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Abstract

The economic benefit of a 12.8 kWp photovoltaic (PV) system was calculated using real
consumption and electricity generation data for a typical modern single-family house
in Sweden for the six years between 2019 and 2024. Electricity trade prices were based
on the local spot market plus taxes and fees. The effect of a tax reduction on exported
electrical energy was evaluated. The economic benefit was simulated for the case of a
virtual AC-coupled battery added to the house using a charging strategy to maximize
the self-consumption of the house. Additionally, the economic benefit was simulated for
a range of different yearly consumptions and PV system sizes. The calculation shows
that the PV system alone can be economically beneficial, while adding a battery with
typical investment prices from 2025 does not pay off if it is only used to increase the
self-consumption rate.

Keywords: photovoltaics; economics; solar cell system; battery; simulation; energy storage;
Sweden; electricity costs

1. Introduction

Sweden aims to reach zero greenhouse gas emissions by 2045 [1]. Photovoltaics (PV)
will play a significant role in reaching this target, provided that sufficient incentives exist to
install them. Because electricity is consumed mainly in cities, it makes sense to use the roofs
of buildings in urban areas for PV systems to minimize the distance between consumers
and prosumers and increase supply security through decentralized electricity generation
sites. With only 3.7% theoretical PV penetration by the end of 2024, Sweden is behind most
other European countries in using this valuable and cheap energy source [2]. This might be
surprising, because the yearly sun irradiation in the most populated part (southern Sweden)
is only slightly less than that in Germany (with nearly 20% PV penetration) [3]. One reason
might be that Swedish buildings use more electrical heating systems which in turn entails a
strong demand during the winter months with low sun irradiation. Furthermore, electricity
prices are significantly lower in Sweden than in Germany, making it less economically
beneficial to generate electricity with PV [4]. An overview of solar PV subsidies in Sweden
between the years 2009 and 2021 is given by Rydehell et al. [5], analyzing the relationship
between policy incentives and subsidy applications for different types of investors. One
question behind the research presented here is if it would be economically beneficial to
invest in a battery energy storage system (BESS) to increase the amount of self-consumed
electricity from a PV system. A questionnaire among Swedish farmers who already own
a PV system about their willingness to invest in a BESS revealed that reducing costs is
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a major driver, although the risk of poor battery performance and uncertainty about the
investment aid present major barriers for such an investment [6].

It can generally be assumed that the economic benefit is the major driver for house
owners to install PV systems [7,8]. The decision to invest in PV with or without BESS
often lies with the house owner and typically depends on whether the investment will
pay off within a reasonable time period. To answer this question, detailed information
on the expected financial savings from the system is required. Machine learning models
can predict the self-consumption rate (as defined in Equation (1) below) based on annual
electrical load, annual PV electricity generation, and tilt angle and azimuth angle of the
modules and the latitude [9-11]. Such models, when provided via a suitable application,
can help house owners with their decision. Several online calculators are available for the
economic payback time, but they unfortunately give a large range of different results, like
7 to 18 years for the same house, as demonstrated by Sommerfeldt et al. [12].

Zainali et al. calculated the average levelized cost of PV electricity (LCOE) based on
a statistical evaluation of over 6000 single-family dwellings in Sweden during 2019 and
2020. The mean value of the unsubsidized LCOE was about SEK 1/kWh when assuming
a real discount rate of 2% for the investment [13]. This price must be compared to the
actual electricity tariffs to estimate the economic benefit over time. However, this becomes
a challenging task when tariffs change hourly or even include power-based tariffs.

Power-based tariffs, called “capacity charges” or “demand charges”, depend on the
largest power peak or an average of the largest power peaks during a certain period, for
example a month. These prices can vary across seasons, and reducing factors can be added
to the measured power during certain hours, for instance during the night.

With rising amounts of PV and wind power, strategies must be developed to balance an
increasingly volatile energy supply [14]. In 2022, the Swedish Energy Markets Inspectorate
(Energimarknadsinspektionen) decided that capacity charges must be included in the
electricity tariffs for end users from January 2027 at the latest [15]. The aim was to foster
a more efficient use of the electricity grid by adding an incentive to avoid high power
peaks. On the other hand, many Swedish households already have time-varying electricity
tariffs, which already is an incentive to reduce electricity consumption during periods
of high demand when the prices are higher. Based on a study by Lundgren et al., the
authors concluded that the introduction of time-varying distribution tariffs did not affect
the efficiency of the grids [16]. Little evidence of power tariffs influencing consumption
behavior was found [17]. As shown later in this paper, Swedish electricity tariffs in 2025
can comprise over 20 different parameters, several of them varying over time. This makes
it challenging for house owners to understand how to reduce their energy costs.

A battery storage system can be used to increase the self-consumption or the self-
sufficiency rate, which are defined as

self-consumed PV energy
total generated PV energy

1)

self-consumption rate =

self-consumed PV energy
total consumed energy

2

self-sufficiency rate =

A few studies on the economic benefits of PV systems, partly including battery energy
storage systems, have been conducted using real Swedish electricity tariffs. Fiedler et al.
have analyzed the economy of PV and BESS using consumption data from four grid-
connected holiday houses in Sdlen, Sweden [18]. The benefits of virtual PV systems and
batteries were simulated based on three different electricity tariffs. The authors concluded
that BESSs are highly profitable in environments where distribution system operators
(owners of the grid connecting the house) invoice capacity charges that depend on the
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highest consumption peaks of the month. The calculations were based on a simulated
advanced battery control strategy, including forecasting peak loads and electricity prices to
implement peak shaving and increase self-consumption. However, these strategies might
not be fully available in today’s existing battery controllers. Profitability also strongly
depends on governmental subsidies for these systems.

Ruan et al. evaluated the technical and economic potential of using roofs in Hammarby
Sjostad, which is a district of Stockholm, assuming two virtual scenarios of PV system
expansions [19]. Dividing this district into 19 sub-areas, the self-consumption and self-
sufficiency rates per sub-area were calculated for both scenarios. In the scenario with the
largest expansion of PV, self-sufficiency rates mainly between about 5% and about 20%
were reached, while the self-consumption was over 90% in most cases. The calculated
net present values of the analyzed PV systems ranged from positive to negative, strongly
depending on assumed electricity prices and financial support from the government. This
means that the investments in the modeled PV systems (even without batteries) would
potentially not pay off during their lifetimes.

