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Summary 

Energy storage is expected to have a larger responsibility in the future of the electrical grid due to the 

increase in renewable energy sources that have variable generation. In this thesis, energy storage‘s 

role in the electrical grid is discussed along with its economic viability based on its current costs. The 

different methods of storing energy are beneficial for different responsibilities in the grid. Ancillary 

service markets are changing their requirements to allow energy storage to enter the market. Two 

separate simulations were created in this project to analyze how batteries perform financially during 

their lifetime. 

The first simulation is an optimization model that finds the best sizing for a PV and battery microgrid 

system that has the lowest cost over a 12-year period. The model uses a load profile and solar 

irradiation data to calculate how much power is produced by the PV and how much load is consumed 

each hour. The battery in this model is used as an energy reserve to support the PV when it does not 

produce enough power to support the load instead of purchasing power from the main grid. The 

simulation uses the particle swarm optimization model where each position of a particle represents a 

PV and battery sizing value. The optimization model can find the solution at a much faster speed than 

iterating through each possible sizing. The simulation found that batteries are not justified in their use 

as the optimal solution only included PV capacity. The price of the BESS system is too expensive 

today compared the low prices of purchasing power from the main grid. 

The frequency reserve ancillary service market was simulated to analyze if it would be profitable for 

a BESS provider to enter the market. Some TSOs have altered their market and it has caused many 

BESS providers to participate in the frequency reserve service. Lithuania is in the planning process 

of creating a frequency reserve market along with the other Baltic countries and specifications from 

their proposed market along with data from already existing markets in continental Europe was used 

for the model. There are 3 different services that are expected in the future market and the fastest 

service (FCR) is expected to have the most profitability for a BESS. The model uses a BESS to either 

charge or discharge its power depending on the frequency deviation of the grid to provide its service 

over a 16-year period. Different sizes for the BESS energy capacity and bid capacity were simulated, 

but none of them were deemed a good investment at the end of the simulation. The speculated battery 

prices by 2030 could make it possible for frequency response service with BESS to be a viable 

investment in the future.
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Santrauka 

Tikimasi, kad ateityje už energijos saugojimą bus prisiimta didesnė atsakomybė už elektros tinklą dėl 

padidėjusių atsinaujinančių energijos šaltinių, kurie gamina kintamą energiją. Šiame straipsnyje 

aptariamas energijos kaupimo vaidmuo elektros tinkle ir jo ekonominis gyvybingumas, atsižvelgiant 

į dabartines išlaidas. Skirtingi energijos kaupimo metodai yra naudingi skirtingoms atsakomybėms 

tinkle. Pagalbinių paslaugų rinkos keičia savo reikalavimus, kad į rinką galėtų patekti energijos 

kaupimas. Šiame projekte buvo sukurtos dvi atskiros simuliacijos, skirtos išanalizuoti, kaip baterijos 

veikia finansiškai per savo gyvenimą. 

Pirmasis modeliavimas yra optimizavimo modelis, kuris nustato geriausią PV ir akumuliatoriaus 

mikrogrido sistemos dydį, kurio sąnaudos per 12 metų yra mažiausios. Modelis naudoja apkrovos 

profilį ir saulės spinduliuotės duomenis, kad apskaičiuotų, kiek energijos pagamina PV ir kiek 

apkrovos suvartojama kiekvieną valandą. Šio modelio baterija naudojama kaip energijos rezervas, 

palaikantis PV, kai jis negamina pakankamai energijos, kad palaikytų apkrovą, o ne perkamą galią iš 

pagrindinio tinklo. Modeliuojant naudojamas dalelių būrio optimizavimo modelis, kuriame kiekviena 

dalelės padėtis atspindi PV ir akumuliatoriaus dydžio vertę. Optimizavimo modelis gali rasti 

sprendimą daug greičiau, nei kartojant kiekvieną galimą dydį. Modeliuojant nustatyta, kad baterijos 

nėra pateisinamos, nes optimalus sprendimas apima tik PV talpą. BESS sistemos kaina šiandien yra 

per brangi, palyginti su žemomis perkamosios galios iš pagrindinio tinklo kainomis. 

Buvo imituojama dažnio rezervo pagalbinių paslaugų rinka, siekiant išanalizuoti, ar BESS teikėjui 

būtų pelninga patekti į rinką. Kai kurie perdavimo sistemos operatoriai pakeitė savo rinką ir tai 

paskatino daugelį BESS teikėjų dalyvauti dažnio rezervo tarnyboje. Lietuva planuoja dažnių rezervo 

rinkos kūrimą kartu su kitomis Baltijos šalimis, o modeliui buvo naudojami jų siūlomos rinkos 

specifikacijos bei duomenys iš jau esamų žemyninės Europos rinkų. Yra 3 skirtingos paslaugos, kurių 

tikimasi būsimoje rinkoje, ir tikimasi, kad greičiausia paslauga (FCR) turės didžiausią BESS 

pelningumą. Modelis naudoja BESS arba įkrauti, arba iškrauti savo galią, atsižvelgiant į tinklo dažnio 

nuokrypį, kad galėtų teikti savo paslaugą per 16 metų. Buvo imituojami skirtingi BESS energijos 

pajėgumų ir pasiūlymų pajėgumų dydžiai, tačiau modeliavimo pabaigoje nė vienas iš jų nebuvo 

laikomas gera investicija. Spekuliuojamos akumuliatorių kainos iki 2030 m. Sudarys galimybę BESS 

dažnio atsako paslaugai tapti perspektyvia investicija ateityje.  
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Introduction 

Renewable energy has continued to increase as a source generation in electrical grids throughout the 

world due to government policy aimed to greener technologies and decarbonization objectives of the 

future grid. The renewable energy sources that expect the largest increase in generation share are 

solar and wind power which both have variable generation and it makes it difficult to predict the 

amount of power that they will produce each day [1]. Although there has been debate about the 

structure of the future grid that can properly suite RES technologies, energy storge is expected have 

an important role in the future grid regardless of the structure used [2]. Energy storage will allow the 

grid to maintain resiliency and reliability as renewable energy integration increases. It can be used as 

a secondary power storage in scenarios where DG is not able to provide sufficient power and can 

work congruently with the load and DG to operate a microgrid. 

One of the problems associated with integrating energy storage into the electrical grid, is that it is 

difficult to justify the price associated with the investment of energy storage [3]. Apart from its role 

as a secondary energy reserve, an ESS can also participate in the ancillary service markets to earn 

money for its services. There are a variety of ways in which energy storage can already be used in 

grid by providing ancillary services. There are also different energy storage technologies that are best 

suited to provide different services to the grid. This thesis will analyze different methods in which 

energy storage is used in the grid and simulate two methods to assess their financial viability. The 

objective of this thesis to measure the performance of battery storage in the grid to see if it is 

economically viable today given its current prices. A BESS is measured performing two different 

functions in this work, an energy reserve in a grid-connected microgrid, and primary frequency 

control in the frequency control ancillary service market. 

The microgrid that is simulated in this thesis consists of a PV providing the DG for the microgrid, a 

BESS that stores power as a reserve, the load that consumes power in the microgrid, and the main 

grid that works congruently with the microgrid. The objective of this section is: 

1. Create a model that finds the optimal sizing of the PV and BESS of the microgrid that gives 

the lowest cost of operation over a 12-year period.  

2. Analyze the optimal sizing solution and compare with a consumer that only purchases power 

from the main grid to check if DG from PV with a BESS is competitive at today’s prices. 

The particle swarm optimization method is used to converge to the optimal size of batteries and PV 

that should be used. Solar irradiation data is used to calculate the amount of power that can be 

produced at each hour by the number of PVs that are used, and a load profile of hourly data calculates 

the load at each hour. If there is excess power produced by the PV system compared to the consumed 

load, the excess power can be used to charge the BESS. If there is not enough power produced by the 

PV system, energy stored by the BESS is used to compensate the difference. Power is purchased from 

the main grid in a scenario where the PV and BESS cannot provide the sufficient power to the load. 

The grid costs along with the costs associated with the microgrid are added together over the 12-year 

period as the model iterates through different sizes to find the lowest cost. 

The frequency control service model consists of a BESS that provides fast frequency control reserve 

for the grid based on the specifications of Lithuania’s upcoming implementation of a frequency 

control market. The objective of this section is: 
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1. Create a model with a BESS that provides FCR service based on the specifications of 

Lithuania’s future market. 

2. Analyze whether it is profitable for a BESS to participate in the new frequency control market 

by modelling different bid sizes with different energy capacities of the BESS.  

The BESS must give a symmetrical bid in the up and down direction when providing its service. If 

the frequency of the grid is higher than 50 Hz, the BESS must charge proportional to the deviation to 

help reduce the high frequency level. If the frequency of the grid is below 50 Hz, the BESS must 

discharge proportional to the deviation to help increase the system frequency. A time series of 

frequency data with values at every 10 seconds is used to calculate the action that the BESS should 

perform. Different sizes for the power and energy capacity are simulated over a 16-year period to 

check the net present value of the investment, the degradation of the BESS over that period, and the 

reliability at which BESS could perform the service. 
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1. Review of Energy Storage and its Role in the Grid 

There are a variety of technologies currently used on the grid to carry out different responsibilities. 

