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Abstract

Increasing the profitability of a PV-battery system

Samuel Forsberg

In order to handle the mismatch between photovoltaic (PV) electricity production
and household electricity use, battery storage systems can be utilized. However, the
profitability of PV-battery systems in Sweden is poor, and economic incentives for
households to invest in such systems are therefore missing. Hence, it is important to
improve the profitability to increase the number of PV-battery installations.

The aim of this thesis is to investigate the techno-economic potential of a PV-battery
system offering ancillary services, more specifically the primary frequency regulation
FCR-N. Five cases of residential PV-battery installations are investigated: the first with
a PV system only, the second with a PV-battery system to store surplus PV electricity,
and the three other cases with PV-battery systems with the ability to regulate the grid
through FCR-N to varying degrees.

The results show that providing FCR-N with a PV-battery system offers a substantial
techno-economic potential for the system owner. By using available battery capacity
for FCR-N, the payback time for a PV-battery system can be shortened significantly.
With a battery price of EUR 570 per kWh (VAT excluded) and a discount rate of 2%,
the payback time for the entire system can decrease from 32 to 9 years if the battery
is used for FCR-N regulation.

Furthermore, the payback time for a battery storage can be shortened with FCR-N.
Calculated with respect to the economic added value of a battery and with a discount
rate of 5%, the payback time can decrease from over 100 years to 4 years.
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Sammanfattning 
Världens energiförsörjning kommer idag framför allt från fossila bränslen och kärnkraft. 
Att övergå från användning av dessa energiresurser till förnyelsebara energikällor är 
något som anses vara en förutsättning för en hållbar framtid. För att kunna genomföra 
denna förändring ställs emellertid krav på att de förnyelsebara energikällorna ska vara 
både miljömässigt, tekniskt och ekonomiskt hållbara. 

En utmaning som forskningen inom fältet stött på när det gäller den tekniska hållbarheten 
är att kunna hantera den intermittenta karaktär som de förnyelsebara energikällorna ofta 
har. I takt med att bland annat andelen solel i energimixen ökar ställs därmed nya krav på 
att kunna lagra energin från de timmar på dygnet när produktionen av solel är hög till de 
timmar när produktionen är låg. Ett sätt att göra detta är genom att installera batterilager 
i anslutning till solcellsansläggningen. På detta sätt kan överskottsel från solcellerna 
lagras i batteriet för att sedan utnyttjas under de timmar av dygnet när produktionen 
understiger konsumtionen. 

När det kommer till den ekonomiska hållbarheten hos en solcells- och batteriinstallation 
har tidigare forskning och beprövad erfarenhet visat att denna typ av installation inte är 
ekonomiskt hållbar. Med de svenska förhållandena beror detta bland annat på att 
utnyttjandegraden av batteriet är för lågt för att investeringen ska vara lönsam. Ett sätt att 
försöka lösa detta problem på är att använda batteriet för att, vid sidan av att lagra solel, 
erbjuda bitjänster av olika slag. 

En av de bitjänster som batteriet skulle kunna erbjuda är den så kallade frekvensstyrda 
primärregleringen, FCR-N. Primärreglering är det begrepp som används för den 
reglerresurs som ser till att frekvensen på elnätet håller sig på 50 Hz. Detta sker genom 
att produktion och konsumtion av elektricitet ständigt balanseras mot varandra, något som 
ett solcellsanslutet batteri skulle kunna bidra med genom i- och urladdningar. 

Denna studie undersöker den tekno-ekonomiska potentialen i solcellsanslutna batterilager 
på hushållsnivå och hur dessa batterilager kan användas som resurs för primärreglering. 
Studien har genomförts i samarbete med forskargruppen Bebyggelsens Energisystem vid 
Uppsala universitet. Genom att simulera hur konsumtion och produktion av solel 
samstämmer med varandra på timbasis under ett år kan den tekniska potentialen bedömas. 
Utifrån denna tekniska potential kan den ekonomiska potentialen beräknas baserat på 
priser och statistik från den svenska reglermarknaden. 

Studiens resultat visar att konsumtions- och produktionsmönstret hos ett hushåll försett 
med solceller överensstämmer bättre med varandra om ett batterilager med bitjänsten 
FCR-N är inkopplat till systemet. Vidare visar studien att den ekonomiska potentialen i 
att använda batteriet för denna bitjänst är mycket god. Med ett batteripris på €570 per 
kWh (exklusive moms) och en kalkylränta på 2% kan återbetalningstiden för ett 



 
 

kombinerat solcells- och batterisystem minska från 32 till 9 år. Detta gäller om batteriet 
uteslutande används för att lagra solel i jämförelse om batteriet dessutom erbjuder FCR-
N när kapacitet finns. 

Om återbetalningstiden istället beräknas uteslutande för batteriet baserat på det mervärde 
som ett batteri bidrar med till en solcellsinstallation är resultaten än mer radikala. Med en 
kalkylränta på 5% kommer återbetalningstiden för batteriet kunna minska från över 100 
år till endast 4 år. Även detta gäller om batteriet uteslutande används för att lagra solel i 
jämförelse om batteriet dessutom erbjuder FCR-N när kapacitet finns. 

Med dessa resultat i åtanke kan slutsatsen dras att lönsamheten i ett solcellsanslutet 
batterilager kan öka till den grad att investeringen får god ekonomisk lönsamhet. 
Dessutom bidrar investeringen till att förbättra korrelationen mellan konsumtion och 
produktion av elektricitet i ett hushåll. På detta sätt är det rimligt att anta att denna typ av 
installation kan komma att bli en attraktiv investering, så länge regelverk och andra 
formaliteter inte sätter stopp för det. Denna typ av installation kan bidra med ekonomisk 
nytta för investeraren såväl som miljömässig nytta för naturen.  
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Concepts, abbreviations and nomenclature 

Azimuth An angle of a tilted plane where 0° is south, 90° is west and -
90° is east. 

Electricity certificate A fee that strives to promote the expansion of renewable 
energy sources. Production of 1 MWh electricity from 
renewable energy sources gives 1 electricity certificate [1]. 

Energy density A measure of how much energy can be stored per unit 
volume [2]. 

FCR-N An acronym stemming from frequency containment reserve 
– normal, which is a sort of balancing reserve [3]. 

Gross return A measure of the total income from the investigated system. 

Net return A measure of the difference in return between a PV system 
and a PV-battery system. The net return gives a value of 
how much money a battery storage will be contributing with 
to the financing of the investment. 

Power density A measure of how much power that can be delivered per unit 
volume [2]. 

Prosumer A person who consumes and produces a product. In this 
study aiming for a person that is both consumer and 
producer of electricity. 

Reference value A value that a regulated process strives for [4]. 

Round-trip efficiency A measure of the fraction of energy put into the battery that 
can be retrieved [5]. 

Throughput A value of the total amount of energy that a battery delivers 
during a specific time period [6]. 

Tilt An angle that describes to which degree a panel is upright, 
where 0° is flat on the ground and 90° is perpendicular to the 
ground. 

TSO An acronym for transmission system operator. 

 

  



 
 

ai Incoming cash flow of year i € 

Bprice,kWh Battery price per unit stored energy €/kWh 

Bprice,tot Maximum battery system price for which the battery is 
economic profitable 

€ 

Bsize Initial battery storage capacity kWh 

BSLa Battery storage level after charge or discharge kWh 

BSLb Battery storage level before charge or discharge kWh 

BSLmax Maximum battery storage capacity kWh 

Ctot Total investment cost € 

D Difference between electricity production and consumption kWh 

DRcap,max Maximum downwards regulation capacity kWh 

DRcap,real Real downwards regulation capacity kWh 

DRneed Downwards regulation need kWh 

DRvol Downwards regulation volume regulated by the battery kWh 

Ebought,ch Bought electricity caused by the charging strategy kWh 

Econs Electricity consumption kWh 

Ed,max Maximum dischargeable electricity kWh 

Eprod PV electricity production kWh 

i Time in the financial calculations year 

Iaid Investment aid - 

k Discount-rate - 

NRETbat Net return from a PV-battery system versus a PV system 
only 

€ 

Pmax Maximum charge or discharge power kW 

Pmin Minimum charge or discharge power kW 

PDV Present discounted value € 

Rneed Need for up- and downwards regulation kWh 



 
 

RETbat Return from the PV-battery system € 

RETno bat Return from the PV system only € 

Dt Time interval h 

Dtmin Minimum time of perseverance h 

URcap,max Maximum upwards regulation capacity kWh 

URcap,real Real upwards regulation capacity kWh 

URneed Upwards regulation need kWh 

URvol Upwards regulation volume regulated by the battery kWh 

hc Charge efficiency - 

hd Discharge efficiency - 
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1. Introduction 
On the 25th of September 2015, a decision was made that would influence a major part of 
the world. The decision was made during a summit meeting in the head quarter of the 
United Nations in New York, a decision that defined and set the benchmark for what a 
sustainable future means and how we will get there as a society. It consisted of global 
goals within 17 different fields that in one way or another relate to the sustainability of 
the human being and the earth [7]. One of these fields addresses the question of what 
sustainable energy is and how we are going to achieve the goals within that field. One of 
the sub targets is to increase the share of renewable energy substantially in the global 
energy mix until 2030 [8]. 

In order to achieve the goal of increased share of renewable energy, Sweden has set its 
own guidelines and targets for how this transition will take place. According to an 
agreement concluded in 2016, Sweden’s target is to achieve 100% renewable electricity 
in 2040 [9]. To achieve this goal, the Swedish Energy Agency has estimated that the share 
of PV produced electricity must increase to 5-10% of the total Swedish electricity 
consumption [9]. 

However, a high PV penetration causes challenges for the electricity grid. The PV 
electricity production is a variable and fluctuating energy source that can cause 
overvoltage and frequency deviations [10]. Moreover, the PV electricity production 
reaches its highest production levels during the summer season when the demand for 
electricity is at its lowest. This leads to the question of how the negatively correlated 
relationship between the production and consumption pattern should be solved. A 
suggestion for how to solve this problem is to locally connect battery storages designed 
to store surplus electricity from the PV system. Thereby, surplus PV electricity can be 
stored during the light hours of the day and can be used during the dark hours of the night.  

Nevertheless, the solution of connecting batteries to PV systems has its drawbacks for the 
investor of the system. Even though the battery works as it should, several studies have 
shown that there is no economic profitability for this type of investment in Sweden [11, 
12]. The additional value that a battery can bring to a PV installation is too low to make 
the investment economically attractive. The reason for this is the low degree of utilization 
of the batteries used for this single purpose. In some cases, the battery may remain unused 
during 50-95% of its technical lifetime [13]. 

In recent times, studies have shown that there is a great unexploited technical and 
economic potential in PV connected battery storages.  The main finding in one of these 
studies is that the owner of a PV and battery system, theoretically can increase the grade 
of utilization as well as the financial additional value by using the battery for ancillary 
services [13]. By doing so, the battery storage can be economically profitable with the 
technical and financial parameters used in the aforementioned study [13]. Additional 
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studies have also shown that the economic profitability can be improved if the battery is 
used for ancillary services [14]. 

