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Abstract 

The increasing demand associated with the growing population poses a challenge to the operation 

of electricity systems worldwide. The electrification of the transport sector, accelerated 

electrification of  industries and use of power demanding appliances in everyday life has increased 

the electricity demand significantly. With these challenges, the climate change is making the 

problem even more acute. To deal with climate change and other environmental problems resulting 

from the use of fossil for energy, renewable energy sources (RES) are predicted to play an 

important role. Clean and environmentally friendly sources are abundant in nature.  These sources 

are highly dependent on weather which results into intermittency and variability in the electricity 

generation from them. High penetration of  RES in a power system increases the uncertainty in the 

electricity supply. This exacerbates the need to balance the load and supply. A power system with 

high RES penetration might witness hours with high renewable power production, which might 

exceed the load. This is in addition to the peak load hours witnessed by the system. A potential 

solution to the problem is using battery energy storage system (BESS) to shave the load peaks the 

load peaks and store the surplus electricity from RES when needed.  

 

This project studies a system with and without the local generation by wind and solar power plants. 

In order to estimate the optimal size of the BESS, a threshold-base strategy is implemented, and 

the comparison is made based on the results of both systems. Whereby, 3% of the corresponding 

load peak is shaved. On-grid generation also contributes to the self-sufficiency of the grid in terms 

of total electricity consumption and leads to lower the overall peak supply from the transmission 

grid by about 5%. A study about revenue generation from participation of the BESS in the 

frequency market is also made, and the economic benefits are investigated. As a result of the study, 

a revenue of 34.5 million SEK can be generated during one year by participating in the frequency 

market.  
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1 Introduction  
 

 

The demand for energy is increasing rapidly with growing population. The world population is 

expected to increase 1.26 times to reach 9.7 billion by 2050 [1]. The access to energy is important 

to meet basic human needs such as health, lighting, cooking, space, comfort, communication, and 

mobility. In the past decade, the dominance of fossil fuels-based power generation and increasing 

population have led the world to face environmental and climate change problems [2]. The process 

of energy generation through fossil fuels emits greenhouse gases that are hazardous for the 

environment [3], [4].  

Conventional sources are still holding a major portion of the market [5]. However, renewable 

energy sources (RES) integration in distribution networks in the recent years has attracted the 

attention worldwide. RES are abundant in nature and have environmental benefits [6].  

Electricity demand has increased significantly due to the increase in power demanding devices in 

daily life and increased electrification of industries [7]. This may result in the increasing peak load 

in the regional grid. Peak loads are rare events that occur in the grid due to excessive demand at 

any moment. Power peaks are different in different regions in the world. Talking about Sweden, 

the electricity consumption rises due to the large usage of electric heaters and boilers during the 

winter [8]. Similarly, in the warmer areas, in the summer, power peaks are higher due to cooling 

requirements. Increasing concentration of intermittent sources like wind and solar photovoltaics 

(PV) in the energy mix is the reason for the increase in variability of the production in the 

electricity grid [9]. 

Time periods of peak load and shortage of capacity in the grid creates the requirement of power 

regulation. With the variable generation of electricity from RES integration in the grid, there will 

be times not just of peak demand but of peak wind and solar supply [10]. To accommodate the 

fluctuation in load and supply there would be a need to the surplus to be used later in order to keep 

the balance [11].  Since electricity tariffs are designed on volumetric consumption basis, which is 

the highest power peaks [12]. In the areas of colder climate where mostly energy is used in the 

winter for heating purposes lead to the peak loads. While, in hotter climate areas mostly energy is 

used in summer for cooling needs [13].  

The problem can be addressed by implementing energy storage system (ESS). This could help 

shifting the load from peak to off-peak periods [14]. The energy can be stored in the off-peak time 

or in surplus of renewable generation and dispatched to lower the peak in high demand hours [15]. 

This is useful during daily peak shaving, storing the surplus generation, saving money on the peak 

subscription power and more even power drawn from the grid [16]. The periods of lower demand 

also create an opportunity to use the ESS for the ancillary services to make revenue from frequency 

market.  
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The selection of the type of ESS and its sizing will be analyzed for peak shaving purposes. The 

revenue will be estimated by charging and discharging on demand from the frequency market 

during the time when ESS is not used for peak shaving.  

1.1 Aims and objectives 
 

 

The degree project is conducted to perform the analysis of ESS especially battery energy storage 

system (BESS) implementation in the regional grid. The aim is to examine, to what extent it is 

favourable for the grid in terms of peak shaving. It will also be analysed, to estimate the economic 

benefit from it by participating in the frequency market. 

The objectives of the study are as follows: 

▪ The sizing and optimization of the BESS for peak shaving 

▪ Ease the congestion on grid created by intermittent energy generation 

▪ Revenue calculation of BESS from ancillary services in the frequency market 

1.2 Report structure 
 

 

In Section 2, the background information is presented to give an understanding of the subjects 

discussed in the study. This section includes a presentation of the peak loads, Swedish electricity 

grid as well as various ESSs can be used with an emphasis on BESS especially lithium-ion (Li-

ion) batteries. This chapter concludes on the overview of frequency electricity market in Sweden 

along with brief introduction of other types of electricity markets. This is followed by Section 3 

which describes the methodology of the carried study and an in-depth elaboration on simulations 

created and performed for the BESS. The main constituents of the section are sizing based on peak 

shaving and revenue calculation from frequency market. The Section 4 comprises of results 

obtained through the aforementioned methodologies and discussed thoroughly. Lastly, the thesis 

is concluded briefly including the future works.  
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2 Background 
 

 

This section includes the literature review on background information of the project. Section 2.1 

gives an overview of Swedish electricity network including the main energy sources and future 

advancements. Section 2.2 discusses the Swedish electricity trading market mainly the day ahead, 

intraday, and balancing market. Section 2.3 elaborates on the types of the balancing market. This 

is followed by section 2.4 where the storage technologies especially BESS are discussed along 

with their use in large scale storage operations. Finally, section 2.5 presents an overview of the 

previous research made on peak load shaving by various methods.  