Figure 1.1 [4] shows a graph of how different energy storage methods are used to perform different 

functions on the grid that best fit their characteristics.  Pumped hydro storage is a mature energy 

storage method that has a large capacity already in use throughout the world. It can use the potential 

energy of large reserves of water to create electricity during peak pricing hours while using electricity 

to pump water back up the reserve in times of low electricity pricing. This makes it very useful as an 

electrical capacity supply that that can be operated in times of high load demand. The technology is 

limited to the available land and water and it also needs 10 to 15 minutes of reaction time to provide 

power [5]. This limitation does not allow this system to be used for capabilities that require a fast 

response time.  

Other electromechanical technologies are also used as an electricity supply but are used more for the 

purpose of on-site power or a black start. Flywheels use angular momentum to store power as kinetic 

energy. They have high power and energy density that makes them useful for stabilizing system 

voltage or frequency. They essentially have an infinite number of charge and discharge cycles and 

require less maintenance over their lifetime compared to chemical batteries. The disadvantage to 

Flywheel technology is that they have up to 20% self-discharge per hour in their stored capacity and 

they are very sensitive to any shocks that could disrupt their rotation and affect the overall system 

[6]. Compressed air storage is an electromechanical storage method that uses gas pressure with 

compression of air in a reservoir to convert it into a modified gas. The compressed modified gas is 

expanded to rotate a turbine coupled with a generator for producing electricity [7]. They can be used 

to serve a large capacity when built with an underground reservoir to hold the compressed air. They 

can also be built at a smaller scale above ground in storage tanks. The disadvantage to the system on 

a large scale, is the need for land to hold a large underground reservoir. There is also a need to pay 

for the gas that will be used in the process of compressing the air [8]. 

Electrochemical storage is the common method of energy storage when thinking of a traditional 

battery system. It involves using a chemical reaction in the batteries cell to release electrons and cause 

the flow of electricity. An emerging technology that could be important in the future of energy storage 

is vanadium redox flow batteries. They use an electrolyte storage system in which the electrolytes 

will participate in either reduction or oxidation reactions creating free electrons and causing the flow 

of electricity. They have very low storage losses and can operate for many lifecycles. Since VRFB is 

in its early phase as a commercial product, electrolyte materials are still costly and it does not have a 

very high energy density [9]. There will need to be significant reduction in the electrolyte cost of 

VRFB for it to be competitive with other battery systems currently used in the grid. 
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Fig. 1.1. Energy storage power capacity shares by main-use case and technology group [4] 

Two commonly used batteries for storage in the grid are lead-acid batteries and lithium-ion batteries. 

Compared to lithium-ion batteries, lead-acid batteries are a cheaper alternative for energy storage. 

Alternatively, lithium-ion batteries have much higher energy density and can go through many more 

life cycles [10]. The cathode and anode of the battery hold lithium and the electrolyte can carry 

positive lithium ions through the separator from one side to another depending on whether the battery 

is charging or discharging. When there is connection of a circuit on both sides of the battery, the free 

electron can flow across the circuit since it is attracted to the positive lithium ion moving across the 

separator thus creating a current as seen in Figure 1.2 [11]. The fast response of lithium-ion batteries 

makes them a great candidate for primary frequency response in the grid. When there is a deviation 

from the permitted frequency in the main grid, there needs to be sources that can quickly absorb or 

deliver power to help get the frequency back to an adequate level. In [12], control strategies were 

made to see how to optimize the charging and discharging of lithium ion batteries to be used in 

frequency response. 

As discussed previously, there are different characteristics to each energy storage technology that 

makes them advantageous for different functions. Lifetime, cost, energy density, and overall 

efficiency of the system are all things that should be weighed when deciding on the proper energy 

storage system for the needed function. In [13], there is a Table of different energy storage 

technologies highlighting their specific characteristics.  
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Fig. 1.2. Lithium-Ion battery charging and discharging process [11] 

Table 1.1.1. Technical and economical characteristics of ESS [13] 

ESS 

Tehcnlogy 

Power Range 

(MW) 

Energy 

Density 

(Wh/kg) 

Power 

density 

(W/kg) 

Discharge 

time 

Response 

time 

Round trip 

eff. (%) 

Flywheel 0.01-0.25 5-80 700-1200 sec – 15 min sec 90-95 

Compressed 

air above 

ground 

3-15 140 – 300 bar - 2 – 4 hrs sec-min 70-90 

Lead-Acid <20 30 – 50 200 – 400 sec – 5 hrs ms 70-90 

Lithium-ion 0.05-100 120 – 230  150 – 2k min – 1hr ms 85-95 

VRFB 0.01 – 10 65 – 75 - 8 – 10 hrs ms 60 – 80 

A common way to earn money with energy storage on the grid today, is through ancillary services. 

Ancillary services are additional services that can be provided to help keep the reliability of the grid, 

such as maintaining proper power flow, maintaining balance between the supply and demand, or 

recovery in the event of a system failure. TSOs around the world have created different kinds of 

ancillary service markets to incentivize providers to supply these services. Some of these markets 

have services that can be adequately provided by a BESS and even have regulation that has made it 

easier for BESS providers to enter the market. 

Large-scale battery capacity has continued to increase every year in the United States as TSOs have 

changed their regulations to make it easier for energy storage to participate in their ancillary service 

markets [14]. The most notable change came in 2011, when the Federal Energy Regulatory 

Commission required TSO markets to provide compensation to resources that can provide faster-

ramping frequency regulation. Frequency regulation services are used to help keep the power system 

frequency close to its required operating value. PJM split their frequency regulation market into one 

market for fast-ramping services and another for its slower ramping services. The provider bids for a 

symmetrical max value of power in MW that they can either supply or absorb from the grid based on 

the frequency deviation of the grid.  The compensation for the frequency regulation market uses a 

pay-for- performance method based on a performance score for the providers. The performance factor 

is based on the accuracy at which the expected power can be provided and how quickly the response 

can be activated due to a change in the grid frequency. The service is also compensated on its mileage 
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based on the change in power that needs to be provided during the service over the highest capacity 

that is bid by the provider in ΔMW/MW [15]. Battery storage can receive a good performance score 

because of its fast response properties and their high accuracy with an inverter and charge control 

system. The new fast response market attracted many BESS providers and similar changes at other 

TSOs around the USA have also introduced more battery storage into the grid. Figure 1.3 [14] shows 

that the majority of the battery capacity that has been installed throughout different TSOs has been 

for frequency regulation and PJM has the largest capacity due to their fast-response market that made 

participation for BESS providers easier. 

 

Fig. 1.3. USA large-scale battery applications in 2018 [14] 

As seen in the previous Figure, the gid operator of California (CAISO) has the largest battery energy 

capacity of any TSO in the United States. In 2013, a bill was passed in the state of California requiring 

utilities to procure more energy storage to increase the reliability of the gid in case of loss in 

generation capacity [16]. Some of this capacity is used for the ramping/spinning reserve market since 

regulations were changed in CAISO reducing the minimum power capacity for providers from 1 MW 

to 500 kW and also reducing the requirement of the service time from 2 hours to 30 minutes [17]. 

The reduced requirements give easier entry to a BESS provider because they need less investment in 

energy capacity of their system to participate. The ramping/spinning reserve market is used to bring 

more power into the system in scenarios where there are unexpected losses in generation and the 

system must be kept balanced. It is the second-most profitable ancillary service market for batteries 

to participate in behind the frequency reserve market. Another way for batteries to earn money is 

through arbitrage by charging during periods where electricity is less expensive and then selling the 

power back during times when electricity is more expensive, although this is power would be traded 

in a real-time market and not an ancillary service market. 

California also has the highest use of small-scale battery-storage compared to other locations in the 

United States [14]. Most of this battery capacity is directly owned by the utilities with some of the 

capacity owned for commercial and residential purposes. These smaller battery systems are mostly 

used to support distributed generation of renewable energy sources. The batteries can be used to store 

power during times when the RES is producing more power than what is consumed by the local load. 

The battery can later be discharged to provide power to the load during times when the RES is not 

producing enough power. DG combine with energy storage and a localized load to cooperate in a 
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microgrid. The usage of battery storage with a RES to operate a microgrid is further discussed in 

Section 2 of this thesis. 

In continental Europe, there are not separate ancillary service markets for frequency reserves and 

spinning reserves like in the United States, but it is instead encompassed in one frequency control 

market [18]. The services in this market are split up into three parts (primary, secondary, and tertiary 

reserves) based on the response time that is needed for the provider. The primary reserve service, also 

known as FCR, is usually the most profitable for battery systems because it requires the fastest 

response time and is also a symmetrical service needing to either supply or remove power from the 

grid. As opposed to the United States, the frequency reserve service in continental Europe is only 

paid for the symmetrical capacity it can provide and it is not given a performance score that affects 

its payment or a mileage payment for the change in power it needs to provide. This market has been 

implemented earlier in different countries while others are still in the planning stages, but battery 

storage already been implemented for this service. France is currently in the process of building their 

largest BESS to participate in their primary reserve frequency control market and the total capacity 

is expected to be 25MW/MWh for an estimated cost of  €600/kWh and the BESS is expected to have 

a lifetime of 15 years [19, 20]. Battery participation in the frequency control market is further 

discussed in Section 4 where a model based on the rules of continental Europe’s primary reserve 

service is simulated. 