One way to increase the degree of utilization of the PV connected battery is to use the 
available battery capacity to regulate the frequency of the electricity grid. This can be 
done though so-called primary frequency regulation, FCR-N [3, 13, 14]. If economic 
profitability would be achieved by this technique, incentives would emerge for 
households as well as companies to install PV connected battery systems. Thus, the 
United Nations’ goals for a sustainable energy supply would be favoured. Hence, it is of 
interest for policy makers as well as for companies to investigate the technical and 
economic potential of this technique in Sweden. 

1.1 Purpose and research questions 

The purpose with this study is to investigate the techno-economic potential of a PV 
connected battery storage offering the ancillary service FCR-N. Furthermore, the techno-
economic potential is investigated on a household level in Sweden. The study addresses 
the following research questions: 

§ How would a household’s volume of sold and bought electricity be affected by a 
PV connected battery offering FCR-N? 

§ How would the financial income from the system be affected by offering FCR-N 
service? 

§ How would the maximum battery price allowed to make the investment 
economically profitable, be affected by the FCR-N service? 

§ How would the payback time for the PV and battery system be affected if the 
battery were used for the ancillary service FCR-N? 

§ How would the payback time for the battery storage alone be affected if the battery 
were used for the ancillary service FCR-N? 

1.2 Delimitations 

The study does not take any future technological improvements in consideration, neither 
regarding the battery nor the PV modules. Furthermore, the study uses solar irradiation 
data from Sweden. Thus, discrepancy can occur when comparing this study’s results with 
studies from other places around the world. 

Technical limitations with respect to the electricity grid are not taken into consideration. 
Furthermore, since the simulations performed in this study are done on hourly basis, 
fluctuations on smaller time scales than one hour are neglected. Finally, any legal 
obstacles related to the investigated technology are not considered. 



3 
 

1.3 Outline of the report 

Firstly, background information is given in chapter 2, presenting relevant information 
needed to be able to understand the study’s content. The background chapter is followed 
by a fundamental review of the methodology in chapter 3 where input data and applied 
models are presented. The results are presented in chapter 4 together with associated 
analyses and sensitivity analysis. In chapter 5 the discussion addressing the project’s main 
issues are presented. Lastly, the conclusions are presented in chapter 6.  
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2. Background 
This part of the report presents the background of the study. This is done in order to give 
the reader a fundamental understanding of the study’s basic concepts. Firstly, some basic 
knowledge about the Swedish electricity market and the trade of electricity are carried 
out. After that, a brief description of the Swedish electricity grid and its need for balancing 
is given. Then, technical and economic specifications about the regulating market are 
presented. Some fundamental knowledge about the PV and battery system’s 
characteristics are then carried out. Lastly, a summary of the support schemes 
implemented for PV systems and battery storages on the Swedish market are presented. 

2.1 Electricity market 

In connection with the deregulation of the Swedish electricity market, Nord pool was 
founded in 1996 [15]. At the very beginning, Nord pool was a collaboration between the 
Swedish TSO Svenska kraftnät and the Norwegian counterpart Statnett. Over time, Nord 
pool has developed to be the central platform for electricity trading in all the Nordic 
countries as well as the Baltic States [16]. 

2.1.1 Electricity trading 

Nord pool is the market place where buyers and sellers of electricity meet and agree on 
power flows, energy volumes and corresponding prices. The trading itself takes place in 
the form of a power market where buyers of electricity, for example electricity 
distribution companies and electricity intensive industries, place bids of how much power 
they want to buy and at what specific price. In the same manner, sellers of electricity, for 
example power plant owners, place bids of how much electricity they want to buy and at 
what price. The point in the supply curve where supply and demand curves cross each 
other is the equilibrium point that determines the electricity trading price [17]. Thus, the 
spot price for consumers is based on this hourly electricity pricing. 

Trade of electricity based at Nord pool is divided into the market places elbas and elspot 
[18]. Elbas is an intraday market where buyers and sellers trade with each other just hours 
before delivery. This market is used to adjust power flows. However, the major part of 
the electricity trading is situated at the elspot market where buyers and sellers of 
electricity place bids for every single hour for the day ahead. These trading prices are 
called spot prices and they constitute a key component of the electricity price’s elements 
[18]. 

2.1.2 Electricity price and its components 

The price that is commonly referred to as the electricity price consists of several different 
components that together constitute the price that customers have to pay for the 
electricity. These components are spot price, electricity certificate, grid fee, energy taxes 
and VAT. The spot price is the component of the electricity price that is directly 
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connected to the supply and demand curves and thereby connected to Nord pool’s spot 
market. Figure 1 shows on a daily basis how the average spot price for electricity bidding 
area SE1-SE4 has changed over time. 

 

Figure 1. The average spot price for electricity bidding area SE1-SE4, given on a daily 
basis from 2015 until 2017 [19]. 

Furthermore, the price for electricity certificates is determined on an open market where 
the supply and demand are the deciding parameters. The supply comes from producers of 
renewable electricity. These producers earn one electricity certificate per produced 
megawatt hour renewable electricity. The demand comes from companies and electricity 
distributors that are forced to buy electricity certificates [1]. Electricity certificates 
constitute a fee that strives to promote the expansion of renewable energy sources. 

However, the customers’ buying and selling price for electricity certificates differ. This 
is due to the electricity companies’ quota obligation [20]. The quota obligation is the 
proportion of sales or use that a company has to buy electricity certificates for [21]. If the 
selling price per electricity certificate for the electricity company is x, then the buying 
price per electricity certificate for the company’s customers is x times the quota obligation 
[20]. Figure 2 shows on a monthly basis how the selling price per electricity certificate 
has developed over time. 
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Figure 2. The average selling price per electricity certificate in Sweden, given on a 
monthly basis from 2015 until 2017 [22]. 

Furthermore, the grid fee is a component of the electricity price that is regulated by the 
owner of the local electricity grid. This fee is intended to cover maintenance and repairs 
of the grid, costs to read the customers’ electricity meter as well as send invoices [23]. 
This implies that the grid fee differs depending on location and grid operator. However, 
the grid fee has to be approved by the Swedish energy markets inspectorate. Finally, the 
government regulates energy taxes and VAT. Energy taxes are set by annual parliament 
decisions while VAT is set to 25% calculated on the total electricity price [23]. 

2.1.3 Electricity price prognosis 

Several prognoses of the future electricity price in Sweden and in the rest of Scandinavia 
have been performed, with slightly different outcomes. However, one thing they all have 
in common is that they all predict the price to rise. The electricity company Bixia has 
performed a long-term prognosis for the electricity price in Sweden. According to their 
results, the electricity price will decrease until 2019 and after that increase till the end of 
the prognosis 2030 [24]. Furthermore, the Swedish Energy Agency has performed a long-
term prognosis of how the electricity price may develop. This report shows similar results 
as Bixia’s report, that the price will increase until the end of the prognosis 2050 [25]. 

A third long-term prognosis of the electricity price in Sweden has been performed by 
Nordic Energy Research in cooperation with the International Energy Agency (IEA). In 
this prognosis, an initial decline of the electricity price is predicted until 2020 and then a 
radical rise is expected until 2030. After this increase of the electricity price, the price 
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curve is predicted to flatten and stay at more or less the same level for the next 20 years 
[26]. A summary of the long-term electricity price prognoses is shown in Table 1. 

Table 1. Summary of long-term prognoses for the Swedish electricity spot market price 
[€/MWh]. In 2017, the average spot market price was €31 per MWh (VAT excluded) 

[27]. 

Year 2019 2020 2023 2030 

Bixia 27 - 32 37 

Swedish Energy Agency1 - 32 - 41 

Nordic Energy Research/IEA - 30 38 54 

Average price 27 31 35 44 

 

2.2 The Swedish electricity grid 

The Swedish electricity grid is divided into four sub areas, electricity area SE1 to SE4. 
These areas cover approximately the northern part of Norrland – SE1, southern part of 
Norrland – SE2, Svealand – SE3 and finally Götaland – SE4 [28]. All these electricity 
bidding areas are synchronously interconnected with each other and the rest of the Nordic 
synchronous grid. The fact that the grid is synchronously interconnected implies that the 
frequency is the same in the entire system [29]. However, a synchronously interconnected 
electricity grid also brings a number of challenges with it, which are presented in the 
following sections. 

2.2.1 Balancing of the electricity grid 

The Swedish electricity grid is synchronously interconnected. This implies that the 
frequency ideally is the same in the entire grid at the same time. An important parameter 
in this synchronous system is that the frequency always should be stable at around 50 Hz 
and that no major deviations emerge from this reference value [30]. In practice, this 
implies that the absolute value of consumption and production should be the same on all 
time scales. Since the consumption of electricity varies over time, and moreover that rapid 
changes in production can occur, there is a demand of balancing the electricity production 
so that it corresponds to the consumption. This is done by regulation [30]. 

Simplified, frequency stability is a measure of how well correlated the electricity 
production and consumption are. When the frequency drops, it is an indicator that the 
consumption is higher than the production and thus the grid has to be upwards regulated. 
The upwards regulation is done by decreasing the consumption or increasing the 
                                                             
1 Based on an average value of several scenarios, exchange rate given by [58]. 
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production of electricity. Similarly, the frequency will rise when the production is higher 
than the consumption. In this case the grid has to be downwards regulated. This is done 
by decreasing the production or increasing the consumption [30]. The importance of 
having the frequency on a stable level at 50 Hz comes from the fact that technical 
equipment as well as crucial system components may be damaged by frequency 
deviations. 

In Sweden, the TSO Svenska kraftnät has been given the responsibility from the Swedish 
government to be responsible for the electricity system [31]. This system responsibility 
implies, among other things, that they are ultimately responsible to ensure that the 
production and consumption correspond to each other on time scales as small as seconds. 
In other words, the system must be in balance all the time [31]. By constantly balancing 
production and consumption, a high electricity quality is maintained where the frequency 
stays stable. 

2.2.2 Balancing on different time scales 

Fluctuations in electricity consumption can occur on several time scales. It covers 
fluctuations on seasonal basis as well as on minute and second basis. On a seasonal basis, 
the electricity consumption in Sweden is significantly higher during the winter compared 
to the summer [32]. This arises as a consequence of the increased heat demand during the 
winter. In a similar manner, one can identify fluctuations with respect to electricity 
consumption during a day where the electricity demand in a society is lower during the 
night compared to the day [33]. This requires Svenska kraftnät to obtain resources for 
regulation on a seasonal level with large energy volumes, on a daily level with middle 
large volumes as well as on a minute and second level with small energy volumes. The 
majority of the regulation, both on long and short time scales, is today handled by the 
Swedish hydropower. However, gas turbines, electricity intensive industries and other 
energy sources do also contribute to the regulation of the grid [3]. 

The need of being able to regulate on different time scales has resulted in three different 
regulating resources. These are named primary, secondary and tertiary frequency 
regulation [3]. Principally, primary frequency regulation is used for power supply, but the 
energy volumes are relatively small. Tertiary frequency regulation is used for large energy 
volumes and secondary frequency regulation is a hybrid of primary and tertiary frequency 
regulation. These three types of regulation techniques are presented in the following 
section. 