2.1 Swedish electricity system 

 

 

The electricity system is a complex system which consists of electricity generators, electrical grids 

and consumers as in figure 2.1 [17]. An electricity grid is divided into two categories, i.e., 

transmission grid and distribution grid [17]. However, in Sweden the electrical grid is divided into 

the national grid, i.e., the transmission grid; regional and local grids, i.e., the distribution grids 

[18]. The transmission grid is used for the transmission of electricity in large amounts over long 

ranges with very low losses [18]. The regional grids are used for the distribution of the electricity 

to cities and large towns [18]. Large-scale electricity users e.g., industries are connected to the 

regional grid [18]. Finally, electricity is supplied to small users i.e., households and office 

buildings, through the local grids [18].  

 

Figure 2.1. The Swedish electricity system [17], [18], [19]. 

Electricity production from hydro and wind is concentrated in the north of Sweden while the 

consumption is concentrated in the south due to a higher population density [19]. Therefore, 

transmission grid facilitates the transportation of electricity from one part of the country to another 

[18], [19].  
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The transmission grid is a natural monopoly with only one regulated supplier [20], therefore, it is  

managed by the public corporation Svenska kraftnät (SvK) [18]. SvK’s responsibility is to 

maintain the balance between the production and consumption throughout the country [18]. 

Sweden electricity distribution network is mostly run by municipalities. There are about 170 

distribution grid operators (DSOs) out of which 76% are under municipal ownership [19].  

2.1.1 Energy sources 

 

 

Sweden produces almost 80% of its electricity from hydro and nuclear. RES also have a growing 

contribution to the Swedish energy mix such as wind and biofuels. With the increasing contribution 

of RES, around 56% of the energy use in Sweden during 2019 came from RES [21]. This was 

highest percentage among European Union (EU). The increased supply from RES was mainly due 

to the increased production from wind, and the wide use of biofuels [22].  

Wind and solar PV are the most common intermittent power sources in Sweden [22]. Despite the 

vast increment in the grid connected solar plants in recent year, still PV accounts for less than 1% 

of the total electricity generation. On the other hand, wind power capacity is increasing in Sweden 

with its share in total electricity generation reaching 20% [23]. These energy sources are 

constrained by weather conditions [18]. Weather conditions in Sweden are different in different 

regions. Summers are hotter in the southern part of Sweden while winters are colder in the north 

[24]. This implies that both solar and wind can be utilized in different parts of Sweden during 

different seasons [25]. These sources tend to complement each other since the solar irradiance 

increases in warm summers and springs, and it is windy during cold winters [25], [26].  

2.1.2 The future of the electric grid 

 

 

The electricity market is undergoing the structural changes. The transition is taking place in the 

form of decentralization, large central plants with long operating periods are being replaced with 

smaller decentralized one where production is largely dependent on weather [27]. This is 

impacting the situation for existing plants as well as new plants. In Sweden, nuclear power plants 

will have fewer hours of operation, thus, resulting in declining their profitability [27]. In addition, 

the increasing capacity of wind with low variable costs puts pressure on the electricity price [27]. 

This might result in the decommissioning of nuclear power plants with poor profitability [27].   

The fact that variable energy sources are growing as well as conventional power plants are being 

closed poses a big challenge to the future of electric grid [28]. One of the key problems, in a result 

to these changes taking place, is managing the imbalance between load and power generation 

especially during the times of highest demand [29]. Peak loads are the rare events that may occur 

due to increased consumption at a certain period of time. The increasing percentage of the RES, 
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decentralization of electricity grid, rising electricity consumption, electrification of transport sector 

and ageing infrastructure make this problem even more acute [30].Therefore, power system will 

require further development to maintain the constant balance between demand and supply [18].  

2.2 Swedish electricity market 

 

 

The Swedish electricity market comprises of many independent players. These include: 

• electricity producers, 

• transmission system operator (TSO), 

•  network owners (DSOs), 

• electricity traders (electricity supply and/or balance providers), 

• marketplaces (Nord Pool), 

• electricity consumers. 

 

By starting to define the players and their responsibilities, an electricity producer generates 

electricity and feeds it into the network. Transmission of the electricity is carried out through the 

TSO to the regional and then passed on to the local grid, all owned by different network companies 

[31], as shown in figure 2.2. 

 

Figure 2.2. Electricity trading network  [31]. 

 

Producers TSO

DSO

Local grid

Marketplaces

Consumers
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SvK owns and operates the national grid. It has the responsibility to ensure that the electricity 

plants are working together in a reliable manner and that the production and imports correspond 

to the consumption and exports [31], [32]. 

The consumers, including large-scale (industries) to households, consume electricity from the 

network [31]. The consumers hold certain agreements for the electricity consumption. An 

agreement with an electricity trader to buy the electricity and an agreement with the network owner 

to be linked to his network [31]. The consumer pays a network fee for both connection and 

transmission [31]. 

The electricity trading company sells electricity to final customers and can have the role of 

electricity supplier and/or balance provider [33]. Both roles can coexist in the same company [31]. 

The electrical supplier fulfills the agreement with the consumer and the balance provider is 

financially responsible for the electricity sold by the trader being in balance with the electricity 

purchased to cover the consumption [31], [33].  

Organized marketplaces, for example the power exchange Nord Pool, as well as brokers, provide 

standard agreements which make it easier for the players on the market to do business with each 

other [31]. Most of the trade in electricity on the market takes place via bilateral agreements 

between suppliers and traders [31], [33]. 

2.2.1 Swedish electricity trading market 

 

 

Sweden, in the electricity market, can be sub-divided into four bidding areas SE1-SE4, starting 

from the north to the south [34], [35]. The electricity price can be different in each bidding areas 

and it is determined by the supply and demand of electricity in the areas and by the transmission 

capacity between the various bidding areas [36]. In the north of Sweden, there is surplus of 

electricity which is transported to the south where the demand is high [33].  

Sweden is interconnected with Nordic and Baltic countries via Nord Pool which is responsible for 

the trading of approximately 90% of the consumed electricity in the Nordic region [37]. The 

electricity trading system in Sweden took on its present form at the time of deregulation in 1996 

and is primarily an energy-only market. Whereby, producers receive payment on hourly basis for 

the electricity they sell and not for the installed capacity [35], [37]. 

