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Abstract 
With global climate change as the main driver, there is an increase towards including more 
variable renewable energy (VRE) sources in the electricity mix. Energy production from utilizing 
the photovoltaic effect, or PV power, is increasing rapidly and is visioned to cover  
5 – 10 % of Sweden’s electricity demand in 2040. In addition to rooftop PV production, large-
scale PV production in the form of ground-mounted PV parks is gaining ground. A higher share 
of VRE in the power system creates new challenges as to uphold the power system stability. 
For a PV park owner, achieving a preferable economic outcome is also a challenge, as the 
variable electricity output may not match electricity demand. Therefore, combining a PV park 
with an energy storage, which can store the PV production energy, is seen as a favorable 
solution. This way, the variability of the electricity production can be reduced and the stored 
energy in the battery can be used for services benefitting both the PV park owner and the power 
grid. 

This study aims to explore the economic potential of combining a PV park with an energy 
storage. This is achieved by simulating a lithium-ion (Li-ion) battery storage combined with PV 
production modeled after a 3.5 MW PV park located in Fyrislund, Uppsala. Five cases with 
individually differing approaches are simulated, exploring how so-called service stacking can be 
applied with a battery. The investigated services included in the cases are 1) lowering the cost 
of connecting the PV park to the power grid, 2) lowering the cost of feeding in energy to the 
power grid, 3) increasing the revenue of selling electricity on the Nord Pool spot market, 4) 
increasing the revenue by performing energy arbitrage, 5) increasing the revenue by 
participating in the primary frequency regulating markets to help stabilize the 50 Hz grid 
frequency.  
 
The cases are evaluated by calculating the net present value (NPV) of the system over 10 years 
with an annual discount rate of 5 %. Battery capacities ranging from 0.1 MWh /0.1 MW to 8 
MWh/2 MW are tested. The system configuration achieving the highest NPV occurs when all 
services are performed, and a 0.13 MWh/0.1 MW battery is used. This NPV is also higher than 
the NPV when not including a battery in the system. Conclusions include that the spot price 
impacts the choice of battery capacity to a high extent and that the battery investment cost 
motivates using a smaller-sized battery. 
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Svensk populärvetenskaplig sammanfattning 
Solens instrålningsenergi är gratis för oss att utnyttja. Genom solcellsmoduler som 
utnyttjar den fotovoltaiska effekten kan vi omvandla instrålningen till elektricitet att 
använda i vårt samhälle. Dessa solcellsmoduler är vanligt förekommande på 
byggnadstak för att förse byggnader med egenproducerad el. Samtidigt följer svenska 
aktörer efter den globala trenden att bygga solcellsparker; parker stora som 
fotbollsplaner bestående av ihopkopplade solcellsmoduler. Genom att mata in genererad 
solel till elnätet kan solparker förse samhället med el, och på så sätt bidra till 
omställningen till förnybar energi. Genom att sälja genererad el kan solparker även vara 
en god investering för solparksägaren. Men solparkens samhällsnytta och ekonomiska 
lönsamhet är beroende av solinstrålningen. Solelsgenereringens intermittenta karaktär, 
där faktorer såsom tid på dygnet, väderförhållanden och årstid innebär att 
elproduktionen är svår att planera, både i tid och mängd. Produktionen är som störst 
under sommardagar och obefintlig när solen inte skiner. Detta kan påverka 
elförsörjningstryggheten i samhället och elnätets stabilitet, som bygger på att 
upprätthålla balansen mellan konsumtion och produktion av el. Att den största 
solproduktionen sker vid lunchtid och sammanfaller med när samhällets behov av el är 
som lägst och avtar till kvällens bestyr är en aktuell utmaning.  

För en solparksägare innebär solinstrålningens variabilitet även utmaningar när 
anslutningen till elnätet ska bestämmas, vilket begränsar vilken effektnivå el kan matas 
in på nätet med. Hur anslutningsnivån bestäms påverkas av den tariffstruktur som 
elnätsägaren satt upp för parkens geografiska område. Anslutningsnivån kan bestämmas 
genom en avvägning mellan lägre och billigare anslutningsnivå och möjligheten att sälja 
så mycket av producerad el som möjligt på en högre, men dyrare nivå. Utöver detta kan 
grundorsaken till solelens variabilitet adresseras. Genom att komplettera en solpark med 
ett energilager kan producerad energi lagras och säljas vid senare tillfälle. Detta ger i 
princip ett sätt att styra när el från solen ska matas in till elnätet, oberoende av när solen 
lyser. Utöver möjligheten att jämna ut elinmatningen över dygnet och på så sätt hålla 
nere anslutningsnivån, kan den nu mer styrbara energin användas för att öka intäkter för 
solparkägaren genom att låta batteriet utföra olika tjänster.  

Den här studien har ämnat undersöka den ekonomiska potentialen av att kombinera en 
solpark med ett batterilager. Med hjälp av simuleringar har olika batteristorlekar testats 
för att optimera parkens anslutningsnivå och samtidigt erbjuda andra typer av tjänster 
för solparksägaren och elnätet. Simuleringarna har utgått ifrån syntetisk 
solproduktionsdata som baseras på en verklig park i Fyrislund, Uppsala. Den 
ekonomiska potentialen har bestämts med hjälp av nettonuvärdesmetoden beräknat på 
10 år. Denna har tagit intäktsströmmar, utgifter och investeringar för batteri och 
elnätsanslutning av solparken i beaktande. För att avgöra lönsamheten av att 
implementera ett batteri har nettonuvärdet beräknats för fall både med och utan ett 



 
 

batteri. Endast om ett fall med batteri gav högre nettonuvärde än utan ansågs 
investeringen vara ekonomiskt intressant. I simuleringarna har batteriet använts för att 
lagra producerad solenergi, vilket möjliggjort en sänkning av anslutningsnivån. Vid 
lägre anslutningsnivåer skulle annars energin ha vaskats om timeffekten överstigit den 
maximala anslutningsnivån. Vidare har det utforskats hur batteriet genom tjänsten 
energiarbitrage kan bidra med att öka intäkterna av såld el. Detta görs genom att planera 
inmatningen av lagrad energi till elnätet när parkägaren får mest betalt för att sälja elen. 
Utöver detta har även fall testats där batteriet används för att delta på två av 
frekvensmarknader för elnätet, FCR-D och FCR-N, där batteriet bidrar med att reglera 
elnätets frekvens som alltid ska vara 50 Hz.  

Studien visar att det kan finnas ekonomisk potential att kombinera en solpark och ett 
batteri. Batterier testades med utvalda effekter inom spannet 0.1 – 2 MW och med olika 
C-tal lika med eller under 1. Det kan slutledas att de mest fördelaktiga ekonomiska 
resultaten uppnås med de minsta batterierna som testats. Batteriet 0.13 MWh/0.1 MW 
var det batteri som i studien gav högst ekonomiskt resultat i form av nettonuvärdet över 
10 år, och det i kombination med en anslutningsnivå av 80 % av parkens märkeffekt 
under sommarsäsong och 70 % under vintersäsong. Detta uppnåddes då batteriet 
användes som resurs på FCR-D-marknaden i kombination med andra 
kostnadsreducerande och inkomstökande tjänster. 

En slutsats som kan dras från studien är att batterier är dyra investeringar. Trots att 
simuleringar även genomfördes med predikterade framtida och lägre batteripriser är det 
fortfarande endast de minsta batterierna som kan betala av sig. Generellt kan det fastslås 
att det finns stor komplexitet i hur ett batteri kan användas; vilken batteristorlek, vilken 
kombination av tjänster och när och hur batteriet ska användas är frågor som denna 
studie har bekantat sig med, men på intet sätt funnit ett heltäckande svar på. Därför 
eftersöks vidare studier inom ämnet som även kan inkludera andra batteritjänster som 
inte beaktats i denna studie, likväl på ett djupare plan utreder de tekniska aspekterna för 
systemet. 
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1. Introduction 
There is a significant increase in renewable energy in the global electricity mix. The 
International Renewable Energy Agency (IRENA) states that in 2020, 80 % of the 
implemented electricity generating capacity was renewable (IRENA, 2021). In 2019, 
power generation from the solar photovoltaic effect (PV) was estimated to be 720 TWh 
globally. This is an increase of 22 % from 2018 and stands for 2.7 % of the global 
electricity production. The increase of solar PV is thus a fact, and China, the United 
States, and the European Union are expected to add about 125 GW of PV capacity each 
year between 2021 – 2025 (IEA, 2021a). For instance, in the European Union the 
addition of PV increased 98 % between 2018 and 2019, primarily driven by activity in 
Spain, Germany, and the Netherlands (IEA, 2021b).  

This trend can also be seen in the Nordic countries. In Sweden, the cumulative installed 
solar power capacity passed 700 MW in 2019 (Berard, et al., 2020). This equals 0.4 % 
of the generated electricity in 2019, which is an increase of 69.9 % from 2018 
(Energimyndigheten & SCB, 2020). Also, a vision stated by the Swedish Energy 
Agency is that 5 – 10 % of Sweden’s total electricity demand will come from solar 
power in 2040 (Berard, et al., 2020). 

Residential rooftop PV often comes to mind when talking about PV, and the main driver 
and business model of PV power today is to promote small-scale self-consumption 
(Berard, et al., 2020). Solelkommissionen describes a booming development in Sweden 
with more than 50 000 buildings equipped with rooftop PV (Lago, et al., 2021). 
However, the biggest net PV capacity addition globally in recent years was in the 
utility-scale segment, where PV parks are included (IEA, 2021a). The PV park segment 
is also an expanding market in Sweden and there is a growing investment interest 
(Berard, et al., 2020). This can be explained by the fact that the Swedish power system 
has good conditions for managing PV park installations and that the sun irradiation is 
sufficient to make PV parks economically interesting (Öhnell, 2021). The optimism 
about the expanding PV park segment can be summed up by Solelkommissionen asking 
the government to adopt a national goal including 30 TWh of PV parks (Lago, et al., 
2021). 

However, since PV is a variable renewable energy (VRE) source and the production 
varies over time due to weather conditions, so does the income from selling the 
electricity. This can question the economic feasibility of owning and operating a PV 
park. Also, the production variability may be a challenge for the power system operators 
when maintaining stability in the power grid (Wolf, et al., 2020). To allow a bigger 
share of VRE in the electricity mix, there is a need for developing system operations 
and business models to enable VRE integration (IRENA, 2019a). One way to meet this 
need, as well as potentially strengthen the economic case of PV parks, is to add an 
energy storage to the park. Distributed storage systems are identified as one of the key 
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enablers for PV systems (Berard, et al., 2020), and complementing PV parks with 
energy storage is an ongoing trend worldwide (IRENA, 2019a). Energy storages can 
store the surplus of PV production and reduce the variability of the power output by 
providing the ability to determine when to feed-in stored energy to the power grid. With 
a storage system such as a battery, multiple services can be provided to the PV park, 
resulting in revenue-improving and cost-reducing activities. For instance, PV 
production can be sold at a preferable time and subscription and grid connection costs 
can be managed with a battery (IRENA, 2019b). However, revenues from these services 
are generally hard to estimate since they are highly dependent on the battery operation 
strategy (Wolf, et al., 2020). Additionally, the cost of investing in a battery is significant 
and may outweigh the economic gain from performing services (Ahcin, et al., 2019). In 
a broader sense, an energy storage can bring socio-economic value as it can provide 
several services to the grid. Examples include distributing the daily PV production over 
time and help to balance the power grid by providing ancillary services (Wolf, et al., 
2020). 

In this study, the implementation of a battery storage combined with a PV park will be 
examined. On behalf of the smart energy solutions company Tvinn, and the PV park 
constructing company Helios Nordic, this study aims to target the question of how to 
make a battery investment economically feasible for a PV park owner. A multitude of 
combinations of battery capacities and services will be simulated together with PV 
production modeled based on an existing park in Fyrislund, Uppsala.  

1.1 Purpose and research questions 

The aim of this study is to explore the economic potential of combining a PV park with 
a battery storage. This is achieved by simulating a lithium-ion (Li-ion) battery storage 
combined with PV production modeled after a PV park located in Fyrislund, Uppsala. 
The investigated battery services are 1) lowering the cost of connecting the PV park to 
the power grid, 2) lowering the cost of feeding in energy to the power grid, 3) 
increasing the revenue of selling electricity on the Nord Pool spot market, 4) increasing 
the revenue by performing energy arbitrage, 5) increasing the revenue by participating 
in the primary frequency regulating markets. The study aims to address the following 
research questions:    

§ Considering grid connection and subscription costs, possible revenue-improving 
and cost-reducing services, as well as technical and economic aspects of the 
battery – what are the preconditions for the PV park and battery storage?   

§ What is the economic result achieved when adding a battery storage to the PV 
park to perform services, and is this an economic improvement compared to not 
including a battery storage? 

§ What impact do changes in the spot price, meteorological year and battery 
storage investment cost have on the economic result?    



3 
 

1.2 Delimitations and limitations of the study 

The study is delimited from how the system should be technically constructed, i.e., 
where and how a battery would be installed in relation to the PV park. No physical 
installations are therefore made or investigated, instead the system is simulated based on 
sourced data. The study is also delimited from addressing legal and regulatory issues 
that might impact the system, such as which market actor would operate the battery. 
 
Another delimitation is to not consider the electricity trading market actor that would 
buy and sell electricity to and from the PV park, and how this would function. Instead, 
electricity spot price data from Nord Pool is used as the price the electricity is sold for. 

The study’s scope is large since the number of potential setups of the studied system is 
practically limitless. The study is therefore limited in scope, meaning some parameters 
must be fixed, or limited in variation, to enable the analysis of the system. An important 
limitation is that sourced data is mainly available on an hourly resolution, limiting the 
simulation to be made in steps of hours. As the price indicating data is only available as 
hourly mean prices, intra-hourly variations are not addressed.    

2. Background 
This section aims to provide context for the study. Firstly, the two companies on which 
behalf the study is conducted are briefly introduced. Secondly, an overview of the 
Swedish power system and its challenges, especially connected to the need for ancillary 
services, is presented. Thirdly, the role and potential of batteries in the power system are 
introduced. Lastly, the concept of PV parks and how batteries and PV parks can be 
combined is presented.   

2.1 Tvinn and Helios Nordic 

Tvinn is a Swedish company focused on providing products and services to further the 
transition to a fossil-free society, reduce the need for expensive power grid expansions 
and deliver economic and environmental values by reducing the cost of energy and 
electric power. The company develops services such as data-driven energy charging 
schemes for electromobility and products and services within energy solutions. (Tvinn, 
n.d.)   

Helios Nordic is a Swedish company focusing on developing large-scale PV park 
projects in the Nordic countries. Helios Nordic handles site selection, environmental 
and grid connection approvals, park design and procurement, as well as financing in 
collaboration with long-term investors. (Helios Nordic, n.d.) 
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2.2 Context of the investigated system 

A PV park produces electricity which is fed into the power grid. A system of a PV park 
and a battery can be utilized in different ways, depending on which grid services it can 
provide and how the markets for these are designed. This section gives the necessary 
context in which the PV park is operated, with information about the design of the 
power system as well as potential services to target. 

2.2.1 Power system design and actors  

Etherden et. al (2020) describe the Swedish power grid as follows. The system consists 
of the transmission grid and the distribution grids. The former is owned and operated by 
the state-owned high voltage Transmission System Operator (TSO) Svenska kraftnät 
(SvK), and the latters are owned and operated by a multitude of Distribution System 
Operators (DSOs). In Sweden, the DSOs are divided into regional and local DSOs, 
operating on different voltage levels. The network is thus organized into three tiers, and 
subscriptions determine how much energy can be transmitted between the three system 
tiers (Etherden, et al., 2020). The same logic of regulating the energy flow applies to the 
PV park used for simulation in this study, which has a subscription to the grid operated 
by the local DSO Vattenfall Eldistribution (Näslund, 2021).     

In the Nordic and Baltic countries, electricity is traded on the common marketplace 
Nord Pool (Svenska kraftnät, 2016). Sweden is divided into four different electricity 
trading areas, from SE1 and SE2 in the north to SE3 and SE4 in the south. Because of 
physical constraints in the power system that affect the transmission capacity, the price 
of electricity can differ between the different areas (Svenska kraftnät, 2019a) and is 
generally higher further away from production, i.e., in the south where most energy is 
consumed (Konsumenternas Energimarknadsbyrå, 2021).  

A higher share of VRE in the system puts stress on the existing power system, with new 
power flows and challenges to uphold system stability and meet the electricity demand. 
In addition to this, there is a societal change towards electrifying both the transport and 
industry sector, as well as an intensified urbanization. These trends demand more 
transmission capacity from the power system than what is available today (Etherden, et 
al., 2020). Strengthening the transmission grid to meet demand takes time and might not 
be the only way to counteract the capacity deficiency (Svenska kraftnät, 2019b). Part of 
the solution is for SvK to encourage local flexibility markets where DSOs can trade 
with locally produced capacity (Svenska kraftnät, 2019b). In Sweden, flexibility 
markets have recently been implemented. They are Coordinet, Switch, and Sthlm flex. 
Coordinet is an EU-financed project of SvK in collaboration with Vattenfall 
Eldistribution and E.ON Energidistribution (Svenska kraftnät, 2020a). Switch is E.ONs 
flexibility market, supported by Coordinet (E.ON, 2021). The newest market is Sthlm 
flex, which is a research project in collaboration with SvK, Ellevio, and Vattenfall 
Eldistribution (Svenska kraftnät, 2021a). These markets are only in their demonstration 
phase and the results to date only reflect the tests of market functioning, not the result of 
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a mature market. Therefore, this study is delimited to solely consider revenue streams 
from the mature frequency regulating markets, which are part of the bigger concept 
ancillary services, presented next. 

2.2.2 Ancillary services 

The ancillary services procured by SvK are automatic and manual frequency restoration 
reserves (aFRR and mFRR), replacement reserves (RR), automatic load shedding, and 
frequency regulating services (FCR-D, FCR-N, and FFR) (Svenska kraftnät, 2019b). 
The focus of this thesis is frequency regulating services as Li-ion batteries are well 
suited for these services (Jansson, 2019), which means the other ancillary services will 
not be described in detail.  

The trend of a higher share of VRE in the power system is joined by the trend of closing 
nuclear power plants. This means that there is less inertia from synchronous generators 
present in the system, which in turn affect system frequency stability. The frequency in 
the power system is 50.0 Hz when production and consumption balance. The frequency 
drops if consumption outweighs production and vice versa. To maintain system 
frequency stability, SvK procures the frequency regulating services FCR-N, FCR-D and 
FFR. Since the market actors delivering FFR are a few big energy companies such as 
Vattenfall and Fortum (Svenska kraftnät, 2021b), and there is limited data available, this 
service will not be studied in this thesis. FCR-N and FCR-D are described in Table 1.    

Table 1. Specifications of the frequency regulating services FCR-N and FCR-D 
stated in Svenska kraftnät (2020b) and Svenska kraftnät (n.d. a). 

