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The aims of this thesis were to investigate the profitability of electrochemical en-
ergy storage alongside solar a PV system, as well as to investigate the Finnish re-
serve market and the utilization of the battery storage in this market. 

The research used a business case as the research method. The information was 
collected by reading research articles and collecting information from cooperat-
ing companies. 

The result of the research shows that standalone PV is more profitable than com-
pared to PV + BESS, at least when the BESS is used for energy arbitrage alone. 
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1  INTRODUCTION 

1.1 Background 

The global climate crisis is becoming more alarming in our everyday life. Part of 

the cause for this is the large quantities of CO2 that are released into the atmos-

phere every day. The greenhouse gases are causing a large problem with the rais-

ing global average temperature which will be at least 1,2˚ in 2023 compared to 

pre-industrial average. /1/ This is causing increasing amounts of natural disasters 

around the globe. A large part of these CO2 emissions is created from energy pro-

duction with fossil fuels for example, incineration and combustion powerplants. In 

the future our energy will need to be made by using renewable energy as much as 

possible. This fuels our development of making our renewable energy powerplants 

as clean and efficient as possible. 

This thesis was done for Etha Wind Oy as they are looking into the feasibility of 

battery energy storage systems and solar power plants in the Finnish market. Etha 

Wind Oy is a project development consulting company that specializes in renewa-

ble energy mostly in wind and solar projects. They have played and continue to 

play a big part of the Finnish wind power development for 21 years now.  

 

1.2 The Research Problem 

Solar photovoltaic powerplants are still relatively uncommon in Finland due to the 

long and dark winter season when solar panels do not produce energy as much as 

wind power for example, but they are coming to the markets fast. In the future 

when there will be more and more renewable energy, more short- and long-term 

energy storage systems will be needed to store the energy produced when it is 

possible and use it when the production of energy is not possible for example in 

the night when solar panels are not producing. 
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Self-sufficient energy production nowadays a controversial topic since Russia has 

stopped providing its energy to Europe. Effected countries are trying now more 

than ever to produce their own energy so that they are dependent on other coun-

tries production, which might leave them without energy for some time.   

The solar photovoltaic system can help Finland to go towards self-sufficiency, eco-

friendly energy and the energy storage will make a renewable energy power plant 

more flexible, because we can make the energy available even when the sun is 

down and there is no energy production from the PV system. The battery storage 

system will also help balance the grid by detecting the frequency change and re-

acting to it in seconds, preventing grid failure.  

The knowledge of the energy reserve market in Finland will become important 

when planning for a energy storage project. Knowing the reserve market profits 

will be critical in our calculations of the profitability of the hybrid system. Being a 

part of the reserve market will be a large part of all energy storage options in the 

future, especially battery storage because of its fast response time it can be used 

as an FCR to help balance the grid. /12/  

1.3 Research Objectives 

Based on the problems named above this thesis aims to answer these questions: 

1. Will the BESS be profitable when attached to 5MWp solar PV system? 

2. How does the reserve market work in Finland?  

1.4 Methods and Scope 

The objective of this thesis is to find out if the battery energy storage is feasible. 

The production calculations for the solar PV will be made by using the PVsyst soft-

ware. Since there is not enough data from these kind of hybrid systems in Finland, 

the research is based mostly on the data PVsyst gives us. The scope of the study is 

to understand the benefits of the hybrid system and to understand the energy 
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market more, so that it is possible calculate accurately the economic benefit of the 

storage. This research was done for a site which is located in northern Ostroboth-

nia, Raahe but it can be implemented around Finland by changing couple of pa-

rameters in the production calculations.  
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2 DEVELOPING A SOLAR PV POWER PLANT 

There are three types of solar energy technology. One of them is called solar heat-

ing where the concentrated sunlight is used to heat up water, which can then be 

used in various applications. Another technology called concentrated solar power, 

uses concentrated solar irradiance directly to generate steam, which is then in-

jected into a steam turbine to convert mechanical energy into electrical energy. 

The technology that we are focusing on in this thesis is solar photovoltaic that re-

fers to a technology that converts sunlight directly into electricity. 

2.1 Factors Impacting the Production of Solar PV 

There are many different factors that will affect the overall energy production of 

a solar PV system (see Figure 1.). Reaching as high as possible specific production 

per panel is critical for the project to be profitable. Generally, the selected place 

should have adequate exposure to an optimum amount of sunlight, be free from 

shading, have lesser sources of pollution and have a suitable soil type. /2/ 

 

Figure 1. Factors impacting the production of solar PV. /5/ 
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2.1.1 Solar Irradiance  

