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Abstract. Photovoltaic systems integrated with battery
storage are increasingly implemented within setfstonption
schemes. Nevertheless, system sizing is frequdraked on
installed capacity limits rather than on a comprshee techno-
economic assessment of long-term performance. ‘Phaiger
investigates the optimal sizing of photovoltaic &adtery storage
systems for a small industrial consumer operatindeu current
regulatory conditions in Slovenia, where batteryorage
integration is mandatory due to low-voltage netwookistraints.
Several combinations of photovoltaic system powed battery
storage system capacity are evaluated using keyoeuo
indicators, including payback period and cumulativefit over a
twenty-year operating period. Investment costsdamived from
representative market-based component prices, tanadational
self-consumption billing framework is incorporatédto the
assessment. The results show that increasing yasterage
capacity improves long-term profitability for smalhotovoltaic
installations, while for larger systems, higherratee capacities
reduce cumulative profit due to increased investnoests. The
findings confirm that minimizing payback period doeot
necessarily correspond to maximizing long-term ipraind
emphasize the importance of balanced system sizing.
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1. Introduction

Photovoltaic systems (PV) currently represent oh¢he
fastest-growing segments of renewable energy gtoera
particularly in self-consumption. Due to their mpi
deployment, the early stages of development wetenof
not focused on determining the optimal system size.
Instead, system design was primarily aimed at aaige
the maximum possible installed capacity based an th
available rooftop area and grid connection capadis/a
result, the annual electrical energy productiomahy PV
systems exceeded the annual consumption of end,user
mainly due to systematic oversizing. This approaas$, in
many cases, led to inefficient utilization of lowlage
network capacity, thereby limiting the integratiosf

additional residential consumers and productiontsuni
With the increasing penetration of PV systems, feanm
power systems are experiencing situations where
generation exceeds demand, requiring congestion
management and measures such as curtailment ortexpo
limitations for grid integration [1, 2]. However,sémilar
pattern can also be observed in BSS integratiorgrevh
oversizing is often used to increase energy sacand
reduce the risk of additional electrical energy
procurement costs. Nevertheless, under the incrglgsi
dynamic operating conditions of modern power system
and evolving electricity market structures, suckrsized
configurations are becoming economically ineffitiand

less profitable in the long term.

In recent years, research has increasingly focused
systematic approaches to the optimal sizing of RW a
BSS to overcome the limitations of conventional
oversizing practices. Several studies have denatesir
that properly dimensioned systems often achievéadrig
economic efficiency than oversized configuratiohs.
particular, the authors in [3] showed that undeid gr
export constraints, well-sized PV-only systems may
outperform combined PV-BSS solutions, while [4]
proposed an iterative techno-economic framework to
reduce grid dependency in buildings as storagescost
decline.

Beyond purely economic considerations, recent rebea
has emphasized the importance of accounting for
uncertainty in system design. The [5] introduced
probabilistic and robust stochastic optimization
frameworks that incorporate variability in solar
production, electrical energy demand, and BBS
degradation, leading to more resilient and reliatiéng
strategies. These approaches demonstrate
uncertainty-aware models provide more realistiailtes
than conventional deterministic methods.

that

Advanced optimization techniques have also played a
central role in recent studies. The authors ingd6dl [7]



applied genetic algorithms to determine optimal &
BSS capacities for critical infrastructure and dstite
prosumers, respectively, achieving improved religbi
and cost performance. Complementing these metli8Hs,
presented a practical simulation-based approachgusi
professional design tools, highlighting the impoda of
detailed loss modeling and performance forecasting.
Furthermore, operational and data-related aspeat® h
been shown to significantly influence optimal syste
sizing. The [9] demonstrated that temporal resofuti
strongly affects BSS degradation assessment ambeto
outcomes, while [10] confirmed that an appropriagited
BSS can reduce curtailment and improve forecasting
accuracy in large-scale PV plants.