2.2.2 Types of the electricity markets  

 

 

The electricity trading system can be divided into submarkets: a day-ahead market, an intraday 

market, and finally a balancing market [37]. 



 16 

Day-ahead market, frequently known as the spot market, is the primary market for planning the 

electricity supplies for the next day [37]. It operates between twelve to thirty-six hours before the 

delivery [37]. The actors determine how much electricity to sell or buy in a specific region and the 

price. Stakeholders submit their buy and sell bids to the electricity exchange by 12:00 for the 

following day of delivery [37], [38]. When all the bids have been received, electricity exchange 

adds together all the bids hour by hour in a buy stage and in a sell stage. All the stakeholders are 

remunerated at marginal price regardless of their initial bid price [37], [38].  

The intraday market is an adjustment market which gives stakeholders the opportunity to trade in 

balance up to one hour before the delivery hour if the condition has changed after closing the day-

ahead market [38]. In case of deviations from the forecasted condition, which may lead to decrease 

in production or increase in consumption, it gives room for adjustment [37]. The volumes on the 

intraday market are relatively small compared with spot market [38]. Furthermore, the market is 

used primarily by the balance providers [37], [38].  

The balancing market or the frequency market is a real-time market which occurs at the time of 

the delivery. SvK as the system operator has the responsibility to ensure the balance between 

production and consumption of electricity [34]. SvK has collaborated with the other Nordic system 

operators to establish the balancing market in order to guarantee their necessity for the cost-

effective real-time regulation resources [39]. The party responsible for the imbalance must pay 

SvK the cost for maintaining the balance [37]. The Swedish electricity market has several different 

kinds of reserves, including automatic and manual reserves.  

2.2.3 Types of balancing market 

 

 

The Swedish electricity market consists of several reserves, the fastest are frequency containment 

reserves (FCR), while frequency restoration reserves (FRR) have a longer activation time [39]. 

The FCR market is further divided into two types of FCR called FCR-N, for normal mode, and 

FCR-D, which is activated to deal with disturbances[39]. The FRR market consists of automatic 

and manual types of reserves, called aFRR and mFRR respectively [40], [39].  

Furthermore, FCR-N is an automatic support service that provides the stability to the frequency 

when small changes occur in the consumption or generation [41]. FCR-D, however, ensures the 

frequency stability from further changes in the event of malfunctions [41]. Bidding for FCR-N and 

FCR-D starts two days before the delivery day and is closed 24 hours before the delivery hour 

[39], [41].  

aFRR is an automatic support service that restores the frequency to 50 Hz. The bids are handed in 

for one week at a time [41]. Whereas mFRR, being manual support service, relieves the automatic 

support services and resets the frequency to 50 Hz. Bids for mFRR are handed in continuously to 

SvK, and it is possible to change the bid until 45 minutes before the delivery [39], [41].  
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The balancing market is designed to cope with the real time imbalances that occur between load 

and supply. This market is placed to ensure the supply during time varying peak demand [39]. 

Such imbalances occur when the demand at a certain time increases in comparison to the supply.  

Peak loads are shaved by allocating different power reserve that respond to the extreme situation 

where frequency drops from 50 Hz. Power reserves are allocated power plants which can be used 

when needed to support the balance between supply and demand [42]. These reserves, therefore, 

restore the frequency by meeting the demand and supply during the time of imbalance [43].  

2.3 Energy storage 

 

 

The electricity system needs to be balanced at each second of the day i.e., the electricity supply 

should equal the demand [44] In the situation where electricity generation, by the virtue of 

intermittent sources, exceeds the demand, the surplus electricity needs to be stored. By being able 

to store the surplus generation and dispatch it later, the system can be balanced without constantly 

matching the production and consumption [45].  

Grid-scale energy storage (GSES) is believed to possess the potential to provide added flexibility 

to the power system [46]. This technology helps to meet renewable integration targets without 

compromising efficient, reliable, and cost-effective grid operations [47]. There is a wide range of 

GSES technologies that offer variety of such applications based on the timescale, such as pumped 

hydroelectric storage, compressed air energy storage, batteries, flywheels, superconducting 

magnetic energy storage, and supercapacitors [48]. However, the essential characteristics, that 

typical GSES mediums should possess, can be defined in terms of the following metrics [49]: 

• energy storage capacity, 

• energy density, 

• charge/discharge duration, 

• cycle efficiency, 

• typical power output, 

• response time, 

• lifetime (years or cycles), 

• capital cost ($/kWh), 

• regulation services (frequency), 

• environmental factors. 

Refs. [50], [51] present a full description and analysis of these technologies for various 

applications. There is an interplay in terms of the aforementioned properties among these 
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technologies. However, the BESS is preferred considering the required grid operations and market 

trends, which will be discussed in further detail in this section. 

2.3.1 Battery energy storage systems 

 

 

The BESS is an electrochemical device that charges from the power supply then discharges the 

stored energy when needed [52]. Batteries are widely used in small sizes in daily appliances and 

gadgets, mainly as small as in the wrist watches, flashlights, and cell phones [44]. There are several 

various types of batteries that have the potential to store energy at the large scale, including 

sodium-sulfur, metal air, lithium ion, and lead acid batteries [53].  

The key characteristics of the BESSs are [52]: 

• The energy density which is the amount of energy stored per weight, volume or surface 

area (kWh/kg, kWh/m3, kWh/m2).  

• The rated power which represents the charging/discharging power (MW) that the BESS 

can withstand.  

• The energy capacity which is the maximum amount of energy (MWh) that can be stored in 

the BESS, it represents the size of the BESS. 

• The storage duration which is the duration the BESS can supply a load at rated power.  

• The cycle life which is the number of cycles a battery storage can complete by charging 

and discharging before the failure.  

• The self-discharge which represents the percentage of the energy a battery loses idly after 

a certain amount of time.  

• The state of charge (SOC) which represents the charge level of the battery at current time. 