2.3 Primary frequency regulation 

The first type of regulation resource used by Svenska kraftnät to regulate the electricity 
grid is the primary frequency regulation. This is the regulation resource with the fastest 
response time. Primary frequency regulation can be divided into two sub groups called 
frequency containment reserve – normal, abbreviated FCR-N, and frequency containment 
reserve – disturbance, abbreviated FCR-D [3]. Primary frequency regulation is an 
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automatically activated regulation resource working when the frequency differs from 50 
Hz. Its main purpose is to restore the frequency’s reference value within a couple of 
seconds. Since unbalances on the grid can occur rapidly, there is a need for fast response 
time for this type of regulation resource. The response time and other requirements are 
specified in Table 2. 

The regulation resource FCR-N is the part of the primary frequency regulation reserve 
that is activated during frequency deviations in the normal case [3]. In these normal cases 
the deviation between the reference value and the frequency’s real value is small which 
leads to relatively small energy volumes used to regulate the grid up- or downwards. The 
other type of regulation resource called FCR-D has, in contrast to FCR-N, as its main 
purpose to regulate the grid’s frequency during operational disturbance that implies that 
the frequency is outside the allowed span between 49.9 and 50.1 Hz [3]. Since FCR-D is 
only activated during operational disturbances, FCR-D is not used to the same extent as 
FCR-N [3]. 

The operators offering primary frequency regulation are procured in advance for each 
hour during a day [3]. This implies that an operator is allowed to offer FCR-N or FCR-D 
during specific hours of a day and thus not have to commit for longer time periods than 
one hour at a time. 

2.3.1 Technical specifications and requirements for FCR-N 

The recourses offering primary frequency regulation have to fulfil several technical 
requirements. A summary of these requirements and other technical specifications related 
to FCR-N is shown in Table 2. 

Table 2. Technical specifications for resources of FCR-N. 

Minimum bidding size 0.1 MW [34] 

Perseverance ≥ 15 minutes [35] 

Total procured capacity in Sweden 230 MW [36] 

Activation time, 63% of max capacity ≤ 60 seconds [34] 

Activation time, 100% of max capacity ≤ 3 minutes [34] 

Activated during frequency deviation < ± 0.1 Hz [34] 

Other requirements Pre-qualification needed, and real-time 
measurements are mandatory. [34] 

The product shall manage to regulate 
with the same magnitude both up- and 
downwards. [34] 
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2.3.2 Economic compensation for FCR-N 

Primary frequency regulation of the type FCR-N is both an energy and power product. 
This means that the operator that offers FCR-N will get paid for both the power that is 
held available as well as the energy used to regulate the grid up- and downwards [34]. 

Compensation for the energy used for regulation is given through up- and downwards 
regulation prices. However, the economic compensation for the power held available 
differs from operator to operator. This is due to the consequence of supply and demand 
on the market since the model pay-as-bid decides the price [34]. This model implies that 
operators get paid for the compensation they call for as long as their bid has been 
accepted. 

2.4 Secondary and tertiary frequency regulation 

The second type of regulation reserve is the secondary frequency regulation. This second 
type of regulation consists of the automatic frequency restoration reserve, aFRR. This is 
the second fastest regulation type and it is expected to be fully activated within a time 
span of seconds to minutes [3]. The secondary frequency regulation’s main purpose is to 
restore the frequency when it differs from 50 Hz. This is done after the primary frequency 
regulation has done its job. The secondary frequency regulation is automatically 
activated, and it is relatively recently implemented in the Nordic electricity grid [3]. 

The third type of regulation reserve is the tertiary frequency regulation, which consists of 
the manual frequency restoration reserve, mFRR. This is the slowest activated regulation 
reserve and it is manually activated within a time span of minutes up to a couple of hours 
[3]. The main objective for the tertiary frequency regulation reserve is to manage major 
changes with respect to consumption and production. Thereby, the requirement of 
activation speed is not as crucial as it is for primary and secondary frequency regulation. 
Tertiary frequency regulation has as its main objective to keep the frequency within the 
accepted range from 49.9 to 50.1 Hz [3]. 

Hence, primary, secondary and tertiary frequency regulation constitute the three 
regulation types used to regulate the Swedish electricity grid. Principally, tertiary 
frequency regulation is used to restore the secondary frequency regulation that in turn is 
used to restore the primary frequency regulation. 

2.5 The PV system 

The PV system can briefly be described as a technical system including DC/AC inverters, 
cables and PV modules designed to extract solar energy and convert it into electric energy. 
Since the PV electricity production depends on the solar irradiation reaching the earth’s 
surface, the production has intermittent characteristics [37]. However, PV electricity 
produced locally in residential areas sometimes exceeds the electricity demand from the 
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household connected to the PV system. When this situation occurs, surplus electricity can 
be sold to the grid [38]. 

Since the PV electricity production depends on the solar irradiation, the amount of 
electricity produced varies depending on the location of the PV system. However, it can 
be assumed that a 1 kWp PV system produces approximately 900 kWh electricity per year 
in Sweden [39]. 

2.5.1 PV penetration in Sweden 

The PV penetration in Sweden has increased radically during the recent years. Essentially, 
grid-connected decentralized PV systems have increased the most in terms of installed 
power [40]. In 2016 a total of 77.7 MWp was installed, which corresponds to a 65% 
increase compared to 2015 when 47.0 MWp grid-connected PV systems were installed 
[40]. A graph showing the annual installed PV capacity in Sweden is shown in Figure 3. 

  

Figure 3. Annual installed PV capacity in Sweden [40]. 

As a natural result of the high annual installation rate, the cumulative PV capacity has 
increased remarkably during the recent years. In 2016 a total of 205.45 MWp had been 
installed of which 181.16 MWp constitute of grid-connected distributed PV systems [40]. 
The development of how the cumulative installed capacity has changed over time is 
shown in Figure 4. 
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Figure 4. The cumulative installed PV capacity in Sweden [40].  

In 2016 the total PV electricity production was 0.1 TWh, which corresponds to a share of 
0.1% of the total electricity production in Sweden [40]. The Swedish Energy Agency has 
together with the Swedish government set up a goal for the PV penetration in Sweden. 
The goal has been set to reach a share of 5-10% PV electricity production in 2040. This 
would correspond to an annual PV electricity production of 7-14 TWh [9]. 

2.5.2 PV system prices 

Ever since the introduction of PV systems in Sweden, the PV system price has decreased 
steadily. Furthermore, the price has stabilized with every year showing signs of a 
maturing PV market. In 2016 the typical PV system price for roof-mounted residential 
PV systems of ~ 5 kWp was €1.58 per installed Wp (VAT excluded) [40]. How the system 
price of PV systems has developed over time is shown in Figure 5. 
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Figure 5. System price for roof-mounted residential PV systems, ~5 kWp in Sweden 
(VAT excluded) [40]. 

2.6 Battery storage 

Batteries are the fastest growing storage technique on today’s market and there are several 
reasons behind the fast diffusion of the technique [41]. Firstly, the modular characteristic 
of the batteries allows small-scale as well as large-scale storages. This makes the battery 
competitive for cars, households as well as larger aggregated storages [41]. Secondly, the 
battery prices have dropped faster than expected. This is something that has made it more 
attractive to invest in batteries as energy storage [41]. 

2.6.1 Batteries and their characteristics 

Batteries are classified as electrochemical energy storages. This means that they use 
chemical reactions to store and extract electric energy. The reactions at the positive side 
and the negative side give rise to a difference in electrochemical potential [42]. This 
difference in potential is what drives the current to flow from the positive side, through a 
load to the negative side [42]. 

Three important parameters related to batteries are capacity, power and round-trip 
efficiency. The battery’s capacity is how much energy can be stored, often measured in 
kWh or Ah [43]. The battery’s power is divided into two sub groups named input and 
output power. These concepts refer to the maximum charge and discharge rate that the 
battery is able to handle [44]. Finally, round-trip efficiency can be described briefly as 
the fraction of energy that enters the battery during charging compared to the amount of 
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energy that can be extracted from the battery during discharging [45]. Typically, the 
round-trip efficiency is about 95% for lithium-based batteries [46]. 

There are mainly four different types of batteries that have been commercialized on the 
rechargeable battery market. These types of batteries are lead-acid (introduced in 1850), 
nickel-cadmium (introduced in 1899), nickel-metal hydride (commercialized in 1989) 
and lithium-ion (commercialized 1991) [2]. However, lithium-ion batteries are 
outstanding in terms of energy density as well as number of cycles. This means that 
lithium ion batteries can offer high amounts of energy and that they can undergo many 
charge and discharge cycles without losing significant storage capacity [2]. Furthermore, 
lithium-ion batteries have a high-power density, which makes the lithium-ion technology 
competitive for usage in a wide range of applications for example in small electronic 
devices as well as in electric vehicles [47]. 

Furthermore, the batteries’ lifetime varies depending on the battery technique. Lithium-
ion batteries have a cycle life of more than 1000 cycles, which makes the lithium-ion 
technology the most long-lived battery type among the commercialized battery 
techniques [2]. However, different manufacturers offer different warranty times for their 
batteries. For example, Tesla gives their customers a warranty of 10 years promising that 
the storage capacity will not decrease more than 20% until the end of the tenth year as 
long as the aggregated throughput is at maximum 2.7 MWh per kWh storage capacity. 
This applies regardless of the battery’s field of application [48]. 

2.6.2 PV-connected battery storages 

Battery storages can be used to store surplus energy from locally produced PV electricity. 
In 2016 there was an annual installed battery capacity in Sweden of 233 kWh in private 
storages connected to PV-systems and 1 465 kWh in commercial storages connected to 
PV-systems [40]. However, these numbers do not represent the total amount of annual 
installed battery capacity since the data include storage capacity reported from PV-
installation companies only. According to previous studies, the installed battery capacity 
connected to PV systems is expected to increase in the coming years [40]. 

Yet, storage of surplus PV electricity is not the only application for PV connected 
batteries. According to a study performed by Rocky Mountain Institute (RMI), batteries 
can provide up to 13 services on three different levels: transmission level, distribution 
level and consumer level, in the study called “behind the meter” [13]. According to RMI, 
batteries should be used on a consumer level to be able to provide the most possible 
services. Increased PV self-consumption is one of the services mentioned in the study. 
Another service mentioned is frequency regulation [13]. 

When it comes to the sizing of battery storage, several previous studies have shown that 
it is reasonable to size the storage to 0.5-1 kWh per installed kWp PV capacity [11]. With 
this sizing of the battery storage, the self-consumption ratios increase with 13 to 24 
percentage points [11]. 
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However, multiple studies have shown that battery storages, with a single purpose of 
storing surplus PV electricity are not economically profitable [11, 13]. This gives rise to 
challenges of making the investment economically attractive for prosumers. Thus, 
multiple ancillary services are examined in the research made by several actors, both 
universities and companies. 

2.6.3 Battery price prognosis 

Several prognoses have been made of how the battery prices will develop in the future. 
Some of these prognoses are summarized in Figure 6 where general trends of decreasing 
battery prices for electric vehicles (EVs) can be discerned. Furthermore, the battery prices 
for EVs are supposed to decrease even more until the mid-2020s [49]. The reasons for the 
radically decreasing prices are mainly economies of scale and technological 
improvements [41]. 