In addition to the findings reported in the litana, the
regulatory framework also plays an important rdie.
Slovenia, the regulatory framework for self-constiomp

and network tariff calculation has changed considlrin
recent years. The shift from annual net-metering toore
dynamic billing scheme, together with the introdoctof

a new tariff methodology based on agreed and excess
power [11], has directly influenced the economic
performance of PV and BSS systems. Report [12Fatdi
that the current framework promotes higher self-
consumption while limiting the benefits of excessiyrid
injection. Consequently, system configurations tielt on
oversizing are becoming less favourable compared to
solutions based on more accurate capacity sizing.

Overall, the reviewed literature consistently iradés that
systematic oversizing of PV and BSS rarely leads to
optimal technical or economic performance. Instead,
integrated  optimization frameworks that combine
economic evaluation, uncertainty modeling, opereatio
strategies, and grid constraints represent the eftsttive
approach to sustainable system design. However,
comprehensive analyses that quantify the long-term
impacts of oversizing under dynamic market and
regulatory conditions remain limited.

This paper aims to address this gap by performing a

when installing a PV system, primarily due to therent
overloading and rising voltage levels in the lowtage
network. The annual electrical power consumption
profile and the structure of electrical energy sdstr a
small industrial consumer are presented in Figlirasd

2, respectively.
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Fig. 1. Annual electrical power consumption profilgh 15-
minute time resolution.
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Fig. 2. Structure of electrical energy costs foliratustrial
consumer.

Fig. 1 shows that the electrical energy consumption
corresponds to a small industrial consumer with a
relatively constant load throughout the year. Temand
rarely falls below approximately 5 kW, primarily eluo

the continuous operation of IT systems and the taohs
preparation of process sanitary hot water. The ameer

comprehensive techno-economic assessment of PV and démand is approximately 5.9 kW, resulting in a Itota

BSS sizing for an industrial consumer. The objecis/to
determine optimal capacity combinations based on
payback period and cumulative profit over a tweygar
horizon, while accounting for the current self-comption
billing framework.

2. Methodology

This section presents the methodology used to rieter
the optimal size of the PV system and BSS. Thenugiti
configuration was evaluated based on key economic
indicators, primarily the payback period and th@ltprofit
achieved after twenty years of system operation1A]3
The optimization procedure was carried out usincase
study of a small industrial consumer. In this caht¢he
applied methodology incorporated the calculation
framework for industrial electricity costs as wel$ the
national self-consumption financing and billing sote,
which includes both the PV system and the BSS. In
Slovenia, as of 2024, BSS integration is recommeénde

annual electrical energy consumption of 51.72 MWh.
Based on the annual consumption profile, the tatalual
electrical energy cost is approximately 8,274 EURI a
remains nearly constant throughout the year dugh¢o
relatively stable load pattern. The cost calcutatio
methodology follows the provisions of the Act oreth
Methodology for Charging Network Charges for
Electricity Operators, which defines the networkifta
structure [11]. In accordance with this act, théwoek
charge is divided into three components: capaeigted
charges for agreed power, excess-power charges, and
energy-based network charges. Furthermore, theeappl
contribution fees, as well as excise duty, weremheined
based on official data published by the Ministrytbé
Environment, Climate and Energy of the Republic of
Slovenia [16]. The electricity supply price was wssd

as a uniform tariff of 0.1 EUR/kWh. A static andlys
approach was adopted, assuming constant value§ of a
tariffs, contributions, and electricity prices thghout the
entire analyzed period. The electrical energy pctida



profile of the PV system was estimated using an
established methodology based on the geometric
relationships between the Sun and the Earth [12]. |
addition, the treatment of electrical energy exporto the
grid was analyzed using a credit note-based scheme
available from one of the Slovenian electricity [gligrs.
Under this scheme, the prosumer receives
0.05 EUR/kWh credit note for each kilowatt hour of
electrical energy exported to the grid. The accuatea
credit can be used in subsequent months to reduce
electrical energy costs or can be settled througayaut at

the end of the year. The control algorithm for B®S is
defined so that the electrical energy producedhsy RV
system is first used to cover the industrial constsn
internal consumption. Any surplus electrical energy
produced by the PV system is initially stored ie BBSS
and is exported to the grid only subsequently.iturations
where electrical energy consumption exceeds PV
production (e.g., due to low solar irradiance aghtiime
operation), the BSS is discharged first, and oriig t
remaining deficit is supplied by the low-voltagewerk.