It also represents the amount of energy that a battery can be charged/discharged with 

relative to its capacity.  

• The efficiency, in percentage, which represents the capability of the battery to charge or 

discharge by taking into account all the losses, including electrical and self-discharge. 

Charging efficiency can be different than that of discharging.  

As mentioned before, there are several different technologies used to store energy, each with their 

strengths and weaknesses. There are, however, certain limitations associated with the 

characteristics of these technologies in order to be used for large-scale storage purposes. For 

example, storage capacity is the first condition to meet in this situation it therefore excludes 

superconducting magnetic energy storage and supercapacitors. Another important factor is weight 

specific energy; flywheels, generally, are not used for providing energy for longer duration but 

high power [54], which does not suffice the requirement for large-scale storage operations. 
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Although there are recent advancements made in flywheels to supply for longer periods 

comparably close to the batteries, but the costs are higher than batteries. Pumped hydro has been 

widely used for such purposes and offer a great deal however with the drawbacks of having certain 

requirements of location, water resources and investment cost do not suit for short term peak 

shaving applications [55].  

The aforementioned drawbacks result in the choice of batteries in GSES applications [55]. Usually, 

Li-ion batteries are used as they have relatively high energy density and efficiency when compared 

to other technologies [55], [56]. Using batteries for GSES can reduce the costs by avoiding grid 

expansions [30]. 

From the point of view of the market, the sales of the batteries have increased due to the increased 

demand of their use in electric vehicles (EVs) as well as for stationary storage purposes. With the 

extent of renewable energy generation and the necessity for the storage, the use of Li-ion batteries 

is predicted to grow [57]. The constantly developing Li-ion battery market for other uses also 

contributes to increasing shares for stationary storage [58].  

Having said that the Li-ion battery market is evolving. One of the biggest challenges for Li-ion 

batteries used as large-scale storage is the high cost [59]. Although the costs for Li-ion batteries 

have decreased by almost 90% since 2010, there are still challenges to make investment and use 

of storage profitable [60]. However, the future predictions proclaim that the Li-ion batteries cost 

per kWh will decrease by further 50% until 2030 [61]. 

With the advancements in the electric grid, the use of BESSs for grid operations is growing. Grid-

level applications of the BESSs include balancing the power generation and utilization. Increased 

consumption and variability in load results in the difficulty in maintaining the balance between the 

load and supply. However, BESSs can be effective shifting the load from the peaks to the off-peak 

durations which provides stability and flexibility to the grid. The BESSs applied to grids can offer 

added benefits like frequency regulation, peak shaving, load leveling, as well as supporting the 

large-scale grid-integrated renewable power plants [62].  

2.4 Shaving the peak load 

 

 

The energy sector is undergoing a transition phase i.e., moving from conventional to RES. 

Increased electricity consumption, ageing infrastructure, and deployment of renewable power 

plants with inconsistent generation worsen the situation. As a result, the grid confronts the 

challenges to remain in balance and to match production to the load. Traditional ways to mitigate 

the load variability relied on the maneuverable steam-gas power plants (SGP) and pumped-hydro 

storage (PHS) [29]. However, in order to compensate for the short-term fluctuations these power 

plants are required to be in a spinning reserve. SGPs are restricted by their life span considering 

the economic factor. The capital investment offsets the economic advantage  [67]. PHS systems 

are comparatively very smaller than hydroelectric power plants and specifically designed for peak 
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loads  [67]. Typically, these power plants are used to regulate the power for longer periods up to 

8-10 h but with the peak loads of only 1 h a day PHS are not cost effective  [67].  

Increasing electricity usage has driven innovation in the electricity system. For example, the smart 

grid (SG) is considered to be an electrical network able to deliver electric power to the consumers 

in a controlled, secure, and smart way [63]. SGs can control the demand in the real time using 

smart metering and information and communication technologies (ICT) for energy management 

in the buildings. Demand side management (DSM) and demand response (DR) allow to manage 

the load in league with supply and maintain the balance in real time. DSMs are programs 

implemented at the customer side by utility companies to manage electricity consumption. These 

programs are settled to utilize the available energy in a more efficient manner by reducing and 

shifting the consumption [64]. The utilities can remotely control the electricity consumption of the 

certain appliances at the consumers end. Alternatively, the smart pricing tariff is designed where 

the customers are encouraged to shift their consumption form peak times to off peak and get 

incentives [65]. Open automated demand response (OpenADR) is an advanced DR which enables 

large-scale users to undertake demand-side actions in a relation to their electricity use [66]. It 

includes the advanced control strategies required by the operation like electrical load reduction 

using variable frequency drives rather than on/off control [66]. There are some industrial examples 

of such systems that reflect the application of DR systems [66].  

Alcoa is a large-scale consumer and supplier of electric power in the US, provides regulation as 

an ancillary service by participating in ISO wholesale market. Ref. [66] presents a detailed 

overview of the DR system employed by Alcoa. In summary, Alcoa deployed an energy 

management system (EMS), smelter potline load control, and metering and monitoring systems. 

The system is strategized to store load every 2 s, cycling aluminum smelting potline and controlling 

the voltage of the potlines using DR strategies. Revenues from the frequency market participation 

resulted into paying back the cost of the system $70,000 in 4 months [66]. From the case study, it 

is evident that DR can play important role in the implementation of SG and will allow load 

reductions in response to peak power concerns and for ancillary services for frequency regulations 

[66].  

The electricity demand or load is not flat during the day. Unexpected high usage of electricity at a 

particular time increases the possibility of power failure and lead to high costs of electricity for 

consumers [68]. Capacity addition to the grid is the most used conventional strategy for peak 

shaving  [69]. The renewable power plant integration is growing on a large scale to reduce CO2 

emissions  [69]. For the analysis of the penetration level and the effect of large-scale grid tied wind 

and solar power plants, it is important to consider a net load. Net load is a difference of the actual 

load and non-dispatchable generation.  