Ollas et al. have analyzed the impact of a simulated BESS on a nearly zero energy
single family house in southern Sweden which had a 7.2 kWh PV system, using real
and partly simulated consumption data of about one year [20]. Three different dispatch
algorithms for the virtual battery were simulated. One algorithm was used to maximize
the self-consumption rate (as defined above in Equation (1)). Two other algorithms were
applied for peak shaving of the power imported from the grid, one of them using a perfect
prognosis of electricity generation and consumption data from the day ahead, the other one
assuming that this data is equal to the day before. The study mainly calculates the average
peak-power values and the self-consumption rates for these three algorithms, but does not
take real electricity tariffs into account. The authors of this 2018 study conclude that the
investment in a BESS might in many cases not be justified.

Luthander simulated the effect of virtual PV systems and batteries from 21 detached
single-family houses in Sweden [21] using a kinetic lead-acid battery model by Manwell
and McGowan [22]. Real consumption data was used, collected by the Swedish Energy
Agency during a monitoring campaign between 2005 and 2008 [23]. PV system sizes
between 2.2 and 11 kW were simulated based on the real orientation and areas of the roofs.
The virtual batteries were simulated to be charged only with surplus electricity from the PV
systems and discharged when the consumption exceeded the electricity generation from
the PV systems. The study mainly reports the effect of BESS sizes on the self-consumption
rate for separate and combined electricity meters, as well as the effect of curtailment of
power fed to the grid for the overall power loss. Assuming fixed electricity prices, the
relative changes in economic revenues were calculated for different scenarios. The authors
conclude that sharing BESS and electricity meters in a community of end-users increases
the economic revenues compared with not sharing.

Having a PV system with a fixed size, the self-consumption rate can generally be
increased using BESS or demand side management (DSM). The latter is a concept to shift
the electric load in a household towards hours with surplus PV electricity generation [24,25].
DSM can be done manually, for example with dish washers, washing machines, or electrical
heating systems. To some extent, manual DSM might be applied by house dwellers, if they
clearly benefit from this. A study from 2018, however, shows no clear trend in behavior
after PV installation [26]. The limiting factors can, for example, be working times or school
hours. Automatic DSM, however, requires a control unit connected to appliances with
suitable interfaces and protocols, which is still challenging to set up today.
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The novelty of the work of this paper is in analyzing real measured data of consumed
electricity and generated photovoltaic electricity in combination with real variable electricity
prices and variable size factors for the PV system, house consumption, and a virtual battery.

In this work, a strategy to maximize the self-consumed PV energy using a virtual BESS is
investigated based on actual hourly based consumption and PV electricity generation data.

2. Methods
2.1. The Test House

The data evaluated here were obtained from a typical modern Swedish single-family
house in Varmland with a 131 m? heated area, built in 2018. For six years between 2019
and 2024, the imported and exported energy (The term “energy” means “electrical energy”
throughout this article) for the house was collected on an hourly basis, as measured by
the smart meter provided by the distribution system operator. The house is equipped
with a photovoltaic (PV) system with 45 modules based on multicrystalline silicon solar
cells (Q-cells, Selangor, Malaysia, Q.PLUS BFR-G4.1 285) with a nominal 12.8 kW DC
peak power. The roof has a 34-degree inclination towards the horizon and is oriented in a
southwest direction (202° azimuth counted from the north). The PV system comprises a
10 kW inverter (SMA, Niestetal, Germany, Sunny Tripower 10000TL), which was chosen to
keep the generated current per line below the three-phase house fuses of 16 A and therefore
obtain the lowest possible base tariff from the distribution system operator.

The PV electricity generation data were regularly downloaded from the inverter at
5 min time intervals. During a few periods, only 15 min time intervals could be obtained.
In rare cases, missing PV electricity generation data were reproduced (see Appendix A).
All sub-hourly data were summed up to full-hour time intervals.

On average, the yearly PV electricity generation was 12,635 kWh, and the energy con-
sumption of the house was 7468 kWh. Most of the consumption (approximately 4500 kWh)
was used for heating by an exhaust-air heat pump (Nibe, Markaryd, Sweden, F730) con-
nected to floor heating. On some cold days, the house received additional heat from a
fireplace. The average self-consumption rate of PV energy was 16.8%, corresponding to
2123 kWh annually. Therefore, the actual yearly imported energy was 5345 kWh. Compared
to older Swedish houses with less effective thermal isolation and older heating systems,
this consumption is slightly lower. It therefore represents rather the housing standards of
the coming years.

The price of the PV system was SEK 160,000 minus a subsidy of 30% (SEK 48,000) from
the state of Sweden.

2.2. The Prices for Electrical Energy

Swedish households recently reached 100% smart meter penetration, enabling all
household dwellers to use dynamic electricity tariffs [27,28]. The Swedish electricity prices
can be quite complicated, comprising about 23 different parameters, which are listed in
Appendix B. The household owner typically has one contract with the electricity supplier
and another one with the distribution system operator. Some price parameters (for example
the spot prices) vary every hour, others every month, or in longer intervals. Sweden is
subdivided into four geographical electricity price regions SE1-SE4, with S1 comprising
the northern territories and SE4 the south. Each electricity region has its own hourly spot
market prices. SE1 typically has the lowest prices due to large electricity generation by
hydropower in the region and lower population density.

Additionally, capacity charges (effektavgifter) can be added depending on the con-
sumption power peaks of the month. For this type of charge, the average imported power
during each hour is used. Between 22 h and 6 h every day, this power is multiplied by a
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factor of 0.5 in the calculations, which use a power tariff (see Table 1 below). The resulting
power values are sorted at the end of each month, and the three largest values are averaged.
This average value is multiplied by the capacity charge per kW and charged at the end of
the month.

Table 1. Parameters of the electricity tariff. The quantities are explained in detail in the text above.