Frequency regulating 
service Purpose Remuneration model 

Frequency Containment 
Reserve Normal  

(FCR-N) 

Automatically stabilize 
frequency when 
production and 

consumption is slightly out 
of balance 

Procured capacity:  
Pay-as-bid, D-1, and D-2 

Activated energy: 
According to Nord Pool 

up/down regulating prices 

Frequency Containment 
Reserve Disturbance  

(FCR-D) 

Automatically stabilize 
frequency at system 

disturbance 

Procured capacity:  
Pay-as-bid, D-1, and D-2 

 
The frequency regulating services are activated when the frequency deviates from 50 
Hz. If the frequency drops, SvK upregulates and if the frequency increases, SvK 
downregulates (Svenska kraftnät, 2020c). This means that: 

§ FCR-N is activated if the frequency deviates from 50.0 Hz within the span of 
49.9 Hz to 50.1 Hz. This means that FCR-N can be used for both upregulation 
and downregulation. The activation endurance requirement is 60 minutes 
(Svenska kraftnät, n.d. b). 
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§ FCR-D is activated if the frequency deviates from 50.0 Hz below 49.9 Hz but 
above 49.5 Hz. This means that FCR-D is used for upregulation. The activation 
endurance requirement is 20 minutes (Svenska kraftnät, n.d. b). FCR-D for 
downregulation will be introduced in 2021/2022 and be activated within  
50.1 – 50.5 Hz (Svenska kraftnät, 2020d). As no data is available for FCR-D 
downregulation at the time of this study, this service is not included. 

Placing bids to participate in the FCR markets follows the process described in Figure 1. 
The FCR bidding process. A market actor (BSP1) places a bid on a market D-1 or D-2 
(one or two days ahead of service delivery). Bids are then procured by SvK with the 
pay-as-bid principle. The smallest accepted bid size is 0.1 MW (Thell, n.d.).  

If there is a need for frequency regulation due to frequency disturbances, the bid is 
activated (Svenska kraftnät, n.d. b). As stated in Table 1, procured capacity bids are 
remunerated on both FCR markets. Activated bids are only remunerated on the FCR-N 
market.   

 

Figure 1. The FCR bidding process. 

The rate of activation is discussed in a master thesis written by Lindgren (2019) on 
behalf of SvK. The author argues that the technical requirements to deliver frequency 
regulation might not reflect the need for activation since the actual need for activation is 
lower than the current endurance requirements reflect. If activation was better reflected 
in the technical requirements, it might make delivering services like FCR more 
attractive for market actors with smaller dimensioned resources (Lindgren, 2019).  

Looking ahead, the market for ancillary services is expected to grow, as a consequence 
of the aforementioned challenges for the power system. As can be seen in Figure 2, the 
total cost for SvK to procure ancillary services in 2021 is expected to be ca. 2000 
million SEK and increase to over 3000 million SEK in 2024. After 2024, the cost is 
expected to gradually subside. (Svenska kraftnät, 2021c) 

 
1 The market actors delivering balance services are called Balance Service Providers (BSP). The BSP role is 
formally introduced in November 2021 (Svenska kraftnät, 2019b). 

Placed bid Procured bid Activated bid
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Figure 2. Expected development for the ancillary service market (Svenska kraftnät, 
2021c). The left axis relates to the spot price. The figure is used with permission.  

There are two major reasons for market actors to deliver ancillary services: an 
additional source of income at a low cost, and a chance to be part of the shift to a bigger 
share of VRE in the power system (Svenska kraftnät, 2021c). SvK welcomes market 
actors with industrial production plants, energy storages, and demand flexibility2 to 
deliver ancillary services (Svenska kraftnät, 2021d). Lindgren (2019) points out that 
traditionally, hydropower has been the main source of frequency regulation services due 
to its short response time and flexibility. However, there is potential for technologies 
such as uninterrupted power supply with Li-ion batteries in server halls to deliver 
ancillary services (Lindgren, 2019). By utilizing a battery storage, the participation in 
the FCR-D and FCR-N markets will be explored in this study. 

2.3 Battery storages 

Energy storages in the form of batteries are implemented in the distribution grid 
worldwide (Berg, et al., 2021) and can be placed on different levels of the power 
system, such as in connection to an electricity production source or at a customer 
(Power Circle, 2020). Batteries can provide services to several stakeholders, for 
example to grid owners and different customers (Berg, et al., 2021). However, the value 
a battery brings depends on where it is placed and how it is utilized and optimized 
(Power Circle, 2020). In this section, background information and previous studies of 
how to utilize a battery storage in the grid are presented to highlight the complexity of 
realizing batteries in the power system. 

2.3.1 Batteries in the power system  

The use of battery storages can enable the use of VRE sources and increase the 
flexibility in the power system due to their capability to quickly charge, store and 

 
2 Demand flexibility means electricity demand is shifted in time. This can include shifting the demand of 
many electricity consumers (i.e., “aggregation”) (Svenska kraftnät, 2021d).  
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discharge energy to the grid (IRENA, 2019a). The Rocky Mountains Institute (2015) 
presents several services which an energy storage can provide to the grid, divided 
between three stakeholder groups. The stakeholder groups are power system operators, 
utilities, and customers. Services to customers can for instance be to increase PV self-
consumption and manage electricity bills. Services to system operators are for instance 
frequency regulation and voltage support, and a service offered to utilities is for instance 
transmission congestion relief. Services provided to system operators and utilities create 
economic value to the stakeholders and in extension to the battery owner (Fitzgerald, et 
al., 2015). To exemplify, batteries providing transmission congestion relief create 
economic value for TSOs when the service enables postponed or avoided traditional 
investments in the grid (Wolf, et al., 2020).  

Most of the utility-scale batteries worldwide are installed in Australia, Japan, the UK, 
Germany, and in some other European countries (Wolf, et al., 2020). For instance, the 
biggest Li-ion battery storage in the world, a 129 MWh/100 MW battery, was delivered 
by Tesla to a wind farm in South Australia. That battery is providing frequency 
regulation and contingency reserves to the grid (IRENA, 2019a).  

As stated in section 2.2.2, batteries can provide ancillary services to the grid, for 
instance, FCR. However, batteries can provide the services in different ways, alone or 
as a part of an aggregated resource. By connecting to an aggregator, smaller batteries 
can bid together as one resource on frequency markets. Aggregators have already 
received an important role in the energy system in many countries and in both Germany 
and UK, several aggregators are established (Wolf, et al., 2020). The sizing of the 
examined batteries in this study considers the market requirement of minimum capacity, 
thereby ensuring that the batteries can participate in the markets without aggregation.  
 
Batteries can also provide flexibility services on flexibility markets. There are several 
established flexibility markets in Norway, Germany, and the UK (Wolf, et al., 2020). As 
mentioned in 2.2.1, flexibility markets have been introduced in Sweden as well, but are 
not focused on in this thesis. Another way of providing battery capacity and flexibility 
to the grid is to sign a bilateral agreement between a battery owner and a grid company. 
By doing so, the battery owner is committed to making the battery available for the grid 
during an agreed time, to ease problems derived from capacity shortage (Wolf, et al., 
2020). However, accomplishing bilateral agreements is, according to Wolf et al. (2020), 
not without difficulty, especially with batteries with low energy and power ratings. 
Since some of the batteries investigated in this study are relatively small, bilateral 
agreements will not be considered in this study. 

Some challenges are worth noting connected to using batteries in the grid. Today, 
regulations and legislation can limit if and how a battery can be used for different 
services, and market solutions are not yet fully adapted to make room for batteries. 
Furthermore, grid companies face obstacles in the form of a lack of competence and 
knowledge. There are also questions regarding which actors will be approved ownership 
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of batteries. Overall, the markets for battery services have low liquidity and few actors 
involved today, and most of the ongoing battery projects today are R&D projects 
financed by the state or as innovation projects within companies. (Wolf, et al., 2020) 

2.3.2 Value and service stacking provided by batteries 

As this study aims to explore the economic potential of combining a PV park with a 
battery, it is important to define the meaning of economic potential. The valuation 
procedure differs in studies examining the potential value of implementing batteries in 
the grid. The value of the battery implementation is sometimes determined as the 
avoided cost of traditional grid investments or the socio-economic value it brings (Wolf, 
et al., 2020), or as an aggregated economic value for several actors who benefit from the 
battery (Berg, et al., 2021). In similarity to Berg et al. (2021), in this study, the value 
will be defined as the economic value of implementing and using the battery for 
creating additional revenue streams and cost reductions for a PV park owner.  

Which battery services that result in the highest revenues does not have a 
straightforward answer. Wolf et al. (2020) argue that in general, revenues from grid 
services are hard to estimate based on the dependency of economical parameters, 
battery operation strategy, and battery degradation. Also, Fitzgerald, et al. (2015) note 
that terms of the electricity market, regulatory variables, and requirements for 
participating in different grid service markets affect the battery operation and its 
potential value. This makes the result of studying a certain system highly case specific.  

The complexity of estimating the potential economic value of a battery storage is 
illustrated by the study conducted by Berg et al (2021), in which case studies of a 
football stadium with a PV power plant combined with a battery energy storage were 
examined. They present a techno-economic evaluation for the battery owners based on 
the different services; self-consumption maximization for the football stadium, feed-in 
limitation, energy arbitrage, and peak shaving. They conclude that the profitability of 
utilizing the battery is highly dependent on the chosen battery services and on battery 
degradation, which in turn depends on service and dispatch decisions. They note that the 
degradation and energy losses from participating on most of the markets result in higher 
costs than revenues from using the battery (Berg, et al., 2021).  

A major finding by Berg et al (2021), also highlighted in studies by Fitzgerald, et al. 
(2015) and Wolf et al. (2020), is that value or service stacking, i.e., to combine multiple 
battery services, increase the income compared to only utilizing the battery for a single 
service. This finding is the same in all these studies, even though their definition of 
economic value differs. According to Berg et al. (2021), a crucial reason why service 
stacking is profitable is the potential cost savings for grid tariffs. Also, Berg et al. 
(2021) state that to justify the investment of a battery, several actors need to gain 
economically from several services. At the same time, they note that using the battery 
for multiple services accelerates the degradation of the battery, but that the income from 
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service stacking has the potential to outweigh the costs of more frequent battery 
replacements (Berg, et al., 2021). 

Based on a meta-study on the topic, and by carrying out simulations of case studies in 
the US, Fitzgerald, et al. (2015) conclude that the generated value of the battery is 
related to the utilization rate of the battery. This can be done by combining primary and 
secondary services. In the simulations, Fitzgerald, et al. (2015) selected one service as 
the primary and stress that the service is generally only carried out during a short time 
of the battery’s lifetime. This could be 50 %, or as low as 1 % of its lifetime. This 
motivates investigating business models which combine different services that increase 
the utilization rate (Fitzgerald, et al., 2015). The same conclusion is drawn in the study 
by Wolf et al. (2020), who simulate the impact of local energy storages on frequency 
volatility in the Swedish power grid. In one case study, a battery was used for voltage 
regulation from November to February, and the authors stress that the utilization of the 
battery was only 5 % of its total capacity. They conclude that the low utilization opens 
for the battery to do other grid services during the rest of the time (Wolf, et al., 2020).  

However, the complexity of service stacking and the multitude of possible combinations 
and battery capacity sizings can be seen in the master thesis by Jonsson & 
Valdemarsson (2021). The thesis explores the economic potential of adding a battery 
rated 2 MW combined with rated energy storage of either 2, 4, or 8 MWh to the 
Fyrislund PV park in Uppsala. The authors conclude that it is hard to achieve an 
economically feasible result and that investing in batteries of these capacities is overall 
unprofitable. This result applies to cases that utilize service stacking and cases that do 
not. The difficulty of achieving a profitable result with combinations of services seemed 
to be derived from the uncertainty of when and to what level the battery is charged over 
time, and not having enough stored energy capacity for providing several services. 
However, the only case resulting in an economically interesting result is a combination 
of providing FFR and FCR-D services (Jonsson & Valdemarsson, 2021).  

The difficulty of achieving profitability in battery investment projects is also stated in 
the study by Ahcin et al. (2019). They have performed a techno-economic analysis on 
large-scale batteries in the Norwegian distribution grid to examine the value of different 
battery services. The study concludes that the price of large batteries generally is too 
high to achieve a feasible economic case. The results when participating in the FCR-N 
market are however relatively positive. Like the previously mentioned studies, the study 
examines different service stacking combinations, and points out that the services need 
to be both limited in time and well-combined with a schedule. Also, they stress that it is 
important to have the chosen combination in mind when dimensioning the battery, both 
energy- and power-wise (Ahcin, et al., 2019). 
 
Berg et al. (2021) also find that the technology of the battery has a major effect on 
profitability. This is also stated by Fitzgerald et al. (2015). They point out that the 
energy ratio affects what services the battery can provide based on minimum 
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requirements of the respective markets, for how long a service can be delivered, and the 
potential combinations of services (Fitzgerald, et al., 2015).  

2.3.3 Behind-the-meter (BTM) and in-front of the meter (FTM) 

Stationary batteries in the grid are often divided into two groups – behind-the-meter 
(BTM) and in-front of the meter (FTM) (IRENA, 2019a). BTM batteries are called 
small-scale battery storages and range from 3 kW to 5 MW. Batteries installed in 
combination with rooftop PV are usually BTM (IRENA, 2019b). BTM batteries are 
interconnected behind the utility meter of industrial and residential customers, 
contributing primarily to lowering electricity bills by providing demand-side 
management (IRENA, 2019a) and increasing self-consumption. BTM batteries can also 
benefit the grid by providing a way to manage the feeding in of electricity, as well as 
providing ancillary services (IRENA, 2019b). The usage of BTM batteries is increasing 
(IRENA, 2019a) and most of the batteries installed in the Swedish power system are 
owned by customers, and thus placed behind the meter (Wolf, et al., 2020).  

FTM batteries, on the other hand, are placed in front of the utility meter and directly 
connected to the grid or a generation asset. FTM batteries’ primary use is to provide 
services to the system operators, such as ancillary services. FTM batteries can also be 
referred to as large-scale or grid-scale battery storage, and utility-scale stationary battery 
storage systems. (IRENA, 2019a) 

To summarize, the difference between FTM and BTM batteries regarding both sizing 
and usage is not always clear and may differ between situations and references. There 
are also regulating issues connected to the utilization of BTM batteries (Berg, 2021), but 
regulating factors affecting battery implementation and operation are not a central 
aspect in this study. 

2.3.4 Lithium-ion batteries 

Batteries can be of different technologies. Examples include lead-acid and sodium-
sulphur batteries (Berg, et al., 2021). However, the most common and mature 
technology of today is Li-ion batteries, which stand for the biggest share of market 
growth during recent years (IRENA, 2019a).  

The ascendancy of Li-ion batteries on the market is derived from declining costs of the 
technology because of increased production. This is primarily due to the growing 
demand for electric vehicles (IRENA, 2019a). The research company BloombergNEF 
presents a rapid decrease in Li-ion battery costs during the last ten years (Henze, 2020). 
For instance, an annual battery price survey of BloombergNEF concludes that the prices 
decreased 89 % between 2010 and 2020 and 13 % between 2019 and 2020 (Henze, 
2020). Also, Berg et al. (2021) summarize several studies that present a rapid decrease 
in the cost of Li-ion batteries, and state that a further decrease is expected between 2020 
and 2035. However, the prospected decrease is uncertain and there are estimations of a 
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decline in cost between 16% and 33 % from the 2020’s cost. At the time of their study, 
Berg et al. (2021) summarize the current reported costs of a battery energy storage 
system investment and present a span of 400 – 1000 EUR/kWh. According to the 
annual battery price survey of BloombergNEF, the average investment cost in 2020 was 
137 USD/kWh for the battery cells and battery pack. BloombergNEF estimates a cost 
decline resulting in an average price of 100 USD/kWh by 2023 and 58 USD/kWh by 
2030 (Henze, 2020). It should also be noted that there may be a shortage of Li-ion 
batteries outside of the electric vehicle industry (Thyni, 2021), which may open up for 
other battery technologies when considering the applications investigated in this study.    

2.4 PV parks 

A PV park can be described as a ground-mounted, grid-connected solar cell system of at 
least 1 MWp with the purpose to sell electricity on the power grid. The PV effect makes 
it possible for solar cells to convert solar energy from irradiation to electric energy. By 
combining many solar modules, a PV park is formed. The expected lifetime of a park is 
25 – 30 years. (Birging & Lindberg, 2019)  

According to the National Survey Report of PV Power Applications in Sweden (Berard, 
et al., 2020),  5 % of the grid-connected PV market was made up of ground-mounted 
PV parks in 2019. In 2019, 283.93 MW PV power was installed, of which 6.65 MW 
was ground-mounted and utility-scale. However, the report also states that interest in 
and activity around PV parks is increasing, which means an expected increase in size 
and numbers of PV parks to come. At the time of the survey, 13 PV parks are 
commenced in Sweden, with more to follow and the survey sees a bright future for 
large, centralized PV parks. (Berard, et al., 2020) 

There are a few Swedish utility companies that have built centralized PV parks larger 
than 1 MWp, such as Mälarenergi, Varberg Energi, and Jämtkraft (Berard, et al., 2020). 
The currently biggest PV park in Sweden is built by housing company HSB, located 
outside of Strängnäs (Kesselfors, 2019), and has an installed power of 14 MW 
(EnergiEngagemang, n.d.). As previously mentioned, the PV park focused on in this 
study is located in the industrial area Fyrislund, Uppsala, owned by Vasakronan, and 
has an installed power of 3.5 MW (Jonsson & Valdemarsson, 2021). In other parts of 
the world, PV parks in the order of 100 or 1000 MW are not uncommon. For example, 
when the energy magazine Power Technology listed the largest installations in the 
world in 2020, all had a capacity above 500 MW. Of the top ten installations listed, four 
were placed in China (Power Technology, 2020).        

2.4.1 The economy of PV parks 

The average yearly PV yield is 900 kWh/kWp in Sweden and depends on solar 
irradiation (Berard, et al., 2020). In Uppsala, the yield can be estimated to 1006 
kWh/kW. Other factors affecting production are direction and tilt of the PV modules, 
module efficiency, module degradation, and system losses due to cabling, inverters, 



13 
 

snow, dirt, and shading of the modules (Blomqvist & Unger, 2018). PV parks in the 
Nordic countries also have specific challenges regarding low temperature and snowfall 
(Granlund, et al., 2020).         

As the PV production is generally sold at spot price, Berard et al. (2020) conclude that 
that profitability would only be reached with high spot prices, such as in 2018. This 
calls for innovative business models and subsidies to further the development of PV 
parks (Berard, et al., 2020). This conclusion is echoed by Blomqvist & Unger (2018), 
who state that Swedish large-scale ground-mounted PV parks can only be profitable 
when adding additional revenues such as “good-will” (Blomqvist & Unger, 2018, p. 45) 
or partnering with customers who can pay more for their energy, for example through 
bilateral agreements between customer and producer (Blomqvist & Unger, 2018). The 
utility companies mentioned in the National Survey Report of PV Power Applications 
in Sweden which have built centralized PV parks larger than 1 MWp have had to 
experiment with different business models and financial arrangements. These include 
share-owned parks, Power Purchase Agreements (PPAs), and direct offers to end 
consumers (Berard, et al., 2020). 