Increasing peak loads in distribution systems affect the reliability of the grids [69]. Therefore, 

power system reliability can be improved by shaving the peak using a BESS. Ref. [70] presented 

an example of peak shaving of a residential building through BESS. The study aimed to reduce 

the energy costs by reducing the peak electricity demand by implementing BESS without curtailing 

actual appliance usage. The BESS was charged when the demand was lower and discharged during 

the highest demand resulting into shaving the peak. A ZnMnO2 BESS was used as an example, 
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and the system was designed by constant and varying the threshold limit above which the load was 

shaved off in different seasons e.g., in summer from 4.7 kW to 3.5 kW reducing 1.2 kW demand. 

The constant threshold limit strategy resulted into $758 profit per year while seasonal variable 

strategy generated $1097 of profit per year.  
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3 Methodology 
 

 

This chapter presents the modeling methods of the project. Section 3.1 gives an overview of the 

modeling structure. Section 3.2 presents the detailed overview of the data collection, analysis and 

ordering for the simulation. This is followed by section 3.3 where simulations performed to obtain 

the optimal size of the BESS to shave the peak load are illustrated. Finally, section 3.3 elaborates 

on the revenue maximization algorithms by participating in the frequency market.  

3.1 Modeling structure 

 

 

In order to fulfill the aims and answer the research questions, it is important to define the modeling 

structure. The modeling structure defines the steps taken to perform the simulation and get the 

results. The modeling structure is divided into three steps. Figure 3.1 presents the overview of the 

modeling structure.  

 

Figure 3.1. Overview of the modelling process. 

The first step includes gathering the input data which is required to be used in simulations in the 

next step. Input data comprises of various sets of datasets, i.e., grid load data, wind and solar 

generation data, and data from frequency market. Since the objective of the study project is to 

determine the optimized size of the BESS for peak shaving, it therefore leads to collect the data 
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regarding the parameters of battery. The BESS parameters used in the simulation were collected 

from various sources. 

The second step in this very study project is to determine the optimal size of the BESS in a result 

of shaving the peaks of the electricity grid. The peak shaving strategy is designed in the MATLAB 

tool, which leads to the selection of the best size of the BESS for desired amount peak reduction.  

Finally, in the third step, results obtained from the previous step are used along with additional 

data to maximize the revenue from the frequency market participation. The input data in this part 

of the simulation is the state of charge (SOC) and aFRR market data from SvK. The modeling of 

the revenue estimation is done using MATALB and a well-known optimization tool, GAMS. The 

results are then compared and discussed further in details. 

3.2 Data collection 
 

 

 

The first step of any project is to gather the data upon which the simulation is performed as a test 

case. In this very project, the dataset consists of consumption (load) and generation (from wind 

and solar power plant) in a distribution grid. The data used for the sizing of the BESS is synthetic 

and obtained from the department of civil and built environment of Uppsala University for year 

2019. The hourly load and generation data were normalized between 0 and 1. This adds the 

possibility of using this data set as a test case by multiplying the peak load of any distribution grid 

and perform the simulation. Thus, to make the data representable of a grid, the load data is 

multiplied with the peak load of Stockholm grid, 1525 MW [72]. The solar and wind production 

data were scaled according to the percentage of the total generation by solar and wind according 

to 2030 targets. The wind power contribution in the total electricity consumption according to 

2030 targets is about 20% and the solar power contributes about only lesser than 1%. Hence, this 

results into a real dataset to be further used in simulations. Table 3.1 presents the peak production 

and consumption powers and energy from the production and load datasets. 

Table 3.1 Summary of the peak power and total energy of load, wind, and solar data. 

 

 

 

 

 Power Peak (MW) Annual Energy (TWh) 

Load 1525 8.35 

Wind 607 1.7 

Solar 66 0.08 
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In order to carry out the study, it is very important to define the system. The assumed system 

includes the regional grid connected to solar and wind power plant, and a BESS connected to it. 

An energy management system (EMS) is added to the battery to manage the tasks. The EMS 

primarily operates such that it achieves the goals of the BESS, i.e., peak shaving, storing the 

surplus from wind and solar power plants, and participating in the frequency market. The 

participation in the frequency market occurs only when the battery is not scheduled for peak 

shaving operations. The role of the EMS is presented in figure 3.2. 

 

Figure 3.2. The role of the EMS in the grid. 

Upon examining the load and production (form solar and wind) data, it has been analyzed that due 

to high penetration of wind production a surplus occurs 16 hours a year. This adds the possibility 

of storing the surplus in the BESS and dispatch it later when the demand is higher. However, the 

algorithm in MATLAB, described in section 3.3, does not predict the future, hence it is not 

guaranteed that the surplus electricity will always be stored. In order to show the comparative 

results a system, called system 1, without local generation is studied where the load peaks are 

shaved off by the addition of the BESS. On the other hands, a system 2 is studied considering the 

on-grid generation. In the system 2, the actual load seen by the grid is obtained by subtracting the 

wind and solar generation data from the load data: 

 𝑃𝑛𝑒𝑡𝑙𝑜𝑎𝑑(𝑡) = 𝑃𝑙𝑜𝑎𝑑(𝑡) − 𝑃𝑤𝑖𝑛𝑑(𝑡) − 𝑃𝑠𝑜𝑙𝑎𝑟(𝑡) (1) 
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and the total energy consumption due net load is 6.6 TWh and the net-load peak is 1488 MW.  

In order to compare the load profiles for systems 1 and 2, load-duration curves are created. Figure 

3.3 represents the load-duration curve and net-load duration curve for systems 1 and 2 respectively. 

Figure 3.3. load duration curve for system 1 and net-load duration curve for system 2, the 

pointers correspond to the peak load of the corresponding system. 

The orange curve in the figure 3.3 presents the values below zero that correspond to the surplus 

generation of the system 2. These curves represent that in only a few hours a year high load occurs 

in the grid. Furthermore, they also show that the BESS will be available for rest of the time to 

participate in the frequency market and get economic benefits.  

3.3 Sizing of the BESS for peak shaving 
 

 

After defining the systems, the EMS is programmed with the peak shaving strategy in MATLAB. 

