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Abstract  

This thesis assesses whether residential solar photovoltaic (PV) self-generation makes economic 

sense in the Mikkeli region of Finland given Nordic climates and electricity market 

characteristics. The research focuses on both independent PV systems and those integrated with 

battery energy storage systems (BESS), along with generally assisting smart electric vehicle 

(EV) charging through recorded household energy use as well as historical measurements of 

solar energy produced. The quantitative case study is based on three residential installation sites 

located within Mikkeli. The assessment integrates the real world usage data collected by smart 

meters installed at each residence, along with PV inverter operation logs, Nord Pool FI spot 

prices, PVGIS solar modeling, loss of energy due to snow cover adjustment modeling, PV 

simulation, and a digital twin analysis of a lithium iron phosphate (LiFePO₄) battery system. A 

20-year discounted cash flow analysis, which includes Net Present Value (NPV), Internal Rate 

of Return (IRR), Levelized Cost of Electricity (LCOE), and self-consumption (SCR) and self-

sufficiency (SSR) ratios, was used to analyze the economic feasibility of the respective 

applications. Overall findings indicate that high-use Finnish households can generate sufficient 

savings from their PV systems to warrant their installation and, in particular, households utilizing 

electric heat are the greatest beneficiaries of this type of installation. Smart EV charging 

improves solar self-consumption dramatically and provides the most cost effective method of 

providing flexibility within the three analyzed configurations. On the contrary, residential battery 

storage systems face ongoing economic challenges as a result of excessive initial capital 

expenditures and a limited amount of seasonal usage. The study concludes that properly sized 

residential PV systems can provide economically viable long-term electricity cost reductions in 

Finnish sub-arctic conditions, while smart EV charging offers strong potential for improving 

household solar utilisation without the high costs associated with residential battery storage. 
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IRR Internal Rate of Return 

ISO International Organization for Standardization 

JSE Järvi-Suomen Energia 

KPI Key Performance Indicator 

LCOE Levelized Cost of Electricity 

LFP Lithium Iron Phosphate (LiFePO₄) 

LiFePO₄ Lithium Iron Phosphate 

MAE Mean Absolute Error 

MLPE Module-Level Power Electronics 

NECP National Energy and Climate Plan 

NMBE Normalised Mean Bias Error 

NMC Nickel Manganese Cobalt Oxide 

NPV Net Present Value 

O&M Operations and Maintenance 

OPEX Operating Expenditure 

PERC Passivated Emitter and Rear Cell (monocrystalline) 
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PLC Power Line Communication 

PV Photovoltaic 

PVGIS Photovoltaic Geographical Information System 

RMSE Root Mean Square Error 

SARAH Surface Solar Radiation Data Set – Heliosat 

SCR Self-Consumption Rate (or Ratio) 

SEI Solid Electrolyte Interface 

SoC State of Charge 

SPP Simple Payback Period 

SSR Self-Sufficiency Ratio 

STC Standard Test Conditions 

TOPCon Tunnel Oxide Passivated Contact (solar cell) 

ToU Time-of-Use 

UTC Coordinated Universal Time 

V2G Vehicle-to-Grid 

V2H Vehicle-to-Home 

VAT Value Added Tax 

WACC Weighted Average Cost of Capital 

YoY Year-on-Year 

Roman Symbols 

Symbol Definition Unit 

C₀ Initial investment cost (net CAPEX after subsidy) € 

CFₜ Net cash flow in year t € 
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CFavg Average annual net cash flow € 

Eload Total household electricity consumption kWh 

EPV Total PV energy generation kWh 

Eself PV energy self-consumed on-site kWh 

Eₜ Annual energy generation in year t kWh 

G Plane-of-array irradiance W/m² 

GSTC Irradiance at Standard Test Conditions (1000 W/m²) W/m² 

n Project lifetime years 

Oₜ Annual operating cost in year t € 

P(G,Tc) PV module power output at actual conditions W 

PSTC PV module nameplate power at STC W 

r Nominal discount rate – 

t Year of analysis years 

T Discounted payback year years 

T꜀ PV cell temperature °C 

TSTC Cell temperature at STC (25°C) °C 

γPmax Maximum power temperature coefficient %/°C 
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1 Introduction 

1.1 Background and Motivation 

Decarbonising energy consumption at home stands out as one of the major engineering 

challenges faced by society in the early twenty-first century. In the European Union, 

buildings use about 40% of all energy consumed by society and represent approximately 

36% of the CO2 emissions from society as a whole. Space heating, domestic hot water and 

household appliances are the three most significant energy-consuming areas of residential 

energy consumption (European Commission, 2020). The integration of residential heating 

and transportation electrification with widespread installation of distributed solar 

photovoltaic (PV) energy generation to achieve deep decarbonisation at a household level 

is an emerging technically reasonable and growingly affordable option.  

One of the key factors supporting this transition has been the substantial reduction in cost 

of solar PV technologies over the past fifteen years, with the global average levelized cost 

of electricity (LCOE) from utility-scale solar PV falling from ~378 USD/MWh in 2010 to 

~49 USD/MWh in 2022, an 89% decrease resulting from improved manufacturing 

efficiencies, larger scale operations and greater efficiency in modules (IRENA, 2023). 

Rooftop solar in residential applications is installed on a smaller scale compared to 

commercial rooftop and utility-scale systems, and thus tend to have higher specific costs 

(due to smaller scale installations requiring more labour). That being said, there has been 

a significant reduction in the cost of installing rooftop solar systems in Europe over the 

past 10 years or so; from over 4,000€/kWp in 2010 down to approximately 1,000€-

1,500€/kWp by 2023 (Fraunhofer ISE, 2023). 

In Finland, the confluence of global trends has produced unique and powerful reasons for 

households to produce their own power through the domestic electricity market structure 

(including the Nordic electricity price crisis of 2021-2022). The Finnish price area (FI) 

experienced extraordinarily high annual average Elspot prices on the Nord Pool market, 

where the annual average prices were 72.50 €/MWh in 2021 and 153.60 €/MWh in 2022. 

The ten-year average (prior to those two years) was approximately 35.00 €/MWh. As a 

result, the risk profiles of Finnish residential energy consumers were significantly 

impacted. (Nord Pool, 2023; Fingrid, 2023). Households using spot-priced contracts saw 

electric bills in some instances 4 times higher than in 2020, Increasing public awareness 
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regarding demand-side autonomy through self-generating solar energy. Although prices 

have moderated in response, the event illustrated the structural exposure of Finnish 

households to international energy market fluctuations by virtue of the tightly linked nature 

of Nordic power systems, where Finnish price levels are affected by the level of Norwegian 

hydro storage, the availability of Swedish nuclear power, and the level of gas prices 

affecting continental Europe via interconnections (Fingrid, 2023). 

The economic case for residential solar photovoltaic (PV) in Finland has significantly 

strengthened over the last few years in response to these changing economic conditions. 

The technical and financial realities of solar electricity generation in Finland, however, are 

quite different than those in much of southern Europe. For one thing, Finland's 

geographical location (between 60°N and 70°N latitude) results in GHI levels of 

approximately 900kWh/m²–700kWh/m² for the southern and Lapland regions respectively 

whereas the most solar rich areas in central and southern Europe have annual GHI's of 

between 1200 and 1800 kWh/m² (European Commission JRC, 2023).  

Irradiation seasonally is asymmetrically determined, with approximately 15 times more 

irradiance occurring in June (62°N) than in December, which means that there is a 

structural temporal misalignment between renewable electricity produced from PV and the 

electrical demand for space heating during the winter heating season. The shape of this 

seasonal cycle significantly impacts the economics of residential investment in PV; 

consequently, the technical and economic findings derived from Mediterranean or Central 

European contexts cannot simply be applied to the Finnish context. 

1.2 Finnish Electricity Market and Solar Growth Context 

In Finland, the electricity retail market is structured into three parts: a regulated distribution 

tariff, a competitive supply tariff, and taxes. Distribution system operators set the 

distribution tariffs, while the Energy Authority (Energiavirasto) regulates and supervises 

the pricing through four-year regulatory periods. The distribution charge is divided into 

two parts: a fixed monthly capacity charge based on the customer's fuse size, and a variable 

energy charge for each kWh of electricity that customer has drawn from the grid. As of 

2023, the cost of distributing electricity in South Savo (mainly by Suur-Savon Sähkö Oy) 

is approximately 4.5-6.0 c/kWh for the variable portion, plus €15-30 per month for fixed 

portion based on the size of the customer's fuse (Energiavirasto, 2023).  
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In Finland, there is an electricity excise duty (sähkövero) on all of the grid-consumed 

electricity measured at 2.24 c/kWh in the tax category I (households). A value-added tax 

of 25.5% is added to the total of the supply, distribution and taxes on the supply contract. 

Finnish households have had a total all-inclusive retail electric price for electricity (supply, 

distribution and tax) measured per kWh from about 20 c/kWh (2020) to over 40 c/kWh 

(peak winter months 2022) when the average spot-price contract established itself — 2023 

annual average expected to be approximately 25-28 c/kWh for typical South Savo 

households (Statistics Finland, 2023). 

Residential solar electric power generating consumers (PV prosumers) have economic 

savings from using electricity at home. This is primarily due to the amount of electricity 

that home's electric utility company sells, subtracted by the amount of power generated by 

that house on a daily basis. Specifically, when a PV user uses power generated on-site that 

they are not charged for (which offsets their electricity costs), they are saving money on 

their utility bill by not paying for the utility's transmission and distribution to the location, 

as well as the excise tax applied on the power generated outside of the utility's supply; 

however, a fixed costs will still be applied to the utility when the user has to procure power 

at any one time (as long as they have provided the amount of power they typically use, 

regardless of how many times they used that amount of power).  

When considering the average power savings from each individual homes (versus each 

individual business) for all of Finland rate tariffs (based solely on the power supplied to 

the user and power exported back to the utility); self-consumption is typically valued at 

approximately €0.15–€0.20 per kWh for self-consumed power, surplus(sold) back to the 

grid is valued at €0.05–€0.08, with the electricity calculated at net metered price (price 

calculated for electricity consumed/sold based upon actual amount); the resulting ratio 

between retail (purchased) and exported electricity (based on the ratio indicated) provides 

an encouraging reason for self-consumption versus maximizing total generation 

(Energiavirasto, 2023).  

1.3 Growth of Solar PV in Finland 

Finland had an installed capacity of about 960 MW cumulatively by December 2023 

compared to 260 MW at the end of December 2019, with a compound growth rate from 

year-end 2019 to year-end 2023 of approximately 39% (extraction) (Energiavirasto, 2023). 
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Roof-mounted installations for residential use (defined as installed capacity of under 

50kW) have historically accounted for 55 to 65% of all new installations (by number of 

units) on an annual basis, but in recent years have not contributed much when considering 

the amount of installed PV capacity added to date (as measured by megawatt). 

According to Finland's NECP, solar PV capacity will grow to between 4 and 6 GW by 

2030. This forecast is based on continued cost reductions and phasing out of fossil fuels 

for district heating in many Finnish municipalities (Ministry of Economic Affairs and 

Employment, 2022). Likewise, an IEA report (2023) projects strong growth for Finland's 

solar sector, noting that under standard household financial assumptions the economics of 

residential PV have become profitable in southern Finland. Nonetheless, Finland has a 

relatively low installed per capita capacity for solar PV of approximately 175 W/capita as 

of 2023 when compared to the Netherlands (1,150 W/capita), Germany (870 W/capita), 

and Belgium (780 W/capita), indicating considerable additional potential (IEA, 2023). 

1.4 Relevance of the Mikkeli Area 

The city of Mikkeli is the capital of the South Savo region located at 61.69°N; 27.27°E 

within the Finnish Lake District. Mikkeli has a population of around 54,000, and its 

housing profile consists primarily of single-family and semi-detached homes, where most 

of these homes use direct electric heat, which was historically the norm and is a financially 

justifiable method to heat homes in Finland; however, due to recent increases in spot prices, 

homeowners are now facing a significant financial risk from their electric heating systems. 

As of January 2023, Statistics Finland (2022) reports that approximately 38% of all single-

family houses in Finland rely on direct electric heat as their primary form of heating, which 

is especially prevalent in the South Savo and North Karelia regions.  

The average amount of electricity consumed each year by a single-family house heated by 

electricity is between 18,000 and 22,000 kWh versus 8,000 to 12,000 kWh per year for 

houses with other forms of heating (Statistics Finland, 2022). These levels of consumption 

are much higher than the average amount consumed residentially across Europe and are 

primarily attributed to the cold climate and widespread use of direct electric heating; as 

such, there is a larger potential for cost savings from solar self-generation; even if it is not 

feasible to meet all winter electricity demands with PVs. 
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Mikkeli's average annual Global Horizontal Irradiation (GHI) based upon PVGIS SARAH-

3 climate data for 2005 – 2020 was roughly 975 kWh/m² on a horizontal surface; the 

optimal south-facing tilted plane receives an estimated 1,080 kWh/m² per annum at 42° tilt 

(European Commission JRC 2023). Such values place Mikkeli amongst the lower tier of 

irradiance values in Europe but provide sufficient solar energy compared to those found in 

e.g., the United Kingdom (800 – 950 kWh/m²) or northern Norway, where commercially 

viable PV has been established (Graabak and Korpås 2016). No published studies have 

been conducted to ascertain the feasibility of installing residential PV systems for homes 

located within the Mikkeli area, although its characteristics represent average central 

Finland housing and energy use patterns. 

1.5 Research Gap 

The literature has a growing amount of information on personal solar power use in Nordic 

countries (Luthander et al., 2015; Widén et al. 2009) along with specific studies on 

Finland's ability to produce solar energy at both the country and regional levels (Bódis et 

al. 2019), yet, there is no common peer-reviewed study that contains an in-depth analysis 

of how economically feasible it would be for an average household, based on Mikkeli-area 

irradiance data, to install photovoltaic (PV) panels for producing and using their own 

electricity while including battery storage options and the ability to charge electric vehicles 

(EV) in a manner that is supportive of their own electricity use. Thus, the economic 

potential of providing EV charging from properties with PV panels, as a means of 

enhancing self-consumption, has not been evaluated in the Finnish context, even though 

there are currently over 100,000 fully electric passenger vehicles registered in Finland 

(Traficom, 2023) and providing an immediately applicable and strategically valuable 

research opportunity in relation to policy making. 

1.6 Research Objectives and Questions 

The primary objective is to evaluate the economic feasibility of residential solar PV self-

production in the Mikkeli area across a range of system configurations and electricity price 

scenarios, using PVGIS-based generation modelling, actual household consumption data, 

and Finnish market cost inputs. 
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Research Questions: 

1. Under current Finnish electricity market conditions, is residential PV investment 

economically feasible in the Mikkeli area, and which system size maximises 

household NPV across different consumption archetypes? 

2. To what extent does the addition of battery energy storage or EV smart charging 

improve self-consumption ratios and investment returns relative to PV-only 

configurations? 

3. To what extent is NPV, IRR and LCOE affected by variations in key model 

parameters such as electricity price trajectory; installed PV cost; discount rate; and 

solar irradiance – with what is the primary driver of investment uncertainty? 

The scope of this study is limited to on-grid single-family residential PV systems located 

in the Mikkeli area of Finland; therefore, other types of PV systems such as commercial 

properties, multi-family buildings or off-grid systems will not be included in this research. 

The corresponding analysis timeframe for this study has been set at 20 years, which 

corresponds to typical module warranty periods. Although it has been mentioned that V2G 

export from the grid may be possible in future scenarios, for this study, they are excluded 

from the primary financial modelling. 

1.7 Thesis Structure 

The thesis is structured as follows: 

• Chapter 2 presents a technically detailed literature review encompassing PV 

technology and Nordic performance, battery storage economics, EV integration 

strategies, investment evaluation methods, and the Finnish regulatory framework. 

• Chapter 3 describes the quantitative methodology, including PVGIS 

parameterization, energy balance dispatch logic, economic model structure, and the 

six-scenario analysis framework.  

• Chapter 4 presents results for all scenario-archetype combinations.  

• Chapter 5 discusses findings in relation to published literature and derives policy 

implications.  
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• Chapter 6 provides conclusions and identifies directions for future research. 

2  Literature Review 

2.1 Solar Photovoltaic Technology 

2.1.1 Cell Technologies and Efficiency Evolution 

The commercial PV market in 2023 is dominated by crystalline silicon (c-Si) technologies, 

which represent about 95% of total global module shipments, while 5% of total global 

module shipments are shared by cadmium telluride (CdTe) thin film and CIGS 

technologies (Fraunhofer ISE, 2023). Over the last ten years, there have been many 

developments in the c-Si segment as the industry transitioned from standard polycrystalline 

photovoltaic technology to newer, more efficient PV technologies with mono-PERC 

(Monocrystalline Passivated Emitter and Rear Cell) and more recently, tunnel oxide 

passivated contact (TOPCon) PV structures replacing traditional Al-BSF polycrystalline 

PV modules.  

According to Green et al. (2024) in their report to Progress in Photovoltaics regarding their 

biannual ranking of efficiency for solar technology types through laboratory testing, 

silicon-based HJT (heterojunction) is now confirmed at an industrial-rated efficiency of 

26.8%; mono-Si PERC products on average are ranging between 21% and 22.5%; TOPCon 

products are expected to have around 23%-24% average efficiencies when commercially 

available. All of the above translate into higher density of power being produced per unit 

area of residential roofing, which has a practical value in terms of how limited roof area 

can be for single-family homes throughout Finland — e.g. south-facing residential rooftops 

can only accommodate ~5-15kWp of installed solar power generation capacity due to the 

limited square footage of south-facing roofs within those houses being available for 

installation. 

Photovoltaic (PV) module power output often differs from nameplate rating (STC) due to 

irradiance intensity, spectral effects and cell temperature. The IEC 61853 standard multi-

dimensional performance characterisation framework captures how these three factors 

impact PV module performance by providing a method of determining PV module 
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performance under temperature and irradiance corrected conditions as depicted 

in  Equation 2.1. 

 

𝑃(𝐺, 𝑇𝑐) = 𝑃STC ⋅ (
𝐺

𝐺STC
) ⋅ [1 + 𝛾𝑃max

(𝑇𝑐 − 𝑇𝑆𝑇𝐶)] (2.1) 

Where, G = plane-of-array irradiance (W/m²), 𝐺STC = 1000 W/m2, 𝑇𝑐= cell temperature 

(°C), 𝑇STC = 25∘C, and 𝛾𝑃max
= maximum power temperature coefficient. 

Typical values of 𝛾Pmax
 are approximately –0.35%/°C for monocrystalline PERC modules 

and –0.26%/°C for HJT cells (Huld & Gracia Amillo, 2015). 

For Heterojunction Technology (HJT) cells, the lower temperature coefficient results in a 

significant increase in performance compared to PERC cells when operating in colder 

Nordic climates. HJT modules generate approximately 5.5% greater power than their 

Standard Test Conditions (STC) rating when installed in cold conditions at a cell 

temperature of 5°C (common during the Finnish spring and fall). On the other hand, PERC 

cells generate approximately 7.0% greater than STC rating. HJT's increased performance 

at cold temperatures offsets the lower annual irradiance of the Finnish climate versus 

Central European locations. 

The long-term energy production and financial viability of a renewable energy project will 

largely depend on module degradation over the project's life. In a meta-analysis of over 

2,000 photovoltaic (PV) systems with field data spanning more than 40 years, Jordan and 

Kurtz (2013) found that crystalline silicon (c-Si) PV modules have a median annual 

degradation rate of approximately 0.5% per year with a standard deviation of 0.6% per 

year. The tier one premium monocrystalline PV modules have warranties for linear power 

output guarantees for at least equal to 80% of nameplate power at the end of 20 years of 

service (or an implied degradation rate not to exceed approximately 0.8% per year). 

Therefore, for economic modelling purposes, if the c-Si PV modules degrade at a rate of 

0.5% per year, then they will have an output at year 25 of approximately 88.3% of initial 

output, which represents an assumption that could materially affect the outcome of long-

term economic performance models. 
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2.1.2 System Components and Inverter Technology 

There are three main types of inverters used for residential PV systems today: string 

inverters, module-level power electronics (MLPE) — including microinverters and DC 

power optimizers — and hybrid or storage-ready inverters that have battery management 

capabilities. String inverters for residential systems with sizes between 3 kW and 12 kW 

have weighted European efficiency (ηEU) levels of 96.5% to 98.0%, with leading string 

inverter products from companies like SMA and Fronius having efficiencies close to 98% 

(Fraunhofer ISE 2023). Comparatively, MLPE solutions provide greater energy production 

advantages in cases of partial shading, but with a cost increase of about 15% to 25% 

compared to equivalent string inverter systems, making them the preferred product in 

situations where roof shapes are complicated or shaded by objects such as chimneys or 

dormers — both of which are common in Finnish homes. Hybrid inverters combine battery 

management capability with the conversion of the direct current generated by the PV array, 

making them increasingly favored for new installations when it is expected that a battery 

storage system will also be installed, since there are no conversion losses resulting from 

retrofitting an AC-coupled battery installation. 