2.4.2 Combining batteries and PV installations 

Distributed storage systems are identified as one of the key enablers for PV systems 
(Berard, et al., 2020). According to IRENA (2019a), batteries can be used to store the 
surplus of PV production from locally distributed plants, such as rooftop PV. Storing 
the surplus enables utilizing stored energy when needed. By using a battery storage, the 
variability of the power output from the PV generation can be reduced. Using a battery 
can also result in increased revenues when stored energy that would otherwise have 
been curtailed is sold later (IRENA, 2019a). 

Since 2016, PV installation companies have installed a storage capacity of more than 
12 000 kWh in Sweden (Berard, et al., 2020). In a Finnish study (Breyer, et al., 2017) 
investigating a future where 16 % of the final electricity generation in Finland 2050 
would come from PV, energy storages in the form of batteries are argued to have a 
crucial role. The authors state that energy storage is necessary for an energy system 
where 50 % of the energy is generated from VRE. The authors point to Germany, where 
many PV systems are sold in combination with storage solutions such as batteries, and 
hope to see this development in Finland as well (Breyer, et al., 2017). A Swedish 
example that can be mentioned is an installation in Mölndal, where a battery is 
combined with roof-mounted PV to perform several services such as energy arbitrage, 
ancillary services, and grid cost reduction (Svensk Fastighetsutveckling, 2021). Another 
example is a battery combined with 255 kW roof-mounted PV at the Elmia fair in 
Jönköping. The 150 kWh/100 kW battery performs services such as lowering grid costs 
and providing ancillary services (Pohjonen, 2021).    

As is always the case, one must distinguish between the market for private persons and 
commercial actors. The development in Germany described above is most likely 
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applicable to private persons, and not large-scale ground-mounted PV parks. However, 
there are examples of PV parks combined with energy storage. A utility-scale study has 
been carried out by Antunes Campos et al. (2019), where the potential curtailment 
reduction of adding 100 MWh of second-life Li-ion batteries to a hybrid 95 MW wind 
and 60 MW PV power plant in Brazil was evaluated. Besides improving the system in 
terms of losses, the authors point to the fact that adding the battery includes benefits 
such as the ability to participate in ancillary markets and performing energy arbitrage 
(Antunes Campos, et al., 2019). This is echoed in a report from IRENA (2019a) 
highlighting that smoothening the variability of the output from a PV installation can 
result in the possibility to participate on different ancillary markets. This is made 
possible by the fact that the battery increases availability and certainty of delivering 
capacity during all hours of the day. For example, a PV park in Martinique will be 
complemented with an energy storage of 2 MWh, which will enable the feed-in 
generation to be predictable and constant. The feed-in level is thereby decreased to  
40 % of the rated power of the PV park (IRENA, 2019a).  

In sum, it is preferable to combine batteries with PV generation. The cost of electricity 
can be decreased by managing the power and energy demand if the battery is installed 
with a load, or the feed-in production if it is installed in a PV park. Overall, different 
subscription costs can be managed with the help of a battery, and it can also reduce 
costs related to the grid connection. (IRENA, 2019b)  

3. Method 
In this section, the method of the study is presented. After a summary of the method. 
key aspects regarding the economy of the system, the battery, and the frequency 
regulating markets are presented. Lastly, the simulated cases are introduced.    

3.1 Outline of method 

The aim of this study is to explore the economic potential of combining a PV park with 
a battery storage. A Li-ion battery storage combined with PV production modeled after 
the PV park located in Fyrislund, Uppsala was therefore simulated. To fulfill the aim 
different cases were simulated including different battery services. When the term 
“system” is used throughout the thesis, it includes both the PV park and battery, 
depending on if the case includes a battery or not. The services investigated are 
managing the cost of electricity and grid connection, energy arbitrage, as well as FCR-D 
and FCR-N.  

In addition to cases including a battery, cases without a battery were simulated to 
determine the value added by including a battery. To evaluate this value, the net present 
value (NPV) of the system operating over ten years was calculated. Depending on the 
battery services, adding a battery has the potential to both lower costs and increase 
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revenues. However, determining the battery dimensioning is a complex process since 
this is dependent on which services it should provide and when. This calls for testing 
different battery capacities in both rated power and energy. The aim is to find a sweet 
spot between lowering grid and electricity costs, and increasing service and spot income 
revenues, while not paying too much for the battery investment. Another factor included 
is to optimize the system according to its behavior during the summer and winter 
months, primarily due to the seasonally differing PV production. For each case 
including a battery, the battery capacity generating the highest NPV for the system in 
total is therefore deemed to be the optimal one.  

The software used for simulations in this study is Matlab. The general assumptions 
made in the simulations are: 

§ The simulated period is ten years, as in Berg et al. (2021).  
§ The yearly degradation of the PV park production is assumed to be 0.5 %, as in 

Berg et al. (2021). 
§ Summer months are April through October, see section 4.2. 
§ Winter months are November through March, see section 4.2. 
§ The simulation is evaluated in hourly steps. 
§ Regarding tariffs, no discrepancy is made between weekdays, holidays, and 

weekends. 

3.1.1 Deciding feed-in tariff and grid connection cost  

One of the cost-reducing measures in this study is to reduce costs connected to the 
system’s feed-in tariff and grid connection by lowering the allowed feed-in power level 
to the grid. This can be made both with and without a battery. The idea is to utilize the 
battery to enable this function as a service, as the battery can store energy that would 
otherwise have been wasted due to the lowered feed-in limit. One of the major concerns 
when estimating the system’s feed-in tariff and grid connection cost is deciding the 
general maximum power level allowed when feeding in electricity. Based on the 
production data obtained from Helios Nordic (see section 4.1) and assumptions made in 
Jonsson & Valdemarsson (2021), this is set to the installed power of the Fyrislund PV 
park, 3.5 MW. This feed-in level is used in the cases to scale both the maximum 
allowed power and the grid connection cost, see Table 2, which are two major cost 
parameters focused on in this study. 
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Table 2. Hourly maximum peak power and grid connection cost scaled with different 
feed-in level percentages. 

Allowed feed-in 
level [%] 

Allowed maximum hourly peak 
power [MW] 

Grid connection cost 
[SEK] 

100 3.5 1 050 000 
90 3.15 945 000 
80 2.8 840 000 
70 2.45 735 000 
60 2.1 630 000 
50 1.75 525 000 
40 1.4 420 000 
30 1.05 315 000 
20 0.7  210 000 
10 0.35 105 000 

 
The monthly maximum power sets the monthly power fee, see section 4.2, which at 
most is the allowed maximum power. The grid connection cost is considered a one-time 
investment cost. The reason for varying the allowed feed-in levels in the simulations 
was to investigate the assumption that lower feed-in levels, i.e., PV production 
curtailment, result in a cost reduction that always outweighs the potential income from 
no curtailment. The reason for varying the allowed feed-in levels with percentages as in 
Table 2, was to apply a general method to assess which feed-in level would be favorable 
for different cases. The optimal feed-in level might lie in between two percentages, but 
the presented method is deemed sufficient for this study.  

 

Figure 3. Yearly PV production with indicated levels of allowed feed-in power. 
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The data presented in Figure 3 is synthetically generated by Helios Nordic, see section 
4.1, since no actual production data is available from the Fyrislund PV park. The 
generated data never reaches 3.5 MW but has a maximum of ca. 3.41 MW. 

Figure 3 presents the trade-off between potential income and lower costs that sets the 
precondition for this study. More precisely, the trade-off will have to be made between 
allowing a higher feed-in level resulting in higher income, and oversizing the feed-in 
level in relation to the low number of hours with PV production reaching the feed-in 
level. To illustrate the concept, the PV production in June and December, respectively, 
are presented in Figure 4. 

 

Figure 4. PV production in June and December with indicated levels of allowed feed-in 
power. 

As can be seen in Figure 4, there are more hours in June where the feed-in power has 
reached 50 % of the feed-in limit than 80 % of the limit. The same holds for December, 
but on another percentage scale. When deciding the grid connection cost, it must be 
dimensioned based on the highest feed-in level allowed during the year. This makes it 
interesting to investigate where the best economic trade-off lies, and whether 
implementing a battery can improve the economic outcome.  

3.1.2 Economic assessment 

To make an economic assessment of the cases, the NPV was calculated based on a ten-
year period. The method is used in multiple studies, for instance in the previously 
mentioned studies by Ahcin et al. (2019) and Berg et al. (2021). Both studies used a 
period of ten years, based on an assumed lifetime of the battery systems in the 
respective studies. As this study bears resemblance to these studies, the same period of 
ten years is used when evaluating the NPV. The NPV method can be used to evaluate if 
an investment is favorable or not, depending on if the NPV is positive or negative. The 
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method is also useful to compare different investment alternatives, given the period is 
the same for all alternatives (UC, 2017). The 𝑁𝑃𝑉 in kSEK is calculated according to 

𝑁𝑃𝑉 = 	−𝐶! +	
𝐶"

(1 + 𝑟)" 	+ 	
𝐶#

(1 + 𝑟)# +⋯+	
𝐶$

(1 + 𝑟)$ (1) 

where 𝐶! is the investment cost, n is the evaluated period in years, r is the yearly 
discount rate, and 𝐶", . . . , 𝐶$ is the yearly cashflows during the period. The NPV method 
can include a residual value (Persson & Nilsson, 1999). In this study, the residual value 
would be the value of the battery after ten years. Due to uncertainties in price on the 
battery second-hand market, the residual value is conservatively set to zero and is 
therefore left out of the calculation.  

When evaluating the cases including a battery, the NPVs were compared to the NPV of 
a reference case without a battery. Cases generating a higher NPV than the reference 
case indicate a better economic outcome than the reference case. As the main focus of 
the economic assessment is to evaluate how a battery impacts the NPV, only costs and 
revenues affected by the battery are included in the assessment. In terms of investment 
costs, this means that only the grid connection cost and the battery cost are included.  
All other investment costs are assumed to be unaffected by the battery 
implementation, which excludes them from the NPV calculations. This is a 
simplification, but is deemed to not affect the possible conclusions, since it is the 
change in NPV when implementing a battery that is of interest, not the absolute value 
of the NPV. The cost of labor and maintenance is also assumed to be unchanged and 
thereby excluded in the NPV.       
  
Evaluating the system on a ten-year period means that the investment cost for the grid 
connection, presented in Table 2, has to be modified. The connection cost is assumed to 
be paid off during the economic lifetime of the PV park, which is 30 years (see section 
4.2). Therefore, an assumption in this thesis is that the economic outcome of the 
investigated system is only expected to carry a third of the connection investment cost. 
What happens after the simulated ten years is delimited from this study. 

The economic assessment takes into consideration: 

§ Investment cost in the form of grid connection cost, see section 4.2  
§ Feed-in tariffs and remunerations, see section 4.2 
§ Income for sold electricity at spot price, see section 4.4 
§ When applicable: 

o Battery investment cost, see section 4.3 
o Feed-out tariffs, see section 4.2 
o Cost for bought electricity at spot price, see section 4.4 
o Remuneration for FCR-N market participation, see section 4.4 
o Remuneration for FCR-D market participation, see section 4.4  
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The annual discount rate used by Helios Nordic is 5 % (Lundin, 2021a). This rate is also 
used in the NPV calculations. The yearly cash flow is the net income excluding the 
investment cost.  

When determining the NPV in the simulations, different feed-in limits were tested on a 
seasonal basis, see Table 2. Cashflows for all possible combinations of feed-in limits 
during the summer and winter months were calculated over ten years. The best 
combination of a winter feed-in limit and a summer feed-in limit was found by 
determining the combination generating the highest NPV. The investment cost, as 
previously mentioned in this section, was determined based on the highest seasonal 
feed-in limit as this set the cost for the grid connection.  

It is common to determine the cost of energy storage based on either the rated energy or 
rated power capacity, depending on the services the battery provides (Mayr & 
Beushausen, 2016). In this study, battery storages with different energy and power 
capacities are considered. Therefore, costs of both energy and power capacity are taken 
into account to capture how the energy and power ratings affect the investment cost. 
The cost of rated energy capacity is based on price estimates from Henze (2020). 
According to Rahm (2021), the cost of power capacity is comparable to the cost of 
inverter power electronics. See section 4.3 for estimated energy and power costs. The 
investment cost of the battery in SEK, 𝐼%, is thus calculated according to 

𝐼% = 	𝐸 ∙ (𝐶& + 𝐶' ∙ 𝐶𝑟)	 (2) 

where 𝐸 is the rated battery energy storage in kWh and 𝐶& is the battery investment cost 
in SEK/kWh based on the energy storage. 𝐶𝑟 is the C-rate describing the relation 
between the rated battery power and energy, and 𝐶' is the power cost in SEK/kW 
(Rahm, 2021).  

3.2 Battery  

The battery technology in this thesis is Li-ion, motivated by the fact that studies like 
Ahcin et al. (2019) and Berg et al. (2021) used this battery technology in their 
simulations, as well as the fact that Li-ion batteries stand for the biggest share of the 
battery market growth (IRENA, 2019a). Li-ion battery technology is therefore 
considered when deciding the investment cost.  

In this study, batteries of different capacities have been examined. The upper constraint 
for the power dimensioning is based on the rating of the bigger 2 MW transformer in 
the Fyrislund PV park (Näslund, 2021). The lower constraint for the power 
dimensioning is based on the lowest allowed bid size of 0.1 MW on the markets for 
FCR-D and FCR-N, see section 2.2.2. The rated battery power is related to the rated 
battery energy storage with the C-rate (Wolf, et al., 2020). The rated battery energy 
storage in kWh, 𝐸, is calculated according to 
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𝐸 = 	
𝑃
𝐶𝑟	 

(3) 

where 𝑃 is the rated battery power in kW, and 𝐶𝑟 is the C-rate describing the relation 
between the rated battery power and energy. The energy dimensioning of the batteries 
has been based on combining different C-rates and power dimensions. The considered 
combinations are presented in Table 3. 

Due to battery degradation caused by the cycling of the battery, it is not recommended 
to utilize the whole rated energy storage when charging and discharging the battery. In 
this study, one full cycle is defined as discharging all energy of a fully charged battery 
and fully recharging it again, as inspired by Lund (2017). The point to which the battery 
is discharged is called Depth of Discharge (DoD) (Ayuso, et al., 2020). The bigger the 
cycling the bigger stress on the battery. Therefore, a common practice is to limit the 
cycling space by limiting the available energy storage capacity. This can be achieved by 
setting a maximum and minimum allowed State of Charge (SoC). This assumption 
varies in different studies: Berg et al. (2021) set the maximum SoC to 95 % and the 
minimum SoC to 5 %, Holmsved (2020) limits minimum SoC to 10 %, Jansson (2019) 
models the minimum SoC as 17 % and maximum SoC as 83 %, and Ayuso et al. 
(2020), as well as Jonsson & Valdemarsson (2021), propose a minimum SoC of 10 % 
and a maximum SoC of 90 %. In this study, the maximum SoC is 90 % and the 
minimum SoC is 10 %, resulting in 80 % of the rated battery energy storage available 
for cycling. This net resulting energy storage capacity in kWh, 𝐸$(), of the battery is 
calculated according to 

𝐸$() = 	𝐸 ∙ (𝑆𝑜𝐶*+, −	𝑆𝑜𝐶*-$	)	 (4) 

where 𝐸 is the rated energy capacity in kWh, 𝑆𝑜𝐶*+, is the upper SoC limit of 90 %, 
and 𝑆𝑜𝐶*-$ is the lower SoC limit of 10 %. Another motivation for this procedure is to 
limit the impact of degradation on the available energy storage. Setting SoC margins 
leaves room for some degradation before affecting the energy storage meant for cycling. 
This is often referred to as “grace capacity”, especially when applied to electric vehicle 
batteries, where producers must guarantee a certain battery lifetime (Fares, 2020). 
Battery lifetime is often specified in the number of cycles at a certain DoD, which 
renders lifetime highly related to how the battery is cycled. As an example, Syri & 
Zakeri (2016) estimated the lifetime of Li-ion batteries to 1500 – 4500 cycles. It can 
thus be stated that both cycling and calendar aging impact the lifetime of the battery in 
terms of degradation (Ayuso, et al., 2020). The degradation affects both the energy and 
power capacity but as argued in Lund (2017), the energy degradation has the biggest 
impact on the battery, and the power degradation can be neglected for battery operation 
similar to the one in this study. Previously mentioned studies show a range of results 
and methods for estimating the degradation depending on how the battery is utilized, 
and there is no consensus in the field on how to estimate the degradation (Ayuso, et al., 
2020) as it is considered to be a complex business (Berg, 2021).  
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The way this thesis address battery degradation is to set SoC margins and to investigate 
the equivalent cycle count. The latter method is used to compare the actual cycle count 
in the simulations with a stated number of cycles used as a reference to guarantee a 
certain battery usage without degrading performance, as described above. The cycle 
count is not included in the economic assessment but is discussed as part of the 
sensitivity analysis to determine the feasibility of the battery operation. The equivalent 
cycle count, 𝐸𝐶, is calculated according to    

𝐸𝐶 = 	
1

2 ∙ 𝐸$()
6 |𝑐- − 𝑐-."|
/0/1

-2#

	 
(5) 

where 𝐸$()	is the net energy storage capacity in kWh, and |𝑐- − 𝑐-."| is the net change 
in the battery’s stored energy in kWh between two hours. The summation thereby takes 
both charging and discharging into consideration. As mentioned above in this section, 
one full cycle is defined as discharging all energy of a fully charged battery and fully 
recharging it again. Therefore, the summation is divided by the doubled net energy 
storage capacity to calculate the number of equivalent cycles. In practice, a discharge 
resulting in a higher DoD would degrade the battery to a higher extent (Lund, 2017). 
However, this is delimited from this analysis and the expected battery lifetime is set to 
the reference point 4000 equivalent cycles, inspired by Jonsson & Valdemarsson 
(2021). This is used as a technical precondition to investigate the feasibility of the 
battery operation in the case resulting in the highest NPV. A number higher than 4000 
indicates that the battery might have to be replaced if a slight decline in battery 
performance cannot be tolerated. 

In this thesis, the maximum rate of charging and discharging is assumed to be the value 
of the rated battery power. It is also assumed that the battery cannot simultaneously 
charge and discharge. Since the simulations are evaluated in hourly steps, the power is 
considered to be constant each hour, if not stated otherwise. The efficiency when 
charging and discharging is assumed to be symmetric with a value of 95 %, motivated 
by assumptions made in Holmsved (2020) and Jonsson & Valdemarsson (2021). A 
summary of the technical battery parameters considered in this study is presented in 
Table 3. 

Table 3. Summary of battery specifications. 

Specification Value 
Considered power 

ratings 
2 MW, 1 MW, 0.5 MW, 0.4 MW, 0.3 MW, 0.2 MW, 0.1 

MW 
Considered C-rates 1, 0.75, 0.5, 0.25 
Available storage SoC 90 % – SoC 10 % 

Charging efficiency 95 % 
Discharging efficiency 95 % 
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3.3 FCR assumptions  

FCR-D and FCR-N market participation are services examined in this study. In order to 
determine how the services are provided in the simulations, it is of interest to analyze 
historic remuneration data and when the need for the service will occur. The latter is 
based on when the grid frequency is deviating from 50.0 Hz, as mentioned in section 
2.2.2. 