The ancillary service markets like frequency control usually involve systems with large energy 

capacities because they take place at the transmission level and require minimum bids of 1 MW in 

Europe. There has been research discussion for providing ancillary services with many smaller battery 

systems aggregated together that when combined have a large capacity. A potential method of 

aggregating battery capacity is though plug-in electric vehicles because they spend most of their time 

stationary and could be used to provide ancillary services during the time when the vehicle is not 

driven. This new stream of revenue could help reduce the cost of electric vehicles and increase the 

amount of electric vehicles on the road [21]. 

 

Fig. 1.4. PEV integration into the grid [21] 
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The ancillary service markets need adjustments to allow all the PEVs to participate individually 

because of the large capacities that are usually required to bid. A provider like a rental service who 

has a large fleet of PEVs could participate individually by having all the vehicles that are not in 

service from their fleet connected to the grid. It would be most profitable to have the fleet of unused 

cars participate in the fast frequency regulation market [22]. It is important to account for the 

uncertainty of whether the vehicle will be stationary and if there is sufficient capacity to provide 

service at the expected time. Historical data like driving distances and time can be used to make a 

predictive model of available service times and the capacity that can be provided [23]. 
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2. Microgrid Optimization for PV and BESS 

Electricity generation using fossil fuels has been a topic of much concern for the future due to the 

environmental concerns associated with carbon emissions. There have been laws and regulations 

around the world to try to reduce fossil fuel generation and in turn increase the amount of electricity 

generated by renewable energy resources. Using DG in the electrical grid is one method to increase 

renewable energy production. This allows a variety of different sources of energy generation to 

produce power without needing a large, centralized source of power production to participate. One 

way to manage different distributed energy sources, is through a microgrid. A microgrid can be 

defined as, “a group of interconnected loads and distributed energy resources with clearly defined 

electrical boundaries that acts as a single controllable entity with respect to the grid and can connect 

and disconnect from the grid to enable it to operate in both grid-connected or island modes” [24]. One 

of the largest issues with implementing microgrids for real world application is the optimization. 

Currently, many microgrid projects carry much financial uncertainty and are not profitable for 

investors due to many challenges associated with the planning and designing costs [25]. In this 

section, an optimization model is discussed to try to make microgrids financially viable.  

2.1 Microgrid Overview 

 

Fig. 2.1.1. Schematic of Microgrid [26] 

A basic overview of the schematic of a microgrid system can be seen if Figure 2.1.1 [26]. In a traditional 

centralized grid, the majority of the electricity is produced in large, high-capacity power plants. This 

generation source will usually be far away from most of the consumers, and the electricity will travel 

through transmission lines before the voltage is stepped down on the distribution side. The local loads 

can receive power either from the main grid or from the DERs. The DERs will usually be located 

near the load and this power does not need to go through transmission lines, supplying its power only 

on the distribution side. Renewable energy sources like wind and PV have variable generation 

depending on the day and season. If the DERs are producing enough power to supply the load with 

power still left to spare, this leftover power can be used to charge an energy storage system like 

batteries. If the DERs are not producing enough power to supply the load, the batteries can 

compensate to provide the remaining power that is needed. If there is also not enough energy in the 

batteries, the main grid can supply power to the load to compensate the lack of power in the microgrid.  
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Some microgrid have the functionality to operate in an “islanded mode” if there is ever a disruption 

in the main grid that causes an outage, and the microgrid can disconnect from the main grid and 

provide power autonomously to the load. Microgrids can also switch to an “islanded mode” in the 

case of scheduled maintenance on the main grid. There can be multiple microgrids connected with 

the main grid supplying power to local loads. The microgrid will usually have an energy management 

system that will be responsible for making the decision of what mode of operation the microgrid 

should be in operation [27]. An “islanded mode” requires more complexity for the control system of 

the microgrid and it should be able to supply all the essential load within its area [28]. The complexity 

of the system makes it more expensive to operate compared to a grid-connected microgrid, but the 

costs may be justified by having continuous reliability for a critical load that should not lose power. 

Therefore, this study will only focus on the optimization of grid-connected microgrids due to their 

lower cost of implementation and the difficulty to assess the opportunity cost of maintaining power 

during an outage. 

2.2 Optimization Model 

The model created for this optimization project consists of three main pieces and a high-level diagram 

of how these pieces interact can be seen in Figure 2.2.1. There is a DG, which consists of solar panels 

and batteries for energy storage. The DG is the energy source of this microgrid and the part of the 

model that will change size in the optimization process. There is the load that represents the electricity 

consumed and it needs to be supplied with sufficient power during all times of the operation. The 

main grid can supply electricity to the load in scenarios when the DG does not supply sufficient 

energy to power the load. Power can also be transferred over to the main grid in the scenario where 

the distributed generation produces excess energy from what is consumed by the load. 

 

Fig 2.2.1. Microgrid overview for simulation 

2.3 Load and Grid 

The load profile that was used for the calculation came from KTU buildings on Studentų gatvė 48 

and 48A. These load profiles were combined and treated as the load for one bus in our system that is 

fed by the PV system. The load profile on a winter day in February and a summer day in August can 

be seen below. The load consumed throughout the day can have different characteristics depending 

on seasonal changes that can influence how electricity is consumed. 
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Fig. 2.3.1. Load profile of winter day 

 

 Fig. 2.3.2 Load profile of summer day  
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As seen on the graphs, there is more load consumed on a typical summer day while both Figures 

follow a similar load profile shape as the electricity consumption ramps up around the time the school 

day begins, and then the consumption begins to fall at around the middle of the day. The average 

electricity price paid in Lithuania used for this model is €0.15/kWh [29]. In the model, the peak hours 

(8h-16h) were made to have an electricity price of €0.17/kWh and the non-peak hours were made to 

have a price of €0.13/kWh. The model was also designed to increase the load by one percent in each 

year of operation and to increase the price of electricity by two percent each year.  

2.4 PV Panels 

Solar irradiation data needed to be collected to find the amount of solar power that could be produced 

on a given day. Different literature discussed how the amount of power produced by PV panels can 

best be calculated in an optimization problem based on the amount of panels used and the area on 

each panel [30, 31]. The equation used in this model was: 

𝑃𝑃𝑉(𝑡) = 𝜂 ∙ 𝐸(𝑡) ∙ 𝑁𝑃𝑉 ∙ 𝐴𝑃𝑉                                                                                                                   (2.4.1)  

If: 𝜂 – conversion efficiency; 𝐸(𝑡) – solar irradiance; 𝑁𝑃𝑉 – number of PV panels; 𝐴𝑃𝑉 – area of a 

single PV panel.  

The solar irradiance surface data from Kaunas, Lithuania is collected from [32] which uses hourly 

satellite data to collect the solar irradiation of Europe [33]. The solar irradiation of a winter day in 

February and a summer day in August of Kaunas can be seen below. 

 

Fig. 2.4.1. Solar Irradiation of Winter day in Kaunas 
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As seen from the Figures, the microgrid can produce more power in the summer time compared to 

the winter time. There are more hours of sunlight in a summer day and that allows for more hours of 

solar irradiation to power the solar panels compared to the winter. The Figures also show that at peak 

sunlight hours, almost six times as much solar irradiation is available in the summer compared to the 

winter.  

 

Fig. 2.4.2: Solar Irradiation of Summer day in Kaunas 

Information about the specifications of the solar panel is collected from [34]. This information is used 

to collect solar data for variables needed in the above calculation like panel size and efficiency.  It is 

also used to collect cost data for the solar panels for the overall system cost calculation. The PV panels 

for this simulation each have an area of 1.6 m2and they have an efficiency of 19%. The standard 

testing conditions for calculating the rated power of a PV panel use the irradiation value of 1000 

W/m2 and using these conditions with Equation 2.4.1 gives a rated capacity power capacity 304 W 

for each PV panel. 

2.5 Battery Storage 

The energy storage system used for this simulation is simulated using the properties of lithium-ion 

batteries. Data from [4, 35, 36] is used to find cost characteristics related to installation, maintenance, 

and inverter costs associated with lithium ion batteries used to calculated the total cost of the system. 

The battery storage can only be used in the simulation if there is sufficient charge for operation. The 

current state of charge (SOC) of the battery system needs to be calculated at every time step to keep 

track of the current battery state. The state of charge of the battery system can be calculated with: 
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𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − 1) + 𝜂𝐵𝑎𝑡𝑡 ∙ 𝑁𝐵𝑎𝑡𝑡 ∙ ∆𝑃𝐵𝑐ℎ𝑎𝑟𝑔𝑒 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒⁄                                                                                   (2.5.1) 

If: 𝑆𝑂𝐶(𝑡 − 1) – state of charge from the previous time-step; 𝜂𝐵𝑎𝑡𝑡 – efficiency of the battery 

system; 𝑁𝐵𝑎𝑡𝑡 – number of batteries; ∆𝑃𝐵𝑐ℎ𝑎𝑟𝑔𝑒/𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 – charge or discharge rate of the battery 

system.  

