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ABSTRACT 
 

Wind resources are highly intermittent and fluctuant, making wind turbines less 

reliable and the unstable power output will affect grid stability and security. This paper 

presents an idea of integrating the solar PV plant and energy storage system into an 

existing wind project, project Rödene in Gothenburg. The hybrid renewable system, 

which consists of two or more renewable energy sources, is considered the renewable 

energy development trend. An economic analysis of a 1.2 MW PV plant, 5 MW lithium-

ion battery storage system and 300 kg hydrogen fuel cell storge system are assessed in 

terms of LCOE and LCOS of plants. The revenue stream is discussed separately, 

consisting of electricity tariff, ancillary services and energy arbitrage. The results show 

that both PV plant and energy store systems are unprofitable. When the PV panel cost is 

reduced more than 30% and the annual production increases at least 30%, the LCOE of 

the PV plant arrives at the break-even point. Also result shows the hydrogen fuel cell 

energy storage system is too expensive of commercial use, and the battery energy 

storage system has a high potential of profitable if the ancillary service in Sweden is well 

organized in the future.  

 

Keywords: Hybrid renewable energy system; Lithium-ion battery storage system; 

Hydrogen storage system; Economic analysis 
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HRES Hybrid Renewable Energy System 
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CHAPTER 1. INTRODUCTION  
 

As more and more electricity comes from renewable energy sources such as wind and 

solar energy, the European power system is currently undergoing rapid transformation. 

Most of the renewable energy like wind and solar are types of non-synchronous 

generation. The solar and wind resources are strongly intermittent and fluctuant, making 

them less reliable and negatively affecting grid stability. Even so, Sweden has declared 

its intention to have a 100% renewable energy system by 2040. (Hu, Jaraitė and 

Kažukauskas, 2021) Hybrid renewable system is considered to be one of the future 

solutions to reach this goal. 

  

Due to the operation and expansion of wind power, several challenges will arise. This 

project was inspired by a research and innovation programe VindEL, which aims to 

contribute to the achievement of the Swedish Energy Agency's wind energy targets.  

There were three challenges identified by the Swedish energy agency, which are: 

1.Conflicts of interest and competition for land use, both on land and at sea. The land 

occupation of expanding wind projects will be one of the significant challenges in the 

future. Some new potential sites might not be available due to the conflicts between 

wind projects, social interests and public acceptance. 2. Resource-efficient Swedish wind 

power with minimum environmental impact. It will not be possible to expand wind 

power without affecting people and the environment. However, It will be essential to 

mitigate those risks. 3. A robust electricity grid with a high security of supply demands 

new solutions and the incentives to utilize them. In large parts of Sweden, the 

transmission network has reached its maximum capacity. Most of the electricity is 

generated in the northern parts of Sweden, while most of the power consumption is in 

the southern parts. It will be a significant challenge to make sure the electricity grid 

expansion meets renewable needs. (VindEL-programmet, 2021) According to the issues 

identified above, although wind energy is considered one of the most promising 

renewable energy systems, multiple social and environmental impacts still limit wind 
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power's expansion. Apart from this, increasing the output of existing wind projects could 

be a solution as well. This paper presents a hybrid renewable project which provides a 

solution to install solar or energy storage components to the existing wind farm. 

 

Wind and solar energy are considered complementary in many regions of Europe. 

(Miglietta, Huld and Monforti-Ferrario, 2017) Relatively high solar irradiation and low 

wind speed happen in the daytime, while low solar energy and high wind energy at 

night. Meanwhile, higher irradiation and lower wind speed emerge in summer, which the 

opposite is true in winter. In this hybrid system, solar energy can offset the shortfall of 

wind energy, which can decrease the energy output fluctuation to overcome the 

challenge of grid stability. 

1.1 Propose of the study 

 

Compared to stand-alone wind or solar projects, hybrid wind/solar projects are very rare 

in Sweden even in the worldwide. Likewise, installing a second energy source to an 

existing production facility, so-called "post-hybridization," is extremely uncommon. The 

proposed hybrid project will be a unique attempt to address both points.  

 

New grid connections are expensive and time-consuming to obtain. So if the PV or the 

battery energy storage system (BESS) is added to an existing wind farm, it would be 

possible to eliminate this expense to make the financial proposition more attractive. The 

key concept behind this project is to utilize Rödene wind farm's existing infrastructure, 

reducing the specific capital cost. This approach would also reduce environmental and 

land use impacts, improve project economics, and potentially support grid stability.  

 

The following questions should be answered in order to make an overall assessment of 

the feasibility of adding solar or storage plants to an existing wind farm. 
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• What costs and potential revenues are achievable from PV, BESS and Hydrogen plants 

at a wind farm location?  

 

• Which one could achieve financial feasibility for the project? 

1.2 Outline of the thesis 

 

Chapter 2 presents the literature review, in which several case studies of the hybrid 

renewable system are reviewed. Chapter 3 introduces the background of the PV plant, 

energy storage system, electricity market and details of the Rödene project. The 

methodology and data input will be presented in chapter 4. In Chapter 5, results are 

analyzed and sensitivity analysis is calculated in Chapter 6. The whole study is 

summarized in chapter 6 and recommendations for future study are discussed.  
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CHAPTER 2. LITERATURE REVIEW 
 

Hybrid renewable energy systems have been defined in many ways. Nowadays, the most 

common definition is the following: Hybrid renewable energy systems are combinations 

of two or more renewable energy conversion devices combined to overcome each energy 

resource's limitation. (Hu, Jaraitė and Kažukauskas, 2021) The following chapter of the 

literature review will introduce and summarize different case studies of two different 

scenarios that integrate with multiple renewable energy sources. 

 

References System Objectives Location 

Lamedica et 

al 

Wind-PV Size optimization, economic analysis Italy 

Couto and 

Estanqueiro 

Wind-PV Wind and solar complementarity 

evaluation 

Portugal 

Al-Ghussain Wind-PV-

(BESS) 

Size optimization, economic analysis Cyprus 

Ferraz de 

Andrade 

Santos et al 

Wind-PV Wind and solar complementarity 

evaluation, Recommendations for 

national development 

Brazil 

Kim, Rho et 

al 

Wind-

BESS(Hydrogen) 

Wind-BESS, Wind-hydrogen fuel cell 

techno-economic analysis  

Korea 

Park et al Wind-BESS Economic analysis Korea 

Genç et al Wind-Hydrogen Wind-hydrogen production cost Turkey 

Rayit et al Wind-BESS Techno-economic analysis for whole UK 

market 

UK 

Lai and 

Locatelli 

Wind-BESS PHS and LIB economic analysis  UK 

Table 1. Literature overviews of HRES cases. 
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2.1 Wind and solar system 

 

Case 1: Economic analysis and size optimization of a PV-Wind energy system, case 

study in Rome, Italy 

 

This paper proposed a size optimization method based on mixed-integer linear 

programming (MLLP) to analyze the optimal hybrid wind-PV system. The whole system 

is designed to supply the power a large industrial plant, which perform maintenance 

activities on metro. In order to consider the difference of wind and solar resources, the 

optimization is separated in each month of the year.  

 

The optimization result shows when the number of wind turbines remain the same, the 

PV production is close to zero during the winter and only wind turbines are generating 

power. The result of highest number of PV panels occurs in the autumn season, October, 

while wind turbines could not provide enough power so that more PV panels are needed. 

In the economic analysis part, the largest capacity scenario includes 142 kW solar plant 

and 12 kW wind farm. The profitability is evaluated by NPV and the obtained results 

show the NPV is 115088€, the payback period is 11 years with 25 years total lifetime. 

(Lamedica et al., 2018) 

 

Case 2. Use solar PV for the hybridization of the wind power plants, case study in 

Portugal 

 

In this paper, the author claims "To the best knowledge of the authors, no research has 

been conducted into the potential for designing HPPs by taking existing wind power 

plants and hybridizing them with other complementary renewable generation 

technology, e.g. solar PV, on a national or even (large) regional scale." (Till the article 

public date, 21 August 2021). It indirectly proves the novel contribution of this thesis. 
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The main goal of this work is to analyze wind and PV generation's characterization, 

evaluate the potential of integrating PV plants to existing wind projects in Portugal. 