Irradiance is the energy that strikes a unit horizontal area per unit wavelength in-

terval per unit time. The PV panel output depends significantly on solar power or 

solar irradiance with the solar resource being highly variable. Irradiance varies due 

to weather, geographical location, the suns position in the sky, seasonal changes 

and time of the day. Cloudy weather and rain are most responsible for the varia-

bility in the irradiance value. The PV modules receive both direct and scattered 

radiation from the sky, nearby objects and ground. A significant part of the radia-

tion is the direct solar radiation. The effect of the irradiance on the performance 

of the PV panel cannot be computed by a particular percentage due to the linear 

relationship between the module current and irradiance value. /5/ 

2.1.2 Temperature  

The effective generation of electricity from a photovoltaic panel is closely linked 

to its module temperature. As the temperature of the PV panel rises, the efficiency 

of its electrical conversion decreases. This is because PV panels can only convert 

approximately 20% of the solar energy they receive into electricity, with the re-

maining 80% being converted into heat. The module temperature is a function of 

environmental factors such as wind speed, solar irradiance, ambient temperature 

and PV constructional factors such as materials and glass transmittance. The mod-

ule temperature can be calculated using the following formula: 

 𝑇 𝑚𝑜𝑑 = 𝑇 𝑎𝑚𝑏 + 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 ∗ exp(−𝑎 − 𝑏 ∗ 𝑊𝑆) +  ∆𝑇 ∗ 
𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒

1000
  

Where a, b and ∆𝑇 are the constants and for glass/cell/polymer sheet the values 

are 3.56, 0.0750 and 3. /5/ The best temperature for the module is as low as pos-

sible. This is why we get relatively high production levels during spring in Finland, 

when the irradiation is high, but the air temperature is low. 
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2.1.3 Dust Accumulation  

The efficiency of the PV modules is varied due to dust, air molecules, water vapors 

and other pollutants in the atmosphere. These can obstruct sunlight from reaching 

the panels, resulting in reduced efficiency. Dust can also form a thick layer on the 

PV modules surface. A dust layer can change the optical properties to promote 

light reflection, absorption and reduce surface transmissibility, therefore reducing 

the PV module output. Dust accumulation is determined by environmental factors, 

such as humidity, rainfall, source of dust particles, wind velocity, particle type, PV 

module technology and PV module surface cover. The most severe problems are 

at desert areas with low rainfall. /5/ 

Dust particles are able to settle on the module cover due to gravitation; these par-

ticles then absorb water vapor from the humidity and form adhesive and sticky 

residue on the panel surface. The rainfall plays a large part in the cleaning of the 

PV panels, and it also reduces the dust density in the air, but the panels should still 

be cleaned on an appropriate cleaning cycle to be able to maximize production 

/5/. In our case the PV panels will not be cleaned on a regular basis, because of 

the low amount of dust, the high panel table tilt angle and the good amount of 

rainfall in our location. 

2.1.4 Soiling  

As mentioned in the previous chapter, the dust particles land on the PV panel sur-

faces and absorb water from air to develop residue. The atmospheric humidity 

highly influences the adhesive force between dust particles and the PV panels sur-

face, therefore an increase in humidity increases dust accumulation. Soiling on the 

surface of the PV panel results in hard and soft shading, this ultimately leads to a 

decrease in power output. Smog in the atmosphere is responsible for soft shading, 

and soil mass or residue on the panel causes the hard shading. The impact of dust 

and other particles on PV power generation varies depending on the location, as 

they can affect light transmission differently. 
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The effect of the soiling can be greatly decreased by raising the panel tilt angle. 

/5/ In our case the soiling should not be an issue because of the low dust settling 

on the panels with a high tilt angle. 

2.1.5 Wind Velocity  

Wind speed plays a large factor in the performance of the solar PV panels, as re-

search done by University of Malaysia Perlis shows. The research they have done 

shows an increase in energy production of 14,25% when a single panel is getting 

hit with wind versus a single panel that is not getting hit by wind. This is caused by 

lowered panel temperature which increases power production and improves the 

longevity of the PV panel /3/. Wind speed has a greater influence on the temper-

ature of PV cells than wind direction. The design and structure of the PV panel 

surface play a significant role in its cooling. While grooved and structured glass 

covers may provide effective cooling in high wind speed conditions, they may not 

perform well in low wind speed scenarios compared to a flat surface. /5/ 

Wind also has a profound effect on dust deposition on the PV panel surface, unless 

if the surrounding area consists of sand which might be flown around by wind and 

deposed on the panels. /5/ 

2.1.6 Shading  

Shading occurs when an object or structure fully or partially blocks the sunlight 

from reaching the PV panel, leading to a reduction in the amount of energy gen-

erated. The shadowing effect lowers the PV power output. There are various types 

of shadings, such as soft shading, near-shading and hard shading. Soft shading is 

atmospheric dust, fog and smoke that reduces the irradiance intensity. Near-shed-

ding is caused by the panel row in front of the panel. Hard shading occurs due to 

the accumulation of dust, bird droppings, snow or leaves. Additionally, poles, trees 

and buildings block the sunlight in a clear and definable shape. The horizon has a 

large effect on the shadings because a mountain can provide a very large shade. 
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This is why solar PV plants are preferably built on sites with as flat horizon as pos-

sible. /5/ 

The reduction in output of PV modules is largely determined by the position of the 

module, configuration of the array, and the extent of shading, whether it is partial 

or complete. Partial shading blocks some cells of the PV module and severely af-

fects module output due to the shaded cells not being able to produce any current. 