3.3.1 FCR remuneration analysis  

To decide when to participate in the FCR markets with the battery, historical 
remuneration data from summer 2020 and three years back was analyzed. The data is 
analyzed with a seasonal resolution and in addition to this, the data is also analyzed 
divided into day and night hours. The day hours are hours considered high-load hours 
(06 – 22) during winter by Vattenfall Eldistribution (2020). As mentioned in section 
2.2.2, FCR-D remuneration is given for procured capacity in MW and FCR-N 
remuneration is given for both procured capacity in MW and activated energy in MWh. 
The mean seasonal FCR-D and FCR-N remunerations for procured capacity are 
presented in Table 4. 

 Table 4. Mean seasonal FCR remuneration in EUR/MW, rounded. 

Time period 

FCR-N daily 
mean 

remuneration 
[EUR/MW] 

FCR-N nightly 
mean 

remuneration 
[EUR/MW] 

FCR-D daily 
mean 

remuneration 
[EUR/MW] 

FCR-D nightly 
mean 

remuneration 
[EUR/MW] 

Winter season 
2017-11-01 to     

2018-03-31 15 21 8.8 8.5 

2018-11-01 to     
2019-03-31 18 35 8.8 11 

2019-11-01 to     
2020-03-31 12 20 11 16 

Mean 15 25 9.4 12 
Summer season 

2018-04-01 to 
2018-10-31 31 61 18 27 

2019-04-01 to 
2019-10-31 42 60 38 46 

2020-04-01 to 
2020-10-31 17 18 16 17 

Mean 30 46 24 30 
 
As can be seen in Table 4, the mean remuneration is highest at night during both 
summer and winter. The biggest difference between night and day is seen between daily 
and nightly FCR-N prices. Almost all remunerations are higher during the summer. The 
seasonal FCR-N mean remuneration for activated energy is presented in Table 5. 
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Table 5. Mean seasonal FCR-N remuneration in EUR/MWh, rounded. 

 FCR-N daily mean remuneration 
[EUR/MWh] 

FCR-N nightly mean 
remuneration 
[EUR/MWh] 

 Up Down Up Down 
Time period Winter season 

2017-11-01 to 
2018-03-31 42 35 35 31 

2018-11-01 to 
2019-03-31 54 47 48 43 

2019-11-01 to 
2020-03-31 34 26 27 22 

Mean 43 36 37 32 
 Summer season 

2018-04-01 to 
2018-10-31 50 45 45 40 

2019-04-01 to 
2019-10-31 40 34 35 30 

2020-04-01 to 
2020-10-31 32 21 20 13 

Mean 40 33 34 28 
 
In Table 5, it can be noted that the highest remuneration is during days when 
upregulating. However, the remunerations for upregulating and downregulating are not 
differing much regardless of the season. 
 
This analysis indicates that the strategy should be FCR market participation during 
nights, especially summer nights. The analysis further shows the potential for using the 
battery for FCR market participation during night hours and storing surplus PV 
production during day hours.   

3.3.2 Frequency disturbance  

As stated in section 2.2.2, FCR-N is activated when the frequency is deviating from 
50.0 Hz down to 49.9 Hz or up to 50.1 Hz and FCR-D is activated when the frequency 
is 49.9 – 49.5 Hz. To simulate market participation, it must be known when the need for 
frequency regulation occurs. 

As stated in section 3.1, the case simulations were done in hourly steps. The frequency 
data has a three-minute resolution, see section 4.5. The total time of frequency 
disturbances in either frequency span (50.0 – 49.9 Hz, 50.0 – 50.1 Hz, and 49.9 – 49.5) 
was determined by adding together all data points within either span during each hour, 
each representing a constant frequency value lasting three minutes. The hourly durations 
of frequency disturbances in each frequency span were determined by dividing the 
duration in each span by 60 minutes. This gives the fraction of an hour with frequency 
disturbance in each frequency span. 
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To determine how much of a procured bid is activated when a disturbance occurs, i.e., 
the activation rate, the frequency spans were once again used. For each hour, data points 
were sorted into their respective frequency span. Within each span, a mean frequency 
was then calculated. According to the technical FCR requirements, the frequency 
regulation service shall be provided linearly to the frequency disturbance, if possible 
(Svenska kraftnät, n.d. c). In the FCR cases, it is therefore assumed a control system 
that can achieve this is installed. This means that within each frequency span, there is a 
linear 0 – 100 % activation of the respective FCR services. The calculated mean 
frequency can thus be used to calculate this percentage. For example, the FCR-D 
activation rate in percent of a procured bid in MW, 𝐴𝑟345.6 , was calculated hourly 
according to 

𝐴𝑟345.6 =	
𝑓3̅45.6	
𝑆345.6	

	 
(6) 

where 𝑓3̅45.6 is the mean frequency in Hz and 𝑆345.6 is the frequency span  
49.9 – 49.5 Hz. The activation rate for FCR-N upregulation and downregulation was 
calculated analogously. As already mentioned in this section, the hourly activation rates 
scale how much of a procured bid is activated, if a disturbance occurred in the FCR 
simulations. It should be noted that the activation rate is an hourly mean activation rate. 
For simplicity, it is only referred to as “activation rate”.  

3.4 Cases 

The core of this study is simulating cases both when the system consists of only a PV 
park, as well as a PV park combined with a battery. This way, the value added by the 
battery services can be determined. Also, it can be determined if this added value 
outweighs the battery investment cost. The investigated services included in the cases 
are:   

1) lowering the cost of connecting the PV park to the power grid, 
2) lowering the cost of feeding in energy to the power grid,  
3) increasing the revenue of selling electricity on the Nord Pool spot market, 
4) increasing the revenue by performing energy arbitrage,       
5) increasing the revenue by participating in the primary frequency regulating 

markets FCR-D or FCR-N. 

Note that services 1 and 2 can be performed both with and without a battery added to 
the system. To show an overview of the simulation of cases, Figure 5 is presented.  



25 
 

 

Figure 5. Overview of the simulation of cases. 

Some comments can be made regarding Figure 5. The overview shows the system with 
a battery included. However, it applies to the reference case if all information regarding 
the battery is excluded. The system boundaries give the fixed and varying parameters, 
as well as what data is used in the simulations. Note that the input data varies depending 
on which case is simulated, as further presented in the following sections. Further on, 
the simulations are case-specific regarding battery usage and simulation resolution. The 
workflow is generally the same for all cases, with some case-specific exceptions. The 
results of the simulations give both key results, as well as an economic assessment of all 
possible combinations for each case. In the following sections, all cases evaluated in the 
study are presented. 

3.4.1 Reference case 

In the reference case, the procedure described in section 3.1.1 was applied in the 
simulations. This meant varying the allowed feed-in levels for the PV production, 
resulting in varying allowed maximum power and grid connection cost, see Table 2. 
The reference case includes services 1 and 2, described in section 3.4, but no battery. 

The reference case was simulated with both a yearly and a seasonal resolution. The 
former means deciding one feed-in limit for the whole year. The latter means simulating 
the case for the summer and winter months, respectively, to see if there could be an 
economic improvement if the allowed feed-in limit could be decided based on seasonal 
behavior in the PV production data. This results in potentially having two differing 
feed-in limits depending on the season. If this was the case, the highest allowed feed-in 
level set the grid connection cost, since this cost must be dimensioned for the largest 
allowed feed-in power.  
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This case is used as the reference when evaluating cases with the added investment of a 
battery. Cases generating a higher NPV than the reference case can be considered 
improved cases, as argued in section 3.1.2. 

3.4.2 Battery base case 

In the battery base case, a battery is added to the reference case. By adding a battery, 
curtailed energy can be stored and sold when the feed-in limit allows it, as described in 
section 3.1.1. The strategy is primarily to sell the PV production at spot price. During 
one hour, the battery can only either be charging, discharging, or idling. The battery 
base case was simulated with a seasonal resolution. In conclusion, the battery base case 
includes services 1 – 3, described in section 3.4. See Figure 6 for details of how the 
battery was operated. 

 

Figure 6. Flow chart of the simulation model when including a battery. 

Comments can be made regarding the numbered end stages shown in Figure 6. At end-
stage 1, neither PV production nor battery energy is fed into the grid. At end-stage 2, no 
PV production is fed in. However, if the feed-in limit allows it, stored battery energy is 
fed in. In end-stage 3, the PV production is fed-in with a power level up to the feed-in 
limit. In end-stage 4, the allowed PV production is fed in, and the residual is stored in 
the battery if possible. The energy that cannot be fed in due to the feed-in limit or stored 
in the battery is therefore wasted. In end-stage 5, both PV production and stored energy 
are fed into the grid with a power level up to the feed-in limit. 

It should be noted that when the battery is involved in feeding into the grid, both power 
and energy can be constraining. The battery has a maximum rated power, which limits 
the maximum hourly energy that can be fed in. Likewise, if the energy that can be fed 
into the grid from the battery during one hour is lower than the maximum rated power, 
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the power level is set to that energy level. This is due to the simplification that power 
and energy are the same over one hour.       

As described in section 3.2, different battery power ratings combined with different C-
rates were tested. In this case, the power ratings 2 MW, 1 MW, 0.5 MW, and 0.1 MW 
were combined with C-rates 1, 0.75, 0.5, and 0.25. This procedure shows which battery 
capacities are economically interesting when comparing to the reference case. The 
procedure also gives a rough estimate of where further investigation of other power 
ratings can be motivated.  

3.4.3 Arbitrage case 

In the arbitrage case, the battery base case is extended to include energy arbitrage. The 
energy arbitrage in this study refers to the strategy of choosing when to charge and 
discharge the battery. It is therefore not arbitrage trading in its traditional meaning, 
where energy is bought at a low market price to be sold at a higher market price. In 
conclusion, the arbitrage case includes services 1 – 4, described in section 3.4.  

When studying Figure 7, it becomes clear that the spot price varies over the hours of the 
day. This insight is used to decide when to charge and discharge the battery to benefit 
economically from these variations. This means selling the energy when the spot price 
is high and either charging or idling the battery when the spot price is low, depending 
on the approach.     

 

Figure 7. PV production and 2020's mean spot price, presented as mean values for each 
hour of the day. 

The arbitrage mechanism is implemented with four different approaches simulated with 
a seasonal resolution: 
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1) This approach aims to delay battery discharge until the spot price is higher than 
or equal to the mean spot price. When the prerequisites allow the battery to 
discharge (see flow chart in Figure 6), the battery discharges only if the spot 
price condition is met. Otherwise, the battery is idle. The approach was 
simulated with a seasonal mean spot price.  

2) This approach aims to delay feed-in of both discharged battery energy and PV 
production until the spot price is better than or equal to the mean spot price. If 
the spot price condition is not met, the PV production that can be stored in the 
battery is stored instead of sold. The battery strategy is the same as in approach 
1. The approach was simulated with a seasonal mean spot price. 

3) This approach aims to further utilize the spot price variations as seen in Figure 7. 
The Figure also shows that the highest PV production occurs during the same 
hours as the spot price is low. Also, when limiting the allowed feed-in power, 
the battery will most likely be charged to a higher extent during these hours, 
since more energy will have to be stored instead of fed in. The mean spot price 
is highest hour 20 in the summer and hour 18 in the winter and starts to decline 
hour 12 in both summer and winter. To store as much energy as possible during 
hours with a low spot price, the battery is not discharged during hours 12-19 
summertime and 12-17 wintertime. The battery starts discharging the daily 
stored energy when the spot price is the highest, i.e., hour 20 summertime and 
hour 18 wintertime, instead of selling the energy at a much lower spot price 
during the day hours.         

4) This approach is an extension of approach 3. To utilize the spot price variations 
to a higher extent, the strategy for feeding in PV production is altered during the 
hours with the lowest spot price. During these hours, the PV production is 
primarily charging the battery instead of being sold at a low spot price. Because 
of this, the battery will be charged faster than in approach 3. This enables a 
shorter hour span reserved for charging, and a longer hour span to use the 
battery as in the battery base case. The reserved charging hours are set to hours 
16 – 19 summertime and 14 – 17 wintertime, starting when the mean spot price 
is the lowest, see Figure 7.  

As in the battery base case, different battery power ratings combined with different C-
rates were tested. More power ratings in the span between 0.5 MW and 0.1 MW were 
tested, as the battery base case showed these ratings could be interesting.  

3.4.4 FCR-D case 

In the FCR-D case, the battery is used for FCR-D market participation. The FCR-D case 
thus includes services 1 – 5, described in section 3.4. As stated in section 2.2.2, FCR-D 
is a frequency regulating product activated when the grid frequency is 49.9 – 49.5 Hz. 
This means the battery is only required to discharge energy to participate in the market. 
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FCR-D remuneration is given for procured bids, not activated bids, see section 4.4.2. 
The FCR-D bidding process is presented in Figure 8.    

 

Figure 8. The FCR-D bidding process.  

It is assumed that market bids are placed D-1 at hour 18 and priced as the known mean 
FCR-D capacity price, see section 4.4.2. This pricing will allow the assumption that all 
placed bids will be procured. As mentioned in section 3.3.2, if a disturbance occurs 
during an hour when a bid is placed, the activated bid is scaled with the calculated 
activation rate that hour. Bids of two or more consecutive hours are called “chain bids”. 
According to the rules for D-1, the bids are placed a maximum of three hours in a row. 
There is no rule forbidding placing chain bids back-to-back (Svenska kraftnät, 2021e). 
One implemented bidding constraint in the simulations is to limit FCR-D market 
participation between hours 1 and 8. This is done because of three reasons:  

§ As stated in section 3.3.1, the highest FCR remuneration can be expected from 
nighttime bids. 

§ Also stated in section 3.3.1, the insight above opens for using the battery to 
primarily handle surplus PV production during the day.  

§ Figure 7 shows that the mean spot price peaks hour 9, and therefore the battery 
should be able to sell non-activated FCR energy on the spot market this hour.  

To enable investigating batteries with smaller power ratings resulting in lower 
investment costs, the bid size is set to the lowest accepted, 0.1 MW (Svenska kraftnät, 
n.d. b). As stated in section 2.2.2, the endurance requirement is 20 minutes during one 
bid hour, an assumption that is also used in the simulations. Another assumption is that 
if a bid is activated the battery discharges 20 minutes regardless of the duration of the 
actual frequency disturbance. If a procured bid cannot be activated due to insufficient 
capacity, SvK must be compensated to procure capacity elsewhere (Svenska kraftnät, 
n.d. c). As a conservative assumption, it is assumed that these costs should be avoided, 
by always ensuring a procured bid can be activated. The number of bids lasting one 
hour that can be placed,	𝐵, was calculated according to 

𝐵 = 	3 ∙
𝑐
𝑃%-7

	 (7) 

where 𝑐 is the stored energy level in MWh in the battery at hour 18 and 𝑃%-7 is the bid 
size of 0.1 MW. Factor 3 comes from the assumption of having 20 minutes of 
endurance per hour.    

Placed bid Procured bid
Capacity 

remuneration

Activated bid
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The FCR-D market participation is implemented with two different approaches 
simulated with a seasonal resolution: 

1) This approach aims to charge the battery to be able to place bids hour 18, 
without having to primarily store the PV production. Therefore, this approach 
bears similarities with approach 3 in the arbitrage case. Figure 7 shows that the 
highest PV production occurs around noon. When limiting the allowed feed-in 
power, the battery will most likely be charged to a higher extent during these 
hours, since more energy will have to be stored instead of fed in. To store as 
much energy as possible during these hours, the battery is not discharged during 
hours 12-17, since bids are placed hour 18. The battery is then idle until hour 1 
the next day when it starts participating in the FCR-D market as described above 
in this section.   

2) This approach is an extension of approach 1 and resembles approach 4 in the 
arbitrage case. This approach aims to charge the battery to be able to place bids 
hour 18, with the change that the PV production is primarily charging the battery 
during some hours when the production is high. Because of this, the battery will 
be charged faster than in approach 1. This enables a shorter hour span reserved 
for charging, and a longer hour span to use the battery according to the strategy 
in the battery base case. The reserved charging hours are set to hours 16 – 17 
summertime and 14 – 17 wintertime, starting when the mean spot price is the 
lowest, see Figure 7. Bids are placed hour 18. The battery is then idle until hour 
1 the next day when it starts participating in the FCR-D market as described 
above in this section.   

3.4.5 FCR-N case 

In the FCR-N case, the battery is used for FCR-N market participation. The FCR-N case 
thus includes services 1 – 5, described in section 3.4. As stated in section 2.2.2, FCR-N 
is a frequency regulating product activated when the grid frequency is deviating from 
50.0 Hz up to 50.1 Hz and down to 49.9 Hz. When participating in the FCR-N market, 
symmetrical bids must be placed. This means the battery is required to both charge 
energy from and discharge energy to the grid. FCR-N remuneration is given for all 
procured bids and all activated bids, see section 4.4.3. The requirement to charge energy 
from the grid incurs feed-out tariffs and electricity cost. See section 4.2 for the different 
feed-out tariffs investigated in the study.  

It is assumed that market bids are placed D-1 at hour 18 and priced as the known mean 
FCR-N capacity price, see section 4.4.3. This pricing allows the assumption that all 
placed bids are procured. The activated bids are priced as the known mean FCR-N 
energy price, see section 4.4.3. As mentioned in section 3.3.2, if a disturbance occurs 
during an hour when a bid is placed, the activated bid is scaled with the calculated 
activation rate that hour. Figure 9 presents the FCR-N bidding process. The same chain 
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bid rules as well as the assumption of avoiding penalty fees applied to FCR-N as to 
FCR-D, see section 3.4.4. 

 

Figure 9. The FCR-N bidding process. 

As stated in section 2.2.2, the endurance requirement is 60 minutes during one bid hour. 
As for FCR-D, see section 3.4.4, the bid size is set to 0.1 MW. Therefore, an extreme 
scenario results in the battery having to either discharge or charge constantly with 0.1 
MW for one hour, i.e., upregulate or downregulate. Lindgren (2019) states that the grid 
frequency can be expected to be above 50.0 Hz as often as it can be expected to be 
below 50.0 Hz. This statement in combination with having to place symmetrical bids 
makes it reasonable to charge the battery half full, i.e., at SoC 50 %, as a starting point 
when participating in the FCR-N market, as also argued by Wolf et al. (2020). This 
means the battery must be able to either upregulate or downregulate 0.1 MWh during 
one activated FCR-N bid hour, which excludes some of the smallest batteries 
investigated in this study. Following this reasoning, the number of bids lasting one hour 
that could be placed, 𝐵87 , was calculated according to 

𝐵87 =	
𝑆𝑜𝐶9!
𝑃%-7

	 (8) 

where 𝑆𝑜𝐶9! is the battery energy level starting point in MWh for FCR-N participation 
and 𝑃%-7 is the bid size of 0.1 MW.	𝐵87 is rounded down to the closest integer. 

In practice, the situation where the battery solely upregulates or downregulates during 
one activated bid hour is not always true. In these situations, the hourly durations for 
upregulation and downregulation are used, see section 3.3.2. The net charge in MWh 
after each activated bid hour, 𝑐, was calculated according to   

𝑐 = 	𝑃%-7 ∙ (𝑑: + 𝜂 ∙ 𝑑7)	 (9) 

where 𝑃%-7 is the bid size of 0.1 MW, 𝜂 is the battery discharge efficiency of 95 % (see 
Table 3) 𝑑: and 𝑑7 are the shares of one hour when the frequency needed to be 
upregulated and downregulated, respectively.  