Mounting structures, AC & DC cabling, generation meters, and grid protection are 

commonly termed as the balance of system (BoS) - they usually account for 20-30% of the 

total installed cost of residential PV systems in Finland (Motiva, 2023). Installing systems 

that comply with Finnish building code requirements, such as SFS-EN 50549-1 (low 

voltage microgeneration) and type certification anti-islanding protection; will incur 

additional marginal cost but improve the likelihood of all grid connected installations 

complying with the requirements for interconnecting to the grid. 

2.1.3 PV Performance in Nordic Conditions 

At high latitudes, the performance of PV systems has some features that separate them 

from those in the context of mostly Central and Southern Europe that have been studied 

already. Graabak and Korpås (2016) mention that their analysis of 30 years of reanalysis-

based solar/wind data across Europe shows that the southern PV systems annual capacity 

factors drop from ~14–15% at 50°N to about 10–11% at 60°N and 8–9% at 65°N. They 

also noted that the difference between inter-annual variability of solar generation and wind 

generation at Nordic latitudes is significantly less than that found in Central/Southern 
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Europe which means that household financial planning could potentially benefit from the 

greater level of predictability associated with this type of power generation. Furthermore, 

Pfenninger and Staffell (2016) have also provided data for 30 years of MERRA-2 

reanalysis data versus measured irradiance gathered through pyranometer networks 

throughout Europe producing a very close approximation of PV generation from optimal 

south-facing systems tilted at 62°N — near Mikkeli — giving annual PV output of about 

850-950 kWh/kWp with inter-annual variability estimated at ±5-8%. 

According to Lindahl et al. (2017), a significant source of energy loss for PV installations 

in Nordic countries is the accumulation of snow on module surfaces. Annual losses can 

vary based on module tilt angle; for example, at tilt angles of 15-30 degrees, the losses 

generally range from 2-8 percent, while at tilt angles over 40 degrees, the losses drop to 1-

3 percent because the snow tends to slip off the modules. Because there is usually enough 

rainfall in Finland to clean the modules regularly, the amount of soiling loss from dust or 

dirt accumulation is minimal (estimated at 0.5-1.5 percent per year) (European 

Commission JRC 2023). In addition, shading losses at each site will ultimately depend on 

the geometry of the site, and therefore, will be evaluated separately in the PVGIS using the 

horizon profile tool. 

According to a study done by Widén et al. in 2009, which served as a solid foundation for 

the Nordic region, they examined whether distributed PV systems (photovoltaic solar 

energy systems across the Nordic Region) can supply energy to homes located further north 

through an analysis of actual measured data from Sweden at higher latitude locations. Their 

analysis concluded that because for most residential customers the demand is greatest 

during the October to March period (due to heating of homes) and generation from PV 

systems is most efficient during the May to August period, the potential self-consumption 

ratio (or self-provisioning/producing villagers with enough clean electricity for up to 35% 

of their total production needs) would be approximately 20 to 35% for PV systems that 

provided full self-production capability when the systems were oversized. This research 

provides the maximum possible self-production ratio for PV systems in Mikkeli, Finland 

and motivates the interest in evaluating battery storage systems to enhance self-

consumption opportunities in Mikkeli, Finland, as well as in other Nordic regions. 
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2.2 Battery Energy Storage Systems 

2.2.1 Lithium-Ion Chemistry and Performance Characteristics 

Lithium-ion batteries have many different types of cell chemistries that vary in 

performance and cost. For battery energy storage systems (BESS) used for residential 

renewable energy, lithium iron phosphate (LiFePO₄, LFP) batteries are the preferred type 

for several reasons. They offer a high level of thermal safety: thermal runaway does not 

occur below 270 °C, compared with 150–180 °C for nickel manganese cobalt oxide (NMC) 

batteries. They can last between 4,000 and 6,000 cycles. Their calendar life depends 

strongly on storage temperature and state of charge, with lower values of both slowing 

degradation (Naumann et al. 2018). Commercial cells have been shown to retain usable 

capacity for well over a decade at room temperature (Lam et al. 2025), and under typical 

residential conditions — infrequent cycling and moderate indoor temperatures — calendar 

aging is the dominant ageing mechanism. Service lifetimes on the order of 20 years are 

now targeted for stationary storage (Yang et al. 2025). By comparison, NMC cells have 

higher volumetric energy density (250–350 Wh/L versus 170–210 Wh/L for LFP), which 

is advantageous where space is limited; however, they last only 2,000 to 3,500 cycles and 

require a higher level of safety than LFP.  

In Finland, space is not usually a major limiting factor for BESS, so LFP is more reliable 

for energy from photovoltaic (PV) self-consumption than any other battery chemistry. This 

is also reflected by the current product lines of the largest BESS manufacturers — namely, 

Tesla (Powerwall), SolarEdge Company and Ensto Scancool’s Finnish distribution — all 

of which switched from using NMC to using LFP for their products between 2021 and 

2023. Battery deterioration is a primary source of uncertainty when predicting the long-

term performance of the economy. Although two interrelated types of degradation cause 

lithium-ion batteries to lose capacity as they age, both types are affected by the same 

mechanisms. Cycle aging is the result of lithium plating, solid electrolyte interface (SEI) 

growth, and mechanical stress resulting from the volume change that occurs during 

charging and discharging, while calendar aging is the result of thermally activated 

decomposition of the electrolyte while in storage and SEI growth during storage. 

Commercial residential LFP cells are typically rated for around 6,000 full charge–

discharge cycles at up to 80% depth of discharge (DoD) before reaching their end-of-life 
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threshold of roughly 20% capacity loss (Jasper et al., 2022). In Finnish conditions, 

however, the limiting factor is calendar ageing rather than cycle count: the pronounced 

seasonal mismatch in solar availability means residential batteries receive little PV charge 

over winter and are therefore cycled far less than once per day (Puranen et al., 2021; 

Hyvönen et al., 2022). Since calendar ageing is governed mainly by storage temperature 

and state of charge — both favourable under Finland's cool climate and moderate indoor 

installation temperatures (Naumann et al., 2018; Lam et al., 2025) — service lifetimes on 

the order of 20 years are realistic, consistent with the >20-year design lifetime now targeted 

for stationary storage (Yang et al., 2025). Schmidt et al. (2017) used experience-curve 

analysis of global cost data to show that energy-storage capital costs fall systematically as 

cumulative installed capacity grows, projecting a long-run trajectory toward roughly 

US$340 ± 60/kWh for installed stationary systems. This downward trend has continued 

through the 2020s, with residential battery-storage prices in Europe falling by close to half 

between 2023 and 2025.  

2.2.2 Self-Consumption Enhancement and Optimal Sizing 

Plenty of research has looked at the quantitative links between PV System size and battery 

capacity to the self-consumption ratio (SCR) of systems (self-consumption primarily refers 

to households) in Europe. Luthander et al., (2015) reviewed 40 studies on self-consumption 

of PV systems within European countries; they determined the average SCR of households 

with a PV system (with an expected annual output of approximately 100% of their annual 

consumption) will generally be between 25 and 45% (as determined by the system's load 

profile and size of its associated PV array) without the inclusion of a battery system and 

between 55 and 75% with a well-sized battery storage system. In addition, their meta-

analysis revealed there is a diminishing return relationship between the size of the storage 

battery system and the SCR improvement (i.e., with reference to the increase in SCR per 

increase in size of storage); that is, the SCR improvements become less significant after 

about 0.5-1.0 kWh of storage per kWp of Installed PV Capacity and that the limitations of 

SCR improvement transition from limited storage capacity to the mismatch between 

seasonal PV generation and winter demand. 

According to a research conducted by Salpakari and Lund at Aalto University (2016), they 

studied the energy systems of residential buildings in Finland and used both rule based and 
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optimal control strategies to model PV-battery systems in Finnish residential buildings 

with differing heating systems. Their findings indicate that an electrically heated single 

family home located in southern Finland with a 10 kWp PV and 7 kWh battery can achieve 

a self-sufficiency ratio of 38% (compared to 25% for PV alone); they also determined that 

the financial benefit from the storage solution is highly dependent on the difference 

between peak/off peak electricity rates. A key conclusion from this Finnish study is the 

need for models to use geographically and tariff specific modelling assumptions rather than 

standard or average European parameters. 

The self-consumption ratio and self-sufficiency ratio are formally defined as: 

SCR =
𝐸self

𝐸PV
 

SSR =
𝐸self

𝐸load
 

Where, 𝐸self = PV energy consumed on-site (kWh), 𝐸PV = total PV generation (kWh) and 

𝐸load = total household electricity consumption (kWh). All values are considered over an 

annual period. These metrics are related through the PV penetration ratio: 
𝐸PV

𝐸load
. 

For a system that produces the same amount of electricity annually as the household uses, 

there is a point at which the SCR and SSR will be equal; therefore, under Finnish conditions 

in which summer PV surplus greatly exceeds household demand for summer electricity, 

the penetration of PV in a correctly sized system will be over 1 during June through August, 

meaning a large amount of PV will be exported to the grid, even with battery backup, and 

less than 0.1 in December through February when there is little solar generation. 

2.2.3 Economic Assessment: Current State and Trajectory 

Residential battery storage systems have suffered many hardships in most of the European 

countries today. Parra and Patel (2016) used a multi-objective optimization framework to 

evaluate the performance of UK residential PV-battery systems under ToU tariffs. They 

found that NPV for battery systems could reach positive levels only when the retail-to-

export price ratio is much higher than 3.5; however, the amount of time that households 

had available to shift consumption and take advantage of stored PV energy would also be 

a factor. When evaluating application towards flat-rate tariff structures, which have a lower 
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ratio than in Finland, Parra and Patel established that the cost of battery systems for NPV 

in 2016 was consistently negative. Combining 2016 cost trajectories from Schmidt et al. 

(2017), one can project that, by approximately 2026-2029 (depending on the rate of price 

decline and inflation of electricity rates), residential LFP batteries will become 

economically viable at competitive levels, given the current level of electricity pricing in 

Finland. This indicates that this thesis will be both relevant to future events and provide 

support for my current statement regarding economic viability of battery storage systems. 

2.3 Electric Vehicles in Residential Energy Systems 

2.3.1 EV Adoption and Charging Demand in Finland 

The growth of Finland's electric vehicle market has been significant over the last decade. 

In December, 2023, there were 109,000 fully electric vehicles on the road; up from 31,000 

at the end of 2020. This expansion is gaining speed due to a rapid increase in the number 

of models available from manufacturers, a better charging infrastructure, and the total cost 

of ownership for BEVs being competitive with fuel and electric prices in Finland 

(Traficom, 2023). The most common mode of residential charging in Finland and other 

Nordic countries is Level 2 AC at a rate of 7.4 kW (32A, single-phase) or 11 kW (16A, 

three-phase) with the majority of households in Finland being equipped with a 25A three-

phase service which provides adequate power for home charging without requiring 

upgrades to the grid. A typical example of an EV found in Finland's passenger vehicle 

market is the Tesla Model Y, Volkswagen ID.4 or Kia EV6 with an approximate battery 

size of 75 kWh. Given the average daily distance driven by Finnish residents of 45 - 55 km 

(Statistics Finland, 2022; Traficom, 2023), these types of EVs will require approximately 

10 – 15 kWh of energy daily for charging adding a significant but time-of-use variable load 

to household electricity demand. 

2.3.2 Smart Charging and PV Self-Consumption 

The potential for EV Smart Charging, which involves scheduling EV charging to coincide 

with times of maximum PV Solar generation, to improve a self-consumption ratio for 

residential users has been investigated by Munkhammar, Grahn and Widen (2013) based 

on Swedish Residential Load and Mobility Data. They found that the self-consumption 

ratio of a 4-kWp PV system improved from 30% to 51% when EV charging was shifted 
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away from a nighttime default to a daytime period of maximum PV generation. The 

improvement in self-consumption ratio was found to be heavily dependent on how long 

the vehicle is available at home during the PV generation time. Finnish suburban 

households often do not have a vehicle at home during work hours (08:00 - 17:00), so the 

only time there may be an overlap of the hours of maximum midday PV generation and the 

ability of the vehicle to be charged at home will be for the period of occupancy at home 

and/or weekends or retirees, making it a significant constraint of this dissertation's 

methodology, incorporating driving pattern assumptions based on Statistics Finland 

mobility survey data. 

In 2013 Yilmaz and Krein conducted a review of the information and standards around EV 

charging infrastructure standards and protocols. They established the technical 

requirements necessary for communication enabled smart charging by referencing two 

main standards which are the IEC 61851-1 standard which governs AC charging, and the 

ISO 15118 standard which defines the vehicle-to-grid communication protocol (PLC) to 

allow both smart charging and bi-directional V2H/V2G operation. However, only a few 

EV models currently sold in Finland as of 2023 support bi-directional EV charging (often 

referred to as "smart" charging); most of the EVs produced to date support smart EV 

charging but not bi-directional EV charging capabilities. The overwhelming majority of 

EV models currently sold do support the ISO 15118 standard (Smart Charge) that has just 

been released for smart EV charging, and there are currently Honda models with built-in 

CHAdeMO technology that will be used for bi-directional charging to demonstrate bi-

directional V2H residential charging in some of the Finnish pilot programs. 

2.3.3 Vehicle-to-Home and Vehicle-to-Grid 

Kempton and Tomić formalized the concept of utilizing EV batteries for bidirectional 

residential energy storage in 2005 by quantifying how much a collective of EV fleets 

participating in frequency regulation and spinning reserve markets could generate from 

grid services and net revenues. Lund and Kempton (2008) took this analysis further by 

integrating transportation with electricity using energy systems modelling to show how 

deploying V2G infrastructure at scale could allow for maximum wind penetrations of 

50%+ in Denmark without needing to curtail any of these sources. This finding is directly 
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relevant to Finland's goal of achieving high wind penetration levels as part of their 2035 

carbon neutral objective.  

Recently, Noel et al. (2019) documented the technological, economic, and regulatory 

challenges present in Nordic countries relating to the commercialisation of V2G 

technologies. Their research identified three primary barriers to the near-term 

implementation of such technologies: 1) the absence of standardised grid communication 

protocols; 2) the absence of warranties from automakers for bidirectional battery cycling; 

and 3) regulatory barriers that limit prosumers’ participation in balancing capacity markets. 

For Finnish homeowners investing in PVs, V2H is an attractive possibility for future 

development as it provides materials to double storage capacity for their homes by using 

electric vehicle batteries (typical battery size is 60-100kWh) which are much larger than a 

typical residential battery storage system size (10-15kWh). However, implementing V2H 

will increase the rate of degradation on both the residential and electric vehicle batteries 

over time. Additionally, without supportive regulatory/commercial frameworks to support 

V2H in 2024, it may not be feasible to implement this type of system in Finland. 

2.4 Economic Evaluation Methods 

2.4.1 Net Present Value 

In energy engineering, the time value of money is the basic concept for evaluating capital 

investments as defined in Brealey et al., 2020. The net present value (NPV) of a residential 

PV investment can be determined by Equation 2.2. 

𝑁𝑃𝑉 = −𝐶0 + ∑ (
𝐶𝐹𝑡

(1 + 𝑟)𝑡
)

𝑛

𝑡=1

 (2.2) 

Where, 𝑁𝑃𝑉 = net present value (€), 𝐶0 = initial investment cost (€), 𝐶𝐹𝑡 = cash flow 

during year 𝑡(€), 𝑟 = discount rate, 𝑡 = year of analysis and 𝑛 = project lifetime (years). 

Residential property investors in Finland have substantial tax benefits through the 

kotitalousvähennys (or household tax deduction) which allows investors to take home 40% 

of the eligible labor cost for installation of their property with a deductible of €150, and a 

limit of €2,250 per year per person (Government of Finland, 2023). Therefore, after the 

application of taxes to the typical 10 kWp System with an installation cost of between 
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€12,000 - €14,000 the total invested amount will be approximately reduced by the effective 

tax benefits of between €1,500 and €2,000 or a decrease in total invested costs between 

12% and 15%. 

Selecting the discount rate (r) is an important modelling assumption. For many households 

financing PV via extending their mortgage, typical of Finland, the appropriate discount 

rate will be the current mortgage margin plus Euribor. The current nominal borrowing rate 

in 2023 is around 5%-6%. For self-funded investments in PV systems, the opportunity cost 

of capital is the correct standard, and can be approximated based on the expected real return 

from risk-free savings products, which in 2023 should be around 3-4%. This research uses 

a base case nominal discount rate of 4%, consistent with Vartiainen et al. (2020), who 

suggested a WACC of 4%-5% would be an appropriate range for residential PV investment 

projects in high income European countries. 

2.4.2 Internal Rate of Return 

The internal rate of return (IRR) is the unique discount rate satisfying Equation 2.3. 

0 = −𝐶0 + ∑ (
𝐶𝐹𝑡

(1 + 𝐼𝑅𝑅)𝑡
)

𝑛

𝑡=1

(2.3) 

Where, 𝐶0 = initial investment cost (€), 𝐶𝐹𝑡 = cash flow during year 𝑡(€), 𝐼𝑅𝑅 = internal 

rate of return, 𝑡 = year of analysis, 𝑛 = project lifetime (years). 

the 0 on the left side means that the Net Present Value (NPV) is equal to zero. The Internal 

Rate of Return (IRR) is defined as the discount rate at which the total present value of 

future cash flows becomes exactly equal to the initial investment cost. 

In other words: 

• if 𝑁𝑃𝑉 > 0, the investment is profitable  

• if 𝑁𝑃𝑉 < 0, the investment is not profitable  

• if 𝑁𝑃𝑉 = 0, the discount rate used is the IRR  

When dealing with conventional cash flow streams (i.e., large initial investment followed 

by several positive yearly cash flows) a distinct IRR solution can be acquired through the 
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numerical root-finding approach with a provided IRR value. The investment decision 

criterion indicates if the rate of return is greater than the investor's desired return (i.e., IRR 

> r). An IRR typically provides a quantifiable reference point for homeowners evaluating 

their possible return on a residential PV investment relative to other savings vehicles. The 

published estimates will report pre-tax IRR estimates of residential PV installations located 

in southern Finland in 2023 and between 5%-12% with a range of IIH for system size, 

electricity price projection, and percentage of self-consumption of energy used compared 

to the amount of energy purchased from the electric utility (Motiva 2023; Energiavirasto 

2023). 

2.4.3 Levelized Cost of Electricity 

The LCOE expresses the unit cost of self-generated electricity over the project lifetime, 

enabling direct comparison against the retail electricity price: 

𝐿𝐶𝑂𝐸 =

𝐶0 + ∑ (
𝑂𝑡

(1 + 𝑟)𝑡)
𝑛

𝑡=1

∑ (
𝐸𝑡

(1 + 𝑟)𝑡)
𝑛

𝑡=1

 (2.4) 

Where, 𝐿𝐶𝑂𝐸 = levelized cost of electricity (€/kWh), 𝐶0 = initial investment cost (€), 𝑂𝑡 = 

annual operating cost during year 𝑡(€), 𝐸𝑡 = annual energy generation during year 𝑡(kWh), 

𝑟 = discount rate, 𝑡 = year of analysis and 𝑛 = project lifetime (years). 

The annual energy generation decreases over time according to the photovoltaic system 

degradation rate: 

                        𝐸𝑡 = 𝐸1 ⋅ (1 − 𝛿)𝑡−1                              (2.5) 

Where, 𝐸𝑡 = annual energy generation during year 𝑡(kWh), 𝐸1 = annual energy generation 

during the first year (kWh), 𝛿 = annual degradation rate, and 𝑡 = year of analysis. The 

degradation rate accounts for the gradual reduction in photovoltaic module performance 

over the operational lifetime of the system. 

According to a comprehensive review conducted by Branker et al. (2011), LCOE estimates 

for residential PV systems are particularly sensitive to the discount rate and system 

lifespan; a ±1% change in the discount rate results in roughly a 10-15% change in the 

estimated LCOE values. Branker et al.(2011) argue that when comparing the LCOE of PV 
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to traditional generation technologies, it is important to consider both supply costs and 

fixed costs (e.g., taxes/utility distribution), rather than just comparing the variable (supply) 

component of electricity sold to end-users. Using the assumptions of PVGIS specific 

energy yield of approximately 890kWh/kWp/yr; installation costs of 1,200€/kWp; O&M 

costs of 12€/kWp; a 0.5% annual degradation rate; and a discount rate of 4% for 20 years,  

At the European level, Vartiainen et al. (2020) model utility-scale PV LCOE for six 

locations and report that Helsinki, the Finnish location in their sample, has an LCOE of 

approximately 42 €/MWh (4.2 c/kWh) in 2019 at 7% nominal WACC, falling to about 24 

€/MWh (2.4 c/kWh) by 2030, with WACC identified as the single most influential 

parameter. Because residential systems carry higher specific costs than utility-scale plants, 

Finnish residential LCOE is materially higher than these figures. The residential segment 

is addressed directly by Vartiainen et al. (2024), whose European prosumer analysis finds 

Finland to be the marginal case: residential PV LCOE only matches the average value of 

self-generated electricity at a low (~4%) nominal WACC, and the payback for Helsinki 

(about 12 years) is substantially longer than for the southern European locations, which are 

clearly profitable. Applying the present study's own cost assumptions (≈890 kWh/kWp 

yield, €1,200/kWp installed cost, €12/kWp O&M, 0.5% annual degradation, 4% discount 

over 20 years) gives an indicative residential LCOE of approximately 11.7 c/kWh — below 

the Finnish retail variable tariff component reported in Table 3.3 — confirming a 

generation-cost advantage in unit terms, even though, as Section 4 shows, the full 

investment case at the higher real installed cost (~€2,500/kWp) and measured yield (~780 

kWh/kWp) in Mikkeli remains marginal.  