 

Figure 6. Battery price development for electric vehicle batteries according to previous 
studies (VAT excluded) [41, 50]. 

However, the market for PV connected batteries has not reached the same degree of 
maturity as the market for EV batteries. Thus, the price per unit storage capacity is 
significantly higher for PV batteries than for EV batteries. According to a study 
performed by the National Renewable Energy Laboratory (NREL), the cost for a 
residential energy storage system with a charge and discharge capacity of 3 kW and a 
storage capacity of 6 kWh in 2016 is about €6,600, which corresponds to a price of €1,100 
per kWh (VAT excluded) [51]. 

The company Tesla manufactures residential PV battery storages. In 2018, the price for 
a Tesla Powerwall 2 with a charge and discharge capacity of 5 kW, a storage capacity of 
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13.5 kWh, and an assumed installation cost per battery of €1,700, was €7,600 (VAT 
excluded) [52]. This corresponds to a battery cost of €570 per kWh (VAT excluded). 

2.7 Support schemes 

For a combined PV and battery installation there are a number of support schemes that 
prosumers in Sweden can employ. For owners of PV systems, surplus electricity can be 
sold to the grid. The owner is free to sell the electricity to any of the electricity retailers 
on the Swedish electricity market. Furthermore, green electricity generated from 
renewable energy resources gives the producer electricity certificates. These certificates 
make the renewable energy more profitable [1]. Beyond this, the owner of a PV system 
can receive an investment aid of 30% from the government of the total installation costs 
[53]. There is also an opportunity to get 30% off from the labour cost with the utilization 
of the ROT-discount. However, the ROT-discount and the 30% investment aid cannot be 
used for the same PV installation [53]. Finally, prosumers can utilize a tax deduction of 
€0.063 per kWh electricity that is sold to the grid [53]. 

There are also support schemes for battery storages connected to PV systems that can be 
utilized by prosumers. This investment aid is for private prosumers only and compensates 
up to 60% of the total cost for the battery storage, with a maximum support of SEK 50,000 
which is roughly the same as €5,000 [9, 54]. 
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3. Methodology 
In this part of the report the methodology of the study is described. Firstly, the 
methodology with respect to technical aspects is presented based on a schematic 
flowchart of the mathematical model used in the study. Secondly, the formulas used for 
the financial calculations are presented. Thirdly, the data used in the calculations and 
simulations are presented. Lastly, an overview of the investigated cases as well as the 
parameters adjusted in the sensitivity analysis are performed. 

3.1 Cases and sensitivity analysis 

In this study, five different scenarios have been examined in order to investigate the 
techno-economic potential of a PV connected battery storage. These cases are described 
below: 

§ Case 1 – A grid-connected PV system with the ability to provide a household with 
self-produced solar electricity as well as sell surplus electricity to the grid. 

§ Case 2 – A grid- and battery-connected PV system with the same properties as in 
case 1 but with the ability to store surplus electricity in a local battery storage for 
later use. 

§ Case 3 – A grid- and battery-connected PV system with the same properties as in 
case 2 but with the ability to regulate the grid up- or downwards through FCR-N 
when capacity is available. 

§ Case 4 – A grid- and battery-connected PV system with the same properties as in 
case 3 but with the ability to run a charging strategy for the battery during the 
winter season2. This is done in order to increase the utilization of the battery with 
respect to regulation volumes of FCR-N. Without a charging strategy, the battery 
stays unused during the winter season, see Figure 33. The charging strategy is 
described in chapter 3.1.2. 

§ Case 5 – A grid- and battery-connected PV system with the same properties as in 
case 4 but with the ability to run a charging strategy for the battery during the 
whole year instead of only during the winter season. 

Furthermore, the parameters examined in the sensitivity analysis were how the payback 
time for the PV and battery investment depends on the battery price and the investment’s 
discount rate. These parameters have been chosen because they were identified as crucial 
parameters with respect to the investment’s profitability. 

                                                             
2 Specified as the period between 16th of November until 15th of Mars [64]. 
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3.1.1 Reference system design 

This study has been based on a reference system, designed to fulfil normal technical as 
well as economic specifications for a combined PV and battery system. These 
specifications are given in Table 3. 

Table 3. Technical and economic specifications for the reference system. 

PV size 5 kWp - 

Battery storage capacity 5 kWh Bsize 

Maximum battery charge and 
discharge power 

5 kW Pmax 

Minimum accepted charge and 
discharge power 

0 kW Pmin 

Charge and discharge efficiency 90% hc, hd 

Battery storage capacity after 10 
years 

80% of initial capacity - 

Minimum perseverance FCR-N 15 minutes Dtmin 

Annual electricity consumption 15 MWh - 

Load profile Average household (further described in 
chapter 3.4.2) 

- 

PV electricity production Average PV electricity production 
(further described in chapter 3.4.1) 

- 

Charging strategy Case-individual - 

Discount-rate 5% k 

PV system cost (excl. VAT, 
investment aid) 

€1.58 per Wp - 

3.1.2 Charging strategy 

The charging strategy applied to the battery in the simulations is based on the strive to 
always charge the battery to at least 0.5 state of charge (SOC), that is charged to 50% of 
its capacity. For every hour when the charging strategy is activated, the simulation model 
authenticates if the battery’s state of charge is at least 0.5. If it is, the model will run as 
usual and the battery will be used to provide the household with electricity as well as 
regulate the grid through FCR-N. 
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However, if the battery charging level is lower than 0.5 SOC, the battery will be 
passivated during the next hour with respect to the purpose of providing the household 
with electricity as well as to regulate the grid through FCR-N. During this hour, the 
battery will be charged with bought electricity from the grid until it reaches 0.5 SOC. 

3.2 Technical calculations 

3.2.1 System configuration model 

The investigated system has been simplified into a model including a power system, a 
household, a residential PV-battery system and a home energy management system 
(HEMS). The energy flows are shown in Figure 7 and they are calculated based on the 
equations further described in chapter 3.2.3 to 3.2.5. 

 

Figure 7. Flowchart representing the energy flows of the investigated system. 

Moreover, Figure 8 shows how the information flows are interconnected. The HEMS 
coordinates and interprets the signals within the system. It is also the HEMS that 
calculates the magnitude of the energy flows shown in Figure 7. How the HEMS works 
is further described in the equations stated in chapter 3.2.3 to 3.2.5. 

 

Figure 8. Flowchart representing the information flows within the system. 
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3.2.2 Calculation program 

To perform the technical calculations and simulations in this study a Matlab program was 
developed which takes data on hourly basis as input parameters and returns data on hourly 
basis as output parameters. The program has been designed to be able to simulate results 
for one year or more. Figure 9 shows the schematic flowcharts representing the Matlab 
codes for case 1 to 5 respectively. The flowcharts are read from the top starting with the 
“start” box. The algorithms run one run per time step, which in the calculations performed 
in this study corresponds to one hour. 

By answering the questions asked in the decision boxes, the programs can perform hourly 
simulations for each one of the five different cases investigated in the study. More 
information about the investigated cases is given in chapter 3.4. A more detailed 
flowchart, showing how the different cases are linked to each other is presented in 
Appendix A. 

In all five cases, the first thing to be calculated is the difference between production and 
consumption, see Eq. (1). Moreover, the battery storage level in case 2-5 is calculated 
using Eq. (2) and (3). In case 4 and 5 when a charging strategy is applied, the battery 
storage level is calculated using Eq. (4) and (5). Lastly, the battery can be used for FCR-
N in case 3-5 and the amount of regulating volume as well as the battery storage level are 
calculated using Eq. (6) to (16). 
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Case 1 Case 2 

  

Case 3 Case 4 and 5 

 

 

Figure 9. Flowcharts representing the calculation algorithms for case 1 to 5. 
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3.2.3 Storage and use of surplus PV electricity 

The difference between the PV electricity production and the household’s electricity 
consumption is given by 

 !(#) = &'()*(#) − &,)-.(#) (1) 

where D(t) [kWh] is the difference between production and consumption, Eprod(t) [kWh] 
is the PV electricity production and Econs(t) [kWh] is the electricity consumption. 

The maximum electricity that can be discharged from the battery is given by 

 &*,012(#) = 3456(#) ∗ 8* (2) 

where Ed,max(t) [kWh] is the maximum dischargeable energy, BSLb(t) [kWh] is the battery 
storage level before the discharge and hd is the discharge efficiency in absolute number. 

The battery storage level after charging with surplus PV electricity and use of stored 
electricity is given by 

 

3451(#) =

⎩
⎪
⎨

⎪
⎧
3456(#) + 8, ∗ !(#) , !(#) ≥ 0	&	3451(#) < 345012(#)

345012(#) , !(#) ≥ 0	&	3451(#) ≥ 345012(#)

3456(#) −
|!(#)|
8*

0

, !(#) < 0	&	|!(#)| < &*,012(#)
	

, DEFD

 (3) 

where BSLa(t) [kWh] is the battery storage level after the charge or discharge, hc is the 
charge efficiency in absolute number and BSLmax(t) [kWh] is the maximum battery 
capacity. 

3.2.4 Charging strategy for the battery 

The battery storage level after using the charging strategy is calculated as 

 
3451(#) = G

345012(#)
2

, 3456(#) < (0.5 ∗ 345012(#))

3456(#) , 3456(#) ≥ (0.5 ∗ 345012(#))
 (4) 

where 0.5 represents the lower limit of the SOC. 

The volume of bought electricity used for the charging strategy is calculated as 

 
&6)KLMN,,M(#) = O

345012(#)

2
− 3456(#)P ∗

1
8,

 (5) 

where Ebought,ch(t) [kWh] is the volume of bought electricity caused by the charging 
strategy. 
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3.2.5 Battery used for FCR-N regulation 

The need for up- and downwards regulation volume is given by 

 RS-TT*(#) = max	({0, S-TT*(#)}) (6) 

 

 !S-TT*(#) = |min	({0,S-TT*(#)})| (7) 

where URneed(t) [kWh] is the need of upwards regulation and DRneed(t) [kWh] is the need 
of downwards regulation volume. Furthermore, Rneed(t) [kWh] is the need of regulation 
volume where a negative value indicates a need of downwards regulation and a positive 
value indicated a need of upwards regulation. 

The maximum up- and downwards regulation capacity offered by the battery storage is 
given by 

 RS,1',012(#) = 3456(#) ∗ 8* (8) 

 

 
!S,1',012(#) =

345012(#)

8,
− 3456(#) (9) 

where URcap,max(t) [kWh] is the maximum upwards regulation capacity and DRcap,max(t) 
[kWh] is the maximum downwards regulation capacity. 

Since the resource for FCR-N has to be able to regulate with the same magnitude both 
up- and downwards, the real values of the regulation capacities are given by 

 RS,1',(T1\(#) = min	({RS,1',012(#), !S,1',012(#)}) (10) 

 

 !S,1',(T1\(#) = min	({RS,1',012(#), !S,1',012(#)}) (11) 

where URcap,real(t) [kWh] and DRcap,real(t) [kWh] are the real values of up- and downwards 
regulation capacities, respectively. 