While the extra renewable plant is added afterwards, the potential of overplanting, which 

the installation of power capacity above the permitted injected capacity, is analyzed. The 

objective wind project is assumed to have an installed capacity of 20 MW. After the 

calculation, results show that if only 10 MW wind capacity is added, the hybrid power 

plant curtailment will arrive to the 5%-30% range. In the no additional wind capacity, 

add 10 MW PV plant capacity scenario, the maximum reaches 4.5%. In conclusion, 

using PV plants to hybridize the existing wind project can reduce the curtailment rate. It 

can be concluded that the post-hybridization strategy has a high potential to solve the 

high wind energy curtailment situation.  (Couto and Estanqueiro, 2021) 

 

 

Case 3. Comparison of hybrid wind-PV system with and without energy storage 

systems, case study in Northern Cyprus. 

 

This study aims to optimize the ideal size for a different combination of wind, PV and 

energy storage systems. There are twelve scenarios discussed, but in this chapter, only 

wind-PV and wind-PV-BESS cases will be analyzed to evaluate the effect of BESS in 

the hybrid system. 

 

The hybrid system is considered to supply electricity for Middle East Technical 

University Northern Cyprus Campus. In view of the optimization and calculation, the 

ideal stand-alone wind-PV system without ESS contains 570.6 MW PV capacity and 288 

MW wind turbines capacity to meet 81.9% electricity demand. However, the wind-PV-

ESS system needs 6.754 MW PV capacity and 172 MW wind turbines capacity to meet 

99.9% of demand. Moreover, the electricity cost of wind-PV system is 20.8 USD/kWh, 

while wind-PV-ESS system is 4.677 USD/kWh. (Al-Ghussain, 2021) 
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Case 4. Potential of Wind-PV hybrid system, case study in Brazil 

 

This article reviews two case studies of utility-scale wind-PV hybrid system in Brazil, 

with an aim to prove the potential of hybrid plants and provide recommendations for 

governmental renewable energy regulation. The first case is the hybrid energy system in 

Tacaratu. Three wind farms with 80 MW total capacity, two PV plants with 11 MWp 

capacity were integrated into the wind project afterwards. With the data provided by the 

developer, the average generation period of PV plant exactly at 7 AM to 5 PM in 2018, 

which the average wind power lowest generation period. Between 10 AM and 2 PM, the 

power generation of the hybrid power plant increased 20% compared to wind-only 

system. The next case is in Caetité and Igaporã, with 21.6 MW wind power and 4.8 

MWp solar capacity. After one year of implementation, the hybrid system generates 

more than 30% energy compared to the wind-only system in 11AM to 3PM. 

 

These two projects proved both daily and long period resource compensation between 

wind and solar and the hybrid power plant has a higher power production and a lower 

output variability.  (Ferraz de Andrade Santos, de Jong, Alves da Costa and Torres, 

2020) 

 

Conclusion: 

When complementarity exists, combining wind and solar energy can improve power 

output performance. According to cases 2 and 4, complementing an existing wind farm 

with a solar plant can reduce curtailment rates and increase total power production over 

a specified period compared to a wind-only system. However, the wind and solar energy 

ratio of the Rodene hybrid power plant is 86:1, indicating that the solar energy 

percentage is obviously lower than in these two cases. The complementary effects of 

wind and solar energy may not be readily apparent, and the primary benefit of the 

Rodene hybrid project is assumed to be the cost savings associated with shared 
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infrastructure. The optimization result in the case 1 shows that in winter, the financial 

favorable hybrid plant combination is the wind-only system. Although the sun 

irradiation is different in Italy and Sweden, as Sweden has less sun hours in winter, the 

solar plant performance can be worse. In order to make the solar plant profitable, the 

electricity price in spring and summer is essential.  

 

2.2 Wind and energy storage system 

 

Case 5: The techno-economic evaluation of the wind-ESS in South Korea 

 

In this study, a technical and economic analysis of the wind-ESS system was carried out 

to determine Korea's most promising ESS technology. The Lithium-ion battery (LIB), 

vanadium redox flow battery (VFB) and electrolyzer-fuel cell hybrid systems (EFHS) 

are considered to integrate into the system. The hybrid project was designed for 

Sinchang Wind farm, which is located in the western part of Jeju Island, South Korea. 

This project is considered to supply electricity to around 1000 local households, which 

means that the total renewable system is off-grid. 

 

In conclusion, the LIB was the most efficient ESS for this wind-ESS hybrid project. 

They use the energy stored on electrical energy invested ((ESOIe) ratio to identify the 

financial feasibility. The most economically favorable ESS was EFHS, whose value is 

about 53. However, the LIB showed the lowest value of 29. (Kim, Rho, Na and Kim, 

2021) 

 

Case 6: A grid-connected wind-ESS project profitable evaluation, a case study from Mt. 

Taegi, South Korea 
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This paper evaluated a grid-connected wind-BESS hybrid system in Mt. Taegi, South 

Korea by using HOMER software.  The simulation contains 40 MW wind turbines as the 

power generator, LIB and VFB as potential candidates of ESS. However, HOMER is a 

micro-power grid optimization software, which power load is needed in the simulation. 

As a grid-connected project, the hybrid renewable energy systems (HRES) will not 

directly supply the power to the consumers. The author introduced a schematic by 

setting a 'target load'. If the generated power meets the Target load, the surplus 

electricity will charge the battery first. When the battery is fully charged, the electricity 

will transmit to the grid afterward. In this process, all electricity entered to the grid is 

from the battery, as a buffer to reduce the fluctuation. 

 

The net present revenue (NPR) is calculated in this paper to identify the profitability. 

The performance of the designed HRES was simulated for minimum loads varying from 

500 to 11,000 kw. This simulation confirmed the VRB outperformed the LIB, whereas 

LIB becomes unprofitable if the target load is lower than 7000 kW. Due to the longer 

lifetime and lower replacement cost of VRB compared to LIB, the VRB is the best 

option in this case. (Park et al., 2019) 

 

Case 7: A case study wind-hydrogen electrolysis system in Central Anatolian Turkey. 

 

In this case, the PEM electrolyzer was used as a hydrogen production facility. It is 

integrated with a single wind turbine and connected to the grid. The power management 

flowchart of this system was designed to produce hydrogen as the priority, which did not 

reduce the wind power output fluctuation. The hydrogen production occurred in the first 

step, and surplus electricity was sold to the grid as an extra revenue stream to reduce the 

hydrogen production cost. 

 

For hydrogen production, authors considered the impact of the wind turbine's power 

output to the electrolyzer. Even though a higher rated power electrolyzer will produce 
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more hydrogen, the instability of electricity resources can not meet the power 

requirement. With this consideration, multiple scenarios include several different rated 

power electrolyzers were analyzed in this study. 

 

Levelized cost of hydrogen (LCOH) was used in this case to evaluate the economic 

feasibility. According to the calculation, the minimum hydrogen production cost was 

−3.1 $/kgH2 in one of the scenarios located in Pinarbasi with 2.3 MW turbine, 100m hub 

height. The under zero production cost is relatively low rated power eletrolyzers and 

high excess energy to the grid, which is calculated as the cost reduction. (Genç, Çelik 

and Karasu, 2012) 

 

Case 8: Techno-economic optimization of a grid-level battery storge system for curtailed 

wind energy, case study in the UK 

 

In this case, the BESS (LIB) will store energy generated by wind turbines during the 

night, which is curtailed due to the low demand, and discharged to the gird at the peak 

time. The research object is grid-scale battery storage, which is assumed to store the 

whole UK's curtailed wind power. The curtailment compensation is based on Contracts 

for difference (CFD), which contains a CFD strike price in the UK. If the electricity 

price is lower than the strike price, the wind power generators get paid by this value. 

However, if the price is higher than the strike price, the difference between the strike 

price and the electricity price needs to be paid back. For this research, the main revenue 

stream of the BESS is the curtailment compensation and it is assumed to be the CFD 

strike price, which is £74.75/MWh. 

 

Based on the calculation and optimization, the key factors influencing the economic 

performance are the CAPEX, next is the energy revenue. The BESS becomes profitable 

only when the battery cost between £125-150/kWh, which means a reduction of 25% 

based on 2018. When the battery cost is considered as £125/kWh, the revenue break-
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even point is £44/MWh. The income needs to be above £63/MWh to achieve 8% for 

IRR, to be economically profitable. Also, in the current case the BESS generates income 

from one revenue. The author mentioned Lai and Locatelli, et al considered more 

incomes in ancillary services, such as Fast reserve and Short-term operating reserve 

(STOR). (Rayit, Chowdhury and Balta-Ozkan, 2021) This paper will be analyzed in the 

next case. 