2.4.4 Payback Period 

The simple payback period (SPP), widely used in residential investment analysis due to its 

intuitive interpretation, is given by Equation 2.6: 

SPP =
𝐶0

𝐶𝐹avg
 (2.6) 

Where, SPP = simple payback period (years), 𝐶0 = initial investment cost (€) and 𝐶𝐹avg = 

average annual net cash flow (€). 
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The discounted payback period (DPP) accounts for the time value of money by identifying 

the year 𝑇 in which the cumulative discounted cash flows become equal to or greater than 

the initial investment cost: 

∑ (
𝐶𝐹𝑡

(1 + 𝑟)𝑡
)

𝑇

𝑡=1

≥ 𝐶0  

Where, 𝐶𝐹𝑡 = net cash flow during year 𝑡(€), 𝑟 = discount rate, 𝑇 = discounted payback 

year and 𝐶0 = initial investment cost (€). 

The discounted payback period provides a more realistic assessment of investment 

recovery because it incorporates the decreasing present value of future cash flows over 

time. 

According to both the Energiavirasto (2023) and Motiva (2023), simple payback times for 

residential PV systems in Finland are between 8 and 14 years on average under current 

market conditions; adding 2-4 additional years if you include a discount rate will make the 

total payback periods of the residential PV systems over 20 years, including those of 

discounted returns, last 11-17 years longer than a discounted payback period alone. The 

longer you have after that time frame, the more positive financial return you would have; 

however, these examples are sensitive to both changes in future electricity prices and 

change in the PV system's performance over its life. 

2.4.5 Sensitivity and Scenario Analysis 

Sensitivity analysis quantifies the marginal impact of individual parameter uncertainties 

on the NPV outcome. The elasticity of NPV with respect to parameter i is: 

𝜀𝑖 =
𝛥𝑁𝑃𝑉/𝑁𝑃𝑉

𝛥𝑥𝑖/𝑥𝑖
 (2.7) 

Where, in Equation 2.6, 𝜀𝑖 = elasticity coefficient of parameter 𝑖, Δ𝑁𝑃𝑉 = change in net 

present value (€), 𝑁𝑃𝑉 = baseline net present value (€), Δ𝑥𝑖 = change in parameter 𝑥𝑖 and 

𝑥𝑖 = baseline value of parameter 𝑖. 

At the highest levels of sensitivity input parameters that report a value, |ε| > 1, shall be 

given preferential consideration when communicating uncertainty of input data. Branker 
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et al., (2011) indicated that the electric price trajectory should be considered the single 

most important parameter when determining net present value (NPV) for the residential 

photovoltaic (PV) installation, and that typical elasticities for the electric price trajectory 

are between 2 and 4; threshold elasticities for installed costs and specific yield are typically 

between 0.5 and 1.5 and 0.3 and 1.0, respectively. These findings support the development 

of the multi-scenario modelling approach established in this thesis, whereby the uncertainty 

surrounding electric price is explicitly bracketed through modelling low, base and high 

price trajectories. 

2.5 Finnish Electricity Market and Policy Framework 

2.5.1 Retail Pricing Structure in Detail 

The pricing components related to the supply of electricity for Finnish households can be 

broken down into four categories: The first one is the price charged by the electricity 

supplier (which may include both a fixed and a variable component), and this would be 

found on the electricity supplier bills. The second component is a tariff for the distribution 

of electricity through the network (which may also include both a fixed and a variable 

component) and will show up on local Distribution System Operator (DSO) invoices. The 

third is the Electricity Tax which is charged at 2.24 c/kWh (based on the actual 

consumption by a user) (this tax is classified as Tax Class I); finally, you will also see 24% 

VAT added to the total amount billed.  

Based on this information and in relation to the data collected for South Savo in 2023, a 

10,000 kWh per year household on a spot price contract would incur an electricity bill 

comprised approximately of: supply ~€900 (which would consist of an average of 7.5 

c/kWh as per Nord Pool data plus an average of 1.5 c/kWh in retailer margin) plus €650 

for distribution (which consists of a €25 fixed charge plus 4.5 c/kWh for actual use of the 

system), plus €224 for the electricity tax, plus €426 for VAT, resulting in an overall bill of 

approximately €2,200 or a blended average tariff of 22 c/kWh (Statistics Finland, 2023; 

Energiavirasto, 2023). In this situation, when evaluating the economic model of 

photovoltaic systems, the self-consumed electrical energy will generate savings based upon 

the variable portion of the electricity supplier's tariff, the variable portion of the distribution 

system operator's tariff, and the applicable tax for electricity consumed which, for 2023 
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would be expected to be in the range of between 16-18 c/kWh, and be calculated by 

excluding fixed capacity charges associated with the distribution system operator's tariff. 

2.5.2 Net Billing Mechanism and Feed-in Compensation 

Small-scale prosumers with system capacity below 50 kVA and annual generation below 

800 MWh are not required to obtain an electricity seller licence under the Finnish net 

billing framework created pursuant to the Electricity Market Act (Sähkömarkkinalaki 

588/2013, as amended). Instead, they may sell their surplus electricity to their own retailer 

under an agreed purchase price. In practise, retailer feed-in compensation rates are set close 

to Nord Pool Elspot day-ahead prices in the Finnish bidding zone with a small 

administrative margin (typically around 5-8 cents/kWh) deducted from the compensation. 

In 2023, these rates are significantly lower than retail rates (15-25 cents/kWh, according 

to Energiavirasto). As such, maximising on-site electricity consumption provides very 

strong financial incentives compared to exporting any additional electricity to the grid, as 

it is worth approximately three times as much on a €/kWh basis to consume a kWh of 

electricity at your premise(s) than to export it to the grid. This disparity between the 

economic value of on-site consumption and that of exported electricity is a crucial driver 

of the self-consumption optimisation logic incorporated in the Energy Balance Model of 

this thesis. 

2.5.3 Solar Policy, Market Growth, and the Finnish NECP 

The Finnish government presented its NECP to the EU in June 2023, aiming for fully 

renewable electricity output by 2035 with a target of cutting GHG emissions (greenhouse 

gases) by at least 60% compared to 1990 levels by 2030 (Ministry of Economic Affairs 

and Employment 2022). By 2030, solar energy is projected to become one of the largest 

technologies via renewable energy, with deployments estimated to reach between 4 GW 

and 6 GW; this is an increase of approximately six times from the level of about 960 MW 

of installed capacity at the end of 2023.  

The primary government policy instrument supporting residential (PV) solar in Finland is 

a household tax deduction that exists for the labour cost of installing PV systems (referred 

to as kotitalousvähennys). This household tax deduction decreases the total cost of systems 

installed by between €1,500 and €2,250 for all systems. The household tax deduction has 
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been available since 2001 and will continue to be available for the remainder of the period. 

In 2020, ARA ended consolidating direct capital subsidies for PV systems and no feed-in 

tariffs or feed-in premiums were being provided (for residential installations) from the end 

of the small-scale generation premium program on December 31, 2019. 

Finland’s theoretical technical rooftop PV potential (in terms of TWh /year) according to 

the study (Bódis et al., 2019) was estimated to be 31.8 TWh/year based on an optimal 

system configuration, which represents nearly 65% of Finland’s total amount of electricity 

consumed by 2022 (79.2 TWh, (Statistics Finland, 2023). This large amount of seasonal 

constrained resources is important in that it provides context for the NECP's ambitious 

capacity growth targets. In their report, IEA (2023) advises that in order to achieve this 

target by 2030, there will need to be an increase of between 4x-6x in the amount of per 

capita installed solar PV capacity in Finland; this implies that in addition to utility-scale 

and commercial ground-mounted systems, residential rooftop installations will be critical 

to achieving this target with significant growth required throughout the coming decade. 

2.5.4 Research Gap Synthesis 

A complete body of literature has been reviewed to provide relevant technical and 

economic results for this research project. It is observed that PV technology is mature from 

a technical perspective, and that PV technology can be commercially viable in Finland 

compared to retail electricity prices (LCOE). Additionally, while battery storage provides 

additional self-consumption for householders, at this time battery storage options are still 

marginally economically viable in Finland due to the relatively high cost of batteries in 

Finland.  

Future predicted cost reductions of batteries may change this result in the period of analysis 

of this research project. Smartly charging EVs during the day provides households with an 

affordable way of enhancing self-consumption by consumers who have access to an EV 

during the day. Studies of generating matching generation and load seasonal patterns for 

the Nordic region indicate that the constraints placed on self-sufficiency ratios by the 

geographic location of solar energy installations in Finland are fundamental and that with 

respect to these constraints, the size of PV systems and battery storage size need to be 

designed with consideration of the above constraints. 
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The specific gap this thesis addresses is the absence of a published, household-level 

economic feasibility analysis for residential PV in the Mikkeli area, integrating PVGIS-

calibrated generation modelling, actual household consumption profiles, Finnish electricity 

tariff structures, and a systematic comparison of PV-only, PV-battery, and PV-EV 

configurations across multiple electricity price scenarios. Salpakari and Lund (2016) 

provide the basis for Finnish buildings, Luthander et al. (2015) provide the basis for self-

consumption in Europe, and Pfenninger and Staffell (2016) provide the basis for Nordic 

solar radiation; these three studies provide the foundation for this case study in terms of 

the methodology and empirical data. 
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3 Research Methodology 

3.1 Research Design 

A quantitative, empirical case study approach is adopted, using data from smart meters, 

measured inverter logs, and current market price of electricity in a multi-module simulation 

and economic analysis. The research design is distributed across five performed in a 

sequence of modules that are interconnected within a single framework: (1) analysis of 

load profiles on a site level (2), modelling a snow-corrected solar yield, (3) simulating 

smart EV charging, (4), creating a digital twin of a LiFePO₄ battery energy storage system 

(BESS), and (5), analysing the 20-year discounted cash flow viability of the above system 

of assumptions as a whole. The case-design is applicable/appropriate to develop location-

specific decisions relevant to Finnish residential prosumers in the Mikkeli region (61.7°N, 

South Savo) geographic area, where previously there have been no empirical available 

studies related to this area in the literature. 

This thesis has a key methodological aspect; it rejects synthetic load profiles and theoretical 

models of irradiance only. All primary inputs — hourly household electricity consumption, 

solar inverter production logs, Nord Pool FI spot prices, and EV charging volumes — are 

measured in the actual world. Where modelling is unavoidable (notably in the BESS digital 

twin and Site 2 and Site 3 solar scenarios), explicit designations of data quality are given 

– Measured, Estimated, Mixed, or Hypothetical – and communicated throughout this 

analysis. This level of transparency is very important because of the large variations in the 

availability of data which exists across the three study sites. 

The analysis covers three real Finnish households in Mikkeli, designated Site 1 (primary, 

full instrumentation), Site 2 (partial, consumption only), and Site 3 (trend analysis, three-

year consumption record). The primary analysis year is 2025, with 2024 solar inverter data 

serving as a production proxy for Site 1 where no 2025 inverter record was yet available. 

The combined dataset encompasses 26,277 hourly records and constitutes, to the author's 

knowledge, the first empirical multi-year prosumer dataset for the Mikkeli municipality 

published in an academic context. The flowchart detailing the research design is given in 

Figure 3.1. 
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Figure 3.1. Flowchart depiction of research methodology 
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3.2 Study Sites — Physical Description and Instrumentation 

3.2.1 Site 1 — Primary Site (Full Instrumentation) 

Site 1 is a detached single-family house of approximately 180 m² floor area in Mikkeli, 

operated by a household with an air-to-water heat pump (AWHP) as the primary heating 

system and a Polestar 2 battery electric vehicle charged via an 11 kW AC Defa wallbox. 

The installed solar PV system has a nameplate capacity of 4.15 kWp; production data were 

obtained from the Lumme Energia Pilvessä cloud-based inverter monitoring platform, 

providing daily generation totals for 352 days of calendar year 2024 (13 days missing). 

Electricity consumption in 2025 is expected to be 8,635 kWh, with almost 1,564 kWh 

(18.1%) of that from charging the Polestar 2 EV charging, with records kept manually by 

vehicle owners for the month of March through December of 2025. The Järvi-Suomen 

Energia automatic meter reading (AMR) system provided hourly grid import data (8,759 

data points) for all or part of 2025 and was obtained from the Fingrid Datahub (Fingrid 

2026). All of Site 1's energy data are considered to have been measured with accurate data 

quality for all of the site's primary energy flows. 

Site 1 has a physical limit, which is the Finnish standard three-phase grid connection with 

25 A fuses supplied per phase (Phase-A, Phase-B, Phase-C). Therefore, there is a 

maximum instantaneous power they can use, determined by the equation: 

Pmax = √3 × 400 V × 25 A ≈ 17.3 kW 

In addition, this limitation dictates the maximum amount of power sent from the battery 

energy storage system (BESS) to meet the peak-shaving charge dispatch trigger and the 

maximum power available for charging PHEVs via the simulation modules. 

3.2.2 Site 2 — Partial Instrumentation (Consumption Only) 

The second site consisted of 120 m² homes, set up to accommodate an east/west (or split) 

installation of a photovoltaic array at 4.5 kWp. However, there are no inverter monitoring 

and no solar production data; no battery or EV system was identified. An hourly 

consumption dataset (8,759 records) for the 2025 period was obtained from the JSE AMR 

system; a confirmed total load of 5,169 kWh/year using Vattenfall billed monthly totals 

(meter = 5,169 kWh; Vattenfall = 5,169 kWh); thus confirming that the metering system 
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is consistent with other sources of data. All solar yield estimates and economic outputs for 

this site are estimated data quality indicator, based on the data being modeled as opposed 

to being measured, and the uncertainty is well known to be ± 20-30%. 

3.2.3 Site 3 — Three-Year Trend Analysis (Hypothetical PV) 

Site 3 is a free-standing home that utilizes a geothermal (ground-source) heat pump for 

heating. The home also has a Škoda Enyaq 85x battery electric vehicle, set to debut in 

2024. The home does not have any solar energy systems installed, but for the purpose of 

this report all of the photovoltaic scenarios are purely hypothetical, and assume a 4.0 

kilowatt peak (kWp) south-facing solar installation which was sized conservatively for a 

geothermal home that may have some restrictions on available roof space. There are three 

complete years of average hourly interval AMR data from JSE, which covers the years 

2023 (13,900.63 kWh), 2024 (16,147.57 kWh), and 2025 (19,057.26 kWh) provide a 

unique multi-year load trend reflecting the impact of the introduction of EV adoption in 

general, and specifically the increase of 2,247 kWh (16.2%) from 2023 to 2024 by virtue 

of the new vehicle; therefore the electric vehicle proxy load estimate at that time would be 

approximately 2,425.7 kWh (±30%). In addition, because all of the solar energy and 

economic outputs for Site 3 are based on Hypothetical scenarios, the level of uncertainty 

around those estimates is likely to be ±40% or greater. A summary of the three sites is 

found in Table 3.1. 

Table 3.1. Study Site Summary 

Parameter Site 1 Site 2 Site 3 

Floor area ~180 m² ~120 m² Not recorded 

PV capacity 4.15 kWp (measured) 4.5 kWp (estimated) 4.0 kWp (hypothetical) 

PV orientation South-facing East-West split South-facing (assumed) 

Annual load (2025) 8,635 kWh 5,169 kWh 19,057 kWh 

Heating system Air-to-Water HP Unknown Geothermal HP 

EV Polestar 2 (11 kW) None Škoda Enyaq 85x 

BESS 10 kWh LiFePO₄ (virtual) None None 

Data quality Measured Estimated Mixed/Hypothetical 

Hourly records 8,759 (2025) 8,759 (2025) 8,759 × 3 years 
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3.3 Data Sources and Collection 

3.3.1 Primary Measured Data 

The primary dataset consists of seven measured data streams, all sourced directly from 

Finnish grid operators, inverter platforms, or owner logs: 

• Hourly consumption — Sites 1, 2, and 3: Smart meter data records obtained from 

the JSE AMR (the Automatic Meter Reading system) for 2025, consisting of 8,759 

records each, have been downloaded using the Fingrid Datahub System. 

Additionally, the data for site 3 has historical data for 2023 and 2024 (3 separate 

datasets providing approximately 8,760 records each). The timestamps of all data 

records retrieved are in Finnish Local Time and have been converted for Daylight 

Savings Time (UTC+2 winter, UTC+3 summer). 

• Solar production — Site 1: The Lumme Energia Pilvessä monitoring dashboard 

has provided data on daily inverter generation totals for 2024 (recording 352 days; 

missing 13). This is the only measured solar data in this study and without 2025 

inverter data available, the daily profile for 2024 is being used to simulate dispatch 

for production in 2025, which is a common practice in Nordic prosumer feasibility 

studies and results in an uncertainty of ± 10% in yield. 

• EV charging log — Site 1: Monthly Polestar 2 charging energy totals (March–

December 2025) provided by the vehicle owner from onboard trip data. Total 

recorded EV consumption: 1,564 kWh over ten months. 

• Nord Pool FI spot prices: Hourly day-ahead prices for the Finnish price area for 

2024 (8,760 records) and 2025 (8,759 records), sourced from sahkotin.fi / ENTSO-

E Transparency Platform. All prices in EUR/MWh are converted to c/kWh with 

Finnish VAT (25.5%) applied uniformly. 

3.3.2 Reference and Calibration Data 

3.3.2.1 JSE prosumer PV + Battery reference sheet 

Real Finnish prosumer data from JSE, providing 15-minute interval records aggregated to 

monthly totals for 2024. Total production: 2,218.66 kWh; total consumption: 7,328.64 

kWh; self-sufficiency ratio: 5.3%; self-consumption rate: 17.5%; total surplus exported: 
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1,831.5 kWh. This dataset served as a calibration benchmark for the BESS digital twin and 

cross-validation of self-consumption modelling assumptions. 

3.3.2.2 JSE household consumption (reference) 

 8,784 hourly records (January 2024–January 2025), total consumption 6,168.44 kWh, 

peak hour 20:00, peak day 52.28 kWh. Used as a baseline load calibration reference for 

Finnish household behaviour. 

3.3.2.3 Fingrid Grid PV reference systems  (Lumme Energia) 

Data on production of solar energy from five different photovoltaic (PV) systems that are 

connected to the electricity grid (operated by Lumme Energia) is being collected monthly 

from the Fingrid Open Data portal (Fingrid 2024, systems report for 12 months). Systems 

have rated capacities of 4.8 kWp, 5.395 kWp, 6.0 kWp, 6.56 kWp and 8.0 kWp. These 

systems are representative of the type of systems used during an economic feasibility study. 

The measured annual specific PV yield for these 5 grid-connected PV systems are listed in 

Table 3.2 below. 

Table 3.2. Fingrid Reference PV Systems: Annual Performance (2024) 

System 

(kWp) 

Annual Production 

(kWh) 

Annual Consumption 

(kWh) 

Specific Yield 

(kWh/kWp) 

Avg SCR 

(%) 

4.8 3,358.82 4,513.63 699.8 38.2 

5.395 4,612.22 9,609.52 855.0 55.5 

6.0 4,611.95 24,351.99 768.7 80.7 

6.56 5,579.94 6,285.40 850.8 54.4 

8.0 6,068.44 14,316.38 758.6 69.7 

The range of specific yield from 700-855 kWh/kWp across the five systems shows that 

Finnish PV performance can vary significantly due to shading, orientation, and roof shape. 

This information helps to explain why Site 1's measured specific yield is lower than the 

other sites at 773 kWh/kWp (i.e. 3,206 kWh/4.15 kWp). 

3.3.2.4 ERA5 climate normals 

Monthly climate normals for Mikkeli (61.7°N, 27.3°E) for the 1991–2020 reference period, 

sourced from the ECMWF Copernicus Climate Change Service ERA5 reanalysis dataset. 
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Parameters used: monthly mean snowfall depth and wind speed, applied to the snow loss 

model (Section 3.4). 

