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This thesis focuses on the economic viability of residential energy storage systems (ESS) 

with integrated photovoltaic (PV) systems in Finland. The thesis evaluates how market 

conditions, policy structures and technical specifications influence the economic 

performance of small-scale battery storage solutions for private homeowners. The study uses 

hourly data of household electricity consumption, solar energy production and spot prices to 

create an Excel model of a PV-battery system located in the city of Helsinki. Despite self-

sufficiency and self-consumption rates of 52.4% and 45.6% respectively, the payback period 

of the system’s investment spanned over 60 years due to the lack of subsidies and 

compensation for exported energy. The study explains that policy incentives, the structure 

of tariffs and seasonal variations are key in deciding whether it is economically viable to 

invest in a home energy storage system. The findings of this thesis indicate that ESSs are not 

a financially attractive option for homeowners in the current state of the energy market. 

However, policy reforms to further incentivise the use of these systems could make them 

much more attractive and increase the speed in which they are deployed in homes in Finland.  
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SYMBOLS AND ABBREVIATIONS  

Abbreviations 

ESS Energy Storage System 

PV Photovoltaic 

GHG Greenhouse Gas 

PHS Pumped Hydro Storage 

EMS Energy Management System 

DSO Distribution System Operator 

LFP Lithium-Iron Phosphate  

BESS Battery Energy Storage System 

ENTSO-E European Network of Transmission System Operators for Electricity 

SOC State of Charge 

CAPEX Capital Expenditure 

OPEX Operational Expenditure 

PBDT Power-Based Distribution Tariff 

FiT Feed-in Tariff 

ToU Time-of-Use Tariff 

VAT Value Added Tax 

NPV Net Present Value 

IRR Internal Rate of Return 

 

Symbols 

kWh Kilowatt-hour 

kWp Kilowatt-peak 



MWh Megawatt-hour 

GWh Gigawatt-hour 

€/tCO2 Euros per Tonne of CO2 

c/kWh Cents per Kilowatt-hour 
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1  Introduction 

The worldwide transition toward renewable energy and carbon neutrality has highlighted 

the relevance of viable energy storage options. Renewable energy production methods such 

as wind and solar photovoltaic (PV) power generation systems play a critical role in 

reducing greenhouse gas (GHG) emissions and mitigating the effects of climate change 

(Nationalgrid, 2023). However, their recurring nature from continuously changing weather 

patterns creates a challenge in maintaining a stable and reliable supply of energy. Energy 

storage systems (ESS) are an important part in addressing this irregular production of 

energy by storing excess energy generated during peak production periods and discharging 

it when energy demand is high or during low generation periods. The capability of ESS 

increases the efficiency of renewable energy systems, their reliability and can allow the 

residential sector to take part in the energy transition toward lowering emissions and 

climate change mitigation (Patwary et al., 2024).   

Various types of ESS are available today, including mechanical energy storage systems, 

which can include Pumped Hydroelectric Storage (PHS), flywheels, thermal energy storage 

such as sensible heat storage or latent heat storage, and electrochemical energy storage, 

which includes Lithium-ion batteries, Lead-acid batteries, as well as supercapacitors. Energy 

storage is widely used in the industrial and commercial sectors, and more recently, the 

residential sector. Where and how these different types of storage systems are used vary 

based on numerous factors that determine their practicality in a specific setting. Some of 

these factors can include scale, purpose, economic feasibility, and overall energy savings. In 

the case of ESS implementation in the residential sector, they are used for renewable energy 

integration, e.g. solar PV or wind turbines, backup power for peak energy usage times, and 

energy cost optimisation. For residences, electrochemical or battery storage systems are most 

used for their cost-effectiveness, small to medium scale, and reliability (Elalfy et al., 2024).  

The idea of implementing ESS into the residential sector seems to be an economically and 

environmentally positive investment for homeowners, but how economically viable are 

residential energy storage systems for homeowners in Finland, and what aspects influence 

their profitability under Finland’s current energy market environment? 
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1.1  Objectives and Scope 

This study aims to evaluate the economic viability of residential energy storage systems for 

homeowners in Finland. The focus is set on the financial and technical factors that influence 

their profitability within the current energy market environment. This research specifically 

considers small-scale battery systems integrated with household renewable energy 

production, such as solar photovoltaic (PV) systems. The scope includes analysing the 

impact of electricity market dynamics, such as hourly spot pricing and government 

incentives, as well as technical parameters like battery capacity, efficiency, and lifespan. The 

objective is to determine under what conditions ESS investments become economically 

attractive for Finnish homeowners and to identify fundamental barriers and enablers in 

achieving cost-effectiveness. 

The analysis is intended to support informed decision-making for both consumers and 

policymakers during Finland’s transition toward decentralised and renewable energy 

solutions. This study is subject to limitations. It does not consider large-scale or community 

energy storage solutions, nor does it account for all potential regulatory changes or 

technological advancements that could alter economic feasibility. The analysis is based on 

current and historical market data, which may not fully reflect future price developments or 

policy changes. Additionally, environmental and social aspects are acknowledged but not 

quantitatively assessed, as the focus remains on economic evaluation. These limitations are 

recognised to provide a realistic and focused interpretation of the results, which can support 

informed decision-making for both homeowners and energy stakeholders in Finland. 
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2  Background and Previous Research 

Energy storage systems (ESS) are essential components of today’s energy infrastructures. 