 

Case 9: Economic and financial appraisal of large-scale energy storage (pumped-heat 

energy storage and LIB) integrate with wind power, case study in the UK 

 

Undertake the case above, the author listed four main revenue sources of the wind-ess 

system. The first one is CFD, which is explained in the last part. The second is the 

wholesale market/spot price. In UK, the wholesale market is Nordpool, the same as 

Sweden. The wholesale price increase with the demand of power. Next, STOR is one of 

the ancillary services. The provider signs a contract with National Grid Electricity 

System Operator (ESO), the electricity system operator for UK. The ESS must offer a 

minimum 3 MW capacity, 2 hours duration for both up and down regulation as the 

frequency control. The last one is Fast Reserve (FR). Compared to the STOR, FR 

requires a shorter response time. All units need to deliver services within 2 mins and the 

minimum capacity is 50 MW. Both these two ancillary services are based on tenders 

between providers and ESO. 

 

In this case, the hypothesis is divided into two scenarios, wind-only system and wind-

storage system. The capacity of wind turbines and energy storage is 100 MW and 100 

MWh, respectively. For the wind-only system, the power is only sold at the CFD price to 

the grid. For wind-energy storge system, the energy is stored in the first place. The 

surplus energy is sold to grid at CFD price. The energy which stored in ESS is sold to 

both wholesale markets or providing for ancillary services. The result presents the LCOE 

of the wind-only system is 0.055 £/kWh, the wind-energy storage system (LIB) is 0.085 
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£/kWh. Based on this UK case study, the wind-only system is the most economical and 

profitable investment. The difference between these two scenarios is the ESS cost, 

energy losses during the charge/discharge process, and CFD price. (Lai and Locatelli, 

2021) 

 

Conclusion:  

Cases 5 and 6 evaluate various ESS technologies in an off-grid wind-ESS system in 

Korea. According to the evaluation results, the LIB does not have the best 

technoeconomic performance. In these cases, the ESS's input energy is not derived from 

wind turbines, which means that the opportunity cost must be factored into the financial 

analysis. As demonstrated in Case 7, the hydrogen production facility and hydrogen 

energy storage system share some equipment, selling hydrogen could also generate 

revenue for the HESS. Cases 8 and 9 mainly focus on the utility-scale ESS project in the 

UK. While the ESS is used to store curtailed wind energy, the revenue stream is 

considered the CFD compensation. For the balancing market, the provider tenders for a 

fixed-term contract with ESO, regarding to the different ancillary services. However, the 

CAPEX of the ESS is still a critical factor, and the battery cost must be reduced by 25% 

from 2018 levels to achieve break-even point. 
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CHAPTER 3. BACKGROUND 
 

3.1 Solar Photovoltaics system 

 

 

  

Figure 1. Overview of the ground mounted solar PV system connected to a utility grid .  

(International Finance Corporation, 2015) 

 

This section introduces solar photovoltaics system. Fig 1 gives an overview of a utility-

scale ground mounted solar plant. The main components include:  

 

(1) PV modules 

 

PV modules are the key components of the solar plant. These convert solar irradiation 

into electricity through the photovoltaic effect. There are two types of solar panels, 

which are crystalline silicon (C-Si) and thin film. Each type has a unique manufacturing 

process, different cell performance and production cost. Up to now, most solar modules 
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currently used in large-scale solar plant are produced from crystalline silicon. As the 

solar plant in this paper is designed for commercial use, only crystalline silicon panel is 

considered.  

 

C-Si modules consist of PV cells in the middle, covered by transparent shall and 

supported by a backing material. PV cells are made of either mono-crystalline or multi-

crystalline silicon. Compared to multi-crystalline silicon, mono-crystalline silicon are 

generally the most efficient and most costly.  (International Finance Corporation, 2015) 

PV cell efficiency is defined as the ratio of the output energy from the cell to the input 

solar irradiation. For the mono-crystalline solar panel, the efficiency ranges from 17% to 

22%, considered as the highest performance panel. (Lane, 2021) However, when panels 

exposed to outdoor conditions, they are susceptible to degradation because of factors 

such as climate, temperature, dust, module type, and racking system. (Mow, 2021) 

According to a study that reviewed 2000 PV modules over 40 years, the mean 

degradation rate was 0.8% per year. (Jordan and Kurtz, 2011) 

 

(2) Module mounting systems 

 

In order to tilt panels, give structural support, and elevate panels from the ground, PV 

modules must be installed on a structure. Fixed tilt or single/dual axis tracking tilt 

mounting systems are both options. All PV modules in fixed mounting systems have the 

same tile angle and orientation angle. The tracking mechanism adjusts the tilt and 

orientation angle of the panels to follow the sun and increase the average total annual 

irradiation. A single-axis tracking system can only change the tilt or orientation of the 

object, whereas a dual-axis tracking system can change both. However, the type of 

mounting systems will affect the capital cost, space between PV modules and O&M 

cost. The tracking system is favorable for the location with a high proportion of direct 

irradiation and relatively low wind speed.  (International Finance Corporation, 2015) 
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(3) Inverter 

 

Inverters convert the DC power generated by the PV modules into AC power, preferably 

in accordance with the local grid needs. Inverters also perform a range of activities to 

increase the plant's output. These vary from optimizing the voltage across the strings and 

monitoring string performance to recording data and providing protection and isolation 

in the event of grid or PV module anomalies. 

3.2 Energy storage system 

 

The energy storage system is one in which converts electricity into a type of energy 

capable of storing energy, and then converted back into electricity if necessary. There 

are various types of energy storage systems. In table 2, the energy storage mechanism is 

classified into five categories. Limited by this thesis work, only lithium-ion and 

hydrogen storage systems are considered candidates for this case study. 

 

Electrical  Chemical Electro-

chemical 

Mechanical Thermal 

1.Supercapacitor 1.Hydrogen 

storage 

1.NaS 

battery 

1.Compressed 

air 

1.Thermochemical 

2.Superconducting 

magnetic energy 

2.Synthetic 

storage 

2.Lead-acid 

battery 

2.Liquid air 

storage 

2.Planet-thermal 

  3.Lithium-

ion battery 

3.Pumped 

storage 

3.Sensible-thermal 

  4.Vanadium 

Redox-flow 

battery 

4.Flywheel  

 

Table 2. Energy storage system technologies classification (Guney and Tepe, 2017) 
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3.2.1 Battery storage system 

 

 

Figure 2. Schematics of the wind-battery hybrid system (Kim, Rho, Na and Kim, 2021) 

 

In lithium-ion battery, the electricity is stored through chemical reactions. As its name 

shows, the transfer ions between the electrodes are lithium ions. Li-ions batteries use 

lithium metal oxides as the cathode and carbon as the anode. Liquid electrolytes and 

semisolid/solid-state electrolytes are the two primary types of electrolytes in LIB. For 

the liquid electrolytes, lithium salts dissolved with organic carbonates. Lithium salts as 

conducting salts and high-molecular-weight polymer matrices are commonly used in 

semisolid/solid-state electrolytes. (Chen et al., 2020) 

 

All lithium batteries degrade with time; thus, a replacement strategy is required when 

building a system with 20 years' operating life. LIBs' storage capacity degrades during 

time and usage, and their internal resistance rises. Due to a variety of degradation events, 

some of which occur concurrently or trigger other mechanisms. Some usage patterns and 

operational conditions cause one or more processes to degrade rapidly, and the interplay 

between mechanisms is still unknown until now. (Reniers, Mulder and Howey, 2019) 

Temperature, state of charge (SoC), and load profile are the three primary external stress 

elements that impact degradation from a user's perspective (Edge et al., 2021) The 

calendar life of LIB ranges from 5 to 20 years. It depends on the charge and discharge 

cycle number in the whole operating time. In the 2020 grid energy storage technology 

cost and performance report published by US department of energy, the cycle life is 

considered as 2000 times in 2020. (Mongird et al., 2020) 
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3.2.2 Hydrogen fuel cell energy storage system 

 

Figure 3. Schematics of the Hydrogen fuel cell storage system (Pellow, Emmott, 

Barnhart and Benson, 2015) 

 

As shown in Fig.3, the hydrogen storage system is composed of three parts: electrolyzer, 

hydrogen storage tank and fuel cell. The electricity from wind turbines is converted to 

hydrogen by electrolysis water in the electrolyzer. Then the hydrogen gas is compressed 

and stored in tanks. When electricity is needed, the hydrogen gas will be transferred into 

a fuel cell to generate electricity. There three types of commercially available water 

electrolyzers are; alkaline water electrolyzer (AWE), proton exchange membrane cell 

(PEM), and solid oxide electrolysis cells (SOEC) The AWE has the high maturity and 

relatively low cost. However, due to the intermittent power output of renewable energy 

generators, it is assumed that PEM is more favorable as this technology has the greatest 

potential for renewable energy systems. Although the SOEC has the advantage of high 

efficiency compared to the other two electrolyzers, the operating temperature is above 

800 degrees, limiting its possibility of being integrated into renewable energy systems.  