As stated in section 3.3.1, FCR-N remuneration can be expected to be highest during 
nights. Therefore, participation in the FCR-N market is primarily scheduled during the 
night, starting at hour 1. To ensure the battery is charged to SoC 50 % the first bid hour 
it must be calibrated to this level in advance, by either charging or discharging energy. 
The battery can be charged from surplus PV production, but to ensure SoC 50 %, 

Placed bid Procured bid
Capacity 

remuneration

Activated bid
Energy 

remuneration
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energy must potentially be fed out from the grid. To limit the monthly feed-out cost (see 
section 4.2) the charge rate when charging from the grid is limited to 0.1 MW. To 
consider the extreme case, the battery is expected to be empty when the SoC 50 % 
calibration began, which gives the number of calibration hours, ℎ, according to 

ℎ = 	
𝑆𝑜𝐶9!
𝑃%-7

		 (10) 

where 𝑆𝑜𝐶9! is the battery energy level starting point in MWh for FCR-N participation, 
and 𝑃%-7 is the bid size of 0.1 MW. ℎ is rounded up to the closest integer. If the battery 
is calibrated before all calibration hours have passed, the battery is idle until the FCR-N 
service starts at hour 1.  

The FCR-N market participation is implemented with two different approaches 
simulated with a seasonal resolution: 

1) This approach aims to utilize the battery for storing surplus PV production and 
selling it to spot price during the day. During hours 1 – 6, the battery is used for 
FCR-N. Starting from hour 1, as many bids as possible are placed and the 
battery can be recalibrated to fit in more bid hours during the hours 1 – 6, if 
possible. This means several rounds with fewer bids at a time for batteries with 
lower energy capacity and the opposite regarding batteries with higher energy 
capacity. High-load feed-out tariff applies from hour 7, therefore the FCR-N 
participation is stopped at hour 6. The battery is idle until hour 9 when the 
remaining stored energy is sold at the morning mean peak spot price, see Figure 
7. The battery is utilized as in the battery base case until starting the calibration, 
as described above in this section.  

2) This approach is based on the insight that during the winter when the PV 
production is lower than in the summer, see Figure 3, the battery does not store 
as much surplus PV production as in the summer. To utilize the battery more, 
FCR-N participation is maximized during winter, which means the primary 
service of the battery is changed to FCR-N. This means the battery is no longer 
storing surplus PV production. However, the potential surplus production can be 
considered insignificantly low, as can be seen in Figure 3. During the winter 
season, the battery constantly switches between bid hours and recalibration 
hours, resulting in uninterrupted FCR-N market participation. During the 
summer season, approach 1 is applied. 

3.5 Sensitivity analysis 

To determine the sensitivity of the system, a sensitivity analysis of four different factors 
was carried out. To limit the scope of the analysis, it was only carried out for the case 
generating the highest NPV.    
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3.5.1 Battery investment cost 

As mentioned in section 2.3.4, the Li-ion battery prices are expected to decline. To 
investigate the impact this will have on the system, future estimates of kWh battery 
prices in 2023 and 2030 are used in the simulations. The kW cost is unaltered. The 
future battery prices are presented in section 4.3.      

3.5.2 Typical meteorological year 

As mentioned in section 2.4, PV production is highly impacted by irradiation, which in 
turn depends on the weather in general. Therefore, two additional typical meteorological 
years (TMY) are tested alongside the original TMY Stockholm: Karlstad and Lund. 
These are the only Swedish TMYs available in the software used by Helios Nordic to 
simulate PV production. TMY represent a typical meteorological year at a chosen site, 
based on long term observations of weather at that site (pveducation.org, n.d.).  

3.5.3 Spot price 

The spot price of electricity traded on Nord Pool is, in a Swedish context, dependent on 
outside temperature, rainfall, snow melting, imported wind power, and the availability 
of nuclear power  (Berard, et al., 2020). Noteworthy in Figure 2 in section 2.2.2 is the 
volatility of the spot price. 2018 saw high prices of around 45 EUR/MWh, while SvK 
predicts the spot price will not exceed 30 EUR/MWh 2020 – 2025. As Figure 2 shows, 
the mean spot price 2020 is low compared to 2018 which is important to note in this 
study, since data is mainly sourced from this year. To investigate how the spot price 
impacts the system, the years with the highest and lowest spot prices are used: 2018 and 
2015, respectively. The data is presented in more detail in section 4.4.1.      

3.5.4 Monthly resolution 

Originally, the cases are evaluated on a seasonal basis which makes it interesting to 
investigate if an even higher resolution might result in a higher NPV. This means 
deciding one feed-in limit for each month during the year. Therefore, the case resulting 
in the highest NPV is evaluated monthly. The reference case is also evaluated monthly 
to provide a reference point.  

As the number of possible combinations of monthly feed-in in limits is large, a 
simplified method is used: for each month over ten years, the feed-in limit resulting in 
the highest NPV is determined to be the feed-in limit that month. The investment cost is 
not weighted, meaning that the total investment cost is simply split into 12 equal parts, 
one for each month. Thus, each monthly NPV was calculated with an investment cost 
equal to the total investment cost split in 12. The total NPV for the system was 
calculated by adding all monthly NPVs together.             
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4. Data 
In this section, the data used in the simulations and how it was handled is presented. 
The raw data used in the simulations, further presented below, was downloaded as 
Excel files. Most of the data sets were time series from 2020, which was a leap year. A 
mismatch in time stamps and entered values when shifting between winter and summer 
time resulted in double entries for one hour in October and a missing entry in March. 
The double entry was deleted, and the missing entry was added by interpolation. The 
data was then imported to Matlab. When necessary, the exchange rates used were 1 
USD = 8.31 SEK (Exchange Rates UK, 2021a) and 1 EUR = 10.04 SEK (Exchange 
Rates UK, 2021b).  

4.1 PV production and park design 

The PV production data was provided by Helios Nordic, after simulating the PV system 
in Archelios Pro. Stockholm was used as both the geographic reference and for the 
TMY, as this is the reference point in Archelios Pro closest to the studied PV park. Both 
Vasakronan, who owns the Fyrislund PV park, and the thesis by Jonsson & 
Valdemarsson (2021) were consulted for the simulation. The PV system data consisted 
of hourly production values in kW. See Appendix A for system design report outtakes 
from Archelios Pro.  

For the sensitivity analysis, new PV production data was simulated based on the TMY 
for Karlstad and Lund. All other PV system parameters were the same.  

Since the PV production data is for a general production year, it does not simulate a leap 
year. Therefore, February 29th was added by duplicating February 28th.   

4.2 Grid connection and subscription 

The grid connection cost for the PV park is estimated by Helios Nordic to be 300 000 
SEK per installed MW and the park has an estimated economic lifetime of 30 years 
(Lundin, 2021b). The grid subscription entails both remunerations and fees for fed in 
and fed out power levels and energy. The local grid owner in Uppsala is Vattenfall 
Eldistribution. Therefore, their local high voltage grid tariff specification for 
commercial electricity production larger than 1.5 MW was used (Vattenfall 
Eldistribution, 2020). The data is presented in Table 6 – Table 8. 

High-load hours in the tariff are weekday hours 06 – 22 during the months January, 
February, March, November, and December. As mentioned in section 3.1, the 
simulations in this thesis do not make a difference between weekdays, weekends, and 
holidays when considering high-load hours. All days are therefore treated as weekdays, 
which is a simplification. The feed-in remunerations are presented in Table 6. 
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 Table 6. Feed-in remunerations (Vattenfall Eldistribution, 2020). 

Remuneration Value 
Power remuneration, high-load hours 54 SEK/kW, month 
Energy remuneration, high-load hours 0.098 SEK/kWh 

Energy remuneration, other hours 0.026 SEK/kWh 
 
Power remuneration is paid for each of the months January, February, March, 
November, and December for the average value of the lowest fed in mean power per 
hour during each weekday hours 06 – 22. This means the hourly fed in mean power can 
be zero, resulting in no power remuneration. The feed-in fees are presented in Table 7. 

Table 7. Feed-in fees (Vattenfall Eldistribution, 2020). 

Fee Value 
Monthly power fee 7 SEK/kW, month 

Transfer fee, high-load hours 0.001 SEK/kWh 
Transfer fee, other hours 0.001 SEK/kWh 

 
The monthly power fee is paid each month for the highest fed in mean power per hour.  

There are three different feed-out tariffs to choose from when simulating the FCR-N 
case: N2, N2T and N3. The feed-out tariffs are presented in Table 8. 

Table 8. Feed-out tariffs (Vattenfall Eldistribution, 2020). 

Fee N2 N2T N3 Unit 
Set fee 220 400 23 500 2 500 SEK/month 

Monthly power fee 10 28 28 SEK/kW, month 
High-load fee 17 41 58 SEK/kW, month 

Transfer fee, high-load hours 0.051 0.098 0.2 SEK/kWh 
Transfer fee, other hours 0.024 0.053 0.071 SEK/kWh 

 
The monthly power fee is paid each month for the highest fed out mean power per hour. 
The high-load fee is paid for each of the months January, February, March, November, 
and December for the highest fed out mean power per hour during weekdays 06 – 22. It 
should be noted that no grid connection cost for establishing feed-out from the grid was 
included in this study. A price estimation of this could only be achieved by Helios 
Nordic requesting a connection offer at Vattenfall Eldistribution, which was out of the 
scope of this thesis.   

4.3 Battery 

The investment cost for Li-ion batteries was taken from Henze (2020) summarizing 
BloombergNEF’s annual battery price survey. According to this source, the investment 
cost contains the price of both the battery cells and the battery pack, and the average 
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investment cost in 2020 was 137 USD/kWh (Henze, 2020). Helios Nordic estimates 
battery power electronic costs to be 22 – 35 EUR/kW (Rahm, 2021). Therefore, the 
average price of 28.5 EUR/kW was used to account for the power cost for the battery. 
The total battery investment cost was calculated as described in section 3.1.2.   

For the sensitivity analysis, future estimates of battery investment costs from Henze 
(2020) were used, stating a battery average price of 100 USD/kWh by 2023, and 58 
USD/kWh by 2030 (Henze, 2020). The power cost was assumed to be unchanged. 

4.4 Market prices and remunerations 

In this section, different market prices and remunerations are presented. These are used 
in the simulations to decide the revenues from the different services. 

4.4.1 Spot prices 

Hourly spot price data in SEK/MWh for SE3 2020 was downloaded from Nord Pool’s 
website (Nord Pool, n.d.). The data is shown in Figure 10. 

 

Figure 10. Hourly spot prices in SEK/MWh during 2020 (Nord Pool, n.d.). 

As can be seen in Figure 2 in section 2.2.2, the average spot price 2020 was low 
compared to the most previous years. Therefore, spot price series from other years were 
examined in the sensitivity analysis. Looking back from 2020 to 2014, 2015 had the 
lowest mean spot prices and 2018 the highest (Vattenfall, n.d.). The hourly spot price 
during 2015 and 2018 is shown in Figure 11 and Figure 12, respectively. 
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Figure 11. Hourly spot prices in SEK/MWh during 2015 (Vattenfall, n.d.). 

 

Figure 12. Hourly spot prices in SEK/MWh during 2018 (Vattenfall, n.d.). 

These spot price variations motivate using data from 2015 and 2018 data in the 
simulations to examine system sensitivity. 

4.4.2 FCR-D remuneration  

The average hourly remuneration in EUR/MW for procured FCR-D capacity was 
downloaded from SvK’s database Mimer (Svenska kraftnät, n.d. d). Remuneration is 
given for procured bids only (Svenska kraftnät, n.d. a). For the analysis presented in 
3.3.1, data from 2017-11-01 to 2020-10-31 was used. When simulating cases, data for 
2020 was used. 
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4.4.3 FCR-N remuneration 

The average hourly remuneration in EUR/MW for procured FCR-N capacity was 
downloaded from SvK’s database Mimer (Svenska kraftnät, n.d. d).The average hourly 
remuneration in EUR/MWh for up and down regulating FCR-N energy in SE3 was 
downloaded from Nord Pool (Nord Pool, n.d.). For the analysis presented in section 
3.3.1, data from 2017-11-01 to 2020-10-31 was used. When simulating cases, data for 
2020 was used. 

4.5 Frequency data 

The Nordic grid frequency data was downloaded for each month from the Finnish TSO 
Fingrid’s website (Fingrid, n.d.). According to the website, the data set is supposed to 
contain entries for every three minutes. However, entries are missing every month in the 
data set and there is no clear pattern as to how the entries are missing. Therefore, every 
month was padded with the number of missing entries at the end of each month by 
duplicating the last entries of the month. 

5. Results 
In this section, the results of the study are presented. All cases are presented and to limit 
the scope of the result section, only the best approach in each case is shown in detail. 
The NPVs are evaluated over ten years. When figures are presented, they show the 
system during year one.     

The highest NPV is achieved when the FCR-D case with approach 2 is simulated. Thus, 
all services listed in section 3.4 are used. The resulting battery capacity is 0.13 MWh/ 
0.1 MW, and the feed-in limits are 80 % of 3.5 MW during summer and 70 % of 3.5 
MW during winter. The resulting NPV is 0.12 % higher than in the reference case 
without a battery. 

5.1 Reference case 

When no feed-in limit is applied, the resulting NPV over ten years is 7295 kSEK. Thus, 
this is the expected economic result when not taking any cost decreasing or revenue-
improving measurements. The main costs are due to the power fee, which is affected by 
the highest power level per month, and the grid connection. This motivates lowering the 
maximum feed-in level. In the reference case, this was done by determining the best 
feed-in level, both on a yearly and a seasonal resolution. Table 9 presents the NPVs 
when different yearly feed-in levels are applied. 
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Table 9. The NPVs achieved with different allowed feed-in levels in the reference case. 
One yearly feed-in level is determined. 

Feed-in level  
[% of 3.5 MW] NPV [kSEK] 

100 7295    
90 7365     
80 7383     
70 7265   
60 5965 
50 6581 
40 7009   
30 5095    
20 3914     
10 2338 

 
As can be seen in Table 9 allowing a feed-in level of 90 % or 80 % of 3.5 MW 
improves the NPV compared to allowing 100 % of 3.5 MW. The highest NPV is 
achieved when allowing a maximum power of 80 % of 3.5 MW to be fed in, which is 
2.8 MW. This indicates that the power fee and the investment cost have been lowered, 
and the feed-in level still allows enough feeding in of PV production to improve the 
NPV. Compared to not applying any feed-in limit, the highest NPV of the reference 
case with a yearly feed-in level is an improvement by 88 kSEK, which is a 1.2 % 
increase. Lower allowed feed-in levels than 70 % of 3.5 MW result in a too high loss of 
revenue since less PV production is sold at spot price. 

When determining two seasonal feed-in levels instead of one yearly, a higher NPV is 
achieved. The two levels were determined according to the summer and winter months 
declared by Vattenfall Eldistribution. The NPV and feed-in levels are presented in Table 
10.  

Table 10. The NPVs achieved with different allowed feed-in levels in the reference case. 
Two feed-in levels are determined, based on the summer and winter months. 

Feed-in level summer  
[% of 3.5 MW] 

Feed-in level winter  
[% of 3.5 MW] NPV [kSEK]  

90 70 7397  
 

Table 10 shows that the highest NPV is achieved when allowing a maximum power of 
90 % of 3.5 MW to be fed in during summer, and 70 % of 3.5 MW during winter. The 
investment cost is set to the highest allowed feed-in level, 90 % of 3.5 MW. The NPV 
increases by 0.2 % compared to the reference case with a yearly feed-in limit. When 
deciding two feed-in limits, more PV production is fed in during the summer when 
production is high, since the feed-in level is raised from 80 % to 90 % of 3.5 MW. In 
the same way, the feed-in limit is lowered during the winter, which lowers the power 
fee for some months. This is shown in Figure 13. 
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(a) 

 

(b) 

 

Figure 13. Visualization of the reference case with two feed-in limits decided for (a) 
summer months, and (b) winter months.   

Figure 13 shows that the feed-in levels are adapted to the seasonal production pattern. 
However, October and March deviate from the general pattern. March’s production 
pattern impacts the feed-in level during winter to allow the feeding in of higher 
production. This feed-in level is over-dimensioned regarding the other winter months.     

In combination, these seasonal feed-in levels result in a better NPV than only deciding 
one yearly feed-in level. This motivates adapting the feed-in levels on a seasonal basis. 
The following cases will only be presented with a seasonal resolution since this always 
resulted in a higher NPV than with a yearly resolution.  
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The relation between costs and revenues, as well as the relation between individual 
costs and revenues, are presented in Figure 14.  

 

Figure 14. Costs and revenues over ten years for the reference case. 

Figure 14 shows the non-discounted costs and revenues over the ten years. The 
investment cost in the reference case is the grid connection cost. The power fee is 
significantly larger than both the energy fee and the investment cost. The main revenue 
comes from selling energy at spot price, and the energy remuneration is secondary. The 
power remuneration is non-existent, which is expected due to the intermittency of PV 
production: since there are hours during each day with no production, i.e., nighttime, 
this eliminates any power remuneration from Vattenfall Eldistribution. This will also 
apply to all cases that follow. Also, the relation between the costs and revenues 
presented in Figure 14 turned out to be the same for all simulated cases. Therefore, this 
graph is only presented for the reference case, as it applies to all following cases. All 
values presented in Figure 14 are declared in Table 19.   

5.2 Battery base case 

In the battery base case, a battery is added to the system to utilize PV production that 
would otherwise have been curtailed due to lower feed-in levels. The NPVs for the 
battery base case are determined with seasonal feed-in levels. 

Table 11 presents the NPVs when different feed-in levels are applied in combination 
with different battery capacities. 
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Table 11. The NPVs achieved with different allowed feed-in levels and batteries in the 
battery base case.  

Rated  
battery 
energy 
[MWh] 

C-rate 
Feed-in level 

summer  
[% of 3.5 MW] 

Feed-in level 
winter  

[% of 3.5 MW] 

NPV 
[kSEK] 

Change from 
reference case 

[%] 

 Rated battery power 2 MW  
2 1  80 50 4743 -36  

2.67  0.75  70 40 4030 -46 
4  0.5  70 30 2610 -65 
8  0.25  60 30 -1752   -120 

Rated battery power 1 MW 
1  1  80 60 6106 -17 

1.33  0.75  80 60 5752 -22 
2 0.5  80 50 5028 -32 
4 0.25  70 40 2891 -61 

Rated battery power 0.5 MW 
0.5  1  80 60 6765 -8.5 
0.67  0.75  80 60 6595 -11 

1  0.5  80 60 6247 -16 
2  0.25  80 50 5163 -30 

Rated battery power 0.1 MW 
0.1 1  80 70 7272 -1.7 
0.13 0.75  80 70 7240 -2.1 
0.2  0.5  80 70 7171 -3.1 
0.4 0.25  80 60 6957 -5.9 

 
Table 11 shows that the highest NPVs are achieved with batteries with a rated battery 
power of 0.5 MW and 0.1 MW. The best NPV is achieved when combining a  
0.1 MWh/0.1 MW battery with feed-in levels of 80 % of 3.5 MW during summer and 
70 % of 3.5 MW during winter. The best NPV is 125 kSEK lower than the NPV of the 
reference case, a decline of 1.7 %. Thus, using the battery only for storing otherwise 
curtailed PV production to sell to spot price later in time, does not outweigh the battery 
investment cost.   
 