Their primary functions include integrating electricity supply and demand, reinforcing the 

stability of the electrical grid, and improving the overall efficiency of energy usage. Lithium-

ion batteries are currently the most common choice for residential ESS due to their high 

energy density, efficiency, and falling costs (Lund et al., 2015; IEA, 2023). These systems 

let users charge the battery when electricity is cheap or solar production is high and discharge 

it during peak demand periods or when solar production is unavailable. In addition to cost 

savings, residential ESS can support peak shaving, backup power, and, in some markets, 

grid services (DiOrio et al., 2020).  

2.1  Integrated Solar PV and Battery Storage Systems 

Combining solar photovoltaic (PV) panels with battery storage systems improves self-

consumption and reduces dependency on the grid. In such systems, solar energy generated 

during the daytime either powers the household directly or charges the battery for use at 

night or during conditions of low generation. This is especially important in countries like 

Finland, where seasonal variations in solar irradiance are significant. Figure 1 below 

represents the layout of a PV and ESS system and its components. 

 

Figure 1: PV with integrated ESS diagram (Sofar, 2025) 
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The diagram displays a grid-connected home with smart metering. However, other core 

components of these types of systems include an inverter and an energy management 

system (EMS). Finnish homeowners can use EMS platforms to respond to dynamic market 

pricing that improves the profitability of both PV and battery systems (Luthander et al., 

2015).  

2.2  Policy and Market Conditions in Finland 

The Finnish market for residential energy storage is currently in development, but recent 

years have shown increased demand, especially following highly volatile electricity prices 

in 2022–2023 (Fingrid, 2023). Finnish consumers can choose from numerous local and 

international distributors and installers such as Sonnen and BYD. The range of options 

enable good competition in the market and gives access to a wide range of system sizes 

and technologies. In Finland, progressive climate and energy goals have been established 

with a national goal to reach carbon-neutrality by 2035. Achieving such a goal requires 

significant cutbacks in GHG emissions, especially in the energy production sector, as well 

as an increased use of renewable energy systems (Hildén & Kivimaa, 2022; Koivunen et 

al., 2020). Per these established goals, the Finnish government has committed to phasing 

out the consumption of coal and oil by 25% by 2030 while increasing reliance on the use 

of renewable energy sources and nuclear power (Lund, 2017). Supportive policy structures 

have promoted the increasing implementation of energy storage systems, such as 

investment aid and legislation that removes drawbacks like the double taxation of stored 

electricity (Lieskoski et al., 2024). The Finnish Energy Market Authority has also created 

regulation models which contain incentives for distribution system operators (DSOs) to 

invest in the energy storage market (Kinnunen et al., 2009; Virtanen et al., 2022).  

The Finnish electricity market, being part of the Nordic power system, allows for 

opportunity but also has limitations for energy storage. Although standalone ESS have not 

yet shown any consistent profitability through intraday price arbitrage (same day trading 

from one market to another), some technologies like pumped hydro storage have the 

highest annual benefit-to-cost ratio in the day-ahead and balancing markets. Finland has 
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also been recognised as the most profitable region for price arbitrage in day-ahead markets 

among the Nordic countries (Zakeri and Syri, 2014). Furthermore, discussions are being 

held regarding the application of power-based distribution tariffs, or PBDTs, for small-

scale consumers such as homeowners in Finland. With these tariffs, ESS for residential 

customers can become more profitable by permitting peak load reduction, which in turn 

can reduce electricity distribution costs, thereby making the installation of ESS in 

residences more financially appealing (Koskela et al., 2019; Haakana et al., 2016). Recent 

years have shown notable growth in both utility-scale BESS and thermal energy storage, 

with utility BESS having 0.2 GWh in operation and another 0.4 GWh under development, 

and thermal energy storage having 39 GWh in operation and 176 GWh under development 

(Lieskoski et al., 2024). 

Despite the current policies, regulations, and market support, the economic viability of 

ESS continues to be a challenge. For example, flow batteries are currently not profitable in 

the Finnish market, as they can only recover about 43-60% of their costs, including initial 

investment and operational costs (Buiskikh et al., 2018). Nonetheless, the integration of 

ancillary services can improve return on investment for long-term and low-cost battery 

technologies (Zakeri & Syri, 2014). As the share of intermittent renewable energy sources 

increases, the role of energy storage as a mechanism for flexibility and stable power also 

becomes more important. ESSs are vital for balancing the supply and demand of energy 

and maintaining a stable supply of energy. Thus, energy storage technologies are expected 

to play a greater part in supporting Finland’s energy shift towards renewables and allowing 

for a low-carbon energy system in the coming years (Sihvonen & Honkapuro, 2024). 

2.3  ESS Technologies and Costs 

Energy storage systems utilise a variety of different battery technologies such as lead-acid 

batteries, flow batteries, lithium-ion (Li-ion) batteries, and lithium-iron phosphate 

(LiFePO4 or LFP) batteries. Of these different technologies, the most prominent types used 

in residential ESS are Li-ion and LFP batteries. Both have their characteristic advantages 

and disadvantages when speaking in terms of performance, safety, and cost. 
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Li-ion batteries are widely used for their high specific capacity and energy density, which 

makes them suitable for implementations that require compact and lightweight energy 

storage (Yu et al., 2024). With a constant increase in demand for Li-ion batteries for 

applications in grid-scale storage, electronic devices, and electric vehicles, there have been 

concerns about the sufficiency and the cost of lithium as a resource. While Li-ion batteries 

are widely used in a wide range of applications, including ESS, LFP batteries are safer, 

have a longer cycle life, good thermal stability, and are more environmentally friendly. 

LFPs are also known to be less susceptible to thermal runaways and have a higher 

tolerance to misuse (Deveney, 2010). LFP batteries are becoming more prevalent in 

residential ESSs because of their safety, sufficient energy density, and affordability (Hesse 

et al., 2017). LFP batteries also have other common uses in applications such as peak 

energy storage, communication energy storage, and transportation (Lu, 2024). 