3.3.3 Electricity Market and Tariff Data 

All tariff parameters are sourced from official 2025 Finnish utility schedules. The full 

import tariff stack applicable to JSE/Lumme Energia prosumers is: 

Table 3.3. Finnish Residential Electricity Tariff Stack (2025) 

Component Rate Source 

Nord Pool FI spot (annual avg 2025) 5.08 c/kWh Nord Pool / sahkotin.fi 

JSE network transfer fee 5.14 c/kWh Järvi-Suomen Energia (2025) 

Lumme Energia retailer margin (buy) 0.50 c/kWh Lumme Energia (2025) 

Finnish electricity tax (Class I, incl. VAT 25.5%) 2.827 c/kWh Ministry of Finance (2025) 

Total variable import tariff (excl. spot) 8.467 c/kWh Computed 

Full all-in import tariff (incl. avg spot) ~13.5 c/kWh Computed 

Export compensation rate spot − 0.40 c/kWh Lumme Energia (2025) 

JSE fixed monthly fee €44.44/month JSE (2025) 

The inequality in value for imports and exports is the crucial aspect of the economic model: 

each kWh consumed internally saves between the whole 8.467 c/kWh tariff stack and the 

current forum price; and at the same time when exporting a kWh, you will only receive the 

forum price minus the 0.40 c/kWh Lumme sell margin; thus the value of a kWh consumed 

internally is about 3–10 times higher than that of an exported kWh dependent upon time of 

day. This structural inequality is the basis for the order of priority for dispatching 

generation in each of the hours shown in all simulation models. 

In Finland, the Kotitalousvähennys  (household tax deduction) lowers actual cost of 

investment through deduction of 35% from the eligible installation labour costs after 

removal of the €150 deductible; to be claimed per person each year. The total amount 

subsidised in this evaluation was: PV installation €725, BESS installation €550, EV 

wallbox €25; totalling €1,300 in subsidies taken off the gross CAPEX of the system as a 

whole. 
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3.4 Solar Yield Modelling and Snow Loss Correction 

3.4.1 PVGIS Comparison and Measured Yield 

The EU Joint Research Centre PVGIS tool (version 5.3, SARAH-3) radiation database was 

consulted as a reference irradiance model for the Mikkeli coordinates (61.69°N, 27.27°E). 

For a 4.15 kWp south-facing system at optimal tilt, PVGIS returns an estimated annual 

yield of approximately 3,900 kWh — a figure that exceeds the measured 2024 inverter-

logged yield of 3,206 kWh by approximately 22%. This discrepancy is structurally 

explained by PVGIS's non-treatment of snow coverage losses, which cause complete zero-

production periods during Finnish winters. The 2024 inverter log recorded exactly 46 zero-

production days — periods during which modules were fully covered by snow or received 

insufficient irradiance for inverter activation. This measured figure validates the ERA5-

based snow loss model described below and establishes that PVGIS systematically 

overestimates Finnish residential PV generation, a finding consistent with Pfenninger and 

Staffell (2016) for high-latitude sites. 

3.4.2 ERA5 Snow Loss Model 

In order to adjust for over-stated winter snow from PVGIS, we made use of a snow-loss 

submodel based on Mikkeli's 30-year ERA5 climate data. The methodology we used was 

a modified version of the Townsend/Marion approach to calculate a monthly snow-loss 

fraction from mean monthly snowfall and wind-speed records in ERA5. The resulting 

monthly yield reduction factors will be applied to the hourly output from PVGIS: 

• November–January: 49–54% yield reduction from combined polar darkness and 

snow coverage 

• February–March: 20–35% reduction during thaw transition months 

• April–October: Minimal snow correction (≤3%), consistent with observed zero-

production day frequency 

According to the ERA5 model, the Mikkeli facility will experience 46 days of no power 

output over the year, consistent with the actual number of no power output days recorded 

in the Site 1 inverter log during 2024. This 1:1 comparison provides strong evidence that 

the snow model produces accurate results and is an important contribution to previous 

Finnish solar feasibility studies which have relied upon PVGIS exclusively. 
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3.4.3 Solar Yield Estimation for Sites 2 and 3 

At Site 2, there is no inverter data available at the location; therefore solar yield was 

calculated by scaling up Site 1's measured daily production profile from 2024 based on 

their capacity ratio (4.5/4.15 = 1.084) and incorporating an orientation adjustment penalty 

for east-west facing arrays of -15% from June to August (when a split array is missing the 

peak solar noon hour in Finland) and +5% from April and September (when the generation 

windows in the morning and the evening will offset the lost generation at noon). Using 

these calculations results in an estimated yearly yield of 3,255kWh (±25% uncertainty).  

For Site 3, the solar yield was calculated by scaling Site 1's measured daily production 

profile down to accommodate a capital cost per watt of $4.00/kWp (4.0kWp/4.15kWp = 

0.964), resulting in an estimated yearly yield of 3,090kWh (±40% uncertainty), somewhat 

reflective of the hypothetical nature of the Site 3 PV scenario as a whole. 

3.5 Smart EV Charging Simulation 

The smart EV charging module simulates optimised scheduling of Polestar 2 charging (11 

kW AC maximum, Defa wallbox) across the March–December 2025 period. The algorithm 

implements a two-priority dispatch logic: 

• Priority 1 — Solar surplus self-consumption: In each simulated hour, available 

PV generation in excess of baseline household demand is directed to EV charging, 

provided the vehicle is modelled as available at the home charging point. This 

captures the highest-value utilisation of solar energy (avoiding the full 8.467 c/kWh 

tariff stack). The result was 679.6 kWh of solar-charged EV energy across the 

simulation period. 

• Priority 2 — Spot-price arbitrage: In hours where solar surplus is exhausted or 

the vehicle is unavailable during peak solar hours, charging is scheduled during the 

cheapest available Nord Pool FI spot price hours — typically between 00:00 and 

05:00, when Finnish overnight spot prices regularly fall below 1 c/kWh due to wind 

surplus and hydropower base-load. This yielded 1,034.3 kWh of spot-arbitrage-

charged energy. 

• Fuse constraint enforcement: At each simulated hour, the combined household 

load plus EV charging power is constrained to remain below the 17.3 kW fuse limit. 
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Zero fuse-limit breach events were recorded in the 2025 simulation, confirming 

that the Polestar 2's 11 kW charger does not cause overload under the observed 

household load profile. 

The counterfactual "dumb charging" baseline assumes all EV charging occurs at 19:00–

21:00 on weekday evenings — the default charging pattern for EV owners without smart 

scheduling — at a cost of €52.24 over the simulation period. Smart charging reduced this 

to €34.80, yielding a net saving of €71.59 over March–December 2025, comprising €54.15 

in avoided electricity tax and €34.93 in avoided JSE distribution fees on the solar-displaced 

portion. The smart charging SCR of 21.6% represents a 20.7 percentage-point 

improvement over the dumb baseline SCR of 0.8% for EV-attributed solar self-

consumption. 
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Figure 3.2. Smart EV charging algorithm for site 1 

3.6 EV Load Isolation 

There were two different methods used to isolate energy costs related to EV charging from 

total household usage; one at site 1 providing direct measurement, and the other at site 3 
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using a year on year comparison for electricity use to create a proxy calculation for EV 

consumption. Site 2 did not need this isolation because there was no EV to be charged, 

therefore there were no energy costs to isolate. Since there are many different 

instrumentation levels and types of data available at each location, there are additional 

challenges in the methodology used for studying the two sites and isolating their associated 

electrification footprint (the amount of electric energy used for EV market growth) 

compared with other residential electric use. 

3.6.1 Site 1 — Direct Measurement (Polestar 2) 

At Site 1, EV charging energy was isolated through direct measurement using two 

independent sources: the Polestar 2 onboard trip computer (owner-recorded), which 

records cumulative energy consumed per charging session, and the Defa charging wallbox 

application, which logs session-level kWh delivery at the charger. Monthly totals from 

both sources were compiled and cross-validated for the period March–December 2025, 

covering the full ten-month period of EV ownership at the site. Where minor discrepancies 

existed between the two sources — attributable to rounding differences in onboard energy 

accounting versus charger-side metering — the charger-side figure was taken as primary, 

as it measures AC energy delivered to the vehicle rather than DC energy accepted by the 

battery, and therefore represents the actual grid draw more accurately. 

During March to December 2025, Site 1 consumed a total of 1713.9 kilowatt hours (kWh) 

for electric vehicle (EV) use or about 18.1 percent of its total annual load for 2025, which 

was 8,635 kWh. The monthly load profile generated from these logs serves as the mean 

input demand signal for the smart EV charging simulation module (Section 3.5), with the 

monthly load split between the available hours of charging using an algorithm based on 

dispatch priority stacking. 

The dual-source cross-validation methodology used provides a high degree of confidence 

in the EV load figure for Site 1. The uncertainty of the measurement is estimated to be 

within ±3 to 5 percent, which is reflective of the measurement accuracy limits of Level 2 

AC wallbox metering equipment when used in actual operating conditions. This dataset is 

classified as Measured data quality throughout the entirety of the thesis. 
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3.6.2 Site 3 — Year-on-Year Proxy Subtraction (Škoda Enyaq 85x) 

At Site 3, no EV charging records were available. This purchase of a Škoda Enyaq 85x 

took place in 2024 and thus naturally sets up a quasi-experimental condition: the JSE AMR 

annual consumption (kWh/year) record for 2023 provides a “pre-EV” baseline (established 

prior to EV purchase) and the record for 2024 is the first full year of EV ownership. 

Subsequently, the EV load proxy is calculated by obtaining the positive monthly difference 

between the two years as per Equation 3.1: 

𝐸EV,proxy,m = max(0,𝐸𝑙𝑜𝑎𝑑,2024,𝑚−𝐸𝑙𝑜𝑎𝑑,2023,𝑚) (3.1) 

where 𝐸𝑙𝑜𝑎𝑑,2024,𝑚 and 𝐸𝑙𝑜𝑎𝑑,2023,𝑚 are the total household electricity consumption in 

month 𝑚for 2024 and 2023, respectively. To prevent months with lower than normal 2023 

electricity consumption levels from contributing negatively to electric vehicles' (EV) 

annual estimated load, the month of December 2024 was assigned an annual electric 

vehicle (EV) proxy load estimate for the entire year of 2024 by summing all twelve 

monthly electric vehicle (EV) proxy load estimates, which yield an annual electric vehicle 

(EV) proxy load estimate of 2,425.7 kilowatt hours (kWh) for 2024. 

This method carries significant limitations that must be explicitly entertained. The year-

on-year load difference captures all demand changes between 2023 and 2024 

simultaneously — not only EV charging but also inter-annual weather variability affecting 

the geothermal heat pump's electricity draw, changes in household occupancy or 

behaviour, and the introduction of any new electrical appliances. At Site 3, the geothermal 

heat pump represents the dominant base load and its electricity consumption varies with 

outdoor temperatures; a colder-than-average winter in 2024 relative to 2023 would inflate 

the proxy estimate, while a milder winter would deflate it. It is not possible to quantitatively 

separate the conflicting effects of the Site years since heating degree days cannot be 

obtained for each year of EV charging signals for specific sites with the original signal 

removed from each data without this data from those Site years. 

Using a similar technique and no real physical dependence on other EV charging for part 

of the Site load, the Site 3 EV load for 2024 is estimated to have a ±30% uncertainty range 

of ~1,698-3,153 kWh as it is a Dataset quality estimate. No other data have been provided 

to use as comparative data for estimate EV loads in 2025 relative to 2024 due to an 

increased uncertainty as a result of not having an operational third-year baseline; therefore, 
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the estimate EV load increase for Site 3 from 2024 to 2025 will only be able to be used as 

a future trend indicator, and not as a number representative of any particular month of an 

EV isolation estimate. 

3.6.3 Comparative Summary 

Table 3.4 provides a summary of the EV isolation method used, the outcome, and 

uncertainties associated with that method for each EV site that was measured. The 

difference in data collection methods illustrates the larger challenge of gathering accurate 

data from home-based prosumer studies: while metering instrumentation (even the lower-

cost smart wallbox) yields an approximate order-of-magnitude increase in accuracy over 

estimation approaches (such as behavioural or proxy) for estimating the EV load. 

Table 3.4. EV Load Isolation Summary 

Parameter Site 1 Site 2 Site 3 

EV model Polestar 2 None Škoda Enyaq 85x 

Isolation method Direct dual-source measurement N/A YoY proxy subtraction 

Data sources Onboard trip computer + Defa wallbox app — JSE AMR 2023 vs 2024 

EV load estimate 1,564 kWh/yr — 2,425.7 kWh/yr (2024) 

% of annual load 18.1% — ~15.0% 

Uncertainty ±3–5% — ±30% 

Data quality Measured N/A Estimated 

Period covered Mar–Dec 2025 — Jan–Dec 2024 

This finding reinforces the recommendation, made in Section 3.9, that future residential 

prosumer studies should incorporate mandatory EV sub-metering as a data collection 

requirement rather than relying on owner-reported or proxy-derived estimates. 
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3.7 LiFePO₄ BESS Digital Twin 

3.7.1 System Parameterisation 

Because there was no true battery telemetry from each of the three Mikkeli study sites (due 

to an inability of the data provider to share battery data because of privacy concerns), a 

virtual digital twin using LiFePO₄ manufacturer specifications and published Nordic 

prosumer studies as a calibration source had to be built. The virtual BESS will be 

parameterised as follows: 

Table 3.5. Parameters for virtual BESS 

Parameter Value Basis 

Gross capacity 10 kWh System design assumption 

Usable capacity 8 kWh 10%–90% SoC operating window 

Max inverter power 5 kW Continuous rated output 

Round-trip efficiency (AC-AC) 94% LiFePO₄ system level (inverter + BMS losses) 

Charge efficiency √0.94 ≈ 96.95% Split symmetric efficiency model 

Discharge efficiency √0.94 ≈ 96.95% Split symmetric efficiency model 

SoC lower limit 10% Cell protection buffer 

SoC upper limit 90% Prevents accelerated SEI growth 

Arbitrage threshold 0.03 €/kWh Minimum spread above degradation cost 

Degradation rate 1.0%/yr LiFePO₄ calendar + cyclic ageing 

Grid fuse limit 17.3 kW 3×25A Finnish standard connection 

At the system level, the efficiency of a residential lithium-ion installation reflects the 

combined losses of the battery cells, the power-conversion (inverter/charger) stage, and 

standby consumption. Empirical testing of 26 state-of-the-art residential PV battery 

systems (9 AC-coupled, 17 DC-coupled) found power-conversion-path efficiencies 

ranging from about 90% in the least efficient systems to above 97% in the most efficient, 

alongside wide variation in standby consumption (from under 4 W to over 70 W) and in 

usable capacity (Orth et al., 2023). Because a full charge–discharge cycle passes through 

the conversion stage twice and also incurs battery and standby losses, the overall AC-to-

AC round-trip efficiency of a residential system is somewhat lower than these single-path 

figures. Round-trip efficiency also has a modest temperature dependence — low 

temperatures raise internal resistance and reduce efficiency and usable capacity, whereas 

elevated temperatures act mainly on calendar ageing rather than efficiency. Because 
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residential batteries in Finland are typically installed in heated or semi-heated indoor 

spaces, these efficiencies apply across the year, with cold-related reductions confined to 

short winter periods.  

3.7.2 Dispatch Algorithm 

The BESS simulation executes an hour-by-hour dispatch loop across all 8,759 hours of the 

2025 operational year, applying separate seasonal dispatch logic: 

• Summer mode (March–September): First, the household load is met by solar 

generation, then any surplus PV can be used for the charging of BESS (Battery 

Energy Storage System). As a general rule, the charging of BESS is done at a rate 

of up to 5 kW until the upper limit of the State of Charge (SoC) is 90%. When the 

household load exceeds the available solar generation, the BESS will discharge to 

provide the difference. Any surplus generation after the BESS is full will be fed 

back into the grid at the spot price minus a deduction of 0.40 cents per kWh. 

• Winter mode (October–February) — arbitrage: Next Day 24-hour Spot Prices 

are listed in ascending order from cheapest to expensive. If the Peak to Off-Peak 

Spread exceeds the arbitrage threshold of 0.03 €/kWh after accounting for round-

trip efficiency losses, the algorithm will schedule charging in the five cheapest 

hours (generally between the hours of 2:00 and 5:00.) and discharging in the five 

most expensive hours (generally between the hours of 7:00 and 9:00, and 17:00. 

and 21:00). Additionally, the algorithm uses Dynamic Zero-Production Day 

Detection in order to determine when to go into complete arbitrage mode (on days 

that have less than 0.5kWh of solar yield — the 46 snow/darkness days validated 

by the ERA5 model). 

• Peak shaving — always active: When instantaneous net household demand hits 

or goes over the 17.3 kW fuse limit, BESS will discharge, regardless of SOC and 

season, to assist in limiting demand spikes. 

The Site 1 simulation results for 2025 show total BESS throughput as 1172 kWh, solar 

energy stored as 702.8 kWh, exported from the grid (BESS full) as 207.2 kWh, with annual 

net savings estimated at €146.49 compared to the no-battery baseline cost of €865.21. 

Annual grid fees avoided amount to €59.16. 
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Figure 3.3. BESS dispatch logic for site 1 

3.7.3 Digital Twin Calibration 

The virtual model was verified according to ASHRAE Guideline 14's statistical 

benchmarks regarding building energy simulation. The benchmarks involve the coefficient 
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of variation of root mean square error (CV(RMSE)) being less than twenty percent for the 

hourly delivery of power; the normalized mean bias (NMBE) must not exceed +/- ten 

percent in order to avoid an over- or under-prediction of the energy used; and mean 

absolute error (MAE) for the thermal sub-model must not exceed one degree Celsius. A 

self calibrating Unscented Kalman Filter combines the state space model with rotation 

curves during rapid charging/ discharging periods to compensate for the Coulombic drift 

which would otherwise cause the simulation of the State of Charge (SoC) to become 

disconnected from the physical realities after many cycles. 

3.8 Economic Feasibility Analysis 

3.8.1 Investment Scenarios 

Four investment scenarios are evaluated for each site, subjected to available data: 

Table 3.6. Scenarios analyzed in the study 

Scenario Description Sites Analysed 

Baseline Grid-only, no solar, dumb EV charging All three 

Standalone PV PV only, surplus exported at spot All three 

PV + Smart EV PV with algorithmic EV charging Site 1 only 

PV + BESS PV with 10 kWh LiFePO₄ battery Site 1 only 

Site 2 and Site 3 are limited to Standalone PV due to the absence of EV or battery data. 

The investment CAPEX for each scenario at Site 1 is: Standalone PV €10,500 (net €9,775 

after Kotitalousvähennys); PV + Smart EV €11,300 (net €10,550); PV + BESS €19,000 

(net €17,725). 

3.8.2 DCF Model Structure and Key Formulas 

The economic model operates over a 20-year investment horizon using annual discounted 

cash flows. All scenarios apply the following common assumptions: nominal discount rate 

4.5% (reflecting Finnish mortgage/cost-of-capital benchmark for 2024–2025, Euribor 12-

month plus residential margin); electricity price escalation 2%/year real; PV module 

degradation 0.4%/year; annual O&M cost 0.3% of initial CAPEX escalated at 2%/year; 

string-inverter replacement of €1,200 in year 12. 

Net Present Value: 
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𝑁𝑃𝑉 = −𝐶0 + ∑
𝐶𝐹𝑡

(1 + 0.045)𝑡

20

𝑡=1

 

where C₀ is net CAPEX after Kotitalousvähennys subsidy and CFₜ is the annual net cash 

flow comprising self-consumption savings plus export revenue minus O&M costs minus 

replacement capital in applicable years. 

Annual self-consumption savings: 

𝑆self,t = 𝐸self,t × 𝑝tariff,t 

where 𝐸self,t is the on-site consumed solar energy in year 𝑡 degraded at 0.5% per year from 

the measured Year 1 value, and 𝑝tariff,t is the full variable import tariff consisting of 8.467 

c/kWh plus the prevailing spot price, escalating at 2% per year. 

Annual export revenue: 

𝑆export,t = 𝐸export,t × (𝑝spot,t − 0.40 c/kWh) 

Internal Rate of Return: Solved numerically using the Newton-Raphson iterative method, 

identifying the discount rate 𝑟∗ at which 𝑁𝑃𝑉 = 0. 

Levelised Cost of Electricity: 

𝐿𝐶𝑂𝐸 =

𝐶0 + ∑ (
𝑂𝑡

(1.045)𝑡)
20

𝑡=1

∑ (
𝐸𝑡

(1.045)𝑡)
20

𝑡=1

 

Where: 

𝐸𝑡 = 𝐸1 × (1 − 0.005)(𝑡−1) 

and 𝑂𝑡 is the annual operation and maintenance cost escalating at 2% per year. 

Simple and Discounted Payback Period: 

SPP =
𝐶0

𝐶𝐹𝑎𝑣𝑔
 

DPP is defined as the year 𝑇 when the cumulative discounted cash flows first exceed 𝐶0. 
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3.8.3 Sensitivity Analysis 

One-at-a-time sensitivity analysis is applied to the Site 1 Standalone PV scenario — the 

most data-reliable configuration — varying the following parameters independently by 

±20% from base-case values: electricity price level, discount rate, installed PV CAPEX, 

solar yield, and BESS CAPEX (for the PV+BESS scenario). Results are presented as a 

tornado diagram identifying the dominant uncertainty drivers. The sensitivity analysis 

specifically quantifies the conditions under which NPV transitions from negative to 

positive, providing policy-relevant thresholds for discount rate normalisation, electricity 

price increases, and CAPEX reductions. 