The EMS is connected between the BESS and grid to control the charging and discharging. The 

peak shaving strategy is designed on the principle of a threshold-based algorithm, where threshold 

is defined as: 

 
𝑃𝑡ℎ𝑟𝑒𝑠ℎ = 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ∗ max(𝑃𝑙𝑜𝑎𝑑), 

 
(2) 

where 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is an amount to which the load or net load is desired to be limited, and 

max(𝑃𝑙𝑜𝑎𝑑) determines the peak value of the load.  
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When the load seen by the grid, 𝑃𝑔𝑟𝑖𝑑 (MW), exceeds the threshold load, 𝑃𝑡ℎ𝑟𝑒𝑠ℎ (MW), the battery 

discharges such that the 𝑃𝑔𝑟𝑖𝑑 never exceeds 𝑃𝑡ℎ𝑟𝑒𝑠ℎ. On the other hand, when the grid load is 

lower than the threshold, the battery charges to be ready for future peak shaving events.  

 

Figure 3.4. Flow diagram of the peak shaving strategy. 

The aim is set to shave the load above certain specified load limit, 𝑃𝑡ℎ𝑟𝑒𝑠ℎ. As shown in figure 3.4, 

the EMS starts its operation by analyzing the load seen by the grid, 𝑃𝑔𝑟𝑖𝑑, at each hour. As 𝑃𝑔𝑟𝑖𝑑 

is detected to be higher than 𝑃𝑡ℎ𝑟𝑒𝑠ℎ, it prepares for the BESS to discharge and supply the grid to 

stay under 𝑃𝑡ℎ𝑟𝑒𝑠ℎ. The discharging is further decided by the available capacity of the BESS i.e., 

state of charge, 𝑆𝑜𝐶. The BESS can only be discharged if 𝑆𝑜𝐶 is higher than zero. The BESS is 

discharged until the above mentioned conditioned are satisfied. On the other hand, the BESS is 

charged when 𝑃𝑔𝑟𝑖𝑑 is lower than 𝑃𝑡ℎ𝑟𝑒𝑠ℎ and 𝑆𝑜𝐶 is lower than maximum chargeable capacity, 

𝐸𝑚𝑎𝑥 (MWh) , of the BESS. This loop continues until the end of the year. 

 

 

 



 27 

The mathematical equation for charging and discharging mechanism of the BESS is  

 

 

𝑃𝑏𝑎𝑡𝑡(𝑡) = {
𝑃𝑐(𝑡), 𝑖𝑓  𝑃𝑙𝑜𝑎𝑑(𝑡) < 𝑃𝑡ℎ𝑟𝑒𝑠ℎ

𝑃𝑑(𝑡),                                         𝑒𝑙𝑠𝑒
  

= {
min(𝑃𝑚𝑎𝑥 , 𝐸2𝑐ℎ𝑎𝑟𝑔𝑒, 𝑃𝑡ℎ𝑟𝑒𝑠ℎ − 𝑃𝑙𝑜𝑎𝑑(𝑡)) , 𝑖𝑓  𝑃𝑙𝑜𝑎𝑑(𝑡) < 𝑃𝑡ℎ𝑟𝑒𝑠ℎ

max (−𝑃𝑚𝑎𝑥 , −𝑆𝑜𝐶(𝑡), −(𝑃𝑙𝑜𝑎𝑑(𝑡) − 𝑃𝑡ℎ𝑟𝑒𝑠ℎ)) ,                                𝑒𝑙𝑠𝑒
 

 

(3) 

 

where 𝑃𝑐(𝑡) and 𝑃𝑑(𝑡) represents the charging and discharging power (MW) of the battery, 

respectively. The term 𝐸2𝑐ℎ𝑎𝑟𝑔𝑒 represents the residual capacity of the BESS that is available to 

charge and is determined as: 

 
𝐸2𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐸𝑚𝑎𝑥 − 𝑆𝑜𝐶(𝑡), 

 
(4) 

where 𝑆𝑜𝐶(𝑡) represents the amount of charge available in a battery in MWh, it is updated at 

each hour of the operation and calculated as: 

 
𝑆𝑜𝐶(𝑡) = 𝑆𝑜𝐶(𝑡 − 1) + (𝑃𝑐(𝑡) ∗ 𝜂𝑐 −

|𝑃𝑑(𝑡)|

𝜂𝑑
) Δ𝑡, 

 

(5) 

where 𝜂𝑐 and 𝜂𝑑 are charging and discharging efficiencies and their values are provided in the 

table 3.1 along with other parameters.  

Finally, the load seen by the grid, 𝑃𝑔𝑟𝑖𝑑, at each hour is calculated as: 

 
𝑃𝑔𝑟𝑖𝑑(𝑡) = 𝑃𝑙𝑜𝑎𝑑(𝑡) + 𝑃𝑏𝑎𝑡𝑡(𝑡), 

 

(6) 

where 𝑃𝑙𝑜𝑎𝑑 is used as a generalized term for the net-load and load in the case of systems 1 and 2, 

respectively. 

To obtain the optimal size of the BESS in a result of peak shaving above certain threshold, the 

algorithm starts with an initial battery size, 𝐸𝑚𝑎𝑥, of 50 MWh with the step size of 1.5 MWh. The 

model, described in figure 3.4, is run; and if the battery was not suitable to shave the peak, a larger 

(1.5 MWh larger) battery was tested. This was repeated until the smallest BESS that can shave the 

peaks is found. This battery size is what is considered optimal size.  

Table 3.1 presents the BESS parameters used in simulations. 

Table 3.2. The BESS parameters used in simulation. 

 

 

 

𝐸𝑚𝑎𝑥/𝑃𝑚𝑎𝑥 4 Hours [59] 

𝜂𝑐 0.95 

𝜂𝑑 0.9 

𝑆𝑜𝐶𝑚𝑎𝑥 𝐸𝑚𝑎𝑥 
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3.4 Frequency market participation 

 

 

After obtaining the optimal size of the BESS used for peak shaving mechanism, the BESS is then 

strategized to provide ancillary services in the frequency market. The aim is to maximize the 

revenue by offering the BESS for up and down regulation required by the market. To estimate the 

revenue, the aFRR market is chosen. The reasons to choose this market specifically are the 

complete data provided by SvK for year 2019 and the regulations of the market. The aFRR market 

data represents the activation energy volumes for up and down regulation and corresponding prices 

on hourly basis. The scheduling data of the BESS are transported from the sizing simulation in 

MATLAB, which indicates the period when the BESS is not used for peak shaving.  