When comparing the initial investment costs, LFP batteries tend to have a lower cost when 

compared to other Li-ion battery variants, which makes them more economically appealing 

as an option for a Battery Energy Storage System or BESS. Although Li-ion batteries do 

have a higher initial cost than LFP, they have a longer operational life and a higher energy 

density, which can contribute to higher cost-effectiveness in the long term (Kehsan et al., 

2016). This is especially true in application cases that involve recurring energy cycling. 

Despite this, studies have shown that LFP batteries produce a positive return on investment 

mainly due to their reasonable overall lifespan and lower maintenance costs 

(Mulleriyawage et al., 2019; Jaiswal, 2017). 

2.4  Previous Research on Economic Viability 

Previous studies on the economic viability of residential PV-battery systems have shown 

mixed results. A journal by Cucchiella et al. (2018) found that the integration of PV with 

energy storage in Italy is economically viable, especially when tax deductions and local 

subsides are added, but the profitability of these systems still depends on the share of self-

consumption. In the Nordics, Luthander et al. (2015) noted that large seasonal variation 

complicates efforts to achieve high levels of annual self-sufficiency using PV and storage 

alone. Yet, these systems could be economically attractive in terms of peak shaving, 



13 

 

reducing electricity costs during periods of increased prices and compensation for exported 

energy from available tariff schemes. 

Specifically in Finland, a study by Huuki et al. (2021) found that residential PV systems 

show moderate return rates of 1% in Northern Finland and 1.4% in Southern Finland and 

that with optimised hot water heating, the rate of return can increase by 0.6 percentage 

points. The study also found that an increase in carbon prices by 10 €/tCO2 can help 

improve the PV system investment rate of return by 0.3 percentage points. 
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3  Methods 

The primary goal of this study is to assess the economic viability of residential energy 

storage systems integrated with solar photovoltaic (PV) systems in the context of the Finnish 

energy market. To achieve this, a quantitative modelling approach was applied, which 

combines the technical system case study with economic analysis. The methodological 

procedure involves estimating energy flows in a typical detached household PV-battery 

system, calculating self-consumption rates, and evaluating the financial performance of the 

system using economic metrics. 

The analysis is based on characteristic data for solar irradiance in Finland, hourly market 

electricity prices from the European Network of Transmission System Operators for 

Electricity, and technical specifications of commercially available battery systems. 

Household electricity consumption profiles were modelled based on hourly consumption 

patterns published by Finnish energy authorities and previous studies. Battery performance 

parameters, including capacity, round-trip efficiency, degradation rate, and cost, were found 

from manufacturer data. The economic evaluation was done using savings from energy costs 

and the payback period of the system. The modelling of the case study and financial 

calculations were all performed using Microsoft Excel. This software allowed for clear 

scenario comparison and ease of adjustments to parameters. 

The methodological structure is intended to simulate realistic conditions for a Finnish 

household considering the installation of a PV-battery system and to provide a good 

understanding of when and how such a system becomes economically viable. By combining 

market-specific pricing data, local solar conditions, and practical system configurations, this 

study aims to create results that are both applicable to real-world conditions and to serve as 

a possible guide for investment decisions. 
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3.1  Data Collection 

The analysis was based on hourly data for a representative year to accurately simulate the 

performance and behaviour of a typical residential PV battery storage system in Finland. 

Three main sets of data were used for this simulation: hourly household electricity 

consumption, hourly solar PV output, and spot market electricity prices.  

Household electricity consumption was sourced from the Finnish Energy Authority 

(Energiavirasto). This data represented an “energy efficient” single-family home with 

electric heating and an annual consumption of 10000 kWh per year. Within the dataset were 

several other consumer types, ranging from summer cottages to industrial consumers. The 

data represents a full calendar from the first hour of the 1st of January until the final hour of 

the 31st of December. PV output data was sourced from PVGIS, which allowed for 

parameter inputs such as location, installed peak PV power (kWp), system losses, and 

selection for what year data is to be collected. Hourly electricity prices were acquired from 

ENTSO-E. All data from these sources were obtained as either CSV files or Excel files and 

imported into an Excel spreadsheet for the evaluation. Time series alignment and basic 

preprocessing steps were taken to ensure uniformity throughout all the datasets.  

3.2  Scenario and Assumptions 

As stated previously, the goal of the case study is to determine the economic viability of a 

residence with a PV system integrated with a BESS under the Finnish market conditions. 

The scenario focuses on a single-family home in the city of Helsinki for one year using 

hourly electricity consumption data, electricity prices, and PV output. The analysis was 

conducted from the perspective of the household, with a focus on onsite renewable energy 

production, consumption and minimising electricity grid costs. The scenario was configured 

with a rooftop crystalline silicon PV system with a nominal capacity of 5 kWp and a lithium-

iron phosphate battery storage system with 10 kWh of available capacity from Sonnen. The 

battery has a 96.8% maximum battery efficiency and nominal power of 4.6 kW. The battery 

was assumed to charge from partial surplus energy generated by the PV system and 

discharge to satisfy the demand of the household. The system is modelled to maximise self-

consumption, so it is assumed that there is no involvement of energy market services such 
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as demand response or frequency regulation. The scenario was executed over one year using 

hourly data, which at this resolution allows for more detailed tracking of the energy flows 

and the battery cycling characteristics throughout the year, showing the variability of solar 

generation.  