Partial shading causes the current produced by non-shaded cells to flow through 

the shaded cells negative voltage region and dissipates power rather than gener-

ates. /5/ 

2.1.7 Humidity  

The amount of moisture in the air, or relative humidity, can have a significant im-

pact on the efficiency of PV panels. This is because the atmosphere can cause small 

water droplets and water vapor to accumulate on the panels, which can scatter, 

reflect, or absorb sunlight and reduce energy output. Long-term exposure to hu-

midity also corrodes the PV modules due to the moisture ingression to the solar 

cell. In addition, humidity does not do any good for the whole power station sys-

tem. /5/  

2.1.8 Degradation  

The PV systems capability to generate power may be impacted by panel degrada-

tion, which is the progressive weakening of the systems characteristics over time. 

Several factors cause PV module degradation such as temperature, humidity, irra-

diation and mechanical shock. Solar PV panels usually degrade at a faster rate in 

the first few years of their life. In general, the degradation is at about 0,5% per 

year. A solar PV panel is degraded when its power reaches below 80% of its initial 

power. /5,6/ 
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2.1.9 PV Module Orientation 

The best PV module orientation for the northern atmosphere is to face true south 

and the panels should be tilted equal to geographical latitude of the site for the 

optimal energy production for fixed tilted plane. The tilt of the module can also be 

optimized for the summer and winter season by using the following formula. For 

summer tilt: 

𝑡𝑖𝑙𝑡𝑠𝑢𝑚𝑚𝑒𝑟 = 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 − 15˚ /2/ 

During winter the tilt angle can be found by using formula: 

𝑡𝑖𝑙𝑡𝑤𝑖𝑛𝑡𝑒𝑟 = 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 + 15˚ /2/ 

2.1.10 Grid Connection 

The grid connection is also a very important point to take into consideration when 

planning a powerplant site. Closer the grid to the site is, the less new powerlines 

will need to be built. This makes the capex costs significantly lower. The grid con-

nection agreement might prove to be difficult to get especially in the Western Os-

trobothnia region because of the current grid limitations due to grid congestion.  

2.2 Components of Hybrid Solar PV System 

2.2.1 Solar Panels 

To create energy from the sunlight, solar panel arrays are needed which consist of 

multiple solar panel strings connected in a parallel form. A string consists of mul-

tiple solar panel modules connected in series, which is formed of multiple solar 

cells connected in a series /2/. The panels in our case will be bifacial. Bifacial panels 

use a double-sided solar cell design that allows sunlight to be absorbed from the 

front and the back of the panel. A recent study focused on the optimization on the 

performance of the bifacial modules showed a 10% gain at 0.25 albedo in ground 

mounted modules /4/. In the reference project the albedo cannot be as high, but 
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still there is a 5,5% gain from the bifacial panels which is adequate to compensate 

for the increase in panel price. 

2.2.2 Solar Tracking Systems 

Since the sun moves from the east to the west daily and also differs in its position 

and path in the sky on a seasonal basis, the maximum solar energy can be captured 

from the PV module if it continuously faces towards the sun. This is why solar 

tracking systems were invented, to significantly raise the efficiency of the solar PV 

modules when compared to fixed mounting. /2/ 

There are two types of tracking systems. Single axis tracking can only rotate from 

east to west following the sun or only rotate the tilt angle, whereas dual axis 

tracker has the east-west and south-north tracking availability. The single axis 

tracking system will need fewer parts and therefore, will be cheaper, but the dual 

axis tracker will be more efficient. In the reference project there will not be any 

tracking systems, instead fixed mounting will be used. 

2.2.3 Inverters 

The DC electricity from the solar arrays is converted to AC electricity in the solar 

inverters. The AC electricity is then connected to a switchgear and a step-up trans-

former, which feeds the power to the grid. The energy storage system will have its 

own inverters. 

2.2.4 Cabling 

DC cabling is needed between the panel modules and inverter. AC cabling is used 

to connect the inverter to MV switchgear and from MV switchgear to step-up 

transformer. It is important to have the correct size of cables to ensure minimal 

electricity losses but not to oversize too much, which will be expensive and de-

crease the profits.  
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2.2.5 Battery Energy Storage 

A large part of the hybrid system is the battery energy storage system, which 

makes the system more flexible by making the energy available when it cannot be 

produced by the PV plant. The four major categories of rechargeable batteries be-

ing used today are lead acid batteries, alkaline batteries, silver batteries and lith-

ium batteries. /7/ In our case lithium battery storage used. 