For all tested batteries, the feed-in levels during summer are lower than in the reference 
case. This implies that the system with a battery utilizes the storage in a way that 
enables lower feed-in levels resulting in a lower connection cost and power fee. 
However, as already stated above, there is also a tradeoff between using the available 
storage and the battery investment cost. The latter outweighs the former since the best 
NPVs are achieved with smaller batteries. 

Generally, power ratings combined with higher C-rates generate higher NPVs than 
combinations with lower C-rates. This indicates that the investment cost is too high to 
justify batteries with low C-rates. The 8 MWh/2 MW battery is the clearest example of 
this. A highly rated battery power combined with a low C-rate results in large energy 
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storage, which is costly. To illustrate the potential economic value of the service the 
battery can provide in the battery base case, the NPVs for the batteries with the highest 
rated power are determined without the battery investment cost. This is presented in 
Table 12. 

Table 12. The NPVs achieved with different allowed feed-in levels and batteries in the 
battery base case, excluding battery investment cost. 

Rated 
battery 
energy 
[MWh] 

C-rate 
Feed-in level 

summer  
[% of 3.5 MW] 

Feed-in level 
winter  

[% of 3.5 
MW] 

NPV without 
battery 

investment 
cost [kSEK] 

Change from 
reference case 

[%] 

Rated battery power 2 MW 
2 1 80 50 7592 +2.6 

2.67  0.75 70 40 7639 +3.3 
4  0.5 70 30 7736 +4.6 
8  0.25 60 30 7928 +7.2 

Rated battery power 1 MW 
1  1 80 60 7531 +1.8 

1.33  0.75 80 60 7556 +2.1 
2 0.5 80 50 7591 +2.6 
4 0.25 70 40 7731 +4.5 

 
As seen in Table 12, all batteries achieve a higher NPV than the reference case, when 
not considering the battery investment cost. The highest NPV, which is almost 500 
kSEK higher than the reference case, is achieved with an 8 MWh/2 MW battery. This 
indicates the economic potential of using a large battery storage. With today’s battery 
prices, these batteries are not economically feasible. However, as battery prices are 
expected to decline in the coming years, using these batteries may become economically 
feasible.  

How the system operates with a battery achieving the highest NPV including battery 
investment cost, see Table 11, is illustrated in Figure 15.  
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(a)

 

(b) 

 

Figure 15. Visualization of the system operation of the battery base case with a 
0.1 MWh/0.1 MW battery for (a) the first seven days in June and (b) the first seven days 

in December. 

Figure 15 exemplifies how the system operates for a week in a month with the highest 
and lowest PV production, respectively. The feed-in levels are illustrated as straight 
lines. The portion of light-gray PV production above the feed-in level is either stored in 
the battery, if possible or wasted if storing is not possible. The red areas show where the 
battery is discharging and “padding” the fed-in PV production up to the feed-in level. In 
Figure 15 (a) it can be seen how some amount of the otherwise curtailed PV production 
can be stored and fed in by the battery. Figure 15 (b) shows that the battery is not used 
since the PV production never exceeds the feed-in level. To show the higher potential of 
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utilizing a battery, Figure 16 shows the system operation when using an  
8 MWh/2 MW battery during the month with the highest PV production. 

 

Figure 16. Visualization of the system operation of the battery base case with an 
8 MWh/2 MW battery for the first seven days in June. 

Figure 16 illustrates the fact that a battery with a larger energy storage and higher power 
rating can store more of the otherwise curtailed PV production. Even though the 
economic potential is low due to the battery investment cost, it shows the technical 
potential of the system.   

Figure 17 shows how the 0.1 MWh/0.1 MW battery is utilized, in terms of how the 
charge varies within the SoC margins over time.   

 

Figure 17. Hourly resolution of charge within the SoC margins for a 0.1MWh/0.1MW 
battery in the battery base case. 
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According to Figure 17, the battery is seldom used during the winter season, as already 
discussed in connection to Figure 15 (b). However, the battery is used frequently during 
the summer when the PV production is high. It can also be seen that the last month of 
each season (March and October) stands out, as discussed in section 5.1.  

The non-discounted costs and revenues over the ten-year period for the configuration in 
Table 11 achieving the highest NPV are presented in Table 19. 

5.3 Arbitrage case 

In the arbitrage case, the battery is operated according to different energy arbitrage 
approaches. The aim is to increase the income of sold stored PV production by selling it 
when the spot price is expected to be high. Of the four arbitrage approaches, approach 4 
results in the best NPV. Therefore, approach 4 is presented in more detail. Approaches 
1, 2, and 3 are only presented with their best result. 

5.3.1 Approaches 1, 2, and 3 

The best configurations and resulting NPVs of each approach are presented in Table 13. 

Table 13. The configurations achieving the highest NPVs in the arbitrage case with 
approaches 1, 2 and 3. 

Approach Battery ratings 
Feed-in level 

summer  
[% of 3.5 MW] 

Feed-in level 
winter  

[% of 3.5 MW] 

NPV 
[kSEK] 

Change from 
reference 

case 
[%] 

1 0.1 MWh/ 
0.1 MW 

80 70 7273 -1.7 

2 0.1 MWh/ 
0.1 MW 

80 70 7279 -1.6 

3 0.1 MWh/ 
0.1 MW 

80 70 7273 -1.7 

 
Table 13 shows that the highest NPV of approaches 1, 2, and 3 is achieved with 
approach 2. Approach 2 is based on selling both the currently produced and the stored 
PV production only if the spot price is above average. This results in a slightly higher 
NPV than with approach 1 which only applied this strategy to the stored PV production. 
However, all three approaches result in similar NPVs, and even more interestingly, the 
configuration of all approaches is the same regarding battery ratings and feed-in levels. 
Approach 3 has a different and more complex strategy but gives the same NPV as 
approach 1 which is based on a simpler strategy. It can be noted that the best NPV, 7279 
kSEK is lower than the reference case and 7 kSEK higher than the best NPV of the 
battery base case. 
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5.3.2 Arbitrage approach 4 

Approach 4 results in the highest NPV of the arbitrage case. The approach is based on 
selling the stored PV production during hours with the highest spot price. To do this, the 
PV production is primarily stored in the battery during hours with lower spot price and 
higher PV production. The result of approach 4 is presented in Table 14. 

Table 14. The NPVs achieved with different allowed feed-in levels and batteries in the 
arbitrage case with approach 4. 

Rated 
battery 
energy 
[MWh] 

C-rate 
Feed-in level 

summer  
[% of 3.5 MW] 

Feed-in level 
winter  

[% of 3.5 MW] 

NPV 
[kSEK] 

Change from 
reference case 

[%] 

Rated battery power: 2 MW  
2 1 80 40 4902 -34 

2.67 0.75 70 40 4238 -43 
4 0.5 70 40 2823 -62 
8 0.25 60 40 -1603 -120 

Rated battery power: 1 MW  
1  1  80 60 6220 -16 

1.33  0.75  80 60 5888 -20 
2 0.5  80 50 5190 -30 
4 0.25  70 40 3039 -59 

Rated battery power: 0.5 MW  
0.5  1  80 60 6834 -7.6 
0.67  0.75  80 60 6679 -9.7 

1  0.5  80 60 6345 -14 
2  0.25  80 50 5254 -29 

Rated battery power: 0.4 MW  
0.4 1  80 70 6951 -6.0 
0.53 0.75  80 70 6830 -7.8 
0.8 0.5  80 70 6566 -11 
1.6 0.25  80 70 5695 -23 

Rated battery power: 0.3 MW  
0.3 1  80 70 7066 -4.5 
0.4 0.75  80 60 6977 -5.7 
0.6 0.5  80 60 6781 -8.3 
1.2 0.25  80 60 6131 -17 

Rated battery power: 0.2 MW  
0.2 1  80 70 7181 -2.8 
0.27 0.75  80 70 7122 -3.7 
0.4 0.5  80 60 6991 -5.5 
0.8 0.25  80 60 6560 -11 

Rated battery power: 0.1 MW  
0.1 1  80 70 7289 -1.5 
0.13 0.75  80 70 7261 -1.8 
0.2 0.5  80 70 7195 -2.7 
0.4 0.25  80 60 6978 -5.7 
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Table 14 shows that the highest NPV is achieved with a 0.1 MWh/0.1 MW battery and 
with the feed-in limits of 80 % of 3.5 MW during summer and 70 % of 3.5 MW during 
winter. The highest NPV is 7289 kSEK which is 1.5 % lower than the NPV of the 
reference case. The result is 10 kSEK higher than for approach 2 of the arbitrage case 
and 17 kSEK higher than the battery base case, indicating that the smarter battery 
operation in the arbitrage case results in higher revenue. The battery capacity and feed-
in levels are the same for the highest NPVs for all arbitrage approaches and the battery 
base case. How the system operates with a battery achieving the highest NPV is 
illustrated in Figure 18. 

(a) 

 
(b) 

 

Figure 18. Visualization of the system operation of the arbitrage case with approach 4 
and with a 0.1 MWh/0.1 MW battery for (a) the first seven days in June and (b) the first 

seven days in December. 
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Figure 18 exemplifies how the system operates in a month with the highest and lowest 
PV production, respectively. Figure 18 (a) shows how some amount of the otherwise 
curtailed PV production is stored and fed in by the battery. Due to the changed priority 
of storing PV production during some hours of the day, the battery is used in December, 
as seen in Figure 18 (b). This is a change compared to the battery base case, see Figure 
13 (b). The strategy of selling energy at the expected highest spot price (hour 20 in the 
summer and 18 in the winter) is clearly visualized in Figure 18. 

To show the higher potential of utilizing a battery, Figure 19 shows the system 
operation when using an 8 MWh/2 MW battery during the month with the highest PV 
production. 

 

Figure 19. Visualization of the system operation of the arbitrage case with approach 4 
and with an 8 MWh/2 MW battery for the first seven days in June. 

Figure 19 illustrates the fact that a battery with larger energy storage and a higher power 
rating can store more of the otherwise curtailed PV production. It shows that the battery 
feed-in is higher during hours with expected high spot price, as well as during hours 
when the same strategy as in the battery base case is applied. 

Figure 20 shows how the 0.1 MWh/0.1 MW battery is utilized, in terms of how the 
charge varies within the SoC margins over time.     
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Figure 20. Hourly resolution of charge within the SoC margins for a 0.1 MWh/0.1 MW 
battery in the arbitrage case with approach 4. 

According to Figure 20, the battery is used frequently during the winter season and even 
more frequently during the summer season. As mentioned above in this section, this can 
be explained by the prioritization of storing PV production during some hours of the 
day. The battery is utilized to a higher extent in the arbitrage case than in the battery 
base case. It can also be stated that compared to the battery base case, the utilization of 
the battery in March and December deviate to a lower extent in relation to their 
respective season.  

The non-discounted costs and revenues over the ten-year period for the configuration 
achieving the highest NPV in the arbitrage case with approach 4 are presented in Table 
19.  

5.4 FCR-D case 

In the FCR-D case, the battery is utilized to participate in the FCR-D market to create 
additional revenues. This means that the battery is upregulating, i.e., discharging when 
activated. The bid size is 0.1 MW. Over one year, the mean bid activation rate during 
hours with disturbances turned out to be 0.56 %. Of the two FCR-D approaches, 
approach 2 results in the highest NPV. Therefore, approach 2 is presented in more 
detail. Approach 1 is only presented with its best result. 

5.4.1 FCR-D approach 1 

The best configuration and resulting NPV of approach 1 are presented in Table 15. 
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Table 15. The configuration achieving the highest NPV in the in the FCR-D case with 
approach 1. 

Approach Battery 
ratings 

Feed-in level 
summer  

[% of 3.5 
MW] 

Feed-in level 
winter  

[% of 3.5 MW] 

NPV 
[kSEK] 

Change from 
reference 

case  
[%] 

1 
0.1 

MWh/0.1 
MW 

80 70 7304 -1.3 

 
Table 15 shows that approach 1 achieves an NPV of 7304 kSEK, which is  
1.3 % lower than the NPV of the reference case. The battery and feed-in levels are the 
same as in the battery base case. The FCR-D case with approach 1 is 1.3 % better than 
the arbitrage case with approach 4, regarding NPV. This indicates that the FCR-D case 
with approach 1 is a better use for the battery than arbitrage.     

5.4.2 FCR-D approach 2 

Approach 2 results in the highest NPV of the FCR-D case. The approach is based on 
prioritizing storing PV production during hours with low spot prices and high PV 
production. The result of approach 2 is presented in Table 16. 
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 Table 16. The NPVs achieved with different allowed feed-in levels and batteries in the 
FCR-D case with approach 2. 

Rated 
battery 
energy 
[MWh] 

C-rate 
Feed-in level 

summer  
[% of 3.5 MW] 

Feed-in level 
winter  

[% of 3.5 
MW] 

NPV 
[kSEK] 

Change from 
reference case  

[%] 

Rated battery power: 2 MW 
2 1 80 60 5249 -29 

2.67  0.75 80 50 4512 -39 
4  0.5 80 60 3011 -59 
8  0.25 80 60 -1540 -120 

Rated battery power: 1 MW 
1  1  80 60 6587 -11 

1.33  0.75  80 60 6255 -15 
2 0.5  80 60 5546 -25 
4 0.25  80 60 3294 -55 

Rated battery power: 0.5 MW 
0.5  1  80 60 7196 -2.7 
0.67  0.75  80 60 7044 -4.8 

1  0.5  80 60 6707 -9.3 
2  0.25  80 60 5611 -24 

Rated battery power: 0.4 MW 
0.4 1  80 60 7312 -1.1 
0.53 0.75  80 60 7193 -2.8 
0.8 0.5  80 60 6927 -6.4 
1.6 0.25  80 60 6053 -18 

Rated battery power: 0.3 MW 
0.3 1  80 70 7387 -0.14 
0.4 0.75  80 60 7338 -0.80 
0.6 0.5  80 60 7142 -3.4 
1.2 0.25  80 60 6490 -12 

Rated battery power: 0.2 MW 
0.2 1  80 70 7372 -0.34 
0.27 0.75  80 70 7401 +0.05 
0.4 0.5  80 60 7348 -0.66 
0.8 0.25  80 60 6916 -6.5 

Rated battery power: 0.1 MW 
0.1 1  80 70 7387 -0.14 
0.13 0.75  80 70 7406 +0.12 
0.2 0.5  80 70 7385 -0.16 
0.4 0.25  80 70 7260 -1.9 

 
Table 16 shows that the highest NPV is achieved with a 0.13 MWh/0.1 MW battery and 
the feed-in levels of 80 % of 3.5 MW during summer and 70 % of 3.5 MW during 
winter. The highest NPV is 7406 kSEK which is 0.12 % higher than the NPV of the 
reference case. Compared to approach 4 in the arbitrage case, the NPV is 1.6 % higher 
which speaks for FCR-D approach 2 as an improved way of utilizing the battery. This 
also means that FCR-D approach 2 is the best strategy so far and outweighs the 
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investment cost of utilizing a battery with a slightly larger energy storage. The seasonal 
feed-in levels remain the same as in the battery base case.  

Note that multiple battery capacities are resulting in similar NPVs as using a 0.13 
MWh/0.1 MW battery, such as 0.27 MWh/0.2 MW, 0.3 MWh/0.3 MW or 0.1 MWh/ 
0.1 MW, see Table 16. This could mean that these would become favorable with future 
lower battery investment costs, investigated in the sensitivity analysis, see section 5.7.1. 
How the system operates with the battery achieving the highest NPV is shown in Figure 
21.  

(a)  

 

(b)

 

Figure 21. Visualization of the system operation of the FCR-D case with approach 2 
and a 0.13 MWh/0.1 MW battery for (a) the first seven days in June and (b) the first 

seven days in December. 
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Figure 21 exemplifies how the system operates in a month with the highest and lowest 
PV production, respectively. Due to low hourly activation rates, no FCR-D activation 
occurs during the nights of the presented days. However, Figure 21 clearly shows that 
the PV production not activated during the night is sold at spot price the morning after. 
When comparing Figure 15 (b) and Figure 21 (b), it becomes clear that the battery is 
now utilized during winter, which was not the case in the battery base case. As stated 
above in this section, approach 2 in the FCR-D case use a slightly larger energy storage 
than in the other cases. To show the higher potential of utilizing a battery with an even 
larger energy storage, Figure 22 shows the system operation when using an  
8 MWh/2 MW battery during the month with the highest PV production. 

 

Figure 22. Visualization of the system operation of the FCR-D case with an  
8 MWh/2 MW battery for the first seven days in June. 

Figure 22 shows that the biggest gain from using a larger battery is the higher number 
of FCR-D bids that can be placed during the night. With an 8 MWh/2 MW battery, 
eight bids can be placed instead of one as in the case for the 0.13 MWh/0.1 MW battery. 
However, this does not economically motivate the investment cost of the larger battery.  

Figure 23 shows how the 0.13 MWh/0.1 MW battery is utilized in terms of how the 
charge varies within the SoC margins over time.     
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Figure 23. Hourly resolution of charge within the SoC margins for a 0.13 MWh/0.1MW 
battery in the FCR-D case approach 2. 

The battery is used to a high extent, as Figure 23 shows. Compared to the battery base 
case, the utilization of the battery in the winter season has increased, see Figure 17.  

The non-discounted costs and revenues over the ten-year period for the configuration 
achieving the highest NPV in the FCR-D case with approach 2 are presented in Table 
19.  

5.5 FCR-N case 

In the FCR-N case, the battery is utilized to participate in the FCR-N market to create 
additional revenues. This means that the battery is both upregulating and 
downregulating, i.e., either discharging or charging when activated. The bid size is 0.1 
MW. Over one year, the mean bid activation rate during hours with disturbances turned 
out to be 31 % for upregulation and 20 % for downregulation. The N3 feed-out tariff is 
used, as this proved to be the least costly alternative. Of the two approaches, approach 1 
results in the best NPV. Therefore, approach 1 is presented in more detail. Approach 2 
is only presented with its best result. 

5.5.1 FCR-N approach 1 

Approach 1 results in the highest NPV of the FCR-N case. The approach is primarily 
based on charging the battery to SoC 50 % before FCR-N participation, as well as 
having the option to recharge during the night to place more bids. Energy left in the 
battery is sold at morning peak spot price. The result of approach 1 is presented in Table 
17. The value “NA” can imply two things. Either the battery energy storage is too large 
to charge to SoC 50 % during 8 hours, or the battery energy at SoC 50 % is not high 
enough to bid on the FCR-N market. 
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   Table 17. The NPVs achieved with different allowed feed-in levels and batteries in the 
FCR-N case with approach 1. 