Quantity Tariff A Without Capacity Charge Tariff B with Capacity Charge
Tirade SEK 0.05055833/kWh SEK 0.05055833/kWh
Ttax SEK 0.5488/kWh SEK 0.5488/kWh
Lvia SEK 0.3/kWh SEK 0.0625/kWh
Eirade SEK —0.03374/kWh SEK —0.03374/kWh
Egria SEK 0.068/kWh SEK 0.068/kWh
Levid capacity charge SEK 0/kW SEK 81.25/kW
Etax reduction (optional) SEK 0.6/kWh SEK 0.6/kWh

If no constant prices per kWh are contracted, the prices for trade with the electricity
supplier include hourly based spot prices provided by the Nordpool group [29]. These
prices are announced for the day ahead around noon. When purchasing electrical energy, a
value-added tax (VAT) of 25% is added to the spot price. Selling surplus electrical energy
from the PV electricity generation can also include spot prices, but without VAT. Every
purchased kWh is additionally charged with an energy tax by the Swedish state. This tax is
invoiced by the distribution system operator. The Table A2 in Appendix B gives an example
of the electricity price parameters.

For the simulations presented here, some parameters are merged, and the formulas (3)—(5)
were used with the averaged values given below (for instance, I, is a sum of parts 3-9 in
Table A2 in the Appendix B). The costs from the distribution system operator were calculated
with or without power tariffs as described in the text (from 2019 until 2024, the value of Ly,
was significantly larger (around SEK 0.3/kWh) and Ly;ig power price Was zero. The capacity charge
was first introduced by the distribution system operator from 2025. Because this publication
should be used for future applications, it was decided to use the price tariffs including power
price as given directly below (Equations (3)—(5)). Fixed monthly costs were not taken into
account, because they are the same for all compared scenarios.

Hourly costs = (Itmde 1255+ Loy + Ig,id) Iy — (Etmde rS+ Eg,id) E (3

Monthly costs = Lovid capacity charge: Pavg (4)
Yem’l]/ costs = —Eyay reduction” Elimit (5)

with Ij,4.: import price per kWh from the electricity supplier, S: Nordpool’s spot price per
kWh (changing every hour), lia: electricity tax per imported kWh, I;;: transfer fee per
imported kWh from the distribution system operator, Iy: imported energy, E;;,4.: export
price per kWh paid by the electricity supplier, E,s: export price per kWh paid by the
distribution system operator, Eq: exported energy, Loid capacity charge: capacity charge per W
by the distribution system operator, P,yq: average power over the three largest weighted
power peaks as described above, and Ej;,;;;: yearly exported energy, limited to the amount
of imported energy. The parameters of the electricity tariff are listed in Table 1. In Tariff
B, the value of I/ij capacity charge 15 multiplied by a factor of 0.5 during night hours from
22 h to 6 h. The values of the quantities correspond to certain part numbers of Table A2
in the Appendix B. These numbers are given in brackets in the following. I-symbols
represent imported energy and E-symbols represent exported energy. The value of I;,4,
was calculated as an average of the sum of tariffs (parts 3 to 9) for the year 2024. I, is the
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energy tax from the Swedish state (part 2) for 2024. The value of I is the transfer fee
from the distribution system operator for imported energy (14). The value of E;,;4, was
calculated as an average over the months from April 2024, where it was first introduced,
to December 2024 (part 12). The export price per kWh E,;; was used from low grid load
periods (22). Lgyid capacity charge 18 the price calculated for the average of the three largest
power peaks of the month as described above (16). Eyy reduction Was a tax reduction by the
Swedish state that paid for exported energy up to the amount of kWh that was imported
during that year. This tax reduction will be removed as of 1 January 2026. The calculations
presented here use the spot price values of region SE3. Negative costs denote an income for
the prosumer.

Instead of tariff part number 22 in Table A2, part number 21 was used the whole
year, because low exported energy occurs from November until March, making the
difference negligible.

2.3. Simulation of an Optional Battery

The economic benefit of a PV system increases with increased self-consumption,
because self-generated energy is not subject to taxation or grid-related charges. It was
therefore calculated to what extent a battery energy storage system (BESS) would have
increased the economic benefit. The calculated benefit presented here does not include
investment costs for the BESS. In the following, the term “return” will be used to denote
the economic benefit from savings and remuneration by selling electricity.

Based on the measured hourly imported, generated, and exported energy, the effect
of a virtual battery connected to the AC side of the house was simulated using the exact
hourly data of consumption, electricity generation, and tariffs. The efficiency for charging
and discharging of the battery depends on the ratio of power to the maximum power at the
time of charging or discharging [30-34]. The dependency of the efficiency on the charging
state is neglected here. For the present calculations, the charging and discharging efficiency
curves for the BESS D from Munzke et al. are used [30].

An analysis of the shape of these curves shows that they can be fitted using the
empirical formula

d
r}cld:a—bxx—cxexp<e>, (6)

where 7. 4 is the charging or discharging efficiency, x is the ratio of maximum power, and
a,b, c,d, and e are fit parameters. Because the data from Munzke does not comprise the
x-range from 0 to about 5%, this part was extrapolated, constraining the value at x =0
to 7 = 0.5. The values of the corresponding fit parameters were determined in the work
presented here using the data analysis software Origin (version 9.0.0) and are given in
Table 2. The efficiency curves are depicted in Figure 1.

Table 2. Fit parameters for the charging and discharging efficiency curves for the battery storage
system using the above equation.

Parameter Charging Discharging
a 0.94962 0.95067
b 0.01587 0.03182
c 0.4497 0.45069
d 0.79353 0.86774
e 0.07647 0.06146
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Figure 1. Charging (a) and discharging (b) efficiency of the AC-coupled battery storage system used
in this paper, with fitted curves based on data from the BESS D from Munzke et al. [30].