 

Figure 2. Main components of the Hybrid power plant 

2.3  Output of the Solar Power Plant 

The energy output of a solar power plant refers to the amount of electrical energy 

that is produced by the plant over a given time period (see Figure 3.). The output 

of the plant depends on several different factors which have been stated in section 

2.1. To determinate the production of solar photovoltaic in the reference project 

PVsyst software was used for the calculations. PVsyst is widely used by PV system 

designers, engineers and installers to simulate and optimize the performance of 

PV systems. PVsyst states that the accuracy of the simulation is within 1-2% per 

year of simulation. 

 The electric energy calculation formula is: 
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𝐸 = 𝑃 ∗ 𝑡 

Where E is energy transferred in kilowatt-hours, P is the power in kilowatts and 

the t is time in hours. 

 

Figure 3. Solar photovoltaic yearly production curve from the PVsyst. 
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3 ENERGY STORAGE 

Energy storage is the process of capturing energy and storing it for later use. En-

ergy storage systems play an important role in the integration of renewable en-

ergy sources, such as solar and wind. ESS can help to address the intermittent na-

ture of these energy sources by storing excess energy when it is available and re-

leasing it when it is needed. There are three different types of energy storage in-

cluding mechanical storage, electrical storage and electrochemical storage (See 

Figure 4).  

Figure 4. Basic comparison and characteristics of common energy storage systems. 

/7/ 
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3.1 Mechanical Storage 

The mechanical energy storage system converts the renewable energy into me-

chanical energy. It stores mechanical energy in the flywheel energy storage, com-

pressed air energy storage or pumped hydro storage. 

3.1.1 Pumped Hydro Storage  

A pumped hydro storage is a large-scale energy storage system. Its operating prin-

ciple depends on gravitational potential energy of water flow from a higher water 

reservoir to a lower vertically separated water reservoir. During times of low elec-

tricity demand or when renewable energy sources are available, water is pumped 

to an elevated reservoir. Then, when electricity demand increases, the water is 

released from the upper reservoir to the lower reservoir, driving turbines to gen-

erate electricity. PHS is a commonly used energy storage technology with a capac-

ity to generate as much as 3000MW of electricity. /7/ However, there are a few 

drawbacks to this storage system, the installed capital cost is high compared to 

other types of storages. PHS is difficult to build in places with flat ground because 

of the elevation difference of the reservoirs will be hard to create. 

3.1.2 Compressed Air Energy Storage 

The compressed air energy storage stores energy in air by compressing it to a very 

high pressure. The excess energy supply from renewable sources or from the grid 

during a low power demand period is utilized to drive a reversible motor unit. This 

in turn powers a chain of compressors for injecting air into storage tanks. During 

the operation, the compressed air is heated at a constant pressure in the combus-

tor and finally captured by a gas turbine to generate electricity. During the process, 

there is a byproduct of heat energy which can be recycled into the system using a 

recuperator for heating the compressed air. The limitation of this storage system 

includes a relatively low roundtrip efficiency especially when compared to battery 

technologies or PHS. /7/ 
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3.1.3 Flywheel Energy Storage System 

The flywheel energy storage system is designed to hold rotational kinetic energy 

in rotating machinery or flywheels. In this system, when the flywheel functions as 

a motor, it gains momentum and transfers its rotational energy into the storage 

device within the system /7/. The stored energy can be calculated by using the 

next formula:       

  𝐸𝑐 =
1

2
∗ 𝐼 ∗ 𝑤2 

Where I is the moment of inertia and w is the angular velocity /8/. The process of 

discharging the stored kinetic energy is through a regenerative deceleration of the 

system. The limitations of the system are ability to provide electricity only for a 

short period of time with a modest capacity. Moreover, the FESS is subject to 

losses resulting from significant self-discharge rates. These rates can amount to as 

much as 20% of the stored capacity per hour during idle periods when the flywheel 

is in standby mode. /7/ 

3.2 Electrical Storage 

Electrical storage stores energy in electrical form in superconducting magnets or 

Supercapacitors. /7/ 

3.2.1 Supercapacitor Energy Storage System 

A supercapacitor energy storage system stores energy using one or multiple su-

percapacitors, which are electrostatic double-layer capacitors with a high capacity. 

These capacitors have an energy density of 10-100 times more than electrolytic 

capacitors and can accept and deliver charges at a much faster rate than batteries. 

