32,178 106,824 
15 107,129 31,766 138,895 228,514 -89,619 
16 106,868 31,924 138,791 32,178 106,613 
17 106,609 32,082 138,691 32,178 106,513 
18 106,354 32,240 138,594 32,178 106,416 
19 106,101 32,400 138,501 32,178 106,322 
20 105,851 32,560 138,411 32,178 106,232 
21 105,603 32,722 138,324 57,528 80,796 
22 105,358 32,884 138,241 32,178 106,063 
23 105,115 33,046 138,162 32,178 105,983 
24 104,876 33,210 138,086 32,178 105,907 
25 104,638 33,374 138,013 32,178 105,834 
    NPV -1,749,273 
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Table 19 - NPV calculation for Scenario 3 – System 2 

 

Year Cost Savings (SEK) Sales (SEK) Revenue Net Cash Flow 

0 1,303,117    -1,303,117 
1 13,031 81,936 4,577 86,513 73,482 
2 13,031 84,429 5,738 90,167 77,136 
3 13,031 85,722 6,408 92,130 79,099 
4 13,031 87,208 7,157 94,365 81,334 
5 13,031 88,911 7,993 96,904 83,873 
6 13,031 90,855 8,927 99,782 86,750 
7 13,031 90,618 8,971 99,589 86,558 
8 13,031 90,384 9,016 99,400 86,368 
9 13,031 90,152 9,060 99,212 86,181 
10 13,031 89,922 9,105 99,027 85,996 
11 38,381 89,695 9,150 98,845 60,464 
12 13,031 89,470 9,196 98,665 85,634 
13 13,031 89,247 9,241 98,488 85,457 
14 13,031 89,026 9,287 98,313 85,282 
15 111,558 88,807 9,333 98,140 -13,418 
16 13,031 88,591 9,379 97,970 84,939 
17 13,031 88,377 9,425 97,802 84,771 
18 13,031 88,165 9,472 97,637 84,606 
19 13,031 87,955 9,519 97,474 84,443 
20 13,031 87,748 9,566 97,314 84,283 
21 38,381 87,543 9,613 97,156 58,775 
22 13,031 87,339 9,661 97,001 83,969 
23 13,031 87,139 9,709 96,847 83,816 
24 13,031 86,940 9,757 96,697 83,665 
25 13,031 86,743 9,805 96,548 83,517 
    NPV -82,012 
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Table 20 - NPV calculation for Scenario 4 (EVs) – System 1 

 

Year  Cost Savings (SEK) Savings EVs (SEK) Sales (SEK) Revenues Net Cash Flow 

0 3,818,661         -3,818,661 

1 59,339 97,296 3,416 15,502 116,215 56,876 

2 59,339 100,257 3,520 19,434 123,211 63,872 

3 59,339 101,791 3,574 21,705 127,070 67,731 

4 59,339 103,556 3,636 24,241 131,433 72,094 

5 59,339 105,578 3,707 27,073 136,359 77,020 

6 60,059 107,886 3,788 30,237 141,912 81,853 

7 60,059 107,606 3,778 30,387 141,771 81,712 

8 60,059 107,327 3,769 30,537 141,633 81,574 

9 661,689 107,052 3,759 30,688 141,499 -520,189 

10 59,339 106,779 3,749 30,840 141,369 82,030 

11 59,339 106,509 3,740 30,993 141,242 81,903 

12 59,339 106,242 3,731 31,146 141,119 81,780 

13 59,339 105,977 3,721 31,300 140,999 81,660 

14 59,339 105,715 3,712 31,455 140,882 81,543 

15 281,787 105,455 3,703 31,611 140,769 -141,018 

16 60,059 105,199 3,694 31,768 140,660 80,601 

17 661,689 104,944 3,685 31,925 140,554 -521,134 

18 59,339 104,693 3,676 32,083 140,452 81,113 

19 59,339 104,444 3,667 32,242 140,353 81,014 

20 59,339 104,197 3,659 32,401 140,257 80,918 

21 59,339 103,954 3,650 32,562 140,165 80,826 

22 59,339 103,712 3,642 32,723 140,077 80,738 

23 60,059 103,474 3,633 32,885 139,992 79,933 

24 60,059 103,238 3,625 33,048 139,910 79,851 

25 60,059 103,004 3,617 33,211 139,832 79,773 

           NPV -3,467,374 
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Table 21 - NPV calculation for Scenario 4 (EVs) – System 2 