The financial analysis assumes a 25-year lifetime of the project. CAPEX, or capital 

expenditure of the system is estimated to be €13500. Of this total cost, €9000 stems from the 

cost of the battery while the remaining €4500 is from the cost of the solar panels.  OPEX, or 

operational expenditures, are assumed to be negligible, and battery degradation is not 

explicitly modelled in the energy flows calculations. The scenario allows for PV electricity 

exports to the grid in case of excess production, but these exports are not given a monetary 

value. This limitation attests to regulatory uncertainties, variations in export tariffs, and the 

focus on the economics of self-consumption. In addition, the battery state of charge (SOC) 

is not explicitly shown in this scenario to simplify the energy balance calculations. 

Electricity spot prices were sourced from ENTSO-E, which excludes energy tariffs and 

distribution fees. This again is due to the objective to isolate the effect of variable electricity 

prices on the system’s economic performance. However, the potential effect that power-

based distribution tariffs (PBDTs) or other tariff schemes can have on the economic 

performance of a residential ESS is discussed subjectively in the context of the effects they 

can have on the results of the case study.  

To ensure compliance, other simplifying assumptions were made in the analysis for 

simplification. These assumptions include a constant round-trip efficiency of 90% for the 

battery system, and weather and consumption patterns for the year selected are representative 

of typical consumption conditions. The system is always connected to the electricity grid, 

and the PV system is operated at optimal tilt and orientation. These assumptions are intended 

to provide a much more simplified but realistic foundation to evaluate the possible benefits 

of residential ESS in Finland.  

3.3  Tools and Software 

The processing of all collected data and calculations for this analysis were carried out using 

Microsoft Excel. This tool was selected for its accessibility and flexibility in handling time 

series datasets and its usefulness for managing scenario-based techno-economic evaluations 
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at this scale. All hourly datasets were imported into Excel and organised into tables. Logical 

formulas were used to calculate energy flows such as PV self-consumption and grid imports, 

and exports. Excel was also used to perform financial calculations. 
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4  Results 

This chapter discusses the results of the case study and research conducted and answers the 

question of how economically viable residential energy storage systems are for 

homeowners in Finland, and what aspects influence their profitability under Finland’s 

current energy market environment. The chapter contains four subsections regarding the 

results found in the case study, as well as how factors such as tariffs, seasonal changes, 

subsidies, and other factors can affect these results. 

4.1  Results of the Case Study 

By applying the method, the collected data were entered into Excel as tables, which were 

then combined into a single large table to carry out energy flow calculations and 

subsequently, financial calculations. Table 1 below shows a sample section of the table used 

for the calculations. 

Table 1: Sample section of Excel table 

Time 
Consumption 

(kWh) 

Spot 

Price 

(€/kWh) 

PV Gen. 

(kWh) 

Grid Import 

(kWh) 

Grid 

cost w/o 

PV 

(€) 

Grid 

cost w/ 

PV 

(€) 

PV 

used 

(kWh) 

Grid 

Export 

(kWh) 

23.3.2024 05:00 1.088 0.039 0.055 1.033 0.042 0.040 0.055 0.000 

23.3.2024 06:00 1.186 0.044 0.101 1.085 0.053 0.048 0.102 0.000 

23.3.2024 07:00 1.365 0.058 1.382 0.000 0.080 0.000 1.365 0.017 

23.3.2024 08:00 1.515 0.076 1.309 0.205 0.115 0.015 1.310 0.000 

23.3.2024 09:00 1.551 0.058 1.775 0.000 0.091 0.000 1.551 0.225 

23.3.2024 10:00 1.534 0.039 0.780 0.754 0.061 0.030 0.780 0.000 

23.3.2024 11:00 1.529 0.034 0.538 0.991 0.052 0.033 0.538 0.000 

23.3.2024 12:00 1.481 0.036 0.359 1.121 0.054 0.031 0.371 0.000 

23.3.2024 13:00 1.443 0.029 0.371 1.072 0.042 0.019 0.793 0.000 
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In table 1, the parameters entered include the household consumption, the hourly spot price 

of electricity converted from €/MWh to €/kWh, The hourly generation of PV electricity, the 

imported electricity from the electricity grid to make up the rest of the load not covered by 

the PV generated energy, The hourly costs of energy with and without the use of the ESS 

system, the energy from the generated PV electricity used towards the energy load and lastly, 

the energy exported back to the electricity grid. After energy flows and costs were calculated, 

the values in each column of the table were summed and averaged to provide annual totals 

and averages. Table 2 below represents the totals and averages for each parameter for the 

entire year.  

Table 2: Annual totals and averages of energy flows and energy costs 

 
Consumption 

(kWh) 

Spot 

price 

(€/kWh) 

PV 

generation 

(kWh) 

Grid 

import 

(kWh) 

Grid 

cost 

w/o 

PV 

(€) 

Grid 

cost 

w/ PV 

(€) 

PV 

used 

(kWh) 

Grid 

export 

(kWh) 

Totals: 10 000.00 494.61 5236.52 7612.56 643.90 497.17 2387.43 2849.08 

Hourly 

Averages: 
1.141 0.056 0.598 0.869 0.074 0.057 0.273 0.325 

 

With these parameters calculated, some important observations can be made about the 

overall performance of the ESS. of the 10000 kWh of total consumption, 5236.52 kWh was 

generated by the solar panels making approximately 52.36% of the total power consumed 

while 2387.43 kWh of electricity from the PV system was used to cover this load, making 

up for about 23.8% of the total consumption. This percentage is otherwise known as the self-

sufficiency rate, which is the percentage of electricity demand that is covered by self-

generated electricity. From these results, the self-consumption rate and PV capacity factor 

could also be calculated. To calculate the self-consumption rate, the following formula is 

used: 