Additionally, they can handle more charge-discharge cycles. Supercapacitors are 

suitable for applications that need frequent charge-discharge cycles rather than 

long-term, compact energy storage. /7/ The limitations of this system are high 

capital cost and low specific energy.  
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3.2.2 Superconducting Magnet Storage System 

When a material becomes superconducting, it allows electric current to flow with-

out any resistance at temperatures below a specific critical point. This means that 

when electric current is passed through a loop of superconducting wire at this 

temperature, it can continue without requiring additional power. The concept be-

hind a superconducting magnetic energy storage (SMES) system is to store electri-

cal energy within a magnetic field. To generate electrical energy, a direct current 

is passed through a large coil made of superconducting materials, such as vana-

dium or mercury that have been cryogenically cooled below their critical temper-

atures. SMES has a significant advantage of almost zero energy losses, making its 

round-trip efficiency very high. It is a promising energy storage technology for ap-

plications that demand high power output and quick response times. However, it 

may not be suitable for applications requiring long-term energy storage because 

of its high cost and limited energy capacity. /7/ 

3.3 Electrochemical Energy Storage System 

An electrochemical energy storage system is alternatively referred to as the Bat-

tery Energy Storage System since it utilizes rechargeable batteries to store energy. 

There are four primary types of rechargeable batteries implemented in various 

applications today: lead-acid batteries, alkaline batteries, silver batteries and lith-

ium batteries. /7/ 

3.3.1 Lead Acid Batteries 

The lead-acid battery was first discovered by Plante in 1860 and is presently one 

of the most extensively utilized rechargeable batteries. There are two common 

types of sealed lead-acid batteries, absorbent glass mat-valve regulated lead-acid 

and gel-valve regulated lead-acid. Apart from photovoltaic applications, lead-acid 

batteries are widely used in the automotive industry and various other sectors. 

The advantages of this energy storage system are its low cost, high voltage per 
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cell, good capacity life and excellent performance at room temperatures. How-

ever, its disadvantages include poor low-temperature characteristics and damage 

caused when left in the discharged state for an extended period and higher weight 

when compared to other battery types. /7/ 

3.3.2 Alkaline Secondary Batteries 

Alkaline secondary batteries, also known as Nickel batteries, are a group of re-

chargeable batteries that rely on an aqueous solution of alkaline-based electro-

lytes, such as potassium hydroxide (KOH) or sodium hydroxide (NaOH), to func-

tion, as opposed to the acid electrolyte used in lead-acid batteries. The common 

alkaline battery technologies include Nickel-Cadmium (NiCd), Nickel-metal Hy-

dride (NiMH), Nickel-Iron (NiFe) and Nickel-Zinc (NiZn). The advantages of alkaline 

batteries include their high continuous power provision capacity, fast recharge 

rate and long service life /7/. Disadvantages include a higher price than lead acid 

batteries and the environmental concerns for especially the Nickel-Cadmium bat-

teries /9/. 

3.3.3 Silver Batteries 

Rechargeable silver-zinc batteries, also known as Zinc-silver oxide batteries, are 

composed of a metallic zinc anode and a silver oxide cathode immersed in an 

aqueous solution of potassium hydroxide electrolyte. Silver batteries primarily 

comprise silver-zinc and silver-cadmium batteries, whereas other types, such as 

silver-hydrogen and silver-metal hydride, have not yet attained commercial viabil-

ity. The advantages of silver batteries include their high energy density and low 

self-discharge characteristics. However, the major disadvantage of silver batteries 

is their high cost. /7/ 

3.3.4 Lithium Batteries 

Li-ion batteries exchange lithium ions (Li+) between the anode and cathode, which 

are made from lithium intercalation compounds. The cathode is usually made of 
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lithium metal oxide (𝐿𝑖𝑀𝐸𝑂2), with the anode of the made of graphite. The Li-ion 

batteries have the advantage of high specific energy, as well as high energy and 

power density relative to other battery technologies. They also exhibit a high rate 

and high-power discharge capability, excellent round-trip efficiency, relatively 

long lifetime and a low self-discharge rate. Issues relating to the thermal stability 

and safety of Li-ion batteries relate to chemical reactions that release oxygen 

when lithium metal oxide cathode          .      “            w  ”           

leaks, smoke gas venting and may lead to the cell catching fire. While this is an 

inherent risk of this battery type, it can be triggered by external non-design influ-

ences such as external heat conditions, overcharging, discharging or high-current 

charging. /10/ 

There are five different types of lithium-ion batteries, such as Lithium nickel man-

ganese cobalt oxide, lithium manganese oxide, lithium nickel cobalt aluminum, 

lithium iron phosphate and lithium titanate (see Figure 5.) All these types of Li-ion 

batteries have an energy density between 200 and 735 Wh/l and a round-trip ef-

ficiency of 92-96%. /10/ 

Figure 5. Comparison of lithium-ion chemistry properties, advantages and disad-

vantages. /10/ 
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3.3.5 Sodium-Sulphur Battery 

The Sodium-Sulphur battery is one of the more recent battery technologies that 

shows great promise for high-power energy storage applications. It is made of me-

tallic sodium (Na) anode and sulphur (S) cathode. While a ceramic Beta-𝐴𝑙2𝑂3 acts 

as both the electrolyte and the separator simultaneously. This battery type has no 

self-discharge, energy density and the efficiency are quite high at 151 W/l and 85% 

respectively. /7/ 

3.3.6 Flow Batteries 

Unlike other battery types, flow batteries store electrolytes in two separate tanks. 