 

The ratio of energy flows into the system during operation to energy generated out of the 

system by fuel cells is the lifetime round-trip efficiency of the hydrogen storage system. 

In current studies by Pellow, Emmott et al., the round-trip efficiency of the hydrogen 
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storage system is 0.30, while the LIB is 0.83 to 0.9. (Pellow, Emmott, Barnhart and 

Benson, 2015) 

3.3 Electricity market 

 

The transmission system operator (TSO) in Sweden is Svenska kraftnät (SVK) and the 

nominated electricity market operator (NEMO) is Nord Pool. In general, Nord pool runs 

the power market and SVK is responsible for the operational security of the power 

system, running balancing market. Fig illustrates the timeline of the electricity market in 

Sweden.  

 

 

Figure 4. Timeline of the electricity market (Khodadadi et al., 2021) 
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3.3.1 Power market 

 

The power market operated by Nord pool is divided in two sub market, day-ahead spot 

market (Elspot) and intraday market (Elbas). The day-ahead (DA) spot market is a 

marketplace where a competitive auction determines the price for each hour of the next 

day. Participants must submit their generation or consumption in the respective pricing 

area by 12:00 CET D-1, the day before the operation. At 12:42 CET, the system price is 

established and released. The intraday (ID) market is a non-stop market that operates at 

14:00 CET D-1 and ends one hour before the delivery hour. Energy can be exchanged in 

hourly or block bids in the Nordic countries. The Single Intraday Coupling (SIDC) 

programme allows for cross-border trade across 22 European nations (including the 

Nordic countries) on the intraday continuous trading platform. This market's pricing are 

determined on a pay-as -bid basis. 

 

3.3.2 Balancing market 

 

In order to be responsible for the security of the power system, TSO runs the balancing 

market. When the imbalance between supply and demand happens, TSO manages the 

portfolio of frequency reserves. There are different types of ancillary services, which are 

mainly divided into three categories, Fast Frequency Reserve (FFR), Frequency 

Containment Reserve (FCR) and Frequency Restoration Reserve (FRR). Fig. shows the 

frequency restoration process when the frequency is below 50 HZ.  

 

In 2020, Svk implemented the new service called FFR, which was designed for 

managing the initially rapid and deep frequency changes when a failure of power system 

occurs. There are three options for the activation time to reach full activation, 0.7s when 

frequency at 49.5 HZ, 1s when 49.6 HZ and 1.3s when 49.7 HZ. The ancillary service 

providers can choose one of these options. Moreover, the active duration is 30s or 5s and 

the facility has to be ready for reactivation within 15 mins. (FFR, 2021) After the FRR 

activation, the FCR products operate afterward. FCR-N represents Frequency 
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containment reserve-Normal. It automatically actives when small changes of the 

frequency. The provider bids are symmetrical, which means same volume of both up and 

down-regulation. At least 63% of the capacity have to be active within 60s and 100% 

within 3 mins when the frequency in a range of 49.9 HZ to 50.1 HZ. Another service of 

FCR is FCR-D, which represents Frequency Containment Reserve-Disturbance. This 

service is focused on the event of a disturbance. In the beginning, it is designed to 

prepare for failure that happened in supply-side, activated when the frequency below 

49.9 HZ. However, Svk developed the FCR-D down-regulation recently, planned to be 

implemented by the end of 2021/2022. For this service, the activation happens when the 

frequency range of 50.1 to 50.5 HZ. Different from FCR-N, the FCR-D do not need to 

be bid symmetrically. The activation time of FCR-D and FCR-D down is the same, 50% 

of full capacity within 5s and 100% within 30s. (FCR-D ned, 2021) According to the 

formation sheet to clarify the conditions of ancillary services from the energy storage 

system published by svk in 2020, only FFR and FCR are considered, which means the 

FRR is outside the scope of this paper and will not be analyzed. (SVENSKA 

KRAFTNÄT, 2021) 

 

Figure 5. Frequency restoration process. (Khodadadi et al., 2021)   
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3.4 Case background 

 

The wind project is located in the north of Alingsås, between Alingsås and Vårgårda 

municipality. It consists of 13 wind turbines, of which 11 plants will be in Alingsås 

municipality and two plants in Vårgårda municipality. The wind turbines have a total 

height of 200 meters with an installed capacity of about 86 MW. It will correspond to 

electricity consumption for approximately 40,000 households per year. 

 

 

Figure 6. The Rödene wind farm (In red circle) 

 

The planned wind farm is located in the north of Alingsås. It is a small municipality at 

the east of Gothenburg. The population amounts to about 37,500 people, which gives a 

population density of 79 inhabitants per square kilometer. Over 60% of the population 
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lives in the urban area of Alingsås. Vårgårda municipality is centrally located in Västra 

Götaland County, which within commuting distance of Gothenburg (40 minutes by 

train) (RES, 2012) 

 

The project area for wind power is constructed at an altitude of between 120 and 200 m 

on the Rödeneplatån, which is a demarcated plateau in the landscape. It consists largely 

of forest, almost exclusively pine and spruce, but is also rich in lakes and smaller 

wetlands. West of the Rödeneplatån is the valley with the large lakes Anten and Mjörn, 

in the east and south runs the Säveån valley. Buildings and arable land are connected to 

these valleys. (RES, 2012) 

 

 

Figure 7. The layout of Rödene wind farm (RES, 2019) 
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The wind farm is currently under construction phase, and the storage area will be vacant 

once the construction is finished. To make use of the land, the solar PV and BESS plants 

are planning to be built thereafter. 

 

Figure 8. The storage area in Rödene wind farm (RES, 2019) 
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CHAPTER 4. METHODS AND DATA 
 

 

Based on the proposed of this study, the financial feasibility of solar PV plant and 

energy storage system will be analyzed separately. Fig.9 and Fig 10 show the 

methodological procedure of cost and revenue assessment. 

 

 

 Figure 9. The flowchart of cost assessment 

 

 

Figure 10. The flowchart of revenue analyze 
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4.1 Cost assessment  

 

The cost analysis section is divided into two parts: a wind-solar PV system and a wind-

ESS system. The layout optimization of the solar plant is the initial phase. According to 

the literature review, HOMER is one of the most widely used software in hybrid 

renewable systems. Regardless of its maturity, particular load data is required, which is 

not available in this project. The Rödene wind farm is a large-scale commercial project 

that was designed for the power system, and all of the electricity generated will be sent 

to the grid. This paper makes use of HOMER's Helioscope solar optimization software 

package. It is a software tool that assists in the design and engineering of solar arrays. 

Following that, Table.1 displays the simulation's input data. 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Input data of the layout optimization 

 

The solar plant Nya Solevi, which is considered one of the biggest solar plants in 

Sweden, is located in the northwest of Gothenburg, around 50 km away from the Rödene 

wind farm. The total peak power is set at 5.5 MW and the annual production was 5.1 

GWh in 2019. (Solcellsparken Nya Solevi fyller ett år – så har det gått, 2019) After 

discussion with RES, the optimal annual electricity production was assumed to be 

Land area  13568.7 m2 

Total number of modules 2240 

PV module, peak capacity 535 Wp 

Total output  1198.4 kWp 

Racking system Fixed Tilt Racking 

Height (Above the ground) 0 m 

Azimuth Angle 180° 

Tilt Angle 21° 
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roughly 1GWh, with the total peak power between 1 MW to 1.5 MW. The annual 

electrical power output of a PV plant depends on the following factors: Solar irradiation 

at chosen location, inclination and orientation of the PV module, technical performance 

of PV panels and shadow effects. The solar irradiation data set is from Helioscope 

database, which the metronome is 2.2 km distant from the project site.The PV panel 

model used in this simulation is Trina solar's Vertex TSM-DEG19C.20 535W. In chapter 

3.1, The tracking system is favorable for the location with relatively low wind speed. 