The assumed strategy for charging and discharging was to maximize self-consumption
of the PV system. (The strategy is chosen for simplicity. More complicated strategies for
increasing the economic benefit involving forecasts of consumption, etc., are discussed at
the end of this paper and could be part of future research). The algorithm for charging
and discharging simulation is sketched in Figure 2. The calculation is done for every time
interval At (1 h). During a single interval, both charging and discharging can occur. Here,
the calculation shown in Figure 2a is performed first, followed by the calculation shown in
Figure 2b. The quantities used are defined as follows:

e  C:battery charge;

e AC.: increase in battery charge during At;

e AC,: decrease in battery charge during At;

Cr: free battery capacity (=capacity-charge);

Ip: imported electrical energy without battery (measured);
Eg: exported electrical energy without battery (measured);
I: virtually imported electrical energy with a battery;

E: virtually exported electrical energy with battery;

Pjjax: maximum battery power;

x: used ratio of maximum battery power;
1¢: charging efficiency function;
14: discharging efficiency function;

L¢: electrical energy loss during charging.

The algorithm in Figure 2a simulates the charging of the virtual battery during a time
step At, which was one hour in these calculations. In cases where there is surplus energy
from the PV system (Eq > 0) and free battery capacity (C; > 0), the battery will be charged.
The ratio x of maximum battery power is calculated, limited to 1, and is used to calculate
the battery charging efficiency #.(x). The storable amount of energy is 7.(x)-Eg, provided
that enough free capacity is available. The left path is the case of more energy available
than can be stored and makes sure that the battery charge can reach 100%. The right path
already uses the fact that some of the available surplus energy is lost due to the imperfect
charging efficiency. In both cases the energy transferred into the BESS is limited by the
maximum charging power of the battery. AC; denotes the amount of energy that ends up
in the battery after losses. An energy L. is lost due to imperfect charging efficiency of the
battery. In the end, only the energy E can be exported.
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Figure 2. Charging (a) and discharging (b) calculation flow for the simulated battery storage system
to maximize self-consumption of PV energy. The goal is to store surplus energy from the PV system
in the battery instead of exporting it, as well as discharge the battery instead of importing energy,
if possible.

The algorithm in Figure 2b simulates the discharging of the battery during a time step
At. This algorithm is activated when the house without battery would import energy (Ip > 0)
and the battery has some charge C. The ratio x of maximum battery power is calculated,
limited to 1, and is used to calculate the battery discharging efficiency #,(x). In the easiest
case, the battery loses some energy AC; = Iy/14(x) which is larger than the needed energy
Iy due to its imperfect efficiency. This energy is then limited to the available charge C
and by the maximum power of the battery. In the end, the imported energy is reduced
by 174(x)-ACy.

An example of the work of this algorithm for a virtual battery with 10 kWh capacity
and 10 kW maximum power is presented in Figure 3. The algorithm was applied to the
measured data and shows the first week of April 2024. On sunny days, the battery is
quickly charged during a few morning hours and discharged during the nights.

}‘2‘ . | | | | ' T ] }‘21 —_
10F ' ' ! " PV power 113 =
8k ' ' ' ' Consumed 18 X~
= F | | ] . power . ¢
E ?1 _ ! | Battery charge : 2 o
5 2 ' ' ' 12 &
5] 0 - o~ 0 =
2 2t ' ' ' ' - E R
~ -461 3 : : \ : : Exported power : §
3L | I ‘ I I ] ] E

-10 : : : = : = : = 1 = ]

2024-04-01 2024-04-02 2024-04-03 2024-04-04 2024-04-05 2024-04-06 2024-04-07

Date

Figure 3. Calculated battery charge (thick red curve) from the first week of April 2024 using a virtual
battery with 10 kWh capacity and 10 kW maximum power. The calculation was done by the algorithm
explained above. The black curve shows the real consumed power by the house (self-consumed
power + imported power). The blue curve corresponds to the power generated by the PV system.
The negative part of the diagram shows the virtually exported power in cases of such a battery.



Energies 2025, 18, 5658

90f23

2.4. Simulation of Different Consumptions

To also cover different consumption scenarios in this investigation, the house con-
sumption was virtually multiplied by a consumption factor f. to simulate houses with
larger or smaller yearly electricity consumption. For this, the measured imported energy Iy
was replaced by I and the measured exported energy Ej was replaced by E’ according to
Equations (10) and (11) below, where Epy is the photovoltaic energy generated.

From conservation of energy, we get

Ip — Eg = Co — Epy, ()

where Cj is the consumed energy for the original case with no consumption factor. If the
consumption is now changed by the factor f., we get

I'-E' = f.-Co—Epy 8)
Inserting Equation (7) into Equation (8), we get
I'—E' = fe-(Epy + lo — Eo) — Epy = (fe —1)Epy + fc(Io — Eo) )

We have only one Equation (9) for the two unknown quantities I’ and E’, which means
that the problem is underdetermined. Here, we make the assumption

I'= folo (10)

Inserting Equation (10) into Equation (9) we get

E'=(1- f.)-Epy + fc-Eo (11)

It has to be mentioned that for Iy > 0 and f, < 1, we never reach the case of I' = 0,
which might not be realistic in cases for sufficient PV electricity generation. Another variant
wouldbetoset I’ =0if ' — E' <0and E' = 0if I’ — E’ > 0 and calculate the other unknown
quantity using Equation (8). In such a variant, the normal case of f. = 1 would not be correctly
calculated if Iy > Ep > 0 (hours with both import and export). Because we mainly investigate
the cases where f; > 1 here, Equations (10) and (11) are used in the following.

These modified values for the imported and exported energy were applied for every
hour during the six years of investigation. A factor of f. = 1 was used in this paper if not
otherwise stated.

2.5. Simulation of Different Electricity Generations

It is also interesting to think about what economic benefit a smaller or larger PV system
would have had. For this virtual case, an electricity generation factor f, was introduced.
The virtual generated energy during a time interval is then

Epy' = fp-Epy (12)
It is furthermore assumed that the house consumption E¢ is constant at its value
EC:Epv-O-I/—E/ch-(10+Epv—E0) (13)

If we name I” the imported energy and E” the exported energy for the case of virtually
changed electricity generation by a factor f, it follows that

I" —E' = Ec—Epy/ (14)



Energies 2025, 18, 5658

10 of 23

The imported energy I’ and the exported energy E’ have to be changed now, because
less PV electricity generation would probably reduce the exported energy according to
the goal of maximizing self-consumption. If the PV electricity generation was larger, the
imported energy would be less. Knowing Ec and Epy’, Equation (14) only tells us the
difference between I" and E”, but not their exact values, because we only have one equation
for two unknown variables I and E".