Rated  
battery 
energy 
[MWh] 

C-rate 
Feed-in level 

summer  
[% of 3.5 MW] 

Feed-in level 
winter  

[% of 3.5 MW] 

NPV 
[kSEK] 

Change from 
reference case 

[%] 

Rated battery power: 2 MW 
2 1 80 50 4348 -41 

2.67  0.75 - - NA - 
4  0.5 - - NA - 
8  0.25 - - NA - 

Rated battery power: 1 MW 
1  1  80 60 5724 -23 

1.33  0.75  80 60 5350 -28 
2 0.5  80 50 4626 -37 
4 0.25  - - NA - 

Rated battery power: 0.5 MW 
0.5  1  80 60 6585 -11 
0.67  0.75  80 60 6132 -17 

1  0.5  80 60 5853 -21 
2  0.25  80 60 4717 -36 

Rated battery power: 0.4 MW 
0.4 1  80 60 6590 -11 
0.53 0.75  80 60 6273 -15 
0.8 0.5  80 60 5999 -19 
1.6 0.25  80 60 5169 -30 

Rated battery power: 0.3 MW 
0.3 1  80 70 6698 -9.4 
0.4 0.75  80 60 6617 -11 
0.6 0.5  80 60 6232 -16 
1.2 0.25  80 60 5599 -24 

Rated battery power: 0.2 MW 
0.2 1  - - NA - 
0.27 0.75  80 70 6752 -8.7 
0.4 0.5  80 60 6634 -10 
0.8 0.25  80 60 5993 -19 

Rated battery power: 0.1 MW 
0.1 1  - - NA - 
0.13 0.75  - - NA - 
0.2 0.5  - - NA - 
0.4 0.25  80 70 6625 -10 

 
Table 17 shows that FCR-N approach 1 achieves an NPV of 6752 kSEK, which is  
8.7 % lower than the NPV of the reference case. The battery and feed-in levels are the 
same as in the reference case. FCR-N approach 1 performs poorer than any other case. 
This is due to the added feed-out costs and the fact that the battery investment cost is 
higher, as the lowest-rated batteries cannot be used for FCR-N. How the system 
operates with the battery achieving the highest NPV is shown in Figure 24. 
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(a) 

 

(b) 

 

Figure 24. Visualization of the system operation of the FCR-N case with approach 1 
and a 0.27 MWh/0.2 MW battery for (a) the first seven days in June and (b) the first 

seven days in December. 

Figure 24 exemplifies how the system operates in a month with the highest and lowest 
PV production, respectively. The FCR-N activation can be seen during the nights. Note 
that Figure 24 only shows feed-in to the grid, which means downregulation is not 
visualized. Figure 24 clearly shows that the PV production not activated during the 
night is sold at spot price the morning after. When comparing Figure 15 (b) and Figure 
24 (b), it becomes clear that the battery is now utilized during winter, which was not the 
case in the battery base case. Approach 1 in the FCR-N case is only feasible when using 
a slightly larger energy storage than in the other cases. To show the higher potential of 
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utilizing a battery with an even larger energy storage, Figure 25 shows the system 
operation when using a 2 MWh/2 MW battery during the month with the highest PV 
production. 

 

Figure 25. Visualization of the system operation of the FCR-N case with a 2 MWh/2 
MW battery for the first seven days in June. 

Figure 26 shows how the 0.27 MWh/0.2 MW battery is utilized, in terms of how the 
charge varies within the SoC margins over time. Figure 26 shows the net charge for 
each hour, as the battery can both upregulate and downregulate during the same hour.  

 

Figure 26. Hourly resolution of charge within the SoC margins for a 0.27 MWh/0.2 MW 
battery in the FCR-N case approach 1. 

The battery is used to a high extent, as Figure 26 shows. Compared to the battery base 
case, the utilization of the battery in the winter season has increased, see Figure 17. To 
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further visualize the upregulating and downregulating mechanism of the battery, Figure 
27 is presented. 

(a) 

 

(b) 

 

Figure 27. Up- and downregulation performed by the battery in the first seven days of 
(a) June and (b) December. Negative values on the y-axis mean the battery is 

discharging. A 0.27MWh/0.2MW battery is used. 

As seen in Figure 27, the battery can either downregulate, upregulate or do both during 
one hour.  

The non-discounted costs and revenues over the ten-year period for the configuration 
achieving the highest NPV of the FCR-N case with approach 1 are presented in Table 
19. 
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5.5.2 FCR-N approach 2 

The best configuration and resulting NPV of approach 2 are presented in Table 18. As 
approach 2 was only designed for the winter season, FCR-N approach 1 was used 
during the summer season. 

Table 18. The configurations achieving the highest NPVs in the FCR-N case with 
approach 2. 

Approach Battery  
ratings 

Feed-in level 
summer  

[% of 3.5 MW] 

Feed-in level 
winter  

[% of 3.5 
MW] 

NPV 
[kSEK] 

Change from 
reference case 

[%] 

2 0.27 MWh 
/0.2 MW 

80 70 6718 -9.2 

 
As can be seen in Table 18, approach 2 achieves the NPV 6718 kSEK, which is 0.50 % 
lower than approach 1.   

5.6 Summary 

In Table 19, all non-discounted costs and revenues for the cases with their best 
approaches are presented. For each case, the combination achieving the highest NPV 
over ten years is presented. 
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Table 19. Non-discounted costs and revenues for the best combination in each case, as 
well as the change in percentage compared to the reference case. The percentage 

change relates to non-rounded values. 

 Reference 
case 

Battery 
base case 
0.1 MWh  
/0.1 MW 

Arbitrage 
case 

0.1 MWh  
/0.1 MW 

FCR-D case 
0.13 MWh  
/0.1 MW 

FCR-N case 
0.27 MWh  
/0.2 MW 

Cost [kSEK] 

Grid connection 
investment cost 315 

 
280 

(-11 %) 

 
280 

(-11 %) 

 
280 

(-11 %) 

 
280 

(-11 %) 
Battery  

investment cost - 142 142 180 361 

Energy fee 42 
 

42 
(-1.6%) 

 
42  

(-1.7 %) 

 
42 

(-1.7 %) 

 
42 

(-0.12 %) 

Power fee 2157 
 

1986  
(-8.0 %) 

 
1980  

(-8.2 %) 

 
1979 

 (-8.3 %) 

 
1986 

 (-7.95 %) 
Total feed-out cost - - - - 768 

Revenue [kSEK] 

Spot income 10572 
 

10395  
(-1.7 %) 

 
10414 

 (-1.5 %) 

 
10425 

(-1.4 %) 

 
10567 

(-0.05%) 

Energy 
remuneration 1595 

 
1578 

 (-1.1%) 

 
1576  

(-1.2 %) 

 
1577  

(-1.1 %) 

 
1608  

(+0.82 %) 
Power 

remuneration 0 0 0 0 0 

FCR-D income - - - 188 - 
FCR-N capacity 

income - - - - 151 

FCR-N energy 
income - - - - 25 

 
As seen in Table 19, the total investment cost is affected when a battery is added. As 
mentioned earlier in section 5.5.1, this is especially true in the FCR-N case, where the 
total investment cost has more than doubled. As any potential investment cost for a 
feed-out subscription is not included, this makes the FCR-N case even less favorable. 
The energy fee differs marginally between the different cases, which indicates roughly 
the same energy flow in all cases compared to the reference case. The grid connection 
investment cost, which is affected by the seasonal feed-in levels, is the same for all 
cases besides the reference case. The change in power fee is the most significant cost 
reduction. The total feed-out cost only applies to the FCR-N case. This cost is higher 
than the combined investment costs, or almost half of the power fee. This renders the 
FCR-N case even less favorable.  
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Regarding revenues, Table 19 shows that the spot income is lower for all cases when 
compared to the reference case. The decrease is the smallest for the FCR-N case. This is 
most likely because a larger battery is used in the FCR-N case, which leaves more room 
to store and sell energy. It is noticeable that the arbitrage case did not render a higher 
spot income when this is the aim of the strategy. However, it should be noted that in the 
reference case, the determined feed-in level during summer is 90 % of 3.5 MW, 
compared to 80 % of 3.5 MW in the other cases. This might explain why the spot 
income in absolute numbers is highest in the reference case, as this feed-in level allows 
for more energy to be sold at spot price during summer. The FCR-D market 
participation did not cause a significant loss of spot income. The energy remuneration is 
related to the spot income, as this is the remuneration for feeding energy to the grid. As 
argued in section 5.1, one could expect the power remuneration to be 0. Lastly, it can be 
noted that the FCR-D and FCR-N services result in roughly the same income. 

As mentioned in section 3.2, the battery lifetime is estimated to be 4000 cycles. The 
number of equivalent cycles is roughly 4300 in the case resulting in the highest NPV, 
namely FCR-D approach 2 with a 0.13 MWh/0.1 MW battery evaluated seasonally. 
This is higher than 4000 which implies that the battery would have to be exchanged 
after the ten years. However, the approach is feasible in terms of battery degradation if a 
slight decline in battery performance can be tolerated in the last years of the time.  

5.7 Sensitivity analysis 

In this section, the four factors presented in section 3.5 are investigated for the case 
achieving the highest NPV, i.e., the FCR-D case with approach 2.  

5.7.1 Future battery prices 

To examine the impact of declining battery costs on the result, future predicted battery 
prices are used. The highest NPV, achieved by the FCR-D case with approach 2, is 
evaluated with two different battery prices, predicted by BloombergNEF. Table 20 
presents the result of the FCR-D case with approach 2 with the predicted battery price in 
2023, 100 USD/kWh.  
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Table 20. The NPVs achieved with different allowed feed-in levels and batteries in the 
FCR-D case with approach 2, with predicted battery price by the year 2023, 100 

USD/kWh. 

Rated  
battery 
energy  
[MWh] 

C-rate 
Feed-in level 

summer  
[% of 3.5 MW] 

Feed-in level 
winter  

[% of 3.5 MW] 

NPV 
[kSEK] 

Change to 
reference 

case 
[%] 

Rated battery power: 2 MW 
2 1 80 60 5864 -21 

2.67  0.75 80 50 5332 -28 
4  0.5 80 60 4241 -43 
8  0.25 80 60 920 -88 

Rated battery power: 1 MW 
1  1  80 60 6894 -6.8 

1.33  0.75  80 60 6665 -9.9 
2 0.5  80 60 6160 -17 
4 0.25  80 60 4524 -39 

Rated battery power: 0.5 MW 
0.5  1  80 60 7350 -0.64 
0.67  0.75  80 60 7249 -2.0 

1  0.5  80 60 7015 -5.2 
2  0.25  80 60 6226 -16 

Rated battery power: 0.4 MW 
0.4 1  80 60 7435 +0.51 
0.53 0.75  80 60 7357 -0.54 
0.8 0.5  80 60 7173 -3.0 
1.6 0.25  80 60 6545 -12 

Rated battery power: 0.3 MW 
0.3 1  80 70 7480 +1.1 
0.4 0.75  80 60 7461 +0.87 
0.6 0.5  80 60 7326 -0.96 
1.2 0.25  80 60 6859 -7.3 

Rated battery power: 0.2 MW 
0.2 1  80 70 7434 +0.50 
0.27 0.75  80 70 7483 +1.2 
0.4 0.5  80 60 7471 +1.0 
0.8 0.25  80 60 7162 -3.2 

Rated battery power: 0.1 MW 
0.1 1  80 70 7418 +0.28 
0.13 0.75  80 70 7447 +0.68 
0.2 0.5  80 70 7446 +0.66 
0.4 0.25  80 70 7383 -0.19 

 
Table 20 shows that the highest NPV is 7483 kSEK. This NPV is 1.2 % higher than the 
highest NPV achieved with the same approach but with the average battery price of 
today, see Table 16. This NPV is achieved with a 0.27 MWh/0.2 MW battery, which 
can be compared to a 0.13 MWh/0.1 MW battery which achieves the highest NPV when 
assuming a battery price of today. The feed-in levels are the same.  
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Table 21 presents the result of the FCR-D case with approach 2 with the predicted 
battery price in 2030, 58 USD/kWh. 

Table 21. The NPVs achieved with different allowed feed-in levels and batteries in the 
FCR-D case with approach 2, with predicted battery price by the year 2030, 58 

USD/kWh. 

Rated  
battery 
energy  
[MWh] 

C-rate 

Feed-in level 
summer  

[% of 3.5 
MW] 

Feed-in level 
winter  

[% of 3.5 MW] 

NPV 
[kSEK] 

Change to 
reference 

case 
[%] 

Rated battery power: 2 MW 
2 1 80 60 6562 -11 

2.67  0.75 80 50 6263 -15 
4  0.5 80 60 5637 -24 
8  0.25 80 60 3712 -50 

Rated battery power: 1 MW 
1  1  80 60 7243 -2.1 

1.33  0.75  80 60 7131 -3.6 
2 0.5  80 60 6859 -7.3 
4 0.25  80 60 5920 -20 

Rated battery power: 0.5 MW 
0.5  1  80 60 7525 +1.7 
0.67  0.75  80 60 7482 +1.1 

1  0.5  80 60 7364 -0.45 
2  0.25  80 60 6924 -6.4 

Rated battery power: 0.4 MW 
0.4 1  80 60 7575 +2.4 
0.53 0.75  80 60 7543 +2.0 
0.8 0.5  80 60 6924 -6.4 
1.6 0.25  80 60 7103 -4.0 

Rated battery power: 0.3 MW 
0.3 1  80 70 7584 +2.5 
0.4 0.75  80 60 7601 +2.8 
0.6 0.5  80 60 7536 +1.9 
1.2 0.25  80 60 7278 -1.6 

Rated battery power: 0.2 MW 
0.2 1  80 70 7504 +1.4 
0.27 0.75 80 70 7577 +2.4 
0.4 0.5  80 60 7610 +2.9 
0.8 0.25  80 60 7441 +0.60 

Rated battery power: 0.1 MW 
0.1 1  80 70 7453 +0.76 
0.13 0.75  80 70 7494 +1.3 
0.2 0.5  80 70 7516 +1.6 
0.4 0.25  80 70 7522 +1.7 

 
Table 21 shows that with the predicted battery price of 58 USD/kWh, the highest NPV 
is 7610 kSEK. It is an increase of 2.9 % compared to the same approach with the 
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average battery price of today, see Table 16. This NPV is achieved with a  
0.4 MWh/0.2 MW battery, which is even larger energy-wise than the battery achieving 
the highest NPV when assuming the battery price of 100 USD/kWh, see Table 20. Due 
to the larger-sized battery, the feed-in level is lowered for the winter season compared 
to the configuration achieving the highest NPV with today’s battery price.  
 
Testing lower battery prices shows that this can result in a higher NPV. It also shows 
that with declining battery prices, larger batteries will be more interesting to consider. 
However, even with a price decline from 137 USD/kWh to 58 USD/kWh, only batteries 
with a power rating in the span of 0.5 MW – 0.1 MW achieve higher NPVs compared to 
the reference case, see Table 10.  

5.7.2 Changed input data 

Different typical meteorological years (TMYs) and spot price data were tested to 
evaluate the result’s dependency on input data. Only one change in input data was done 
at a time. To limit the scope, the analysis was only carried out for the case with the 
highest NPV, i.e., the FCR-D case with approach 2. The battery achieving the highest 
NPV, as well as the largest battery and some batteries in between were tested. The 
reference case was also evaluated with the new input data to provide a reference point. 
In Table 22, the resulting NPVs when testing different input data are presented.  
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Table 22. NPV [kSEK] with changed input TMY and spot price data. S/W represents the 
feed-in levels [%] for the summer and winter months. When a battery is used, the  

FCR-D case with approach 2 is applied.   

        TMY       Spot price year 

 Karlstad Lund 2015 2018 

Reference case 7585 
S90/W70 

7415 
S90/W60 

6063 
S80/W80 

15323 
S90/W90 

0.13 MWh 
/0.1 MW 

7595  
S90/W70 

7429  
S90/W60 

6059 
S80/W70 

15325 
S90/W90 

0.2 MWh 
/0.2 MW 

7560 
S90/W70 

7395 
S80/W60 

6016 
S80/W70 

15285 
S90/W90 

0.3 MWh 
/0.3 MW 

7576 
S90/W60 

7423 
S80/W60 

6018 
S80/W70 

15287 
S90/W80 

0.4 MWh 
/0.4 MW 

7499 
S80/W60 

7354 
S80/W60 

5930 
S80/W70 

15197 
S90/W80 

0.5 MWh 
/0.5 MW 

7386 
S80/W60 

7241 
S80/W60 

5801 
S80/W70 

15066 
S90/W80 

1 MWh 
/1MW 

 

6786 
S80/W60 

6661 
S80/W50 

5143 
S80/W70 

14394 
S90/W80 

2 MWh 
/2 MW 

5451 
S80/W60 

 

5391 
S80/W50 

3749 
S80/W70 

13024 
S80/W70 

8 MWh 
/2 MW 

-1229 
S80/W60 

-1282 
S80/W50 

-3051 
S70/W60 

6245 
S70/W60 

 
As seen in Table 22, the feed-in levels are changed in the FCR-D case with approach 2 
compared to the reference case. For instance, when using spot price data from 2018, the 
feed-in levels combined with the 0.13 MWh/0.1 MW battery are 90 % of 3.5 MW 
during both summer and winter. These are compared to 80 % of 3.5 MW during 
summer and 70 % of 3.5 MW during winter when using spot price data from 2015. The 
higher feed-in levels indicate that it is profitable to sell more PV production and curtail 
less, due to high spot prices.  

By comparing the resulting NPVs for spot price years 2015 and 2018 for the batteries in 
Table 22, it can be stated that the difference is roughly 60 % up until the  
0.5 MWh/0.5 MW battery. The difference is 64 % for the 1 MWh/1 MW battery, 71 % 
for the 2 MWh/2 MW battery, and 150 % for the 8 MWh/2 MW battery. This indicates 
that using larger-sized batteries makes the system sensitive to changes in the spot price. 
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Making the same comparison for the TMY shows that the largest difference is 4.3 % for 
the 8 MWh/2 MW battery. This means the system is not as sensitive to TMY changes as 
spot price changes.      

By examining Table 22, it becomes clear that both TMYs for Karlstad and Lund result 
in higher NPVs for all batteries tested, as well as for the reference case. Unchanged 
from using the original input data, only the 0.13 MWh/0.1 MW battery results in a 
higher NPV than the reference case. Table 22 also shows that changes in spot price data 
have a significant impact on the result. The 0.13 MWh/0.1 MW battery generates a 
higher NPV than in the reference case only when spot price year 2018 is used. 
However, the change in both TMY and spot price does not scale the NPVs consistently 
when comparing to the reference case. This is illustrated in Table 23. 

Table 23. The percentage change in NPV [%] compared to the reference case [kSEK] 
with changed input TMY and spot price data. When a battery is used, the FCR-D case 

with approach 2 is applied.   

 TMY Spot price year 
 Karlstad Lund 2015 2018 

Reference case 7585 7415 6063 15323 
0.13 MWh 
/0.1 MW 

+0.13 +0.19 -0.07 +0.01 

0.2 MWh 
/0.2 MW 

-0.33 -0.27 -0.78 -0.25 

0.3 MWh 
/0.3 MW 

-0.12 -0.11 -0.74 -0.23 

0.4 MWh 
/0.4 MW 

-1.1 -0.82 -2.2 -0.82 

0.5 MWh 
/0.5 MW 

-2.6 -2.3 -4.3 -1.7 

1 MWh 
/1MW 

-11 -10 -15 -6.1 

2 MWh 
/2 MW 

 
-28 

 

-27 -38 -15 

8 MWh 
/2 MW 

-120 -120 -50 -59 

 
As Table 23 shows, the percentage decline with larger-sized batteries is roughly the 
same regardless of TMY. However, the pattern is not the same when considering the 
spot price years. This again indicates that the change in TMY does not impact the 
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battery capacity sizing to a high extent, but the spot price does. It should also be noted 
that the 8 MWh/2 MW battery achieves a much lower NPV when the TMY is changed, 
compared to the spot price. Overall, this indicates a higher system sensitivity when 
larger-sized batteries are considered.      