Since the PV plant is located in the wind farm, the wind speed is obviously higher than 

average, so the fixed racking system will be utilized here. 

 

 

Figure 11. Tilt angel analysis 

 

The tile angle is a critical parameter that must be discovered throughout the optimization 

process. The radiation received at a particular site will be maximized if the tilt angle is 

ideal. The best tilt angle is found in this research by modelling PV plants with different 

values ranging from 11° to 29°. According to the Fig.2 result, the optimal tilt angle is 

assumed to be 21°. 
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In the next step, the economic analysis is expressed as a Levelized Cost Of Energy 

(LCOE), which is the total cost per generated kWh during the project's lifetime. The 

LCOE is calculated as below: 

𝐿𝐶𝑂𝐸 =
∑ 𝐶𝑜𝑠𝑡𝑖

𝑖=𝑁
𝑖=1

∑ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑖
𝑖=𝑁
𝑖=1

 

The life cycle cost is calculated as: 

 

∑ 𝐶𝑜𝑠𝑡𝑖

𝑖=𝑁

𝑖=1

= 𝐶𝐴𝑃𝐸𝑋 + ∑
𝑂𝑃𝐸𝑋𝑖

(1 + 𝑅)𝑖

𝑖=𝑁

𝑖=1

− 
𝑉𝑎𝑙𝑢𝑒 𝑎𝑓𝑡𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

(1 + 𝑅)𝑖
 

 

and the power production during the lifetime is calculated as: 

 

∑ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑖

𝑖=𝑁

𝑖=1

= ∑
𝐼𝑃𝑆 ∙  (1 + 𝐷𝑆)𝑖−1

(1 + 𝑅)𝑖

𝑖=𝑁

𝑖=1
 

 

For formulas above: 

i= Year 

N=Lifetime of the system 

CAPEX=Capital expenditure 

OPEX=Operational expenditure 

R=Discount rate 

IPS=Initial production of Solar plant 

DS=Degradation rate of solar panel 

 

The CAPEX is the initial cost from the beginning phase until the implementation. The 

OPEX includes operation and maintenance costs. The Values used in the economic 

analysis is presented below:  
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Parameter Value Reference 

PV panels price (Include 

inverters) 
3820 SEK/kWp RES 

Balance of plant 1910 SEK/kWp RES 

Development fee 1.5 MSEK RES 

Network connection 120 SEK/kWp RES 

CAPEX (Stand-alone) 8.52 MSEK - 

Table 4. The CAPEX of stand-alone PV plant 

 

Table 5. The share infrastructure cost 

 

Table 4. shows the CAPEX of the PV plant without any shared infrastructure. Those 

values are from a real solar PV plant developed by RES in a Nordic country. In Table. 

some infrastructure cost which considered to be saved. After the discussion with RES 

 Development group, the shared access road is assumed to be 2 km each, both built a 

new road and upgrade existing road.  

 

 

 

Parameter Value Reference 

Land preparation 3.1 SEK/m2 RES 

Substation (1.5 MW) 200,000 SEK RES 

Access road (new road) 655 SEK/m RES 

Access road (upgrade road) 202 SEK/m RES 

CAPEX (Share infrastructure) 6.56 MSEK - 
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Table 6. Values used in the economic analysis for PV plant 

In Table 6. the OPEX data is from an economical study about large-scale PV plant in 

Sweden in 2019. (WESTÉN, 2019) The rest of data are all from RES. 

 

For the wind-BESS system, The Levelized Cost Of Storage (LCOS) is used to evaluate 

the economic performance. LCOS is very similar to LCOE. The formula is attached 

below: 

 

𝐿𝐶𝑂𝑆 =
∑ 𝐶𝑜𝑠𝑡𝑖

𝑖=𝑁
𝑖=1

∑ 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑖
𝑖=𝑁
𝑖=1

 

In this formula, the cost calculation is same as LCOE. However, the storage calculation 

is different:  

 

∑ 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑖

𝑖=𝑁

𝑖=1

= ∑
[𝐼𝐶𝐵 ∙  (1 − 𝐷𝐵)𝑖−1] ∙ 𝜂𝐵

(1 + 𝑅)𝑖

𝑖=𝑁

𝑖=1
 

 

For formula above: 

ICB=Initial capacity of battery 

DB=Degradation rate of battery 

Parameter Value Reference 

Annual production 

degradation 

0.08% RES 

Lifetime of the system 40 years RES 

Value after lifetime 0 SEK RES 

OPEX 74.6 SEK/kWp (WESTÉN, 2019) 

OPEX inflation 2% RES 

Discount rate 3% RES 
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𝜂𝐵=Battery discharge efficiency 

 

In the scenario of wind-ESS system, the share infrastructure needs to be re-analyzed. On 

account of construction process and the project location, access road and land 

preparation cost are not considered as a part of ESS CAPEX. The input data is in below: 

 

Parameter Value Refence 

Power capacity 5 MW RES 

Energy capacity 5 MWh RES 

Charge-Discharge cycles per 
year 

80 RES 

Annual battery degradation rate 2.6% RES 

Discharge efficiency 93 % RES 

Lifetime of the system  10 years RES 

Value after lifetime 0 SEK RES 

CAPEX 6710 SEK/kW RES 

Fixed O&M 35 SEK/kW-year (Mongird et al., 2020) 

Variable O&M 5 SEK/MWh (Mongird et al., 2020) 

Fixed O&M inflation  2% RES 

Table 7. Values used in the BESS economic assessment 

 

The battery storage capacity is assumed to be 5 MWh, with the purpose of RES. Because 

of the battery life is determined by charge-discharge cycles, the operation strategy is 

essential here. In this case, one of the commercial BESS in Ireland by RES is used as the 

reference, which the number of annual cycles is 80. This operation strategy is based on 

provide Ireland DS3 programme. It aims to prepared for the failure of power system, 

similar to the FCR-D service in Sweden.  Fixed and Variable O&M values are from 

2020 grid energy storage technology cost and performance report published by US 
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department of energy. Except this, rest data are all from a real BESS project in Ireland 

developed by RES. (Mongird et al., 2020)  

 

The storage capacity of hydrogen energy storge system is set as same scale as BESS. 

The power of fuel cell is set to 5 MW. However, the storage object is hydrogen gas, 

which is different to the battery. The calculation formula of hydrogen storage capacity 

is: 

 

𝐶𝐻 =  𝐸𝐻 ∙ 𝑉𝑇 ∙ 𝜂𝑓𝑐 

For formula above: 

CH=Storage capacity of hydrogen 

ET=Energy density of hydrogen convert to electricity 

VT=Storage tank volume  

𝜂𝑓𝑐=Fuel cell efficiency 

 

In this formula, CH represent the electricity generated from hydrogen under ideal 

condition. The HESS do not have degradation, so the hydrogen storage calculation is: 

 

∑ 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑖

𝑖=𝑁

𝑖=1

= ∑
𝐶𝐻 ∙ 𝜂𝑓𝑐

(1 + 𝑅)𝑖

𝑖=𝑁

𝑖=1
 

 

 

The hydrogen generate facility-electrolyzer is used to “charge” the hydrogen storage 

system. The charge time is assumed to be one hour, which means the electrolyzer should 

have the ability to produce hydrogen, refilling the tank from 0 to 100% within one hour. 