The battery storage is available for FCR-N regulation only when the following inequity 
is satisfied 

 RS,1',(T1\(#)	&	!S,1',(T1\(#) ≥ ]0^- ∗ ∆#0^- (12) 

where Pmin [kW] is the minimum accepted charge as well as discharge power and Dtmin 
[h] is the minimum time of perseverance for the FCR-N resource. 
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The volumes of up- and downwards regulation volumes regulated by the battery are given 
by 

 RS`)\(#) = min	({RS,1',(T1\(#), RS-TT*(#), ]012 ∗ ∆#}) (13) 

 

 !S`)\(#) = min	({!S,1',(T1\(#), !S-TT*(#), ]012 ∗ ∆#}) (14) 

where URvol(t) [kWh] and DRvol(t) [kWh] are the up- and downwards regulation volumes 
regulated by the battery. Furthermore, Pmax [kW] is the maximum charge as well as 
discharge power of the battery and Dt [h] is the time period when the regulation resource 
is activated. 

The storage level of the battery after being activated for FCR-N upwards regulation is 
given by 

 
3451(#) = max	({0, 3456(#) −

RS-TT*(#)

8*
, 3456(#) − ]012 ∗ ∆#}) (15) 

whilst the battery storage level after downwards regulation is given by 

 3451(#) = min	({345012(#), 3456(#) + !S-TT*(#) ∗ 8,, 3456(#)
+ !S,1',(T1\(#), 3456(#) + ]012 ∗ ∆#}) 

(16) 

respectively. 

3.3 Financial calculations 

3.3.1 Present discounted value 

The present discounted value is a measure of today’s value of future revenues [55]. The 
method takes the future revenue, discount rate and number of years as input parameters. 
As the output parameter, the method gives the present value adjusted with respect to the 
input parameters. The present discounted value is calculated as 

 
]!a =b

c^
(1 + d)^

e

^fg

 (17) 

where PDV [€] is the present discounted value, ai [€] is the incoming cash flow of year i 
[year] and k is the discount-rate without any unit [55]. 

3.3.2 Maximum battery price for investment profitability 

The maximum battery price per kWh storage capacity is calculated based on the present 
discounted value. The aim is to calculate the maximum battery price for which the 
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investment is economic profitable. The total maximum battery system price is calculated 
as 

 
3'(^,T,N)N =

]!a
1 − h1^*

 (18) 

where Bprice,tot [€] is the maximum battery system price for which the battery is economic 
profitable and Iaid is the investment aid in absolute number, given as a fraction of the total 
investment cost. 

Finally, the maximum battery price per kWh for which the investment is economic 
profitable is calculated as 

 
3'(^,T,ijM =

3'(^,T,N)N
3.^kT

 (19) 

where Bprice,kWh [€/kWh] is the battery price per kWh storage capacity and Bsize [kWh] is 
the initial battery storage capacity. 

3.3.3 Payback time 

The payback time for the system is calculated based on the investment’s present 
discounted value. Thus, the payback time is calculated as the value i [year] in equation 
(1) when the following inequality is satisfied 

 lN)N < ]!a (20) 

where Ctot [€] is the total investment cost for the given system. 

3.3.4 Net return of a PV-battery system 

The net return of a PV-battery system is calculated as  

 mS&n61N = S&n61N − S&n-)	61N (21) 

where NRETbat [€] is the net return of a PV-battery system, RETbat [€] is the return of a 
PV-battery system and RETno bat [€] is the return of a PV system without a battery storage. 

3.4 Data 

In the following part the data used for the calculations and simulations are presented, 
along with the assumptions made in the study. 

3.4.1 PV electricity production 

The data used for the PV electricity production is based on a study performed by 
Luthander et al. [56]. In the study, 21 houses situated in the central parts of Uppsala, 



26 
 

Sweden (59.86°N, 17.61°E) were investigated. The rooftops of the houses together with 
LiDAR (Light Detection And Ranging) data were used to identify the area, tilt and 
azimuth on which the solar irradiance hits the plane. The solar irradiance data used in the 
aforementioned study were taken from the Swedish Meteorological and Hydrological 
Institute (SMHI). It contains of high-resolution irradiance data measured during the whole 
year of 2008 in Norrköping, Sweden (58.58°N, 16.15°E) with a time resolution of one 
minute. The PV electricity production on a daily basis is shown in Figure 10. For hourly 
data, see Appendix B. 

3.4.2 Electricity consumption 

The electricity consumption used in this study is based on a report where approximately 
400 Swedish households’ yearly electricity consumption were examined [57]. The data 
were collected by the Swedish energy agency during a campaign between 2005 and 2008 
and contain of electricity consumption from both apartments and detached single-family 
houses. Furthermore, the data are given on a ten minutes basis. However, the exact 
location for the houses is not presented in the study. According to a previous study [56], 
a majority of the data series given in the report [57] represent the individual household 
data over a duration of one month. Therefore, only 21 data series with one-year 
measurements could be extracted and considered as representative with respect to the 
electricity consumption. The electricity consumption and production on a daily basis is 
shown in Figure 10. For hourly data, see Appendix B. 

 

Figure 10. Red, dashed line: PV electricity production for an average PV system of 5 
kWp. An annual PV electricity production of 900 kWh per installed kWp has been 

assumed. Blue, solid line: electricity consumption per day for an average household 
with a total electricity consumption of 15 MWh per year. 
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According to the report by Luthander el al. [56] the electricity consumption data have 
been linearly interpolated to minute basis so that the consumption and production of PV 
electricity have the same time resolution. 

3.4.3 Electricity price 

The spot prices used in the calculations are the hourly average spot prices between 2015 
and 2017 in Sweden. Furthermore, the spot price in electricity bidding area SE3 has been 
used. The data have been taken from Nord pool’s webpage and is further described in 
chapter 2.1.2 [19]. 

Selling price data for electricity certificates in Sweden have been taken from the Swedish 
energy agency’s webpage [22]. The data are given as average data on monthly basis and 
are further described in chapter 2.1.2. The buying price for electricity certificates has been 
set to a constant value of €2.42 per MWh [20]. 

The energy tax in Sweden that has been used in the calculations is SEK 0.331 per kWh 
(€34.8 per MWh [58]), excluding VAT of 25% [23]. Furthermore, the grid fee has been 
set to SEK 0.272 per kWh (€28.6 per kWh [58]), excluding VAT of 25% [59]. 

3.4.4 PV and battery prices 

The PV system price that has been used in this study is the average system price in 
Sweden during 2016. The price for the PV system is further described in chapter 2.5.2. 
The battery prices used as references for the results are further described in chapter 2.6.3. 
Also, the estimated battery price of 2018 which is €570 per kWh (VAT excluded), used 
as input parameter in the calculations specified in chapter 3.3.3 is further described in 
chapter 2.6.3. 

3.4.5 Primary frequency regulation 

There are four main types of data used in this study concerning primary frequency 
regulation. These data constitute of prices for activated FCR-N, volume of activated FCR-
N and economic compensation for maintaining FCR-N available. Also, the total procured 
FCR-N capacity in Sweden has been taken as input parameter. 

The prices for activated energy measured in euros have been collected from ENTSO-E’s 
database [60]. The data constitute of prices for activated energy, both up- and downwards 
regulation on hourly basis in Sweden in 2017. 

Volumes of activated FCR-N have been accessed through direct communication with a 
representative from Svenska kraftnät [61]. The data constitute of the total amount of up- 
and downwards regulation volumes in Sweden from 2015 until 2017. The data are given 
on hourly basis and are measured in MWh. 
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The economic compensation for maintaining FCR-N available has been collected from 
Svenska kraftnät’s website [62]. The data are given on hourly basis from 2015 until 2017 
and represent the average price for maintaining FCR-N available. Since this type of 
compensation is given by the pay-as-bid principle, only average prices were available on 
the website. The prices are given in euros. 

Finally, information about the total procured FCR-N capacity of 230 MW has been 
accessed from ENTSO-E’s webpage [36]. 

3.4.6 Additional data, limitations and assumptions 

The simulations and calculations, apart from the data listed above, have been based on 
some additional data, limitations and assumptions. These are listed below: 

§ Standard VAT rate for trade in Sweden of 25% [63]. 
§ The resource of FCR-N has to be able to regulate up- and downwards with the 

same magnitude [34]. 
§ The minimum perseverance for the FCR-N resource is 15 minutes per hour of 

FCR-N supply [34]. 
§ Maximum charge and discharge power has been set to 5 kW. 
§ The life length of the battery has been assumed to be 15 years. 
§ The battery storage capacity has been assumed to decrease exponentially over the 

lifetime and reach 80% of its original storage capacity in the end of the tenth year 
[48]. 

§ The PV efficiency has been assumed to be constant over the technical life span of 
30 years. 

§ The demand of FCR-N during the entire investigated lifespan of the investment 
has been assumed to follow the trend in the data specified in chapter 3.3.5. 

§ No lower limit of the FCR-N volume offered by one battery per unit time has been 
considered. 

§ All the up- and downwards regulation prices have been assumed to be the same 
in all Swedish electricity areas. 

§ The battery system has been asked to regulate the grid every hour when there was 
a demand for either up- or downwards regulation. 

§ The use of an aggregator connecting several PV connected battery systems is 
assumed in order to reach the minimum bid size of 0.1 MW. 

§ The hourly electricity price during the entire investigated lifespan of the 
investment has been assumed to follow the trend in the data specified in chapter 
3.3.3. 

§ The hourly selling price for electricity certificates has been assumed to follow the 
value of the monthly data. 

§ The hourly buying price for electricity certificates is assumed to be constant. 
§ To simplify the calculations, the tax deduction of sold electricity has been 

neglected since the amount of taxes paid to the government differs from person to 
person.  
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4. Results and analyses 
In this part of the report the results of the study are presented with associated analyses. 
Firstly, the technical potential is shown for the different cases. Secondly, the economic 
potential for the different cases are shown. Lastly, a sensitivity analysis is presented 
identifying determining factors that affect the profitability of a battery and PV investment. 
In all calculations, the annual PV electricity production per installed kWp is assumed to 
be 900 kWh. Explanations for the meaning of the different cases are given in chapter 3.1. 
Furthermore, the value of €1 is given by the mean exchange rate between 2015 and 2017 
which is SEK 9.48 [58]. 

4.1 Technical potential 

In Figure 11, time series data are presented showing the amount of bought and sold 
electricity as well as the state of charge for the battery in case 2 and 5. The time series 
constitute of data from the 1st of February as well as from the 1st of June. These days were 
chosen since they represent days during winter and summer season, respectively. 

 

Figure 11. Time series data representing the amount of bought and sold electricity as 
well as the state of charge for case 2 and 5. 

During the 1st of February, the battery remains unused during the whole day in case 2. 
This is explained by the low PV electricity production as well as the high electricity 
consumption. However, the charging strategy in case 5 during the 1st of February makes 
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the battery work for almost every hour during the day. A decreasing SOC from 0.5 to 0 
indicates that the battery has been used for upwards regulation. Moreover, an increasing 
SOC from 0.5 to almost 1 indicates that the battery has been used for downwards 
regulation. The reason why the battery cannot go directly from a SOC of 0.5 to 1 during 
one hour of upwards regulation is that the battery has to be able to regulate with the same 
magnitude both up- and downwards. In Eq. (8) to (11), this relation is further explained. 