As an approximation, one can assume that the exported energy is zero when the
PV system delivers less energy than consumed. Also, one can assume that the imported
energy is zero when the PV system delivers more energy than is consumed. In both cases,
Equation (14) will be used to calculate the other unknown variable.

For Epy’ < Ec, the imported and exported electrical energies are approximated by

E'=0 (15)

I" =Ec— Epvl +E” (16)

For Epy’ > Ec, the imported and exported electrical energies are approximated by
I"=0 (17)

E'"=1"—Ec+ Epvl (18)

This approximation does not take into account time periods (of one hour) where
the measured imported energy and the measured exported energy both are larger than
zero. The approximation implicitly increases the calculated benefit a little, because an
optimal case is forced for each hour, where, for instance, the imported energy is minimized,
although there were some minutes during that hour when the electricity generation was
too low. However, this only happens rarely. In the case f, = 1 of Section 3.2.3, this leads to
a deviation of the total return of only 0.9% compared to not applying this correction.

3. Results

3.1. Time Series
3.1.1. Photovoltaic Electricity Generation

Figure 4 shows a power curve from the PV system during a sunny day in May 2024.
Because the inverter has a maximum power of 10 kW, the power is limited to that value
during noon. Such curtailing of power happens only on a few days per year and lowers
the yearly PV yield marginally.

F 2021-05-17 B

PV system power / kW

[\
T
L

4 6 8 10 12 14 16 18 20
Hour of the day / UTC

Figure 4. Power from the PV system during a sunny day in May 2024 as measured by the inverter.
The AC-power is limited to 10 kW by the inverter, which happens during a few colder days of the
year with a perfectly clear sky.
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3.1.2. Self-Consumption of the PV Power

The electricity consumption of the house is the sum of the imported electric energy
and the self-consumed electric energy.

Esc = Epy — Eexp (19)

Co=1Io+Esc (20)

Here, Egc is the self-consumed electric energy, Eq the exported electric energy, Cy
the consumed electric energy, and I the imported electric energy. The hourly averaged
values for the PV power, together with the self-consumption and the amount of imported
power during a few days in April 2024, are depicted in Figure 5. During sunny days, only
a smaller fraction of the PV power is directly self-consumed. When the PV power exceeds
the consumption of the house, the surplus power is exported, suppressing the imported
power to zero.

10 C T T T T T T T i
o gl [l PV electricity generation ]
E V) Self-consumption
= 6 Imported ]
= 4r
£ 2f
0 -
-2 ' } } f = '
2024-04-09 2024-04-10 2024-04-11 2024-04-12 2024-04-13 2024-04-14
Date

Figure 5. Hourly averaged power from the PV system with the self-consumption part and imported
electricity during a few days in April 2024. The area between the curves for self-consumption and
imported electric power corresponds to the consumed electric energy of the house. The blue area
between the curves of electricity generation and self-consumption corresponds to the exported
electric energy.

Because hourly averaged data are presented here, it can happen that energy is exported
and imported during the same hour, but not at the same time. Imported power occurs for
instance during short periods in an hour when the sun is shaded by clouds. An example is
the little peak of the imported power during noon on the last day in Figure 5.

3.2. Economic Benefit of the PV System Alone
3.2.1. Economic Benefit of the PV System for the Real Case

The first question to be answered was whether the PV system itself was economically
beneficial. For that case, the virtual situation of not having a PV system or a battery at all is
calculated for each hour. The virtual situation of not having a PV system means that

Inopv = Io + Epy — Ep (21)

Ewopy =0 (22)

Here, I,,py and E,;,py are the imported and exported electric energies for the virtual
case of not having a PV system or BESS, respectively. For every hour, the electricity costs
are calculated for the case of not having a PV system or a battery, and then the costs for the
case of having the PV system but no battery are subtracted. This return for every hour is
accumulated over the six years. The investment costs of SEK 112,000 for the PV system are
not yet included in this calculation.
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Without a PV system, the yearly consumption-dependent costs for electricity would
have been SEK 15,669 when using the constant tariff B, where about 25% of it corresponds to
the capacity charge. “consumption-dependent costs” denote costs excluding fixed monthly
costs for having a contract with the electricity retailer and the distribution system operator.

Although the electricity tariffs for the investigated house varied, partly due to changes
in the electricity retailer, the constant electricity tariffs from Table 1 are assumed in the
following. Figure 6 shows how the yearly consumption costs are reduced by having a
PV system without a battery for both tariffs A and B. In both cases, an additional yearly
benefit of SEK 3207 would be calculated if the Swedish feed-in premium of SEK 0.60 per
exported kWh (applied as an annual tax reduction) up to the amount of imported energy is
taken into account. This additional benefit is limited to an amount of 5345 kWh of yearly
imported energy. Because this feed-in premium is planned to be removed by the Swedish
government from 2026 [35], it will not be used in most of the following sections.

B Electricity trade without PV
- Electricity trade with PV

[ | Capacity charges without PV
[ Capacity charges with PV

&

z SEK 661
3 capacity
M g
=

7]

SEK 10,386 cost savings

Tariff A without : Tariff B with
capacity charges capacity charges

Figure 6. Yearly electricity consumption costs (without monthly fixed costs) for the electricity tariffs
listed in Table 1. No tax reduction of SEK 0.60 per exported kWh is included in both cases. Capacity
charges correspond to Iyig capacity charge and electricity trade to all other parts, except Etqy reduction- The
difference is the total yearly return from the PV system. No battery was assumed.

The yearly total return of the PV system is SEK 10 386 for tariff A and SEK 10,544 for
tariff B. The change from tariff A to tariff B increases the yearly costs by SEK 2174 without
PV and by SEK 2016 with the PV system. The capacity charges are only reduced by SEK
661 yearly due to the PV system.

Using tariff B, one can calculate the amortization times of the PV system alone, assum-
ing that the total return of SEK 10,544 is used for amortization each year. These times are
depicted in Figure 7 depending on different bank interest rates.
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Figure 7. Amortization time of the PV system alone assuming a purchase price of SEK 112,000 and a
total yearly return of SEK 10,544.