Depending on whether the system is in a scenario where the batteries will charge or discharge, the 

rate will either add or subtract from the previous state of charge. Although lithium-ion batteries have 

flexibility in the charge and discharge rate, this simulation uses them as a secondary energy supply, 

and they are kept at a constant rate. Charging and discharging batteries at an adequate C-rate can be 

beneficial prolonging the battery life [4]. Using the batteries for rapid charge or discharge so that they 

are available to be used as an ancillary service is discussed later in Section 3. It should also be noted 

that the batteries cannot be charged or discharged beyond their theoretical limits. 

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑚𝑎𝑥                                                                                                                 (2.5.2) 

If: 𝑆𝑂𝐶𝑚𝑖𝑛 – minimum state of charge of battery for operation; 𝑆𝑂𝐶𝑚𝑎𝑥 – maximum state of charge 

of battery for operation.  

The battery was kept within the limits of 15% to 85% SOC as it is not recommended to operate 

batteries at their maximum and minimum levels to help maintain a longer battery life [4, 37]. Figure 

2.5.1 shows how the BESS can be used to supply power within a day working with the PV and the 

grid. 

 

Fig. 2.5.1. BESS Energy Capacity throughout a day 
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The early hours of the day have no sunlight and the load is supplied completely by the grid. Later in 

the day when there are peak grid prices, the battery is discharged so that most of the load is supplied 

by the PV and BESS without the help of the grid.  After the BESS is out of charge, the load is provided 

by the grid and PV system. In the evening once the peak pricing hours are over, the battery is 

recharged with the grid and the little PV power that is available. 

2.6. Cost Function 

The cost function is used to calculate the total cost of the microgrid. This includes all the costs 

associated with the purchase, installation, and maintenance of the equipment used in the microgrid 

along with the cost of the power consumed from the main grid. The cost function used for this problem 

can be seen below: 

𝐶𝑛 = 𝐶𝑔𝑟𝑖𝑑 + 𝐶𝑃𝑉 + 𝐶𝐵𝑎𝑡𝑡                                                                                                                          (2.6.1) 

If: 𝐶𝑛 – total cost calculated; 𝐶𝑔𝑟𝑖𝑑 – cost of the electricity purchased from the grid, 𝐶𝑃𝑉 – cost of the 

photovoltaic panels (includes purchase, installation, O&M costs, cost of inverter); 𝐶𝐵𝑎𝑡𝑡 – cost of the 

lithium-ion batteries used (includes purchase, installation, O&M costs, cost of inverter).  

The price is added up for the 12-year simulation and goal of the optimization function is to reduce 

the costs and find the lowest achievable value of 𝐶𝑛. The prices used for the simulation of this system 

are summarized below in Table 2.6.1. 

Table 2.6.1. Simulation prices 

Parameter Cost 

Electricity from main grid €0.17/kWh peak/€0.17/kWh non-peak 

Investment/installation of BESS €600/kWh 

O&M BESS €6/kWh/year 

Inverter and battery control €100/kWh 

Investment/installation of PV panel 

(Area=1.6m2) 

€300/panel 

PV inverter €25/kW 

O&M of PV €33/kW 

  

2.7 Particle Swarm Optimization Model 

The goal of the optimization model is to find the optimal number of PV panels and batteries to operate 

the microgrid at the lowest cost possible. Methods like fuzzy decision can be used to calculate the 

optimal sizing of a microgrid [38]. In [39], it is shown how GA can be used to find the optimal sizing 

and location of a grid connected PV system. In [40], it is shown how particle swarm optimization 

(PSO) is a much more efficient method of  calculating PV sizing when compared to GA. PSO is an 

optimization method inspired from the social behavior of biological organisms, like birds that will 

flock to a food source with the help of a combination expressing the influence on the position of the 

body through the historical positions of itself and its neighbor [41]. PSO was chosen as the 
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optimization model to use in this project because it is simple and robust for implementation, and it 

also has an efficient simulation run-time. 

 

Fig. 2.7.1. Particle Swarm Optimization convergence [42] 

Particle swarm optimization is based on the location and velocity of each particle in the system. The 

equations to calculate the position and location are calculated with: 

𝑥𝑘+1
𝑖 = 𝑥𝑘

𝑖 + 𝑣𝑘+1
𝑖                                                                                                                                        (2.7.1) 

𝑣𝑘+1
𝑖 = 𝑤𝑣𝑘

𝑖 + 𝑐1𝑟𝑎𝑛𝑑(𝑝𝑖 − 𝑥𝑘
𝑖 ) + 𝑐2𝑟𝑎𝑛𝑑(𝑝𝑘

𝑔
− 𝑥𝑘

𝑖 )                                                                      (2.7.2) 

If: 𝑥𝑘+1
𝑖  – the next particle position; 𝑥𝑘

𝑖  – current particle position; 𝑣𝑘+1
𝑖  – next calculated particle 

velocity; 𝑤 – inertia coefficient; 𝑣𝑘
𝑖  – current velocity of the particle; 𝑐1 –  personal acceleration 

coefficient, 𝑝𝑖 – personal best position of that specific particle; 𝑐2 – global acceleration coefficient, 

𝑝𝑘
𝑔

 – global best position of all the particles. 

As seen in Figure 2.7.1 [42], each particle in this algorithm is randomly assigned a position during 

the initialization. Each position can then be classified by how well it performs based on the given 

criteria. The particle that best fits the criteria is assigned as the global best position upon initialization. 

The particles then calculate their velocity with equation 2.7.2. The velocity is influenced by its 

previous velocity, the difference of its personal best position and its current position multiplied by a 

random variable from zero to one, and the difference of the historic best position of the swarm and 

its current position multiplied by a random number zero to one. The velocity is then added to the 

previous position to find its new position and then all the particles in the swarm check if their new 

position is closer to the criteria. The particles use their best position and the swarm’s best position as 

they mor around each iteration as they converge to the solution. The random variable is used to make 

all the particles follow different paths to ensure that the proper solution is not missed, and the particles 

converge to the incorrect solution. The number of particles that is initialized at the beginning should 

be sufficient so that there are random particles in all possible areas that could be the solution because 

this could also cause the particles to converge to the incorrect value. 
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A flowchart of the PSO algorithm used to solve this optimization problem can be seen in Figure 2.7.2. 

This algorithm was written in MATLAB. It begins by first initializing all the variables needed like 

the number of particles that will be used and for how many iterations the program will run. Limits 

can also be set on the program if there is only a certain amount of PV or batteries that can be used. A 

minimum limit can be set if there should at least be a certain amount of PV or battery used in the 

simulation. The load profile data that is used and the solar irradiation data are also loaded into the 

program. The particles are all initially set at a random position. The position in this problem is two 

dimensions which are the number of batteries and the number of PV panels. There is a nested “for” 

loop for the number of iterations and the number of particles, so that the program will run through 

and calculate for every single particle on every iteration.  

 

Fig. 2.7.2. PSO algorithm 

Every particle with its position calls another function to calculate the cost. The number of PV panels 

and number of batteries for that position are calculated over a 12-year period to find the total cost. A 

flow chart of how this calculation occurs can be seen in Figure 2.7.3. The function runs at hourly time 

steps for the 12-year period. At each hour, the solar irradiation data is used along with the number of 

PV panels to calculate the power produced by PV as discussed previously in Equation 2.4.1. The load 

is also known at each time step due to the load profile. The program then checks if the load at that 

moment is greater than the PV power produced. If it is, it checks if it is a peak pricing hour. If it is 

not a peak pricing hour, the batteries are charged and power from the main grid is used to supply the 

remaining power needed for the load. If it is a peak pricing hour, some of the batteries’ charge is used 
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to supply the load and the remaining power is taken from the main grid. If at the time step the PV 

power is greater than the load, the program checks whether the batteries are charged. If they are not, 

the remaining power can be used to charge the batteries and any remaining power is sent to the main 

grid as a credit. If the batteries are charged, all the excess power is sent over to the main grid to be 

used as a credit.  

 

Fig. 2.7.3. Cost calculation flow chart 

The power consumed from the main grid at each time step is added up to find the total cost of 

electricity purchased from the main grid. At the end of the 12 years, the total cost of the system can 

be calculated as discussed previously in Equation 2.6.1. The program runs this function for every 

position of each particle using its number of PV panels and batteries to find the total cost. The particle 

checks its total cost value compared to its personal best cost and the global best cost and those values 

are updated if the cost is lower and the position is saved as the best, so that other particles can use 

this new information on their next iteration. After all the iterations are complete, the global best cost 

is the lowest cost achievable for the system. 

2.8 Results of Simulation 

The results of the simulation show that the optimal cost of the system would be achieved with 1,413 

PV panels and 0 batteries. Since each PV panel has a rated power of 304 W, the expected rated power 

output of the system is 430 kW. The total cost of this system over 12 years is calculated at €3,450,478. 

This is a savings of €474,061 compared to a system that has no PV and batteries and just purchases 
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electricity from the main grid. The cost of the BESS was too high to justify energy storage in the 

system.  