One tank has the anodes and the other one has the catholytes. These two tanks 

are separated from the regenerative cell stack where reversible electrochemical 

reaction occur during charging and discharging the system /10/. During the battery 

charging process in flow batteries, the electrolyte in one tank is oxidized at the 

anode, while the electrolyte in the other tank is reduced at the cathode. This pro-

cess is reversed during the discharging phase. The three common types of flow 

batteries that are currently commercially available are vanadium redox batteries 

(VRB), zinc bromide batteries (ZBB) and polysulphide bromide batteries (PSB) /7/. 

Flow batteries have several distinct advantages, such as they can operate at close 

to ambient temperatures, independently scale their energy and power character-

istics, good lifetime, relatively cheap, very deep discharge rates without greatly 

impacting the lifetime and have good safety characteristics. The disadvantages of 

flow batteries include low efficiency when compared against a lithium-ion battery 

and its complex system structure. /10/ 
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4 RESERVE MARKET 

F      ’                    k                                    ’               . 

It is designed to ensure the reliability of the electricity system during sudden dis-

turbances or outages. The self-dispatch model serves as the foundation for the 

market design. Fingrid, as the Finnish transmission system operator, manages the 

Finnish power transmission system located in Northern Europe, which forms part 

of the Nordic synchronous area. This consist of the transmission systems of east-

ern Denmark, Finland, Norway and Sweden, collectively making up the Nordic LFC 

block. Within Fing   ’  control area, there is only one scheduling and one bidding 

zone, providing a unified framework for the management and operation of the 

Finnish power transmission. /11/ 

4.1 Reserve types 

The Nordic synchronous area utilizes two types of reserves, namely FCR and FFR, 

to maintain balance within the system. FCRs are primarily used to regulate fre-

quency and are subdivided into three products, namely FCRN, FCRD up and FCRD 

down. The latest addition to the reserve products used in the Nordic synchronous 

area is FCRD own, which Fingrid began procuring on January the 1st 2022. The pro-

cess of frequency containment is responsible for stabilizing the frequency of the 

power system after a disturbance. This is achieved by bringing the frequency to a 

steady-state value within the maximum permissible frequency deviation, through 

a coordinated effort of the FCR across the entire synchronous area. Conversely, 

FFRs aim to restore the frequency to the nominal value of 50,0 Hz and release the 

activated FCRs. These reserves are segregated into two reserve products, namely 

aFRR and mFRR. Replacement reserves are not in use within the Nordic synchro-

nous area. /11/ 
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4.1.1 FCR 

The frequency containment reserve for normal operation (FCR-N) and frequency 

containment reserve for disturbances (FCR-D) are dynamic active power reserves 

that automatically adjust based on the frequency deviation of the power system. 

Their primary role is to regulate the frequency during both normal operation and 

disturbances. FCR-N is specifically designed to keep the frequency within the 

standard range of 49,9Hz to 50,1Hz. On the other hand, FCR-D serves to restrict 

the frequency deviation to a minimum of 49,5 Hz or a maximum of 50,5 Hz when 

the frequency falls outside the standard range. /12/ 

4.1.2 FFR 

The procurement of fast frequency reserve (FFR) is crucial in the situations where 

the power system experiences low inertia. Inertia, in this context refers to ability 

of the kinetic energy stored in the rotating masses of the electricity system to re-

sist frequency changes. To ensure system stability, the power system follows a 

dimensioning principle, which mandates that the loss of a single electricity pro-

duction unit or HVDC link should not cause the frequency to drop below 49.0 Hz. 

The extent of the transient frequency change after a disturbance depends on var-

ious factors, including the magnitude of the power change, system inertia, and the 

speed at which reserves are activated. The volume of FFR needed, is dependent 

on the level of inertia in the power system and the size of the reference incident. 

Since May 2020, the implementation of the FFR has been operational in the Nor-

dics. Fingrid procures the reserve from a national market and to participate, the 

balancing service provider must complete the prequalification process of the re-

serve unit and sign the FFR market contract. /18/ 

4.1.3 aFRR 

The Nordic Transmission System Operators established the Automatic Frequency 

Restoration Reserve in 2013. Its purpose is to return the frequency to the nominal 
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value of 50Hz. aFRR is a centrally operated reserve that responds automatically to 

an activation request signal sent by the TSO every 10 seconds, based on the fre-

quency deviation in the Nordic synchronous region. The minimum capacity of reg-

ulation is 1MW and the full activation time is 5 minutes maximum. /17/ 

Fingrid buys aFRR reserve from the hourly market and other Nordic countries 

through inter-TSO trades. Fingrid notifies in advance of the procurement hours. 