However, during the 1st of June, case 5 goes directly from a SOC of 0.5 to 1 from 9 a.m. 
to 10 a.m. and from 3 p.m. to 4 p.m. This is explained by a combination of downwards 
regulation as well as storage of surplus PV electricity. 

In case 5 from 11 a.m. to 2 p.m. during the 1st of February as well as from 10 a.m. to 1 
p.m. and 4 p.m. to 6 p.m. during the 1st of June, the SOC stays at 1 despite the absence of 
sold and bought electricity. This is because the battery is used for downwards regulation 
meanwhile the household uses the regulated electricity for its own use. 

During the 1st of June, case 2 has a PV electricity production that exceeds the household’s 
electricity consumption from 7 a.m. to 5 p.m. Furthermore, the system sells surplus PV 
electricity when the battery is fully charged from 10 a.m. to 5 p.m. The battery is charged 
from 7 a.m. to 11 a.m. and is discharged from 4 p.m. to 9 p.m. 

4.1.1 Bought electricity 

The amount of bought electricity for the five different cases on a monthly basis during 
the first year of operation is shown in Figure 12. The sum of bought electricity during the 
first year of operation is shown in Figure 13. 

 

Figure 12. The amount of electricity bought from the grid during the first year of 
operation, plotted on monthly basis. 
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It can be seen from Figure 12 that case 1, 2 and 3 coincide during the winter season with 
respect to the amount of bought electricity volumes. This can be explained by the lack of 
excess solar electricity production. It does not matter if the household is equipped with a 
battery storage system, since the battery will not store any substantial volumes of 
electricity. However, during the summer season the amount of bought electricity is lower 
in case 2, 3 and 4 compared to case 1. This is due to the fact that the battery storage will 
store excess PV electricity from hours when the sun is shining to hours when it is cloudy 
or dark. 

Furthermore, one can see that the more the battery is used for FCR-N service, the more 
electricity has to be bought. This is especially obvious when one compare case 2 and 5. 
In case 2, the battery is never used for FCR-N while in case 5 the battery is used for FCR-
N every hour during the year when it is technically possible. This result comes mainly 
from the fact that the battery will be emptied in case 5 as a consequence of the FCR-N 
upwards regulation. When it has been emptied, the charging strategy will charge the 
battery with electricity bought from the grid. 

The difference between case 5 and case 1 to 4 with respect to bought electricity is greater 
during the summer than during the winter. This can be explained by the fact that the 
battery in case 5 is used to a large extent for FCR-N and thereby will not be able to store 
significant volumes of PV electricity, even though the PV electricity production is high. 

 

Figure 13. The total amount of electricity bought from the grid during the first year of 
operation. 
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N when it has capacity available. This can be interpreted as that the battery uses all PV 
electricity stored for FCR-N instead of supplying the household with energy. 
Furthermore, as already concluded the more the battery is used for FCR-N, the more 
electricity has to be bought. 

4.1.2 Sold electricity 

The amount of sold electricity for the five different cases on a monthly basis during the 
first year of operation is shown in Figure 14. The sum of sold electricity during the first 
year of operation is shown in Figure 15. 

 

Figure 14. The amount of electricity sold to the grid during the first year of operation, 
plotted on monthly basis. 

From Figure 14 one can clearly see that case 1, containing a PV system without a battery 
storage connected to it, generates the highest amount of sold electricity during the whole 
year. Furthermore, all the five curves follow the trend curve of the annual PV production 
in Sweden, showed in Figure 10. One can also see that the relative volume of sold 
electricity between the five cases differ more during the summer season than during the 
winter. This can be explained by the systems’ ability to store surplus electricity. This 
ability increases when the battery is used for FCR-N, which can be explained by the usage 
of electricity for upwards regulation that empties the battery also during daytime. 

However, the amount of sold electricity is higher in case 5 than in case 3 and 4. This 
phenomenon is caused by the charging strategy’s ability to charge the battery. Thus, the 
charging strategy will lower the threshold for when the battery is fully charged and 
thereby lower the threshold for when the system has to sell surplus electricity. 
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In general, the usage of a battery will flatten the surplus electricity curve and this curve 
will be even more flatten when the battery is used for FCR-N in line with case 3 or 4. 

 

Figure 15. The total amount of electricity sold to the grid during the first year of 
operation. 

Figure 15 shows that the overall amount of sold electricity for one year is much lower 
with a battery storage than without a battery storage. Furthermore, one can see that the 
FCR-N service in case 3, 4 and 5 will lower the amount of sold electricity even more 
compared to case 2. This can be interpreted as that the battery uses its stored PV electricity 
for upwards regulation. Thereby, storage capacity will be released and the ability to store 
surplus PV electricity will increase. However, the amount of sold electricity is 
significantly higher in case 5 than in case 3 and 4. This is caused by the charging strategy 
that charges the battery when the SOC is less than 0.5. Thus, the battery will be more 
likely to be completely charged when the PV system produces electricity. Thereby, the 
amount of sold electricity will increase the more the charging strategy is activated. 

4.1.3 Up- and downwards regulation volumes 

The amount of up- and downwards FCR-N regulation volumes during the first year of 
operation are shown in Figure 16 and Figure 18 respectively. Furthermore, the total up- 
and downwards regulation volumes for the different cases during the first year of 
operation are shown in Figure 17 and Figure 19 respectively. 
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Figure 16. Upwards regulation volume of FCR-N during the first year of operation, 
plotted on monthly basis. 

From Figure 16 and Figure 18 one can see that the up- and downwards regulation curves 
of case 3 follow the trend of the annual PV electricity production. This can also be seen 
for case 4 during the summer season. This is a consequence of the properties of FCR-N 
service. Since the resource of FCR-N has to be able to regulate with the same magnitude 
both up- and downwards, the battery needs to be charged to be available for FCR-N. If 
the upwards regulation capacity is non-existent, so will the downwards regulation 
capacity be. The only way for the battery to be charged in case 3 is when the PV electricity 
production is higher than the electricity consumption, which occurs more often during the 
summer season than in the winter season. 
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Figure 17. The total amount of upwards FCR-N regulation volume during the first year 
of operation. 

It can be seen from Figure 17 that a charging strategy increases the amount of upwards 
regulation volume significantly. The more the charging strategy is working, the higher 
the regulation volume will be. 

 

Figure 18. Downwards regulation volume of FCR-N during the first year of operation, 
plotted on monthly basis. 
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Furthermore, one can discern a reduction in regulation volume for case 5 from May until 
August both in Figure 16 and Figure 18. This is caused by the high PV electricity 
production. As already mentioned in the paragraph above, the FCR-N resource has to be 
able to regulate with the same magnitude both up- and downwards. If the PV electricity 
production becomes so high that it together with the charging strategy keeps the battery 
fully charged, the battery will not be available for FCR-N. Thus, the upwards regulation 
capacity decreases. However, one can see from Figure 16 as well as from Figure 18 that 
a charging strategy is suitable especially during the winter season. Without a charging 
strategy, the battery will not be able to offer a substantial amount of FCR-N during the 
winter. 

 

Figure 19. The total amount of downwards FCR-N regulation volume during the first 
year of operation. 
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regulation volume shown in Figure 19 is significantly higher in case 4 and 5 compared to 
case 3. This should be seen as a consequence of the charging strategy that charges the 
battery so that it can offer larger volumes of FCR-N. However, an important difference 
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upwards. 
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4.2 Economic potential 

4.2.1 Gross return for all cases 

In Figure 20, the gross return for the different cases is shown on a monthly basis for the 
first year of operation. In Figure 21, the sum of the gross returns for the different cases 
during the first year of operation is shown. 

 

Figure 20. Gross return for the different cases plotted on a monthly basis during the 
first year of operation. 

From Figure 20 it can be seen that the gross return is higher during the summer compared 
to the winter for all five cases. This is due to the high PV electricity production in Sweden 
during the summer season. Furthermore, the curves for case 1, 2 and 3 follow the trend 
curve of the annual PV electricity production shown in Figure 10. However, case 3 has a 
significantly higher peak value than case 1 and 2 and from April until September, when 
the relative difference between case 3 and case 1 and 2 increases. This can be explained 
by the properties of the FCR-N service which states that the FCR-N resource has to 
regulate with the same magnitude both up- and downwards. A high PV electricity 
production will lead to a charged battery that can offer FCR-N, thus the gross revenues 
increase in the FCR-N cases during the summer. 

It can also be seen from a comparison between Figure 16, Figure 18 and Figure 20 that 
the more FCR-N that is activated, the higher the revenues will be. This is exceptionally 
obvious in case 5. From Figure 20 it also becomes clear that the gross return will be higher 
if the system is used for the ancillary service FCR-N compared to when it is designed to 
store surplus PV electricity only. 
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Figure 21. Total gross return for the different cases during the first year of operation. 

Figure 21 shows that the total gross return from the system increases radically if the 
battery is used for FCR-N as an ancillary service. If the battery is used to store surplus 
electricity and regulate the grid through FCR-N with the charging strategy (case 5), the 
gross return will be about three times higher than if the battery is designed to store surplus 
PV electricity only (case 2). Even when the battery is used for FCR-N but does not have 
a charging strategy (case 3), the gross return will increase significantly. 

4.2.2 Net return of the battery storage 

The net return of the battery storage is defined as the difference in return between case 1 
and all other cases, see Eq. (21). The net return gives a value of how much money a 
battery storage will be contributing with to the financing of the investment. In Figure 22, 
the net return for case 2 to 5 are plotted on a monthly basis during the first year of 
operation. These monthly data are summed up in Figure 23. 
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Figure 22. Net return of the battery system for the different cases plotted on a monthly 
basis during the first year of operation. 

Figure 22 shows about the same as Figure 20 but since the y-axis represents the net return 
value, it is easier to see what a battery storage with different application areas will 
contribute with to the investment. First and foremost, what can be seen in Figure 22 is 
that the net return form case 2 is really low during the entire year. Especially during the 
winter season, the net income from the battery system is so low that it can almost be 
considered as zero. This is due to the low solar irradiation in Sweden during the winter 
season as well as the cold climate. When the climate is cold, much more electricity will 
be needed to heat up the house. Thus, the PV electricity production has to be high during 
the winter if the battery will have a chance to be utilized. However, the case is the opposite 
in Sweden. Seen over a year, the electricity demand for heating and the PV electricity 
production is almost perfect negatively correlated with each other, which can be seen in 
Figure 10. This is the reason why the battery storage has such a low level of utilization 
during the winter. This is also why the net return for case 2 is so low during the beginning 
and the end of the year. However, the low values of net return during the summer for case 
2 might also depend on the small difference between selling and buying price of 
electricity in Sweden. 

An interesting observation that can be seen from Figure 22 is that the net return increases 
radically when the FCR-N service is activated, even without the charging strategy. This 
is especially obvious during the summer period when the peak value of case 3 reaches 
values multiple times higher than case 2. This shows that the net return can be increased 
significantly for a PV and battery investment if the battery is used for FCR-N as ancillary 
service. 
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It can also be seen from Figure 22 that the net return is almost negligible during the winter 
season if the battery is neither used for FCR-N nor having a charging strategy activated. 
Thus, the easiest way to radically increase the net return would be to offer FCR-N during 
the winter season with the charging strategy activated. However, from the curve of case 
5 one can see that the monthly net return reaches its highest values during the autumn. 
This is most likely due to a combination of moderate solar irradiation and relatively mild 
weather. This means that the electricity consumption for heating is relatively low during 
the day, and thus excess PV electricity can be stored in the batteries for use in the evening 
and night. 