2.9 Microgrid Optimization Conclusion 

The program was successful in finding the optimal solution for the lowest cost, but that solution 

included no batteries in the system. The price of BESS will need to significantly drop for it to satisfy 

its investment in a grid-connected microgrid. In a microgrid with an “islanded mode” the customer 

will need to analyze if the benefits of maintaining power to their load when the main grid has an 

outage and check if the cost of energy storage is justified.  

Energy storage can play an important role in microgrids because it can supply reserve energy quicky 

without needing a ramp up time compared to generators. The flexibility and variety of uses that energy 

storage can have in power systems will be important for the future of the grid. The cost of the lithium-

ion batteries could not be justified in this simulation based on the role which it performed in this 

model. In the upcoming section, frequency control services using energy storage technology will be 

discussed to look for a way at another possible method where energy storage can be viable today. 
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3. Frequency Reserve Market Analysis 

An ancillary service that can increase energy storage penetration on the grid for larger energy storage 

capacities, is frequency stability services. The characteristics that BESS have such as fast response 

times, low self-discharge, and flexible scalability make them a good candidate to participate in 

frequency reserve markets [43]. Lithuania is currently in the planning process of creating a frequency 

control market as part of their plan for synchronization with the grid of continental Europe and the 

current details are described in [44]. 

3.1 FCR Market Process 

The objective of the frequency control block is to balance the generation and demand in real-time to 

keep the grid frequency at the synchronous 50 Hz. The ideal activation of the frequency control block 

in case of a frequency disruption in the grid would go as follows: In a few seconds, the Frequency 

Containment Reserves (FCR) would activate and begin to stop the deviation of the frequency away 

from the synchronous frequency. In seconds or a few minutes, the automatic Frequency Restoration 

Reserves (aFRR) would activate and begin to move the frequency closer to synchronous value and 

the manual Frequency Restoration Reserves (mFRR) would join in a few minutes to continue this 

process. Once the system frequency is back to synchronous, Restoration Reserves (RR) are used to 

ensure the frequency is stable. The FCR market requires the fastest reaction time and it is also a 

symmetrical capacity market [18]. Therefore, this work will focus on the FCR market process and 

the potential for battery storage participation. The BESS in this simulation will only participate in 

FCR service because it is not able to participate in the other frequency control services at the same 

time. It could be possible for a BESS to support other ancillary services at the same time, but in order 

to keep the energy capacity management straightforward, the BESS only supplies the service which 

has the highest potential revenue. 

 

Fig. 3.1.1. Balancing market process for frequency restoration [44] 

The current information for the FCR market in Lithuania highlighted in [44] requires symmetrical 

capacity, meaning that the bidder is expected to provide more power to the grid in scenarios where 

the frequency has dropped lower than the synchronous value, or provide less power in scenarios 
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where the frequency has gone higher than the synchronous value. This is the standard practice for 

generators because they are also participating in the electricity market and are already providing 

power to the grid. The practice would be different for an energy storage technology because it would 

not be actively participating in the electricity market and would only be activated in times of 

frequency deviation. For a BESS system, that means the batteries are discharged when the frequency 

is low, and the batteries are charged when the frequency is high. 

An FCR response should be activated if there is a deviation greater than ± 10 mHz. If there is a 

deviation of greater than ± 200 mHz, it is expected that the full power should be provided no later 

than 30 seconds after the deviation. Any deviation less that ± 200 mHz should be provided with a 

proportional specified power by a certain time period as shown in Figure 3.1.2 [44]. The service 

should be able to provide continuously for as much time as needed to bring the frequency back to a 

steady-state unless the provider relies on an energy reservoir services such as an ESS. In this case, it 

is expected that the provider can supply full power for a large deviation for a time between 15 and 30 

minutes as the exact time has not been specified at the time of writing this thesis. Any provider willing 

to participate in the FCR market is expected to provide their service at a minimum of 99.5% 

reliability. 

 

Fig. 3.1.2. FCR activation by frequency deviation [44] 

Figure 3.1.2 shows that the FCR activation power needs to operate at the specified value depending 

on the severity of the frequency deviation with the ranges shown in Eq. (3.1.1). 

𝑃𝐹𝐶𝑅(∆𝑓) = 𝑃𝑏𝑖𝑑 ∙ {

1                   if ∆𝑓 ≥ 200 mHz
∆𝑓

200 𝑚𝐻𝑧
      if |∆𝑓| < 200 mHz

−1                if ∆𝑓 ≤ 200 mHz

                                                                       (3.1.1) 

If: 𝑃𝐹𝐶𝑅 – power that should be provided for FCR service; ∆𝑓 – frequency deviation away from 

steady-state; 𝑃𝑏𝑖𝑑 – provider’s power capacity bid. 
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The procurement of the FCR reserves is expected to be in daily auctions that can be set until a day in 

advance. The bids can start at a minimum of 1 MW and increment at a bid resolution of 1 MW. The 

bids for a certain day will be for 6 independent products covering a period of 4 hours (0-4h, 4-8h, 8-

12h, 12-16h, 16-20h, 20-24h). The auction will work in a marginal bidding process where each 

provider will bid their available capacity and the price at which they are willing to provide that 

capacity. The required capacity is then added up from the lowest bids until the required capacity is 

met and set to the price of final bid that meets the total threshold.  

Different strategies used for energy storage technologies in FCR markets as well as market 

specifications from other countries in Europe were analyzed since the market has not been 

implemented in Lithuania yet and not all information about how it will function has not been finalized. 

It is expected that the new market in Lithuania will be similar in structure to the existing markets in 

continental Europe. [45] gives an overview of all aspects of the FCR market in Germany which is the 

largest FCR market in continental Europe in terms of capacity. It describes the different degrees of 

freedom which can be used by BESS systems when participating in the FCR market. Operators are 

allowed to exceed their FCR activation by 20% in the compliant direction to stay closer to a 

designated SOC set point at which the operator wants the system to run as seen in Figure 2.2.3. In the 

area defined as the deadband, no service needs to be provided if the system frequency falls between 

±10 mHz. The study creates an operating strategy for the BESS system based on Germany TSO’s 30-

minute criterion that requires FCR operators to have the ability to provide FCR service in each 

direction for at least 30 minutes when the system is in a state of normal operation. The only time that 

the 30-minute criterion does not need to be satisfied is when the system is an alert state which is when 

the system frequency is either over ±200 mHz, ±100 mHz for over 5 minutes, or a deviation of ± 50 

mHz for over 15 minutes. The 30-minute criterion should be met at any time during normal operating 

conditions, but the TSO grants BESS systems 2 hours after the frequency has been restored from an 

alert state to get back to a SOC for operating conditions. This restriction sets an operating point for 

the BESS where the ratio of the available energy to the total capacity of the system should meet the 

criteria. In a more recent paper [46], it is discussed that Germany recently changed their requirements 

to a 15-minute criterion to allow more flexibility in operation of BESS systems. The paper used a 

hybrid battery storage system combined with a power-to-heat module to provide both FCR services 

and district heating. The added flexibility of the reduced 15-minute criterion allows for a smaller ratio 

of available energy to capacity for which the battery system needs to operate creating a large window 

for the battery’s SOC. 

 

Fig. 3.1.3. Overfulfillment and deadband operation degrees of freedom [45] 
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Different control strategies were analyzed in [47] for battery usage in West-Denmark’s FCR market 

based on different state of charge set points. Their bidding strategy assumed bids were won for all 

service times to be able to provide the maximum amount of power. This study found that having a 

higher setpoint for the state of charge in the battery system allowed for higher revenues early on, but 

increased battery degradation causes the batteries to have a lower a lifetime and a lower NPV.  

3.2 Battery Degradation 

The battery life and type of battery system that is used needs to be carefully considered due to the 

need of the FCR service to either absorb or provide power throughout the day at fast response times. 

If too much battery life is lost in the system, it may no longer qualify at its previous volumes and this 

would reduce the amount of money that can be made from the FCR service.  

The calculation of battery degradation throughout its lifetime is calculated with two important factors 

of calendar aging and cycle aging [43, 48, 49]. These two aging factors added together can give an 

evaluation of the total capacity lost by a battery. In [43], a lifetime estimation model for LFP batteries 

was created and calculations for the calendar and cycle capacity fading were found and tested against 

real performance of an LFP system. 

𝐶𝑓𝑎𝑑𝑒,𝑐𝑎𝑙 = 3.087 ∙ 10−7 × 𝑒0.05146𝑇 × 𝑡0.5                                                                                          (3.2.1) 

𝐶𝑓𝑎𝑑𝑒,𝑐𝑦𝑐𝑙𝑒 = 6.87 ∙ 10−5 × 𝑒0.027𝑇 × 𝑁𝐶0.5                                                                                        (3.2.2) 

If: 𝐶𝑓𝑎𝑑𝑒,𝑐𝑎𝑙 – percentage of battery capacity lost due to calendar fading; 𝑡 – time in number of months; 

𝐶𝑓𝑎𝑑𝑒,𝑐𝑦𝑐𝑙𝑒 – percentage of battery capacity lost due to cycle fading; 𝑇 – temperature in Kelvins; 𝑁𝐶 

-number of full cycles done by the battery. 