The HSEE parameters used in this study: 
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Table 8. Values of HESS components 

 

 

 Electrolyzer Hydrogen storage Fuel cell 

CAPEX 17760 SEK/kW 5328 SEK/kg 26640 SEK/kW 

OPEX 355 SEK/kW 105 SEK/kg 530 SEK/kW 

Replacement cost 13320 SEK/kW - 22200 SEK/kW 

Expected lifetime 15 years 20 years 5 years 

Reference (Ghaffari and 

Askarzadeh, 2020) 

(Ghaffari and 

Askarzadeh, 2020) 

(Ghaffari and 

Askarzadeh, 2020) 

Table 9. Values used in the HESS economical assessment 

 

4.2 Revenue assessment 

 

The revenue analysis component of a PV plant is the electricity price. It will be grid-

connected and sell power via the Nord pool. Due to the difficulty of forecasting price, 

the revenue assessment will focus on year 2020 and the electricity price is the day-ahead 

market spot price (Elspot). The PV plant generates energy when the sun shines, and the 

Parameter Value Reference 

PEM electrolyzer 

Average power consumption at 

stack 

4.53 kWh/ Nm3 (Nel, 2020) 

PEM Fuel cell 

Power capacity 5 MW - 

Fuel cell efficiency 50% (Ghaffari and 

Askarzadeh, 2020) 
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times of sunrise and sunset in Sweden have a significant difference in each month. In 

this paper, the sunshine hours will be analyzed on a monthly basis. Additionally, since 

energy production varies each month, the average revenue will be determined as the 

summation of each month's tariff revenue divided by the annually energy generation. 

 

The revenue stream for the energy storage system is separated into two segments: 

ancillary services and energy arbitrage. When the actual wind power production is 

higher than day-ahead wind power forecast, the surplus energy might be traded in the 

intraday market, balance market or curtailed. The ESS is assumed to receive its input 

energy from curtailed power generated by wind farms during the night, which is not 

involved into the power market and regarded to be free. In Chapter 3.3.2, FFR, FCR-N, 

and FCR-D are the three kinds of services that the ESS can provide. The FCR pricing is 

determined on a pay-as-bid basis, and the average market price per megawatt is 

published on Mimer by Svk. FFR is not yet regulated in the Balancing market. Today, It 

is procured on an annual contract basis between providers and TSO. Although the FFR 

has been open since July of 2020, the cost data is not fully published by Svk. In this 

case, the average price of three months is considered as the income.  

 

It should be noted that in order to calculate the revenue of FCR and FFR services, the 

ancillary spot market unit is considered as SEK/MWh in this paper. As the Svk defined 

the time unit of the ancillary market is one hour and the market is procured hourly, this 

assumption is valid. (Future development of market model for Frequency Containment 

Reserves (FCR) and Fast Frequency Reserve (FFR), 2021) Moreover, the price 

published on Mimer is the system price, which is calculated without network congestion 

present. It is not the real price, but one which used as a reference price when calculate 

the standard financial contract. Depends on the price area, the bidding on the ancillary 

spot market may result a different price. (WIKLUND, 2021) 
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For the energy arbitrage, the strategy is to storge the energy during the night while the 

electricity price is relatively low and release the stored electricity to the grid during the 

peak time. Nord Pool has divided the day's consumption into three segments. The 

duration from 12:00 a.m. to 08:00 a.m. is "Off-peak 1". The time period from 08:00 to 

20:00 is "Peak," while the remainder of the day, from 20:00 to midnight, is "Off-peak 2." 

(GLOSSARY Issued by Nord Pool Spot, 2011) The revenue price is considered as the 

annual average peak time price in 2020.   
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CHAPTER 5. RESULTS  

5.1 PV plant 

5.1.1 PV plant layout simulation 

 

Fig 13 is the satellite view of the PV plant area and Fig 14 presents the optimization 

layout. Land in blue quadrilateral is the optimal solar panel area, which in orange is the 

keep-out area, due to the road across. The setback distance is set at 10 meters, means the 

PV plant’s border is 10m away from the road.  

 

The system layout is attached following: 

 

Total power output 1.20 MW 

Inverter power output 962.4 kW 

Annual production 1.021 GWh 

Performance ratio 82% 

Table 10. The PV plant layout 

The monthly production layout is: 

 

 

Figure 12. The monthly production of PV plant 
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Figure 13. The satellite view of the storage area 

 

Figure 14. The PV plant optimization layout 
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From the monthly production chart, the power output in January, February, November 

and December is relatively low compared to the summer. This phenomenon has the 

similarity with case 2 in the literature review, the PV plant performance in winter is 

close to zero. It shows the solar plant can enhance the power supply of the wind-solar 

hybrid system in summer. However, the solar plant’s generation in winter has a limited 

impact on the whole system.  

 

5.1.2 Cost assessment 

 

LCOE (Stand-alone) 0.54 SEK/kWh 

LCOE (Shared infrastructure) 0.45 SEK/kWh 

 Table 11. The LCOE of PV plant 

Table 11. presents the result of the cost assessment. Compared to the stand-alone plant, 

the cost reduced by sharing infrastructure can decrease 0.11 SEK/kWh. The LCOE value 

also identifies the break-even point, which represents the reference data for the revenue. 

If the revenue price is higher than LCOE, the project is assumed to be profitable. 

 

5.1.3 Revenue assessment 

 

Date Sunrise Sunset Month Estimate generation 

period 

01/01/2020 08:55:03 AM 03:36:12 PM Jan 9 AM-3 PM 

02/01/2020 08:14:10 AM 04:37:07 PM Feb 9 AM-4 PM 

03/01/2020 07:03:24 AM 05:45:04 PM Mar 8 AM-5 PM 

04/01/2020 06:37:33 AM 07:53:52 PM Apr 7 AM-7 PM 

05/01/2020 05:18:13 AM 08:59:59 PM May 6 AM-9 PM 

06/01/2020 04:20:02 AM 10:00:07 PM Jun 5 AM-10 PM 

07/01/2020 04:17:39 AM 10:14:39 PM Jul 6 AM-9 PM 

08/01/2020 05:09:06 AM 09:27:40 PM Aug 7 AM-8 PM 

09/01/2020 06:14:46 AM 08:08:53 PM Sep 8 AM-6 PM 
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10/01/2020 07:18:07 AM 06:44:50 PM Oct 8 AM-4 PM 

11/01/2020 07:27:18 AM 04:24:01 PM Nov 9 AM-3 PM 

12/01/2020 08:31:22 AM 03:31:33 PM Dec 9 AM-3 PM 

01/01/2021 08:54:46 AM 03:37:11 PM   

Table 12. The actual sunrise and sunset time in Gothenburg and the estimate power 

generation period (Gothenburg, Sweden Sunrise Sunset Times, 2022) 

 

While the panels are receiving sunlight, the PV plant generates electricity and delivers it 

into the grid. The revenue of the PV plant is calculated by estimating the power 

generation period based on the sunrise and sunset times. For instance, in January, sunrise 

occurs between 8:14 and 8:55 a.m., while sunset occurs between 3:36 and 4:37 p.m. The 

estimated power generation period is 9 a.m. to 3 a.m. Figure 15 identified the average 

tariffs of the generation period in each month in 2020. 

 

 

Figure 15. The SE3 average tariff of the power generation period in 2020 
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Figure 16. The annual revenue of the PV plant in 2020 

 

Average revenue in 2020 0.24 SEK/kWh 

Table 13. The average revenue of PV plant in 2020 

Considering the phenomenon of the solar plant, in which the peak generation period 

happens in summer and the trough in winter, the annual revenue is calculated in the 

table. According to the monthly production layout of PV plant, the peak occurs in April, 

May, June and July, which all of them are above 100 MWh per month. However, figure 

15 shows the three lowest tariffs occur in April, March, May and July. Especially in 

July, the lowest tariff and highest production happened in the same month, which led to 

an abnormal monthly revenue. The average revenue in 2020 is 0.24 SEK/kWh. Both 

stand-alone and share infrastructure projects are unprofitable.  

 

5.2 Energy storage system 

5.2.1 Battery storage system cost assessment 

 

LCOS (BESS) 8.87 SEK/kWh 

Table 14. The LCOS of BESS 

By calculation, the LCOS of BESS is 8.87 SEK/kWh, which is a relatively high value. In 

the cost side, the CAPEX of lithium-ion battery has been decreasing recently, but the 
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cost of batteries is still at a high level so far. However, the cost increases rapidly with the 

discharge duration. Even though the designed lifetime of BESS is 10 years in this case, 

the SOC will be reduced to 86% at the end of year 6 (80 cycles per year). For the 

production side, the number of cycles limits the total lifetime storage capacity. In the 

BESS in Ireland, the input data resource, BESS is designed to provide ancillary services 

when power system failure happens. So the activation times is set at 80 based on 

analysis of historic frequency data for the Irish electricity grid and assumptions on the 

frequency of dispatch instructions issued by the TSO. In summary, the high expenditure 

and low total storage capacity led to this result. 