 

Figure 23. Total net return of the battery system for the different cases during the first 
year of operation. 

Figure 23 shows the difference in terms of net return between case 1 and case 2 to 5. From 
the figure, one can see that the net return from a battery designed to only store surplus 
electricity is low, just about €29 per year. For case 3, 4 and 5 the ancillary service FCR-
N increases the net return radically. For case 3, the net return is about five times higher 
than the net return for case 2. However, the net return increases even more if a charging 
strategy is applied. Figure 23 highlights the unprofitability of the studied system of having 
a battery storage to only store surplus PV electricity. It also shows clearly that there is a 
huge economic potential by using the PV connected battery to not just store PV electricity, 
but to be used for FCR-N. In the extreme cases, with on the one hand no FCR-N service 
and on the other hand FCR-N service with the charging strategy activated during the 
whole year, a difference of factor 36 with respect to annual net return can be discerned. 
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4.2.3 Cumulative and total return 

In Figure 24, the cumulative net return for case 2 to 5 is shown as functions of time. The 
discount rate has been assumed to be 5%. Furthermore, Figure 25 shows the sum of the 
net return values during a time period of 15 years. The cumulative net return assuming a 
discount rate of 0% can be seen in Appendix C. The annual gross and net return values 
assuming a discount rate of 0% can be seen in Appendix D and Appendix E, respectively. 

 

Figure 24. The cumulative net return for the battery system for the different cases. The 
data are plotted for the entire life-span of 15 years. The discount rate has been set to 

5%. 

From Figure 24 one can see the small net return from case 2. However, both case 3, 4 and 
especially case 5 stands out with respect to net income. From this figure, it becomes 
obvious that the FCR-N service constitutes a huge financial potential for PV connected 
batteries. Obviously, a higher annual net return will affect the profitability of the 
investment. 
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Figure 25. Total net return for the different cases during the entire life-span of 15 years. 
The discount rate has been set to 5%. 

In Figure 25, the total net return values are shown for the four different cases during the 
battery’s life-span of 15 years. As one can see from the figure, case 2 has a drastically 
lower net return value compared to case 3, 4 and 5. Between case 2 and case 5, there is a 
difference of a factor 36. As a consequence of this, the profitability of the battery 
investment increases radically when the battery is used for the ancillary service FCR-N. 
The total net returns shown in Figure 25 are used in the next chapter where the 
profitability is presented. 

4.2.4 Battery price for investment profitability 

Assuming a discount rate of 5% for the annual return, the maximum battery prices for 
which the investment in battery storages are economic profitable are shown in Table 4. 
The prices are calculated both with and without the investment aid of 60%. 
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Table 4. Maximum battery prices for case 2 to 5 for which the investment in a battery 
storage is economic profitable. 

 Case 2 Case 3 Case 4 Case 5 

Battery price without 
investment aid (VAT 
included) [€/kWh] 

53 275 802 1 923 

Battery price without 
investment aid (VAT 
excluded) [€/kWh] 

42 220 642 1 538 

Battery price with 60% 
investment aid (VAT 
included) [€/kWh] 

132 686 2 005 4 807 

Battery price with 60% 
investment aid (VAT 
excluded) [€/kWh] 

106 549 1 604 3 845 

 

Excluding VAT and investment aid, the maximum battery price accepted to reach 
economical profitability in case 2 is €42 per kWh. From the battery pricing prognoses 
shown in Figure 6, one can see that the prognosticated battery price will never reach such 
low levels until 2030. Neither will the battery price decrease to €106 per kWh until 2030. 
Thus, for the given system designed stated in chapter 3.1.1 and the battery price prognosis 
given in Figure 6, profitability of a battery will not be reached until 2030 either with or 
without the investment aid as long the battery only stores surplus PV electricity. 

However, in case 3 when the battery is used to store PV electricity and to regulate the 
grid though FCR-N, the maximum battery price accepted to make the battery investment 
economic profitable is €220 and €549 per kWh respectively (VAT excluded). Thus, 
without the investment aid and according to Figure 6, the battery price passed the limit to 
be economic profitable in 2016. Moreover, the battery investment with investment aid 
became economical profitable as early as in 2013. With the battery prices of 2018, case 3 
would be economic profitable. 

Furthermore, in case 4 when the amount of regulation volumes is higher than in case 2, 
the maximum battery prices to reach economic profitability are €642 and €1,604 per kWh 
(VAT excluded). According to the battery price data given in Figure 6, these battery 
prices were reached as early as in 2009 and 2006 respectively. Hence, with the battery 
prices of 2018, case 4 would be economic profitable. 

For the specifications given in case 5, the maximum battery prices allowed to reach 
economic profitability are €1,538 per kWh without the investment aid and €3,845 per 
kWh with the investment aid (VAT excluded). Thus, a battery storage without investment 
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aid would be economic profitable with the battery prices of 2007. With the investment 
aid, the battery has even higher economic profitability with the battery prices of 2007. 
Thus, with the battery prices of 2018, case 5 should be considered as having a good 
profitability. 

4.3 Sensitivity analysis 

4.3.1 Payback time, PV and battery system 

From Figure 26 it can be seen how the payback time for a PV and battery system as a 
whole, depends on the battery price and the investment’s discount rate. For the cases 
shown in Figure 26, a PV investment aid of 30% has been included. As a reference, the 
payback time for case 1 with a discount rate of 0% is 24 years without PV investment aid 
and 17 years with PV investment aid. The PV investment aid has been applied since it is 
commonly utilized by Swedish PV investors. The battery investment aid has not been 
included since it is expected to change as a consequence of an immature PV-battery 
market. 

For case 2, the most important parameter with respect to payback time is the discount rate 
since the payback time increases faster and faster with an increasing discount rate. With 
the estimated battery price of 2018, which is about €570 per kWh (VAT excluded), the 
payback time for the system specified in chapter 3.1.1 will be 24 years or more depending 
on the discount rate. 

Furthermore, from Figure 26 it can be seen that the importance of the discount rate has 
decreased in case 3 relatively to case 2. With the estimated battery price of 2018, the 
payback time for the designed system specified in chapter 3.1.1 will be about 19 years or 
more depending on the discount rate. This is a reduction in payback time with 5 years 
compared to case 2. However, the payback time for case 3 is not as sensitive as case 2, 
neither with respect to battery price nor discount rate. 
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Figure 26. Sensitivity analysis showing how the payback time for the PV and battery 
system, measured in years, depends on the battery price and discount rate for case 2 to 

5. A PV investment aid of 30% has been included. The battery price on the y-axes 
excludes VAT. 

According to Figure 26, it can be seen that the importance of the battery price and discount 
rate have decreased even more in case 4 compared to case 2 and 3 with respect to payback 
time. With the estimated battery price of 2018, the payback time for case 4 will be 13 
years or more depending on the discount rate. However, the payback time will increase 
marginally with an increased discount rate. 

It can be seen from Figure 26 that case 5 has the shortest payback time. Also, case 5 is 
the least sensitive scenario with respect to payback time for changes in battery price as 
well as discount rate. Furthermore, the importance of the discount rate has decreased even 
more compared to case 4. With the estimated battery price of 2018, the payback time for 
the system will be 8 years or more, depending on the discount rate. However, the payback 
time will increase just 3 years if the discount rate rises from 0% to 6%. 

4.3.2 Payback time, battery storage 

The payback time for the battery alone has been calculated based on the initial investment 
cost as well as the annual added value for the battery. It can be seen from Figure 27 that 
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the battery storage in case 2, with the estimated battery price of 2018, will not be 
economic profitable for any choice of discount rate. For case 3, it can be seen in Figure 
27 that the battery has a higher economic profitability than case 2. However, since the 
payback time with the estimated battery price of 2018, €570 per kWh (VAT excluded) is 
27 years or more, the payback time exceeds the technical life length of the battery. Thus, 
the battery in case 3 is not economic profitable without the investment aid. 

However, if the battery investment aid of 60% is utilized, the battery cost will be €228 
per kWh. With a discount rate of maximum 3.8%, the payback time will be shorter than 
the technical life length. Then, case 3 will be economic profitable. 

 

Figure 27. Sensitivity analysis showing how the payback time for the battery storage, 
measured in years, depends on the battery price and discount rate for case 2 to 5. The 

battery price on the y-axes excludes VAT. 

As shown in Figure 27, the payback times for case 4 and 5 with the estimated battery 
price of 2018 are 9-14 years and 4-5 respectively, depending on the discount rate. Since 
the technical life length of the battery is assumed to be 15 years and therefore higher than 
the payback time, the battery investment is economic profitable in case 4 and 5. 
Furthermore, the profitability is significantly higher in case 5 than in case 4. This is due 
to the higher amount of regulating volumes. Furthermore, the importance of the discount 
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rate with respect to payback time can be considered as negligible in case 5 due to the short 
payback time.  
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5. Discussion 
In the following section, the results are further discussed along with the sensitivity 
analysis. Firstly, the technical potential is discussed with respect to bought and sold 
electricity as well as up- and downwards regulation volumes. Secondly, the economic 
potential is discussed with respect to the income from the system and the profitability 
with different battery prices. Also, the relation between payback time, discount rate and 
battery price are discussed. Lastly, proposals for future studies are carried out. 

5.1 Technical potential 

Not surprisingly, the amount of bought electricity decreases if a battery is connected to a 
PV system. However, the volume of bought electricity increases with an increased 
regulation volume of FCR-N. In a potential future scenario with a lot of PV systems 
connected to the grid, the PV electricity production will peak during the summer season. 
Since the demand for electricity decreases during summer seasons, partially as a 
consequence of lower heating demand in buildings, this will lead to an increased 
mismatch between electricity consumption and production. By installing batteries 
offering FCR-N in connection with PV systems, the demand for electricity will increase 
during the summer season. Thus, the mismatch between consumption and production will 
decrease which may lead to benefits for the electricity grid. 

A similar relation as mentioned above exists between the volume of sold electricity and 
regulation volumes. A battery that regulates the grid without a charging strategy will 
decrease the amount of sold electricity significantly compared to a battery designed to 
store surplus PV electricity only. In a future scenario with a high penetration of distributed 
PV systems, the high PV electricity production will cause challenges for the electricity 
grid. If distributed battery storages offering FCR-N would be implemented, the net 
production from a household would decrease considerably on a monthly basis. This may 
lead to benefits for the electricity grid in terms of lower risk for overvoltage and rising 
frequency. Though, the regulation capacity will decrease slightly over time as a 
consequence of the battery degradation, see Appendix D and Appendix E. 