3.3 FCR Model 

This model simulates a BESS system that provides FCR services for a span of 16 years and calculates 

if the system is viable investments after the time has concluded. The requirements of the FCR market 

used for this simulation were based on the data currently available from Lithuania’s future FCR 

market as well as information from other existing markets that were covered in the literature review. 

The specifications of this model are recorded below in Figure 3.3.1. 

Table 3.3.1: FCR specifications 

Parameter Value 

Minimum bid 1 MW 

Divisibility of bids 1 MW 

Bid service time 4 hours 

Deadband ±10 mHz 

Full activation frequency deviation ±200 mHz, ±100mHz if  > 5 

min, ±50 mHz >15 min 

Full activation time 30 seconds 

Max supply time for full activation 15 minutes 

Minimum Reliability 99.5% 

  



27 

 

3.4 BESS System Specifications 

The most important constraint for the operation of the BESS system is the 15-minute criterion. The 

battery should have enough capacity to either charge or discharge power in each direction when in a 

normal operating state. The SOC should be kept around an operating point that will allow the system 

to meet this requirement with the consideration that it needs to supply its full FCR power for 15 

minutes in the worst-case scenario. The upper bound of the SOC and the lower bound are limited to 

the time and the ratio of the FCR service power and the energy capacity of the BESS system. 

𝑆𝑂𝐶𝑈𝐵 = 1 −
0.25ℎ𝑟 ∙ 𝑃𝑏𝑖𝑑

𝐶
                                                                                                                     (3.4.1) 

𝑆𝑂𝐶𝐿𝐵 =
0.25ℎ𝑟 ∙ 𝑃𝑏𝑖𝑑

𝐶
                                                                                                                              (3.4.2) 

If: 𝑆𝑂𝐶𝑈𝐵 – SOC upper limit; 𝑃𝐹𝐶𝑅 – power capacity bid by provider; 𝐶 – energy capacity of BESS  

𝑆𝑂𝐶𝐿𝐵 – SOC lower limit. 

The state of charge should fall somewhere between the lower and upper bounds at any point during 

normal operation. The flexibility of the SOC range increases as the ratio between the capacity and 

the provided power increases as seen in Figure 4.2.1. The area between the two bounds is the 

permitted operating SOC of the BESS system. Having a larger capacity compared to the bid power 

allows a wider range of operation of the SOC system, but a higher capacity will increase the 

investment cost of the BESS system. If the SOC reaches the boundaries of operation, the model will 

stop FCR operation and either charge or discharge to get back to an operating state of charge. The 

time that the battery is not operating to return to an FCR state is recorded as time not compliant and 

goes against its reliability percentage in the simulation. A reliability lower than 99.5% means that the 

system would not meet the required condition set by the TSO. 

 

Fig. 3.4.1. Permitted operating SOC range of BESS system 
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The battery capacity degradation is calculated using the Equations 3.2.1 and 3.2.2 discussed 

previously. The BESS system is assumed to always operate at a temperature of 25 degrees Celsius. 

At the end of each simulation year, the capacity degradation values are updated. Equation 3.2.2 is 

based off full cycles of operation which do not occur in FCR operation. The battery usually operates 

at smaller depths of discharge due to the changes of the system frequency. The model incorporates a 

method to calculate the smaller operating cycles of the BESS. In [50, 51], the rainflow counting 

algorithm is used to count the number of cycles at different DOD throughout a battery lifetime. The 

Palmgren-Miner rule is then used to calculate the weight of that DOD compared to a full cycle. The 

rainflow counting function in MATLAB was used to calculate the different cycles that a battery 

performed in each year, but the data was first adjusted to only count cycles of DOD greater than 1%. 

This was done to lower operating time by reducing the number of cycles calculated that do not 

contribute significantly to the cycle battery degradation. Figure 4.2.2 shows a week of data for battery 

SOC and how the data is filtered before calculation in the RFC function. The real data shows that 

there are many small adjustments to the SOC throughout a day that will not be counted in RFC 

because their DOD is very small. The cycles larger than 1% DOD are calculated throughout the year 

and adjusted to a weight comparable to a full cycle. 

 

Fig. 3.4.2. SOC during one day for BESS model and adjusted for RFC 

The Palmgren-Miner rule is used to find the adjusted weight of a battery cycle in this simulation 

compared to a cycle at the full depth of discharge. The smaller the DOD of the cycle, the more cycles 

the battery can endure before its end of life is reached. The ratio used to calculate the weighted factor 

is: 
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𝐶𝑦𝑐𝑊𝐹 =
𝑁𝐹,𝑐𝑦𝑐

𝑁𝑖,𝑐𝑦𝑐
                                                                                                                                          (3.4.3) 

If: 𝐶𝑦𝑐𝑊𝐹 – weighted factor; 𝑁𝐹,𝑐𝑦𝑐 – number of cycles that battery can perform at full DOD before 

its end of life; 𝑁𝑖,𝑐𝑦𝑐 – number of cycles the battery can perform at the current DOD. 

A battery is needed to model the number of cycles for each depth of discharge and in this simulation 

data specifications were used from Saft’s Synerion 48M lithium ion module [52]. The cycle life data 

was taken from the specifications to create a best-fit line for the number of cycles the battery can 

perform at each DOD before its EOL of 70% capacity. 

𝑁𝑖,𝑐𝑦𝑐 = 6 ⋅ 106 × 𝐷𝑂𝐷𝑖
−1.168                                                                                                                  (3.4.4) 

If: 𝑁𝑖,𝑐𝑦𝑐 – number of cycles the battery can perform at the specific DOD;  𝐷𝑂𝐷𝑖 – depth of discharge 

percentage. 

The battery is expected to function until it reaches 70% of its original capacity when it will reach its 

EOL. According to Saft A plot of the manufacturer’s battery DOD testing in Figure 3.4.3 [52] shows 

the battery can perform many more cycles of smaller DOD before reaching its EOL. The datasheet 

also specifies that the battery’s lifetime is designed to last 20 years. Figure 2.2.4 shows the number 

of cycles at different DOD that a BESS of 1MW/2MWh completes in one year of operation. The 

majority of the battery’s DOD cycles are between 0-5%. 

 

Fig. 3.4.3. Battery cycles before 70% EOL capacity for DOD of cycle [52] 
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Fig. 3.4.4: Cycles for different DOD in a year for 1MW/2MWh BESS 

3.5 Frequency and Market Data 

The frequency data used for this model came from RTE in France [53]. RTE has yearly frequency 

data-sets that are the most easily accessible of countries in continental Europe with a frequency 

control market and they do not require users to have an affiliation with a French organization to access 

their frequency data. The data is a time series of frequency measurements at 10-second intervals and 

the measurements span for two years from 2019-2020 to get a variety of measurements throughout 

different seasons. There were some locations of missing data and the missing values were filled using 

linear interpolation if the missing values were less than one minute. If the missing time was greater 

than a minute, the measurements were filled with values belonging to the same seasonal period. The 

date of January 10, 2019 was also removed from the dataset as the examined data had very large 

frequency fluctuations. It was reported by ENTSO-E [54] that continental Europe experienced 

uncharacteristic frequency deviations on this day due to frozen measurements on four interconnection 

lines. The data did not represent the frequency of a typical day, so the data was removed to leave two 

years of data equaling 365 days each. The total missing values for the 2-year period totaled less than 

four days. As seen in Figure 3.5.1, the majority of the measurements recorded are closer to the steady 

state of 50 Hz and less occurrences are recorded when moving farther away from this value. There 

are also slightly more occurrences for frequencies greater than 50 Hz. The probability for the different 

measurements of the frequency is plotted in Figure 3.5.2. This gives a better visualization for the 

power that should be provided by the FCR service. The highest probability is that the measurement 

will be in the deadband, meaning that the service is not required to be provided there. There is a 

slightly higher probability that the frequency is greater than 50 Hz and the BESS needs to be 

discharged to provide FCR service proportional to the deviation compared to scenarios where the 

frequency is less than 50 Hz, and the BESS should charge at a proportional rate. In the two-year span, 

there were no occurrences where the frequency deviated greater than 200 mHz and the full FCR 



31 

 

service is required to be provided. The longest operating alert states were also checked in the data to 

see where the BESS system would be allowed to violate the 15-minute criterion. The longest 

deviation of over ± 100 mHz lasted 6 minutes and 40 seconds, and the longest deviation of over ± 50 

mHz lasted for 22 minutes and 40 seconds.  

 

Fig. 3.5.1. Grid frequency measurements over 2-year period 

 

Fig. 3.5.2. Probability of Grid Frequency over 2-year period 
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The FCR price data used for this simulation was taken from Germany’s FCR market that is currently 

in operation [55]. Since July of 2020, Germany has switched from bids of one-day FCR service, to 

six, four-hour blocks of bid service for their FCR market. This is the same structure that is expected 

for Lithuania’s FCR market. The price data was taken from Germany instead of France because the 

dataset lists the prices at 4-hour increments while data from France is in 30-minute increments. The 

data collected is only representative of 274 days because the new structure has not yet been in 

operation for a full year. The remaining 91 days were filled by randomly selecting a date from the 

data set to complete a full year of prices. A histogram of the probabilities of the different prices is 

shown in Figure 4.3.3. The majority of the FCR prices throughout the year are between €20-40/MW 

for FCR service provided in a 4-hour period. The total price for service provided for every block in a 

year sums to €64,326/MW of FCR service provided. In this simulation, it is assumed that the FCR 

provider would bid for every block of service because the batteries are readily available and do not 

need a ramp-up time like spinning reserves. 