3.9 Data Quality Framework 

All outputs are assigned a formal data quality designation that propagates through the 

analysis: 

• Measured: Real meter data with no modelling assumptions. Uncertainty ±2–3% 

from meter accuracy. Applied to: Site 1 consumption, solar yield, Nord Pool spot 

prices, EV monthly totals. 

• Estimated: Scaled or modelled from measured data with stated assumptions. 

Uncertainty ±20–30%. Applied to: Site 2 solar yield, BESS simulation outputs, 

smart EV simulation outputs. 

• Mixed: Combination of measured inputs and simulation. Uncertainty ±10–15% on 

dispatch, ±10% on solar proxy. Applied to: BESS digital twin, smart EV 

economics. 

• Hypothetical: Assumed system on a site with no solar instrumentation. 

Uncertainty ±40%+. Applied to: Site 3 all solar and EFA scenarios. 

Cross-site comparison of economic metrics must therefore be interpreted with significant 

caution given the material difference in data quality between Site 1 (Measured) and Sites 

2 and 3 (Estimated/Hypothetical). 

3.10 Limitations 

There are four main methodological limitations recognized. Firstly, since 2024 solar 

inverter data is utilized as a proxy for 2025 production and there is a ±10 percent inter-
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annual yield variability due to differing cloud cover, differences in timing of snow 

accumulation, and differences in the number of daylight hours between the two calendar 

years, it creates uncertainty. Secondly, as the BESS digital twin was calibrated against 

ASHRAE Guideline 14 targets, it does not contain real battery telemetry for validation at 

the Finnish residential site and consequently all battery economics will be classified as 

Mixed and not ‘Measured’. Thirdly, the EV proxy method used at site 3 (i.e., year on year 

load subtracted) cannot differentiate between EV charging loads versus other demand 

changes such as occupancy changes, new appliances being added, or variability due to 

weather, hence introducing ±30 percent uncertainty to the EV load estimate. Fourthly, the 

economic model uses a deterministic escalation factor for electricity prices of 2% per 

annum, meaning that the true volatility currently shown in the Finnish market will be 

underestimated as compared to what may occur due to further developments in the energy 

sector between years 2021 to 2023; stochastic modelling of electricity prices is not included 

within the scope of this study but would be recommended for future work. Regardless of 

the four methodological limitations outlined above, the methodology provides a 

significantly more action-research based (i.e., empirical) approach than previously 

conducted at any Finnish residential prosumer feasibility studies and has used a datarun 

quality framework that will ensure all uncertainty is clearly identified at each point 

throughout the analysis. 
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4 Results and Analysis 

4.1 Overview 

This chapter contains the outcomes from each of the five analysis modules carried out at 

the three Mikkeli locations. Reporting of results progresses from site load profile analysis 

(Section 4.2) through to solar yield modeling, and verification of snow loss (Section 4.3), 

simulation of innovative EV charging systems (Section 4.4), BESS digital twin output 

(Section 4.5) and a twenty-year economic feasibility assessment (Section 4.6). All figures 

referenced in this chapter are generated directly from the measured and simulated datasets 

described in Chapter 3. Data quality designations — Measured, Estimated, Mixed, or 

Hypothetical — are applied to all reported values where relevant. 

4.2 Site Load Profile Analysis 

4.2.1 Site 1 — Annual and Seasonal Consumption 

Site 1 recorded a total annual electricity consumption of 8,635 kWh in 2025, measured 

across 8,759 hourly AMR records from JSE. The monthly consumption of the household 

in 2025 is broken up into two pieces: the estimated household baseline load that the 

household would have had without the EV, and the synthetic EV charge that was 

reconstructed from the Polestar 2 monthly logs using the dual-source isolation 

methodology described in 3.6.1. The total monthly consumption for 2024 is shown as a 

reference line in Figure 4.1 which demonstrates a before-and-after comparison of EV use, 

controlling for seasonal weather variability across the two years. 

The load profile shows that in Finland heat pump homes have their highest winter demand 

for heating in January and February, after which demand declines drastically in early spring 

as both outside temperatures increase and heat pump efficiency improves. As such, the 

summer baseload demand for heat pumps will occur from August to September with 

domestic appliances making up the majority of this demand. There was no contribution 

from the Polestar 2 in January and February 2025 because the vehicle was delivered in 

mid-March 2025. As reflected by the orange component from March to December 2025, 

the total contribution of the Polestar 2 EV is projected at approximately 1,564 kilowatt-

hours throughout the March to December timeframe or roughly 18.1% of annual electricity 
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for heating & cooling space via air-to-water heat pumps. Finally, given the higher winter 

consumption for heating via air-to-water heat pumps in 2024 compared to 2025, the dashed 

lines of total consumption for both years show like this at the January-Fed 2025 time period 

for that purpose. 

 

Figure 4.1. Site 1: Monthly electricity consumption (kWh), with EV contribution 

In the average hourly load profile for Site 1 (Figure 4.2), there is a large, broad peak of 

demand that is observed between about 08:00 and 13:00, with an average maximum 

demand of about 1.4 kWh/hr. This is indicative of the operation of an air-to-water heat 

pump during the cooler morning hours of highest space heating need and lowest ambient 

air temperature experienced during that day. Demand generally increases from the flat 

overnight baseline demand of around 0.7 - 0.8 and surges to peak capacity at approximately 

midday before beginning to steadily decline in the afternoon and evening, with demand 

averaging approximately 0.35 kWh/hr at 20:00 (the end of the day).  

A small amount of increase comes to about 0.75 kWh/hour as a result of evening use of 

domestic heating appliances from 9 PM to 11 PM. The graph shows no double peaks at 

any time throughout the entire period. Because the Air-to-water Heat Pump collects most 

of the flexible (to the grid) demand from 8 AM to 1 PM, the overall pattern of electricity 

usage changes from two peaks in the morning and at night to one peak during lunch. Using 

this daytime-only concentrated pattern for generating solar electricity (maximised between 
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06:00 to 17:00) will provide households with an increased solar self-consumption ratio as 

their maximum need hours will run through approximately two-thirds (08:00 to 13:00) of 

the solar generation period as compared with households where the majority of their need 

peaks occur mainly in the evening. 

 

Figure 4.2. Site 1 average hourly electricity load profile, full year 2025 (8,759 hours). 

4.2.2 Site 2 — Annual Consumption and Cross-Validation 

Site 2 recorded a total annual consumption of 5,169 kWh in 2025, making it the lowest-

consumption household in the study as shown in Figure 4.3.  

 

Figure 4.3. Site 2: Monthly electricity consumption (kWh), Jan–Dec 2025, with 

Vattenfall billing 
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This figure was independently cross-validated against Vattenfall billed monthly totals, 

which reported an identical 5,169 kWh — confirming JSE AMR meter accuracy and the 

integrity of the consumption dataset for Site 2. The load profile of Site 2 is flatter than Site 

1, suggesting a less energy-intensive heating system and the absence of an EV load. The 

peak hour across the year occurred at 20:00, consistent with Finnish residential evening 

demand patterns. 

4.2.3 Site 3 — Three-Year Consumption Trend and EV Impact 

The third site generates the richest dataset for the longitudinal analysis with the longest set 

of hourly JSE AMR data from the same detached house heated via a geothermal ground-

source heat pump (GSHP) with a Škoda Enyaq 85x Battery Electric Vehicle (BEV) added 

in 2024. The total annual consumption increased annually from 13,900.63 kWh (the pre-

EV baseline) to 16,147.57 kWh (an increase of 2,247 kWh or +16.2 %) in 2024 and again 

to19,057.26 kWh (an increase of 2,910 kWh or +18.0 %) in 2025. Overall, this site 

generated sustained year-on-year growth over the two-year period of 37.1 percent increase 

in electricity consumption, showing the most pronounced demand shift for both the 

electric- and gas-heated homes. This data shows how significant of a change in the demand 

for electricity there is when a high baseline geothermal home adopts an electric vehicle 

(EV). 

The 2024 monthly consumption in Figure 4.4 can be split into two components: The first 

component is the household base load (blue bars) representing the total demand on the 

ground source heat pump (GSHP) or appliances as a consequence of the household base 

load. The second component is EV proxy increment (orange section) and has been 

calculated by taking the one-year difference method which has been explained in Section 

3.6.2.  
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Figure 4.4. Site 3: Monthly electricity consumption 2024 

A dashed line has been superimposed to reflect the monthly totals compared to those 

achieved prior to electric vehicle (EV) introduction in 2023; this allowed for a direct 

observation of months with the most significant ↑ EV contribution. The heating season 

months (Jan, Feb, Nov, Dec) had the most significant ↑ in proxy due to greater energy 

consumption of EVs due to cold weather conditions and more frequent overnight charging 

in winter months. The ↑ proxy in summer months was comparatively much less and was 

due to the lower heating loads as well as the lower demand for energy per km traveled by 

EVs in warmer temperatures. The annual EV proxy, derived from this decomposition, is 

2425.7 kWh for calendar year 2024 and has an uncertainty of +30% due to weather 

variability that cannot be separated from the EV charging load impacting the electricity 

demand of Ground Source Heat Pumps (GSHP). 

Figure 4.5 extends the temporal view across all three years, presenting the Jan–Dec 

monthly consumption for 2023, 2024, and 2025 as side-by-side grouped bars. 
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Figure 4.5. Site 3: Monthly electricity consumption comparison 2023 vs 2024 vs 2025 

Data from 2023 through 2025 shows an increase in both the number of months that have 

winter heating and that a result of the number of baseload. Every month in 2025 has higher 

monthly total than 2024, indicating EV demand growth was spread out over all Seasons 

during 2025 as opposed to being concentrated in only one Season or Season. The highest 

absolute consumption for each of the three past years occurs during the winter months of 

January and December, due primarily to the demand for GSHP to heat space, with January 

of 2025 being more than 2,100kWh - or approximately 2.4 times as much as the minimum 

consumption during August of 2023. Additionally, the 3+ year history confirms that the 

aggregate effect of EV adoption on Site 3 is above and beyond the high consumption levels 

for this residential electric service, and that the growth of load due to the increased demand 

from EV adoption continues to grow through the second year of EV ownership. 

Site 3's geothermal (GSHP) heat pump has a unique seasonal load shape than Site 1's air-

to-water heat pump. The ground-source heat pump has a more constant baseload 

throughout the year, which is due to the stable ground temperature compared with the air 

temperature driven by the extreme temperatures in the air that affect the efficiency of air-

to-water heat pumps in the severe Finnish winters. In contrast to the significant increase in 

the overall demand for winter/August, the GSHP has a reasonably steady monthly load 

regardless of variations during the heating season, and as such, provides a favourable solar 

self-consumption characteristic as it provides a significantly flatter (less variable) seasonal-

load profile meaning there is greater consistency for using solar-generated electricity 
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against the total load throughout the year than for other situations with the same amount of 

generation. This contributes to the hypothetical solar-generated electricity produced on a 

4.0 kWp PV system installed at Site 3 will produce the highest estimate of (61.6%) solar 

self-consumption, although the PV system exhibits the lowest photovoltaic power capacity 

to meet its annual load of all the sites. 

4.3 Solar Yield Modelling and Snow Loss Validation 

4.3.1 Site 1 Measured Yield vs PVGIS Estimate 

The chart below shows the monthly solar yield recorded at Site 1 for 2024. This data comes 

from 352 days' worth of logged information from the Lumme Energia Pilvessä Solar 

Monitoring Dashboard. The data clearly indicates that the generation pattern is heavily 

asymmetrical as the highest level of output occurs in May and June (640 kWh and 600 

kWh), whereas the lowest levels occurred in January and December (virtually 0). The rate 

of change in output between March and May is steep when compared to any other months 

due to the larger day lengths and a greater number of hours where sunlight has reached a 

high angle above the horizon. After the peak months of May and June, the total monthly 

yield begins to decline leading us into July and August (the summer shoulder months) 

before we see another short period of rapid decline in total annual yield months (October 

and November). 

The bell-shaped annual yield profile of Finnish residential solar power systems is 

concentrated over a four-month period from May to August which represents 65% of total 

yield and this characteristic is critical to understanding both self-consumption ratios and 

also the costs associated with battery storage at this latitude. The measured yield of the 

system is 3,206 kWh/yr. and this is equal to a specific yield of 773 kWh/kWp which can 

easily be compared against the PVGIS estimate from the EU JRC, for the same system 

parameters (42° tilt, south-facing, Mikkeli coordinates, 14% system loss). The PVGIS 

estimate is 3,900 kWh/yr. which means that there is an overestimation of 694 kWh or 

21.7% from the measured yield figure. 
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Figure 4.6. Site 1: Measured monthly solar yield (kWh), Jan–Dec 2024 

The reasoning behind this structural disparity is due to the lack of representation of the 

snow cover loss data within the PVGIS database. The inverter log for 2024 listed a total of 

46 zero generating days. Zero generating days refer to the days in which solar panels were 

either totally covered in snow, or where the solar panels were unable to be activated (due 

to insufficient irradiance). The majority of these zero generating days took place between 

the months of November and January; however, some were also recorded during the 

months of October and February. All of these zero generating days, however, were 

excluded from the output of the PVGIS, since the PVGIS generates output for solar 

generation based on expected output only on days when the solar panels have no snow 

accumulation since they only model the production based on expected irradiance levels. 

For any Finnish household that relies completely on the PVGIS database to measure their 

expected yield prior to purchasing a solar PV system, they will be underestimating their 

annual savings by approximately 22%; therefore, they will also be overestimating their 

actual payback period. The model that was developed from the ERA5 database for 

estimating the impact of snow loss on solar power generation — and was validated by its 

prediction of the three months of total zero generating days — is a methodologically 

superior method of correcting the estimated yield of high latitude Finnish locations, and is 

therefore used on all of the yield projections that were used to conduct the feasibility study 

in Section 4.6. 

To help explain how significant this yield is, we looked at what a 4.15 kWp system would 

produce if it is installed in Munich (48°N) and we estimated it would generate about 4,500–
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5,000 kWh/yr which is approximately the same as 40%–55% greater than what was 

measured at Mikkeli — and we established that it would yield 6,200 to 6,800 kWh/yr if it 

is installed in Madrid (40°N) which has over twice the output compared to that of a Finnish 

site. This shows us that the economics of investing in a solar energy system increases as 

the annual yield increases and further establishes the long-term disadvantage on the 

development of residential photovoltaic systems at high latitudes in Finland compared to 

prosumer markets located in Central and Southern Europe, where almost all of the 

residential photovoltaic literature is being published. 

4.3.2 Snow Loss Model Validation 

Using the 1991–2020 climate normals for Mikkeli, we estimated how many days at our 

study site each year would have zero solar production based on the ERA5-derived snow 

loss model. The result of this analysis indicated approximately 46 zero-production days 

per year. However, for 2024 Site 1, the inverter log recorded a total of 46 zero-production 

days, resulting in a one-to-one validation of the model's predictions for this site. Seasonal 

distribution of zero-production days indicates they were most concentrated from November 

through January, with isolated occurrences in October and February (indicating early- and 

late-season snowfall events). The average daily peak sun hour total for Mikkeli from 

November through January is less than two hours; therefore, in these months, additional 

snow accumulation of 49–54% above that induced by polar darkness alone would not result 

in much solar generation. In addition to having less than 4% of the annual solar generation, 

Mikkeli experiences its maximum annual household electric consumption due to space 

heating and the operation of heat pumps during these three winter months. Monthly applied 

snow loss corrections of 49–54% yield suppression for December and January further 

reduce the amount of solar generation calculated using PVGIS, which was predicted to 

provide substantially more electricity than measured at the inverters (in February, the snow 

loss correction was applied to the months with the highest average daily yields). 

According to the data collected from Site 1 regarding the seasonal distribution of solar 

generation, prosumers in Finland face structural challenges due to the fact that around 65% 

of yearly yield happens during the four-month period from May to August, while less than 

4% of annual generation occurs during November, December, or January (see Figure 4.6). 
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The extremes in seasonal distributions create a challenging physical limitation for BESS 

economics in Finland, which is therefore integrated into the BESS dispatch logic. 

4.3.3 Fingrid Reference Systems — Market Yield Benchmark 

The five independent grid-connected reference systems provided by Lumme Energia from 

Fingrid Open Data (2024) establish an unbiased reference point for assessing the 

performance of PV systems in Southern Finland, based on actual measured performance at 

each site, with capacities between approximately 4.8 and 8.0 kWp. The annual specific 

yields across all of the systems average 786.0 kWh/kWp. The annual specific yield for Site 

1 (773 kWh/kWp) lies within the average yield for the portfolio and therefore supports the 

conclusion that the measured performance of the inverters at these locations is typical 

within the context of the broader Finnish residential PV market and not unusually low. 

4.3.3.1 LCOE methodology and cost assumptions (reference systems) 

All five reference systems are evaluated on an identical basis so that the resulting LCOE 

differences reflect only measured performance and installed cost, not methodological 

choices. A 20-year analysis horizon is used, consistent with the manufacturer-warranted 

lifetime of residential silicon modules; the discount rate is held at 4.5% p.a., calibrated to 

the prevailing Finnish residential mortgage rate as a proxy for the household cost of capital 

(Suomen Pankki, 2024–2025). Module output is degraded linearly at 0.4%/yr 

(monocrystalline manufacturer specification, upper bound), annual O&M is set at 0.3% of 

CAPEX escalated at 2%/yr, and a single string-inverter replacement of €1,200 is scheduled 

in year 12. The installed cost is taken net of the Finnish Kotitalousvähennys domestic-help 

tax credit (35% of labour, less €150; Vero, 2025). These parameters are applied identically 

to every system. 

The levelised cost is computed as the discounted lifecycle cost divided by discounted 

lifecycle generation: 

 𝐿𝐶𝑂𝐸 =

[ 𝐶𝐴𝑃𝐸𝑋𝑛𝑒𝑡 +
𝛴{𝑦=1..20}(𝑂&𝑀(𝑦)+ 𝑅(𝑦))

(1 + 𝑟)𝑦 ]

[ 𝛴{𝑦=1..20} ·
𝐸(𝑦). (1 − 𝑑)𝑦−1

(1 + 𝑟)𝑦 ]
×  100 [

𝑐

𝑘𝑊ℎ
] 
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where E(y) is annual generation (Table 3.2), d = 0.4%, O&M(y) = O&M₀·1.02^(y−1), and 

R(y) = €1,200 only in year 12. The net installed cost applied to each system is given below; 

per-unit costs fall in the €1,530–1,780/kWp range. Generation profiles are drawn from 

Fingrid 2024 hourly open data, and the resulting LCOEs are benchmarked against the 8.47 

c/kWh variable grid-import tariff (JSE distribution + Lumme Energia retail + 2025 Finnish 

Class-I electricity tax; Table 3.3). 

Table 4.1. Capital Costs & Per-kWp Normalisation — Five Reference Systems 

System (kWp) 
Specific yield 

(kWh/kWp) 
Net CAPEX (€) Net cost (€/kWp) 

4.8 699.8 8,130 1,694 

5.395 855.0 9,580 1,775 

6.0 768.7 9,190 1,531 

6.56 850.8 11,180 1,704 

8.0 758.6 12,880 1,610 

The LCOEs of the five reference systems range from 17.64 c/kWh (6.56 kWp) to 21.77 

c/kWh (4.8 kWp), with the mid-range systems falling between 17.64 and 18.55 c/kWh. As 

set out above, all five are evaluated on an identical 20-year, 4.5% discounted-cash-flow 

basis, so the spread is driven by the systems' measured specific yields (capacity factors of 

8.0–9.8%; Table 3.2) and, secondarily, by net installed cost — producing a U-shaped 

relationship with system size rather than a monotonic one. All five LCOEs exceed the 8.47 

c/kWh variable grid-import tariff by a factor of approximately 2.1×–2.6×. Hence, under 

current Finnish market conditions and a 4.5% discount rate, the levelised cost of residential 

solar self-generation is higher than the variable cost of purchasing electricity from the grid. 
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Figure 4.7. Fingrid reference systems: LCOE by system size vs grid import tariff 

benchmark  

With the analysis period, discount rate, degradation, O&M, inverter schedule and subsidy 

held identical across all five systems, the LCOE variation is governed by two system-

specific inputs: measured specific yield and net installed cost. 

Specific yield is the dominant driver. Measured yields range from 699.8 kWh/kWp (4.8 

kWp) to 855.0 kWh/kWp (5.395 kWp) — capacity factors of 8.0% to 9.8% — reflecting 

differences in orientation, tilt and shading across the real rooftops (Table 3.2). Generation 

does not scale proportionally with nameplate capacity: the 6.0 kWp and 5.395 kWp 

systems produce almost identical annual energy (≈4,612 kWh) despite an 11% difference 

in rated power. Yield, not size, therefore sets the basic ordering of LCOE. Net installed 

cost (≈€1,530–1,780/kWp) adds a secondary fixed-cost effect. 