 

Year  Cost Savings (SEK) Savings EVs (SEK) Sales (SEK) Revenues (SEK) Net Cash Flow 

0 1,903,891         -1,903,891 

1 39,997 71,445 3,222 3,218 77,885 37,887 

2 39,997 73,619 3,206 4,034 80,858 40,861 

3 39,997 74,746 3,190 4,505 82,441 42,443 

4 39,997 76,042 3,174 5,031 84,247 44,250 

5 39,997 77,526 3,158 5,619 86,304 46,307 

6 40,717 79,221 3,142 6,276 88,640 47,922 

7 40,717 79,015 3,127 6,307 88,449 47,732 

8 40,717 78,811 3,111 6,338 88,260 47,543 

9 642,541 78,609 3,096 6,370 88,074 -554,467 

10 39,997 78,408 3,080 6,401 87,889 47,892 

11 39,997 78,210 3,065 6,433 87,707 47,710 

12 39,997 78,014 3,049 6,465 87,528 47,530 

13 39,997 77,819 3,034 6,497 87,350 47,353 

14 39,997 77,627 3,019 6,529 87,174 47,177 

15 139,244 77,436 3,004 6,561 87,001 -52,243 

16 40,717 77,248 2,989 6,594 86,830 46,113 

17 642,541 77,061 2,974 6,626 86,661 -555,880 

18 39,997 76,876 2,959 6,659 86,494 46,497 

19 39,997 76,693 2,944 6,692 86,329 46,332 

20 39,997 76,512 2,930 6,725 86,167 46,170 

21 39,997 76,333 2,915 6,758 86,007 46,009 

22 39,997 76,156 2,900 6,792 85,848 45,851 

23 40,717 75,981 2,886 6,825 85,692 44,975 

24 40,717 75,808 2,871 6,859 85,538 44,821 

25 40,717 75,636 2,857 6,893 85,386 44,669 

          NPV -1,979,745 
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Table 22 - NPV calculation for Scenario 5 (gasoline) – System 1 

 

Year  Savings (SEK) Sales (SEK) Cost Revenues Net Cash Flow 

0     3,494,041   -3,494,041 

1 96,076 14,786 65,463 110,862 45,400 

2 98,999 18,537 65,463 117,536 52,073 

3 100,515 20,703 65,463 121,217 55,755 

4 102,258 23,122 65,463 125,379 59,917 

5 104,254 25,823 65,463 130,077 64,615 

6 106,533 28,841 66,183 135,374 69,192 

7 106,256 28,984 66,183 135,240 69,057 

8 105,982 29,127 66,183 135,109 68,926 

9 105,710 29,271 337,069 134,981 -202,088 

10 105,440 29,416 65,463 134,856 69,394 

11 105,174 29,562 65,463 134,735 69,273 

12 104,910 29,708 65,463 134,618 69,155 

13 104,648 29,855 65,463 134,503 69,041 

14 104,389 30,003 65,463 134,392 68,930 

15 104,133 30,151 287,911 134,284 -153,626 

16 103,879 30,301 66,183 134,180 67,997 

17 103,628 30,451 337,069 134,079 -202,990 

18 103,380 30,601 65,463 133,981 68,519 

19 103,134 30,753 65,463 133,887 68,424 

20 102,891 30,905 65,463 133,796 68,333 

21 102,650 31,058 65,463 133,708 68,245 

22 102,412 31,212 65,463 133,624 68,161 

23 102,176 31,366 66,183 133,542 67,360 

24 101,943 31,522 66,183 133,465 67,282 

25 101,712 31,678 66,183 133,390 67,207 

        Excel NPV -2,934,694 
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Table 23 - NPV calculation for Scenario 5 (gasoline) – System 2 

 