 

Fig. 3.5.3. Probability of FCR prices for one year 

In scenarios where the BESS is reaching the upper or lower SOC limit, the battery will need to charge 

or discharge back to an equilibrium SOC before resuming operation to satisfy the 15-minute criterion. 

The BESS system will use the intraday market to either buy or sell power to return to operating levels. 

The FCR service will be stopped for 30 minutes while the BESS exchanges power in the intra-day 

electricity market. This model is focused on analyzing the BESS’s participation as an FCR provider 

and not as a provider in the intraday market. Therefore, the model uses a value of €35/MWh for 

buying and selling electricity throughout the whole simulation. The power that is exchanged is 

calculated at increments of 0.1 MW. 
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3.6 Costs Calculation 

The model uses net present value to calculate whether the project is a worthy investment. NPV can 

be calculated as: 

𝑁𝑃𝑉 = ∑
𝐶𝐹

(1 + 𝑟)𝑡
 

𝑇

𝑡=0

                                                                                                                                  (3.6.1) 

If: 𝑁𝑃𝑉 – net present value; 𝐶𝐹 – cash flow; 𝑟 – discount rate; 𝑡 – current year of the calculation; 𝑇 

– total years of the calculation.  

An investment is worth pursuing if at the end of the calculation, the NPV is either zero or a positive 

value. The discount rate is a percentage associated with inflation and the risk of a project. The cash 

flow is a difference between the revenue made for that year minus the costs spent that year on the 

project related to investment and maintenance. The cash flow in this model was calculated with the 

following factors: 

 𝐶𝐹 = 𝐹𝐶𝑅 + 𝐼𝐷𝑆𝑒𝑙𝑙 − 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 − 𝑂𝑀 − 𝐼𝐷𝑏𝑢𝑦                                                                          (3.6.2) 

If 𝐶𝐹 – cash flow; 𝐹𝐶𝑅 – money earned from providing FCR service in a year; 𝐼𝐷𝑆𝑒𝑙𝑙 – money earned 

from selling power on the intraday market in that year; 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 – cost of investment from the 

battery system; 𝑂&𝑀 is the yearly operation and maintenance cost of the BESS system; 𝐼𝐷𝑏𝑢𝑦 – the 

money spent buying electricity on the intraday market.  

The cash flow will change every year as the battery degrades lowering the energy capacity. The 

different costs used to calculate the FCR model can be seen in Table 3.6.1.  

Table 3.6.1. Costs for model simulation calculation 

Parameter Cost 

FCR per year €64,326/MW 

Intraday buy/sell €35/MWh 

BESS investment €600/kWh 

Misc. Investment (inverter, 

transformer, etc.) 

€100/kW 

Operation and maintenance cost 

per year 

€6/kW 

Discount rate 5% 

  

3.7 Algorithm of Model 

The model in the system records the SOC at every time step in a year to calculate how the BESS 

should behave and count the cycles occurring at different DODs. The data is at 10-second time 

intervals and there are 360-time intervals within an hour. The SOC is a number between 1-100 that 

represents the percentage of charge available in the BESS. The SOC of the BESS at each time is 

dependent on the SOC from the previous time where the BESS is operating. Section 3.1 shows that 

during a steady state for the system frequency, the SOC will remain the same from the previous time. 
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If there is a deviation less than 49.99 Hz, the BESS will discharge at a rate proportional to the to the 

frequency deviation and the SOC of the next time step can be found with: 

𝑆𝑂𝐶(𝑡 + 1) = 𝑆𝑂𝐶(𝑡) − (
𝑃𝐹𝐶𝑅(∆𝑓)

360
×

100

𝐶𝑎𝑝
×

1

𝜂𝑏𝑎𝑡𝑡 ∙ 𝜂𝑖𝑛𝑣 ∙ 𝜂𝑡𝑟𝑎𝑛
)                                              (3.7.1) 

If: 𝑆𝑂𝐶(𝑡 + 1) – SOC of next time step; 𝑆𝑂𝐶(𝑡) – current SOC of the BESS, 𝑃𝐹𝐶𝑅(∆𝑓) – proportional 

FCR power provided dependent on the frequency deviation; 𝐶𝑎𝑝 – energy capacity of the BESS; 

𝜂𝑏𝑎𝑡𝑡 – discharging efficiency of the BESS; 𝜂𝑖𝑛𝑣 – inverter efficiency; 𝜂𝑡𝑟𝑎𝑛 – transmission efficiency.  

The efficiencies used in this model are shown in Table 4.5.1. In a scenario where the frequency of 

the system greater than 50.01 Hz, the SOC at the next time step can be found with a similar 

calculation: 

𝑆𝑂𝐶(𝑡 + 1) = 𝑆𝑂𝐶(𝑡) + (
𝑃𝐹𝐶𝑅(∆𝑓)

360
×

100

𝐶𝑎𝑝
× 𝜂𝑏𝑎𝑡𝑡 ∙ 𝜂𝑖𝑛𝑣 ∙ 𝜂𝑡𝑟𝑎𝑛)                                              (3.7.2) 

𝜂𝑏𝑎𝑡𝑡 in this equation is the charging efficiency of the battery and in this model it is the same as the 

discharge efficiency. When the battery reaches the upper or lower bound, the battery needs to be 

charged or discharged for 30 minutes using the intraday market to return to an operating level. The 

calculations of SOC for discharging and charging in intraday market time scenarios is shown in 

Equations 4.5.3 and 4.5.4 respectively. 

𝑆𝑂𝐶(𝑡 + 1) = 𝑆𝑂𝐶(𝑡) − ((𝑆𝑂𝐶𝑈𝐵 − 0.4) ×
𝑃𝑏𝑖𝑑

180
×

100

𝐶𝑎𝑝
×

1

𝜂𝑏𝑎𝑡𝑡 ∙ 𝜂𝑖𝑛𝑣 ∙ 𝜂𝑡𝑟𝑎𝑛
)                       (3.7.3) 

𝑆𝑂𝐶(𝑡 + 1) = 𝑆𝑂𝐶(𝑡) + ((0.6 − 𝑆𝑂𝐶𝐿𝐵) ×
𝑃𝑏𝑖𝑑

180
×

100

𝐶𝑎𝑝
× 𝜂𝑏𝑎𝑡𝑡 ∙ 𝜂𝑖𝑛𝑣 ∙ 𝜂𝑡𝑟𝑎𝑛)                       (3.7.4) 

If: 𝑆𝑂𝐶𝑈𝐵 – upper bound of the BESS; 𝑆𝑂𝐶𝐿𝐵 – lower bound of the BESS; 𝑃𝑏𝑖𝑑 – power that is bid 

to provide FCR service.  

The SOC is set to a value of 60% when charged and 40% when discharged because deviations usually 

happen in the same direction during a time period of a few hours, and it gives the BESS more 

flexibility if it needs to continue in the same trend before it reached its bound. 

Table 3.7.1: Efficiencies for SOC calculation 

Parameter Efficiency 

𝜂𝑏𝑎𝑡𝑡 96% 

𝜂𝑖𝑛𝑣 97% 

𝜂𝑡𝑟𝑎𝑛 98.5% 

The algorithm used in this model to calculate the SOC at each time step of the FCR service is shown 

in Figure 4.5.1. The model is dependent on the previous state of charge and the current measurement 

of the system frequency. The system frequency data spans two years and is iterated through 8 times 

for 16 years of simulation. 
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Fig. 3.7.1: Algorithm to calculate SOC 

The program starts by checking if the system is currently in the process of completing an intraday 

market transaction. These transactions last 30 minutes in this simulation to get the BESS system back 

to an operating state so that it can resume providing FCR service. The program then checks if the 

BESS system has reached either its upper or lower boundary of SOC for operation. If it has reached 
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a boundary, the BESS will stop FCR service and either purchase or sell power on the intraday market 

to get back to an operating state. The value for power sold or bought is recorded and the next 30 

minutes of the simulation are used to adjust the SOC. The 30 minutes are also recorded as time that 

the BESS is not proving FCR service if the system is not in an emergency state. The frequency of the 

system at that time is then checked to see if there is a deviation. If the frequency is less than 49.99 

Hz, the BESS should discharge power on to the grid proportional to the size of the deviation. If the 

SOC of the BESS is greater than 55%, the system will use the over fulfillment permission specified 

by the TSO that allows up to 20% more power to be provided. This is done to keep the battery close 

to its equilibrium value of 50% SOC because that value gives the most flexibility for operation in 

each direction. If the frequency is greater than 50.01 Hz, the BESS is charged with power from the 

grid proportional to the size of the deviation. If the SOC of the battery is less than 45%, the BESS 

will charge with 20% more power to use its over fulfillment permissions. If the system did not meet 

any of the above conditions, it means the system frequency is in a steady-state and the BESS system 

does not need to provide FCR service.  