𝑆𝑒𝑙𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =
𝐸𝑠𝑒𝑙𝑓

𝐸𝑃𝑉,𝑡𝑜𝑡
∙ 100 (1) 

 Where 𝐸𝑠𝑒𝑙𝑓 is the generated energy utilised to cover the consumption and 𝐸𝑃𝑉,𝑡𝑜𝑡 is the 

total amount of energy produced throughout the year. The self-consumption of the system 
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was calculated to be approximately 45.6%. This percentage describes the energy that was 

either directly consumed by the household or stored and later consumed. The remaining 

54.4% is energy that was either exported without compensation, which will be discussed 

further in the following section, or stored in the battery. To calculate the PV capacity 

factor, the following equation is used: 

𝐶𝐹𝑃𝑉 =  
𝐸𝑃𝑉,𝑡𝑜𝑡

𝑃𝑃𝑉 ∙ 𝑇𝑦𝑒𝑎𝑟
∙ 100 (2) 

In this equation, 𝑃𝑃𝑉 corresponds to the installed size of the PV system, which was 5 kWp, 

and 𝑇𝑦𝑒𝑎𝑟 corresponds to the number of hours in a full calendar year (8760). The result of 

this yielded a PV capacity factor of approximately 12%, which describes how efficiently 

the PV system operates compared to its theoretical maximum. Additionally, the specific 

yield, which is the amount of energy generated per installed kW peak, can also be 

calculated by dividing the total PV generation by the installed kWp of solar panels. Doing 

so yields a result of approximately 1047 kWh/kWp throughout the year. Figure 2 depicts 

the totals of energy costs across 3 configurations.  

 

Figure 2: Annual energy costs between system types 

 

The annual cost of energy without the PV system was €643,90. With the PV system in place, 

the total was €497,17, and the cost for the PV and battery system was  

€421,35 resulting in savings of €146,73 and €222,55 respectively. With the CAPEX of the 

643,9046899

497,1709947

421,351

0 100 200 300 400 500 600 700

Euros (€)

Annual Energy Costs

Cost with PV+battery Cost with PV Cost without PV
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system estimated to cost around €13500 and not accounting for operation and maintenance 

costs (O&M), the payback period of the PV system with battery storage was 60.6 years.  

The results presented allow for a clear review of the annual energy flows and financial 

outcomes of the residential system. It should be noted that the calculated payback period is 

solely based on the average annual savings from energy costs being applied towards the 

initial investment of the system. This approach is indeed practical for an initial analysis but 

does not entirely account for the dynamic nature of energy tariffs, seasonal variations and 

subsidies in terms of consumption and PV generation, which can affect how well the system 

performs economically and technically. The following sections describe how these factors 

can affect the results presented. 

4.2  Influence of Tariffs 

Energy tariffs and seasonal variations play critical roles when considering the financial and 

technical performance outcomes of a residential ESS system. Yearly averages provide a 

generalised sense of a system’s performance, but they usually hide fluctuations in energy 

costs and solar energy generation that occur over short periods, for example, in a span of a 

few hours. Tariff schemes can have a great impact on the household value of consumed 

energy and exported energy, while seasonal factors like solar irradiance or changes in the 

pattern of household consumption can affect the proportion of imports from grid electricity, 

exports of generated electricity and PV utilisation. This section examines these effects with 

more depth and explains how these variations can influence the payback period of the 

system, the autonomy of the household, as well as the overall cost-effectiveness of the 

system.  

From the framework used in the analysed case, the relevance of feed-in-tariffs (FiTs) or 

reimbursement tied to spot prices is clear, considering that most of the generated 

photovoltaic electricity is not consumed internally but exported. As such, it is important to 

understand the interrelations between the previously mentioned, volatile electricity prices, 

and seasonal generation patterns to correctly analyse the economic consequences and 

sustainable feasibility of home PV systems. FiTs contain two types, high and low. A study 

done by Hartvig (2025, 5-8) found that high FiTs accelerate the adoption of rooftop solar 

panels but discourage battery storage, potentially destabilising the grid. High FiTs reduce 
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the economic incentive for homeowners to store excess energy so they can sell it back to the 

grid at a favourable rate. Low FiTs on the other hand, encourage the uptake of battery storage 

as homeowners seek to maximise self-consumption for their generated solar power. From 

both a technical and economic perspective, this behaviour supports more balanced grid 

operation and efficient energy management. Under a low FiT scenario, such exported energy 

would yield less financial return, thereby strengthening the need for battery integration and 

optimisation to improve the viability of the system. 

Another type of compensation scheme that potentially increases the economic viability of a 

residential ESS system are Time-of-Use tariffs. These tariffs, otherwise known as ToU 

tariffs, are a form of dynamic pricing in which the daily changes in the price of electricity 

(€/kWh) are set within predetermined times of the day. Consumers are made aware of these 

set periods, allowing them to determine when to reduce their energy usage and to shift their 

consumption to lower-cost periods (Yoon & Kim, 2016). As mentioned previously, ToU 

promotes strategic load shifting which reduces the cost of energy. In addition to the ability 

for ToU to help consumers save money on energy costs, it can also result in financial gains.  