The core problem addressed in this paper, as edtlin

a

this period, which also represents the average ctege
service lifetime for such systems. Fig. 3 and Tallle
present the profit after 20 years of system opamatis a
function of BSS capacity and PV system power.
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Fig. 3. Profit after twenty years as a functiorB&S capacity
and PV system power.

Table Ill. — Profit after twenty years as a funatiaf BSS
capacity and PV system power.

the introduction, is determining the optimal sipéshe PV Profit "i[féetjé]o - 15\2/3 SSySteml g%wef [|<3\’/(\)/]15 .
. . years . . . b 0
sa/st_er; anqlthe BSS. The con&dergq captz)alcny véditwes T 50 IR i3 | 07557
the industrial consumer are presented in Table I. > |15 86294 | 119998 112567 | 95238 | 82484
g 5| 2 | 105157 | 113873 | 101720 78065 | 61597
Table I. — Ratio of BSS capacity to PV system power. A £ 8| 25| 117949 106401 | 90950 | 61722 | 42318
BSS capacity PV system power [kW] © O[3 [123488| 98823 | 80449 | 46390 | 23460
[kwh] 4.95 1485 | 19.8] 30.15] 37.8
1 | 495 | 1485 ] 198 3015 374 Figure 3 and Table Il clearly show that the ecoiom
> 15| 7425 | 22.275] 29. 45225  56.f . L
g, 99 507 396 603 2 8 benefit str_ongly depends on th_e combination of PV
@ %% 25| 12375] 37.125] 498 75375 94k system size and BSS capacity. For the smallest
@Oe« 3] 1485 4455 | 504 9045 1134 considered PV system (4.95 kW), the cumulative iprof
after twenty years increases with increasing BSS
3. Results capacity. This indicates that, for small PV instaéins,

Based on the presented methodology and the PV &&1 B
capacity values defined in Table I, this sectioespnts the
results of the economic performance indicators dtr
possible combinations of both system sizes. Thaabp
values and corresponding investment costs of the PV
system and the BSS were determined using repréisenta
market-based reference components, including PV
modules, inverters, BSS, and associated equipment
currently available on the market. Table Il presetite
total investment cost as a function of BSS capamity PV
system power.

Table II. — Investment cost as a function of BSSacip and PV
system power.

Investment PV system power [kW]
price [EUR] 4.95 14.85 | 19.8 30.15 37.8
1 10180 | 30540 | 40720 | 62006 | 77739
> 1.5 | 12547 | 37643 | 50191 | 76427 | 95819
RS 2 14915 | 44746 | 59661 | 90848 | 113899
ﬁ g— 8 | 25 | 17282 | 51848 | 69131 | 105269 | 131979
- 3 19650 | 58951 | 78602 | 119690 | 150059