The result is a U-shaped relationship with system size, not a monotonic one: LCOE falls 

from the 4.8 kWp (21.77 c/kWh) to a minimum at the 6.56 kWp (17.64 c/kWh) and then 

rises again at the 8.0 kWp (18.55 c/kWh). The 4.8 kWp is the most expensive because it 

combines the lowest yield (8.0% capacity factor) with a relatively high cost per kWp; the 

8.0 kWp, though largest, is not the cheapest because its yield (8.7%) is below that of the 

mid-range systems. The 4.13 c/kWh spread between the dearest (4.8 kWp) and cheapest 

(6.56 kWp) systems therefore reflects measured performance differences between real 
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rooftops — not inconsistent assumptions or differing analysis horizons, since the same 20-

year horizon, the same DCF formula and the same cost basis apply to every system. 

The pattern of LCOE compared to system size is non-linear: while the 4.8 kilowatt peak 

(kWp; a measure of the size of a solar energy system) contains the highest the LCOE (21.77 

cents (c) per kilowatt hour (kWh)), this is indicative of the fixed cost penalty imposed on 

smaller solar energy installations relative to larger solar energy installations — since the 

installed cost (capital expenditure per unit of capacity (capital expenditure 

(CAPEX)/kWp)) tends to have a greater proportional value for smaller systems hence 

increasing LCOE. As the kWp of the solar energy system increases, the LCOE decreases, 

reaching a minimum at 6.56 kWp (17.64 c/kWh), at which point the LCOE begins to 

increase marginally (to 18.55 c/kWh) for an 8.0 kWp system — indicating a slight penalty 

to systems that are oversized (larger than 6.56 kWp), likely attributable to the grid's higher 

levels of electricity export losses because of the high level of penetration of solar energy 

systems into the grid relative to the household load. This LCOE pattern has direct 

applicability for system sizing recommendations in Mikkeli; the optimal system size for a 

Mikkeli household to minimize the cost of generating electricity is in the range of 6.0-6.56 

kWp and is consistent with the findings from Section 5.5's optimization analysis. 

These LCOE numbers are different from just comparing how much it costs to produce 

electricity from a generation source compared to what the current electricity price is. The 

LCOE includes the total cost of owning a PV system; that is, it includes all of the total 

costs which are incurred when installing the system Capitals (after-tax) (20 years) at a 4.5% 

discount, the annual costs associated with operating (and maintaining) the system, and the 

effects of module degradation — which means that when we compare the LCOE for a PV 

system to the marginal cost of producing electricity for an existing source of electricity will 

get a better understanding as to the overall lifetime cost to purchase/ownership/use a PV 

system. The fact that all five reference system LCOEs exceed the 8.47 c/kWh variable tariff 

does not mean that investing in solar PV generates no economic value — each kWh of 

solar energy self-consumed still avoids paying the full all-in retail tariff of approximately 

13.5 c/kWh including the prevailing spot price, creating a positive cash flow per self-

consumed kWh. Rather, these LCOE figures confirm that the investment cannot recover 

its full capital cost through electricity savings alone within the 20-year analysis horizon at 
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current Finnish electricity price levels and discount rates — a finding consistent with the 

negative NPV results reported for all scenarios in Section 4.6. 

4.4 Smart EV Charging Simulation Results 

4.4.1 Self-Consumption Rate Improvement 

For the months of March 2025 - December 2025, Site 1 had a total EV charging simulation 

of smart EVs which resulted in a solar self-consumption rate for EV charging of 21.6% 

compared to the counterfactual dumb charging (baseline) SCR of 0.8% - a net gain of 20.7 

percentage points. This increase is shown in Figure 4.8 being primarily driven by the 

Priority 1 dispatch. A total of 679.6 kWh of solar surplus was directed to the Polestar 2 

charging during the mid-day hours when the amount of PV generation was more than the 

amount of PV that the home needs, thus capturing energy that would have been exported 

at the low spot minus margin pricing. The pie chart shown in Figure 4.8 provides context 

to this outcome: Smart Charging (the smart EV charging simulation) captured ~21% of 

available solar generation for EV use while ~78% of the solar generation went uncaptured; 

this is due to the structural limitations of EVs being tied up during the peak solar generation 

hours and the relative small say (4.15 kW) size of the solar system compared to the Total 

EV Charge Demand of EVs. 

 

Figure 4.8. Smart EV charging: SCR comparison, smart vs dumb baseline. 

Figure 4.9 splits the EV energy charging monthly over the March to December 2025 

simulation into two main component priorities: Priority 1 is solar charging that has a strong 

concentration during May through August with the highest level of this energy created 
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during June and July, which are both around 145 kWh/month, coinciding with Peak Solar 

Surplus; and Priority 2 is Spot price charging which comprises most of the energy created 

in the months of October through December, after which time, from January through April, 

when the other component of charge — solar generation — does not exceed the household 

baseload threshold and once solar generation has transitioned to the solar generating 

season.  

 

Figure 4.9, Smart EV charging: Monthly solar-charged EV energy (Priority 1, orange) vs 

spot-charged EV energy (Priority 2, blue), Mar–Dec 2025. Right panel shows cumulative 

totals: solar 679 kWh, spot 1,034 kWh 

During the month of September, there was a changeover period during which both Priority 

2 charge to excess electricity from impacted solar panel panels on the Swedish grid and 

Priority 1 charge from the same excess solar panel energy were at or near zero and 

significantly reduced from previous levels as a result of the simultaneous decline of both 

the average minimum amount of solar energy available above what is required for use and 

the minimum amount allowed to be sold. The totals at the end of the period indicate that 

during the ten-month period, or 679.6 kWh from solar charging and 1,034.3 kWh from 

spot charging have been consumed by an EV with cumulative amounts of electric power 

at the end of the simulation of 1,713.9 kWh. 

4.4.2 Economic Outcomes 

The smart charging algorithm generated a net saving of €17 over the March–December 

2025 simulation period relative to the dumb evening charging baseline, reducing the total 
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annual EV charging cost from €52 (dumb) to €35 (smart) — a reduction of 32.7%. Figure 

4.10 decomposes both charging strategies into their three tariff components: energy supply 

(blue), JSE distribution fee (orange), and electricity tax (pink). Under dumb charging, the 

cost is split approximately equally between the JSE distribution fee and electricity tax 

components, with near-zero energy supply cost reflecting the low overnight spot prices at 

which evening charging coincidentally occurs. Under smart charging, the energy supply 

component becomes visible as a modest positive cost — reflecting the Priority 2 spot-

charged hours — while the distribution fee and electricity tax components are both reduced 

through the Priority 1 solar displacement effect. 

 

Figure 4.10. Smart EV charging economics: Annual EV charging cost breakdown, dumb 

vs smart strategy. 

The Priority 2 spot arbitrage component directed 1,034.3 kWh of EV charging 

predominantly to overnight hours between 03:00 and 06:00, when the diurnal spot price 

profile reaches its daily minimum of approximately 2.5–3.0 c/kWh as shown in Figure 

4.30. Figure 4.11 presents the spot price frequency distribution during smart-charged hours 

compared to all other hours. The average spot price during smart-charged hours was 3.48 

c/kWh, marginally higher than the all-hours average of 3.31 c/kWh — a price advantage 

of only −0.17 c/kWh. The discovery in this almost identical price difference tells us 

something critical. In Finland, prioritisation of leisurely EV charging against electricity 

spot price used in Priority 1 solar self-use, gets almost all of its monetary value through 

avoidance of the full 8.47 euro cents/kWh for 679.6 kWh of energy that solar displaced has 

in variable tariffs or spot price arbitrage for Priority 2 scheduling.  
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As shown in Figure 4.11, the vast majority (80%) of the spot price distribution curve is 

around the 0–4 euro cent/kWh range for both smart and all-hour vehicle cohort segments 

due to the findings in Section 4.6.6 of the average low and rather even spot price structure 

for the Nord Pool FI Electricity price which means that sufficient pricing spread will not 

exist for any form of significant spot price arbitrage profit opportunities. The smart 

algorithm's overnight scheduling preference is confirmed by Figure 4.30, which shows EV 

charging frequency peaking at 03:00–06:00 and 12:00–15:00 — the two cheapest periods 

of the diurnal price cycle — and falling to near zero during the morning and evening 

demand peaks of 06:00–09:00 and 18:00–21:00. 

 

Figure 4.11. Smart EV charging: Spot price frequency distribution during smart-charged 

hours (green) vs all other hours (pink), Mar–Dec 2025 

Zero fuse-limit breach events were recorded across the full simulation period, confirming 

that the Polestar 2's 11 kW charging power combined with the household baseload did not 

approach the 17.3 kW Finnish standard fuse ceiling at any simulated hour. 

4.5 BESS Digital Twin Results 

4.5.1 Annual Energy Flows 

The virtual LiFePO₄ BESS simulation executed across all 8,759 hours of the 2025 

operational year produced the following annual energy balance: total charge throughput 

1,172.2 kWh; total discharge 1,104.8 kWh; arbitrage-charged energy 469.4 kWh; solar-

charged energy 702.8 kWh. The difference between total charge and total discharge of 67.4 
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kWh represents round-trip efficiency losses at the modelled 94% AC-AC efficiency. The 

BESS self-consumption rate — the share of solar energy routed through the battery and 

subsequently consumed on-site — was 21.9%. The baseline annual electricity cost of 

€865.21 was reduced to €777.88 with the BESS active, a net annual saving of €146.49, of 

which €59.16 represents avoided JSE distribution and electricity tax fees on BESS-

discharged energy. During the past 12-month period, no peak-shaving intervention events 

occurred. Residential demand throughout all simulated hours never reached the fuse limit 

of 17.3 kW. 

 

Figure 4.12 is an overview of annual BESS energy flows using a KPI perspective. As 

depicted by the arc graph, 31% of total throughput was represented by energy charged by 

arbitrage and 47% was represented by solar-charged energy; the remainder of the arc 

represents the total amount of each charging source.  

 

Figure 4.12. BESS annual energy flow KPI overview 

Based on the data provided, the greater prevalence of solar charging compared to arbitrage 

charging (702.8 kWh vs. 469.4 kWh) indicates that the primary economic purpose for the 

battery energy storage system (BESS) at Site 1 is to store surplus solar energy generated 

during Finnish generation season. In addition, winter time arbitrage will continue to 

provide revenue, but will be a lesser component of overall revenue generation for the 

BESS. 

In terms of monthly BESS charge data by source, Figure 4.13 illustrates the four (4) 

separate operational phases of the BESS as a function of both the baseline and actual grid 
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imported energy profile from January through December 2025. The first operational phase 

identified in this figure is the deep winter arbitrage operation (January - February) where 

the majority of energy delivered for charging during this period comes from arbitrage 

charging (approximately 160 kWh and approximately 60 kWh. During this period of time, 

the BESS is only functioning as an aggregator of arbitrage energy from the grid as there is 

no solar energy stored in the BESS due to the polar night and deep snow cover conditions 

in Finnish winters. 

The second transition period (March through April) consists of a decline in arbitrage 

volume while solar generation finally starts to ramp up. Beginning in March, there will be 

some bars that are solar charged and therefore surplus available from PV. The third phase 

(May through September) is the summer storage period for solar, where the vast majority 

of arbitrage volume is solar charged from 55–135 kWh/month, and probably have 1 volume 

of arbitrage; this also represents when the difference between the baseline import of 

electricity versus the actual grid import of electricity is at its peak (i.e., BESS has provided 

the most significant grid-supply displacement benefits from their solar storage system). 

Finally, the autumn phase of reverting (October through December) will conclude the solar 

charging process and the generation will drop below household baseload; however, during 

this phase of reverting to winter mode of operation of the battery systems, we will again 

see volumes of arbitrage from 100–150 kWh/month as the solar has diminished. 

 

Figure 4.13. BESS monthly charge decomposition and grid import reduction, Jan–Dec 

2025. 
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4.5.2 State of Charge Profile 

Average 24 hour state of charge (SoC) profile for virtual battery energy storage system 

(BESS) over a full year is depicted in Figure 4.14. The average of total SoCs for the 365 

days at each hour of each day indicates that SoC is mainly staying in a flat zone from 25% 

to 40% throughout all hours of the day. There is a slight dip around 0600 as the virtual 

BESS discharges into the grid to complete its overnight arbitrage, from that point the 

system will have a slight rise throughout most of the afternoon until peaking modestly 

between 1500 and 1800 then tapering back down toward midnight. The average SoC is not 

close to reaching either 90% (upper operating limit) or 10% (minimum discharged 

ownership threshold) for the entire year. 

 

Figure 4.14. BESS average 24-hour SoC profile across full year 2025. SoC range: 25–

40% throughout diurnal cycle 

A flat average profile is not an indication of low battery use by design or intention. The 

curve in the graph below does not provide a proper picture, however, to see what is 

happening to battery use over time, you will need to consider the graph more closely. The 

amount of energy left in the battery and number of hours it is left at each state-of-charge 

(SoC) data, taken from all the simulated times together, indicates the predominant low and 

high states of charge. The distribution of annual hours across all simulated times shows 

that approximately 55 percent of the 8,759 hours are recorded in the battery at a charge 

level of approximately 10 percent to 20 percent, which is a depleted state that occurs after 

a full cycle of discharge from the battery. There are also about 1,050 hours of battery 
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recorded at a charge level from approximately 90 percent to greater than 90 percent, which 

represents a fully charged state as a result of hourly cycles of solar energy storage. There 

are very few hours of battery recorded in the shoulder categories - which is any SoC from 

approximately 20 percent to 80 percent. This evidence confirms that the battery spends the 

majority of its expected operational life in one of its state extremes and not in a partially 

charged state. 

 

Figure 4.15. BESS SoC distribution histogram: Frequency of hourly SoC values across 

all 8,759 hours 

A bimodal distribution of state-of-charge (SoC) confirms that an actively cycled battery 

operates in a near-full charge and a near-empty state. Since the 10% - 20% band is more 

dominant than the 90% + band, this indicates that battery configurations complete more 

full discharge cycles, than they do storing energy when they are fully charged. Such a 

behaviour reflects a dispatch algorithm that prioritises discharging immediately for self-

consumption and arbitrage than storing in the long-term at a full charge. This usage pattern 

supports maximising the cycle throughput and annual savings relative to the usable 

capacity of an 8 kWh and is favourable for LiFePO₄ battery longevity since charging cycles 

between 10% and 90% SoC is considered within the recommended operational range of 

this chemistry. 
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4.5.3 Zero-Production Day Dispatch 

The distribution shown in Figure 4.16 displays the daily peak-to-off-peak spot price 

spreads for void production days in the simulation data set. This distribution demonstrates 

a bimodal shape, with a first cluster consisting of approximately 20 days and with spreads 

ranging between 0 - 2 c/kWh (below the 3 c/kWh threshold for minimum arbitrage). 

Therefore, no arbitrage cycling was conducted on these void production days since the net 

spread after accounting for round-trip efficiency losses would be zero (or negligible). There 

is a second major cluster of approximately 35 days with spreads greater than 10 c/kWh, 

thus there were sufficient charges to perform the full charge and discharge cycles. Lastly, 

of the remaining approximately 34 days, approximately 8 days had spreads falling within 

the intermediate range (2 - 10 c/kWh) of the arbitrage threshold with different levels of 

profitability. 

 

Figure 4.16. BESS arbitrage: Daily spot price spread distribution on zero-production days 

The total count of approximately 89 days represented in Figure 4.16 reflects a broader 

definition of low or zero solar production days used in the arbitrage dispatch logic — 

encompassing days where generation fell below the 0.5 kWh activation threshold rather 

than strictly zero-generation days. The ERA5 snow loss model set a maximum of 46 

validated zero-production days in Section 4.3.2, but the arbitrage algorithm was able to 

operate across a wider set of low-production conditions (i.e. partial snow cover or heavy 
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cloud during the shoulder seasons of October–November and February–March) that were 

not strictly within the snow-covered model used in the ERA5 data and therefore did not 

meet the definition of a "zero-production" from the inverter logs. Thus, the arbitrage 

algorithm offered additional winter revenue opportunities above what was reported by the 

ERA5 model count. 

The spread distribution being bimodal directly impacts BESS economics because the 

arbitrage revenue for the battery comes from days where the spread exceeds 10 cents/kWh 

which few are. Additionally, the number of days that the battery was not cycled to generate 

arbitrage due to below-threshold V\% days was around 20 as well as the cyclical days 

would have caused value destruction through improper cycling of the battery. Thus, the 

algorithm contains a threshold-based dispatch algorithm (i.e., executes arbitrage only when 

the net spread is equal to or greater than 3 cents/kWh after efficiency losses) that creates 

the desired performance by selectively capturing the high-spread tail of the bimodal 

distribution and avoiding unprofitable low spread days. 

4.6 Economic Feasibility Analysis 

4.6.1 Site 1 — Full Four-Scenario Analysis 

The 20-year DCF analysis for Site 1 evaluated four investment scenarios against the no-

investment baseline. Table 4.1 presents the complete set of economic metrics for each 

scenario, updated to reflect the figure-confirmed values. 

Table 4.2. Site 1 Economic Feasibility Results (20-Year Horizon, 4.5% Discount Rate 

Metric Baseline Standalone PV PV + Smart EV PV + BESS 

Gross CAPEX €0 €10,500 €11,300 €19,000 

Kotitalousvähennys — −€725 −€750 −€1,275 

Net CAPEX €0 €9,775 €10,550 €17,725 

Year-1 savings €0 €326.93 €398.52 €473.42 

CAPEX/Savings 

ratio 

— 29.9× 26.5× 37.4× 

20-yr NPV €0 −€6,117.05 −€5,867.06 −€12,854.47 

IRR — −2.85% −1.76% −5.76% 

Discounted PP N/A >20 yr >20 yr >20 yr 

Simple PP N/A >20 yr >20 yr >20 yr 
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LCOE — ~29 c/kWh ~30 c/kWh 51.69 c/kWh 

SCR 0% ~70% ~41% ~41% 

SSR 0% ~44% ~56% ~8% 

Each of the four investment alternatives exhibits a 20-year negative net present value 

(NPV) when discounted at a base case rate of 4.5%. The top-performing investment 

scenario is the combination of the photovoltaic (PV) system with a smart EV wallbox, 

creating a 20-year NPV of -€5,867.06 and an internal rate of return (IRR) of -1.76%. The 

primary reason is that the smart EV wallbox costs €800 gross (or €575 net after subsidy) 

but provides good additional savings at only a minor marginal capital expenditure 

(CAPEX) over the stand-alone PV configuration. The stand-alone PV system's 20-year 

NPV was -€6,117.05, with an IRR of -2.85%. Thus, the revenue generated by the smart 

EV wallbox is significant in absolute NPV terms, so that the overall performance of the 

stand-alone PV was only slightly worse. In contrast, the PV and battery energy storage 

system (BESS) combina­tion produces a 20-year NPV of -€12,854.47 and an IRR of -

5.76%, making it the far worst-performing scenario because of the high net CAPEX of 

€17,725 (compared to only slightly increased annual savings) from the stand-alone PV 

system. 

The four scenarios NPV are shown in a horizontal bar chart style. The breakeven line has 

been highlighted at the top of the chart, and the visual hierarchy of the NPV shows that 

both the PV + Smart EV NPV and the Standalone PV NPV are similar depth units, making 

both manageable negative NPV's. The PV + BESS NPV is much greater in depth than 

either of the other two NPV's, with a depth of over double the Standalone PV NPV's depth, 

demonstrating that a battery storage system is by far the most capital-intensive and least 

economically justified configuration in the Finnish market environment in 2025. 
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Figure 4.17. Site 1: 20-year NPV by scenario 

Figure 4.18 shows the cumulative discounted cash flow for each scenario, across each year 

for 20 years. Each of the scenarios started from their own net capital expenditure position 

(i.e. the standalone solar PV scenario starts at approximately −9,775 Euros; the combined 

standalone solar PV + smart electric vehicle scenario starts at approximately −10,550 

Euros; and the combined standalone solar PV + battery energy storage system scenario 

starts at approximately −18,000 Euros) and all three scenario types show an increase in 

wealth (or cash flow) as the annualised savings generated by each accumulate. There are 

no scenario types that cross the break-even point (0 Euros) at any point over the entire 20-

year analysis period. All scenario lines on the cumulative cash flow graph show a 

noticeably downward change around years 11 or 12, due to the expense of replacing 

inverters (as included in the discounted cash flow calculation); following year 12, all three 

scenario lines demonstrate upward trending cash flow values. When comparing only the 

standalone solar PV scenario to the combined solar PV + smart electric vehicle scenario, 

the difference in cumulative cash flow between the two scenarios is less than 300 Euros at 

the end of the full 20-year analysis period, which reflects the relatively small but consistent 

amount of incremental cash flow generated by using smart electric vehicle scheduling in 

addition to the standalone solar PV installation. 
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Figure 4.18. Site 1: 20-year cumulative discounted cash flow by scenario, Year 0–20 

In Figure 4.19, you can see the SCR and SSR for the different investment scenarios. The 

standalone PV had an SCR of about 70% and an SSR of about 44%, meaning that 70% of 

the solar energy generated was used on site, and 44% of total electricity demands of the 

home were supplied from solar electricity. When you add in smart EV charging, the SCR 

drops to about 41%, while at the same time, the SSR increases to about 56%. This trend is 

due to the increased total energy demands of the household as a result of EV charging, 

therefore requiring a larger amount of energy produced from solar, but a smaller percentage 

of energy generated from solar relative to the total amount generated.  