According to a study conducted by Jakus et al. (2025), a traditional time-of-use model 

showed that prosumers benefited from exporting their surplus energy during periods of high 

prices, which resulted in financial gains. While this finding is positive, it also brings about 

constraints to how profitable ToU tariffs are. According to the previously mentioned study, 

energy storage systems with a high percentage of PV energy can undergo negative prices 

during periods of high production concurring with low load levels. This situation can cause 

economic losses to the prosumer, which emphasises the importance of developing strategies 

for the management of excess energy. In addition, the likelihood of economic benefits in 

relation to ToU tariffs heavily depends on the optimal battery size and the control strategy 

to match the household’s load profile and the tariff windows in place. In the context of this 

study, ToU tariff schemes are technically feasible in Finland and could be beneficial with 

the risks and limitations. However, these tariffs are not common in Finland because it uses 

market-based price models offering fixed price contracts or dynamic hourly-based contracts 

in which prices fluctuate on an hourly basis, as shown in the case study of this paper.  
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4.3  Effects of Seasonal Variation 

The factor that affects the performance and efficiency of energy storage systems with 

combined solar PV in the Nordics the greatest is seasonal variation. These variations mainly 

concern the changes in the seasons and variation in solar irradiance due to the change of 

season, as these have the greatest impact on the performance of an ESS. These variations 

specifically affect PV generation, the demand profile of the household, and battery 

performance.  

The Nordic region experiences long and cold winters when solar irradiance is low. The 

summers are shorter but during this time of year solar irradiance is much higher. Because of 

the notable difference in seasons, the Nordics experience a significant seasonal inconsistency 

with solar energy availability and energy demand. Particularly in the winter, demand for 

electricity is at its peak. This is largely due to increased heating demands. Energy demands 

are high for heat because many homes are heated electrically. Over 90% of homes in Helsinki 

are heated electrically. The summer period, however, experiences peak PV energy 

production while demand for energy is considerably lower (Hajiaghapour-Moghimi et al., 

2023). This mismatch limits the ability for how effectively ESSs can perform. These 

statements are especially true when comparing them to the results of this case study. Figure 

3 presents the consumption and PV generation data compressed into weekly periods and 

weekly averages to display the annual trend. 

 

 

Figure 3: Case study data expressed graphically 
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From the figure, the consumption of the household is at its peak in the fall and winter 

months (left and right side of graph) due to an increased need for heat. During the summer 

months this consumption falls as temperatures increase and there is no longer a need for 

heat. Conversely, PV generation is observed to be very low during the winter months, and 

very high during the summer months. As mentioned previously, this is where the 

discrepancy between energy generated by PV and energy demand can be seen clearly.  

4.4  Influence of Subsidies 

Similarly to tariff schemes, the adoption of ESS with integrated PV in Finland is strongly 

affected by subsidy schemes. They are crucial in helping energy storage and solar PV 

systems gain interest by potential investors. Programmes that give financial incentives make 

the decision to install such systems much more attractive. In Finland, with its long winters 

and dramatic changes in solar irradiance, incentives can facilitate the use of energy storage 

systems by more households. Subsidies also play an important role in reaching national goals 

to reduce carbon emissions, reducing periods of high demand from the grid, and growing the 

renewable energy industry. 

Without the implementation of subsidies, residential PV energy storage systems can be very 

costly to invest in and maintain, and therefore not economically viable. According to a 

journal by Hirvonen et al. (2015), the lack of subsidies for residential PV systems in Finland 

have been observed to have exceptionally long payback periods that exceed 40 years. The 

journal also states that for a system with a 50% self-consumption rate and one that is based 

on the hourly pricing model, the lowest support rates for energy sold back to the grid to 

achieve a payback period of 20 years are a 32 c/kWh guaranteed price, a 26 c/kWh fixed 

premium, or a 25 c/kWh self-consumption incentive. The results presented in this journal 

demonstrate that the production-based support mechanisms must be priced several times 

greater than the original buying price of electricity to achieve a payback period of 20 years.  

In addition to production-based subsidies, self-consumption subsidies can also be beneficial. 

Self-consumption subsidies are most advantageous towards system capacities between 1-3.5 

kWh with self-consumption rates of 50% or greater. 1 kWh systems can utilise 90% of 

produced energy for self consumption and benefit from the self-consumption subsidy. 

Systems greater in size (up to 3.5 kWh) can utilise up to 50% of self produced energy while 
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also benefiting from both FiT tariffs and self-consumption subsidies equally (Hirvonen et 

al., 2015).  

The Finnish government also provides certain subsidies on installations of PV systems 

commercially and privately. The government gives a 25% subsidy of investment costs of PV 

installation projects for municipalities and businesses, while homeowners are eligible for tax 

credits (45% of income falling under VAT, up to €2400) on total costs of PV system 

installations, which range from 15.6%-9.5% of investment costs associated with solar power 

systems with capacities under 10 kWp (Simola et al., 2018). While government granted 

subsidies like these do make solar PV systems more accessible, they unfortunately do not 

account for costs of energy storage systems. This means that for homeowners who wish to 

consume more self-generated energy with a battery storage system, the total cost of the 

system will be higher. Because of this lack of support, PV-storage systems also face 

difficulties to achieve positive results in circumstances that require better grid stability, 

reduced energy peaks, or responsive pricing.  

Furthermore, due to the lack of direct subsidies for the installation of home energy storage, 

the profitability of systems that combine solar and battery storage also depends on electricity 

price fluctuations and initial investment costs. For example, a 5.2 kWp system that is 

subsidised by tax credits would require an increase in electricity prices of 0.6% per year to 

maintain a positive NPV. Without the support of subsidies, the yearly increase in the price 

of electricity would need to be nearly 2% to retain economic viability (Simola et al., 2018). 

Larger installed capacities result in higher investment costs, therefore higher required 

increases in the yearly cost of electricity for those systems to maintain profitability even with 

subsidies. Again, this information only refers to solar power systems not integrated with 

energy storage, so it can be assumed that if ESS is to be added to the investment of a solar 

PV system, the percentages of annual electricity cost increase would likely need to be 

notably higher.  
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5  Discussion 

This discussion chapter reviews the findings of the study and relates them to the adoption of 

residential ESS systems in Finland. This chapter contains three sections regarding the 

clarification of results of the case study, examination of the limitations of the study which 

may affect reliability and realism of conclusions drawn, and a discussion about the general 

implications for homeowners who are considering the installation of PV and battery storage 

systems. These sections are titled as interpretation of results, limitations of the study, and 

implications for homeowners respectively.  