3.2.2. Economic Benefit of the PV System for Different Consumption Levels

As mentioned in Section 2.1, the real consumption of the test house is slightly on the
lower side. To cover different consumption scenarios, the virtual case of different consump-
tion levels was analyzed using a consumption factor f, according to Equations (10) and (11).
The resulting benefit of the PV system is presented in Figure 8 for the case with capacity
charge as described in Section 2.2, no tax reduction subsidies, and no battery.

Consumption factor /|

— 00 05 10 15 20 25 30 35 40 45
% 2000 ————————————7———7——7—— 71— 100
£ 18000} N 490

otal yearly return
§ 16000 180 &
2 14000 | 170 g
> <
A 12000 {60 =
< 10000 450 g

Self ti t

g 2000 | elf consumption rate 1 40 =
= =
£ 6000 430 S
=] Yearly return part from &
2 4000¢r less capacity charges 120 %
= 2000} /_3,// 410
<
)
>

0 N 1 . L N 1 " n N L " 1 N
0 5000 10000 15000 20000 25000 30 000
Yearly consumption (kWh)

Figure 8. Dependency of the total yearly return from the PV system for different virtual house
consumption values. Also shown is the yearly return from the reduced capacity charge alone and the
self-consumption rate. No tax-reduction subsidy is assumed.
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3.2.3. Economic Benefit for Virtually Smaller or Larger PV Systems

Using the equations from Section 2.5, the effect of a different PV size is calculated. It
is assumed that the PV electricity generation is now changed virtually by an electricity
generation factor f,.

Figure 9 shows the result of this calculation for electricity generation factors between
0 and 4. The horizontal scale on the bottom is calculated under the assumption that the
PV electricity generation is proportional to the nominal PV system size. The graph shows
that the total yearly return almost linearly increases with the PV system size. Only a minor
fraction of this return is due to savings in the capacity charge. A self-consumption rate of
50% would be reached for a nominal PV system size of 2.75 kWp.

Generation factor fp

0 1 2 3 4
100 ——————— e R e R 50 000

—_

N

7

&80 440000 =

~ 50 % self-consumption g

5-'(; rate at 2.75 kWp ‘i
e

= 60 30 000 ”

g 2

= P ‘ . i =)

g" Self-consumption Total yearly return g

a 40 F rate 420 000 Lg

g ) =

-

L: Yearly return part from 2

o 20 less capacity charges 410000 2

e =

= :

O I I >—1

: : 0
0 10 20 30 40 50
Nominal PV system size (kKWp)

Figure 9. Total yearly return and self-consumption rate, if the PV electricity generation is virtually
changed by an electricity generation factor f,. Also plotted is the part of the yearly return by saving the
capacity charge due to the PV system. The vertical line marks the situation of a 50% self-consumption
rate. No tax-reduction subsidy is assumed.

3.3. Economic Benefit of a Battery
3.3.1. Economic Benefit of a Battery with Capacity Charge and Tax Reduction Subsidy

This simulation assumes the above-stated capacity charge, which has to be paid at the
end of each month, and a tax reduction subsidy of SEK 0.60 for each exported kWh up to
the amount of imported energy, which is paid back at the end of each year. The calculation
was done for battery sizes between 0 kWh and 10 kWh. The maximum power of the battery
in kW was assumed to correspond to the battery capacity in kWh.

Figure 10 shows an expected increase in the total return with increasing battery size. A
remarkable result is that this return approaches a maximum and reduces again for battery
sizes larger than 2 kWh. It even becomes negative above capacities of 8 kWh. The reason
for this decline in return with larger battery capacities is due to a loss of tax reductions,
as can be seen in Figure 11. If more energy is self-consumed instead of exported, less tax
reduction is paid back to the house owner.
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Figure 10. Total return in SEK for adding a virtual battery to the house for the case of a yearly tax
reduction of SEK 0.60 per exported kWh up to the amount of imported electricity. The maximum
power of the battery in kW was assumed to correspond to the battery capacity in kWh. The battery
can even have a negative impact on the economy for larger capacities. The values correspond to the
difference between the return of PV with a battery and the return of PV alone. The line is a linear
interpolation of the calculated data points.

~~

m I

v 200 F _Positive return from less capacity charges end of each month .

AR i

g ol bl iyl

g

Kea)

§ -200

<

< -400 - Negative return from less

< tax reductions end of each year

= -600 |

o

= 800

=

% .

2 -1000 -
Lt oo s o b o0 s o0 s o000 o b o g 00 o0 a0 o e s o000 00 g oo s o0 0 s 000 oo b s 04 0 s a2y sl
S S = S 2 2 g
> =) = =) = =) S
& S — & h < n
= S S S S g g
N N N N N (gl (o]

Date

Figure 11. Difference in return for a 10 kWh battery with 10 kW maximum power and the return
for the case of no battery, plotted over the 6 years. The strong negative peaks are due to reduced tax
reductions at the end of the year, because less energy is exported with a large battery. The positive
peaks at the end of each month correspond to the benefit of lower capacity charges, because less
power is consumed during the summer months. The return from less imported energy is not resolved
in the graph because it is plotted per hour and therefore has values of the order of one or a few SEK.



Energies 2025, 18, 5658

16 of 23

3.3.2. Economic Benefit of a Battery with Capacity Charge and No Tax Reduction Subsidy

If the tax reduction in SEK 0.60 per exported kWh is removed, the total yearly benefit
of the PV system without a battery is reduced by about SEK 3200. Figure 12 indicates the
yearly economic benefit of the PV system with a virtually added battery. Even a 14 kWh
battery would only give SEK 1000 of extra benefit per year compared to the PV system
without a battery. Because the consumption of the investigated house is on the lower
side, the same calculation was done for a house with a virtually doubled consumption
as described in Section 2.4. The result is shown in Figure 13. In that situation, the self-
consumption rate is significantly increased, and also the total yearly return is increased by
SEK 2300-2700 compared to the case with the real consumption. Even with a PV system
already installed, the pure part from a 14 kWh battery is still only about SEK 1300 yearly.