 

5.2.2 Hydrogen energy storage system layout 

 

PEM electrolyzer 1.3 MW 

Storage tank 300 kg 

Fuel cell 5 MW 

Table 15. The layout of HESS 

The aim of the HESS is to have a similar capacity and power to the BESS. The storage 

tank, which is the energy storage component, is set at 300 kg. This volume is equal to 5 

MWh in electricity, considering the fuel cell efficiency. For the fuel cell, the power is 5 

MW, equal to the BESS output power. The PEM electrolyzer is assumed to refill the 

storage tank within one hour in the beginning. However, the optimal size is 18 MW, 

which led to an extremely high cost. Thus, the refilling time is increased to 12 hours to 

reduce the cost and achieve a meaningful result. As a result, the electrolyzer will use the 

curtailed energy from wind farms during the whole night to refill the tank. It represents 

the charge time is 12 hours.  

 

5.2.3 Hydrogen energy storage system cost assessment 

LCOS (HESS) 79.75 SEK/kWh 

Table 16. The LCOS of HESS 
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According to the table.9 of values input of the HESS, the CAPEX of both electrolyzer 

and fuel cell are more than twice compared with BESS. And the lifetime of the 

electrolyzer is 15 years, fuel cell is 5 years. They need to be replaced several times 

within the designed life time for the whole system. For the storage capacity, the cycle 

number is set at 80, equal to the BESS. In reality, the HESS does not have degradation 

impact and have the ability to active more times each year. A higher cycle numbers 

scenario will be calculated in the sensitivity analysis section.  

5.2.4 Ancillary service revenue assessment 

 

Fig 17. and 18, presents the FCR-N and FCR-D price for each month in 2020. 

 

 

Figure 17. Average FCR-N price in 2020 
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Figure 18. Average FCR-D price in 2020 

 

 

Figure 19. Comparison of FCR-N and FCR-D 

Table 17. FCR-N and FCR-D average price 

According to the result, the average price of FCR-N and FCR-D is similar, which are 

0.17 SEK/kWh and 0.16 SEK/kWh. Compared to the LCOS of BESS and HESS, the 

FCR services are not considered as potential revenue resources of ESS.  

 

FCR-N in 2020 0.17 SEK/kWh 

FCR-D in 2020 0.16 SEK/kWh 
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Figure 20. Average FFR price in 2021 

Table 18. The average price of FFR in 2021 

Fig 17. shows the average price of FFR in 2021. FFR is a brand new service developed 

by Svk, and just has been implemented recently. 12 weeks data is collected and analyzed 

in this case. The average price is 1.60 SEK/kWh, which is around 10 times more than 

FCR price. Also, in W30,W31,W32,W33 and W34, the average FFR price are higher 

than 2 SEK/kWh. Moreover, the peak price is 2.97 SEK/kWh, which occurs in W33. In 

summary, the FFR has the highest potential to be the revenue resource of ancillary 

services.  

 

5.2.5 Energy arbitrage assessment 

 

SE3 peak time tariff price in 2020  0.26 SEK/kWh 

Table 19. Average peak time tariff of SE3 in 2020 

The peak time is defined as the period of 8AM to 8PM, which the rest time is off-peak 

time, contains off-peak 1 and off-peak 2. The ESS is assumed to store energy in off-peak 

time from wind farms and release electricity to the grid in peak time. In 2020, the 

average peak time price was 0.26 SEK/kWh. Fig 21 shows the whole year peak and off-

peak price. 

FFR in 2021 W26-W37 1.60 SEK/kWh 
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Figure 21. Peak and off-peak tariff comparison 

 

There are five violent fluctuations that occur in the peak time, which are all above 0.8 

SEK/kWh. Compared with LCOS price, set energy arbitrage as the only revenue 

resource is unprofitable. However, violent fluctuation happens several times a year. If 

the project operator can forecast the specific time for arbitrage, it still has the potential to 

gain profit.  

 

In conclusion, both solar PV plant and energy storage system are unprofitable so far. In 

order to figure out in which scenarios the project becomes economically favorable, 

sensitivity analysis and discussion of these results will be presented in the next chapter.   
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CHAPTER 6. DISCUSSION AND ANALYSIS 
 

 

6.1 Solar PV sensitivity analysis 

 

 

 
Figure 22. The sensitivity analysis of PV panel price 

 
Figure 23. The sensitivity analysis of annual production  

 

Fig 22 and 23. presents the sensitive analysis of the PV panels cost and production. In 

order to investigate the break-even point of the LCOE and the electricity tariffs, the 
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sensitivity analysis is in a range of -50% to 50%. The LCOE shared infrastructure is 0.34 

SEK/kWh for the cost side when the PV panel cost is reduced by 50%. If the annual 

production increases by 50%, the LCOE of shared infrastructure becomes 0.30 

SEK/kWh. To test the profitability, the average SE3 tariff from 2012 to 2020 is presents 

below: 

 

 

 
Figure 24. The average SE3 tariff from 2012 to 2020 

 

The total average price of these years is 0.31 SEK/kWh, which is the orange reference 

line shows above. According to the sensitive analysis above, the PV plant is only 

profitable if annual production increases by 50%. In reality, increasing production by 

50% is nearly impossible. To find the interaction of cost and production, investigating a 

more feasible scenario, two variables sensitivity analysis presents below: 

 

 
 PV panels cost 

A
n

n
u

a
l 

P
ro

d
u

ct
io

n
 

 
50% 40% 30% 20% 10% 0% -10% -20% -30% -40% -50% 

50% 0.43 0.42 0.40 0.39 0.37 0.36 0.34 0.33 0.31 0.30 0.29 

40% 0.46 0.44 0.43 0.41 0.40 0.38 0.37 0.35 0.34 0.32 0.31 

30% 0.50 0.48 0.46 0.45 0.43 0.41 0.40 0.38 0.36 0.35 0.33 

20% 0.54 0.52 0.50 0.48 0.47 0.45 0.43 0.41 0.39 0.38 0.36 

10% 0.59 0.57 0.55 0.53 0.51 0.49 0.47 0.45 0.43 0.41 0.39 
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0% 0.64 0.62 0.60 0.58 0.56 0.54 0.52 0.49 0.47 0.45 0.43 

-10% 0.72 0.69 0.67 0.64 0.62 0.60 0.57 0.55 0.52 0.50 0.48 

-20% 0.81 0.78 0.75 0.72 0.70 0.67 0.64 0.62 0.59 0.56 0.54 

-30% 0.92 0.89 0.86 0.83 0.80 0.77 0.74 0.71 0.67 0.64 0.61 

-40% 1.07 1.04 1.00 0.97 0.93 0.89 0.86 0.82 0.79 0.75 0.71 

-50% 1.29 1.25 1.20 1.16 1.12 1.07 1.03 0.99 0.94 0.90 0.86 

Table 20. Two variables sensitivity analysis of stand-alone project (SEK/kWh) 

 

Table 21. Two variable sensitivity analysis of shared infrastructure project (SEK/kWh) 

 

Results below the average tariff are shown in green in these two sensitivity analyses. For 

a stand-alone project, the break-even point occurs only when yearly output increases by 

50% and the cost of the PV panels decreases by at least 40%. When output increases by 

more than 30% and costs reduce by more than 30%, the shared infrastructure project is 

profitable. 

 

 

 

 

 

 

 

 

 

 PV panels cost 

A
n

n
u

a
l 

p
ro

d
u

ct
io

n
 

 
50% 40% 30% 20% 10% 0% -10% -20% -30% -40% -50% 

50% 0.37 0.35 0.34 0.33 0.31 0.30 0.28 0.27 0.25 0.24 0.22 

40% 0.40 0.38 0.36 0.35 0.33 0.32 0.30 0.29 0.27 0.26 0.24 

30% 0.43 0.41 0.39 0.38 0.36 0.34 0.33 0.31 0.29 0.28 0.26 

20% 0.46 0.44 0.42 0.41 0.39 0.37 0.35 0.34 0.32 0.30 0.28 

10% 0.50 0.48 0.46 0.44 0.42 0.40 0.39 0.37 0.35 0.33 0.31 

0% 0.55 0.53 0.51 0.49 0.47 0.45 0.42 0.40 0.38 0.36 0.34 

-10% 0.61 0.59 0.57 0.54 0.52 0.49 0.47 0.45 0.42 0.40 0.37 

-20% 0.69 0.66 0.64 0.61 0.58 0.56 0.53 0.50 0.48 0.45 0.42 

-30% 0.79 0.76 0.73 0.70 0.67 0.64 0.61 0.57 0.54 0.51 0.48 

-40% 0.92 0.89 0.85 0.81 0.78 0.74 0.71 0.67 0.63 0.60 0.56 

-50% 1.11 1.06 1.02 0.98 0.93 0.89 0.85 0.80 0.76 0.72 0.67 
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6.2 Energy storage system sensitivity analysis 

 

6.2.1 Battery storage system 

 
Figure 25. The sensitivity analysis of CAPEX 

 

 
Figure 26. The sensitivity analysis of cycles number 
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Fig.25 and 26, are the sensitivity analysis of the CAPEX and annual cycle numbers. In 

this section, the degradation rate remains constant and only the cycles number increases. 