5.1  Interpretation of Results 

The result of this study underlines how delicate the effectiveness of residential ESS 

combined with solar PV technology within Finland's energy market is. Despite the system’s 

ability to reach high rates of both self-generation and self-consumption, financial returns of 

the system were much lower in comparison. The annual savings were marginal, making for 

an exceptionally long payback period of 60 years due to there being no other compensation 

schemes considered. Tariffs, seasonal variations and subsidies, or lack thereof for PV and 

battery storage systems appeared to have a large impact on whether the system is 

economically viable. All these factors presented opportunities for the system to thrive but 

also challenges that make the implementation of such a system difficult, especially for the 

battery storage component. The findings demonstrate that as ESS does improve energy 

autonomy and reduces reliance on the energy grid. However, its economic viability is limited 

under current policy and market conditions in Finland. With more subsidies in place and 

policies advocating for the installation of combined PV and energy storage, the economic 

feasibility of them can increase significantly and attract more homeowners to invest in ESS 

to save money on electricity costs and reduce their carbon footprint, while simultaneously 

assisting Finland's effort towards carbon neutrality goals. Some theoretical but feasible 

incentives specifically for battery-PV systems could be investment grants on battery 

systems, and extension of tax credits from PV investments to batteries, or low interest loans 

on renewable energy systems.  
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With the findings, some conclusions about them can be drawn. The self sufficiency, which 

includes the rate of generation and rate of self-consumption are moderate results. The 

percentage of PV generated throughout the year is positive considering it generated more 

than half of the annual consumption of the home and appears plausible given the limited 

solar irradiation throughout the year due to seasonal variation in Finland. This suggests that 

the size of the PV array was reasonably sized for this case. The self-consumption rate of the 

home was also a reasonable value but also means that the rest of this energy (54.4%) is either 

exported or stored in the battery. However, the share of this energy that is stored rather than 

exported is not known from the results as the battery was not explicitly modelled but can be 

estimated based on the excess energy that is otherwise exported. If the excess produced 

energy is divided by the number of days in a year, the result is approximately 7.8 kWh per 

day of energy that can be stored in the battery. This means that the 10-kWh capacity battery 

chosen for the study is suitable for storing this energy. This calculation, however, assumes 

that all excess energy is to be stored, leaving little to no energy to be exported. This is 

positive in that it can increase self-consumption by nearly 30% and self-sufficiency by nearly 

20%. However, if a homeowner anticipates partaking in tariff schemes for sold electricity, 

then the shares of energy exported and stored must be changed. For example, if 50% of the 

excess energy is stored and the other 50% is exported, the daily amount of energy stored in 

the battery drops to about 4 kWh per day. This can also be seen as a positive in that self-

consumption and self-sufficiency are still satisfactory, and since less energy is stored in the 

battery, a smaller capacity can be used which inevitably reduces the cost of the battery.    

Upon reflecting on the results of this case study and comparison to previous literature like 

it, these results do seem consistent with personal expectations and do align with some of the 

previous studies conducted. The results of this case study were found to be somewhat 

relatable to the study conducted by Hirvonen et al. (2015), in that their system performed 

similarly to the system in this case study and had a similar self-consumption rate. In addition, 

the payback period of their modelled system was very long as well due to the absence of 

subsidies on energy production. This study supports the claim that without subsidies, the 

likelihood of PV systems with BESSs being economically viable for residential use is greatly 

reduced. After examining studies like this and others describing the effects of tariffs and 

subsidies, the lengthy payback period corresponds to the lack of those support mechanisms. 

Furthermore, it was to be expected that seasonal variation in Finland would decrease the 

overall effectiveness of the system due to less sunlight during the winter months and excess 
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during the summer months. Similar studies conducted in Finland such as one by 

Hajiaghapour-Moghimi et al. (2023) also make note of this, supporting the claim that 

seasonal variation does in fact create a mismatch between peak energy demand and peak PV 

production.  

Despite the findings remaining consistent with previous studies, it is also important to look 

at what influenced the results. To understand self-sufficiency, self-consumption and 

economic results in Finnish homes, it is critical to view them in the context of the technical 

and policy frameworks there. Factors such as the design of the system and local solar 

irradiance, as well as the consumption patterns and lack of subsidies have all played a role 

in the outcomes of this case study. Beginning with the self-sufficiency and self-consumption; 

the reason as to why these figures are moderate is due to several reasons. Two of the largest 

contributors were the mismatch between PV generation and energy demand and the 

variations in solar irradiation due to seasonal changes. The exclusion of explicitly modelling 

of the battery prevented the system from being capable of optimising energy to improve self-

consumption, which led to large amounts of energy being shown as exported. However, as 

previously mentioned, the excess energy can be assumed to be partially stored and partially 

exported. The demand profile of the house was also assumed to have a static profile, meaning 

the home did not have active load-shifting capability. Thus, it did not shift its energy 

consumption to periods of high PV production. These figures do, however, represent a 

reasonably sized system. The system is not oversized which reduces exports, and it is not 

undersized which dramatically increases the self-consumption by matching the load profile 

more closely. Therefore, the system appears more balanced and represents a system that 

shows typical performance of an ESS with PV in the Nordic region. 