For the revenue estimation a test algorithm in MATLAB is designed to compare the results with 

the advanced optimization algorithm in GAMS. The purpose is to have a comparison between 

suitable strategic approach based on data analysis in MATLAB and intelligent forecasting-based 

optimization in GAMS. 

3.4.1 MATLAB model  
 

 

In order to compare the revenue calculation results with GAMS a strategy in MATLAB is chosen, 

i.e., charging and discharging the BESS when the activation up-regulation is higher than down-

regulation the charging is preferred and vice versa. The mathematical model for charging and 

discharging the BESS following signals from the aFRR market is presented as: 

 

𝑃𝑏𝑎𝑡𝑡(𝑡) = {
𝑃𝑐(𝑡), 𝑖𝑓  𝜑𝑢𝑝(𝑡) > 𝜑𝑑𝑜𝑤𝑛(𝑡)

𝑃𝑑(𝑡),                                         𝑒𝑙𝑠𝑒  
  

= {
min(𝑃𝑚𝑎𝑥, 𝐸2𝑐ℎ𝑎𝑟𝑔𝑒, 𝜑𝑢𝑝(𝑡)),              𝑖𝑓  𝜑𝑢𝑝(𝑡) > 𝜑𝑑𝑜𝑤𝑛(𝑡)

max (−𝑃𝑚𝑎𝑥, −𝑆𝑜𝐶(𝑡), −𝜑𝑑𝑜𝑤𝑛(𝑡)),                                      𝑒𝑙𝑠𝑒
 

 

(7) 

where 𝜑𝑢𝑝(𝑡) is up-regulation energy and 𝜑𝑑𝑜𝑤𝑛(𝑡) is down-regulation energy required by the 

aFRR market. The terms 𝑆𝑜𝐶(𝑡) and 𝐸2𝑐ℎ𝑎𝑟𝑔𝑒 are calculated as in equations (4) and (5) 

respectively.  

Finally, the revenue is calculated at each time by charging/discharging the BESS with 

corresponding capacity 𝑃𝑏𝑎𝑡𝑡(𝑡) multiplying with corresponding prices. The revenue calculation 

is done as: 

 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 = ∑(𝑃𝑐(𝑡) ∗ 𝑝𝑐(𝑡) + |𝑃𝑑(𝑡) ∗ 𝑝𝑑(𝑡)|), (8) 

 

where 𝑝𝑐(𝑡) and 𝑝𝑑(𝑡) are the charging and discharging prices at each time interval t, respectively. 

Prices data are provided by the aFRR market along with activation energy data and prices are in 
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SEK/MWh. After each charge or discharge the revenue is calculated and then added together at 

the end of the time stamps. Equation (8) does not take into account the cost of charging the battery 

for peak-shaving operation. 

3.4.2 GAMS model 
 

 

The advanced algorithm for optimization of the revenue by frequency market participation is 

designed in GAMS, the objective of the optimization algorithm is to maximize the revenue by 

forecasting the future. The detailed algorithm with objective function and constraints is as follows: 

 𝑚𝑎𝑥𝑹𝒆𝒗𝒆𝒏𝒖𝒆 (9) 

 

 𝑆𝑜𝐶𝑚𝑎𝑥 = 𝐸𝑚𝑎𝑥, (10) 

 

 𝑆𝑜𝐶𝑚𝑖𝑛 = 0, (11) 

 

 𝑆𝑜𝐶𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶(𝑡) ≤ 𝑆𝑜𝐶𝑚𝑎𝑥, (12) 

 

 0 ≤ 𝑃𝑐(𝑡) ≤ min (𝑃𝑚𝑎𝑥, 𝜑𝑢𝑝(𝑡)), (13) 

 

 0 ≤ 𝑃𝑑(𝑡) ≤ min(𝑃𝑚𝑎𝑥, 𝜑𝑑𝑜𝑤𝑛(𝑡)), (14) 

 

where the objective function maximizes the revenue by using the constraints in the equations (10)-

(14). In the equation (10) the 𝑆𝑜𝐶𝑚𝑎𝑥 corresponds to the maximum level of charge of the BESS, 

whereas equation (11) represents the lowest level of the BESS. The BESS 𝑆𝑜𝐶(𝑡) is calculated as 

in equation (5) and constrained by equation (12). The charging and discharging capacities, 𝑃𝑐(𝑡) 

and 𝑃𝑑(𝑡), are also constrained by the battery’s rated capacity, 𝑃𝑚𝑎𝑥. 

Finally, to avoid charging and discharging at the same time a constraint is added in the algorithm 

as: 

 𝑃𝑐(𝑡) ∗ 𝑃𝑑(𝑡) = 0, (15) 

  

where this constraint will allow only one of the operations at the same time which is either charging 

or discharging. This restriction is logical because the activation data from aFRR market contains 

the up and down regulations at the same time and the time period for the regulations in the same 

hour is not provided.  
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4 Results 
 

This section is comprised of the results obtained through the simulations described in section 3. 

Section 4.1 illustrates the results from peak shaving strategy which yields into the optimal size of 

the BESS. Section 4.1.1 presents the comparison between with and without the BESS on the peak-

load day. Finally, section 4.2 illustrates the results of the revenue calculated from GAMS and 

MATLAB by frequency market participation. 

4.1 Sizing of the BESS  
 

 

The algorithm explained in section 3.2 was run on the two systems as described in section 3.1 in 

succession, the obtained results are discussed in comparison.  

In a result of high penetration of wind and PV power in the grid, there are times when surplus of 

electricity is achieved. However, it is not guaranteed that the surplus electricity will always be 

stored in the implemented BESS. For this reason, two systems are designed: system 1 without on-

grid generation and system 2 with on-grid generation by wind and PV. Since the load seen by the 

grid is different in both systems which will lead to different sizes of the BESS in a result of peak 

shaving. Results of the sizing simulations are presented in Table 4.1. 