5.7.3 Monthly resolution of the feed-in levels 

To determine if a higher resolution of the feed-in levels would result in a higher NPV, 
the resolution is changed from seasonally to monthly in the FCR-D case with approach 
2. To evaluate this, a new reference is established, which means the reference case is 
evaluated with a monthly resolution. As with the seasonal resolution, the investment 
cost is scaled with the highest monthly feed-in level, which turned out to be 90 % of 3.5 
MW in both cases. The result is presented in Table 24.    

Table 24. The monthly NPVs and feed-in levels over a ten-year period for the reference 
case and the FCR-D case with approach 2. A 0.13 MWh/0.1 MW battery was used. 

Month 

 Reference case  FRC-D approach 
2 

Feed-in level 
[% of 3.5 

MW] 

NPV monthly 
[kSEK] 

Feed-in level 
[% of 3.5 

MW] 

NPV monthly 
[kSEK] 

January 20 61 20 68 
February 50 300 50 300 
March 80 513 80 509 
April 80 395 80 389 
May 90 789 90 789 
June 90 1595 90 1606 
July 80 455 80 457 

August 90 1794 90 1792 
September 80 1099 80 1098 

October 50 336 50 339 
November 20 130 20 128 
December 20 74 10 73 

Total 
NPV  7539  7547 

 
As shown in Table 24, the monthly resolution results in varied feed-in levels between 
90 – 20 % of 3.5 MW in the reference case, and 90 – 10 % of 3.5 MW in the FCR-D 
case with approach 2. The only difference between the cases is the feed-in level in 
December, which is lower in the FCR-D case. For both cases, the NPV is 1.9 % higher 
than its counterpart with seasonal feed-in levels. In absolute values, the increase in NPV 
between seasonal and monthly resolution is 142 kSEK for the reference case and 141 
kSEK for the FCR-D case with approach 2.   
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6. Discussion 
An important takeaway from this study is that it is possible to design and build a system 
in which a PV park combined with a battery has a higher economic result than a system 
not including a battery. In this section, the result and how it was determined is 
discussed, as well as future outlooks.   

6.1 Method and data 

As mentioned in section 3.1.1, the optimal feed-in level might lie between two 
percentage levels investigated in this study. Also, as shown in section 5.7.3, an 
evaluation of feed-in levels on a monthly resolution can result in a higher NPV than an 
evaluation on seasonal resolution. Both statements suggest that the study might be 
improved if the time and percentage resolution were increased. However, a word of 
caution regarding generality: the data used in this study is only sourced from one year, 
which might introduce flaws similar to “overfitting” if the case simulations were to be 
applied to other systems. The gain of studying a specific PV park is to fix some 
parameters in the study. The downside is that the results in general may lack 
translatability to other system setups.  

Regarding the NPV calculations in this study, it must be remembered that the NPVs 
presented in section 5 are not including all the costs for the PV park, such as park 
investment and labor cost. The PV park is already existing when the battery is added. 
The NPVs are therefore not indicating if the whole PV park project is profitable or not, 
only if the added battery results in higher revenues than without it.  

The battery technology used in this study is based on assumptions connected to the Li-
ion battery market growth and primarily serves to determine which costs to simulate. 
However, other technologies than Li-ion might be more suitable for the service 
application investigated in this study. The focus of the study has not been to determine 
the technical feasibility of the battery dimension, which means the feasibility of 
combining the investigated battery power and energy ratings is not evaluated. When 
determining the role of the battery in the system, the focus has thus not been to mimic a 
real battery, but rather to find a suitable power and energy dimensioning based on the 
services the battery was providing.  

The impact of cycling may be of high importance when choosing between services and 
discharge patterns, as different services put differing stress on the battery. To exemplify, 
the low mean FCR-D activation rate implies little cycling due to FCR-D market 
participation. This could mean that the FCR-D service is a preferable service if the aim 
is to minimize battery cycling. Therefore, cycling should be taken into consideration 
when designing the battery strategy. Another important discussion point regards the 
simulated battery degradation’s impact on the NPV. As the battery degrades over time, 
the capacity it can provide will be affected. The lowest rated batteries will be most 
sensitive to this when considering the lowest accepted bid size on the FCR markets is 
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0.1 MW. It is reasonable to expect the 0.13 MWh/0.1 MW battery’s FCR-D activity 
will be affected in the later years, as suggested in section 5.6. This will result in less 
FCR-D remuneration and spot income, which will impact the overall NPV with lower 
revenue and possibly a battery re-investment cost.  

There are some delimitations and simplifications connected to the FCR-D and FRC-N 
cases worth discussing. The bid size when participating in the markets was set to 0.1 
MW. When considering batteries with power ratings higher than 0.1 MW, the bid size 
could be higher and thereby result in other conditions when participating in the 
frequency markets. As already mentioned in this section, the batteries with the power 
rating of 0.1 MW are rated the same as the minimum allowed bid size on the FCR 
markets. In reality, one would probably take into account that efficiency affects the 
possible energy output, which could result in deeming the use of the lowest power 
rating unwise. A more precise simulation could then be achieved by studying SvK’s 
technical requirements for FCR. Due to lack of information, another simplification was 
to assume that all FCR bids were procured, which may not be the reality. To minimize 
the impact this has on the results, the average remuneration data has been used.  

Regarding data handling, two specific notes can be made. Firstly, the handling of the 
frequency data proved to be somewhat complicated. Because data points were missing, 
some data was duplicated. As the reason for the missing data was unknown, this was a 
simple way to solve the problem even if it means some error has been introduced in the 
simulations. Further on, the frequency data was the only data available intra-hourly, 
which meant an approximation of hourly mean values was used in the simulations to fit 
the other data sets. This should not have impacted the results significantly, as 20 values 
per hour (60 minutes divided by three minutes) make for a reasonable hourly mean 
estimation. Secondly, the tariff structure regarding the high-load hours has been 
simplified. As the simulations do not make a difference between weekdays, weekends, 
and holidays when considering high-load hours, all days are treated as weekdays. This 
may mean that the feed-out cost and the energy remuneration during high-load hours 
might be higher than in reality. However, the feed-out cost is only applicable to the 
FCR-N case which in addition turned out to be unfavorable due to other reasons, and 
the energy remuneration is small in comparison to other revenue streams such as the 
spot income.     

6.2 Insights and outlook 

One insight from creating different cases is the complexity of service stacking, 
confirming what has already been stated by previous studies presented in section 2.3. 
Like Ahcin et al. (2019) and Jonsson & Valdemarsson (2021), this study shows that 
larger-sized batteries are not economically feasible to use in systems consisting of PV 
installations combined with a battery storage. The battery investment cost outweighs the 
potential economic gain from using a larger battery, as results in section 5.2 show. 
However, using smaller-sized batteries in the system has economic potential. An 
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important insight is thus that it is not necessary to dimension the battery storage to store 
all of the curtailed energy.       

Choosing services and combinations can be made in a multitude of ways. A heuristic 
approach was used to determine both the combinations of services as well as during 
which hours the services should be provided. A challenge was to estimate the impact of 
applying one service since the system’s performance is based on several parameters and 
services. It should be mentioned that more cases have been studied than the ones 
presented in this report. Cases based on completely different strategies during summer 
and winter time have been examined, for instance combining FCR-N approach 1 during 
winter with FCR-D approach 2 during summer. However, none of these combined 
seasonal cases achieved a higher NPV than the best cases presented in section 5.  

Having complexity in mind, the case achieving the highest NPV identified in this study 
may not be the optimal one. Also, the best combination of services and batteries for this 
case study may not be the best one for a different system. For instance, C-rates above 1 
might have been interesting to examine, as batteries with a power rating higher than 
their energy rating could be useful in cases where short endurance is needed, for 
example in FCR-D cases. 

Regarding the activation of the FCR services, it can be noted that the FCR-D mean 
activation rate of 0.52 % over the year is very low, especially in comparison to the 30 % 
and 20 % rates for the FCR-N services. It can also be noted that these activation rates 
are far from 100 %, which might result in over-dimensioning a battery to fit the 
technical requirements, especially with the 60 minutes endurance requirement for  
FCR-N. As stated in section 2.2.2, technical requirements that better reflect the need for 
activation might be favorable to make FCR market participation more attractive, since 
the battery would be reserved for this service during some hours. However, this view 
might not take service stacking into consideration. When considering service stacking, it 
might not be unfavorable for a battery owner to participate in an FCR-D market with a 
low activation rate, as this enables other uses outside the hours where bids have been 
placed. This means a PV park owner can be remunerated for FCR-D capacity some 
hours, and with a high probability be able to use the same battery capacity offered for 
FCR-D for another battery service later, such as selling energy on the spot market. 
However, service stacking presumes the battery operation can be intelligently 
controlled.         

The results achieved in this study are specific to this system, its preconditions, and data. 
In another geographic area, the DSO and/or the voltage level the PV park is connected 
to might differ, resulting in other grid subscription and connection costs as well as tariff 
structures. An important difference can for instance be other ways of dividing the year 
into winter and summer months, or not differentiating between months at all. Also, the 
spot prices can differ depending on the electricity trading area. However, the sensitivity 
analysis showed that in general, changing spot price or TMY data did not change the 
conclusion that adding a small battery creates value compared to not adding it. This may 
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imply that the choice of battery capacity sizing can be the same even if the 
preconditions differ to some extent. However, when testing different spot price data, the 
NPV did change to a higher degree when using the largest battery, compared to a 
reference case. As already stated in section 5.7.2, this implies that a change in spot price 
impacts larger-sized batteries the most.  

When considering the future, changes in FCR remuneration and spot price will be of 
importance. Since activated energy reserved for FCR service cannot be sold at spot 
price, there exists a point at which the revenue for one income source is higher. 
However, since the prices are always fluctuating, it is not straightforward to predict this 
point. As mentioned in section 2.2.2, the ancillary service market is expected to grow, 
and the spot price is expected to be lower than in previous years. However, it is 
reasonable to assume that FCR prices, see section 3.3.1, will continue to fluctuate over 
time. Therefore, paying attention to the next years’ price development and its 
uncertainties is important when choosing service combinations and which battery to 
invest in. Another interesting aspect for the future is the development of battery prices. 
It seems reasonable to assume declining prices of Li-ion batteries. At the same time, the 
supply of material can be problematic due to the growing electrification demand of the 
transport industry. Therefore, cost calculations with different prices like the one in this 
study are recommended. 

There are also some questions regarding how the system will be realized. As mentioned 
in section 2.4, there are indications that PV parks are on the rise in Sweden, given that 
the PV module prices continue to decline, suitable placements of parks can be made, 
and spot prices create enough incentive to build PV parks. Complementing these factors 
and as shown in this study, given the opportunities created by adding a battery to a PV 
park, this system configuration will most likely become the norm.     

The role of the battery in this study is to enable the PV park owner’s cost management 
of grid connection, subscription, and feed-in fees, as well as to perform services such as 
storing curtailed energy, ancillary services, and energy arbitrage. This motivates the 
assumption that the battery in this study is a BTM battery. However, the battery in this 
study will also be performing ancillary services, which could indicate that it is either 
placed as a BTM or an FTM battery depending on the sizing and on which stakeholder’s 
initiative the battery is installed, and what business model is used. For example, the 
sizing of the battery is most likely smaller if the battery is part of an aggregator’s 
aggregated capacity, and larger if the battery capacity is offered on its own, e.g., by the 
PV park owner.  

The issue of determining if the battery in this study is a BTM or FTM battery is small 
since the actual installation of the battery is delimited from the study. However, the 
battery in this study would most likely be placed as a BTM battery since the stakeholder 
in this study is the PV park owner and the battery is not rated above 5 MW. Regulating 
factors affecting battery implementation and operation are delimited from the study. 
However, one could assume that as the new BSP role is introduced, regulation will 
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follow to suit this development and create incentives to offer capacity on frequency and 
flexibility markets, and to aggregators. As mentioned above, simulating and optimizing 
the kind of system explored in this study is complex and includes many parameters. An 
important takeaway from this study is therefore the necessity of system control software 
for the system to function.        

6.3 Further studies 

As battery degradation is not a primary focus in this study, a suggestion for further 
studies is to investigate the battery degradation’s impact on the NPV to a higher extent. 
For example, it would be interesting to dig deeper into the technical preconditions of the 
battery to examine the expected battery lifetime when considering services with 
different cycling aging on the battery. Given these insights, one could choose battery 
technology by determining which services it should deliver, as opposed to in this study 
where the battery technology was already determined before simulating.  

Another suggested area for further studies is to investigate participation in the relatively 
new FFR market and the coming FCR-D downregulation market. As FCR-D 
upregulation market participation proved to be of interest in this study, FCR-D 
downregulation would probably prove the same, given the market structure and 
technical requirements are similar. As mentioned in section 2.2.2, FFR is delivered by 
larger market actors today. However, as the market evolves, participation with smaller 
battery installations might become interesting.  

The same reasoning goes for flexibility markets and bilateral agreements between a 
battery owner and a customer such as a grid company or an industry, not the least to 
investigate the socio-economic value a battery can offer. Flexibility markets are on the 
rise in Sweden, and local flexibility offered by battery owners will probably become 
more sought after. When markets such as Coordinet mature beyond the research phase, 
the market incentives will become clearer in the form of calibrated market signals. 
Bilateral agreements have high potential if the price is right, which calls for price 
benchmarking and a clear sense of for whom the service will be provided. As an 
example, PV parks with batteries placed in industrial areas, like the one in Fyrislund 
studied in this thesis, will have a large potential to deliver capacity to industries. In sum, 
incorporating flexibility markets and bilateral agreements as services into the system 
studied in this thesis will be of high interest.       

7. Conclusions 
The aim of this study has been to explore the economic potential of combining a PV 
park with a battery storage. This has been achieved by simulating a Li-ion battery 
storage combined with PV production modeled after a PV park located in Fyrislund, 
Uppsala.  
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When considering the preconditions for the PV park and battery storage, there must be 
incentives for the PV park owner to optimize the feed-in of PV production. This is 
highly dependent on the DSO and the tariff structure it has set. In this study, optimizing 
the feed-in level mainly targets lowering the cost for the monthly power fee and the grid 
connection. This study also shows that the preconditions for performing FCR-N service 
are limiting the economic potential due to high feed-out costs. Regarding the 
preconditions for generating revenue, it must be acknowledged that the system is highly 
dependent on revenues from selling energy on the spot market, regardless of the 
simulated case. Therefore, this should be a priority when deciding the services 
performed by the system.  

Regarding the preconditions for service stacking, it is complex to decide a clear 
prioritization of services. Thus, a clear vision of the battery’s contribution to the system 
is needed, especially since the battery investment cost often outweighs the benefit of the 
battery, as shown in this study. Most of the simulated cases do not result in a favorable 
economic result when using today’s battery prices.         

The economic result in this study is measured as a comparison to a reference case 
without a battery, and the evaluation method is calculating the NPV over ten years. The 
simulated cases show that the economic result when adding a battery is as highest 
compared to the reference case when a 0.13 MWh/0.1 MW battery in the FCR-D case 
with approach 2 is used, as presented in section 5.4.2. All services mentioned in section 
3.4 are thus performed in this case. This generates an NPV of 7406 kSEK over ten 
years, which can be compared to the reference case generating an NPV of 7397 kSEK 
over ten years. The economic result for the best case is thus 9 kSEK, or 0.12 % higher 
in comparison. As shown in section 5.7.3, a monthly simulation resolution can improve 
this result to 7547 kSEK, which is 2 % higher than the reference case, but can be 
questioned regarding generality.  

The system sensitivity has been evaluated by altering the parameters spot price year, 
TMY, and battery investment cost. Changed spot price data impacts the system, scaling 
NPVs in both the reference case and the FCR-D case with approach 2. This means that 
the battery achieving a higher NPV than the reference case is 0.13 MWh/ 0.1 MW, but 
only if spot prices as in 2018 are considered. The spot price becomes more important to 
consider if a larger-sized battery is used. The change in TMY does not impact the 
system as much as changes in the spot price. Future lower Li-ion battery prices prime 
for using other battery capacities in the FCR-D case with approach 2, such as 0.4 MWh/ 
0.4 MW given projected battery investment costs 2023, and 0.67 MWh/ 0.5 MW given 
costs projected in 2030. However, the larger-sized batteries priced according to future 
estimates are still too costly to generate a higher NPV than the reference case. 
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Appendix A 
The PV park production data was provided by Helios Nordic, after simulation in the 
software Archelios Pro. Table 25 presents PV park design report outtakes.    

Table 25. PV park design report outtakes from Archelios Pro. 
Design measure Value 

Total power 4.368 kWp 
Total number of modules 10 920   
Total number of inverters 28 
Reference meteo station Stockholm 

Global irradiation on site, shadings included 973.4 kWh/m2, year 
Direct irradiation on site, shadings included 486.3 kWh/ m2, year 

Diffuse irradiation on site, shadings included 487.2 kWh/m2, year 
Losses in DC wires  1.0 % 
Losses in AC wires  1.0 % 

Ventilation parameter 20 
System availability  98.0 % 
Module dirt losses 2.0 % 

Module aging 0.5 % 
Module light induced degradation 0 % 

Module power tolerance (min – max) -2.0 – 2.0 % 
Module mismatch 2.0 % 

Module temperature range (min – max) -30 to 70 degrees Celsius 
Module type Singlecrystalline (sc-Si) 
Module size 2015x996 mm 

Total module surface 21915.8 m2 
System maximum voltage (inverter) 1.5 kV 

Ratio Inverter power/peak power (min – max) (inverter) 70 % < 120 % 
Power factor (inverter) 1.0 

AC Pmax (inverter) 125 000 W 
European efficiency (inverter) 98.5 % 

Ratio Pinv/Ppeak (inverter) 80.13 % 
Production measure Value 

DC Annual production 4 625 MWh 
AC Annual production 4 389 MWh 
AC specific yield (P50) 1005 kWh/kWp 
AC specific yield (P90) 922 kWh/kWp 

Performance ratio 81.52 % 
Shading losses -0.11 % 

Near mask -3.11 % 
Partial shading losses -1.77 % 

Reflection losses -3.35 % 
Light induced degradation losses 0 % 

Module dirt losses -2 % 
Temperature losses -0.47 % 

Module aging  -0.5% 
Tolerance 0 % 

Mismatch losses -2 % 
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DC cables losses -0.41 % 
Inverter losses -1.42 % 
Clipping losses -0.89 % 

Power factor losses 0 % 
AC cables losses -0.47 % 

Unavailability losses -2 % 
Monthly production MWh 

January 49 
February 171 
March 390 
April 509 
May 671 
June 671 
July 643 

August 559 
September 402 

October 217 
November 76 
December 31 

 

 

 