5.2  Limitations of the Study 

This study gives useful information about the technical and economic performance of a 

residential PV and BESS system in Finland, though there are limitations that should be 

considered. The accuracy and ability to generalise the results can be affected by the data 

available and the scope of the study. Reviewing these constraints helps to assess how reliable 

the findings are and to find the best direction for future research. One of the main limitations 

of this study pertains to simplifications made to the modelling of the system in the case study. 
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These simplifications include simplified modelling of the battery system, the exclusion of 

export compensations, fixed household consumption and the absence of financial time 

values such as NPV and IRR.  

The behaviour of the battery system was not explicitly modelled, meaning that certain 

elements such as the state of charge (SOC), battery degradation, and charge & discharge 

cycling were not included. This led to missing battery performance parameters as well as an 

underestimation of the storage capabilities of the battery system. This simplification was 

made due to practical limitations of the study. Modelling these parameters requires more 

advanced simulation software, control algorithms and datasets. This was beyond the 

intended focus and technical extent for this study. In addition, for such detailed modelling 

of the battery system, the case study would inevitably become more complex and would 

possibly require assumptions that available data may not have been able to support.  

The study did not include any monetary compensation for produced excess energy that was 

exported back to the grid. This resulted in the payback period of the system stretching beyond 

the lifetime of the system and may not demonstrate a real-world scenario in which a 

household engaging in grid export schemes such as FiTs, exports energy. This simplification 

was made to remain within the focus on self-consumption and energy storage, but also due 

to the difficulty of obtaining standardised data on export tariffs. This is because of variation 

between electricity providers and because data was often not publicly available in a 

consistent manner. Including an export tariff under these circumstances would likely be 

assumed, which would instigate uncertainty within the study.  

Historical fixed data was utilised for household consumption, meaning daily and seasonal 

consumption patterns were static and did not account for dynamic changes based on PV 

production and market price changes. While the data does create for ideal and consistent 

behaviour of a residence, it does not allow for energy management strategies such as load 

shifting, which potentially increases self sufficiency. This simplification was made due to 

the lack of high resolution or real-time data made publicly available. It was also made to 

reduce complexity, because with higher-resolution consumption data, additional 

assumptions and information would be needed, which extend past the scope of the thesis.  

The economic evaluation for the study consisted mainly of a payback period calculation, 

excluding other financial metrics such as net present value (NPV) or the internal rate of 
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return (IRR). Disregarding these metrics led to the reduced value of future savings and costs 

not being considered over the 25-year lifetime of the system. It also limits the practicality 

and comprehensiveness of economic analysis. This method was done to remain within the 

scope of the study and to keep the analysis transparent. Adding discount cash flows requires 

more detailed economic parameters and assumptions such as discount rates and electricity 

price growth over time, which brings about uncertainty of the results. The usage of the 

payback period alone allows for a cautious and clear result for whether the system can be 

deemed economically feasible. The economic analysis in this study can serve as a basis for 

future studies and more advanced analysis.  

Apart from the simplifications made, additional limitations became evident over the course 

of the study. The simulation of the home with the PV and battery storage system was based 

on one year of hourly data. The data is sufficient in presenting seasonal trends in 

consumption, seasonal variation and energy prices but cannot present longer-term variability 

in solar irradiance, consumption patterns and price volatility as multi-year datasets can. 

Additionally, due to the difficulty in accessing publicly available data for residential 

consumption and energy market prices on an hourly basis, the datasets used in this study are 

from differing years. Acquiring more up-to-date datasets that match with one another would 

improve the accuracy of the results. Nonetheless, the data used in this case study does create 

a fundamental basis for the performance of a PV and battery storage system which did appear 

accurate when compared to similar studies previously mentioned.  

Lastly, the case study did not carry out sensitivity analysis with different system 

configurations, e.g., PV sizes and battery sizes. This limitation may have limited the strength 

of the conclusions made from the results. In addition, the location of which this case study 

focused on Southern Finland, specifically the capitol region of Helsinki. Therefore, the 

results may not be capable of being conceptualised to other regions in Finland. 
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6  Conclusion  

The research conducted in this paper focused on the economic and technical performance 

outcomes of a residential ESS with solar PV in Finland. It specifically focused on self-

sufficiency, self-consumption and the length of the payback period after the investment on 

an example system. From a technical perspective, the system performed well for Nordic 

conditions, as it produced enough energy to cover more than half of total household demand 

of which over 45% was self-consumed. However, financial returns appeared limited. The 

estimated repayment term for simple payback was very long. This indicates that systems like 

these in the residential sector may not be economically viable under the present market 

conditions, at least without the incorporation of subsidy schemes or other government 

support mechanisms.  

The analysis reveals that the success of such systems greatly depends on available tariff 

frameworks, changes in solar irradiance and the presence of subsidies. Although the system 

was appropriately sized according to the demand profile of the household, the financial 

results were still small. This could be attributed to the exclusion of export compensation as 

well as the absence of detailed treatment of battery behaviour. Certain limitations were also 

observed which include the use of fixed load patterns, use of only one year’s worth of data 

and using simplified economic assumptions. The decision to make simplifications such as 

these were made to maintain feasibility of the execution of the study with the given data and 

available tools to analyse it with. Nevertheless, they identify the need for future research to 

carry out more detailed modelling.  

Overall, the results indicate that while households can use PV panels and battery storage 

systems to be more energy independent and sustainable, their broader adoption in Finland 

will likely rely on the incentives made by the government or energy providers. These 

incentives can be put in place through direct subsidies, dynamic tariffs, and increased 

compensation for exported energy. Future research in this subject should model these 

systems in greater detail, test various scenarios using different sizes of components or 

technologies and measure the future economic outlook using more in-depth financial 

metrics. 
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