An interesting effect of the maximum power of the battery is depicted in Figure 14,
where only the maximum power of the battery is modified while holding its capacity
constant. The economic benefit then has a maximum at around 2 kW. The left side of
this graph reveals the fact that the battery cannot be fully used if the power is limited by
the maximum power. The curve declines after the maximum because of a lower battery
efficiency during increasing time fractions, where the power needed is only a smaller
fraction of the maximum power (see the charging and discharging curves in the Section 2).

Consumption factor= 1

14 000 | 170
12 000 _ Total yearly retum‘n 160
10 000 | 450
8000 440

Self-consumption rate

6 000 \’ 30

Self-consumption rate (%)

Yearly return from PV and battery (SEK)

4 000 |- _~ 420
2000 L Y early retum part from less capacity charges 110
O 2 " 2 " 1 s L s s 1 2 2 2 s | s 2 s 2 0
0 5 10 15 20

Battery capacity (kWh)

Figure 12. Simulated yearly return and self-consumption rate from the PV system and battery,
assuming tariff B from Table 1, without a yearly tax reduction of SEK 0.60 per kWh exported energy.
The maximum power of the battery in kW was assumed to correspond to the battery capacity in kWh.
Upper curve: Total yearly return. Lower curve: Share of this yearly return coming from the reduced
capacity charge. The lines are a linear interpolation of the calculated data points.
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Figure 13. Simulated yearly return and self-consumption rate from the PV system and battery,
assuming tariff B from Table 1, without a yearly tax reduction in SEK 0.60 per kWh exported energy.
The house consumption is virtually doubled (fc = 2). The maximum power of the battery in kW was
assumed to correspond to the battery capacity in kWh. Upper curve: Total yearly return. Lower
curve: Share of this yearly return coming from the reduced capacity charge. The lines are a linear
interpolation of the calculated data points.
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Figure 14. Simulated total yearly return from a 10 kWh battery added to the house with PV, assuming
tariff B with capacity charges, but no yearly tax reduction. The maximum battery power is varied.
The line is a linear interpolation of the calculated data points.

4. Discussion and Conclusions

The most important factor in the decision to invest in a PV system and possibly add
a battery energy storage system (BESS) is whether it is economically viable. The test case
evaluated here should give house owners some help with this decision. Furthermore, it
can assist policymakers in estimating the impact of subsidy changes on future market
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development. The data used represent only a single house and are therefore not statistically
significant. However, the electricity generation and consumption factors included in the
simulations allow for estimation of the economics of a wider range of houses.

As stated by Munzke et al., many publications presently only include battery efficien-
cies in a simplified way, for example by assuming only constant values independent of the
power used [30]. Because many batteries have maximum power values corresponding to
their capacity (e.g., 10 kW for a 10 kWh battery), the reduced charging and discharging
efficiencies can play a certain role when the power ranges between 0 and 10% of the maxi-
mum value. Such low power values can occur quite often, for instance when discharging
the batteries during the night or charging them on cloudy days. Assuming the efficiency
curves used here, this suggests not to oversize the maximum battery power.

The PV system alone mainly reduces costs from the electricity retailer and electricity
taxes. Only a small part of the benefit is due to the reduced capacity charge if such tariffs
are applied. The economic benefit linearly increases with consumption starting from a fixed
offset. This offset is due to the selling of energy. Furthermore, the economic benefit was
simulated to be nearly proportional to the PV system size.

Tax reductions of SEK 0.60 per exported kWh in Sweden led to a declining economic
benefit of BESS with increasing battery capacities. This might be the reason for the govern-
ment’s decision to remove this tax reduction from 2026 to make batteries more attractive.
The calculations presented here, however, indicate that batteries still are not economically
beneficial if they are only used to increase the PV self-consumption.

The analysis of the pure 12.8 kWp PV system without batteries indicated an economic
benefit of a little more than SEK 10,000 per year, which corresponds to an economic payback
time of about 12-14 years for interest rates between 2% and 4%. This result mainly depends
on the investment price per Wp of the PV system, which was SEK 8.75/Wp after a 30%
state subsidy in this case. The degradation rate of PV modules in the Swedish climate
was previously measured to be about 0.2% per year [13,36,37], which of course does not
necessarily have to be valid for recent types of modules with higher efficiencies. Assuming
this low degradation rate, the PV modules would degrade to 90% of their original efficiency
during more than 50 years. Even if the inverter has to be replaced about every 15 years,
the investment in PV was a good choice, especially for this house with less shading (see
Figure 4). More shading of the PV system or larger investment prices per kW could on the
other hand lead to PV systems never paying off in Sweden.

The results of the research presented here indicate that battery systems, when only
used to maximize the self-consumption rate, do not seem to be economically viable when
considering BESS prices in 2025. A 16 kWh BESS for a price of approximately SEK 75,000
(already including a 50% state subsidy) would obviously never pay off when the total
yearly return from it is in the range of SEK 1000-2000.

A drawback of the calculations presented here is that only a strategy to maximize
self-consumption of PV energy was evaluated. Other strategies, such as peak-shaving to
reduce capacity charges, might lead to improved economic benefits, but also require some
kind of intelligent forecasting. The economic benefit of a PV system with BESS can even
be improved by arbitrage, for instance by charging the battery from the grid when the
electricity prices are low (e.g., at night) and selling stored electricity during periods of
higher prices. Connecting a house battery to an aggregator that trades the stored energy as
a virtual power plant on the frequency market can further lead to better economic benefits.
Optimization strategies aiming at multiple objectives could be developed and integrated in
the software used for the calculations here, including artificial intelligence models.

Such scenarios could be addressed in further research. In the present study, degrada-
tion of BESS has not been taken into account, which could also be implemented in further
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studies, for example by reducing the battery capacity by 1% to 2% annually. This would
of course not change the result that a BESS with such a simple dispatch strategy might be
unlikely to be paid off.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

PV Photovoltaic
BESS Battery energy storage system
DSM Demand side management
LCOE Levelized cost of electricity
VAT Value-added tax
S Nordpool’s spot price
Iy Imported electrical energy (measured)
Eg Exported electrical energy (measured)
Esc Self-consumed electricity
I Virtually imported electrical energy with a battery
E Virtually exported electrical energy with battery
Co Real consumed electrical energy during a time interval
Lopy Virtually imported electrical energy for no PV and no battery
E.opv Virtually exported electrical energy for no PV and no battery
Payg Average power over the three largest weighted power peak
Elimit Yearly exported el. energy, limited to the amount of imported el. energy
Iivade Addon price for imported electrical energy from electricity supplier
Tiax Energy tax by Swedish state
Lyyig Energy transfer fee from grid operator

Charge for exported electrical energy from electricity retailer
Etrade L1 . .