Table 4.1. Summary of the results of sizing the BESS by peak shaving. 

 

 

 

 

 

 

Table 4.1 presents the parameters that lead to obtaining the optimal size of the BESS for both 

systems. The threshold limit is set in order to shave 3% of the peak load of respective load data of 

both systems. System 2 with on-grid generation reduces the amount of the peak load from the 

transmission grid by 5.4%, where 3% of the load peak is shaved by the BESS and rest of 2.4% is 

shaved by electricity production from wind and PV power plants. System 2 has added benefits 

over system 1 in terms of self-sufficiency of the grid i.e., total amount of annual energy required 

by system 1 from transmission grid is 8.3 TWh as compared to  6.7 TWh in case of system 2, 

results into 20% self-sufficient grid.  

 

 System 1 System 2 

Peak load (MW) 1525 1488 

Peak generation (MW) NA 673 

Percentage peak shaved 3% 3% 

Peak shaved (MW) 45.7 44.3 

Optimal BESS size (MWh) 183.5 179 
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4.1.1 Peak shaved on the highest peak day  
 

 

Figures 4.1 and 4.2, present the comparison of the load profile between with and without the BESS 

on the day with highest peak. The peak loads for both systems occur on different days and system 

2 has lower peaks than system 1. Since the load in both systems can be different from each other 

at any point of time due to the on-gird generation in system 2. The reason can be that the production 

from the wind and PV power plants on the highest peak day is higher resulting in a decrease in the 

net-load hence decreasing the peak from the threshold limit.  

 

Figure 4.1. Peak shaving profile of system 1 on highest peak day. 

Figure 4.1 represents the load profile of system 1 on highest peak day with and without the BESS. 

It can be seen that when load supersedes the threshold limit the BESS is discharged to supply the 

power to maintain the load under the threshold limit. As load starts decreasing down the threshold 

the BESS is charged and discharged again when the load peak occurs.  
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Figure 4.2. Peak shaving for system 2 on highest peak day. 

Figure 4.2 presents the highest peak day for system 2 with and without the BESS. In this profile 

peak load only occurs during evening due to the elevated demand for heating purposes. Since the 

profile is based on the net-load which can be assumed that during the day due to higher production 

by wind or PV power plant the net-load remains under the threshold limit. Whereas in the evening 

the supply from PV is not available and the wind production is not enough to keep the net-load 

under the limit. The difference between the net-load at hour 1 and 24 is high due to the fact that at 

hour 1 generation from wind power plant was higher whereas at hour 24 there was no generation 

at all.  
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4.2 Revenue generated by frequency market participation 
 

 

After obtaining the optimal sizes of the BESS for both systems, the possibility to participate in the 

frequency market is investigated. Upon the analysis it has been discovered that the BESS for 

system 1 will be used for peak shaving for only 48 hours in a year and the BESS for system 2 will 

be used for only 15 hours. For the rest of the time, it can be used to generate revenue from the 

frequency market. Table 4.2. shows the results the of the optimization of the revenue in GAMS in 

comparison with MATLAB results. 

Table 4.2. Summary of the results of the revenue from participating in the frequency market. 

 

 

 

 

The results in GAMS are better but not very different from MATLAB results. However, a big 

difference in the revenue between both tools was expected. Since GAMS does the optimization 

based on the future knowledge of pricing and activation. On the other hand, the MATLAB 

algorithm participates in the frequency market using real-time data and using a simple algorithm. 

Yet from the results, it can be shown that the MATLAB algorithm produced satisfactory revenue 

– lower than GAMS by at most 11.25%.  

However, MATLAB results can be affected if the historical data is changed e.g., activation data 

and prices from the frequency market. While GAMS will always optimize the results based on 

future knowledge irrespective of the historical dataset.  

  

 MATLAB revenue (MSEK) GAMS revenue (MSEK)    

System 1 30.58 34.46 

System 2 30.62 34.5 
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5 Conclusion 
 

 

The aim of the thesis is to contribute to the study of the sizing of the BESS in a distribution grid 

with or without a local generation from wind and solar power plants. The electricity system is 

undergoing a transition phase, where the conventional, centralized, and bigger power plants are 

replaced by the smaller and decentralized distributed power plants. The use of fossil fuels for 

electricity generation resulting in climate change and rising overall global temperature has driven 

the world to investigate for the sustainable solutions. The electrification of industries and of the 

transport system has increased demand to produce electricity to supply the loads. Among the 

sustainable solutions is relying on electricity from RES. RES are, however, weather dependent, 

and thus highly variable. Consequently, BESS can be used to mitigate this problem by storing the 

RES electricity and supplying the grid when needed.  

This thesis investigates the possibility of applying a BESS to reduce the peak loads for DSO which 

will consequently help reducing the costs on capacity fees. The peak shaving strategy is used to 

optimize the size of the BESS using MATLAB. Two systems are designed to investigate the 

possibility of the peak shaving, system 1 without on-grid generation and system 2 with highly 

penetrated on-grid generation. A threshold-based strategy resulted into size of 183.5 MWh for 

system 1 and 179 MWh for system 2. When the battery was not used for peak shaving, it was 

available for participating in the frequency market. Two algorithms were proposed to maximize 

the revenue from the frequency market participation: one using MATLAB and another using 

GAMS. The revenue obtained from the frequency market participation is about 34.5 million SEK 

in one year.  

During the thesis there were some limitations. Overall, the load and the generation data used in the 

simulation were synthetic and normalized between 0 and 1. It could have been more practical to 

use the actual data from an existing grid as a case study.  

The future works can investigate the possibility of using one single algorithm in GAMS to optimize 

the size of the BESS and revenue from frequency market. Furthermore, the possibility to 

participate in other types of frequency markets e.g., FCR-N, can be investigated. Access to data 

from multiple years can test the robustness of the proposed algorithms as the peak loads are not 

constant from a year to another. Finally, future works can calculate the net present value for the 

BESS system to estimate the profitability. 
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