Balance service providers can submit bids for up-regulation and down-regulation 

capacities separately on the hourly market, and the capacity payment is based on 

the highest accepted bid price. The balance responsible party of the reserve re-

source receives a separate energy fee for actual regulation energy, with the energy 

fee for up-regulation determined by the balancing energy market price for up-reg-

ulation and the activation price for down-regulation determined by the balancing 

energy market price for down-regulation. /17/ 

 A common Nordic aFRR market is expected to be introduced in the future, and a 

project for a common European aFRR energy market is ongoing. /17/ 

4.1.4 mFRR 

Fingrid, along with other Nordic transmission system operators, operates a bal-

ancing energy market. To participate in this market, a reserve provider must offer 

an amount of up-regulating bids equivalent to their accepted capacity bids and 

enter into a balancing energy market contract with Fingrid. The Nordic TSOs man-

ually activate bids on the balancing energy market as necessary during regular op-

eration or disruptions. /16/ 

The balancing capacity market, introduced in 2016, requires reserve providers 

with accepted capacity bids to offer up-regulating energy bids in exchange for fi-

nancial compensation. This market is used to ensure that Fingrid has an adequate 

amount of Manual Frequency Restoration Reserve to cover fault dimensioning, 
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including during maintenance of Fingrid's reserve power plants, as well as leasing 

reserve power plants. /16/ 

4.2 Reserve Market Producer 

To participate in the reserve market (see Figure 6), one must either be the owner 

of an adjustable resource or a part of the open electricity supply chain, either as 

an electricity seller or a balance responsible party. Currently, even an external 

party outside of the open supply chain can act as a reserve provider in the FFR, 

FCR-D (Up and down separately) and FCR-N. If the reserve provider is not the 

owner of the resource, they must have the  w   ’  permission to use the resource 

for adjustment purposes. If the reserve provider is not the balance responsible 

party for the resource, the balance responsible party must be informed of the ad-

justment use.  /13/ 

Figure 6. Process of joining the Finnish energy reserve market. /13/ 
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5 RESEARCH METHOD 

A business case was used as the research method. A business case presents a well-

supported recommendation to executive decision-makers regarding a proposed 

project, policy, or program that requires resource allocation, frequently with a fi-

nancial component. It is a persuasive argument based on evidence and analysis to 

justify the need for the investment. /15/ 

Project planning commences only after the business case confirms the feasibility 

of the project. The research and data collected during the business case study can 

be leveraged during the business planning stage to save time on research. A com-

prehensive business case analysis can provide a wealth of information that is vital 

to the business plan. The project sponsors rely on the outcome of the business 

case to decide whether to finance the project or not. Recommendations are based 

on a blend of numerical data and qualitative, experience-based insights. A success-

ful business case study heavily relies on thorough market research and analysis to 

provide stakeholders with varying degrees of evidence that a business concept will 

be viable. A compelling business case serves as a valuable instrument to secure 

approval for a project from those with authority. Within the business case, the 

rationale for proposing the project is substantiated by outlining the quantifiable 

advantages it will offer the organization, the expenses involved, the projected re-

turn of investment, as well as how the project aligns with other initiatives and the 

overarching corporate strategy.  

Figure 7. Business case development. 
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6 BUSINESS CASE SOLAR PV + BESS 

The business case for this thesis is the feasibility calculation for a 5MWp PV pow-

erplant in connection with a battery energy storage system. The site for this pro-

ject is in Raahe, Northern Ostrobothnia. The site surface area is roughly 8,5 hec-

tares, whereof 2,3 hectares are covered by solar panels to produce a peak power 

of 4976 kW. The BESS specifications were received from a supplier who wants to 

stay anonymous for the time being. 

For utility-scale systems, two main PV + BESS configurations are currently in use: 

AC-coupled and DC-coupled. In this business case, an AC-coupled system was used 

(Figure 8). 

No interest or taxes have been assumed in these calculations. The result focuses 

on the EBIT that could be received from the different cases that are calculated. 

 

Figure 8. AC Coupled system. 

6.1 Standalone PV 

The business case of standalone PV is presented in Figure 9. The key assumptions 

of the business case can be seen in Table 1.  
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Table 1. List of assumptions for standalone PV. 

Assumptions Reason 

Inflation The inflation is assumed to be 1,5%. 

The electricity and all operational costs 

have been adjusted for inflation ex-

cept for the property tax. 

PV production The production calculations were 

made by using PVsyst, these are also 

                      ’          pre-

dict exactly the amount of sun per 

year. 

Electricity price Assuming that the average of the elec-

              w       54€/    during 

the first year. 