In this paper, degradation of both the PV and tB& Bvas
neglected. Similarly, changes in the state of healére
not considered, as they are difficult to predidiatdy and
strongly depend on operational patterns. The twgaty
time horizon was selected based on the assumphtiain t
both the PV system and the BSS can operate rel@akdy

additional storage improves self-consumption and
reduces costly electrical energy purchases frongtlte
The observed trend is mainly driven by the diffeen
between the feed-in tariff and the retail electyigrice,
where the export price is lower than the purchaseep
Consequently, shifting electrical energy consumptio
periods of high PV production remains economically
advantageous. In contrast, for larger PV systems
combined with increasing BSS capacities, the graph
reveals a pronounced decline in cumulative prdfitis
demonstrates that expanding both PV and BSS cgpacit
does not necessarily lead to better economic
performance. Instead, the higher investment costs
outweigh the additional savings, resulting in restlic
financial viability. Based on these observationwe¢
configurations were identified as the most econaihjic
favorable: (5 kW, 14.85 kWh), (14.85 kW, 14.85 k\Wh)
and (19.8 kW, 19.8 kWwh). For all configurationsg th
maximum charging and discharging power of the BSS
was assumed to be 15 kW. This simplification was
adopted to Ilimit the number of possible system
configurations and maintain a clear, tractable ysis| as
the primary focus of the study is the economic
performance of different combinations of PV systane
and BSS capacity. In practice, BSSs are typically
available in modular designs with predefined
specifications, making continuous adjustment ofhbot
capacity and power less realistic. Including chaggand



discharging power as an additional variable would
significantly increase the complexity of the anayand
extend beyond the intended scope of this work. &ignd
Table IV present the payback period as a functioBSS
capacity and PV system power.
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Fig. 4. Payback period as a function of BSS capaaity PV
system power.

Table IV. — Payback period as a function of BSS ciypand PV
system power.

Payback PV system power [kW]
period [years]| 4.95 14.85 19.8 30.15 37.8
1 2,7 4,0 5,0 7,1 8,5
> 15 25 4,8 6,2 8,9 10,7
S5 2 2,5 5,6 7,4 10,7 13,0
A 153 ‘g 25 2,6 6,6 8,6 12,6 15,1
Me<m3 2,7 75 9,9 144 | 17,3

Fig. 4 and Table IV clearly show the cumulativelcfiew
over the twenty-year operating period for the ttwelected
PV-BSS configurations. It can be observed that the
configuration with the lowest initial investment sto
reaches the break-even point earliest, thus acigethe
shortest payback period. However, the differenpesoof
the cash flow curves indicate varying long-term
profitability. Although the configuration with theowest
investment cost recovers its initial expenditurstdy, it
does not necessarily achieve the highest cumulatioft
after twenty years. The configuration with highestalled
capacity exhibits a steeper cash flow slope, riegulin
greater long-term financial gains despite a lorqmmrback
period. This confirms that minimizing payback tiraad
maximizing long-term profit are not equivalent atijees,
and optimal system sizing therefore requires aruaid
evaluation of both short-term and long-term ecomomi
indicators.

4. Conclusion

The aim of this paper was to determine the optisi|hg

of PV systems and BSS for self-consumption under
contemporary regulatory and market conditions. fis t
end, a comprehensive techno-economic evaluation of
multiple capacity combinations was performed forase
study consumer with a stable annual load profilee T
analysis was based on investment cost, paybackderi
and cumulative profit over a twenty-year operajiagiod.

The results demonstrate that economic performance
strongly depends on the interaction between PVesgyst
size and BSS capacity. For smaller PV installations
increasing storage capacity enhances long-term

profitability by improving self-consumption and texng
electrical energy purchases from the grid. In asttrfor
larger PV systems, additional BSS capacity yields
diminishing economic returns because higher investm
costs are not offset by proportional savings. Tihdifigs
also confirm that minimizing the payback period sloet
necessarily vyield the highest cumulative profit,
highlighting the trade-off between short-term cost
recovery and long-term financial performance.

Overall, the results indicate that systematic azarg of

PV and BSS does not guarantee improved economic
viability. Instead, balanced capacity allocatiorsdxh on

an integrated techno-economic evaluation is ess€ioti
achieving sustainable, economically justified self-
consumption solutions. Future research should fiwere
focus on incorporating system degradation, dynamic
pricing mechanisms, and uncertainty analysis tehéur
refine optimal sizing strategies under evolving kear
conditions.
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