(rorlig produktionsavgift)
E¢rig Benefit for exported el. energy paid by distribution system operator (ndtnytta)
Leyid capacity charge  Poweer tariff from distribution system operator

E tax reduction

Tax reduction for exported energy by Swedish state

Ned Charging (7. ) and discharging (7, ) efficiency of the BESS
a,b,cd e Parameters for the charging efficiency formula

AC Alternating current

DC Direct current

C Battery charge

At Time interval for the battery charging simulation (typically 1 h)
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AC. Increase in battery charge during At

ACy Decrease in battery charge during At

Cr Free battery capacity (=capacity-charge)

Piax Maximum battery power

x Used ratio of maximum battery power

L¢ Energy loss during charging

fe Consumption factor

I Virtually imported electrical energy for different consumption factors
E Virtually exported electrical energy for different consumption factors
fr Electricity generation factor

Ec Virtual house consumption for different consumption factors

Epy Generated electrical energy during a time interval

Epy’ Virtual generated el. energy for different prod. factors during a time interval
I Virtually imported el. energy for different electricity generation factors
E" Virtually exported el. energy for different electricity generation factors

Appendix A. Corrections to Measured PV Electricity Generation Data

During very few time periods, PV electricity generation data was missing. The data
was reproduced as depicted in Table Al.

Table A1. Reproduction of missing PV data.

Time Period Title 3
26 April 2021-28 April 2021 Exported energy data copied to PV electricity generation
30 April 2021: Exported energy data copied to PV electricity generation
4 November 2023: 16 h-24 h PV data was set to zero
9 January 2024: 11 h-24 h PV data was set to zero

Between 9 May 2023 and 5 June 2023, PV electricity generation data was only avail-
able with daily time resolution. The hourly data here was set proportional to the global
horizontal irradiation measured by a local weather station (SMHI) and weighted so that
the sum of hourly PV electricity generation over a day equals the daily values. The lower
limit of PV electricity generation was then set to the exported energy amount.

Minor measurement errors and periods when the PV electricity generation data was
set to zero can in rare cases lead to the exported energy showing larger values than the PV
electricity generation. This leads to a calculated negative self-consumption during a few
hours. The total sum of such faulty negative self-consumption was on average 6 kWh per
year, which was less than 0.0005 of the yearly PV electricity generation.

Appendix B. Electricity Prices

The electricity price for the test house comprises 23 different parameters, making it
hard for end-users to keep an overview of their costs. Some of the listed parameters change
every hour, and some of them vary every month or over longer periods of several months.

Table A2 lists these parameters for our test house for March 2025. All rows except
numbers 1 and 2 have value added tax (VAT) included, if applicable. VAT is added to the
spot price for import, but not for export. Most parts of this table are proportional to the
energy transferred.

Since February 2025, the distribution system operator for the test house also charges
for the maximum power peaks (effektavgift). The calculation of this fee is described in
the Section 2.
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Table A2. Electricity price for imported and exported energy during March 2025. The columns from
left to right mean: Partner to pay the invoice to, buy (Import) or sell (Export) electricity, denotation of
this part of the invoice (some Swedish terms are not translated), value, unit, typical period until the
value changes. S is the hourly Nordpool spot price. Positive values are amounts to pay; negative
values are revenues. If not otherwise stated, the values include value added tax (VAT), if applicable.

Part

Partner Direction Denotation (Swedish in Brackets) Value Interval
Number
. . S
1 Spot price without value added tax (in SEK/KWh) hour
2 Value added tax 25% hour
Electricity certificate
3 (Elcertifikat) SEK 0.001/kWh several months
4 Guarantees of origin SEK 0.00450/kWh month
—_ (Ursprungsgarantier)
~
)] .
= = Basic charge Svenska Kraftnat
‘5 é 5 (Grundavgift Svenska Kraftnét) SEK 0.02713/kWh month
'Bb = Capacity reserve fee
E 6 (Effektreservavgift Svenska Kraftnit) SEK 0.00089/kWh month
23]
g Balance responsibility and variable
= 7 imbalance cost SEK 0.00231/kWh month
5 (Balansansvar and rorlig obalans)
8 Fixed imbalance fee (Fast obalansavgift) SEK 0.00078/kWh month
9 Fixed premium (Fast paslag) SEK 0.01250/kWh year
10 Fixed fee (Fast avgift) SEK 24.00/month year
Energy remuneration S
5 1 (Energiersittning) (in SEK/kWh) hour
&,
% Variable production fee
5]
12 (Rorlig produktionsavgift) SEK 0.0371/kWh month
13 Energy tax (Energiskatt, Iy;y) SEK 0.5488/kWh year
= Transfer fee (I,,;
g 14 ..rans.fer. ee ( g”,d) SEK 0.0625/kWh  several months
S (Overforingsavgift)
:L - 15 Fixed fee (Fast avgift) SEK 365.00/month year
S
% é 16 Capacity charge, L ig capacity charge (Effektavgift) SEK 81.25/kW unknown
:>‘ - 17 Number of power peaks to average 3 unknown
o
g 18 Factor for hours with lower power weight 0.5 unknown
5
= 19 Starting hour for low power weight 22h unknown
é 20 Ending hour for low power weight 6h unknown
2 Grid benefit during low grid load
EJ 21 (Natnytta laglast tid), without VAT SEK —0.068/kWh month
5|
£ Grid benefit during low grid load
- —
% 2 (Natnytta hoglast tid Oct-March) SEK —0.078/kWh month
>, ]
o A Tax reduction for so many kWh exported energy
< ,g 23 as was imported, SEK —0.60/kWh year
=
®

Etax reduction
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