The capex for the whole Solar photovoltaic powerplant is 3,1 million euros and 

Business Finland’            w     could cover 15% of the funding for the equip-

ment and planning but not the grid connection fee. The investment would be 2,65 

million euros.  As shown below Table 2 the investment would get almost 4,5 mil-

lion euro EBIT during the 30-year lifetime of the solar panels. 
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Table 2. Business case calculations for standalone PV 

6.2 Standalone BESS 

The business case for the standalone BESS is show in the figure 10. Key assump-

tions are shown in Table 3. 

Table 3. List of assumptions for standalone BESS. 

Assumptions Reason 

Inflation The inflation is assumed to be 1,5%. 

The electricity and all operational costs 

have been adjusted for inflation ex-

cept for the property tax. 

Insurance Assuming the insurance will be 0,5% of 

the capex per year 

Electricity price Assuming the average of the electricity 

sold price will be 65€/    during the 

first year and that the electricity 

       w       20€/   . 

Operations and maintenance Assuming the O&M will be roughly 1% 

of the capex 
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The capex for the standalone BESS is 1,16 million euros, Business Finland does not 

grant subsidies for this case as mentioned in chapter 6.4.1. The BESS was used only 

for energy arbitrage. This case relies heavily on the electricity price, but the unpre-

dictability of its price does make it very difficult to make a valid assumption of the 

profitability. By using toda ’  market prices, standalone BESS could not be made 

profitable. During the 15-year lifecycle of the BESS it would generate a negative 

EBIT of almost 1 million euro.  

Table 4. Business case calculations for standalone BESS 

6.3 PV + BESS 

The business case for the PV + BESS is shown in figure 11. Key assumptions are 

shown in Table 5.  

Table 5. List of assumptions for the PV + BESS. 

Assumptions Reason 

Inflation The inflation is assumed to be 1,5%. 

The electricity and all operational costs 

have been adjusted for inflation 

Insurance Assuming the insurance will be 0,5% of 

the capex per year for the BESS. 

Electricity price Assuming the average of the electricity 

price for the energy sold from BESS will 
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   65€/                          of 

operation.  Assuming the electricity 

price for the PV production would be 

54€/    

Operations and maintenance Assuming the O&M for the BESS will be 

roughly 1% of the BESS capex 

The capex for PV + BESS is 4,26 million euros and B        F      ’            

which will cover 15% of the funding for the equipment and planning but not the 

grid connection fee. This means that the investment cost would be 3,64 million 

euros for this project. The BESS was used for arbitrage only for this case. In this 

case the BESS lifetime is 15 years and the PV lifetime is 30 years. If the assumptions 

are correct for the time being, a 3,7-million-euro EBIT could be made with this 

project. The EBIT of 3,7 million euros is on a similar level as the total investment 

cost. 

Table 6. Business case calculations for the PV + BESS. 

6.4 Available Subsidies 

6.4.1 Business Finland Energy Funding 

Business Finland provides funding for different renewable energy projects in Fin-

land.” The goal of energy support is to promote the use of renewable energy and 

increase energy efficiency. With energy support, investments that increase the use 
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or production of renewable energy can be made, or investments that promote 

energy savings can be made.” /14/ 

For a solar PV project Business Finland is able to provide 15% of the funding if the 

energy production is a maximum of 5MW. They will also be able to fund the bat-

tery energy storage system, for a maximum amount of 15%. To be able to get the 

funding for the BESS, the cost of BESS must be less than 50% of the whole system 

investment.  Projects related to BESS are only supported if there is also an invest-

ment in renewable energy production capacity. 
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7 DISCUSSION AND CONCLUSIONS 

In conclusion, this thesis has explored the feasibility of solar PV and BESS for 

providing a good business case. The research showed that the PV + BESS is not as 

profitable as the standalone PV, when the BESS is only being used for energy arbi-

trage. Additionally, the reserve energy market was investigated to determine its 

operational procedures. 

To answer the first research question, to make BESS feasible with solar PV, the 

Finnish reserve market would need to be made more profitable and the reserve 

market should be participated in instead of energy arbitrage with this kind of en-

ergy storage system. To answer the second research question, the reserve market 

in Finland works by using the self-dispatch model, which serves as the foundation 

for the market design and electricity producers and consumers can offer their re-

serve capacity for Fingrid. 

This research was important for Etha Wind Oy as they are looking into providing 

energy storage options for their customers. The research showed us that the BESS 

is not profitable when standalone and that it makes the PV less profitable when 

compared to standalone PV.  

The limitations for this thesis were drawn to not look too deep into the reserve 

market. Another limitation was that we did not do a business case for wind + BESS. 

Both subjects will be good ideas for future research.  

Some of my own thoughts on this research are that the subject was good and in-

teresting. The biggest problem we had during the research was getting the battery 

specifications from the battery suppliers, but luckily, we got one answer and based 

our research on those values. The BESS calculations were challenging because of 

the assumptions that had to be made.  
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