At the end of every year in this simulation, the number of cycles for each DOD are calculated as well 

as the NPV for that year. The SOC profile for the whole year is used to calculate every cycle in the 

year and find its weighted value compared to a full cycle DOD. The full cycles can then be used in 

Equation 3.2.2 to calculate the capacity fade due to battery cycles. The total number of months that 

have passed in the system are also used with Equation 3.2.1 to calculate the capacity fade due to 

calendar aging. The cycle and calendar aging loss percentage are added together and multiplied by 

the current energy capacity of the BESS to give the new energy capacity. The money used to purchase 

power and sell power on the intraday market during the year along with the money earned from 

providing FCR service and the money spent on O&M are used to calculate the year’s cashflow. 

Equation 3.6.1 can then be used to calculate NPV for that year. At the end of the simulation, the total 

NPV, the remaining capacity of the BESS, and the reliability of the FCR service can be analyzed. 

3.8 Results 

The simulation was performed for different energy capacities of the BESS system as well as different 

bids for the power that would be provided by the BESS system. The simulation was tested for bids of 

either 1 or 2 MW of power provided for FCR service. The energy capacities of the BESS ranged from 

1-3 MW. The final energy capacity of the BESS system, the total NPV, and the reliability of the FCR 

service were recorded and the results from the different sizes can be seen in Table 3.8.1. 

Table 3.8.1: FCR simulation results 

FCR Bid/Energy 

Capacity 

NPV Energy Capacity Reliability 

1MW/1 MWh -€51,864 72.8% 95.7% 

1 MW/1.5 MWh -€389,950 74.5% 98.7% 

1 MW/2 MWh -€724,645 75.5% 99.3% 

1 MW/2 .5MWh -€1,058,279 76.3% 99.6% 

2 MW/2 MWh -€757,376 64.5% 73.4% 

2 MW/2 .5 MWh -€1,109,756 67.1% 87% 

2 MW/3 MWh -€1,453,737 68.9% 91.9% 
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The results show that none of the sizes are a financially viable investment to provide FCR service 

given the current prices to invest in BESS and the revenues brought in from providing FCR service. 

Increasing the power bid from 1 MW to 2 MW causes the BESS system to provide twice the power 

and causes the BESS to go through more cycles. During the simulation it reached the threshold more 

times needed to trade power on the intraday market and this lowered its reliability score. The process 

of going through more cycles also caused a higher capacity degradation due to cycle losses. The 

simulations tested at the higher bid power all had a final energy capacity of less then 70% which 

means the battery would have already reached its end of life before the 16-year simulation was over. 

The starting energy capacity of the BESS system would need to be a higher value to increase the 

reliability score and ensure the battery does not reach its end of life before the end of the simulation, 

but this would require more initial investment and the NPV for these scenarios is already poor.  

The most promising scenarios for the BESS were to provide 1 MW of FCR service and to have an 

initial energy capacity of 2 MWh or 2.5 MWh. The 2.5 MWh system had a reliability within the 

specifications provided by the TSO while the 2 MWh system was close to achieving the threshold. 

Both systems did not reach their EOL by the time the simulation ended but neither system was able 

to finish with a NPV that is either positive or 0 before the end of the 16-year simulation. The cost that 

the initial investment for the BESS system would need to have to reach a 0 NPV while all other cost 

variables stayed the same was checked along with the price for a year’s worth of FCR service to reach 

a 0 NPV while other variables stayed the same. 

Table 3.8.2. Analysis of hypothetical prices to achieve 0 NPV 

BESS Price of BESS investment Price FCR service for a year 

1 MW/ 2 MWh €237/kWh €132,000/MW 

1 MW/ 2.5 MWh €176/kWh €162,000/MW 

The price of investment in the BESS would need to fall between €176-237/kWh to have a 2-2.5 MWh 

BESS system that would be a worthy investment if all other prices within the simulation stayed the 

same. In [4], it is believed that the price of LFP batteries can drop below €250 kWh after the year 

2030. Although battery prices are not an adequate price currently, FCR service with BESS could be 

possible in the future. It is also unclear at what prices the FCR service bids will be set once the new 

market opens. In [56], it can be seen that historic prices of the German FCR market were higher 5 

years ago with yearly revenues of service reaching the €132,000 threshold to make the 1 MW/ 2 MWh 

BESS profitable. The prices for the service have decreased as the years have progressed and this 

model was performed at a much lower €64,326/MW for FCR service provided. The increase in 

providers participating in the German FCR market has caused the prices to decrease through the years. 

It is possible that the same scenario could happen in Lithuania with less participants in the first year 

of the FCR market and decreasing prices as more participants enter in the future. 

3.9 FCR Conclusion 

A frequency containment reserve market in Lithuania will be created in the future and an analysis 

on the economic viability of providing the service with a BESS was analyzed. A simulation was 

created that used frequency time series data to check how a battery would behave at different time 

periods of operation. The SOC of the BESS system was checked throughout the 16-year simulation 

to check how many cycles it had performed, and this information was used to calculate the capacity 
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degradation experienced by the BESS every year. At the end of the simulation, the system was 

checked to see the NPV of the investment, the energy capacity of the BESS, and the reliability of 

providing the FCR service. Providing 1 MW of FCR service and having a BESS with an energy 

capacity size between 2-2.5 MW provides a system that most closely meets the requirements to 

provide FCR service. Although, none of the systems analyzed were deemed a good investment 

based on their NPV value at the end of the simulation.  

The current cost of investment for lithium-ion batteries is too high to be a viable investment in 

providing FCR services. The average cost would need to drop from todays €600 kWh to a much 

lower price of around €240-170 kWh. Some research has shown that the cost of LFP batteries can 

drop to below €250 kWh after the year 2030. There is a possibility that this could become a viable 

investment in the future. There is currently no data for the bid prices on the FCR market in 

Lithuania because it has not been implemented yet. The data used in this simulation came from 

Germany’s FCR market. It is unknown if the price will be higher or lower than what was used in 

this simulation or how the prices will change as the years progress. Data has shown that as years 

have progressed in European FCR markets, the prices have been decreasing as more providers join 

the market lowering the price. Too many providers in Lithuania’s FCR market could cause the 

revenues made from FCR service to decrease and make it more difficult for the BESS to profit. 
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Conclusion 

This thesis analyzed two different methods of how energy storage can be used in the grid, with one 

method at the distribution level for energy reserve in a microgrid and another method at the 

transmission level to provide FCR service. The conclusions of the simulations of the two methods are 

described below. 

1. The optimal sizing for the microgrid included no battery storage capacity in the final 

solution. The current cost of batteries is too high to justify their use in a grid connected 

microgrid to provide energy reserves. The cost of purchasing power from the main grid is 

much lower than the investment cost associated with a BESS storage installation. 

2. The microgrid simulation only accounted for a grid-connected microgrid and not for a 

microgrid that can switch to an “islanded mode” or that is completely disconnected from the 

grid. The cost of these methods will be higher because they will require more DG and storage 

to be independent from the main grid. The consumer’s decision on whether it is a viable 

investment for these scenarios would depend on how critically they value their load and the 

opportunity cost from a loss of power. 

3. The optimal solution showed that installing 1,413 PV panels would create a savings of € 

474,061 compared to a consumer who only purchases power from the main grid over a 12-

year period. This solution shows that the cost of PV today is competitive with the costs of 

purchasing power from the main grid. If there was a large increase of PV installation by 

consumers, this would cause a problem, as reduced power capacity would be produced by 

centralized generation stations. This would then require energy storage which this simulation 

shows is not currently at an adequate cost. An increase in DG from RES will require 

governments to assist in subsidies to offset energy storage costs to move away from large 

carbon emitting generation stations. 

4. The FCR simulation found that none of the battery sizing systems were deemed a profitable 

investment at the end of the 16-year simulation. The 1 MW/2.5 MW was the only tested 

system that had not reached its EOL and met the minimum reliability requirements at the 

end of the simulation while the 1 MW/2 MW system was close to achieving the reliability 

threshold.  

5. An increase in the FCR service bid size from 1 MW to 2 MW will require more energy 

capacity for the BESS system and that will make it more expensive and reduce the NPV of 

the investment. More money can be made by the higher bid, but a smaller energy capacity 

causes the BESS to reach its thresholds more often and it must use the real-time market to 

adjust its SOC many more times. This also lowers the reliability of the system a lot more 

and moves it farther away from the reliability threshold. The smaller capacity also aggregates 

many more full cycles into the battery’s life increasing the cycle degradation. The BESS 

sizes that were simulated with a 2 MW bid reached their EOL before the 16-year simulation 

was over. Lowering the minimum bid requirement to values less that 1 MW and allowing 

incrementing bids at a lower step than 1 MW would give providers more flexibility on the 

system constraints to meet the necessary thresholds. 
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6. Although the system was not profitable with present day costs, the projected lithium-ion 

battery costs after 2030 could make this project profitable at a future date. Higher frequency 

containment reserve market prices as they were in the past in other European countries could 

also make the project profitable, but historically these markets have seen lower prices each 

year as more participants have entered the market. A provider that may enter the market 

should consider that the revenues could drop as more providers enter the market throughout 

the years.  
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