However, the calculations and simulations performed in this study are idealised in many 
ways. For instance, it is likely to assume that a battery used for FCR-N will be degraded 
faster than a battery used to store surplus PV electricity only, as a consequence of more 
charge and discharge cycles. In Appendix F, the state of charge for the batteries in the 
different cases is shown. Furthermore, in Appendix G the annual throughput data of the 
batteries in case 2 to 5 are shown. Taking these data into consideration, it is reasonable to 
assume that the battery used in case 5 will reach the end of its technical life time before 
the battery in case 2. Thus, the specific values in this study with respect to technical 
potential should be viewed with this in mind. Anyhow, the trends should be considered 
as valid. 
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5.2 Economic potential 

The relative difference with respect to the monthly return between having a battery 
connected to a PV system or not could be considered as marginal, as long as the battery 
only stores surplus PV electricity. However, regulation through FCR-N offers a 
substantial economic potential for the investor of the system, both with and without the 
charging strategy proposed in this study. In all the investigated cases, a battery storage 
increases the monthly return every month throughout the year. Especially, the return for 
a battery system without a charging strategy becomes higher during the summer. For a 
battery system with a charging strategy, the net return reaches its highest values during 
the autumn. 

Moreover, if the penetration of distributed PV connected batteries offering FCR-N would 
increase, this would presumably lead to a change in regulation demand and thus 
regulation prices. How this would affect the FCR-N regulation market is difficult to 
predict. However, the economic compensation for FCR-N would most likely decrease as 
a consequence of the fundamental relationship between supply and demand. 

The maximum battery price for which the investment is economic profitable vary largely 
from case to case. A PV connected battery system designed to store surplus PV electricity 
only, needs a battery price of about €42 per kWh (VAT and investment aid excluded) to 
be economic profitable. However, a PV connected battery system offering the ancillary 
service FCR-N according to the specifications in case 3, will be economic profitable if 
the battery price is no higher than €220 per kWh (VAT and investment aid excluded). In 
the extreme case when the battery is used during the whole year to store surplus PV 
electricity and to regulate the grid through FCR-N with charging strategy activated, the 
battery price can be as high as €1,538 per kWh in order to reach profitability. Thus, there 
is a difference of factor 37 between case 2 and 5 with respect to the maximum battery 
price. Between case 3 and 5, there is a difference of factor 7. 

The more the battery is used for the ancillary service FCR-N, the higher the economic 
robustness is. The investment’s payback time in case 5 is less sensitive for changes in 
terms of battery price and discount rate than case 4 is. Moreover, case 4 is less sensitive 
than case 3, and case 3 is less sensitive than case 2. Hence, it can be said that the payback 
time decreases significantly if the battery is used for FCR-N. The same trend, but with 
respect to the battery investment alone can be discerned. 

Furthermore, the battery in case 2 will not reach economic profitability with the technical 
and financial parameters used in this study. However, case 3 will be economic profitable 
if the investment aid of 60% and a discount rate of maximum 3.8% is applied. Case 4 and 
5 will be economic profitable with the estimated battery price of 2018, for discount rates 
of at least 6% or lower. 

However, the minimum bidding size for FCR-N on today’s market is 0.1 MW. Thus, it is 
not reasonable for a single household alone to offer that amount of regulation power. A 
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solution for this could be an aggregator, aggregating the storage capacity for several 
households’ battery systems. Thereby, the aggregator could be responsible for the 
administrative tasks related to the FCR-N service, for example to do real time 
measurements and to keep in contact with Svenska kraftnät. Most likely, this will 
constitute a cost for the PV-battery system owner. Thus, the required return from the 
system has to be slightly higher than this study has shown in order for the system to 
compensate for the cost of an aggregator. 

The most realistic point of view is that the financial results, in practice, will end up 
somewhere between the economic results of case 3 and case 5 if the frequency regulation 
technique would be implemented in reality. However, even though the net return would 
not be higher than the net return of case 3, the investment has been shown to be economic 
profitable with today’s battery and regulation prices. Furthermore, the payback time has 
been shown to be shortened significantly for the entire PV and battery system if FCR-N 
is offered by the battery. 

According to the price prognoses presented in this report, the electricity price is expected 
to increase significantly during the forthcoming years. Hence, the financial attractiveness 
of PV connected battery storages may be improved. Therefore, the economic profitability 
of a PV connected battery system, with or without ancillary services can be expected to 
increase. 

Due to the lack of the research in the field of PV connected battery storages as resources 
for primary frequency regulation, it has not been possible to compare the results with 
other studies. 

5.3 Proposal for future studies 

A proposal for future studies would be to investigate more in detail how distributed 
batteries offering FCR-N affect the electricity grid. The importance of simulations with 
respect to frequency controlling and voltage regulation on local, regional and national 
level could be emphasized. Moreover, a profound investigation of the technical artefacts 
needed to make it possible for prosumers to offer FCR-N as well as simulations with 
higher time resolution than one hour would be fruitful to perform.  
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6. Conclusions 
This study shows a strong techno-economic potential on a household level for PV 
connected batteries offering FCR-N. If the battery is used for the ancillary service FCR-
N, the amount of bought electricity for a normal household will increase during the 
summer season compared to a battery that is not used for FCR-N. This will lead to a better 
seasonal consumption pattern with respect to the PV production and thus benefits for the 
electricity grid. One of these benefits is a lower risk for frequency deviations. 

Furthermore, the volume of sold electricity from a household prosumer will decrease 
significantly, especially during the summer if the PV connected battery is used for the 
ancillary service FCR-N. In conformity with the benefit stated above, this change will 
also lead to a lower risk for frequency deviations. 

If the battery is used for the ancillary service FCR-N, the annual income will be about 5 
to 36 times higher than if the battery is used to store surplus PV electricity only. However, 
the annual income depends on the amount of regulation volume. 

If the PV connected battery is used for FCR-N, the maximum battery price allowed to 
make the investment economic profitable will be about €220-1,538 per kWh (excluding 
VAT and investment aid). The price depends on how much the battery is used for FCR-
N. The more the battery is used for FCR-N, the higher the maximum battery price will 
be. With the battery prices of 2018, an investment in a PV connected battery storage is 
economic profitable if the battery is used for FCR-N in line with case 4 or 5. However, if 
maximum investment aid of 60% is applied, case 3 is barely economic profitable. 

If the battery is used for the ancillary service FCR-N, the payback time for the entire PV 
and battery system will be shortened significantly. With the estimated battery price of 
2018 and a discount rate of 2%, the payback time will go from 32 years without FCR-N 
to 9-24 years with FCR-N. The payback time will be shorter the more the battery is used 
for FCR-N. 

Lastly, if the battery is used for the ancillary service FCR-N in line with the cases stated 
in this study, the payback time for the battery alone will be shortened significantly. With 
a discount rate of 5%, the payback time can decrease from over 100 years to 4 years.  
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Appendix A 
In Figure 28, a schematic flowchart representing the calculation algorithms used in this 
study. Furthermore, the figure shows how the algorithms for the five different cases are 
linked to each other. 

 

Figure 28. Schematic flowchart representing the self-produced Matlab programs for the 
five different cases described in chapter 3.4, and how they are linked together. 
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Appendix B 
The annual PV electricity production as well as annual electricity consumption plotted on 
an hourly basis are shown in Figure 29. The production and consumption follow the 
specifications stated in chapter 3.4.1 and 3.4.2, respectively. 

 

Figure 29. Annual PV electricity production as well as annual electricity consumption 
for a system designed according to the specifications in chapter 3.1.1. The data is given 

on an hourly basis. 
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Appendix C 
In Figure 30, the cumulative net return for case 2 to 5 are shown as functions of time 
(VAT included). The discount rate has been assumed to be 0%. Furthermore, Figure 31 
shows the sum of the net return values during a time period of 15 years. 

 

Figure 30. The cumulative net return for the different cases plotted for the entire life-
span of 15 years. The discount rate has been set to 0%. 
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Figure 31. Total net return for the different cases during the entire life-span of 15 years. 
The discount rate has been set to 0%.  
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Appendix D 
The annual gross income from the systems labelled case 1-5, assuming a discount rate 
of 0 percent is shown in Table 5 (VAT included). 

Table 5. The annual gross income from the investigated systems (VAT included). 

Time [year] Case 1 [€] Case 2 [€] Case 3 [€] Case 4 [€] Case 5 [€] 

1 426 455 572 892 1 482 

2 426 454 569 873 1 457 

3 426 454 567 859 1 434 

4 426 453 565 848 1 417 

5 426 452 563 832 1 395 

6 426 452 561 819 1 374 

7 426 451 558 805 1 349 

8 426 451 556 795 1 330 

9 426 450 554 785 1 311 

10 426 450 552 779 1 294 

11 426 449 550 767 1 266 

12 426 449 547 761 1 254 

13 426 448 545 750 1 235 

14 426 448 543 739 1 211 

15 426 447 540 729 1 195 

Total 6 390 6 763 8 342 12 033 20 004 
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Appendix E 
The annual net income from the systems labelled case 2-5 versus case 1, assuming a 
discount rate of 0 percent is shown in Table 6 (VAT included). In other words, the annual 
net income from adding a battery storage with different application areas. 

Table 6. The annual net income from the investigated cases (VAT included). 

Time [year] Case 2 [€] Case 3 [€] Case 4 [€] Case 5 [€] 

1 29 146 466 1 056 

2 28 143 447 1 031 

3 28 141 433 1 008 

4 27 139 422 991 

5 27 137 406 969 

6 26 135 393 948 

7 25 133 379 923 

8 25 130 369 904 

9 24 128 359 885 

10 24 126 353 868 

11 23 124 341 841 

12 23 122 335 828 

13 22 119 324 809 

14 22 117 313 785 

15 21 114 303 769 

Total 374 1 954 5 643 13 615 
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Appendix F 
The state of charge for the batteries in case 2, 3, 4 and 5 is shown in Figure 32, Figure 
33, Figure 34 and Figure 35, respectively. The graphs are plotted on hourly basis during 
the first year of operation. 

 

Figure 32. State of charge for the battery in case 2 during the first year of operation 
(mean value 0.1360). 

 

Figure 33. State of charge for the battery in case 3 during the first year of operation 
(mean value 0.0604). 
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Figure 34. State of charge for the battery in case 4 during the first year of operation 
(mean 0.2236). 

 

Figure 35. State of charge for the battery in case 5 during the first year of operation 
(mean value 0.5221). 
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Appendix G 
The annual throughput data of the batteries for case 2 to 5 are shown in Table 7. 

Table 7. The annual throughput data of the batteries in case 2 to 5. 

Time [year] Case 2 [MWh] Case 3 [MWh] Case 4 [MWh] Case 5 [MWh] 

1 0.65 0.88 4.4 8.5 

2 0.64 0.87 4.3 8.4 

3 0.63 0.86 4.2 8.2 

4 0.62 0.85 4.1 8.1 

5 0.61 0.85 4.1 8.0 

6 0.60 0.84 4.0 7.8 

7 0.59 0.83 3.9 7.7 

8 0.58 0.82 3.9 7.6 

9 0.57 0.81 3.8 7.5 

10 0.56 0.80 3.8 7.4 

11 0.55 0.79 3.8 7.3 

12 0.54 0.78 3.7 7.2 

13 0.53 0.77 3.7 7.1 

14 0.52 0.76 3.6 7.0 

15 0.51 0.75 3.6 6.8 

Total 8.70 12.3 58.8 114 

 