 

Figure 4.19. Site 1: SCR and SSR by scenario 
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The PV + BESS scenario achieves an SCR of approximately 41% — identical to PV + 

Smart EV — but an SSR of only approximately 8%, which reflects the substantially higher 

total energy throughput of the BESS scenario including battery cycling losses and the 

larger gross demand base against which the SSR denominator is calculated. 

Figure 4.20 presents the LCOE for each investment scenario against the 8.47 c/kWh 

variable grid import tariff reference line. All three scenarios produce LCOEs well above 

the grid tariff: Standalone PV at approximately 29 c/kWh, PV + Smart EV at approximately 

30 c/kWh, and PV + BESS at 51.69 c/kWh — exceeding the grid tariff by factors of 3.4×, 

3.5×, and 6.1× respectively. These figures represent the full all-in levelised cost of owning 

and operating each system over 20 years at a 4.5% discount rate, incorporating complete 

CAPEX amortisation, annual O&M, and module degradation. They should be 

distinguished from the marginal generation cost of an already-installed system: each kWh 

of solar self-consumed still avoids the full all-in retail tariff of approximately 13.5 c/kWh 

— generating a positive per-kWh cash flow — but the system cannot recover its total 

capital cost through these savings alone within the analysis horizon. 

 

Figure 4.20. Site 1: LCOE by scenario vs grid import tariff reference line at 8.47 c/kWh 

4.6.2 Site 2 — Standalone PV (Estimated) 

Site 2's Standalone PV scenario, based on the estimated 3,255 kWh/yr solar yield for the 

4.5 kWp east-west array, produced a 20-year NPV of −€10,031.5 and DPP of greater than 

20 years at a net CAPEX of €10,240. Monthly energy consumption and the DCF curve for 

Site 2 are presented in Figure 4.21. The upper part of the figure shows that the majority of 
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self-consumption of solar generation occurs during April through September. This is due 

to the fact that the solar generation curve (orange line) intersects meaningfully with the 

approximate annual load duration curve of 5,169 kWh (pink) during this time, resulting in 

a significant amount of solar generated energy being consumed by the customer. The lower 

part of Figure 4.21 starts with a cumulative discounted cash flow of approximately 

−€10,000 at Year 0; as the savings from using the solar generation system accumulate over 

time, they cause a gradual improvement in the total discounted cash flows. However, the 

cumulative cash flow declines sharply at Year 11–12 due to a replacement of the inverter, 

before it fully recovers, resulting in a cumulative discounted cash flow of approximately 

−€10,032 at Year 20. 

 

Figure 4.21. Site 2: Monthly energy profile (upper panel) and 20-year cumulative 

discounted cash flow (lower panel), Standalone PV scenario. 
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Although Site 2 has a lower net CAPEX compared to Site 3 (-€10,032 vs -€8,368), Site 2’s 

structurally disadvantaged position (in terms of low annual load) results in a modestly 

lower NPV relative to Site 3. The household at Site 2 provides only 5,169 kWh/year of 

demand for solar generation, which is insufficient to efficiently absorb solar generation 

throughout the entire year (in particular, on days during peak summer months when 

generation exceeds household demand and result in significant surplus that must be 

exported to the grid at low rates, i.e., the spot price minus the grid's cost), therefore resulting 

in a lesser NPV than Site 3. Additional challenges for Site 2 include its east-west split 

orientation and the corresponding flattening of its generation profile and peak surplus 

available for self consumption during peak PV generation periods (before noon). Due to 

the absence of actual inverter data to the author and ±20-30% uncertainty with collected 

solar yield estimate data; however, the negative direction of the NPV was determined to 

be reliable, while the magnitude of the NPV, was unable to be reliably determined. 

4.6.3 Site 3 — Hypothetical PV Scenario 

In a completely hypothetical scenario where there is a south-facing photovoltaic (PV) 

system at Site 3 generating a constantly varying generation output of 4.0 kWp, the expected 

performance results in a Present Value (NPV) of -8,367.99 over 20 years and an Internal 

Rate of Return (IRR) of -8.52%. Figure 4.22 shows the discounted cash flow (DCF) total 

value uncertainty range and the average monthly electricity use (kWh) over the three years 

that the DCF accounts for; the range divides into 3 lines representing the central estimate 

(purple), the high estimate (red) and the low estimate (green) which is between 

approximately -5,000 and -12,000 at year 20, the inverter replacement dip can be seen for 

all three lines around year 11-12. None of the estimates within +/- 40% of the central 

estimate achieve breakeven at the end of 20 years. The report also provides the actual 

monthly data for 2023-2025 for the PV system described above which provides the kWh 

use for each of these 3 years that is the basis for estimating the size of solar PV systems 

and for estimating self-consumption at these facilities (total use by year is 13,900.63; 

16,147.57; and 19,057.26 kWh). 

The SCR is 61.6% considering the average baseload per year of the geothermal heat pump 

houses of 19057 kWh per year gives a high demand source to accommodate all the solar 

generation produced throughout each year at the site. Despite this favourable SCR, the 
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NPV remains deeply negative at −€8,368 because the absolute annual savings — 

constrained by the modest 4.0 kWp system generating approximately 3,090 kWh/yr — are 

insufficient to recover the system CAPEX within the analysis horizon even under the 

optimistic +40% scenario. These results carry ±40%+ uncertainty and are presented as 

directional guidance only. 

 

Figure 4.22. Site 3: Hypothetical PV 20-year DCF uncertainty band (upper panel) and 

three-year monthly consumption profile 2023–2025 (lower panel) 
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4.6.4 Cross-Site Comparison 

Figure 4.23 presents the best-scenario 20-year NPV for all three sites alongside a multi-

metric radar chart. The bar chart shows Site 1 best NPV at −€5,867.06 (PV + Smart EV, 

Measured), Site 2 at −€10,031.5 (Standalone PV, Estimated), and Site 3 at −€8,367.99 

(Hypothetical PV, Hypothetical), with data quality badges applied to each. The results of 

these NPVs (net present values) are broken down into four categories on a radar chart: 

annual load, solar yield, electricity cost (baseline) and best absolute NPV. The radar chart 

shows the site with the greatest annual load and baseline cost, Site 3, has a hypothetical 

data quality that is poor; therefore it limits its annual load and will not achieve what it could 

otherwise achieve if the system were larger (4.0 kWp). Conversely, Site 1 achieved an 

NPV that is much greater than its annual load, showing that measured data quality is better 

than a high price would indicate, and that there was some marginal benefit from using 

smart EV scheduling to store excess energy. 

 

Figure 4.23. Cross-site best-scenario 20-year NPV comparison with data quality badges 

and multi-metric radar chart 

It is important to interpret the cross-site ranking with caution since only Site 1 is considered 

a fully Measured economic outcome and Sites 2 and 3 are considered Estimated and 

Hypothetical outcomes respectively. The differences between the NPV for each site are 

well within the ranges of uncertainty established for each site (±20%-30% for Site 2 and 

±40% for Site 3) and therefore, there is a possibility that the ranking of the sites may switch 

if different realisations of the uncertain inputs were used. 
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The annual loads at the three locations are compared to their solar production for this 

figure/output. The loads (8,635 / 5,169 / 19,057 kWh for Sites 1, 2, and 3) occupy almost 

a 4:1 range and solar production remains essentially flat with yields ranging 3,090-3,255 

kWh/year whereby the solar production is effectively the same across all sites and demand 

for household electricity is unequal. The load-to-yield ratio of each site is the major reason 

for the difference of the SCR values from site to site: the 19,057 kWh at Site 3 utilizes 

nearly all of the 3,090 kWh estimated yield having a SCR value of 61.6 %, but at Site 2, it 

exceeds the 3,255 kWh estimated yield by a little bit, and the commonality of SCR values 

occur in the summer months of the year only. 

 

Figure 4.24. Cross-site annual electricity load (bars) and estimated solar yield (orange 

line overlay) 

As depicted in Figure 4.25, the baseline annual electricity cost per site is as follows: Site 1 

has a baseline electricity cost of €1,410, Site 2 has a baseline electricity cost of €1,205, and 

Site 3 has a baseline electricity cost of €3,038. Thus, prior to making any investments in 

solar energy, Site 3 is paying more than double what Site 1 pays and is paying 

approximately 2.5 times what Site 2 pays for grid-supplied electricity. 
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Figure 4.25. Cross-site baseline annual electricity cost 

The maximum possible annual savings that can be achieved with a solar system are given 

here as ‘Baseline Costs’ (theoretical maximum). Thus, the maximum amount of savings 

that would actually occur if a solar system were able to provide 100% of demand for every 

household would be described with baseline costs. Theoretically, this is not physically 

possible in Finland due to seasonal conditions, but gives you something against which to 

measure the modest actual savings gained. In Year 1, Site 1 had a saving of €326.93 and 

total baseline costs of €1410, meaning the savings represent 23.2% of its baseline. €177.15 

at Site 2 represents 14.7% of its €1205 baseline, and estimated savings of €217 at Site 3 

represents only 7.1% of its €3038 baseline — showing how a high-consumption 

groundwater home has attained the least cumulative amount of total performance-based 

cost reductions as a result of having the best SCR with a small hypothetical PV solar energy 

system. 

4.7 Sensitivity Analysis 

The tornado sensitivity chart and macro scenario table for all three investment 

configurations are depicted in Figure 4.26. The tornado graphic shows the five parameter 

measures ranked based on their absolute NPV effect for ±variation from the base case. 

Across all scenarios (PV+BESS; −€8,602; −€15,692) CAPEX (Capital Expenditure) has 

the greatest range of absolute NPV variations from its base (it is, therefore, the key 

uncertainty driver) and this has significant implications for policy due to the continuing 

reduction in costs of both PV modules and batteries.  
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Figure 4.26. Sensitivity tornado diagram for all three Site 1 investment scenarios 

The electricity price is the second most important factor that affects NPV, with NPV values 

ranging between €14,083 and €8,211 depending on the scenario. PV yield/divergence is 

ranked third and indicates the uncertainty associated with interannual variability in 

irradiance and the accuracy of the snow loss model. O&M cost and the discount rate have 

the least variability, suggesting that the potential return on investment is relatively resistant 

to typical changes in those parameters. 

The results of the macro scenario table indicate that the NPV (PV) value decreases to -

€9181, the NPV (EV) value decreases to -€9403, and the NPV (BESS) value decreases to 

-€18061 using pessimistic assumptions (high CAPEX, low yield, low electricity prices). 

The NPV values using optimistic assumptions are again substantially higher (-€1114 NPV 

(PV), -€186 NPV (EV), and -€5569 NPV (BESS) with the combined scenario (PV + Smart 

EV) nearing breakeven under/with the combination(s) of all variables being most 

favourable to the combined outcome of this scenario group. The differing NPV values from 

the original table (Table 4.1) are simply a result of differences between the estimation 

methods (simplified sensitivity model versus full DCF framework) used in this scenario 

analysis). 

Figure 4.27 shows two sensitivity sweeps – NPV as a function of discount rate (3% to 6%) 

and ±30% for electricity price changes, all for the three investment scenarios. The discount 

rate sweep shows improvement at lower rates for all scenarios. Still, not one hits breakeven, 

even at 3.0%, which is the most optimistic rate checked.  
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Figure 4.27. NPV sensitivity sweep: Left panel — NPV vs discount rate 3%–6% for all 

three scenarios; Right panel — NPV vs electricity price change ±30% for all three 

scenarios 

At 3.0%, Standalone PV NPV reaches approximately −€3,800 and PV + Smart EV 

approximately −€3,500, while PV + BESS remains at approximately −€10,000. The 

electricity price sweep shows that a +30% increase in electricity prices improves 

Standalone PV NPV to approximately −€3,200 and PV + Smart EV to approximately 

−€3,500, again without reaching breakeven. PV plus BESS still shows a significant 

negative net present value of around -€11,500 even in the best-case scenario with a 30% 

price hike. More importantly, no single parameter change looks at achieves a positive NPV 

either. To just break even, we'd need lower discount rates, more expensive electricity, and 

less costly CAPEX all at once. This means a good result isn't from one thing going right, 

but several things aligning favourably together. 

4.7.1 Nord Pool Spot Price Analysis 

In 2025, the average Nord Pool FI spot price of electricity was 3.31 c/kWh. Compared to 

the peak electricity prices during the electricity crisis that occured during 2022-2023, this 

average price clearly shows that normalisation is returning to prices for power in the Nordic 

region. This can be attributed to a much improved hydro reservoir situation in Norway, 

good wind generation and less upward pressure from gas prices than have been seen 

previously.  

By looking at Figure 4.28, we see that most of the time the power spot prices fell into a 

range of approximately 2–8 c/kWh, with a relatively equal split between 4–6 c/kWh 
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(around 10,500 hours) and 2–4 c/kWh (around 8,000 hours). One thing that stands out 

during this time period is that practically all of the time the power prices were never less 

than 2 c/kWh and never exceeded 10 c/kWh. This is a dramatic difference from power 

prices during the 2022–2023 crisis period and was contrary to previous assumptions of 

nightly power prices being low. 

May was the cheapest month on average at 2.291 c/kWh due to abundant wind and hydro 

power. At the other end of things, August had the highest monthly average price of 6.931 

c/kWh, which is an aberration and will be addressed further later in other sections. 

 

Figure 4.28. Nord Pool FI 2025 spot price distribution 

Figure 4.29 displays the pricing pattern of the monthly average spot prices for the year of 

2025. Contrary to the anticipated trend of higher-than-usual prices being due to seasonal 

factors, the price trends follow another pattern. For example, from January through April, 

the average spot prices are between 6.0 and 6.5 cents per kilowatt-hour due, in part, to the 

demand for space heating; however, in addition to that, the summer months do not exhibit 

the previous low pricing as normally expected. For August, however, the average spot price 

spikes to 6.931 cents per kilowatt-hour which, in fact, is a point that is much higher than 

was previously the case. In fact, May and June are the months with the lowest prices at 2.2 

and 2.0 cents, respectively. These price trends are consistent with those that occur in the 

Nordic region during its spring, when both hydroelectric and wind-generated electricity is 

available in surplus quantities and produces lower than average electricity prices in the 

Nordic region. After which time, July retains its relatively low pricing, before increasing 

to approximately 3.2 cents, before the spike occurs in August of that particular year. 

According to experts, this spike is attributable to the low level of Norwegian reservoir 
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storage, the lack of precipitation, the increased demand for cooling (which, in turn, places 

additional demands with respect to the interconnections between the various countries that 

are served by the Nordic region), and the reduced availability of nuclear electricity 

production capabilities in Finland. Moreover, this spike in August has had such a 

significant impact on how we view both battery energy storage systems (BESS) and how 

solar energy is produced. The result of these additional revenues then results in an increase 

in the total amount of revenues generated over the summer months, thereby offsetting the 

increased revenue amounts that would typically occur during those months of the year that 

are typically regarded as high-cost. 

 

Figure 4.29. Nord Pool FI 2025 monthly average spot price 

The daily spot price (Figure 4.30) indicates that there is a pattern of doubling peaks in 

terms of the time EVs will be charged in day, with one peak occurring between 6:00 AM 

to 9:00 PM (approximately at about €0.075) and another peak occurring between 6:00 PM 

to 9:00 PM (€0.075 - €0.080). There will also be a small dip between noon to 3:00 PM 

(approximately €0.035 - €0.040).  
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Figure 4.30. Nord Pool FI 2025 diurnal spot price profile (blue line, left axis) and smart 

EV charging frequency (green bars, right axis) 

From 03:00 to 06:00, the cheapest electricity price hits, sitting around 2.5–3.0 cents per 

kWh. Those green bars show the smart EV charging gets mostly concentrated during the 

night, between 03:00 and 06:00, as well as during the midday lull from 12:00 to 15:00. 

Smart charging avoids both the costly morning and evening peak times. This pattern 

follows the Priority 2 dispatch logic explained in Section 3.5. Though the actual savings 

from smart charging is small—minus 0.17 cents per kWh—it still supports the idea that 

the main benefit here isn't from buying cheap energy; it’s displacing the need for non-

renewable energy as described in Priority 1 in Section 4.4.2. 

5 Discussion of Results 

5.1 Overview 

This chapter discusses the results obtained in Chapter 4 according to the questions raised 

in Chapter 1 and situates the results in the literature reviewed in Chapter 2. In addition, this 

chapter provides insights into Finnish residential energy policy and household energy 

investment. The discussion is divided into four sections. Section 5.2 discusses the 

economics of standalone PV systems in sub-arctic climate conditions in Finland; Section 

5.3 discusses the value of battery storage within the Finnish marketplace; Section 5.4 

discusses smart EV charging as an inexpensive method of achieving flexibility from an 

electricity supply perspective; and Section 5.5 describes what conditions need to exist for 

investments to be financially viable. Following this discussion, Section 5.6 presents the 
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methodological contributions of this research, while Section 5.7 discusses limitations and 

future research pathways. 

5.2 Economics of Standalone PV in Finnish Sub-Arctic Conditions 

According to the research, residential solar PV investment within Mikkeli has a negative 

NPV regardless of scenario or site over a period of 20 years. The least negative scenario is 

"most promising" (PV combined with intelligent EVs at Site 1), but the NPV is still -€5,867 

at a discount rate of 4.5%. Standalone PV does slightly worse at −€6,117. This marginal-

to-negative economic outcome is consistent with Finnish techno-economic studies, which 

find that residential PV-plus-storage in Finland is generally not yet profitable under current 

prices and that exporting surplus to the grid often outperforms on-site storage (Puranen et 

al., 2021; Hyvönen et al., 2022). Pfenninger and Staffell (2016) documented annual 

capacity factors of 10–11% for south-facing PV at 60°N, consistent with Site 1's measured 

specific yield of 773 kWh/kWp and the Fingrid reference system range of 699–855 

kWh/kWp confirmed in Section 4.3.3. 

The negative NPV does not imply that solar generation is economically irrational in unit-

cost terms — but the figure-confirmed LCOE data from both the Fingrid reference systems 

(17.64–21.77 c/kWh) and the Site 1 scenarios (~29 c/kWh Standalone PV, ~30 c/kWh 

PV+Smart EV, 51.69 c/kWh PV+BESS) establish that the all-in levelised cost of Finnish 

residential solar generation exceeds the variable grid import tariff of 8.47 c/kWh by factors 

of 2.1–6.1× under current conditions. This LCOE gap is driven by the high CAPEX-to-

annual-savings ratio — Site 1's Standalone PV ratio of 29.9× means that Year-1 savings of 

€326.93 must persist and grow for well beyond 20 discounted years to recover the €9,775 

net investment — rather than by any deficiency in the physical generation economics. The 

per-kWh value of solar self-consumption remains strongly positive: each kWh consumed 

on-site avoids the full all-in retail price of approximately 13.5 c/kWh — the 5.08 c/kWh 

average 2025 spot price plus the 8.47 c/kWh variable stack, which already comprises the 

5.14 c/kWh JSE network fee, the 0.50 c/kWh Lumme margin, and the 2.83 c/kWh 

electricity tax (incl. 25.5% VAT) — whereas each kWh exported earns only the spot price 

minus the 0.40 c/kWh sell margin, typically 1–3 c/kWh during the summer hours when 

most surplus occurs. This three-to-tenfold asymmetry confirms that the self-consumption 

rate, rather than system size, orientation, or unit cost, is the dominant driver of household 
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PV economics in Finland. It affects cash flow more than system size, orientation, or cost. 

So, the SCR really drives the annual finances for solar in Finland. 

The 22% difference between PVGIS estimates (around 3,900 kWh) and actual inverter 

output (3,206 kWh) has serious consequences for investment choices. Finnish homes 

depending solely on PVGIS for estimates would miscalculate annual savings by roughly 

22%, and thus, undervalue the payback periods. Plus, the verified ERA5 snow-loss model 

accurately predicted 46 no-production days at the Mikkeli site. This makes it a much better 

correction method and a key practical tool from this thesis for making decisions about using 

solar in Finland. The Fingrid reference system LCOE range of 17.64–21.77 c/kWh, derived 

from real measured production data at real Finnish installed costs, provides a more 

empirically grounded benchmark for Finnish PV investment assessment than PVGIS-based 

projections and should be treated as the primary reference for pre-investment feasibility 

screening. 

Non-financial benefits excluded from the NPV model are nonetheless real and well-

documented in prosumer behaviour research. Energy independence during price spikes 

provides a form of price risk insurance not captured by any average-price economic model 

— particularly relevant in the Finnish context given the 2021–2022 crisis that saw annual 

average Nord Pool FI prices reach 72–154 €/MWh. At the Finnish grid emission factor of 

65 gCO₂/kWh, Site 1's 3,206 kWh of annual solar generation displaces approximately 1.5 

tonnes of CO₂ per year relative to full grid supply. Finnish real estate research 

(Kiinteistöliitto, 2023) documents a 2–4% increase in residential property values for homes 

with installed solar systems, representing a capital gain not reflected in the DCF model. 