Compared to the FFR price, all results from sensitivity analysis are unprofitable. The 

two variables analysis calculated below, in order to approach the break even point.  

 
 BESS CAPEX 

C
y

cl
e 

n
u

m
b

er
s 

 
50% 40% 30% 20% 10% 0% -10% -20% -30% -40% -50% 

200 5.20 4.87 4.54 4.21 3.88 3.55 3.22 2.88 2.55 2.22 1.89 

190 5.48 5.13 4.78 4.43 4.08 3.73 3.39 3.04 2.69 2.34 1.99 

180 5.78 5.41 5.04 4.68 4.31 3.94 3.57 3.21 2.84 2.47 2.10 

170 6.12 5.73 5.34 4.95 4.56 4.17 3.78 3.39 3.00 2.62 2.23 

160 6.50 6.09 5.67 5.26 4.85 4.43 4.02 3.61 3.19 2.78 2.36 

150 6.94 6.49 6.05 5.61 5.17 4.73 4.29 3.85 3.41 2.96 2.52 

140 7.43 6.96 6.49 6.01 5.54 5.07 4.59 4.12 3.65 3.18 2.70 

130 8.00 7.49 6.98 6.47 5.97 5.46 4.95 4.44 3.93 3.42 2.91 

120 8.67 8.12 7.57 7.01 6.46 5.91 5.36 4.81 4.26 3.70 3.15 

110 9.46 8.86 8.25 7.65 7.05 6.45 5.85 5.25 4.64 4.04 3.44 

100 10.40 9.74 9.08 8.42 7.76 7.09 6.43 5.77 5.11 4.45 3.78 

90 11.56 10.82 10.09 9.35 8.62 7.88 7.15 6.41 5.68 4.94 4.20 

80 13.00 12.18 11.35 10.52 9.69 8.87 8.04 7.21 6.38 5.56 4.73 

70 14.86 13.92 12.97 12.02 11.08 10.13 9.19 8.24 7.30 6.35 5.41 

60 17.34 16.24 15.13 14.03 12.93 11.82 10.72 9.62 8.51 7.41 6.31 

50 20.81 19.48 18.16 16.83 15.51 14.19 12.86 11.54 10.22 8.89 7.57 

Table 22. Two variable sensitivity analysis of BESS 

 

From the result of this two variable sensitivity analysis, the BESS keeps unprofitable 

even though in the extreme case, the cycle number is 200 per year and the CAPEX 

reduced by 50%. The range of this sensitivity analysis refers to Rayit, Chowdhury and 

Balta-Ozkan study, which the CAPEX of the BESS should reduce 25% to reach the 

break-even point and the optimized cycle numbers is 311. (Rayit, Chowdhury and Balta-

Ozkan, 2021) However, the degradation of the BESS should be considered, so the 

maximum cycles number is set to 200 times.  

 

The maximum value of the FFR price is 2.97 SEK/kWh, so all results below this value is 

underlined. Based on this result, at least 140 cycle numbers are needed, and the CAPEX 
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has to be reduced at least 20%. In summary, the BESS is harder to approach the break-

even point compared with PV plant.  

 

 Min Most likely Max 

Fast Reserve availability fee 24.93 SEK/MW/hr 37.46 SEK/MW/hr 80.54 SEK/MW/hr 

Fast Reserve energy fee 1.01 SEK/kWh 1.18 SEK/kWh 1.28 SEK/kWh 

Table 23. FR price in UK (Lai and Locatelli, 2021) 

 

 

Table 22 . shows the price of fast reserve (FR) price in the UK. FR is similar to FFR, 

which have the requirement of the fast response time, suit for the ESS. The utilization 

hours price of FFR is in a range of 1.01 SEK/kWh to 1.28 SEK/kWh, which is close to 

the FFR price in Sweden. However, the FR provides the availability price, an additional 

revenue stream for the BESS in the UK. This could be the reason the BESS project 

owned by RES remains profitable in UK&I.   

 

6.2.2 Hydrogen storage system 

 

 
Figure 27. The sensitivity analysis of HESS cycles number 
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The sensitivity analysis of HESS is mainly focusing on the annual cycle number. When 

the cycle number increased to 200 per year, the LCOS is 31.90 SEK/kWh, which is still 

has a huge difference from the FCR price. In conclusion, the HESS is not considered to 

be profitable in this project.  

 

CHAPTER 7. CONCLUSIONS 
 

The purpose of this study was to determine the economic feasibility of integrating a solar 

photovoltaic (PV) plant and energy storage system into an existing wind farm, the 

Rödene wind project. The study's objective was to discover profitable renewable energy 

systems that can be integrated into wind energy using a wind farm's facility storage 

space. In this paper, the Solar PV plant and BESS were analyzed separately. Heliosope is 

the simulation software that was used to optimize the photovoltaic plant, and the optimal 

power output is 1.2 MW with an annual output of 1.021 GWh. The LCOE was chosen to 

quantify the probability of the project. As a result, the LCOE of the solar plant was 0.45 

SEK/kWh. Also, the revenue was analyzed by using 2020 as an reference year. The 

average revenue of solar plant in 2020 was 0.24 SEK/kWh. Moreover, the SE3 tariff 

from 2012 to 2020 was analyzed and the average tariff was 0.31 SEK/kWh. In 

conclusion, the solar plant is unprofitable in this project. According to the sensitivity 

analysis, the solar plant is assumed to be profitable when the annual output increases by 

more than 30% and the PV panel cost is reduced by more than 30%.  

 

The Lithium-ion BESS and fuel cell hydrogens storage system are the two candidates for 

the energy storage system. For the BESS, the storage capacity was assumed to be 5 

MWh and the power output was 5MW. The HESS had a 1.3 MW PEM electrolyzer, 300 

kg storage tank and 5 MW PEM fuel cell. Both of these two ESS will charge and 

discharge 80 times per year.   As a result, the LCOS of BESS was 8.87 SEK/kWh and 

the HESS was 79.75 SEK/kWh. Ancillary services and energy arbitrage were considered 

as two revenue streams. The renewable energy systems provide ancillary services to the 
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TSO in order to control the frequency of the grid. FCR-N, FCR-D and FFR are three of 

these services which the BESS fulfill the requirement. The average price of FCR-N and 

FCR-D was 0.17 SEK/kWh, 0.16 SEK/kWh. FFR is a brand-new service developed by 

TSO, and just has been implemented recently. 12 weeks data is collected and analyzed in 

this paper, which the average price is 1.60 SEK/kWh. Compared with the commercial 

BESS project in the UK, FFR should be the most suitable ancillary service for BESS 

project in Sweden. Energy arbitrage is another revenue resource. The ESS will store the 

curtailed energy from wind farms during the night and release the stored energy to the 

grid in peak time. In 2020, the average peak time price is 0.26 SEK/kWh. Compared 

with the LCOS of ESS, the ancillary services price and energy arbitrage revenue were 

not reached the break-even point, which is assumed to be unprofitable as well. 

According to the sensitivity analysis, the BESS has the potential to be profitable if the 

cycle numbers were more than 140 times per year and the CAPEX reduced more than 

30%. 

 

Finally, there are several recommendations for improvement and future research 

directions. Firstly, integrating solar PV and ESS simultaneously to the existing wind 

project can be another option. Secondly, the power management strategy can enhance 

the interaction between each component, which might increase the total energy output. 

Lastly, if the BESS can gain revenue from the availability hours of FFR, this new 

revenue stream may increase the total revenue and make the whole project profitable.  
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APPENDIX A. The PV plant optimization report  
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