Year  Savings (SEK) Sales (SEK) Cost Revenues Net Cash Flow 

0     1,579,271   -1,579,271 

1 74,667 3,479 46,315 78,147 31,832 

2 76,939 4,362 46,315 81,301 34,986 

3 78,117 4,871 46,315 82,988 36,674 

4 79,471 5,441 46,315 84,912 38,597 

5 81,023 6,076 46,315 87,099 40,784 

6 82,794 6,787 47,035 89,581 42,546 

7 82,579 6,820 47,035 89,399 42,364 

8 82,366 6,854 47,035 89,219 42,184 

9 82,154 6,888 317,921 89,042 -228,879 

10 81,945 6,922 46,315 88,867 42,552 

11 81,738 6,956 46,315 88,694 42,379 

12 81,532 6,991 46,315 88,523 42,208 

13 81,329 7,025 46,315 88,354 42,039 

14 81,128 7,060 46,315 88,188 41,873 

15 80,929 7,095 145,562 88,024 -57,538 

16 80,732 7,130 47,035 87,862 40,827 

17 80,537 7,165 317,921 87,702 -230,219 

18 80,344 7,201 46,315 87,544 41,229 

19 80,152 7,236 46,315 87,389 41,074 

20 79,963 7,272 46,315 87,236 40,921 

21 79,776 7,308 46,315 87,085 40,770 

22 79,591 7,344 46,315 86,936 40,621 

23 79,408 7,381 47,035 86,789 39,754 

24 79,227 7,417 47,035 86,644 39,609 

25 79,048 7,454 47,035 86,502 39,467 

        Excel NPV -1,337,697 
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15 Appendix V 
In this appendix it is presented the Matlab code used to calculate the purchases and revenues of 
using/injecting electricity from the grid in scenario 4.  

 

%%%% Load the files of the annual load of the building and the annual 
%%%% generation of electricity by the PV system 
  
ELoad=xlsread('ELoad.xlsx'); 
Electricity=xlsread('ElectricityHalfRoof.xlsx'); 
  
%%%% Compute the amount of over and under production of electricity during 
the year 
  
GAP=ELoad-Electricity; 
  
  
GridPlot=zeros(8760,1); %%% amount of KW available per hour along the year 
of overproduced electricity. 
  
for i=1:8760 
    if GAP(i)<0 
        GridPlot(i)=abs(GAP(i)); 
    end 
end 
  
potential=zeros(8760,1); 
  
for i=1:8760 
    if GridPlot(i)>7.2 
       potential(i)=7.2; 
    elseif GridPlot(i)>3.6 
        potential(i)=3.6; 
    end 
end 
  
  
C=reshape(potential,24,365);  %% Turning the vector "Potential" into a 
matrix that has in the lines the number of hours of each day (24) and in 
the columns the number of days of the year (365) 
  
M=max(C);   %% Finding the higher number of each column. This action makes 
possible to find the maximum value of energy available to charge EVs per 
day.  
  
x0=0; % Variable to store the number of days in which it is not possible to 
charge any EV with electricity from the PV 
x1=0;  % Stores the number of days in which it is only possible to charge 
one EV from the PV 
x2=0;  % Stores the number of days in which it is possible to charge two 
EVs from the PV 
  
  
for i=1:365     %% In this cycle there are counted the days in which it is 
possible to charge, 1, 2 or zero cars.  
    if M(i)==0 
        x0=x0+1;     



-- 
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    elseif M(i)==3.6 
        x1=x1+1; 
    elseif M(i)==7.2 
        x2=x2+1; 
    end 
end 
  
PurchaseEV=x0*7.2+3.6*x1;   % Calculates the amount of energy necessary to 
purchase from the grid to charge the EV fleet during one year.  
  
  
  
R=reshape(GridPlot,24,365);  % Turning the vector GridPlot into a matrix 
that has the hours (24) represented in the lines and days (365) represented 
in the columns. This matrix has the amount of over production organized by 
days. 
  
RR=sum(R);  %%% By summing each column it is possible to obtain the amount 
of accumulated over production per day  
  
RRR=RR-M;       %% Subtracting the energy used to charge EVs per day it is 
possible to obtain the remaining electricity that can be injected in the 
grid.  
  
for i=1:365 
    if RRR(i)<0 
        RRR(i)=0; 
    end 
end 
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16 Appendix VI 
 

 
Figure 39:  Analysis of the chosen input parameters in system 1 Scenario 2 

 

 
Figure 40: Analysis of the chosen input parameters in system 1 Scenario 3 
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Figure 41: Analysis of the chosen input parameters in system 2 Scenario 3 

 

 

 
Figure 42: Analysis of the chosen input parameters in system 1 Scenario 4 
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Figure 43: Analysis of the chosen input parameters in system 2 Scenario 4 
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