Finally, an installed PV system and smart charging wallbox reduce the marginal cost of 

future electrification steps i-e, heat pump replacement, a second EV, or eventual BESS 

addition — creating embedded option value that grows as the household's electrification 

depth increases. 

5.3 Battery Storage Economics — Why BESS Fails Under Current Finnish 

Conditions 

The PV + BESS scenario returns the worst economic performance of all investment 

options, with a 20-year NPV of −€12,854 and IRR of −5.76% — more than double the 

NPV deficit of Standalone PV despite adding only €146.49 in additional annual savings 
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above the no-battery baseline. This finding is consistent with Parra and Patel (2016), who 

demonstrated that PV-coupled battery storage achieves positive NPV only when the retail-

to-export price ratio substantially exceeds 3.5 and when sufficient daily price spread exists 

to make arbitrage cycling economically viable. The 2025 Finnish market data confirmed 

in Figures 4.32–4.34 reveals that both conditions are only partially met, for the following 

five structural reasons. 

First, the dominant CAPEX constraint. As confirmed by Figure 4.26's tornado analysis, 

CAPEX is the single most influential parameter in the PV+BESS NPV model, with an 

absolute range of −€8,602 to −€15,692 across the tested ±variation. The 10 kWh LiFePO₄ 

BESS adds €7,950 in net CAPEX above Standalone PV while contributing only €146.49 

in additional annual savings — a marginal CAPEX-to-savings ratio of 54.3×, entirely 

irrecoverable within a 20-year horizon at any discount rate tested in Figure 4.27. 

Second, the compressed 2025 Finnish spot price distribution. Unlike what earlier versions 

of the model assumed for crisis years, the 2025 Nord Pool FI spot prices show something 

different. Figure 4.28 shows these prices are mainly between 2–8 c/kWh, with an average 

of 3.31 c/kWh. The most common prices fall between 4–6 c/kWh. The previous version of 

the framework anticipated the introduction of lower overnight tariffs at 2 c/kWh which 

proved to be incorrect. As a result, there are few lower-cost night-time rates; reducing the 

opportunity to maximize profits by using battery energy storage system funds from 

arbitrage can be greatly reduced. There are 20 of ~89 low production days that were 

recorded by Figure 4.16 as having spreads below the 3 c/kWh arbitrage threshold (which 

indicates approximately 20% of potential arbitrage days have been withheld from usage). 

On these days there would have been no cycling of batteries from an economic standpoint 

after factoring in any round-trip efficiency losses. On about 35 days when spreads are more 

than 10 c/kWh, the 8 kWh BESS limits gross arbitrage revenue per cycle to around €0.80. 

This isn't enough to significantly change the 20-year NPV, considering the related 

investment size. 

Third, the extreme seasonal concentration of solar generation. With 65% of annual yield 

generated in May–August, the BESS cycles meaningfully as a solar storage device for only 

four months per year. Figure 4.13's monthly charge decomposition confirms this four-

phase operational pattern: solar charging dominates May–September (702.8 kWh total), 

arbitrage charging covers November–February (469.4 kWh total), and March–April and 
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October represent thin transition periods. This contrasts sharply with Germany or Spain 

where more evenly distributed annual solar generation provides year-round BESS solar 

cycling opportunities and higher annual throughput relative to capital cost. 

Fourth, the battery utilisation pattern revealed by Figure 4.15. The SoC distribution 

histogram shows that approximately 55% of all 8,759 simulated hours are spent at 10–20% 

SoC — the depleted state following full discharge cycles — with a secondary peak of ~12% 

of hours at 90%+ SoC. The charge/discharge bimodal characteristics indicate that the 

battery is undergoing active performance rather than remaining in a dormant state, while 

the dispatch algorithms are appropriately discharging according to the established plan. 

The total energy throughput for the full year is 1,172.2-kWh of energy charged into the 

battery and 1,104.8-kWh of energy discharged from the battery, which adds up to some 

138 full cycles of usage annually. Usage as described above will fit within the LiFePO4 

battery design usage range of 3,000 to 6,000 cycles, therefore battery degradation does not 

appear to be a current concern; rather, it is the relative low revenue generated when 

compared with the total investment into the project that limits the financial viability of 

performing the project. 

Fifth, there's the asymmetry in the discount rate front-loading. At a 4.5% rate, saving €100 

in Year 20 is worth €41.46 today. The CAPEX for the BESS, €17,725, happens right at 

Year 0, without any discount hit. Yet, the extra yearly savings of €146.49 start making up 

for the initial investment only when you factor in their discounts over those 20 years. Table 

5.1 shows this growing difference: 

Table 5.1. Present value of €100 saving at 4.5% discount rate 

Year Present value of €100 

Year 1 €95.69 

Year 3 €87.63 

Year 5 €80.25 

Year 8 €70.32 

Year 10 €64.39 

Year 15 €51.67 

Year 20 €41.46 

Schmidt et al. (2017) project residential BESS costs falling 40–50% by 2030 on the current 

learning curve, which would reduce the Finnish installed cost for a 10 kWh system to 
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approximately €5,000–€6,000. At this cost level, and combined with a lower discount rate 

environment and the higher electricity price scenario modelled in Figure 4.27, PV+BESS 

NPV would improve by €2,000–€3,500, approaching but not yet reaching breakeven. The 

JSE reference prosumer dataset backs up the limits of the battery energy storage system 

(BESS). The real Finnish data for PV plus battery shows a steady-state ratio (SSR) of 5.3% 

and a storage charging ratio (SCR) of 17.5% from January to September 2025. Over this 

time, 1,831.5 kWh was exported, out of a total generation of 2,218.66 kWh. This confirms 

that most of the surplus energy in the summer still goes to low-value grid export, even with 

a battery installed. 

5.4 Smart EV Charging — The Most Cost-Effective Flexibility Investment 

The PV + Smart EV scenario results in the lowest 20-year net present value (NPV ≈ 

−€5,867) and the highest internal rate of return (IRR ≈ −1.76%) at Site 1 compared to other 

options. This finding backs up what Kempton and Tomić proposed in 2005 and what 

Munkhammar, Grahn, and Widén confirmed in 2013—electric vehicles are more cost-

effective flexibility assets than stationary battery storage in home producer-consumer 

setups. Plus, the results hold true for 2025 Finnish market conditions and are strengthened 

by the economic analysis in this study. 

The economic reasoning is valid, however, it is complicated beyond simply what the 

original model shows. For example, when calculating the Smart Charging Wallbox's cost 

of €800 gross (€575 net after Kotitalousvähennys) versus the amount saved in simulated 

savings from March to December 2025 (i.e., saving €17 per year gives an estimated 34-

year payback period for the Wallbox by itself) is significantly longer than any of the 

paybacks associated with Photovoltaic Scenarios. Thus the payback period is not appealing 

based on the Wallbox by itself. However, when combining PV + Smart EV, this results in 

an NPV increase of €250, compared to using Standalone-PV (-€5,867 versus -€6,117). Due 

to only needing an additional outlay of €775 CAPEX, the combined CAPEX (i.e., €775) is 

33% larger than that of the Standalone PV (€14,675). Thus, the CAPEX/NPV improvement 

ratio for the Smart EV option is 3.1x better than the 54.3x ratio for PV + BESS; therefore, 

the Smart EV is justifiable by the lower incremental cost than similar alternative solutions 

that achieve equivalent results. 
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Smart charging economics can be substantiated by comparison with empirically gathered 

data in the form of the following diagrams. In figure 4.11, the average hourly spot price for 

smart charging times (3.48 cents per kilowatt hour) exceeds that of the overall average 

hourly spot prices (3.31 cents per kilowatt hour), for a difference of 0.17 cents per kilowatt 

hour; thus it is very likely that there exists a price disadvantage with respect to Priority 2 

spot arbitrage, and that in the Finnish marketplace of 2025, Priority 2 spot arbitrage will 

not yield a great deal of value. In fact, all savings (€17 per year) will have been realized 

through solar self-consumption from Priority 1. Solar energy used to charge electric 

vehicles (679.6 kWh) is omitted from the entire variable tariff of 8.47 cents/kWh, which 

generates savings considerably greater than those generated through overnight charging.. 

This finding contradicts the common belief in the smart EV charging literature that timing 

charges to take advantage of lower overnight prices significantly adds value in Nordic 

prosumer systems, at least based on the 2025 price data in Section 4.6.6. 

Figure 4.30 shows the algorithm picks the right times, prioritizing cheap overnight hours 

from 15:00 to 18:00 and the midday dip from 12:00 to 15:00 for Priority 2 charging. It 

stays clear of the costly morning and evening slots – just as it should. However, the 

compressed 2025 spot distribution — with the modal price band at 4–6 c/kWh and virtually 

no hours below 2 c/kWh — means that even perfect price-optimal scheduling yields only 

marginal savings over unoptimised charging. This suggests that the economic case for 

smart EV charging infrastructure in Finland is primarily a solar self-consumption story 

rather than a spot price arbitrage story, and should be communicated to policymakers and 

consumers accordingly. 

The primary operational constraint on smart charging effectiveness remains vehicle home 

availability during peak solar generation hours. The simulation's Priority 1 dispatch 

assumed partial daytime availability; in fully commuting households where the vehicle is 

absent during 08:00–17:00 on weekdays, Priority 1 solar charging is limited to weekends 

and reduces the annual solar-displaced volume and the associated savings proportionally. 

Future studies should model commuting pattern variability explicitly as a sensitivity 

parameter, as vehicle availability may be the binding constraint on smart charging 

economics in dual-earner Finnish households. 
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5.5 Conditions for Improved Investment Economics 

The sensitivity analysis confirmed by Figures 4.30 and 4.31 establishes that no single 

parameter variation tested is sufficient to achieve positive NPV for any investment 

scenario. Breakeven requires a simultaneous convergence of multiple favourable 

developments. The following conditions are identified as the most relevant based on the 

figure-confirmed sensitivity results: 

CAPEX reduction — the dominant lever (Figure 4.26). CAPEX is confirmed as the 

most influential parameter across all three scenarios, with the widest absolute NPV range 

of any variable tested. A 20% reduction in PV system CAPEX — consistent with the 

continued learning-curve cost decline documented by Fraunhofer ISE (2023) and 

BloombergNEF (2024) — improves Standalone PV NPV by approximately €1,800 and 

reduces the Fingrid reference system LCOEs from the current 17.64–21.77 c/kWh range 

toward 14–17 c/kWh. For BESS, a 40–50% cost reduction to €5,000–€6,000 for a 10 kWh 

system (projected by 2028–2030) is the most critical precondition for BESS viability, 

improving PV+BESS NPV by €2,000–€3,500. 

Electricity price escalation — the second lever (Figure 4.26). A sustained increase in 

Nord Pool FI average spot prices from the 2025 level of 3.31 c/kWh would improve all 

scenario NPVs through higher self-consumption savings and export revenue. The IEA 

(2023) Stated Policies Scenario projects Finnish electricity prices rising 15–25% by 2030, 

driven by electrification of heating and transport increasing demand. Raising prices by 

+30%, the highest figure tested in 4.27, improves Standalone PV NPV to about −€3,200 

and PV + Smart EV to around −€3,500. Still negative, but they're closer to breaking even, 

where reduced CAPEX costs might swing things in favor. 

Discount rate normalisation — a supporting lever (Figure 4.27). The sweep discount 

rate demonstrations have shown that the scenarios improve when rates fall from 4.5%; 

however, none of them reach their own breakeven rates between the 3%–6% range. For 

example, Standalone's NPV is estimated to be around -€3,800 at 3.0%, which is an 

improvement of approximately €2,300 from baseline, but is still a relatively large amount 

of loss at that rate. This implies that while the discount rate will make capital investment 

and pricing changes more pronounced, it does not make them feasible on their own. 



99 

 

PV system sizing optimisation. As shown in Figure 4.7, the ideal size to minimise the 

LCOE in the Fingrid reference system is between 606 and 656 kWp with an LCOE of 

between 1764 and 1776 cents/MWh. For a residence such as Site 1 with an annual 

electricity consumption of 8,635 kWh, an increase in the system size from 4.15 to 

approximately 5.5 to 6.0 kWp will result in an increase in generated solar energy. The 

upgrade will also maintain the same SCR, support increases in annual savings and NPV; 

however, it will not raise the LCOE of small systems too dramatically. 

FCR-D reserve market participation. In the market for frequency containment reserves 

for disturbances offered by Fingrid, participating at a low capacity price of EUR 10 / MW 

/ hour, assuming a household has a battery energy storage system (BESS) with a capacity 

of 10 kWh registered through a Balance Responsible Party (BRP) aggregator for the 8,560 

hours of the year, would yield approximately EUR 74 in annual income; current regulations 

do not allow household prosumers to access this income stream due to not being registered 

with a BRP. However, regulatory changes in Finland may soon allow aggregated demand 

response as an additional additional means to encourage household prosumers by 

enhancing the economics of their combined PV+BESS installations over the next 20 years 

without requiring any additional equipment; thus, if such regulations pass, it will provide 

a substantial benefit to the economics of PV+BESS installations. 

For Finnish residential PV+BESS installations to have a positive NPV, CAPEX prices will 

need to drop 40-50% by around 2030 (likely). Nord Pool (FI) spot price needs to remain at 

5-6c/kWh (likely if demand from electrification grows faster than new supply), and the 

Discount Rate would need to range from 3.0-3.5% (possible). All these conditions could 

be present by 2028 through timing. Timing is critical rather than the fact that these 

installations are not practical to invest in overall. 

5.6 Novel Methodological Contributions 

In Finland's research into residential consumers of solar energy from PV systems, this 

thesis offers four methods that differ from past research using only PVGIS derived 

modeling or arbitrary assumed load profiles. 

First, the ERA5 snow melt loss scenario uses actual inverter output data collected by actual 

solar (PV) electricity producers (i.e. grid-connected) for validation of this research model 

and provides a solid real-world basis for predicting PV output in Finland. The close match 
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of the number of days without solar electricity (46 days) predicted by the ERA5 sample 

with actual inverter output indicates that the ERA5 weather data set provides a more 

accurate prediction of actual snowfall than the PVGIS data sample. The elimination of 

over-estimated system return on investment of approximately 22% due to this discrepancy 

between ERA5 and PVGIS data estimates has potentially valuable implications regarding 

the criteria used to make investment decisions regarding solar systems, especially for 

investors in Finland. 

Furthermore, both BESS dispatch simulation and economic model can prevent the 

overstating of revenues for BESS' arbitrage when the econometric function will use hourly 

Nord Pool FI spot price(s) (not average annual prices) as estimates of BESS dispatch 

revenues. That is there is overstated revenue because there are more hourly settlements 

used as estimates. To highlight this point, refer to Exhibit 4.28 which can see that the 

monthly average price for 2025 would result in having the distribution of spot prices 

between 2 and 8 cents with the average price of 3.31 cents per kWh occurring between the 

two peaks of 4 and 6 cents per kWh. Additionally, the spike in August at nearly 6.931 cents 

represents the highest monthly average for 2025, however no overnight periods of lower 

than two cent prices would occur in the event of an annual average data set. 

Third, The JSE AMR smart meter 3-site data set contains 3 years of data from 3 sites which 

offer the first real multi-year academic look at electricity consumption of households in 

Mikkeli, Finland.  The dataset provides insight into the impact of electric vehicles on 

residential electricity consumption, with Site 3 experiencing an increase in Year 1 

(+16.2%) and Year 2 (+18.0%) due to the adoption of EVs.  In addition, it is possible to 

see the difference in quality between Site 1's actual measurements taken directly (±3–5%) 

and Site 3's indirect measurements using a proxy method (±30%), demonstrating that using 

inexpensive sub-meters can greatly improve the quality and reduce the occurrence of 

incorrect data. 

The explicit data quality framework — which classifies each output by a label of Measured, 

Estimated, Mixed or Hypothetical — provides an effective communication method to 

transmit uncertainty for all residential energy feasibility studies. The Nordic prosumer 

literature lacks any clear label describing - nor drawing no distinction between measured 

& assumed physical element differences; therefore, creating a clear and known gap in that 

literature. The fact that the −€5,867 fully Measured NPV at Site 1 and the −€8,368 
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Hypothetical NPV at Site 3 are both within the ±40% analytical uncertainty range, 

confirmed by associated calculations, also provides a very substantial analytical value 

beyond just a trivial or cosmetic value. 

6 Conclusion and Future Recommendations 

6.1 Summary of Findings 

The negative net present value findings for all the Mikkeli site scenarios are well-founded 

both academically and empirically, and they also have support from additional studies in 

Finland and the Nordic countries. There does not appear to be any miscalculation of values 

or over-optimistic assumptions in these findings. They do reflect the actual economic 

obstacles faced by Finnish residential prosumers in 2025 (for instance, very low spot prices 

- on average of just 3.31 cents per kWh for the year, high costs to install a solar energy 

system and a high discount rate of 4.5% had a major negative impact on capital 

investment). 

It is surprising to see that the analysis performed in the figures has generally supported, 

rather than challenged, the characteristics and findings of this study. The LCOE of Finnish 

PV systems is higher than expected. In fact, the LCOE for the Fingrid reference systems 

falls into a range of 17.64 to 21.77 c/kWh. For the scenarios in the Site 1 installation, the 

LCOEs are at a range of 29 to 52 c/kWh, making it even harder to recover the initial 

investment for the first time. Furthermore, for the smart EV charging system, most of the 

economics work because of solar self-consumption and not the difference in spot prices – 

this keeps the investment relatively strong regardless of the spot price of the solar power 

generation. Lastly, although batteries have had a significant number of charge/discharge 

cycles, the reduction in the dollar/value/cycle has actually had more of an impact on the 

cost-effectiveness of these batteries than the number of cycles they have been used for. 

In 2025, the thesis provides Finnish prosumers with specific investment recommendations. 

The first investment recommendation is smart EV charging infrastructure, which has the 

highest NPV per euro invested. If you have an EV or plan to buy one in the future, it is 

essential to install smart EV chargers; however, EVs need to be parked and available for 

charging during the day so they can take advantage of this infrastructure. The second 

investment recommendation is standalone PV systems; however, their NPV will be 
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negative but slightly less than zero, and their NPV may become more positive if CAPEX 

decrease and the price of energy from the grid increases. The third investment 

recommendation is based on the currently negative NPV of stationary battery energy 

storage systems; however, if manufacturers can reduce the price of these products to around 

€600 per kWh, then their potential has increased significantly if the overall cost of 

borrowing is only 3.0% - 3.5%.  

The main difference between this thesis and other studies on energy storage investment 

alternatives is that it provides specific criteria regarding the economic viability of 

investments, rather than simply providing a yes or no answer to these types of decisions. 

Therefore, this thorough and well-organized manner of outlining investment opportunities 

for individuals developing their energy plan in Finland will be of great value. 

6.2 Limitations and Future Research 

There are a number of limitations to mention. The main analysis is derived from a single 

solar year only, since data collected in 2024 will actually represent solar production in 

2025. This means there may be a potential error factor of +/- 10% due to cloud cover, 

ground cover or just variability in daylight hours throughout different years. If inverter 

records were available for a minimum of five years, reliability would increase significantly. 

The digital twin of the BESS is calibrated using ASHRAE Guideline 14 statistics and a 

self-calibrating Unscented Kalman Filter; however, this is based solely on virtual data. 

There is no Japanese residential battery telemetry available to use as a base reference for 

comparison purposes.  In Figure 4.14, average State of Charge profiles are plotted as flat 

ranges of 25% to 40% rather than showing seasonal trends. This means it is necessary to 

confirm dispatch behavior against actual telemetry data from a real-world system. 

To wrap up the earlier discussion about Site 3 EV proxy (load subtractions each year), the 

proxy cannot distinguish between EV charging demand and other annual load shifts, thus 

creating as much as ±30% of uncertainly around our best estimates of EV loads. The 

economic model assumes 2% of electricity pricing is consistent and does not reflect the big 

volatility experienced in Finland from 2021-2023, with a significant price increase in 

August 2025 (referencing Figure 4.29). We are not studying random price modeling; 

however, future research pertains to how to model stochastic electricity prices with the 

Nord Pool FI hourly dispatched using Monte Carlo simulation techniques. In this case, you 
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would eliminate the deterministic escalation assumption and display every type of arbitrage 

spread that results, as seen in Figure 4.16. 

Second, when the Finnish rules for V2H become available in residential settings, 

completing this research will provide valuable insight into the potential financial 

implications of using this technology in combination with the Polestar 2 EV. The Polestar 

2 has a total of 77 kWh of effective capacity from its battery, while the average BESS has 

only 8 kWh of effective capacity. The combined capacity of both systems will enable larger 

storage capabilities without any additional cost. 

Third, it would also be worthwhile to investigate whether household BESS can participate 

in the FCR-D reserve market through third-party aggregators, which could significantly 

increase BESS revenue beyond basic arbitrage. 

Lastly, expanding the existing multi-site data set to more accurately represent households 

in the South Savo region will help researchers apply their current findings more broadly 

throughout Finland. Additionally, this will help confirm whether the increase in EV 

adoption at Site 3 is continuing as projected.  
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